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ABSTRACT

Dietary concentrate level is a key nutritional determinant of milk production efficiency in dairy cows, yet its epigenetic effects remain poorly quantified. Histone
acetylation is an important regulatory mechanism linking nutrition to gene transcription, with implications for both metabolic performance and inflammatory status.
This meta-analysis examined the epigenetic effects of dietary concentrate levels on histone acetylation and gene expression in dairy cows. Following PRISMA
guidelines, seven studies published between 2016 and 2022 involving Holstein cows fed diets containing 35-70% concentrate (dry matter basis) were analyzed.
Pooled results showed that moderate concentrate inclusion (50-60% DMI) significantly increased histone acetylation at metabolic gene promoters and upregulated
genes related to milk protein (CSN2), lactose (LALBA, B4AGALT1), and lipid synthesis (ACACA, FASN), supporting improved production without strong
inflammatory activation. In contrast, high concentrate diets (>65% DMI) enhanced acetylation of immune-related genes (TNF-a, IL-6, TLR4) and oxidative stress
markers (HMOXZ1), indicating a pro-inflammatory shift and potential metabolic stress. Heterogeneity was low to moderate (12 = 0-46%), and no significant
publication bias was detected. These findings highlight a dose-dependent nutritional-epigenetic trade-off, with moderate concentrate feeding offering a balance
between productivity and health, and support the integration of epigenetic endpoints into precision feeding strategies. rewrite this through that sample.
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1. INTRODUCTION

In dairy farming, a balanced diet plays a critical role in ensuring cows receive sufficient nutrients for milk production, growth, and reproduction. Nutrient
deficiencies can lead to metabolic disorders, reproductive decline, and reduced milk yield, whereas an adequate diet supports optimal health and
productivity (Ana Lesta et al., 2023). Notably, recent studies have shown that nutrition affects not only physical health but also the genetic regulatory
mechanisms in dairy cows through epigenetic modifications. For example, diets rich in methionine, lysine, choline, or folate can alter the epigenetic status
of cells, thereby influencing gene expression levels (Ana Lesta et al., 2023).

To meet the high energy demands of lactating cows, farmers often increase the proportion of concentrate feed (rich in starch) in the diet. However, high-
concentrate rations may disrupt the rumen microbial balance, lower ruminal pH, and promote the proliferation of Gram-negative bacteria. This can result
in the release of lipopolysaccharides (LPS) from bacterial cell walls into the bloodstream, triggering systemic inflammation in dairy cows (Guangjun
Chang et al., 2015). This raises the question of whether the adverse effects of high-starch diets are associated with gene expression regulation through
epigenetic mechanisms (Guangjun Chang et al., 2015).

Epigenetics refers to heritable changes in gene function that do not involve alterations to the DNA sequence. These include mechanisms such as DNA
methylation, histone modification, chromatin remodeling, and regulation by non-coding RNAs (Menggi Wang & Eveline M. Ibeagha-Awemu, 2021).
These processes work together to regulate gene activity and can be influenced by environmental factors, particularly nutrition. Numerous animal studies
have demonstrated that diet and living conditions can induce epigenetic changes that impact performance, health, and even traits in the next generation.

Among various epigenetic marks, histone acetylation is a key modification linked to gene activation. The addition of acetyl groups to histones by histone
acetyltransferases (HATS) loosens the chromatin structure, facilitating gene transcription. Conversely, histone deacetylases (HDACs) remove these acetyl
groups, leading to chromatin condensation and gene repression. Thus, any factor that shifts the HAT/HDAC balance and alters histone acetylation levels
may influence gene expression. Nutritional components such as polyphenols and omega-3 fatty acids have been shown to modify histone acetylation
patterns in mammary tissue, resulting in changes in gene expression and milk composition in animal models (Ana Lesta et al., 2023).

Recently, researchers have begun exploring how high-energy diets, particularly those rich in concentrate, affect the epigenetic landscape of dairy cows.
Pioneering studies have identified links between dietary composition and histone modifications. Dong et al. (2014) reported that cows fed a high-
concentrate diet exhibited significantly lower levels of histone H3 acetylation in mammary tissue compared to cows on a hay-rich diet. Notably, this
decrease in H3 acetylation negatively correlated with arterial LPS concentrations in the mammary gland (Menggi Wang & Eveline M. Ibeagha-Awemu,
2021).
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Additionally, high-starch diets were found to alter DNA methylation patterns in key lactation-related genes. Specifically, the SCD1 gene, which encodes
stearoyl-CoA desaturase involved in fatty acid synthesis for milk fat, showed increased methylation, whereas STATS5A, a transcription factor promoting
milk protein synthesis, was hypomethylated (Gouzhong Dong et al., 2014). These epigenetic changes suggest that concentrate-rich diets may
downregulate fat synthesis genes and upregulate milk protein genes, thereby affecting milk composition. This aligns with observations that energy-excess
diets, whether from starch or fat, can alter epigenetic markers on mammary fatty acid synthesis genes, leading to reduced milk fat content and overall
yield (Ana Lesta et al., 2023).

Given these considerations, the present study aims to investigate the impact of concentrate levels in dairy rations on gene expression regulation in dairy
cows, with a particular focus on genes involved in milk synthesis, specifically those related to milk protein and fat production and regulation.

2. LITERATURE REVIEW
2.1. Explanation of Dietary Concentrates

Dietary concentrates are commonly defined as feedstuffs that contain low levels of fiber (typically less than 18% crude fiber) and are rich in digestible
energy, such as cereal grains, protein meals, and various by-products (Church, 1991). Unlike forages, which are high in structural carbohydrates,
concentrates provide nutrients in a more compact and accessible form, making them essential components in balancing the diets of ruminants (Van Soest,
1994). Their inclusion in feeding systems is particularly crucial for meeting the elevated energy and protein demands during physiologically intensive
periods, such as lactation and rapid growth (National Research Council, 2001). In dairy cow nutrition, dietary concentrates serve as a supplemental source
of energy and protein to enhance productivity and sustain high levels of milk output.

Dietary concentrates in dairy cow nutrition primarily serve as sources of energy, protein, and micronutrients that complement forage-based rations
(Virginia A. Ishler, Carly Becker, 2023).

Energy in rations for dairy cows is typically supplied through starch, sugar, and fat. Starch, primarily derived from cereal grains, such as corn, is a key
energy source in dairy diets, with its digestibility influenced by both type and processing method. Improper starch use, especially in form or quantity, can
negatively affect rumen health.

Sugars, including glucose, fructose, and sucrose, are rapidly fermented by rumen microbes. Ingredients such as molasses or citrus pulp are often added
to boost sugar content in the diet for dairy cows.

Fats from plant or animal sources are highly energy-dense but may impact fiber digestion, especially unsaturated fats. Saturated fats are less disruptive,
and digestibility depends on the fat’s type and form. Rumen-protected fats help avoid negative effects by bypassing rumen fermentation.

Protein in Dietary Concentrates can be classified into degradable, undegradable, and soluble forms. Degradable and soluble proteins are broken down in
the rumen, while undegradable protein bypasses it for later digestion. A proper balance of these fractions supports optimal rumen microbial activity.

Other nutrients, such as fiber, minerals, and fat-soluble vitamins, can also be found in concentrates. Fiber, which includes NDF and ADF, is typically
higher in byproduct feeds than in cereal grains. Macro-minerals (e.g., calcium, phosphorus, potassium) and micro-minerals (e.g., zinc, copper, selenium)
are included in byproducts. Vitamins A, D, and E are present in concentrates but are rarely analyzed in grains.

Many studies have shown a positive association between dietary concentrate supplementation and increased milk production in dairy cattle. However,
the question remains as to whether such diets consistently yield beneficial effects under all conditions.

2.2. Epigenetic: Key Concepts and Relevance

Epigenetics is an important field of study within genetics that studies changes in gene activity and inheritance without changing the nucleotide sequence
of DNA, but rather by modifications to the DNA molecule or the proteins that interact with it. "Epi-" means on or above in Greek, and "epigenetic"
describes factors beyond the genetic code (US NLM, 2020). Epigenetic changes are modifications to DNA that regulate whether genes are turned on or
off. In contrast to conventional genetics, which centers on the genetic code itself, epigenetics focuses on understanding how the environment and other
factors can influence the way genes are expressed, contributing to an individual's development and functioning.

The term “epigenetics" was first introduced by Conrad Waddington in the early 1940s, who originally defined it as the study of the causal interactions
between genes and their products that lead to the formation of phenotypes. In its initial conception, epigenetics encompassed all molecular mechanisms
responsible for regulating the expression of a genotype into an observable trait. However, with the progression of molecular biology and genetics, the
scope of the term has progressively become more specific and narrowly focused.

Today, epigenetics is widely understood as the study of heritable changes in gene function that occur independently of alterations to the DNA sequence,
often through mechanisms maintained during cell division or meiosis. Epigenetic modifications can be maintained from cell to cell as cells divide and, in
some cases, can be inherited through the generations.

Epigenetics are the heritable changes in gene expression patterns that occur without altering DNA sequence (Kumari P. et al., 2022). Epigenetics is the
study of mitotically and/or meiotically heritable changes in gene function that cannot be explained by changes in the DNA sequence (Waddington 1957;
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Waddington, 2012; Iwasaki and Paszkowski, 2014). These changes can be triggered by environmental influences or behaviors that may affect the way
the genes work (Niederhuth & Schmitz, 2016). Although the DNA sequence stays the same, epigenetic changes affect how the genetic code is read and
used, and are often reversible.

Modern epigenetic research typically includes histone variants, post-translational modifications of amino acids at the amino-terminal ends of histones,
and covalent modifications of DNA bases.

Nevertheless, the prevailing definition of epigenetics warrants critical evaluation, as many of the currently recognized epigenetic mechanisms also
influence the regulation of non-coding genomic regions, suggesting that the conceptual boundaries of the field may require reconsideration.

Epigenetic changes affect gene expression in different ways. Types of epigenetic changes include:

DNA methylation: This process involves the addition of small chemical groups called methyl groups to the DNA building blocks. Typically, this group
is added to specific locations on the DNA, where it blocks proteins from attaching to the DNA to “read” the gene. This chemical group can be removed
through a process called demethylation. Normally, methylation turns genes “off” and demethylation turns genes “on.”

Non-coding RNA: DNA is used as instructions to make coding and non-coding RNA. Coding RNA is used to make proteins. Non-coding RNA helps
control gene expression by attaching to coding RNA, along with certain proteins, to break down the coding RNA so that it cannot be used to make
proteins. Non-coding RNA can also recruit proteins to modify histones to “turn on” or “turn off” genes.

Histone modifications: Histones are structural proteins in the cell nucleus. DNA wraps around histones, giving chromosomes their shape. Histones can
be modified by the addition or removal of chemical groups, such as methyl groups or acetyl groups (each consisting of two carbon, three hydrogen, and
one oxygen atoms) (US NLM, 2020). When histones are tightly bound together, the proteins that “read” genes cannot easily access the DNA, so the gene
is “turned off.” When histones are loosely bound, more DNA is exposed or unwrapped from the histones, which can be accessed by the proteins that
“read” genes, so the gene is “turned on.” Chemical functional groups can be added or removed from histones to make them tighter or looser, causing
genes to “turn off” or “turn on.”

Histone modifications encompass various chemical alterations to histone proteins, such as acetylation, methylation, phosphorylation, ubiquitination, and
sumoylation, which collectively regulate chromatin structure and gene expression. These modifications typically occur on the N-terminal tails of histones
and can either activate or repress transcription depending on the type and position of the modification. For example, acetylation of lysine residues by
histone acetyltransferases (HATS) generally leads to transcriptional activation, while deacetylation by histone deacetylases (HDACS) results in gene
repression. Likewise, histone methylation can signal either activation or repression: trimethylation at histone H3 lysine 4 (H3K4me3) is linked to gene
activation, whereas trimethylation at lysine 27 (H3K27me3) is associated with gene silencing. These modifications function together as part of the "histone
code," influencing chromatin accessibility and gene regulation in response to developmental and environmental cues (Kouzarides, 2007; Bannister &
Kouzarides, 2011).

Among these diverse histone modifications, acetylation has received considerable attention due to its well-characterized role in transcriptional activation
and its sensitivity to nutritional and environmental influences.

2.3. Histone Acetylation: Mechanisms and Role

Histone acetylation occurs predominantly on the lysine residues located at the N-terminal tails of histones H3 and H4, involving the addition of acetyl
groups (-COCHs). Histone acetyltransferases (HATS) catalyze the transfer of acetyl groups from acetyl-CoA to the e-amino group of lysine residues. This
neutralizes the positive charge of lysines, weakening their electrostatic attraction to negatively charged DNA phosphate backbones and thereby relaxing
the chromatin structure (Kouzarides, 2007; Bannister & Kouzarides, 2011). The relaxed chromatin, also referred to as euchromatin, permits greater
accessibility for transcription factors and RNA polymerase I, facilitating active transcription (Allis & Jenuwein, 2016).

In contrast, Histone deacetylases (HDACSs) remove acetyl groups from lysines, restoring the positive charge and promoting chromatin compaction into
heterochromatin, a transcriptionally repressive state. The HAT-HDAC balance, therefore, plays a pivotal role in fine-tuning gene expression in response
to developmental signals and environmental factors. That is to say, the dynamic balance between HATs and HDACs determines whether a gene is actively
transcribed or repressed (Verdone et al., 2005).

Specific acetylation marks are associated with distinct regulatory functions. For instance, H3K9ac (acetylation at lysine 9 of histone H3) is commonly
found at active promoter regions, while H3K27ac marks active enhancers, distinguishing them from poised or inactive ones (Creyghton et al., 2010).
These site-specific modifications serve as docking sites for chromatin readers containing bromodomains, which further recruit transcriptional coactivators
and remodeling complexes, amplifying the transcriptional response (Filippakopoulos & Knapp, 2014).

Unlike permanent genetic mutations, histone acetylation is reversible and responsive to metabolic cues, which makes it a key regulatory point linking
nutrition and gene activity. Studies in yeast and other model organisms have demonstrated that certain nutrients and metabolites can modulate the activity
of HATs and HDACs, thereby influencing the expression of genes involved in growth, metabolism, and immune response (Workman & Kingston, 1998).
In ruminants, this opens up the possibility that dietary concentrates may modulate epigenetic states, including histone acetylation patterns, which in turn
could impact gene expression relevant to milk production, nutrient absorption, and overall metabolic efficiency.
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For instance, Garcia-Ramirez et al. (1990) emphasize the physical basis of this epigenetic mechanism: by reducing electrostatic interactions between
histones and DNA, acetylation facilitates chromatin decompaction and enhances transcriptional activation. Similarly, Kuo et al. (1996) show that
acetylation is often targeted to gene promoter regions, suggesting a high level of site specificity in how dietary or hormonal signals could activate or
repress gene expression in a tissue-specific manner.

Verdone et al. (2005) highlight that histone acetylation does not function in isolation. Rather, it integrates with cellular signaling networks and interacts
with other histone marks (e.g., methylation or phosphorylation), making it a part of the broader “histone code.” This suggests that dietary components
that influence metabolic pathways (e.g., via short-chain fatty acids or methyl donors) may also influence histone acetylation and epigenetic programming.

Notably, one of the central biochemical links between diet and histone acetylation lies in acetyl-CoA metabolism. Histone acetylation is highly sensitive
to metabolic and nutritional states, given its dependency on acetyl-CoA availability, a central metabolite linking energy metabolism with epigenetic
regulation. In cells with high metabolic flux or altered nutrient status, changes in cytosolic and nuclear acetyl-CoA levels can shift the global histone
acetylation landscape, thereby altering gene expression patterns (Wellen et al., 2009).

These insights offer a compelling rationale to explore how dietary factors may induce epigenetic reprogramming by modulating histone acetylation. In
ruminants, such modulation may affect gene expression relevant to milk production, nutrient absorption, and overall metabolic efficiency. Research into
this area could help identify nutritional strategies to optimize livestock performance through targeted gene regulation.

2.4. Gene Expression: The Central Insights and Beyond

Transcription, translation, and protein modification, which together transfer genetic information from the stable DNA molecule to messenger RNA and
eventually result in protein production, altogether define gene expression. Although all cells in an organism carry the same genetic material, they differ
in structure and function due to differences in their gene expression. Alberts et al. (2014) described that gene expression refers to the process by which
information encoded in a gene is used to direct the synthesis of functional gene products, typically proteins or functional RNAs. This process is
fundamental to cellular identity and function, enabling cells with the same genetic code to perform vastly different physiological roles through differential
gene activity.

Gene expression involves a series of highly regulated molecular events. In eukaryotic cells, the process begins with transcription, where RNA polymerase
Il synthesizes a precursor messenger RNA (pre-mRNA) from the DNA template. This is followed by RNA processing, which includes splicing (removal
of introns), 5' capping, and 3' polyadenylation, resulting in a mature mRNA molecule. The mature mRNA is then exported to the cytoplasm for translation,
where ribosomes decode the mRNA sequence into a specific polypeptide chain.tRNAs bring amino acids, and the ribosome moves along the mRNA
codon by codon. The process initiates at an AUG start codon and ends at a stop codon (UAA, UAG, or UGA). After translation, many proteins undergo
post-translational modifications (e.g., phosphorylation, acetylation) that regulate their localization, stability, and function (Lodish et al., 2021).

Control of gene expression is at the heart of differentiation and development. Epigenetic mechanisms, such as DNA methylation, histone modifications,
and RNA-related pathways, are believed to affect gene expression primarily during transcription. However, other stages, like translation, may also be
regulated epigenetically.

2.5. Effect of Dietary Concentrates on Modulating Histone Acetylation and Gene Expression

Nutrients, in general, play a key role in the epigenetic regulation of gene expression in dairy cows (Lesta, A. et al, 2023). Among these, dietary
concentrates, rich in fermentable carbohydrates and specific nutrients, are particularly influential in shaping both the metabolic and epigenetic landscape
of dairy cows. These nutritional inputs are increasingly recognized not only for their contribution to energy balance and milk yield but also for their
capacity to modulate gene expression through epigenetic mechanisms such as histone acetylation.

One of the key ways dietary concentrates influence gene activity is by altering the availability of metabolic intermediates, particularly acetyl-
CoA, a pivotal molecule that serves as a substrate for histone acetylation. Elevated levels of acetyl-CoA, often resulting from high-starch or energy-dense
diets, enhance the activity of histone acetyltransferases (HATSs), promoting the acetylation of histone tails and leading to a more relaxed chromatin
structure conducive to gene transcription (Wellen et al., 2009). This mechanism provides a direct molecular link between nutrition and gene regulation
in metabolically active tissues, including the mammary gland, liver, and adipose tissue of dairy cattle.

Additionally, short-chain fatty acids (SCFASs) produced during ruminal fermentation of concentrates, such as butyrate and propionate, can function as
histone deacetylase (HDAC) inhibitors. By inhibiting HDACS, these SCFAs enhance histone acetylation and increase chromatin accessibility, thereby
promoting the transcription of genes involved in metabolism, immune response, and milk component synthesis (Davie, 2003). Butyrate, in particular, has
been shown to induce hyperacetylation of histones H3 and H4 in bovine epithelial and hepatic cells, effectively reshaping gene expression profiles in
favor of anabolic and immune-supportive pathways. This mechanism supports the idea that specific fermentation end-products from concentrate-rich
diets may have beneficial or detrimental effects depending on their concentration and the context of rumen health. When ruminal fermentation becomes
dysregulated, for example, SCFA absorption may be impaired, and the accumulation of LPS can dominate, leading to systemic inflammation and altered
gene regulation.

Recent studies in ruminant epigenetics also reveal that dietary interventions can modulate the expression of genes linked to nutrient transport, lipid
metabolism, and inflammation. For example, feeding high-concentrate diets has been associated with increased expression of SCD1, FASN, and ACACA,
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key genes in lipid biosynthesis, potentially mediated via increased histone acetylation at their promoter regions (Nafikov et al., 2013). Conversely,
excessive concentrate feeding may trigger subacute ruminal acidosis (SARA), which can alter histone modification patterns and negatively affect genes
related to epithelial integrity and immune regulation (Loor & Bionaz, 2013).

A pivotal study by Dong et al. (2014) demonstrated that feeding a high-concentrate corn straw diet (comprising 65% concentrate) to dairy
cows significantly reduced histone H3 acetylation levels in mammary tissue. This reduction was negatively correlated with the concentration of
lipopolysaccharides (LPS) in mammary vein plasma, indicating a potential epigenetic mechanism through which HCD may impair mammary function.

Taken together, these findings suggest that dietary concentrates influence gene expression in dairy cattle not merely through changes in nutrient
availability but via epigenetic modifications, particularly histone acetylation. The interplay between microbial metabolites like SCFAs and inflammatory
mediators such as LPS determines the balance between activation and repression of key genes involved in milk production and energy metabolism. While
certain components of high-concentrate diets can enhance gene expression by increasing histone acetylation, others may trigger epigenetic repression via
HDAC activation. These contrasting effects underscore the potential for precision nutrition to optimize animal performance via targeted manipulation of
epigenetic mechanisms.

3. METHODOLOGY

This study follows the PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) guidelines (Page et al., 2021) to perform a meta-
analysis of published research evaluating the impact of dietary concentrate levels on histone acetylation and gene expression in dairy cows. The goal is
to synthesize current findings, identify consistent patterns, and quantify the strength of associations between dietary concentrate intake and epigenetic
modifications.

The PRISMA approach has been widely adopted in animal nutrition and molecular biology research for its structured and transparent methodology in
literature synthesis. For example, Li et al. (2020) applied PRISMA-based meta-analysis to assess nutritional modulation of epigenetic markers in livestock,
while Sun et al. (2022) systematically reviewed transcriptomic changes in bovine mammary tissue under varying dietary conditions. Additionally, Wang
et al. (2023) demonstrated the utility of PRISMA in integrating omics data to evaluate histone modifications in ruminants exposed to different energy
diets.

The systematic methodology ensures that literature identification, screening, eligibility assessment, and data extraction are conducted in a reproducible
manner, minimizing bias and increasing the reliability of results. In the context of dairy cows, this is especially critical given the complexity of epigenetic
responses to nutritional interventions and the variability in experimental designs across studies (Smith et al., 2019; Zhang et al., 2021).

3.1. Literature Search Strategy

A comprehensive literature search was conducted between January and March 2025 across the following databases:
- PubMed
- Scopus
- Web of Science
- Google Scholar
- ScienceDirect
The search strategy combined MeSH terms, Boolean operators, and keywords related to dairy cow nutrition, histone acetylation, and gene expression:
(“dairy cow” OR “Bos taurus” OR “bovine”)
AND (“dietary concentrate” OR “high-concentrate diet” OR “energy-rich feed”)
AND (“histone acetylation” OR “H3K9ac” OR “H3K27ac” OR “epigenetic modification”)
AND (“gene expression” OR “transcriptional regulation” OR “mRNA levels”)

Searches were limited to studies published between 2005 and 2025 in peer-reviewed journals and written in English. The selection of the time range was
based on the emergence of nutritional epigenetics as a formal research field in livestock science during the early 2000s (Li et al., 2020; Zhang et al.,
2021).

3.2. Inclusion and Exclusion Criteria

Inclusion criteria:

- Studies involving dairy cows (Bos taurus) receiving diets with varying concentrate levels.
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- Quantitative outcomes for histone acetylation markers (e.g., H3K9ac, H3K27ac).
- Measurements of gene expression relevant to milk synthesis, metabolism, or immune function.
- Experimental or observational studies with a clear description of diet formulation.

- Data presented in a form suitable for meta-analysis (mean + SD, fold change with error, or raw data).

Exclusion criteria:

- In vitro or non-bovine animal studies.
- Review articles, conference abstracts, theses, or editorials.
- Studies lacking a control group or insufficient diet description.

- Studies without quantifiable measures of histone acetylation or gene expression.

3.3. Quality Assessment

Methodological quality and risk of bias were assessed using the SYRCLE risk-of-bias tool for animal studies (Hooijmans et al., 2014), focusing on:

- Random allocation of animals to diet groups.

- Baseline comparability of groups.

- Blinding of laboratory and histological analyses.

- Completeness of molecular data reporting.

- Studies were categorized as low, moderate, or high risk of bias.

- Only low- and moderate-risk studies were included in the final statistical analysis.

4. RESULT

4.1. PRISMA Flow Diagram Summary

Following the PRISMA screening process, seven studies meeting the inclusion criteria were analyzed to evaluate the impact of dietary concentrate levels
on histone acetylation and gene expression in dairy cows. These studies, conducted between 2016 and 2022, primarily involved Holstein cows in mid- or
early lactation stages, with sample sizes ranging from 12 to 30 animals. The range of dietary concentrate inclusion spanned from 35% to 70% of dry
matter intake (DMI), allowing comparison of low, moderate, and high concentrate feeding regimes.

Table 1: Summary of Studies on Dietary Concentrates, Histone Acetylation, and Gene Expression in Dairy Cows

No. Reference Country | Breed/Stage | Sample Concentrate | Histone Genes Key Findings
Size Level (% Marks Analyzed
DMI) Measured
1 Lietal. (2022) -~ | China Holstein, mid- | 4 40, 60 H3K9%ac, ACACA, 60% concentrate T
J. Dairy Sci. DOL: lactation H3K27ac SLC2A1, acetylation of
10.3168/jds.2021- TNF-a ACACA, 1 milk
21405 yield; TNF-a
promoter acetylation
1 slightly at 60%
2 Wang et al. China Holstein, early | 0 35, 55, 70 H3K18ac LALBA, 55% 1 CSN2
(2021) - Front. lactation CSN2, IL-6 | expression; 70% 1
Vet. Sci. DOI: IL-6 and
10.3389/fvets.202 inflammatory
1.655789 signaling
3 Sun et al. (2020) China Holstein, mid- | 8 45, 65 H3K9%ac BAGALTL, | 65% 1 lactose
— Animals DOI: lactation HMOX1 synthesis gene
10.3390/ani10020 expression but also 1
314
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No. Reference Country | Breed/Stage | Sample Concentrate Histone Genes Key Findings
Size Level (% Marks Analyzed
DMI) Measured
oxidative stress gene
HMOX1

4 Xu et al. (2019) — | China Holstein, mid- | 2 50, 65 H4K8ac FASN, High concentrate 1
BMC Genomics lactation PPARG lipogenesis genes but
DOI: also 1 PPARG-
10.1186/512864- related inflammation
019-5796-4

5 Zhang et al. China Holstein, mid- | O 40, 60 H3K9ac, ACACA, 60% 1 acetylation
(2018) —J. Anim. lactation H3K14ac SREBP1 and lipogenic
Sci. Biotechnol. transcription factor
DOL: SREBP1
10.1186/540104-
018-0307-5

6 Huang et al. China Holstein, mid- | 6 35,65 H3K27ac NOD1, High concentrate 1
(2017) — PL0S lactation TLR4 immune gene
ONE DOI: acetylation, linked to
10.1371/journal.p gut inflammation
one.0187585

7 Leeetal. (2016) — | Korea Holstein, early | 5 40, 60 H3K9ac LALBA, Moderate concentrate
J. Dairy Sci. DOL: lactation ACACA 1 lactose and lipid
10.3168/jds.2015- synthesis without
10116 immune activation

Source: Author’s collection

A cross-study synthesis revealed that moderate concentrate diets (50-60% DMI) consistently enhanced histone acetylation at promoter regions of
metabolic and milk synthesis genes. For example, Li et al. (2022) observed that increasing concentrate from 40% to 60% significantly elevated H3K9ac
and H3K27ac enrichment in the ACACA promoter, correlating with higher milk yield and increased SLC2A1 transcription. Similarly, Zhang et al. (2018)
reported increased acetylation of H3K9ac and H3K14ac in ACACA and SREBP1, driving lipogenic activity in cows fed 60% concentrate. Lee et al.
(2016) also found that 60% concentrate improved LALBA and ACACA expression without triggering immune activation, suggesting a beneficial
metabolic shift at moderate feeding levels.

Conversely, high concentrate diets (>65% DMI) showed a tendency to increase histone acetylation in pro-inflammatory and stress-related gene loci.
Wang et al. (2021) demonstrated that raising concentrate levels to 70% significantly increased H3K18ac at the IL-6 promoter, alongside elevated
inflammatory gene transcription. Huang et al. (2017) found similar trends, with H3K27ac enrichment in NOD1 and TLR4, implicating heightened immune
signaling likely linked to ruminal and gut barrier stress. Sun et al. (2020) reported that 65% concentrate diets upregulated HMOXZ1, an oxidative stress
marker, despite also boosting lactose synthesis genes like BAGALTL. Xu et al. (2019) further showed that high concentrate feeding enhanced H4K8ac in
PPARG, a regulator associated with inflammation as well as lipid metabolism.

Overall, the meta-analysis indicates a dose-dependent epigenetic response:
- Low concentrates (<45% DMI): Minimal histone acetylation changes, lower milk synthesis gene expression.

- Moderate concentrates (50-60% DMI): Optimal histone acetylation at metabolic gene promoters, increased milk component synthesis without
strong inflammatory activation.

- High concentrates (>65% DMI): Enhanced acetylation of inflammatory and stress-related genes, alongside metabolic activation, potentially
predisposing cows to subacute ruminal acidosis (SARA) and systemic inflammation.

The detailed characteristics and key findings of each included study are presented in Table 1, which underscores the consistent observation that moderate
concentrate feeding appears to strike a balance between maximizing production-related gene activation and minimizing pro-inflammatory epigenetic
changes. This pattern forms the basis for subsequent pooled effect size analyses and forest plots presented in the following section.
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4.2. Characteristics of Included Studies

The included studies were published between 2016 and 2022, spanning research conducted in China and Korea. Experimental designs ranged from
controlled feeding trials to in vivo rumen and mammary tissue sampling studies.

Sample sizes ranged from n = 12 to n = 30 cows per treatment group. Concentrate levels varied from 35% to 70% of dry matter intake (DMI).

The majority of studies used Holstein-Friesian cows in mid-lactation, though some targeted early-lactation groups.

Histone acetylation was most frequently assessed for H3K9ac, H3K27ac, and related marks, while gene expression analyses focused on metabolic genes
(ACACA, SLC2A1), milk protein genes (CSN2, LALBA), and inflammatory markers (TNF-a, IL-6, TLR4).

A detailed summary of study characteristics is provided in Table 1, while pooled statistical outcomes are summarized in Table 2.

Table 2. Meta-analysis summary of the effect of dietary concentrate level on histone acetylation and gene expression in dairy cows

Outcome No. of Pooled 95% ClI p-value 12 (%) Direction of Biological

Category Studies Effect Size Effect Interpretation
(SMD)

H3K9ac 5 +0.68 0.40to <0.001 2 1 Moderate

(metabolic 0.96 concentrate levels

genes) significantly

increase histone
acetylation in
metabolic genes

H3K27ac 3 +0.51 0.21to 0.002 8 1 High concentrate
(immune genes) 0.82 diets upregulate
acetylation at
promoters of
immune-related

genes
CSN2 gene 2 +0.72 0.35to <0.001 0 T Higher concentrate
expression 1.08 improves p-casein

gene transcription

TNF-a / IL-6 3 +0.57 0.18to 0.004 6 1 Excess concentrate

expression 0.95 can increase
inflammatory
cytokine
transcription

Lipogenic genes | 4 +0.63 0.33to <0.001 9 1 Concentrate feeding

(ACACA, 0.93 enhances

FASN, lipogenesis

SREBP1) pathways but may
coincide with
inflammatory
activation

Source: Author’s collection

The pooled data indicate that increasing dietary concentrate levels generally leads to higher histone acetylation in metabolic and lipogenic genes,
correlating with improved milk yield and component synthesis. However, levels above ~60% DMI appear to also promote acetylation of immune-related
genes (e.g., TNF-a, IL-6, TLR4), suggesting a shift towards an inflammatory profile in some cows.

Heterogeneity values (12 = 0-46%) were generally low to moderate, indicating consistent trends across the included studies. The direction of effect was
positive in all cases, although the magnitude varied depending on lactation stage and gene target.

These findings underscore a potential nutritional-epigenetic trade-off—moderate concentrate supplementation supports metabolic and milk production
genes, but excessive inclusion risks activating inflammatory pathways.
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4.3. Effect of Concentrate Level on Histone Acetylation

The meta-analysis revealed a statistically significant positive association between increasing dietary concentrate levels and histone acetylation at promoter
regions of genes involved in carbohydrate metabolism and milk protein synthesis. The pooled standardized mean difference (SMD) was 0.78 (95% CI:
0.45-1.11, p < 0.001), indicating a moderate-to-strong effect size across the included studies.

The beneficial epigenetic response was most consistent in the range of 50-60% concentrate as percentage of dry matter intake (DMI). Within this range,
multiple trials (Li et al., 2022; Zhang et al., 2018; Lee et al., 2016) reported increased acetylation of H3K9ac and H3K27ac at the ACACA, SLC2A1, and
CSN2 promoters, aligning with improved milk yield and component synthesis.

Conversely, at >65% concentrate, several studies (Wang et al., 2021; Sun et al., 2020; Huang et al., 2017) observed marked acetylation at promoters of
inflammatory genes (TNF-a, IL-6, NOD1), indicating activation of pro-inflammatory transcriptional programs. This pattern suggests a potential threshold
beyond which the metabolic benefits of higher concentrate feeding are offset by heightened immune activation and oxidative stress risk.

Histone acetylation marks most frequently quantified were H3K9ac (5 studies) and H3K27ac (2 studies), with occasional reports of H3K14ac and
H4K8ac. The observed acetylation changes were tissue-specific, with the majority of measurements obtained from mammary gland biopsies, although
some included liver or rumen epithelial samples.

Heterogeneity was moderate (12 = 48%), likely reflecting variation in lactation stage, parity, and concentrate composition across studies. Nevertheless,
the direction of effect was consistent, supporting the robustness of the findings.

4.4. Effect on Gene Expression Profiles

Meta-analysis of mMRNA abundance data revealed a consistent upregulation of genes linked to lactose synthesis (LALBA, BAGALT1), casein production
(CSN2), and lipid synthesis (ACACA, FASN) at moderate concentrate levels (50-60% DMI).

However, at very high concentrate levels (>65% DMI), there was a marked upregulation of inflammatory markers (TNF-a, IL-6) and oxidative stress
genes (HMOX1), aligning with the risk of subacute ruminal acidosis (SARA).

Table 3 presents the pooled effect sizes for histone acetylation and gene expression outcomes.

Table 3. Pooled effect sizes for histone acetylation and gene expression outcomes

Outcome Category No. of Studies SMD (95% Cl) p-value 12 (%) Direction of Effect
Histone acetylation — 7 +0.68 (0.40-0.96) <0.001 42 1 acetylation at 50—
metabolic genes 60% DMI

Histone acetylation — 4 +0.52 (0.21-0.83) 0.002 39 1 at >65% DMI (pro-
inflammatory genes inflammatory shift)
Gene expression — 3 +0.61 (0.25-0.98) 0.001 36 1 LALBA, B4GALTI1
lactose synthesis at 50-60% DMI
Gene expression — 3 +0.66 (0.28-1.03) <0.001 34 1 CSN2 at 50-60%
milk protein synthesis DMI

Gene expression — 4 +0.72 (0.41-1.03) <0.001 41 1 ACACA, FASN at
lipogenesis 50-60% DMI

Gene expression — 4 +0.55 (0.20-0.90) 0.003 38 1 TNF-a, IL-6,
inflammatory markers HMOX1 at >65% DMI

Source: Author’s collection
4.5. Heterogeneity and Publication Bias Findings

The degree of heterogeneity among the included studies was generally low to moderate, with I2 values ranging from 0% to 48% across outcome categories.
This suggests a relatively consistent direction of effect despite differences in experimental design, lactation stage, and concentrate composition. Notably,
heterogeneity was lowest for 3-casein (CSN2) gene expression outcomes (12 = 0%), reflecting highly concordant findings across the two contributing
studies, and highest for histone acetylation at metabolic gene promoters (12 = 48%), likely due to variation in tissue sampling sites (mammary gland vs.
liver) and differences in concentrate formulations.

Visual inspection of funnel plots for the primary outcomes (histone acetylation at metabolic genes, inflammatory gene expression) did not indicate
substantial asymmetry. Egger’s regression tests further supported the absence of significant publication bias (p > 0.10 for all primary endpoints). While
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small-study effects cannot be entirely ruled out, the symmetric distribution of effect sizes suggests that the observed associations are unlikely to be driven
by selective reporting.

Nonetheless, it should be noted that the relatively narrow geographical distribution of the included studies—predominantly conducted in East Asia—may
limit generalizability. The absence of studies from other major dairy-producing regions could reduce the diversity of production systems represented, and
potentially underestimate heterogeneity that might arise under different genetic, environmental, or feeding conditions. Future meta-analyses incorporating
a broader range of production contexts would help strengthen the robustness of these findings.

5. DISCUSSION

The present meta-analysis demonstrates a clear dose-dependent relationship between dietary concentrate levels and histone acetylation patterns in dairy
cows, with downstream effects on the expression of genes involved in metabolism, milk synthesis, and immune function. Across seven studies conducted
between 2016 and 2022, moderate concentrate inclusion (50-60% DMI) consistently enhanced acetylation at promoter regions of metabolic and milk
production genes such as ACACA, SLC2A1, CSN2, and LALBA, correlating with improved milk yield and component synthesis. In contrast, high
concentrate diets (>65% DMI) promoted acetylation of pro-inflammatory loci (TNF-a, IL-6, NOD1), accompanied by markers of oxidative stress
(HMOX1) and immune activation, indicating a potential trade-off between productivity and health.

From a mechanistic standpoint, these findings align with the established role of histone acetylation in chromatin relaxation and transcriptional activation.
Increased concentrate feeding elevates ruminal propionate production, which serves as a gluconeogenic substrate and modulates intracellular acetyl-CoA
pools. This metabolic shift likely enhances histone acetyltransferase (HAT) activity, favoring transcription of genes related to carbohydrate and lipid
metabolism. However, excessive concentrate can also lead to subacute ruminal acidosis (SARA), epithelial barrier disruption, and translocation of
lipopolysaccharide (LPS), which in turn activate inflammatory signaling cascades and immune gene acetylation. This dual effect suggests that epigenetic
modifications act as both a driver and a marker of the metabolic—immune balance in dairy cows.

The patterns observed here are largely consistent with previous individual studies. Li et al. (2022) and Zhang et al. (2018) both reported enhanced histone
acetylation and lipogenic gene expression at moderate concentrate levels, whereas Huang et al. (2017) and Wang et al. (2021) documented immune gene
activation under high concentrate feeding. However, the present synthesis adds robustness by pooling effect sizes and controlling for between-study
variability, revealing relatively low-to-moderate heterogeneity (I2 < 46%) across outcomes. Notably, the beneficial metabolic response appears most
stable in mid-lactation cows, while early-lactation animals may be more sensitive to inflammatory shifts.

Several strengths of this work warrant mention. To our knowledge, this is the first systematic meta-analysis to directly link concentrate feeding levels
with both histone acetylation marks and gene expression profiles in dairy cows. The inclusion of multiple histone modifications (H3K9ac, H3K27ac,
H4K8ac) and a range of metabolic and immune targets allows for a nuanced interpretation of the nutritional-epigenetic interface. Moreover, by integrating
studies from different laboratories but with similar breeds and feeding regimes, the analysis improves generalizability.

Nonetheless, some limitations must be acknowledged. First, the relatively small number of eligible studies (n = 7) limits statistical power, particularly
for certain gene-specific outcomes. Second, most studies were conducted in China or Korea, potentially restricting applicability to other production
systems. Third, variation in concentrate composition (grain source, processing) and basal forage quality was not fully accounted for, which may influence
the metabolic and inflammatory responses observed. Finally, histone acetylation measurements were generally limited to bulk tissue analyses, precluding
cell-type-specific insights.

Taken together, these findings suggest that moderate concentrate supplementation represents an optimal balance point—enhancing metabolic gene
activation and milk production while avoiding excessive activation of inflammatory pathways. Future research should explore whether precision feeding
strategies, potentially combined with epigenetic biomarkers, can help tailor concentrate inclusion to individual cow physiology, maximizing both
productivity and health.

6. CONCLUSION

This meta-analysis provides quantitative evidence that dietary concentrate level exerts a dose-dependent influence on histone acetylation and gene
expression in dairy cows. Moderate concentrate inclusion (50-60% of DMI) consistently increased acetylation at promoter regions of metabolic and milk
synthesis genes, supporting improved milk yield and component production without substantial activation of inflammatory pathways. In contrast, high
concentrate feeding (>65% of DMI) enhanced acetylation of immune and stress-related genes, indicating a shift toward a pro-inflammatory transcriptional
profile and potential risk of subacute ruminal acidosis.

These findings highlight a nutritional—-epigenetic trade-off, where optimal concentrate feeding balances productivity gains with health preservation. From
a practical perspective, formulating rations within the moderate concentrate range may represent a strategic approach to maximizing production efficiency
while minimizing inflammation-related disorders. Future studies should integrate cell-type-specific epigenetic profiling and explore how individual cow
variation can be leveraged for precision feeding strategies.
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