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Abstract

The present study is a meta-analysis of the literature on nutritional biochemical
efficiency in ruminants, based on publications between 2020 and 2024. The
main objective was to evaluate how the digestion and absorption of nutrients,
such as proteins, fibers and carbohydrates, impact the health and productivity
of ruminants, including cattle, sheep and goats. Twenty-five studies were
selected that met the inclusion criteria, such as the use of quantitative data and
the availability of nutritional indicators, such as digestibility and volatile fatty
acid (VFA) production. Dietary interventions, such as the addition of
prebiotics and digestive enzymes, were analyzed to determine their effect on
nutritional efficiency. Prebiotics, such as inulin and fructooligosaccharides
(FOS), improved fiber digestibility by 12%, while enzymes showed a more
variable improvement of 8% in carbohydrate digestibility. The study used
statistical tools to assess heterogeneity between studies and robustness of
results. Considerable variability in ruminant response to digestive enzymes was
identified, and subgroup analysis indicated that species influences the effects of
dietary interventions. Although publication bias was not significant, it is
recommended that future research publish both positive and negative results to
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improve overall understanding of interventions. It is concluded that
personalized diets, based on species-specific needs, can optimize nutritional
efficiency in ruminants.

Keywords: Nutritional biochemistry, Ruminants, Digestion, Absorption,
Nutrients

INTRODUCTION

Nutritional biochemistry in ruminants is a crucial field of study for optimizing efficiency in
animal production. Ruminants, such as cows, sheep, and goats, have a highly specialized
digestive system that includes the rumen, reticulum, omasum, and abomasum, allowing for
the fermentation of fibrous plant materials (Van Soest, 2021). This unique ability to
ferment forages in the rumen makes ruminants highly important for meat and milk

production, as well as for agricultural sustainability (Kreuzer & Bruckmaier, 2020).

The digestive process in ruminants relies on a complex interaction between dietary
nutrients and the ruminal microbiota, which plays a crucial role in digestion and nutrient
absorption. Nutritional biochemistry studies how different dietary components affect these
processes and how they can be improved to increase feed conversion efficiency (Morgavi et
al., 2020). Microbial fermentation in the rumen results in the production of volatile fatty
acids (VFAs), which are a major source of energy for ruminants, and in the synthesis of

microbial proteins that contribute to the animal's protein needs (Ramin et al., 2022).

Despite advances in ration formulation and ruminant genetics, optimizing nutritional
efficiency remains a significant challenge. Recent research has shown that forage quality,
ration formulation, and ruminal microbiota management are critical factors affecting the
efficiency of digestion and nutrient absorption (Wang et al., 2023). The inclusion of
nutrient additives and probiotics, for example, has been shown to improve ruminal
fermentation efficiency and reduce greenhouse gas production (Beauchemin et al., 2021).
An area of great interest in nutritional biochemistry is the reduction of methane emissions,
a potent greenhouse gas produced during rumen fermentation. Several studies have
investigated strategies to mitigate these emissions through dietary modifications and the use
of specific additives (Hristov et al., 2021). The results have been promising, indicating that
dietary adjustments can significantly reduce methane emissions while also improving feed

conversion efficiency (Mao et al., 2023).
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In addition to environmental benefits, improving nutritional efficiency also has a direct
impact on ruminant health and well-being. Adequate nutrition can prevent metabolic
deficiencies and diseases, and contribute to increased animal productivity and longevity
(Gonzalez et al., 2022). The implementation of strategies based on nutritional biochemistry
can, therefore, have a positive effect on both the profitability of livestock farms and the

sustainability of the agricultural system as a whole (Hammond et al., 2024).

This article will review recent advances in nutritional biochemistry applied to ruminants,
with a particular focus on optimizing feed conversion efficiency and reducing
environmental impacts. The biochemical mechanisms involved in nutrient digestion and
metabolism will be discussed, as well as emerging strategies for improving nutritional
efficiency. Current challenges and future directions for research in this field will also be
addressed, with the aim of providing a comprehensive view of how nutritional

biochemistry can contribute to more efficient and sustainable ruminant production.
Efficiency of Nutritional Biochemistry in Ruminants

The efficiency of nutritional biochemistry in ruminants has evolved considerably in the last
decade, with significant advances in the understanding of metabolic processes and the
application of more effective nutritional strategies. Nutritional biochemistry in ruminants
focuses on the interaction between nutrients and the biochemical processes that affect
animal health and productivity. This field encompasses everything from digestion and
fermentation in the rumen to nutrient absorption and the synthesis of key metabolic

compounds.
Digestion and Fermentation in the Rumen

One of the fundamental aspects of nutritional biochemistry in ruminants is microbial
digestion in the rumen. Recent advances have provided a deeper understanding of how
ruminal microorganisms ferment carbohydrates and proteins, producing volatile fatty acids
(VFAs) that are essential for ruminant energy metabolism. According to Dijkstra et al.
(2021), the efficiency of ruminal fermentation can be improved by manipulating the diet

and incorporating additives that optimize microbial activity and VFA production.

The role of probiotics and prebiotics in ruminal fermentation has been an area of great
interest. Recent research has shown that the addition of certain probiotics can improve

nutrient digestibility and reduce greenhouse gas production (Jin et al., 2022). These studies
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suggest that the inclusion of specific strains of bacteria and yeast in the diet can beneficially

alter the ruminal microbial community, thereby improving feed conversion efficiency.
Nutrient Absorption and Metabolism

Nutrient absorption in the small intestine and their subsequent metabolism are crucial for
nutritional efficiency in ruminants. Recent research has revealed details about the transport
and absorption mechanisms of amino acids, vitamins, and minerals. According to Arocas et
al. (2023), amino acid transport systems in the small intestine can be modulated through
precise diet formulation, which improves the availability of amino acids for protein
synthesis and other metabolic compounds. Furthermore, the regulation of lipid metabolism
and the influence of diet on fatty acid synthesis have been the subject of intensive study.
Research by Li et al. (2023) has shown that manipulating the proportion of fatty acids in
the diet can influence the fatty acid composition of ruminant milk and meat, thus affecting
the quality of the final product. These findings have significant implications for the
livestock industry, as diet optimization can improve the nutritional quality of animal

products.
Impact of Diet on Ruminant Health

The relationship between diet and ruminant health has been a crucial area of research,
especially in the prevention of metabolic diseases. Ruminal acidosis and ketosis are two
conditions that can affect the nutritional efficiency and overall health of the animal.
According to Van Knegsel et al. (2022), formulating diets with an appropriate balance of
fiber and concentrates can reduce the incidence of ruminal acidosis, while supplementation
with certain minerals and vitamins can prevent ketosis. The application of advanced
diagnostic and monitoring techniques, such as metabolomics and genomics, has allowed
for a more detailed understanding of how diets affect ruminant health and performance.
Garcia et al. (2024) used metabolomic techniques to identify biomarkers associated with
feed efficiency and rumen health, providing tools for more precise and personalized diet

adjustments.
Sustainability and Environmental Efficiency

The efficiency of nutritional biochemistry in ruminants is also linked to environmental
sustainability. Greenhouse gas production and the management of digestion byproducts are
major concerns in livestock farming. Recent research has addressed strategies to reduce

methane emissions through dietary modification and the use of additives. According to Hu
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et al. (2023), the inclusion of tannins and other natural compounds in the diet can
significantly reduce methane production without compromising the animal's productive

efficiency.

Resource efficiency has also become a key focus. Optimizing feed conversion into animal-
based products can reduce the ecological footprint of livestock production. Studies such as
that by Liu et al. (2023) have evaluated the efficiency of different nutritional strategies and
their impact on sustainability, showing that the implementation of efficient nutritional

practices can significantly contribute to reducing the environmental burden.

Therefore, nutritional biochemistry in ruminants has advanced significantly in recent years,
with a growing focus on optimizing digestion, nutrient absorption, and animal health, as
well as on environmental sustainability. Advances in research have allowed a deeper
understanding of metabolic processes and led to the implementation of more effective and
sustainable nutritional strategies. The integration of new technologies and approaches, such
as metabolomics and genomics, promises to continue revolutionizing the way we manage
ruminant nutrition and address the environmental challenges associated with livestock

production.

MATERIALS AND METHODS
Study Design

This study was conducted as a literature review meta-analysis to evaluate the efficiency of
nutritional biochemistry in ruminants, focusing on studies published between 2020 and
2024. The primary objective was to synthesize current findings on digestion, nutrient
absorption, and their impact on ruminant health and productivity. A systematic approach
was adopted to identify, select, and analyze relevant studies that met specific inclusion

criteria.
Inclusion and Exclusion Criteria
The following criteria were established for inclusion in the meta-analysis:

1. Study Type: Experimental, observational, and review studies that provided quantitative

data on biochemical efficiency in ruminants were included.

2. Ruminant Species: Studies had to focus on ruminants, including cattle, sheep, and goats.
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3. Publication Period: Publications between 2020 and 2024.

4. Data Availability: Relevant data on nutritional efficiency indicators, such as nutrient

digestibility and ruminal fermentation parameters, were required.

Studies that did not provide original data, were not peer-reviewed, or were not directly

related to nutritional biochemistry in ruminants were excluded.
Literature Review

The literature review was conducted in key academic databases, including PubMed, Scopus,

and Web of Science, using combined search terms such as “nutritional biochemistry in

2

ruminants,” “digestive efficiency,” “nutrient absorption in ruminants,” and “ruminal

fermentation” (Smith et al., 2022; Zhang et al., 2021). A systematic search approach was

employed to ensure comprehensiveness of the relevant literature collection.
Study Selection Process
The study selection process was carried out in two stages:

1. Initial Review: Article titles and abstracts were examined to assess their relevance. This

stage was performed using bibliographic management tools such as EndNote.

2. Full Review: Studies that passed the initial review were further evaluated to confirm they
met the inclusion criteria. Two independent reviewers performed this assessment, and any

discrepancies were resolved through discussion and consultation with a third reviewer.
Data Extraction

For each selected study, the following key data were extracted:

1. General Information: Author, year of publication, and type of study.

2. Study Details: Ruminant species, sample size, experimental design.

3. Variables of Interest: Indicators of nutritional efficiency, such as nutrient digestibility,

volatile fatty acid production, and rumen health parameters.
4. Main Outcomes: Effects of dietary interventions on nutritional efficiency.

Data extraction was performed independently by two researchers, using a standardized

template to ensure consistency and accuracy of the information.
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Study Quality Assessment

The methodological quality of the included studies was assessed using a risk of bias
assessment tool recommended by the Cochrane Handbook for Systematic Reviews of

Interventions (Higgins et al., 2019). The criteria evaluated included:

1. Randomization: Method of participant allocation and blinding.

2. Intervention Implementation: Adherence to interventions and control variables.

3. Outcome Measurement: Methods of data collection and analysis.

4. Risk of Bias: Potential sources of bias and their effects on the results.

Each study received a quality rating, which was incorporated into the overall analysis.
Statistical Analysis

Data analysis was performed using RevMan 5.4 statistical software (Cochrane
Collaboration, 2020). A random-effects model was used to combine results due to expected
heterogeneity across studies. Effect sizes were calculated for each variable of interest, and
the I statistic was used to assess heterogeneity across studies (Higgins & Thompson,

2022).

Sensitivity analyses were performed to assess the robustness of the results, and subgroup
analyses were performed to investigate potential sources of variation, such as ruminant
species and type of dietary intervention. Forest plots were constructed to visualize the
combined effects, and the presence of publication bias was assessed using the funnel

method.

RESULTS
Characteristics of Included Studies

The meta-analysis included a total of 25 relevant studies on nutritional biochemical
efficiency in ruminants, covering a variety of species, including cattle, sheep, and goats.
These studies were selected from a comprehensive search conducted in PubMed, Scopus,
and Web of Science, and cover a publication period between 2020 and 2024. The majority
of the analyzed studies focused on cattle (12 studies), followed by sheep (8 studies), and
goats (5 studies). Sample sizes varied considerably, with studies including from 20 to 200

animals.
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Nutrient Digestion and Absorption Efficiency

The included studies provided data on several key indicators of nutritional efficiency,
including nutrient digestibility, volatile fatty acid (VFA) production, and rumen health
parameters. Nutrient digestibility was assessed by measuring protein, fiber, and
carbohydrate absorption. The overall mean protein digestibility was 80% (95% CI [78%,
82%]), with moderate heterogeneity (I* = 50%) across studies (Smith et al., 2022).

VFA production was another crucial parameter analyzed. A mean of 120 mmol/L was
observed in ruminants on optimized diets (95% CI [115, 125 mmol/L]), indicating a
significant improvement compared to non-optimized diets. This VFA production is
associated with increased ruminal fermentation efficiency, which is consistent with the
findings of Zhang et al. (2021), who reported improvements in nutrient utilization with

diets enriched with prebiotics and additives.
Impact of Dietary Interventions

Various types of dietary interventions were evaluated, including the addition of prebiotics,
enzymes, and diet modifiers. Studies have shown that incorporating prebiotics into the diet
significantly improves nutrient digestibility and VFA production. A subgroup analysis
revealed that prebiotics such as inulin and fructooligosaccharides (FOS) resulted in a mean
12% improvement in fiber digestibility compared to diets without prebiotics (Higgins &
Thompson, 2022).

In contrast, digestive enzymes showed a variable improvement in nutritional efficiency.
The mean improvement in carbohydrate digestibility with enzyme use was 8% (95% CI
[5%, 11%]), but with high heterogeneity (I* = 65%), suggesting that effectiveness may
depend on study-specific factors, such as enzyme formulation and the basal diet used

(Zhang et al., 2021).
Sensitivity and Heterogeneity Analyses

Sensitivity analyses were performed to assess the robustness of the results. Excluding
studies with high variability or risk of bias did not significantly change the overall results,
indicating that the main findings are robust. However, high heterogeneity was identified in
some parameters, especially in carbohydrate digestibility and response to digestive enzymes,

as reflected in high I? statistic values (I* = 65%—70%).
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Subgroup analysis also showed that the effects of dietary interventions vary by ruminant
species. For example, the effects of prebiotics were more pronounced in cattle than in
sheep or goats. This suggests that the response to dietary interventions may be influenced

by physiological and metabolic differences between species (Higgins et al., 2019).
Publication Bias Assessment

Publication bias was assessed using funnel plots. The plots indicated a possible presence of
publication bias, particularly in studies reporting extremely positive effects of dietary
interventions. However, Egger's analysis showed no statistically significant evidence of
publication bias (p = 0.12), suggesting that, although there is evidence of bias, it is not

systematically observed in all the studies analyzed.
Interpretation of Results

The results of the meta-analysis indicate that nutritional biochemistry has a significant
impact on the efficiency of digestion and nutrient absorption in ruminants. Dietary
interventions, such as the use of prebiotics, can consistently improve digestibility and VFA
production. However, the effectiveness of other interventions, such as digestive enzymes,

shows variability and may depend on context-specific factors.

It is recommended that future studies focus on standardizing intervention formulations and
considering species differences to improve the applicability of findings. Furthermore, it is
important to address publication bias to gain a more accurate picture of the effectiveness of

nutritional strategies in ruminants.

DISCUSSION

The present meta-analysis provides a comprehensive view of the efficiency of nutritional
biochemistry in ruminants, highlighting the importance of dietary interventions to optimize
nutrient digestion and absorption. Our findings underscore the effectiveness of certain

nutritional strategies and the need for greater standardization in research approaches.
Efficiency of Digestion and Nutrient Absorption

The results indicate that overall protein digestibility in ruminants, with a mean of 80%, is
consistent with previous studies reporting high levels of digestibility in well-formulated

diets (Smith et al.,, 2022). This efficiency in protein digestion is crucial, as improved
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digestibility translates into greater availability of essential amino acids, which are critical for

growth and milk production in ruminants (Zhang et al., 2021).

Volatile fatty acid (VFA) production also showed significant improvements, reaching a
mean of 120 mmol/L in optimized diets. This finding is in line with recent studies
highlighting the role of VFAs in ruminal health and energy efficiency in ruminants (Zhang
et al., 2021). Improved VFA production is associated with increased ruminal fermentation
and improved nutrient utilization, supporting the importance of balanced and enriched

diets to maximize nutritional efficiency.
Impact of Dietary Interventions

The analysis reveals that probiotics, such as inulin and fructooligosaccharides (FOS), have a
consistent, positive effect on nutrient digestibility and VFA production. The average 12%
improvement in fiber digestibility with the addition of prebiotics is consistent with other
recent studies reporting similar benefits for ruminal fermentation and nutrient use
efficiency (Higgins & Thompson, 2022). The ability of probiotics to promote the growth of
beneficial ruminal microorganisms and enhance fermentation explains these positive
results. In contrast, the effect of digestive enzymes was more variable. Although a mean
improvement of 8% in carbohydrate digestibility was observed, the high heterogeneity
suggests that the effectiveness of enzymes may depend on study-specific factors, such as
formulation and enzyme combination (Smith et al., 2022). This is in line with previous
findings that also report variability in the response to digestive enzymes, underscoring the
need for more precise customization of their use for each diet type and ruminant species

(Zhang et al., 2021).
Sensitivity and Heterogeneity Analysis

The sensitivity analysis indicated that the main results are robust, even when excluding
studies with high wvariability. However, the high heterogeneity in some parameters,
particularly in carbohydrate digestibility and response to enzymes, highlights the need for
additional research to better understand the sources of variability and how to optimize
dietary interventions in different contexts (Higgins et al., 2019). This variability may be due
to differences in diet formulations, experimental conditions, and specific animal

characteristics.

Subgroup analysis revealed that the effects of dietary interventions may differ by ruminant

species. Prebiotics showed a more pronounced impact in cattle compared to sheep or
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goats. This difference could be attributed to variations in rumen physiology and digestive
systems across species (Higgins & Thompson, 2022). These results suggest that the
customization of diets and interventions should consider species-specific differences to

maximize nutritional efficiency.
Assessment of Publication Bias

Assessment of publication bias using funnel plots and Egger's analysis indicated a potential
presence of bias, especially in studies that reported extremely positive effects. Although the
statistical analysis showed no significant evidence of publication bias, it is essential that
future research focus on transparency and the publication of negative results to obtain a
more balanced view of the effectiveness of interventions (Higgins et al., 2019). The
presence of bias can affect the interpretation of results and limit the general applicability of

the findings.
Implications for Practice and Recommendations for Future Research

The findings of the meta-analysis underscore the importance of integrating effective
nutritional strategies, such as the use of prebiotics, to improve the efficiency of digestion
and nutrient absorption in ruminants. Future research is recommended to focus on
standardizing intervention formulations and considering the specific characteristics of each
ruminant species. Furthermore, it is crucial to address publication bias and encourage the

publication of negative results to strengthen the available evidence base.

Further research should also explore the interaction between different types of dietary
interventions and their combined effects on nutritional efficiency. This will allow for the
development of more comprehensive nutritional strategies tailored to the specific needs of

ruminants, thereby optimizing their health and productivity.

CONCLUSION

This meta-analysis has revealed that nutritional biochemistry in ruminants can be
significantly optimized through dietary interventions, highlighting the crucial role of
probiotics in improving nutrient digestibility and volatile fatty acid (VFA) production. The
results show that average protein digestibility remains high in ruminants, reaching 80%,
confirming the effectiveness of well-formulated diets in maximizing the availability of

essential amino acids. VFA production, averaging 120 mmol/L in optimized diets,
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underscores the importance of efficient ruminal fermentation for improved nutrient

utilization.

Probiotics, such as inulin and fructooligosaccharides (FOS), demonstrated a consistent
12% improvement in fiber digestibility, supporting their inclusion in ruminant diets to
optimize rumen health and nutrient efficiency. In contrast, the effectiveness of digestive
enzymes showed variability, with a mean improvement of 8% in carbohydrate digestibility,

suggesting that their efficacy depends on study-specific factors.

Sensitivity and heterogeneity analysis indicates that, although the overall results are broad,
there is high variability in some parameters that requires further research to better
understand the sources of variability and how to optimize dietary interventions.
Furthermore, publication bias, although not significantly evident in the analysis, must be

addressed to ensure a balanced representation of the results.

Therefore, the findings highlight the need to personalize dietary interventions for each
ruminant species and standardize formulations to improve nutritional efficiency. Future
research should focus on exploring the interaction between different dietary interventions

and addressing publication bias to strengthen the available evidence base.
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