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Abstract
Mitochondria play a pivotal role in energy production, metabolism, and cellular signaling, serving as key regulators of cel-
lular functions, including differentiation and tissue-specific adaptation. The interplay between mitochondria and the nucleus 
is crucial for coordinating these processes, particularly through the supply of metabolites for epigenetic modifications that 
facilitate nuclear-mitochondrial interactions. To investigate tissue-specific mitochondrial adaptations at the molecular level, 
we conducted RNA sequencing data analyses of kidney, heart, brain, and ovary tissues of female buffaloes, focusing on 
variations in mitochondrial gene expression related to amino acid metabolism. Our analysis identified 82 nuclear-encoded 
mitochondrial transcripts involved in amino acid metabolism, with significant differential expression patterns across all 
tissues. Notably, the heart, brain, and kidney—tissues with higher energy demands—exhibited elevated expression levels 
compared to the ovary. The kidney displayed unique gene expression patterns, characterized by up-regulation of genes 
involved in glyoxylate metabolism and amino acid catabolism. In contrast, comparative analysis of the heart and kidney 
versus the brain revealed shared up-regulation of genes associated with fatty acid oxidation. Gene ontology and KEGG 
pathway analyses confirmed the enrichment of genes in pathways related to amino acid degradation and metabolism. These 
findings highlight the tissue-specific regulation of mitochondrial gene expression linked to amino acid metabolism, reflect-
ing mitochondrial adaptations to the distinct metabolic and energy requirements of different tissues in buffalo. Importantly, 
our results underscore the relevance of mitochondrial adaptations not only for livestock health but also for understanding 
metabolic disorders in humans. By elucidating the molecular mechanisms of mitochondrial function and their tissue-specific 
variations, this study provides insights that could inform breeding strategies for enhanced livestock productivity and contrib-
ute to therapeutic approaches for human metabolic diseases. Thus, our findings illustrate how mitochondria are specialized 
in a tissue-specific manner to optimize amino acid utilization and maintain cellular homeostasis, with implications for both 
animal welfare and human health.
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Introduction

Oxidative phosphorylation (OXPHOS) is the major hub 
for cellular bioenergetics, signaling, and metabolism medi-
ated by mitochondria. The response mechanism to oxygen 
uptake of almost all cells is the OXPHOS, consisting of five 
enzyme complexes and two electron carriers that generate 
ATP (Javadov et al. 2020; Vercellino and Sazanov 2022). 
Although mitochondria are highly dynamic organelles, they 
also have their own DNA (mtDNA), which in collaboration 
with mitochondrial biogenesis plays a crucial role in the syn-
chronized process of mtDNA replication, transcription, and 
translation. Mitochondrial tricarboxylic acid (TCA) cycle 
and OXPHOS, are essentials for the metabolism of energy 
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sources to support cellular function and survival (Sharma 
et al. 2024). The tight coupling of these two processes main-
tains energy balance under various environmental and inter-
nal demands. In this context, mitochondria are involved in 
both cell metabolism and gene expression and communicate 
with the nucleus to regulate nuclear gene expression and 
mitochondrial cellular metabolism (Liu et al. 2023a, b; Kap-
pler et al. 2019). Several of the metabolites produced dur-
ing the process of the TCA cycle are important as signaling 
molecules and for the formation of various macromolecular 
structures. Mitochondria are constantly exchanging signals 
with the cell and adapting to the structural and functional 
metabolic changes (Mishra and Chan 2016; Esteban-Mar-
tínez et al. 2017; Martínez-Reyes and Chandel 2020). The 
energy requirement of different tissues determines the selec-
tive adaptations of mitochondrial profiles, for instance, den-
sity, shape, OXPHOS, and mitochondria-nuclear crosstalk. 
These tissue-specific mitochondrial adaptations are crucial 
for ensuring that energy production and utilization are tai-
lored to the distinct needs of each tissue type (Fernández-
Vizarra et al. 2011; Giacomello et al. 2020).

The proteins and lipids are played as the main control-
ling factors of mitochondrial activity. Since mitochondrial 
proteins mediate almost all metabolic conversions, analyzing 
their abundance in different tissues provides key insights 
into tissue-specific metabolic activities. Almost all 20 amino 
acids serve not only as building blocks for protein synthe-
sis but also as energy sources and precursors for essential 
metabolites that influence gene expression and cellular 
processes (Hassinen 2014; Wolfe et al. 2024). Amino acid 
metabolism is one of the most important metabolic pro-
cesses providing energy in the cell, relying largely on mito-
chondrial enzymes and genes. The synthesis of the amino 
acids aspartate and arginine depends on the activity of the 
respiratory chain, which is essential for cell proliferation. 
Many of the degradation mechanisms of branched-chain 
amino acids (BCAAs) take place in the mitochondrial matrix 
and involve energetic metabolism, mitochondrial biogenesis, 
and protein surveillance mechanisms in mitochondria and 
cytosol (Li and Hoppe 2023).

Different disorders and diseases result from metabolic 
changes and dysfunctions in mitochondrial enzymes for 
the metabolism of amino acids (Guda et al. 2007; Prasun 
2020). Mitochondrial functions and metabolic activity 
vary in different tissues and cell types, especially in live-
stock. Prior research in our laboratory identified signifi-
cant tissue-specific differences in mitochondrial functions 
in buffaloes. These variations in mitochondrial activity 
were strongly linked to the expression of mitochondrial 
protein-coding genes (mtPCGs), indicating that OXPHOS 
activity is finely tuned to meet the distinct energy demands 
of each tissue (Sadeesh et al. 2023). The variations were 
relatively high across different tissues, particularly in 

the nuclear-encoded mitochondrial protein-coding genes 
of complexes I (Sadeesh et al. 2024a), II (Sadeesh et al. 
2024b), and V (Sadeesh et al. 2025a, b), which are asso-
ciated with lipid and carbohydrate metabolism (Sadeesh 
et al. 2025b), as well as in the mitochondrial-encoded 
non-coding RNAs in buffalo samples (Sadeesh and Malik 
2024). These findings point to the fact that mitochondrial 
activities are regulated highly concerning the energy 
requirements for every tissue (Sadeesh et al. 2023).

Building on this foundation, our study delves into the 
tissue-specific diversity of nuclear-encoded mitochondrial 
genes involved in amino acid metabolism across various 
tissues of female buffaloes. With limited existing informa-
tion on this topic, we set out to explore the variations in 
mitochondrial transcript expression associated with amino 
acid metabolism. We hypothesize that there are tissue-
specific variations in the expression of nuclear-encoded 
mitochondrial genes involved in amino acid metabolism 
across different tissues in female buffaloes. Specifically, 
we predict that distinct patterns of mitochondrial transcript 
expression will be observed in the kidney, heart, brain, and 
ovary, reflecting the metabolic demands of each tissue. 
We analyzed RNA sequencing data from the kidney, heart 
(left ventricle), brain (cerebellum), and ovary tissues of 
healthy female buffaloes aged 3 to 5 years. By examin-
ing the functional connections between mitochondria and 
amino acid metabolism, we aim to enhance our under-
standing of mitochondrial variations and their implications 
for tissue-specific metabolic adaptations in livestock.

Material and methods

Animals and sampling

The tissues of four healthy post-pubertal female buffa-
loes were prepared immediately after being slaughtered, 
ensuring they would be expeditiously transported to the 
laboratory under cold chain conditions. The tissues were 
meticulously selected for each animal by using a chilled 
normal saline solution containing antibiotics including the 
renal cortex (kidney), left ventricle (heart), the cerebellum 
of the brain, and the ovary. This study was designed to 
mitigate seasonal and age-related variances by acquiring 
specimens from a similar age cohort (3 to 5 years) during 
the winter period to ensure a similar sample size. A strict 
selection of tissues that were free of abrasions and lesions 
was conducted, and after three washes with normal saline, 
they were stored at −80 °C until the analysis could be 
completed.
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RNA extraction, library preparation, sequencing, 
and analysis of RNA‑Seq data

Total RNA was extracted from all four animals for each 
selected tissue type using the TRIzol method (Invitro-
gen, Cat No. 15596026), followed by further process-
ing with the Zymo RNA Clean and Concentrator Kit 
(ZYMO Research, USA, Cat No. R1017). RNA quan-
tification was performed using a Qubit 3.0 fluorometer, 
and quality control (QC) was assessed through 1% aga-
rose gel electrophoresis. Samples that passed QC were 
subjected to RNA-Seq library preparation at Nucleome 
Informatics Pvt. Ltd., Hyderabad, India, and sequenced 
using paired-end (PE) sequencing on the Illumina HiSeq 
2500 platform. For RNA-Seq data analysis, raw sequence 
reads were stringently filtered to remove low-quality 
sequences and adapter contamination, resulting in clean 
data with per-base sequencing error rates below 0.03% 
and a Phred score Q30 above 91.63%. The quality of the 
data was evaluated using FASTP (Chen et al. 2018), and 
using the HISAT2 algorithm (Kim et al. 2019) sequences 
were aligned to the Bubalus bubalis reference genome 
(UOA_WB_1). Differentially Expressed Genes (DEGs) 
analysis was performed using DESeq2, which employed 
empirical Bayes methods to estimate priors and poste-
rior distributions for log fold changes and dispersion. 
A set of 82 genes involved in amino acid metabolism, 
based on Mitocarta 3.0, was included in the analysis. The 
DEGs were identified across various tissue comparisons 
(kidney versus heart, kidney versus brain, kidney versus 
ovary, heart versus brain, heart versus ovary and brain 
versus ovary), focusing on commonly expressed genes. 
Genes with a log2 fold change (FC) greater than + 1 were 
classified as up-regulated, while those with a log2 FC 
less than − 1 were classified as down-regulated, with an 
adjusted p-value threshold of 0.05 (Robinson et al. 2010). 
A hierarchical cluster analysis using average linkage was 
conducted on prominent DEGs across different tissues, 
and a volcano plot of the DEGs was generated using the 
ChiPlot database.

Gene ontology and pathway analyses

Gene Ontology (GO) enrichment and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analyses were 
conducted on the identified DEGs using the clusterProfiler 
R package. A strict p-value cutoff of ≤ 0.05 was applied to 

ensure that only statistically significant genes were included 
in further analysis.

Results

A standardized pipeline was employed to preprocess the 
raw sequencing data, ensuring consistent quality control 
and minimizing technical variability. The RNA-Seq data 
utilized for this study were previously examined in research 
focusing on nuclear-encoded mitochondrial protein-coding 
genes of complexes I, II, and ATP synthase, which are asso-
ciated with lipid and carbohydrate metabolism (Sadeesh 
et al. 2024a, b; Sadeesh et al. 2025a, b). Since information 
on tissue diversity regarding nuclear-encoded mitochondrial 
genes involved in amino acid metabolism was not available 
in farm animals, we focused on 82 nuclear-encoded mito-
chondrial transcripts involved in amino acid metabolism 
pathways in this study, identified using MitoCarta 3.0. The 
DEG analysis was performed following normalization to 
compare expression levels across the four tissues. Several 
transcripts were found to be differentially expressed in the 
kidney, heart, and brain, while the ovary exhibited lower 
overall transcript expression. Specifically, 77 of the 82 tran-
scripts were differentially expressed in the kidney, while all 
82 were differentially expressed in the heart and brain. The 
ovary exhibited the lowest 63 overall transcript expression. 
The expression patterns of these genes are expressed in the 
form of hierarchical clustering, and heatmap based on the 
normalized counts, incorporating all transcripts across the 
tissue types (Fig. 1 and Supplementary File S1: Table 1). 
These analyses’ outcomes revealed consistent variations in 
mitochondrial transcript associated with amino acid metab-
olism expression across each tissue type. Notably, tissues 
with higher energy demands, such as the heart and brain, 
showed a higher number of nuclear-encoded mitochondrial 
genes abundance, followed by the kidney and ovary. In the 
heart, the LDHB transcript demonstrated the most abundant 
expression compared to other transcripts and tissues, as indi-
cated by the blue color in Fig. 1.

Differential expression analyses across various 
tissue comparison

We initially focused on identifying transcripts that were sig-
nificantly up- or down-regulated using a strict threshold of 
adjusted p-value (padj) < 0.05 and |log2 fold change|≥ 1. This 
approach ensured the statistical significance and biological 
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relevance of the identified genes. The kidney displayed 
notably distinct expression patterns compared to the heart, 
brain, and ovary. Specifically, 35 genes were up-regulated 
and 4 were down-regulated in the kidney compared to the 
heart. Similar trends were observed when comparing the 
kidney to the brain (33 up-regulated, 20 down-regulated) 
and the ovary (44 up-regulated, 9 down-regulated). In con-
trast, comparisons between the heart and brain, as well as 
the heart and ovary, identified a smaller number of DEGs. 
The heart exhibited 4 up- and 16 down-regulated genes com-
pared to the brain, and 10 up- and 9 down-regulated genes 
compared to the ovary. Moreover, comparisons between the 
brain and ovary revealed significant differential expression 
in 48 genes, with 36 up- and 12 down-regulated (Fig. 2a). 
To visualize the expression patterns, hierarchical cluster-
ing, and heatmap generation were conducted, incorporating 
all genes across the distinct tissue comparisons (Fig. 2b). 
The results obtained from this analysis provided additional 
support for the observed tissue-specific expression patterns. 

The outcomes of these analyses elucidate intricate relation-
ships among the expressed genes, delineating distinct clus-
ters revealing consistent variations in mitochondrial genes 
associated with amino acid metabolism expression across 
each tissue type. The color key in Fig. 2b reflects the degree 
of expression similarity between tissue types, with the 
same colors indicating greater similarity in gene expression 
patterns.

A comparative analysis of gene expression in the kidney, 
heart, brain, and ovary revealed distinct patterns of up- and 
down-regulated genes across these tissues. When comparing 
the kidney to the heart, brain, and ovary, 17 up-regulated 
genes were shared across all comparisons. Notably, AGXT, 
AGXT2, AGMAT, DMGDH, and HOGA1 were highly abun-
dant. In contrast, only one down-regulated gene, SLC25A12, 
was consistently observed in the kidney compared to the 
other tissues. The heart versus brain comparison revealed 
the fewest up-regulated genes. Among these, GOT2 and 
GRHPR were commonly up-regulated in both the kidney 

Fig. 1   Heatmap of hierarchical 
clustering of gene expression 
based on normalized count 
across tissues—kidney, heart, 
brain, and ovary. Colour key 
indicates the level of expres-
sion. The variability in gene 
expression between tissues is 
represented by the height of the 
dendrogram branches
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versus brain and heart versus brain comparisons. Similarly, 
LDHB and ETFB were up-regulated in the heart when com-
pared to both the brain and ovary. The brain versus ovary 
comparison showed an overlap with the kidney versus ovary 
comparison in terms of up-regulated genes. However, gene 
expression patterns in the heart versus ovary comparison 
displayed fewer up-regulated genes. Importantly, BCKDHB, 
DLD, and ETFDH were consistently up-regulated in all three 
tissue comparisons.

A volcano plot (Fig. 3a–f) depicted the distribution of 
DEGs across various tissue comparisons, highlighting 
nuclear-encoded mitochondrial genes associated with amino 
acid metabolism. We conducted GO and KEGG pathway 
enrichment analyses on transcripts that showed significant 
differential expression across tissue-specific comparisons 
to investigate these differences further. The GO analysis 
revealed enrichment for distinct GO terms, with most tissue 
comparisons displaying a significantly higher abundance of 
genes involved in amino acid catabolic and metabolic pro-
cess. The top ten significantly enriched terms in the biologi-
cal processes (BP), molecular function (MF), and cellular 

component (CC) categories for each tissue comparison are 
shown in Supplementary File S2, Figures S2a–f. We also uti-
lized a gene concept plot (cnetplot) to visualize GO enrich-
ment analysis results. Each cnetplot depicts the most signifi-
cantly enriched biological processes, with lines connecting 
genes from various GO categories. The different colors of 
these lines represent the relationships between genes and 
GO terms (Fig. 4a–f). We then performed a KEGG path-
way enrichment analysis to identify the impacted metabolic 
pathways. The results indicated that DEGs were significantly 
enriched (p < 0.05) in pathways related to amino acid metab-
olism (Fig. 5a–f). These pathways included valine, leucine, 
and isoleucine degradation, arginine and proline metabo-
lism, other amino acid metabolism, carbon metabolism, and 
arginine biosynthesis. These findings were consistent across 
all tissue comparisons.

Fig. 2   Differential gene expression analysis across various tissue 
comparisons (kidney versus heart, kidney versus brain, kidney versus 
ovary, heart versus brain, heart versus ovary, brain versus ovary). a 
Histogram of DEG number statistics b A Circular heatmap illustrat-
ing a hierarchical cluster analysis of Gene expression. The color key 

indicates expression levels. The scale on the right-hand side shows 
the color code relative to log2 fold-change (log2-FC) in gene abun-
dance. The variability in gene expression between tissues is reflected 
in the height of the dendrogram branches
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Discussion

This study provides insight into tissue-specific variations 
in mitochondrial gene expression related to amino acid 
metabolism in buffalo tissues. RNA sequencing of kidney, 
heart, brain, and ovary tissues revealed distinct patterns of 
mitochondrial gene expression, particularly in high-energy 
demanding tissues such as the heart and brain. These find-
ings align with previous studies showing the reliance of 
these tissues on nuclear-encoded mitochondrial transcripts 
for energy generation (Protasoni and Zeviani 2021; Filosto 
et al. 2011).

LDH isozymes are tetramers formed from various com-
binations of two types of subunits (Boyer et al., 1963). The 
heart, a metabolically active organ, showed elevated expres-
sion of LDHB, suggesting a significant reliance on lactate 
metabolism for energy under both aerobic and anaerobic 
conditions. This is consistent with the heart’s ability to uti-
lize diverse energy sources such as fatty acids, glucose, and 
lactate (Hui et al. 2017; Wu et al. 2023). LDHB is needed 
to regenerate NAD and to maintain the glycolytic process, 
NAD is important as a substrate. Study revealed that LDHB 
is mainly localized in the heart, whereas, LDHA is highly 
expressed in the liver tissues (Hui et al. 2017; Li et al. 2022; 
Hicks et al. 2023). The results of this study suggest that the 
heart may depend on lactate metabolism for energy demands 
if there is inhibition in pyruvate oxidation via mitochondria 
under both aerobic and anaerobic conditions, as supported 
by the findings of Ramanathan et al. (2009).

The kidneys play a critical role in amino acid metabo-
lism, particularly in deamination and transamination 
(Bequette 2003, Knol et al. 2024), which is reflected in the 
gene expression patterns observed in our study. In tissue 
comparisons, the kidney exhibited consistent upregulation 
of AGXT, AGXT2, AGMAT, DMGDH, and HOGA1 genes 
compared to the heart, brain, and ovary. These genes are 
involved in glyoxylate metabolism, detoxification, and 
amino acid catabolism, which are important for maintaining 
energy homeostasis. This supports the kidney to play a cen-
tral role in nitrogen balance, waste excretion, deamination, 
as well as regulation of metabolic by-products (Ling et al. 

2023; Buchalski 2019). Glyoxylate metabolism in the kidney 
releases a harmful waste product oxalate that can contribute 
to kidney damage through the formation of kidney stones. 
In the glyoxylate pathway, AGT encoded by AGXT genes 
(AGXT1 and AGXT2) are more relevant in oxalate metabo-
lism and catalyze multiple other aminotransferase reactions 
(Gianmoena et al. 2021; Baltazar et al. 2023). Another pre-
cursor of glyoxylate is 4-hydroxyproline is catabolized into 
glycine via trans-4-hydroxy-L-proline oxidase or to glyoxy-
late via HOGA (HOGA1 gene), a mitochondrial enzyme. 
Moreover, glyoxylate can be reduced to glycolate by gly-
oxylate reductase (GRHPR), an enzyme that prevents the 
accumulation of glyoxylate and oxalate, thereby protecting 
against nephrotoxicity (Gianmoena 2017). Looking at this 
all, our study findings in the kidney comparisons with other 
tissue about the significant upregulation of AGXT, AGXT2, 
HOGA1, and related genes suggest enhanced glyoxylate and 
amino acid catabolism in this tissue compared to others. Our 
study’s GO and KEGG pathway analysis results also support 
this, which shows that genes mainly participate in amino 
acid catabolism processes.

An enzyme encoded by AGMAT that converts agmatine 
to putrescine, a downstream product in the alternative path-
way of polyamine biosynthesis (Wang et al. 2014). Addition-
ally, DMGDH is a mitochondrial matrix enzyme involved 
in the conversion of choline to glycine, a molecule with 
known anti-inflammatory and immunomodulatory roles, 
particularly in protecting against ischemia-induced renal 
injury (Magnusson et al. 2015; Alves et al. 2019; Wevers 
et al. 2022). In our study, both AGMAT and DMGDH were 
up-regulated in kidney tissue compared to the heart, brain, 
and ovary. These findings align with the results of a tran-
scriptome-wide association study on blood pressure, which 
identified a strong enrichment of AGMAT expression in the 
kidneys, correlating with a higher risk of spontaneous bac-
terial peritonitis (Xu et al. 2023). Furthermore, DMGDH 
has been recognized as a potential biomarker for the devel-
opment of ischemia-induced renal injury or other diseases 
(Magnusson et al. 2015; Zhu et al. 2018). On the other hand, 
the gene SLC25A12 showed down-regulation in all com-
parisons of kidneys with other tissues. Aspartate-glutamate 
carrier protein 1 encoded by SLC25A12 plays a pivotal role 
in a malate-aspartate shuttle and energy production trans-
ferring the reducing NADH from the cytosol to mitochon-
dria. Previous studies have shown variable expression of 
SLC25A12 across tissues, including the heart, brain, skel-
etal muscle, and lung (Infantino et al. 2019; Palmieri 2020), 
which aligns with our findings.These differential expressions 

Fig. 3   The volcano plot of differentially expressed genes was plotted 
across various tissue comparison a kidney versus heart b kidney ver-
sus brain c kidney versus ovary d heart versus brain e heart versus 
ovary f brain versus ovary. The x-axis is the log2 expression values 
(fold change), and the y-axis values are the base mean expression val-
ues (Adj p-value)

◂
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Fig. 4   Functional enrichment analysis results of differentially 
expressed genes across various comparisons: a kidney versus heart 
b kidney versus brain c kidney versus ovary d heart versus brain e 
heart versus ovary f brain versus ovary. The enrichment network cne-

plot shows the link between key DEGs and significant enriched BP. 
Each cluster ID is indicated with a specific colour. GO Gene ontol-
ogy, DEGs differentially expressed genes, BP biological processes, 
CC cellular components, MF molecular functions
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Fig. 5   The KEGG pathway enrichment analysis of DEGs. The sig-
nificantly shared KEGG pathways of DEGs between different tissue 
comparison groups via KEGG enrichment analysis. a Kidney versus 

heart b kidney versus brain c kidney versus ovary d heart versus brain 
e heart versus ovary f brain versus ovary
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suggest tissue-specific metabolic variations, with the kidneys 
potentially prioritizing amino acid metabolism over path-
ways prominent in energy-demanding tissues.

A comparison of the heart and brain showed the small-
est number of highly expressed genes, indicating that gene 
expression profiles differ between these metabolically diver-
gent tissues. Among these, GOT2, involved in the malate-
aspartate shuttle (Chen et al. 2016), and GRHPR were highly 
up-regulated in both heart versus brain and kidney versus 
brain comparisons. These findings suggest that these genes 
participate in metabolic pathways common to both the heart 
and kidney, but are less active in the brain. A study on rat 
cardiomyocytes reported that GOT2 mRNA expression is 
associated with cardiac hypertrophy induced by physiologi-
cal aging (Liu et al. 2023a, b). Similarly, GRHPR is involved 
in glyoxylate detoxification and the regulation of oxalate 
synthesis, which is essential for maintaining cellular energy 
states and metabolic flexibility in these tissues (Knight et al. 
2006).

In comparisons between the heart and brain, as well as 
the ovary, elevated expression of LDHB and ETFB was 
observed. The increased expression of LDHB in the heart 
aligns with the heart’s high energy demands, supporting aer-
obic metabolism (Hicks et al. 2023). ETFB is notably active 
in the heart, as well as in other tissues such as the liver, 
kidney, skeletal muscle, and fat, where fatty acid oxidation 
is a key energy source. Changes in ETFB expression can 
impact energy production, glucose homeostasis, ketogenesis, 
and the accumulation of metabolites (Henriques et al. 2021). 
These results reflect the heart’s unique metabolic needs and 
the prominence of mitochondrial pathways and bioenergetics 
in this tissue compared to others.

The nuclear genes BCKDHA, BCKDHB, DBT, and DLD 
encode components of the mitochondrial branched-chain 
α-ketoacid dehydrogenase (BCKDH) complex, which regu-
lates BCAA metabolism and catalyzes the irreversible, rate-
limiting step in their catabolism. In our study, BCKDHB, 
DLD, and ETFDH were consistently up-regulated in kidney, 
brain, and heart tissues when compared to the ovary. Other 
studies have shown that BCKDHB is most active in high-
metabolic-demand tissues, such as the liver, heart, kidney, 
and brain, with lower activity observed in skeletal muscle 
and adipose tissue (Biswas et al. 2019; Mann et al. 2021). 
Hutson et al. (2005) found that BCKDH activity is highest in 
the liver and brain, with the kidney and heart showing about 
half of this activity. Our results support other studies that 
show that mitochondrial genes are essential for preserving 
cell energy balance and adapting to the metabolic demands 
of tissues (Picard et al. 2018; Sebastián and Zorzano 2018). 
Furthermore, our previous research on mitochondrial pro-
tein-coding genes in buffalo tissues showed tissue-specific 
variations in the expression of genes involved in OXPHOS, 
particularly the nuclear-encoded OXPHOS complex I, II, 

and V genes We observed that mitochondrial gene expres-
sion is proportional to the energy demands of tissues, with 
significant differences in the expression of nuclear-encoded 
mitochondrial genes, particularly in the heart, kidney, ova-
ries, and brain (Sadeesh et al. 2023; Sadeesh et al. 2024a, 
b; Sadeesh et al. 2025a, b). While we did not find direct 
evidence from human studies, the expected similarity in 
tissue-specific gene expression patterns based on energy 
requirements is supported by livestock models. Livestock 
models for specific human diseases offer notable advan-
tages over rodent models in translating essential biological 
discoveries into practical prevention and treatment options 
for humans (Roth and Tuggle 2015). Thus, we anticipate 
similar results in humans, suggesting that functional and 
metabolic demands shape gene expression across species. 
The observed tissue-specific differences in gene expression 
and pathway distribution highlight the complexity of buf-
falo metabolism, likely reflecting the varying energy require-
ments and functions of these tissues. These insights support 
further exploration of the molecular mechanisms underlying 
these metabolic adaptations.

Conclusion

In conclusion, changes in mitochondrial structure and func-
tion are closely linked to metabolic alterations, driving mito-
chondrial remodeling. Our study identifies tissue-specific 
differences in the expression of nuclear-mitochondrial genes 
related to amino acid metabolism. Notably, in kidney pathol-
ogy, genes involved in glyoxylate and amino acid metabo-
lism were activated, while in the heart, lactate metabolism 
and fatty acid oxidation pathways were up-regulated, likely 
reflecting the heart’s energy requirements. Despite these 
tissue-specific variations, similar gene regulation patterns 
across tissues suggest common participation in overlapping 
metabolic pathways. These findings highlight the role of 
mitochondrial gene expression in amino acid metabolism 
and provide a foundation for further research on mitochon-
drial function. This knowledge can inform breeding and 
nutritional strategies for livestock, enhancing both produc-
tivity and welfare. Additionally, our ongoing work aims to 
bridge the gap between RNA expression and protein levels 
through integrated transcriptomic and proteomic analyses, 
contributing to a better understanding of nutrient utiliza-
tion in farm animals and potential therapeutic approaches 
for human metabolic diseases.
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