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Abstract

Heat stress poses a major challenge to livestock production, particularly in
tropical regions, by threatening animal welfare and productivity; however,
pathway-level understanding of the Heat Shock Protein 70 (HSP70) gene
across ruminant species remains limited. This study investigated the molecular
interactions and regulatory networks of the HSP70 gene under stress
conditions in three economically important ruminants—DBos faurus, Ovis aries,
and Capra bircus. A bioinformatic pathway analysis was conducted using 34
HSP70 gene sequences retrieved from the NCBI GenBank database,
comprising 13 goat, 12 cattle, and 9 sheep sequences. KEGG and STRING
databases were employed for pathway enrichment and protein—protein
interaction analysis, with confidence scores greater than 0.700 used to define
interactions. The results showed that HSP70 functions as a central molecular
hub integrating three major biological pathways: the MAPK stress response
cascade, the TLR4-mediated innate immune pathway, and the apoptosis
regulation  pathway. A  conserved chaperone cascade involving
HSPA1A/HSPA1B/HSPA1L, DNAJB1, HSP90, and HSP70 was identified
across all three species, indicating evolutionary conservation of
thermotolerance mechanisms. Protein—protein interaction analysis further
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positioned HSP70 at the center of interactions with co-chaperones such as
HSP90, HSP40, DNAJB1, BAG3, and STIP1, forming a coordinated multi-
protein repair system. Its anti-apoptotic role was evident through inhibition of
caspase activation, suppression of pro-apoptotic BAX activity, and stabilization
of anti-apoptotic BCL2. Comparative analysis revealed substantial conservation
of pathway architecture among the three species, with only slight variations in
the heat shock gene cascade order that may reflect species-specific stress
responses. This study provides a comprehensive molecular framework for
understanding HSP70-mediated thermotolerance in ruminants and identifies
potential genetic targets for marker-assisted selection and genomic breeding
strategies to enhance climate resilience and support sustainable livestock
production under changing climatic conditions.

Keywords: HSP70; Thermotolerance; Ruminants; Pathway Analysis; Heat
Stress

INTRODUCTION

Heat shock proteins (HSPs) play important roles in cellular responses to various
environmental stresses. Among them, the Heat Shock Protein 70 (HSP70) gene encodes a
family of highly conserved molecular chaperones critical for maintaining protein
homeostasis, especially under stressors such as heat, oxidative stress, and inflammation.
These proteins assist in proper protein folding, inhibit aggregation of misfolded proteins,
and mediate the refolding or proteasomal degradation of denatured proteins (Lindquist,
1986; Kregel, 2002). The HSP70 expression pathway is typically activated by environmental
stimuli that initiate a cascade beginning with the activation of Heat Shock Factor 1 (HSF1).
Upon stress, HSF1 trimerizes, translocate to the nucleus, and binds to specific DNA
sequences known as Heat Shock Elements (HSEs) located in the promoter region of heat
shock genes, including HSP70, thereby initiating transcription and subsequent translation
of protective HSP70 proteins. These proteins then perform crucial cytoprotective
functions to safeguard cellular integrity. At the organismal level, animals respond to stress
with a complex interaction of behavioral, metabolic, and physiological adaptations,
affecting multiple levels of biological organization, from subcellular compartments to
whole-body systems (Collier and Gebremedhin, 2015). This coordinated systemic response

is regulated by both the central nervous system and the peripheral nervous system, in
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conjunction with the endocrine system, which together orchestrate the release of stress

mediators such as glucocorticoids and catecholamines (Charmandari ez @/, 2005).

Functional genomics and bioinformatics tools have facilitated deeper insights into
the regulatory networks and signaling pathways involving HSP70. Gene expression
profiling, protein-protein interaction (PPI) networks, and transcription factor analyses have
helped identify the molecular partners and downstream effects of HSP70 activation under
stress. These analyses suggest that HSP70 interacts with key stress-related pathways such as
MAPK, PI3K-Akt, and apoptosis regulation, thereby modulating immune function,
antioxidant defense, and cellular repair mechanisms in livestock (Sodhi ez a/., 2013; Singh ez

al, 2017).

Bioinformatic pathway analysis of the HSP70 gene in ruminants involves
computational approaches to understand its molecular roles, interactions, and regulatory
networks under heat stress conditions (Mohapatra, ez a/, 2022). In ruminants such as cattle
(Bos taurus), sheep (Ovis aries), and goats (Capra hircus), HSP70 has been identified as a key
indicator of thermotolerance and a potential candidate gene for climate-resilient breeding
programs (Mohapatra ¢ al, 2022). Advances in bioinformatics have enabled the
comprehensive analysis of gene sequences, protein structures, expression profiles, and
molecular interactions, thereby offering deeper insights into the functional and regulatory
pathways associated with HSP70. Through bioinformatic pathway analysis, researchers can
clucidate the roles of HSP70 in various cellular processes, including its involvement in
stress signaling pathways, apoptosis, immune response, and protein repair mechanisms.
Tools such as KEGG, STRING, Reactome, and Gene Ontology (GO) platforms allow the
integration of genomic and proteomic data to map these pathways and understand the
gene’s regulatory networks (Kumar e @/, 2021; Kanehisa ez a/, 2023). Understanding the
pathway architecture and molecular interactions of HSP70 in ruminants is crucial for
identifying genetic markers and regulatory elements that can be targeted in marker-assisted
selection (MAS) and genomic selection strategies. This bioinformatics-based approach thus
holds promise for improving livestock adaptability to heat stress and ensuring sustainable

production under changing climatic conditions (Kumaresan ez a/., 2020).
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MATERIALS AND METHODS
Experimental Animal and Sequences

A total of thirty four (34) Heat Shock Protein70 (HSP 70) gene sequences
comprising thirteen goat, twelve cattle and nine sheep were obtained from the Gen Bank
database National Centre of Biotechnology Information (NCBI) for this study. The
sequences were undergo alighment, translation, and comparison using Cluster W, following
the protocol described by Larkin e 2/ (2007), with the IUB substitution matrix, a gap
opening penalty of 15, and a gap extension penalty of 6.66.

Pathway Enrichment Analysis

Pathway enrichment analysis using KEGG (Kyoto Encyclopedia of Genes and
Genomes), DAVID (Database for Annotation, Visualization, and Integrated Discovery) or
Reactome was carried out to understand the broader biological roles of HSP70 in

thermotolerance and cellular protection mechanisms.
Pathway Analysis of HSP70 for cattle, sheep and goat

KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathway Database were
used to map canonical stress response pathways involving HSP70, including MAPK
signaling, Apoptosis regulation, Immune modulation (Kanehisa et al., 2023). STRING
(Search Tool for the Retrieval of Interacting Genes/Proteins) Database was used to
analyze protein-protein interactions, identifying HSP70 co-regulators and chaperone
complexes. Confidence scores >0.700 were set for interaction analysis to ensure high-

quality evidence. (Szklarczyk et al., 2021).

RESULTS AND DISCUSSION
Pathway Analysis of HSP70 Protein Gene in Cattle, Sheep and goats

Pathway analysis of HSP70 gene in goat are presented in figure 1 illustrates how
HSP70 (Heat Shock Protein 70) gene functions in goats as a key protective protein during
stress conditions such as heat exposure, infection, oxidative damage and metabolic
imbalance. The pathway are organised into three major biological pathways: stress response
(MAPK pathway), immune response, and apoptosis (cell death), with HSP70 located at the
centre of all interactions. The pathway shows a chain of heat shock genes which is

HSPA1B — HSPA1A — DNAJB1 — HSP90 — HSP70. These genes cooperate to
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produce HSP70 and activate its protective functions. Upstream kinases such as MAP2K1,
MAP2K2, MAPK14 (p38) and MAPKS8 (JNK) regulate this pathway. While the immune
pathway proceeds as TLR4 — MYD88 — NFKB1 — IL1B — TNF — HSP70 —
HSPA1A / HSPA1L. The apoptosis pathway shows how HSP70 protects goat cells fom
stress-induced death. Key genes involved include CASP9 and CASP3 (executioner enzymes
of apoptosis), BAX (pro-apoptotic) and BCL2 (anti-apoptotic). HSP70 interacts with these
molecules to Inhibit caspase activation, Suppress BAX activity and Stabilise BCL2. At the
botto onm of the figure, HSP70 is shown as a central hub interacting with other stress
proteins such as HSP90, HSP40, DNAJB1, BAG3, MAPKS, BAX and STIP1. The protein
STIP1 links HSP70 with HSP90, forming a coordinated chaperone system that enhances
protein repair and stress adaptation.
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Figure 1: Pathway analysis of HSP70 in goat

Pathway Analysis of HSP70 gene in Sheep are presented in figure 2 shows how
HSP70 (Heat Shock Protein 70) gene functions in sheep as a central protective gene that
links stress response, immune defence and cell survival mechanisms. The pathway is
divided into three main biological processes: the MAPK stress pathway, the immune
signalling pathway and the apoptosis (cell death) pathway, with HSP70 acting as the
connecting hub. The pathway shows a sequence of heat shock genes which are HSPA1L
— HSPATA — DNAJB1 — HSP90 — HSP70. These genes cooperate to regulate HSP70
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production and activity. Upstream signalling molecules such as MAP2K1, MAP2K2,
MAPK14 (p38) and MAPKS8 (JNK) activate this pathway during heat stress, oxidative
damage or metabolic stress. This pathway illustrates the involvement of HSP70 in innate
immune defence. It begins with pathogen recognition by TLR4, followed by activation of
MYDS88 and the transcription factor NFKB1. This results in increased production of
inflaimmatory cytokines IL1B and TNF. The pathway follows the sequence TLR4 —
MYD88 — NFKB1 — IL1B — TNF — HSP70 — HSPA1A / HSPA1L. The apoptosis
pathway highlights the protective role of HSP70 in preventing cell death. Key regulators in
this pathway include CASP9 and CASP3 (which drive apoptosis), BAX (pro-apoptotic) and
BCL2 (anti-apoptotic). HSP70 interacts with these molecules to Block caspase activation,
Inhibit BAX activity and Stabilise BCL2. The interaction network places HSP70 at the
centre of a tightly connected chaperone complex, interacting with HSP90, HSP40,
DNAJB1, BAG3, MAPKS, BAX and STIP1. The protein STIP1 acts as a linker between
HSP70 and HSP90, forming a coordinated stress-repair system.
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Figure 2: Pathway analysis of HSP70 in sheep

Pathway Analysis of HSP70 gene in Cattle are presented in figure 3 explains how
HSP70 (Heat Shock Protein 70) gene functions in cattle as a key protective molecule that
helps cells survive heat stress, disease challenge and other environmental pressures. The
pathway integrates stress signalling, immune defence and apoptosis control, with HSP70

positioned at the centre of these processes. The MAPK pathway shows how cattle cells
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detect and respond to heat and oxidative stress. Heat shock proteins such as HSPATA,
HSPAI1L, DNAJB1 and HSP90 interact sequentially to regulate the activity of HSP70.
These chaperones are controlled by upstream kinases including MAP2K1, MAP2K2,
MAPK14 (p38) and MAPKS (JNK). When cattle experience heat or metabolic stress, these
MAPKSs are activated and stimulate the transcription of HSP70 genes. This pathway
describes the role of HSP70 in cattle innate immunity. It begins with TLR4, which
recognises pathogens and activates MYD88, leading to activation of the transcription factor
NFKBI1. This signalling cascade induces inflaimmatory cytokines IL1B and TNF. The
immune pathway proceeds as TLR4 — MYD88 — NFKB1 — IL1B — TNF — HSP70
— HSPA1A / HSPA1L. Figure 4 also shows how HSP70 regulates apoptosis in cattle. Key
genes involved are CASP9, CASP3, BAX and BCL2. HSP70 interacts with these molecules
to Inhibit caspase activation (CASP9 and CASP3), Suppress the activity of BAX and
Stabilise the anti-apoptotic protein BCL2. The protein—protein interaction network places
HSP70 at the centre of interactions with HSP90, HSP40, DNAJB1, BAG3, MAPKS, BAX
and STIP1. STIP1 serves as a connecting scaffold between HSP70 and HSP90, ensuring
efficient coordination of protein repair and stress response systems.
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Figure 3: Pathway analysis of HSP70 in cattle.
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DISCUSSION
Pathway Analysis of HSP70 Protein Gene in Cattle, Sheep and goats

The pathway analysis diagrams for HSP70 (Heat Shock Protein 70) gene in goats,
sheep, and cattle reveal the central and multifunctional role of this chaperone protein in
coordinating cellular responses to thermal stress, immune challenges, and apoptotic signals.
The integration of stress response, immune defence, and cell survival mechanisms through
HSP70 highlights its fundamental importance in livestock adaptation to environmental

pressures and provides insights into the molecular basis of heat tolerance in ruminants.

The MAPK (Mitogen-Activated Protein Kinase) stress response pathway
demonstrates how HSP70 expression is regulated during thermal and oxidative stress
across all three species. The pathway shows a conserved signaling cascade involving
upstream kinases MAP2K1, MAP2K2, MAPK14 (p38), and MAPKS (JNK), which activate
transcription of heat shock genes including HSPA1A, HSPA1B, HSPA1L, DNAJB1, and
HSP90 (Kamiya e al, 2016; Slimen ez al, 2016). The p38 MAPK and JNK pathways are
critical stress-activated kinases that respond to cellular stress by phosphorylating heat shock
transcription factors (HSFs), leading to enhanced HSP70 transcription (Sakurai and Enoki,
2010; Muralidharan ef @/, 2016). Research has demonstrated that heat stress activates p38
MAPK in livestock species, resulting in rapid induction of HSP70 family members that
protect cells from protein denaturation and aggregation (Banerjee ez a/, 2021; Kumar ez al.,

2015).

The sequential activation pattern HSPA1B — HSPA1A — DNAJB1 — HSP90 —
HSP70 observed in goats represents a coordinated chaperone network where different
HSP family members collaborate to maintain protein homeostasis. HSPATA and HSPA1B
are inducible forms of HSP70 that respond rapidly to stress, while HSPA1L represents a
constitutively expressed variant (Radons, 2016). DNAJBI1, also known as HSP40, functions
as a co-chaperone that stimulates the ATPase activity of HSP70 and delivers client proteins
for refolding (Kampinga and Craig, 2010). The cooperation between HSP70 and HSP90
creates a multichaperone complex capable of handling diverse substrates and stress
conditions, with HSP90 typically acting on more specialized clients including steroid

receptors and signaling kinases (Mayer and Bukau, 2005; Schopf ez a/., 2017).

The immune response pathway demonstrates HSP70's critical role in innate

immunity through the TLR4 — MYD88 — NFKB1 — IL1B — TNF cascade. Toll-like
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receptor 4 (TLR4) recognizes pathogen-associated molecular patterns and activates the
adaptor protein MYD88, which triggers nuclear factor kappa B (NF-xB) signaling (Tao ez
al., 2015). This results in production of pro-inflammatory cytokines including interleukin-1
beta (IL1B) and tumor necrosis factor alpha (INF), which are key mediators of acute
phase responses and fever (Archana ez al, 2017; Collier ez al,, 2019). HSP70 plays a dual role
in this pathway: it is induced by inflaimmatory signals and simultaneously modulates
immune responses by regulating cytokine production and preventing excessive

inflaimmation (Gupta and Knowlton, 2007; Asea et al., 2000).

Studies in heat-stressed livestock have shown that elevated HSP70 expression
correlates with reduced inflammatory cytokine levels, suggesting a protective feedback
mechanism where HSP70 dampens excessive immune activation that could otherwise cause
tissue damage (Dangi e/ al, 2012; Singh ez al, 2020). The connection between HSP70 and
inflaimmatory pathways is particularly important in ruminants, where heat stress can
compromise intestinal barrier function and increase systemic inflammation through
translocation of bacterial endotoxins that activate TLR4 (Pearce ¢z @/, 2013; Koch ez al,

2019).

The apoptosis pathway reveals HSP70's anti-apoptotic functions through
interactions with key regulators of programmed cell death. HSP70 inhibits apoptosis at
multiple points by blocking caspase activation, suppressing pro-apoptotic BAX activity,
and stabilizing anti-apoptotic BCL2 (Beere ¢f al, 2000; Ravagnan et al, 2001). Caspase-9
(CASP9) is an initiator caspase activated by cytochrome c release from mitochondria, while
caspase-3 (CASP3) is the primary executioner caspase that cleaves cellular substrates during
apoptosis (Li and Yuan, 2008). HSP70 can directly bind to and inhibit both caspases,
preventing apoptotic cascade progression (Saleh ez a/., 2000; Parcellier ez al., 2003).

The interaction between HSP70 and BAX is particularly significant, as BAX is a
pro-apoptotic BCL2 family member that forms pores in mitochondrial membranes,
triggering cytochrome c release and apoptosome formation (Antonsson et al., 2000). HSP70
prevents BAX translocation to mitochondria and oligomerization, thereby blocking the
intrinsic apoptotic pathway (Stankiewicz ef al, 2005). Simultaneously, HSP70 stabilizes
BCL2, an anti-apoptotic protein that sequesters pro-apoptotic BCL2 family members and
maintains mitochondrial integrity (Pandey e 4/, 2000; Matsumori ez al., 2006). These anti-

apoptotic functions are crucial during heat stress, when cellular damage and oxidative stress
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can trigger widespread apoptosis in sensitive tissues (Slimen e @/, 2016; Rhoads ez 4/,

2013).

The protein-protein interaction network placing HSP70 at the center of interactions
with HSP90, HSP40, DNAJB1, BAG3, MAPKS, BAX, and STIP1 illustrates the
integrative nature of the cellular stress response. BAG3 (BCL2-associated athanogene 3) is
a co-chaperone that modulates HSP70 activity and links the chaperone system to
autophagy pathways, providing an alternative mechanism for removing damaged proteins
and organelles during stress (Behl, 2016; Knezevic and Knezevic, 2018). The interaction
between HSP70 and MAPKS (JNK) represents a feedback mechanism where HSP70 can
modulate stress kinase activity, potentially dampening prolonged JNK activation that could

otherwise promote apoptosis (Gabai ez al, 1998; Park ez al, 2001).

STIP1 (stress-induced phosphoprotein 1), also known as Hop (HSP70-HSP90
organizing protein), serves as a crucial adaptor linking HSP70 and HSP90 in a sequential
chaperone system (Odunuga et al., 2004; Prodromou e¢f al., 1999). This coordinated system
allows for progressive protein folding and maturation, with HSP70 initially binding
unfolded clients and STIP1 facilitating transfer to HSP90 for final maturation steps
(Scheufler et al, 2000). The HSP70-STIP1-HSP90 complex is particularly important for
folding of complex substrates including signaling kinases and transcription factors that

regulate stress adaptation (Li ef al, 2012).

Comparative analysis across the three species (goats, sheep, and cattle) reveals
remarkable conservation of HSP70 pathway architecture, consistent with the phylogenetic
conservation observed in sequence analysis. The similar pathway structures suggest that
fundamental mechanisms of thermal adaptation are shared among ruminants, although
species-specific differences in expression levels, regulation kinetics, or pathway sensitivity
may contribute to observed differences in heat tolerance (Sejian ef al, 2018). The slight
variation in the heat shock gene cascade order between goats (HSPA1B — HSPA1A) and
sheep (HSPA1L — HSPA1A) may reflect differences in which HSP70 family members are

most responsive to heat stress in each species (Rout ez a/, 2017).

The central positioning of HSP70 in these pathways has important implications for
understanding heat stress adaptation in livestock. HSP70 serves as a molecular hub
integrating information from stress sensors (MAPK pathway), immune signals (TLR4/NF-

#xB pathway), and survival signals (apoptosis pathway), allowing coordinated cellular
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responses to multiple simultaneous challenges (Qi ef a4/, 2011). This integrative function
explains why HSP70 expression levels correlate strongly with thermotolerance across

livestock breeds and species (Deb e7 al,, 2014; Porto-Neto ez al., 2014).

From a practical breeding perspective, the pathway analysis identifies multiple
potential targets for enhancing heat tolerance through genetic selection. Beyond HSP70
itself, upstream regulators (MAPK components, HSF transcription factors), co-chaperones
(DNAJB1, BAGS3, STIP1), and downstream effectors (apoptosis regulators, inflammatory
mediators) all represent candidates for marker-assisted selection or genomic editing
approaches (Collier ¢ al, 2019; Hooper et al, 2015). Understanding these pathway
interactions also suggests potential management interventions, such as nutritional strategies
or pharmacological agents that could enhance HSP70 activity during heat stress (Min ez a/,
2010).

The pathway diagrams also highlight the complex crosstalk between stress
response, immunity, and cell survival, which has implications for understanding trade-offs
between production and stress tolerance in livestock. Enhanced immune activation during
heat stress requires metabolic resources that could otherwise support growth and
reproduction, while excessive apoptosis can compromise tissue function and productivity
(Baumgard and Rhoads, 2013). The regulatory role of HSP70 in modulating all three
pathways suggests it may help optimize these trade-offs by preventing excessive
inflaimmation and apoptosis while maintaining cellular repair capacity (Rhoads e a/., 2013;

Wheelock ¢ al., 2010).

Future research should focus on validating these pathway interactions through
functional genomics approaches including gene knockdown/knockout studies, pathway
inhibition experiments, and systems biology analyses integrating transcriptomic, proteomic,
and metabolomic data from heat-stressed animals (Polsky and von Keyserlingk, 2017,
Zachut et al., 2020). Understanding the quantitative dynamics of these pathways including
activation kinetics, feedback loops, and threshold responses will be crucial for predicting
animal responses to heat stress and designing effective mitigation strategies (Kaufman ez a/,

2018).
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CONCLUSION

This study provides a comprehensive bioinformatic pathway analysis of the Heat
Shock Protein 70 (HSP70) gene in selected ruminant species cattle (Bos zaurus), sheep (Owvis
aries), and goats (Capra hircus) with emphasis on its molecular interactions and regulatory
networks under heat stress conditions. The findings clearly demonstrate that HSP70
functions as a central molecular hub integrating stress signaling, immune modulation, and

apoptosis regulation in all three species.

The KEGG and STRING pathway analyses revealed that HSP70 operates within a
highly conserved MAPK signaling cascade involving upstream kinases such as MAP2K1,
MAP2K2, MAPK14 (p38), and MAPKS8 (JNK), which regulate its transcription during
thermal and oxidative stress. The conserved chaperone cascade (HSPAITA,
HSPA1B/HSPA1L, DNAJB1, HSP90) highlights a cootrdinated multi-protein tepair
system responsible for maintaining protein homeostasis. This confirms the evolutionary

conservation of thermotolerance mechanisms among ruminants.

The immune pathway analysis (TLR4 — MYD88 — NFKB1 — IL1B — TNF —
HSP70) further establishes the dual role of HSP70 in both responding to inflammatory
stimuli and modulating excessive immune activation. Its regulatory involvement suggests
that HSP70 contributes significantly to maintaining immune balance during heat stress,
thereby preventing systemic inflammatory damage. The apoptosis pathway findings
demonstrate that HSP70 exerts strong anti-apoptotic effects by inhibiting CASP9 and
CASP3 activation, suppressing BAX activity, and stabilizing BCL2. These interactions
protect cellular integrity during environmental stress, reducing heat-induced tissue damage

and supporting survival.
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