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Abstract
Heat stress alters animal behavior and physiological functions. miRNAs, as
non-coding RNAs of approximately 22 nucleotides, participate in the regulation
of heat stress in organisms at the post-transcriptional level by inhibiting tar-
get genes. This article reviews the roles and mechanisms of miRNAs in heat
stress-induced cell growth and apoptosis, as well as their effects and mecha-
nisms on immunity, stress resistance, organ damage, growth performance, and
reproductive performance in heat-stressed livestock and poultry.
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Abstract: Heat stress alters animal behavior and physiological functions. Mi-
croRNAs (miRNAs), as non-coding RNAs of approximately 22 nucleotides,
participate in heat stress regulation by inhibiting target genes at the post-
transcriptional level. This review summarizes the roles and mechanisms of miR-
NAs in regulating cell growth and apoptosis under heat stress, as well as their

chinarxiv.org/items/chinaxiv-201711.00402 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.00402
https://chinarxiv.org/items/chinaxiv-201711.00402


effects on immunity, anti-stress responses, organ damage, growth performance,
and reproductive performance in heat-stressed livestock and poultry.
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Introduction
Global climate change has intensified the impact of heat stress on animal hus-
bandry. In China, vast regions experience heat stress during summer months
each year, causing metabolic disorders in livestock and poultry, reducing pro-
duction and reproductive performance, and resulting in significant economic
losses [?]. The heat stress response represents a self-protective mechanism in
animals, characterized by altered expression of related genes and proteins. As
post-transcriptional regulators, miRNAs encode only 1-5% of mammalian genes
yet regulate over 60% of the genome [?]. Accumulating evidence demonstrates
that miRNAs play crucial roles in protecting livestock and poultry from heat
stress by regulating heat shock proteins (HSPs), redox genes, immune genes,
apoptosis-related genes, and metabolic genes [?]. This review aims to summa-
rize recent research on miRNAs under heat stress conditions to provide insights
for future studies on heat stress in livestock and poultry.

1. Molecular Mechanism of miRNA Biogenesis
miRNAs function as important post-transcriptional regulators in animal systems
[?]. The first miRNA family member, lin-4, was discovered through genetic
screening for developmental timing defects in C. elegans embryos [?], sparking
widespread interest in miRNA research. The formation of mature miRNAs
involves several steps: miRNA genes are transcribed into long primary miRNAs
(pri-miRNAs), which are cleaved by Drosha to form precursor miRNAs (pre-
miRNAs). These pre-miRNAs are transported to the cytoplasm by Exportin-5
and subsequently processed by Dicer to generate mature miRNAs [?]. miRNAs
regulate gene expression through the RNA-induced silencing complex (RISC)
by mediating mRNA cleavage or translational repression [?]. Notably, a single
miRNA may target multiple genes, while individual genes can be regulated by
multiple miRNAs.

2. Molecular Mechanisms of miRNA Regulation in Heat-
Stressed Livestock and Poultry
2.1 Regulation of Cell Growth and Apoptosis Under Heat Stress

Cellular exposure to high temperatures causes damage and inhibits DNA, RNA,
and protein synthesis [?]. In vitro cultured cells exhibit growth arrest and apop-
tosis induction under heat stress conditions [?]. In heat-stressed bovine mam-
mary epithelial cells, genes related to heat response, DNA repair, and protein
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repair are initially upregulated, followed by upregulation of apoptosis-related
genes [?]. As single-stranded non-coding small molecules, miRNAs regulate
cell proliferation, differentiation, and apoptosis [?]. For instance, miR-17-5p
inhibits autophagy by targeting the autophagy-related gene ULK1 [?], while
miR-71 directly targets pdk-1 and cdc-25.1, affecting DNA damage repair sig-
naling pathways [?].

Wilmink et al. [?] observed that heat induction in epidermal fibroblasts resulted
in differential expression of 83 downregulated and 40 upregulated miRNAs. Tar-
get gene analysis revealed that differentially expressed miR-138 and miR-196a
were associated with HSP family members HSPA4L and HSPH1. Under heat
stress conditions, three categories of miRNAs exhibit regulatory patterns: (1)
miRNAs expressed during most stress responses, such as miR-125b, miR-222,
miR-22, and let-7c; (2) miRNAs expressed only under high-temperature induc-
tion, such as miR-452, miR-382, and miR-378; and (3) miRNAs downregulated
under stress conditions. Heat stress inhibits miRNA-24 expression, which re-
duces apoptosis incidence and promotes growth in bovine mammary epithelial
cells [?].

Heat stress stimulates the CYP2e gene to produce excessive reactive oxygen
species [?], leading to increased expression of the rate-limiting glycolytic en-
zyme muscle phosphofructokinase (PFKm), accelerated glycolysis, and elevated
lactate concentrations. Chronic stress causes lactate accumulation, resulting
in microenvironmental acidosis and subsequent apoptosis. miR-320a targets
PFKm to inhibit glycolysis [?]. Heat stress also affects HSP expression for
acute homeostatic responses [?]. While HSP70 and HSP90 interact with Ago2
(a key RISC component that modifies miRNAs), suggesting HSP involvement in
miRNA-mediated gene silencing [?], Fukuoka et al. [?] found that heat stress en-
hanced gene silencing activity without altering miRNA expression levels. Their
work demonstrated that HSP90 does not affect miRNA-mediated silencing and
HSP1 does not participate in this process, suggesting that endogenous miRNA
silencing may only play an auxiliary role in inhibiting heat-denatured proteins.

2.2 Regulation of Immunity and Anti-Stress Responses

The heat stress response represents a non-specific defense mechanism that pro-
tects organisms from damage. However, excessive or prolonged stress can lead
to pathology, organ failure, and even death [?]. Heat stress upregulates the
ubiquitin-proteasome pathway to eliminate severely damaged proteins [?] and
activates the hypothalamic-pituitary-adrenal axis to enhance stress resistance.
Zheng et al. [?] identified seven miRNAs in heat-stressed dairy cow serum asso-
ciated with stress and immune responses. Upregulated miR-19a and miR-19b
participate in heat stress regulation by targeting HSP family genes. Under
acute stress, rat circulating HSP72 concentrations increase while miR-142-5p
and miR-203 decrease [?]. miR-142-5p regulates immune responses by target-
ing the interleukin (IL)-6 receptor, while miR-203 suppresses cytokine signaling
suppressor protein-3 (SOCS3) to modulate pro-inflammatory cytokines [?].
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Cai et al. [?] found 118 upregulated and 197 downregulated miRNAs in heat-
stressed Angus cattle peripheral blood. Target gene prediction for ten signifi-
cantly differentially expressed miRNAs revealed that upregulated miRNAs pri-
marily target genes involved in cell proliferation and apoptosis regulation, while
downregulated miRNAs target genes mainly participating in immune function
regulation. Specifically, miR-98 targets IL-6 [?], and miR-31 targets NF-�B-
inducing kinase (NIK) to regulate inflammatory responses [?]. These findings
demonstrate that livestock and poultry utilize miRNAs to regulate target gene
expression, thereby participating in immune and anti-stress responses under
heat stress conditions.

2.3 Organ Damage

2.3.1 Intestinal Damage Heat stress causes intestinal ischemia and hypoxia,
leading to intestinal mucosal damage [?]. miRNAs play crucial roles in this
process. McKenna et al. [?] detected 1,094 mature miRNAs in mouse jeju-
nal mucosa using high-throughput sequencing, including 65 intestine-specific
miRNAs. Dicer1 enzyme (required for miRNA synthesis) deficiency caused
intestinal epithelial disorganization, compromised barrier function, and inflam-
matory responses. Yu et al. [?] identified 18 upregulated miRNAs (including
miR-34a, miR-34b, miR-140, miR-375, miR-500) and 11 downregulated miR-
NAs (including miR-31) in heat-stressed rat small intestine. miR-500 targets
hexokinase 2 (HK2) mRNA at the 3�UTR region, inhibiting small intestinal
glucose absorption by reducing HK2 activity [?]. miR-375 regulates IL-13 to
control thymic stromal lymphopoietin (TSLP) expression in T helper 2 cells,
reducing resistin-like molecule 𝛽 (RELM𝛽) expression and compromising in-
testinal mucosal immunity [?]. miR-34a and miR-34b target the apoptosis gene
p53 to regulate DNA damage repair, cell cycle arrest, and apoptosis [?], while
miR-140 modulates inflammatory responses [?]. miR-31 expression decreases
during inflammation and is associated with genes related to cell growth, death,
and communication [?].

Heat stress increases intestinal lipopolysaccharide (LPS) levels and damages the
mucosal barrier, allowing LPS to enter the liver and systemic circulation, trigger-
ing systemic inflammatory responses [?]. LPS activates tumor necrosis factor-𝛼
(TNF-𝛼) and IL-6 through the NF-�B signaling pathway and induces hepatic
insulin resistance and hyperinsulinemia via SOCS3, with cross-talk between in-
sulin and inflammatory signaling pathways [?]. During LPS stimulation, IL-6
secretion negatively correlates with miR-181b expression [?]. Upregulated miR-
146a in intestinal mucosa protects against damage by inhibiting IL-1 receptor-
associated kinase 1 (IRAK1) in the Toll-like receptor (TLR) signaling pathway
[?]. miR-140 targets SOCS3 to regulate LPS-induced inflammatory responses
[?]. Collectively, heat stress generates excessive LPS in the intestine, stimu-
lating pro-inflammatory cytokine release through TLR and NF-�B pathways,
while miRNAs protect intestinal health by regulating genes in these signaling
pathways.
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2.3.2 Liver Damage Heat stress readily causes hepatic oxidative damage.
Glutathione peroxidase (GSH-Px), catalase (CAT), and superoxide dismutase
(SOD) in the liver scavenge oxygen free radicals to reduce heat stress-induced
oxidative injury [?]. miR-214 targets microsomal glutathione S-transferase 1
(MGST1) to modulate antioxidant capacity [?]. Additionally, as mitochondria
in hepatocytes are primary sites of reactive oxygen species generation in the
respiratory chain, miR-93 and miR-214 target ubiquinol-cytochrome c reductase
core protein 1 (UQCRC1) to protect liver function [?].

2.4 Regulation of Production Performance

Under heat stress, livestock and poultry increase sweating, heart rate, and respi-
ratory frequency to maintain homeostasis, which negatively affects production
performance [?]. Heat-stressed dairy cows exhibit reduced feed intake, insuf-
ficient nutrient intake, negative energy balance, and decreased milk yield [?].
Baumgard et al. [?] reported that heat-stressed cows in negative energy bal-
ance prioritize glucose metabolism in tissues over milk synthesis. miR-143 reg-
ulates glucose homeostasis by inhibiting insulin and downstream protein kinase
B (AKT) activity [?]. Fatima et al. [?] identified five upregulated miRNAs
(miR-17-5p, miR-31, miR-140, miR-1281, miR-2885) in the liver of cows ex-
periencing negative energy balance. miR-31 targets hepatocyte nuclear factor
3-𝛾 (HNF3-𝛾) and transcription factors involved in insulin-like growth factor-
1 (IGF-1) expression regulation, which is associated with glucose metabolism
homeostasis. Under nutritional deficiency, downregulated miR-80 directly tar-
gets CRBE-1 and regulates insulin signaling to modulate energy metabolism [?].
These findings indicate that heat-stressed animals regulate energy metabolism
through miRNAs, thereby affecting feed intake.

Heat stress also compromises product quality. It reduces milk protein and casein
concentrations, causing“heat stress-induced milk protein depression”[?]. Zhang
et al. [?] demonstrated that varying heat stress severity differentially affects milk
composition; moderately heat-stressed cows showed significantly lower milk pro-
tein content than mildly stressed cows, while severely stressed cows exhibited
significantly lower milk fat content. miR-199a-3p regulates protein synthesis
through the AKT/mTOR signaling pathway [?]. miR-15a targets the growth
hormone receptor, inhibiting mammary epithelial cell proliferation and casein
secretion [?]. miR-200a targets signal transducer and activator of transcription
4 (STAT4), a key gene in milk fat synthesis [?]. miR-142-3p targets the prolactin
receptor to regulate casein and triglyceride secretion in mammary epithelial cells
[?]. Heat stress reduces skeletal muscle fat content while increasing abdominal
fat, causing oxidation of unsaturated fatty acids in muscle tissue and produc-
ing off-flavors that compromise meat quality [?]. miR-130 targets peroxisome
proliferator-activated receptor 𝛾 (PPAR𝛾) to regulate adipocyte differentiation
and fat deposition [?]. miR-27b inhibits intramuscular fat deposition in beef
cattle by targeting lipoprotein lipase (LPL) and regulating MAPK and Wnt
signaling pathways [?].
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2.5 Regulation of Reproductive Performance

Heat stress affects sperm motility, reduces conception rates, and increases early
embryonic mortality and abortion rates [?]. Ji et al. [?] found that high temper-
ature and oxidative stress decrease miR-15 expression in sperm, which mitigates
stress-induced damage by targeting the 3�UTR region of HSPA1B. miRNAs play
essential roles in reproductive development, undergoing an initial decrease fol-
lowed by increase during progression from single-cell division to the 4-cell stage.
The miR-290 cluster is upregulated 15-fold, activating the Wnt signaling path-
way by targeting Dickkopf-related protein 1 (Dkk-1) to facilitate embryogenesis,
development, and stem cell differentiation [?]. Nehammer et al. [?] reported that
heat stress reduces egg production; miR-80 mutant C. elegans showed signifi-
cantly decreased egg production at 28°C compared to wild-type, while miR-71,
miR-80, and miR-239 mutants almost ceased egg production at 30°C. The re-
searchers suggested that reduced egg production in miRNA-deficient nematodes
under high temperature may result from either increased gonadal sensitivity or
inability of embryos lacking specific miRNAs to survive. These studies con-
firm that livestock and poultry can mitigate heat stress damage to reproductive
performance through miRNA-mediated mechanisms.

Conclusion
As a post-transcriptional regulatory mechanism, miRNAs play crucial roles in
multiple aspects of heat stress responses, including cell growth and apoptosis,
immune and anti-stress reactions, growth performance, and reproductive per-
formance. Investigating the regulatory functions of miRNAs under heat stress
conditions, including differentially expressed miRNAs, coordinated actions of
miRNA families, and their target gene regulatory networks and signaling path-
ways, will facilitate the development of molecular strategies to alleviate heat
stress-induced damage in animals.
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