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Abstract

Heat stress has become one of the common stressors in modern intensive farming
systems. When livestock are subjected to heat stress, their intestinal morphol-
ogy and intestinal mucosal barrier integrity are compromised, gut microbiota
dysbiosis occurs, and the immune defense system is severely impaired, resulting
in decreased feed intake, reduced feed conversion efficiency, diminished produc-
tion performance, and increased incidence of various diseases, thereby inflicting
substantial economic losses on the livestock industry. Therefore, this review
summarizes the measures and mechanisms for repairing small intestinal dam-
age caused by heat stress, aiming to provide effective strategies for mitigating
heat stress-induced injury in practical production and thereby reducing losses
to livestock production.
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Abstract

Heat stress has become one of the most common stressors in modern inten-
sive livestock production systems. When livestock are subjected to heat stress,
their intestinal morphology and mucosal barrier integrity are compromised, in-
testinal flora becomes imbalanced, and the immune defense system is severely
damaged. These effects lead to reduced feed intake, decreased feed conversion
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efficiency, lower production performance, and increased incidence of various dis-
eases, causing substantial economic losses to the livestock industry. This review
summarizes the measures and mechanisms for repairing small intestinal injury
caused by heat stress, aiming to provide effective strategies for mitigating heat
stress-induced intestinal damage in practical production and thereby reducing
associated losses in animal agriculture.

Keywords: heat stress; small intestinal injury; repair

1. Heat Stress and Its Damage to the Animal Intestine

Heat stress represents a non-specific response reaction when the body is stimu-
lated by high external temperatures. For homeothermic animals, when ambient
temperature exceeds the critical threshold, the organism can maintain constant
body temperature by increasing heat dissipation and reducing heat production.
However, as external temperature continues to rise, this dynamic equilibrium is
disrupted, often resulting in severe heat stress.

When livestock are exposed to high-temperature environments, sympathetic
nerve excitation increases, leading to elevated norepinephrine secretion and re-
duced secretion of thyroid hormone and motilin, which slows gastrointestinal
motility and delays small intestinal emptying, thereby affecting digestion and ab-
sorption. Additionally, during activation of heat dissipation mechanisms, blood
is redistributed from the body’ s core to areas where evaporative cooling can
occur. As blood flow to the skin increases, circulation to internal organs, includ-
ing the digestive tract, decreases, resulting in intestinal ischemia and hypoxia.
The microcirculation structure of intestinal mucosa is particularly sensitive to
ischemia and hypoxia, and the regenerative capacity of gastrointestinal mu-
cosal epithelial cells becomes impaired. Heat stress destroys intestinal mucosal
morphology, causes epithelial cell shedding, exposes the lamina propria, short-
ens intestinal villi, increases intestinal permeability, and compromises intestinal
barrier function. This intestinal damage not only affects nutrient digestion and
absorption but also reduces feed intake and production performance, allows
harmful substances to easily cross the intestinal barrier into the body, induces
disease, and severely damages the immune defense system, thereby causing enor-
mous losses to the livestock industry.

2. Repair and Mechanisms of Heat Stress-Induced Small
Intestinal Injury in Livestock

The repair of small intestinal injury caused by heat stress has attracted in-
creasing attention from scholars worldwide. In recent years, researchers have
employed various methods to repair heat stress-induced intestinal damage in live-
stock. This review focuses on three main approaches: Chinese herbal medicines
and their extracts, amino acids, and probiotics.
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2.1 Repair Effects and Mechanisms of Chinese Herbal Medicines and
Their Extracts on Heat Stress-Induced Small Intestinal Injury

Chinese herbal medicines contain various nutritional components and natu-
ral chemical compounds that can prevent and treat diseases, promote animal
growth, enhance immune function, and improve disease resistance. These herbs
can be used individually or combined in specific proportions to formulate herbal
compounds. Certain Chinese herbs enhance immunity and inhibit harmful in-
testinal flora, making them useful for repairing heat stress-induced damage.

The intestinal mucosa serves as the first line of defense against pathogenic mi-
croorganisms. Wang et al. [?] found that heat stress damages duodenal and
jejunal mucosa in rabbits, but dietary supplementation with a Chinese herbal
compound maintained normal intestinal mucosal structure by providing heat-
clearing and summerheat-relieving effects while preserving compensatory and
antioxidant capacity. Xu et al. [?] investigated two herbal formulas in heat-
stressed roosters: Formula I (equal proportions of gypsum, agastache, atracty-
lodes, and phellodendron) and Formula IT (atractylodes, phellodendron, gypsum,
and agastache at a 1:1:0.5:1 ratio). Both formulas increased intestinal goblet
cell numbers. Goblet cells secrete mucin, which forms a “mucus barrier” with
water to provide mechanical protection, with Formula I showing superior repair
effects. Polysaccharides in Chinese herbs have immune-promoting effects, and
agastache contains polysaccharide components. Shen et al. [?] supplemented
heat-stressed laying hens with a formula containing seven herbs including agas-
tache, mint, anemarrhena, and rhodiola, observing increased numbers and con-
centrations of intestinal intraepithelial lymphocytes, which reflect the integrity
of local mucosal immune defense function. Interleukin-2 (IL-2) is an impor-
tant lymphokine and a key indicator for evaluating cellular immunity. Duan et
al. [?] found that IL-2 levels in duodenal, jejunal, and ileal mucosa decreased
under heat stress but recovered after administration of an anti-stress herbal
preparation. Shi et al. [?] demonstrated that both herbal additives alone and
combined with vitamin C promoted lymphocyte and goblet cell generation, with
the combination showing better effects in alleviating heat stress in laying hens.

Resveratrol has antioxidant and anti-inflammatory properties. Liu [?] showed
that compared with normal temperature controls, heat stress reduced jejunal
villus height, villus height-to-crypt depth ratio, goblet cell numbers, and lym-
phocyte counts while increasing crypt depth. Supplementation with 400 mg/kg
resveratrol to heat-stressed silky fowls reversed these effects. Further investiga-
tion of heat stress-related genes and proteins revealed that heat stress increased
expression of HSP70, HSP90, and NF- B while decreasing EGF expression in je-
junal mucosa, whereas resveratrol treatment reduced HSP70, HSP90, and NF- B
expression and increased EGF expression. Magnolol, an extract from Magnolia
officinalis, has antibacterial and anti-inflammatory effects. Mei [?] found that
magnolol alleviated heat stress-induced G1 phase cell cycle arrest in mouse small
intestinal epithelial cells, with optimal effects at 20 mol/L. Ferulic acid, an ac-
tive component in Chinese herbs such as Asafoetida, Ligusticum wallichii, and
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Angelica sinensis, was studied by He [?], who found that it inhibited activation
of MAPK and NF- B signaling pathways, reduced inflammatory factor release,
alleviated heat stress-induced damage to rat small intestinal mucosal barrier,
and effectively relieved heat stress-induced IEC-6 cell barrier function injury.

Chinese herbal medicines are widely used to alleviate heat stress in dairy cows.
Fan et al. [?] supplemented heat-stressed dairy cows with Bupleurum extract,
resulting in increased feed intake, milk yield, and milk protein content, along
with reduced somatic cell counts, indicating effective heat stress relief. Zhan
et al. [?] added different doses of alfalfa flavonoids to heat-stressed dairy cow
mammary epithelial cells in vitro, finding that 25 g/mL produced the strongest
cell viability, while doses of 50, 75, and 100 g/mL increased glutathione per-
oxidase (GSH-Px) activity and reduced lactate dehydrogenase (LDH) activity
and malondialdehyde (MDA) content. However, whether these effects occur
through intestinal damage repair requires further investigation. Overall, Chi-
nese herbal medicines and their extracts can repair intestinal tissue morphology,
maintain intestinal barrier integrity, and restore immune defense systems under
heat stress.

2.2 Repair Effects and Mechanisms of Amino Acids on Heat Stress-
Induced Small Intestinal Injury

Since the 1970s, Windmueller et al. [?] have confirmed that mouse small in-
testine can metabolize glutamine (Gln), glutamate (Glu), and aspartate (Asp).
Numerous studies have shown that in pigs, sheep, and dairy cows, Gln can be
metabolized to produce arginine (Arg), citrulline (Cit), alanine (Ala), aspar-
tate, ornithine (Orn), and other amino acids. Increasingly, amino acids are
being applied to repair heat stress-induced small intestinal injury.

Under high temperature, intestinal repair slows and active nutrient absorption
function declines. Endogenous Gln synthesis cannot meet the body’ s needs, and
in severe cases, Gln may become depleted. Gln deficiency affects the function of
intestinal mucosal lamina propria and proliferation of mesenteric lymphocytes.
As the primary energy source for the intestine, Gln provides energy for intesti-
nal epithelial cells and lymphocytes, thereby promoting intestinal repair. Dai
et al. [?] supplemented 35-day-old heat-stressed broilers with dietary Gln, find-
ing that it restored heat stress-induced damage to relative weight, villus height,
gland length, and muscular layer thickness of duodenum and jejunum, as well
as jejunal villus width and ileal villus height and gland length to normal levels.
Kang et al. [?] applied different Gln levels to heat-stressed broilers of various
ages, observing increased intraepithelial lymphocyte numbers in duodenal, je-
junal, and ileal mucosa and improved intestinal immune performance. These
results demonstrate that exogenous Gln supplementation provides energy for
intestinal mucosal epithelial cells and activated lymphocytes, compensates for
heat stress-induced Gln deficiency, and promotes intestinal repair.

-aminobutyric acid (GABA) is an inhibitory neurotransmitter that calms live-
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stock, reduces anxiety, and confers heat stress resistance. As a nutritional regu-
lator, GABA can be indirectly converted to Gln, the primary energy source for
intestinal mucosal epithelial cells and lymphocytes. Liang et al. [?] investigated
GABA’ s repair effects using different concentrations on heat stress-induced
intestinal injury in chicks. By measuring interleukin-7 (IL-7) and secretory im-
munoglobulin A (SIgA) levels in small intestinal mucosa, they found that heat
stress reduced IL-7 and SIgA content, while supplementation with 50 or 100
mg/kg GABA increased these levels, indicating that GABA enhanced intesti-
nal function and effectively repaired heat stress-induced intestinal damage in
chicks. Li et al. [?] applied GABA to alleviate heat stress in Holstein dairy
cows, finding increased superoxide dismutase (SOD) and GSH-Px activity and
reduced MDA content in blood. Han et al. [?] fed heat-stressed dairy cows
with rumen-protected methionine, resulting in 3.69% higher milk yield, 4.95%
higher milk fat percentage, 2.66% higher milk protein content, 33.73% lower
somatic cell count, 10.37% lower blood LDH activity, 14.91% lower MDA con-
tent, 13.64% higher SOD activity, 6.87% higher GSH-Px activity, and 36.39%
lower peripheral blood lymphocyte apoptosis rate. Rumen-protected methion-
ine improved antioxidant capacity, directly increased intestinal metabolizable
methionine supply, and alleviated adverse effects of heat stress in dairy cows.

Nitric oxide (NO) can combine with free radicals, block hydroxyl radical for-
mation, and terminate radical chain reactions on lipid membranes, conferring
antioxidant capacity. Exogenous Arg supplementation promotes NO produc-
tion. Zhang [?] found that acute heat stress reduced duodenal and jejunal
villus height and decreased lymphocyte numbers, intraepithelial lymphocyte
(IEL) counts, SIgA-secreting cell density, T lymphocyte positive rate, total an-
tioxidant capacity (T-AOC), and NO content. Dietary Arg supplementation
to acutely heat-stressed roosters increased intestinal villus height, lymphocyte
numbers, SIgA-secreting cells, IEL counts, T lymphocyte positive rate, T-AOC,
and NO content. These findings demonstrate that Arg promotes mucosal epithe-
lial growth and differentiation, improves mucosal structure, maintains intesti-
nal barrier integrity, stimulates growth hormone release, and reduces endotoxin
levels, thereby protecting both mechanical and immune barriers of intestinal
mucosa from heat stress damage.

2.3 Repair Effects and Mechanisms of Probiotics on Heat Stress-
Induced Small Intestinal Injury

Probiotics are microorganisms or preparations that exert beneficial effects on
animals by improving intestinal flora balance [?]. In 1947, Hallsen first applied
Lactobacillus to feed, finding that it increased piglet body weight and improved
health status [?]. Recently, increasing research has focused on probiotic effects
on intestinal heat stress.

Probiotic repair primarily affects the microbial barrier and intestinal flora un-
der heat stress. Lactic acid bacteria are major probiotics in chicken intestine.
Hu et al. [?] fed laying hens diets containing four probiotic Bacillus species
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(Bacillus megaterium, Bacillus coagulans, Bacillus licheniformis, and Bacillus
subtilis) before acute heat stress treatment. Compared with the control group
without probiotics, total aerobic bacteria decreased, total lactic acid bacteria in-
creased, and their ratio decreased in all treatment groups. Reduced aerobic bac-
teria benefit animal health, demonstrating that these four Bacillus species can
maintain normal intestinal microecology under heat stress. Selenium-enriched
probiotics have dual effects of selenium and probiotics, protecting dominant
flora and enhancing immunity. Lv [?] supplemented heat-stressed piglets with
selenium-enriched probiotics, observing increased Lactobacillus counts and re-
duced Enterobacter counts, which can cause flora imbalance, confirming that
selenium-enriched probiotics improve microbial community structure.

Bacillus licheniformis is another probiotic that adjusts intestinal flora imbalance
and restores intestinal function. Deng [?] found that dietary supplementation
with 1,000 mg/kg Bacillus licheniformis not only repaired microbial flora in
heat-stressed laying hens but also increased intestinal villus height and villus
height-to-crypt depth ratio, increased lymphocyte numbers and SIgA-positive
area, reduced crypt depth, and decreased mast cell numbers. Multiple probi-
otics can also repair heat stress-induced intestinal injury. Jiang et al. [?] fed
weaned piglets under heat stress with diets containing 1% and 3% compound
probiotics, finding significantly increased intestinal Lactobacillus counts and de-
creased Escherichia coli counts. The 3% compound probiotic diet significantly
reduced HSP70 and HSP27 gene expression. Zhang [?] found that a compound
probiotic consisting of 100 g/t Enterococcus faecium + 400 g/t Bacillus subtilis
not only repaired heat stress-induced intestinal flora imbalance in piglets but
also increased intestinal villus height and villus height-to-crypt depth ratio, in-
creased tight junction protein content in intestinal tissue, and upregulated EGF
gene expression, thereby maintaining intestinal mechanical barrier integrity.

Fiber oligosaccharides regulate gastrointestinal flora and improve immunity.
Song [?] found that combined probiotic and fiber oligosaccharide treatment not
only maintained intestinal flora balance in heat-stressed broilers but also pre-
served intestinal morphology and increased Occludin protein expression. Yeast
products stabilize rumen pH. Wang [?] found that dietary yeast culture sup-
plementation in heat-stressed dairy cows reduced respiratory rate, rectal tem-
perature, serum alkaline phosphatase activity, and urea nitrogen content while
increasing serum total protein content. Wang [?] supplemented heat-stressed
dairy cows with selenium yeast and yeast culture, finding that combined use
increased milk yield by 8.25% and milk protein percentage by 9.6% compared
with basal diet, significantly increased blood GSH-Px activity, and significantly
reduced MDA and endotoxin content. The combination improved antioxidant
capacity and significantly reduced endotoxin absorption, indicating that yeast
products can repair or mitigate heat stress-induced intestinal damage in dairy
cows. In summary, probiotics can maintain normal intestinal flora and mu-
cosal structural integrity, restore the microbial barrier, and enhance immunity
in livestock under heat stress.
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3. Summary

Under heat stress, intestinal injury is the core issue causing decreased production
performance in livestock. Repairing intestinal damage can alleviate negative ef-
fects of heat stress. Therefore, increasing research has focused on repairing heat
stress-induced small intestinal injury. Dietary supplementation with Chinese
herbal medicines, amino acids, and probiotics has achieved promising results,
providing effective evidence for practical production applications.
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