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Abstract

Endotoxin, also known as lipopolysaccharide, is a component of the cell wall
of Gram-negative bacteria that is released during the bacterial growth phase
and stationary phase, as well as when bacteria die and lyse. In practical swine
production, endotoxins present in the air and feed, as well as disease-induced en-
dotoxins, can all adversely affect pig health and production performance. This
article reviews the sources of endotoxin, its effects on pig health and produc-
tion performance, and control measures for endotoxin, providing a reference for
mitigating the hazards of endotoxin in swine production.
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Abstract: Endotoxin, also known as lipopolysaccharide (LPS), is a component
of the cell wall of Gram-negative bacteria that is released during both the growth
and stationary phases as well as during bacterial lysis. In practical pig produc-
tion, endotoxin present in air and feed, along with that induced by disease, can
adversely affect pig health and production performance. This paper reviews
the sources of endotoxin, its effects on pig health and production performance,
and control measures, providing a reference for reducing the harm caused by
endotoxin in pig production.
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Endotoxin, also called lipopolysaccharide (LPS), is a constituent of the Gram-
negative bacterial cell wall that is released during bacterial growth, stationary
phase, and upon bacterial death and disintegration [1]. The molecular struc-
ture of endotoxin consists of polysaccharide and phospholipid components. The
polysaccharide portion comprises the specific O-chain and core region [2]. The
specific O-chain, also known as the O antigen, determines the antigenicity of the
endotoxin molecule. The core region is divided into outer and inner core areas,
with the phospholipid portion connected to the inner core called lipid A, which
determines the toxicity of the endotoxin molecule. Endotoxin is heat-resistant
and stable; its chemical nature is not protein, and it is not destroyed by heating
at 100 °C for 1 hour. Its biological activity can only be destroyed by heating
at 160 °C or higher for 2-4 hours, or by boiling for 30 minutes with strong
alkali, strong acid, or strong oxidizing agents. Moreover, endotoxin cannot be
converted into toxoid by formaldehyde treatment.

Gram-negative bacteria are ubiquitous in the environment, so endotoxin is
present everywhere in soil, air, and water. Additionally, in some large-scale pig
farms where bacterial diseases occur year-round, the use of high-dose antibiotics
causes Gram-negative bacteria to die and release large amounts of endotoxin [3].
Endotoxin can cause extensive damage to pigs, including fever, septic shock,
anorexia, inflammatory responses, tissue injury, and decreased production per-
formance [4]. In recent years, numerous reviews have addressed the effects of
endotoxin on ruminants, but few have focused on its hazards to pigs. This paper
emphasizes the sources of endotoxin, its effects on pig health and production
performance, and control measures to provide a reference for reducing endotoxin
harm in pig production.

1 Sources of Endotoxin
1.1 Endotoxin in Barn Air

Air is one of the essential environmental conditions for survival and an important
factor affecting pig health in barns. Activities of humans and pigs, among other
factors, cause numerous dust particles and microorganisms to float in the air,
and endotoxin released by bacteria can exist in the air in a relatively stable form.
The concentration of endotoxin in pig barn air is closely related to dust content,
and the composition of airborne dust varies considerably, potentially including
microbial components and cell wall fragments, dried feces and urine, dander,
grain mites, spores, pollen, and particles from feed and bedding [5]. Airborne
dust can serve as a carrier for bacterial endotoxin, enabling it to be inhaled deep
into the lungs of pigs, thereby causing adverse effects. The concentrations of
dust and endotoxin in pig barn air are influenced by activity levels of pigs and
humans, mechanical ventilation rates, air humidity, physical characteristics of
feed, and type of slatted flooring. Increased activity levels of pigs and humans,
higher mechanical ventilation rates, and decreased relative humidity can all
elevate airborne endotoxin and dust concentrations [5]. Additionally, barns
feeding liquid or pelleted diets have lower dust and endotoxin levels than those
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feeding meal diets, and barns with plastic slatted floors have lower levels than
those with concrete slatted floors [6].

Currently, the threshold concentration of airborne endotoxin that affects pig
health is not well understood. One study found that dust concentrations in pig
farms in eastern Poland ranged from 3.03-14.05 mg/m?, with endotoxin concen-
trations of 1.88-75.0 g/m3, exceeding the safety threshold (0.1 g/m3) by 18.8-
750 times [6]. Other research indicates that the threshold for airborne endo-
toxin affecting pig health is 1,540 endotoxin units (EU)/m?, with most poorly
sanitized and environmentally controlled pig barns exceeding this value [7]. Be-
cause airborne endotoxin concentrations are greatly affected by environmental
conditions, their variation range is large, and the adverse effects of barn air
endotoxin on pigs cannot be ignored.

1.2 Endotoxin in Feed

Due to various environmental and production process factors, feed inevitably
contains certain amounts of endotoxin [8]. Moreover, an increasing number of
feed additives are produced through fermentation by Gram-negative bacteria,
particularly Escherichia coli, which is widely used in feed additive production.
Although FE. coli K-12 is generally recognized as safe, its endotoxin retains ap-
proximately one-quarter of the activity of wild-type strains [9]; therefore, feed
additives produced by E. coli K-12 may be contaminated with endotoxin, posing
potential hazards to animals. Cort et al. [10] reported that the average endo-
toxin concentration in pig feed was 13 mg/kg, with a maximum concentration
of 60 mg/kg. However, evidence suggests that adding high doses of endotoxin
to the diet of healthy pigs does not cause clinical symptoms [11]. Studies in
mice also found that oral administration of high-dose FE. coli endotoxin had no
significant effect on intestinal structure or cell proliferation [12]. Taniguchi et
al. [13] similarly found that oral administration of high-dose single endotoxin
had no adverse effects in mice, and no evidence of hepatotoxicity, nephrotoxi-
city, inflammation, or weight loss was found after 28 days of repeated dosing.
Evidently, the intestines of healthy animals can tolerate certain amounts of en-
dotoxin, and the harm caused by oral ingestion of endotoxin in normal, healthy
animals is minimal. Therefore, when feeding healthy pigs with feed additives
produced by Gram-negative bacteria, if the endotoxin content does not exceed
that in normal feed ingredients, pigs will not be significantly affected. However,
when pigs experience stress or gastrointestinal dysfunction, their intestinal bar-
rier function decreases, allowing excessive endotoxin from the gastrointestinal
tract to enter the body and cause pathological changes [14].

1.3.1 Constipation

Constipation in pregnant sows is a common problem in pig production and
represents one of the causes of increased endotoxin entry into pigs. Numer-
ous factors contribute to constipation in pregnant sows, including substantial
reductions in daily feed allowance and dietary fiber content, insufficient water
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intake, heat stress, and lack of exercise [15-16]. Additionally, as the physiologi-
cal process of parturition approaches, sow intestinal motility decreases, making
pre-farrowing sows more susceptible to constipation than pregnant or lactat-
ing sows [17]. When sows develop constipation, the intestinal flora undergoes
abnormal changes, with Bacteroides populations increasing significantly while
Lactobacillus and Clostridium populations decrease markedly, potentially induc-
ing endotoxin production and damage to the intestinal mucosal barrier system.
This leads to elevated endotoxin entry into the body, triggering a series of in-
flammatory responses that can result in death in severe cases [18]. Research
also indicates that constipation prolongs feed retention time in the digestive
tract, increasing microbial proliferation and endotoxin release and absorption,
ultimately leading to postpartum mastitis, metritis, and agalactia [15]. There-
fore, constipation is a non-negligible factor contributing to elevated endotoxin
levels in pigs.

1.3.2 Diarrhea

Diarrhea is a common disease in piglets, particularly in weaned piglets. The
causes of diarrhea in weaned piglets are multifactorial. Early weaning stress
causes dramatic changes in intestinal adaptation and impairs digestive function,
ultimately leading to diarrhea and even death [19]. Kiers et al. [20] reported
that early-weaned piglets have underdeveloped digestive function, low nutrient
digestibility, and may develop allergic reactions to dietary antigens, resulting
in diarrhea. Li et al. [21] investigated various antinutritional factors in soybean
meal (such as trypsin inhibitors, soybean agglutinin, and antigenic proteins) and
found these factors could increase intestinal epithelial cell permeability and mu-
cosal edema, accelerate crypt cell growth, and cause villus atrophy and reduced
absorptive area, leading to diarrhea. Because piglets have immature thermoreg-
ulatory function, inadequate insulation can compromise immunity and cause
diarrhea [22]. Diarrhea in piglets leads to congestion, hemorrhage, and edema
of intestinal epithelial cells, as well as damage and sloughing of intestinal villi,
altering and severely damaging intestinal structure [23]. Concurrently, stress-
induced diarrhea causes significant changes in intestinal flora, primarily char-
acterized by decreased populations of beneficial bacteria such as Lactobacillus
and increased populations of pathogenic bacteria such as E. coli [24]. These
changes destroy the intestinal microecological barrier, further exacerbating di-
arrhea. The increased pathogenic microorganisms and compromised intestinal
barrier result in elevated endotoxin concentrations in the gut and increased
systemic endotoxin entry [25], causing further damage to pigs.

2 Effects of Endotoxin on Pigs
2.1 Effects on the Respiratory System

Airborne endotoxin concentration is closely related to respiratory health status
in pigs. Endotoxin in the air can affect the porcine respiratory system to a
certain extent. Donham [7] found a correlation between airborne endotoxin
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concentration and pneumonia, pleurisy, and neonatal piglet mortality in a study
of 28 pig farms in southern Sweden. Thorn et al. [26] reported that airborne
endotoxin could induce toxic pneumonia. Other studies have shown that dust
and endotoxin in pig barns cause respiratory dysfunction and damage to the
nasal mucosa [27].

2.2 Effects on Production Performance

After entering the pig’ s body, endotoxin triggers a series of immune responses
that ultimately affect production performance. Decreased performance may re-
sult from two mechanisms: first, the immune response to endotoxin causes fever
and increased pro-inflammatory cytokines, reducing feed intake [28]; second,
the endotoxin-induced immune cascade alters metabolic processes, causing nu-
trients that would otherwise support growth to be reallocated to the immune
system, thereby reducing growth rate and feed efficiency [29]. Liu et al. [2§]
demonstrated that endotoxin-infected pigs showed substantially elevated levels
of interleukin (IL)-18, prostaglandin E2, cortisol, and insulin-like growth factor-
1, with average daily gain decreasing by 13% and average daily feed intake
decreasing by 12.8%. Chen et al. [30] intramuscularly injected weaned piglets
with LPS at a dose of 200 g/kg body weight and found that, compared with
the control group, the LPS group exhibited a 28% reduction in average daily
feed intake, a 43% reduction in average daily gain, and a 21% reduction in
feed conversion efficiency. Endotoxin-induced immune responses alter animal
metabolism primarily by affecting protein synthesis and catabolism. Chen et
al.” s [30] nitrogen balance trial also showed that, compared with the control
group, the LPS group had a 27% reduction in nitrogen intake, a 45% reduction
in nitrogen retention rate, and a 9% reduction in apparent nitrogen digestibility.
Research indicates that skeletal muscle protein breakdown rate increases after
endotoxin infection, possibly to meet the amino acid requirements for acute-
phase protein synthesis [31]. Additionally, inflammatory cytokines induced by
endotoxin, such as IL-6, IL-1, and tumor necrosis factor (TNF)-a, can reduce
protein synthesis and increase protein breakdown by decreasing the release of
anabolic hormones such as growth hormone and insulin-like growth factor and
increasing the release of catabolic hormones such as glucocorticoids [32].

2.3 Effects on Renal Na+/K+-ATPase

Pig endotoxin infection triggers a systemic immune response that increases the
expression of pro-inflammatory cytokines such as TNF-q, interferon-vy, 1L-6,
and IL-1 [33]. Inducible nitric oxide synthase (iNOS) is present in renal proxi-
mal tubular epithelial cells [34], and these pro-inflammatory cytokines stimulate
iNOS expression in renal epithelial cells, leading to nitric oxide (NO) produc-
tion [35]. NO has vasodilatory effects that can reduce renal blood pressure and
glomerular filtration rate [36]. NO and superoxide undergo a biradical addi-
tion reaction to produce the strong oxidant peroxynitrite anion (ONOO™) [37].
Na+/K+-ATPase is highly sensitive to free radicals and membrane lipid per-
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oxidation, and ONOOQO~ can inhibit its activity by oxidizing sulfhydryl groups
at the active site in renal proximal tubules [38]. Additionally, endogenous NO
can directly inhibit Na+/K+-ATPase activity in the kidney, causing oxidative
damage to proximal tubules and reducing their reabsorptive capacity [39].

3 Control Measures for Endotoxin

3.1 Dephosphorylation of Endotoxin by Intestinal Alkaline Phos-
phatase

Intestinal alkaline phosphatase (IAP) is an important enzyme located on the
apical brush border. During inflammatory responses, epithelial cells can in-
crease IAP expression to modify pro-inflammatory mediators produced by mi-
croorganisms. For example, IAP can dephosphorylate endotoxin on the outer
membrane of Gram-negative bacteria, thereby reducing its toxicity [40]. Con-
sequently, IAP can inhibit inflammatory cascades in the gastrointestinal tract
and suppress bacterial translocation [41]. However, changes in feed palatability
and digestibility after weaning reduce feed intake, and alterations in intesti-
nal morphology and physiology decrease IAP activity and expression on the
brush border [42]. Some feed additives, such as sodium butyrate and zinc, have
been found to promote IAP expression and activation [43]. Prakash et al. [44]
demonstrated that sodium butyrate upregulates IAP expression, and Kim et
al. [45] reported the role of zinc in promoting IAP expression, suggesting that
zinc-induced TAP overexpression may help improve intestinal health. Therefore,
adding feed additives such as sodium butyrate and zinc-containing supplements
can enhance TAP expression and reduce endotoxin-induced damage.

3.2 Spraying Vegetable Oil to Reduce Airborne Endotoxin

Airborne dust concentration is closely correlated with endotoxin content, and
spraying vegetable oil in pig barns can reduce both dust and endotoxin levels.
Spraying rapeseed oil in pig barns can reduce total airborne dust by 86% and
total airborne endotoxin by 82.5% [46]. Nonnenmann et al. [47] reported that in
fattening pig barns sprayed with soybean oil, inhalable dust concentration was
0.65 mg/m? compared with 1.39 mg/m? in control barns, representing a 54%
reduction in inhalable dust and a significant decrease in airborne endotoxin
content. However, this method is difficult to promote in practical production
due to high economic costs.

3.3 Strengthening Management to Reduce Disease Incidence

Research indicates that heat stress-induced hyperthermia may inhibit the ex-
pression of tight junction proteins in intestinal epithelium [48], thereby increas-
ing mucosal permeability and allowing more endotoxin to enter the bloodstream.
Therefore, environmental control and sanitation should be strengthened to avoid
heat stress and control endotoxin elevation in pigs. Additionally, diseases such
as constipation and diarrhea can increase intestinal endotoxin and damage the
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intestinal mucosal barrier, leading to increased systemic endotoxin entry [18,25].
Thus, maintaining balanced intestinal microflora, enhancing gut health, and re-
ducing the incidence of constipation, diarrhea, and other diseases can effectively
control endotoxin levels in pigs.

In summary, factors such as barn environment, feed, and disease can all increase
endotoxin levels in pigs. Endotoxin adversely affects the respiratory system, re-
nal Na+/K+-ATPase, and production performance in pigs. A series of measures
can be implemented in pig production to reduce endotoxin accumulation, includ-
ing enhancing intestinal alkaline phosphatase activity, spraying vegetable oil
in barns, strengthening management practices, and reducing disease incidence,
thereby improving pig health and production performance.
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