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Pasteurella multocida toxin (PMT) is one of the most important virulence factors 
of Pasteurella multocida type D. Pasteurella multocida infection has caused 
enormous economic losses in the pig farming industry. Although it is well 
known that this bacterial infection causes progressive atrophic rhinitis, its effects 
on other organ tissues in pigs are unclear. In this study, PMT was expressed and 
purified, and the cytotoxic effects of PMT on four types of swine cells, LLC-PK1, 
PAM, IPEC, and ST, were investigated. LLC-PK1 exhibited the highest sensitivity 
to the cytotoxic effects of PMT. Our studies revealed that a PMT concentration 
of 0.1  μg/kg can lead to weight loss, whereas a PMT concentration of 0.5  μg/kg 
can lead to death in mice. PMT causes damage to the intestines, kidneys, lungs, 
livers, and spleens of mice. Furthermore, PMT caused acute death in pigs at 
treatment concentrations greater than 5  μg/kg; at PMT concentration of 2.5  μg/
kg, weight loss occurred until death. PMT mainly caused damage to the hearts, 
lungs, livers, spleens and kidneys of pigs. The organ coefficient showed that 
damage to the heart and kidneys was the most severe and caused the renal 
pelvis and renal pyramid to dissolve and become cavitated. Pathology revealed 
hemorrhage in the lungs, liver, and spleen, and the kidneys were swollen and 
vacuolated, which was consistent with the damaged target organs in the mice. 
In conclusion, these findings demonstrate that PMT is extremely toxic in vitro 
and in vivo, causing damage to various organs of the body, especially the kidneys 
and lungs. This study provides a theoretical basis for the in-depth exploration of 
the cytotoxic effects of PMT on target organs.
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1 Introduction

The small, nonmotile, facultatively anaerobic, gram-negative coccobacillus Pasteurella 
multocida (P. multocida) belongs to the Pasteurellaceae family (Wilkie et al., 2012; Wilson and 
Ho, 2013). P. multocida is an important zoonotic agent that causes a wide spectrum of diseases 
in many species of domestic and wild animals and even humans, including hemorrhagic 
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septicemia (HS) in ungulates, fowl cholera (FC) in avian species, 
atrophic rhinitis (AR) in pigs, pneumonia in sheep and pigs, and 
snuffles in rabbits (Moustafa et al., 2015; Mbuthia et al., 2008; Lariviere 
et  al., 1992; García-Alvarez et  al., 2017; Digiacomo et  al., 1991). 
Occasional zoonotic infections in humans have been reported (Fátima 
et al., 2018; Donnio et al., 1991). P. multocida strains are categorized 
into five serotypes according to their capsular antigens: A, B, D, E, and 
F (Carter, 1955). P. multocida toxin (PMT) is expressed by Type D 
strains and some Type A strains of Pasteurella and is responsible for 
porcine AR (Amigot et al., 1998; Rutter, 1983). PMT mainly affects the 
turbinate bones and lungs of pigs, causing a series of secondary 
infections that result in serious losses to the global pig industry 
(Truswell et al., 2023; Peng et al., 2019).

PMT, a potent mitogenic protein (Lax and Grigoriadis, 2001), can 
induce cell proliferation by activating the PI3K-AKT signaling 
pathway (Preu et al., 2010), G proteins Gq/11 and G12/13, and the 
Gi/o receptor pathway (Orth et al., 2013; Seo et al., 2000; Baldwin 
et al., 2003). For example, PMT can stimulate the differentiation of 
osteoclasts (Ebner et al., 2019; Sushmita et al., 2017) and Swiss 3 T3 
cell proliferation (Oubrahim et al., 2012), activate ERK 1/2 and Akt 
phosphorylation in MLO-Y4 cells (Hannah et  al., 2018) and 
antiapoptotic pathways in HEK293 cells (Preu et  al., 2010) and 
increase the activity of NG108-15 neuronal cells (Surguy et al., 2014). 
Previous studies have reported that PMT mainly induces cell 
proliferation, causing a more significant toxic effect in bone cells 
(Kubatzky, 2022). PMT induces differentiation via Gαq/11-dependent 
activation of osteoclastogenesis (Hannah et al., 2018; Strack et al., 
2014). In contrast, PMT inhibits the differentiation of osteoblasts 
through the activation of Gαq/11 and transactivation of MAPK 
signaling cascades (Siegert et al., 2013). Studies utilizing the PMT-DTa 
fusion protein-induced cell death model to investigate LRP1 as a 
potential PMT receptor (Schoellkopf et  al., 2022) and employing 
immunoprecipitation to explore the potential receptors sphingomyelin 
(SM) and phosphatidylcholine (PC) (Brothers et  al., 2011) have 
yielded incomplete results. This inconsistency is primarily attributed 
to the involvement of PMT in receptor binding, which involves both 
the N-terminus and C-terminus of PMT (Clemons et  al., 2018; 
Bergmann et al., 2013; Kitadokoro et al., 2007). Moreover, several 
reports have described the effects of PMT on cell death. Previous 
studies have used guinea pigs as a model to evaluate these effects 
(Pennings and Storm, 1984). In addition, our previous research 
revealed that PMT induces PK15 cell death by regulating the CXCL8 
gene (Yuan et al., 2024). These studies indicate that the function of 
PMT is complex, and further exploration is warranted, especially for 
PMT-induced porcine cytotoxicity.

A previous study evaluated the systemic effects of P. multocida 
(Wilson and Ho, 2012). Immunohistochemical analysis of 30 cases of 
porcine dermatitis and nephropathy syndrome in pigs following brief 
clinical illness revealed P. multocida-specific staining in 26 cases. This 
staining was predominantly observed in the renal tubular epithelial 
cells of the proximal convoluted tubules, as well as in the glomeruli, 
renal vasculitis lesions, and the cytoplasm of interstitial mononuclear 
cells (Thomson et al., 2001). PMT can infect nasal turbinates directly 
when the toxin-producing strain is found in the nasal cavity of an 
animal. The toxins produced by P. multocida may also affect 
anatomical sites such as tonsils, where bacteria can colonize and 
subsequently spread throughout the body (Hamilton et al., 1998). In 
addition, several studies have shown that PMT causes myocardial 

fibrosis in mice (Weise et al., 2015) and weight loss and liver necrosis 
in rats (Cheville and Rimler, 1989). Previous studies have reported 
that PMT administered via intraperitoneal injection has a diverse 
range of tissue-and cell-specific in vivo effects in mice, including 
G-alpha protein modification, stimulation of proliferation markers, 
and expression of active β-catenin (Banu et al., 2020). More recently, 
PMT-induced pneumonia in mice has been reported (Xiao et al., 
2023). Therefore, we investigated the systematic correlation between 
PMT-induced cytotoxicity in vitro and targeted organ damage in mice 
and pigs in vivo. In this study, as previously described (Yuan et al., 
2024), PMT was initially expressed and subsequently assessed for its 
cytotoxic effects on various pig cell lines, including LLC-PK1, IPEC, 
ST, and PAM. Our findings indicate a significant cytotoxic impact of 
PMT on pig cells. Furthermore, the toxicological effects of PMT on 
mice were investigated, revealing a reduction in mouse weight, 
mortality and extensive organ damage at higher concentrations of 
PMT. This study subsequently assessed the toxic effects of PMT on 
pigs, revealing a correlation between increasing PMT concentrations 
and increasing toxicity levels, ultimately leading to significant organ 
damage. In particular, both in vitro and in vivo experiments revealed 
that the greatest toxic effects of PMT occur in the kidneys, causing 
severe renal vacuolization, kidney enlargement, and hydronephrosis. 
Histopathological analysis of renal tissues revealed increased 
congestion in the renal interstitium, multiple renal tubular dilatations, 
and hydropic degeneration in renal tubular epithelial cells, among 
other pathological changes. This comprehensive examination of both 
the in vivo and in vitro toxic effects of PMT lays the groundwork for 
further investigations into the pathogenic mechanisms of these toxic 
effects and has importance in the prevention and treatment of AR 
in pigs.

2 Materials and methods

2.1 Expression of the PMT recombinant 
protein

A recombinant His-tagged PMT or inactive PMT mutant (∆PMT) 
containing a C-terminal cysteine-to-serine alteration (C1165S) 
derived from P. multocida strain HN06 was expressed in E. coli (BL21 
strain) by cloning with a pColdI vector and purified by Ni2+ affinity 
chromatography with Profinity™ IMAC Ni-Charged Resin (Bio-Rad, 
United States). The concentration of PMT was quantified by a BCA 
protein assay kit (Biomed, China). The purified PMT protein was 
subsequently dialyzed in a dialysis bag and concentrated in a 50 kDa 
ultrafiltration tube (Millipore, United States). The detailed steps of the 
expression of PMT and ∆PMT were performed as we  previously 
reported (Yuan et al., 2024).

2.2 Cell culture

LLCPK (BNCC359398), ST (BNCC338128), PAM 
(BNCC338298), and IPEC (BNCC338252) cells were all purchased 
from BNCC. LLC-PK1, IPEC, and ST cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, United  States) 
supplemented with 0.37% sodium bicarbonate, 100 U/mL penicillin–
streptomycin (Solarbio, China), and 10% fetal bovine serum (FBS; 
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PNA, Germany) in a humidified atmosphere of 95% air and 5% CO2. 
PAM cells were cultured in RPMI 1640 (Gibco 31800-022) medium 
supplemented with 10% FBS in the presence of 
penicillin–streptomycin.

2.3 Cell viability assay

LLC-PK1, IPEC, PAM, and ST cells exhibiting superior growth 
characteristics were identified and seeded into 96-well plates at a 
density of 5,000 cells/150 μL. Upon reaching 90% confluence, the 
medium was replaced with PBS, and PMT at concentrations of 1 ng/
mL, 10 ng/mL, 100 ng/mL, and 1,000 ng/mL was added to the 
experimental group, while normal cells were maintained as a blank 
control. The cells were incubated in a constant-temperature incubator 
(with 5% CO2) at 37°C for 48 h in serum-free DMEM or RPMI 1640 
medium. Fifteen microliters of CCK-8 reagent (Meilun, Dalian, China) 
was dispensed into each well, followed by a 1-h incubation period at 
37°C. Absorbance readings were taken at a wavelength of 450 nm using 
a microplate reader (Thermo Scientific, Waltham, MA, United States). 
Cell viability was calculated as [(mean OD450 treatment-mean OD450 
blank)/(mean OD450 control-mean OD450 blank)] × 100%.

2.4 Mouse models

All the animal studies were conducted according to protocols 
approved by the Sichuan Agricultural University Ethics Committee 
(Approval Nos. SYXK 2019-187 and 20210035). C57BL/6 mice were 
purchased from Dossy (Chengdu, China). The mice were housed in 
cages with continuous access to food and water, with each cage 
accommodating a maximum of five female mice under controlled 
temperature (24°C) and humidity (55 ± 10%) conditions, with a 12 h 
light/dark cycle (lights on at 7:00 am). To prevent potential degradation 
of PMT by gastric acid and enzymes, the intraperitoneal (i.p.) route of 
administration was chosen. Consequently, in the PMT challenge 
experiments, male mice aged eight to ten weeks were randomly assigned 
to one of the experimental group or the control group. PMT doses of 
0.1 and 0.5 μg/kg (body weight) were diluted in PBS and administered 
to the mice via the i.p. route. Buffer (PBS, 0.1% BSA) and ∆PMT alone 
were used as controls. All the PMT-challenged or infected mice were 
monitored three times daily for signs of malaise or mortality for ten days 
post challenge, and their weights were measured daily. Necropsies were 
performed on the deceased mice, all remaining mice were euthanized 
after 10 days, and necropsies were subsequently conducted. Organs such 
as the heart, liver, spleen, lungs, kidneys, and intestines were harvested 
from the mice and preserved in 4% paraformaldehyde for future analysis.

2.5 Swine models

All the animal studies were conducted according to ethical 
regulations under protocols approved by Sichuan Agricultural 
University (Approval Nos. SYXK 2019-187 and 20210035). The piglets 
were obtained from Sichuan Agricultural University. Pigs were housed 
in cages with 24-h free access to food and water, with each cage holding 
a maximum of three male pigs at a constant temperature (30°C) under 
a 12 h light/dark cycle (lights on at 7:00 am). Following a one-week 

period of acclimatization to the environment, all the piglets were 
allocated into experimental groups or control groups through random 
assignment. The piglets were then administered varying concentrations 
of PMT (1.5 μg/kg, 2.5 μg/kg, 5 μg/kg, and 10 μg/kg) via intramuscular 
injection into the neck, with the control group receiving physiological 
saline. Signs of malaise or mortality were monitored and recorded daily, 
and regular weighing was conducted throughout the 14-day feeding 
period. All the piglets were euthanized and dissected to obtain select 
organs and tissues, including the heart, liver, spleen, lungs, and kidneys, 
for the weighing and photographic documentation to calculate the 
organ coefficient. Additionally, fresh organ tissues were selected and 
fixed with 4% paraformaldehyde for subsequent pathological sectioning 
and histological analysis by hematoxylin and eosin(H&E) staining.

2.6 Organ coefficient

Prior to dissection, the deceased piglets were weighed, and their 
weight were recorded. Various organs, including the heart, liver, 
spleen, lungs, and kidneys, were subsequently extracted from piglets. 
Each organ was cleaned with physiological saline, surface moisture 
was absorbed using standard paper towels, the samples were weighed, 
and the weight of each organ was recorded. Organ coefficients (e.g., 
heart coefficient, liver coefficient, kidney coefficient, spleen coefficient 
and lung coefficient) were calculated by dividing the net weight of 
each organ by the body weight of the respective piglet.

2.7 H&E staining

Freshly harvested mouse and pig tissues were fixed with 4% 
formalin in phosphate buffer. The tissues were rinsed with running 
water for 30 min, subjected to antigen retrieval, and subsequently 
placed in a pathological embedding plastic basket for dehydration via 
a series of ethanol solutions (75% ethanol for 6 h, 85% ethanol for 10 h, 
95% ethanol for 4 h, anhydrous ethanol for 12 h, and anhydrous 
ethanol for 2 h). The samples were then subjected to transparency 
treatment (xylene I for 20 min, xylene II for 15 min) and immersion 
in wax for 3 h, and the tissue block was finally embedded in paraffin. 
The tissue was subsequently sectioned into 5 μm thin slices using a 
slicer (RM2235, Leica, Germany), flattened in warm water, transferred 
onto a glass slide, and baked at 60°C for 2 h. Following dewaxing with 
xylene, the tissue slices underwent washing with running water for 
20 min, staining with hematoxylin (Thermo Scientific, Waltham, MA, 
United States) for 30 min, further washing for 20 min, differentiation 
with hydrochloric acid alcohol, staining with eosin (Thermo Scientific, 
Waltham, MA, United States) for 5 min, dehydration with gradient 
alcohol, transparency treatment with xylene, and sealing with resin 
adhesive. The tissue was subsequently examined under a microscope 
to observe pathological changes, and a microscopic imaging system 
(DM1000, Leica, Germany) was used to capture images and document 
normal tissue or areas displaying evident lesions.

2.8 Statistical analysis

Body weight data from the mice and pigs are presented as the 
means ± standard deviations (SDs). Analysis of variance (ANOVA) 
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with post hoc tests was used to assess significant differences between 
two groups, and survival curves were compared using the log-rank 
Mantel–Cox test with GraphPad Prism 9 software (GraphPad 
Software, Inc., San Diego, CA, United  States). Differences were 
considered statistically significant if the p value was <0.05.

3 Results

3.1 Cytotoxic effects of PMT on pig cells

We investigated the cytotoxicity of PMT in porcine cells in vitro. 
As we previously reported (Yuan et al., 2024), the expected molecular 
mass of the PMT protein was confirmed via SDS–PAGE (Figure 1A, 
lines 1–3). Consistent with the SDS–PAGE results, Western blotting 
analysis with monoclonal anti-His antibodies verified the expression 
of PMT (Figure 1B, line 1). Varying concentrations of PMT elicited 
differential cytotoxic responses across distinct cell types. Compared 
with PAM, ST and IPEC cells, LLC-PK1 cells became rounded and 
died in significant amounts after treatment with PMT at a 
concentration of 1 ng/mL (Supplementary Figure S1). LLC-PK1 cells 
exhibited significant decreases in viability following 48 h of exposure 
to a PMT concentration of 1 ng/mL, as determined by the CCK-8 
assay (Figure  1C). However, further increases in the PMT 
concentration did not result in an augmented cytotoxic effect on 
LLC-PK1 cells (Figure 1C and Supplementary Figure S1). Similarly, 
various concentrations of PMT exerted a range of cytotoxic effects on 
PAM and ST cells after 48 h of exposure (Figures 1D,E). In contrast, 
PMT treatment had a dose-dependent effect on cell proliferation only 
in IPEC cells; as the concentration of PMT increased, the effects on 
cell proliferation became more pronounced (Figure 1F). The observed 
cytotoxicity results suggest that PMT expression results in substantial 
toxicity and robust activity in vitro. Consequently, the toxicity of PMT 
was investigated in vivo.

3.2 Clinical characteristics of PMT toxicity 
in mice

To evaluate the toxicological impact of PMT on various organs 
and tissues in mice, a low concentration of PMT (0.1 μg/kg) was 
administered via i.p. injection. The inactive mutant ΔPMT (containing 
a mutation of cysteine-to-serine at the 1165th amino acid position of 
PMT) and PBS were employed as negative controls. The mice were 
continuously monitored, and their body weights were recorded daily. 
Observations revealed a decrease in overall activity levels and a 
gradual reduction in body weight after PMT treatment. After the fifth 
day, the weights of the mice did not decrease and gradually increased 
over time (Figure  2A). Although no mortality was observed, the 
findings suggested that a dose of 0.1 μg/kg PMT had toxic effects on 
the mice (Figure  2B). We  subsequently increased the dose of 
PMT. Injection of 0.5 μg/kg PMT into the abdominal cavity of mice 
resulted in a significant reduction in body weight (Figure  2C). 
Mortality was first observed by the fifth day, and a progressive decline 
in survival was noted over time (Figure 2D). In contrast, the mice in 
the control groups, which included the ΔPMT and PBS groups, 
exhibited no weight loss (Figure 2D). These findings indicate that 
PMT has a substantial toxic effect on mice.

3.3 Organ damage caused by PMT in mice

To further investigate the impact of PMT on various organs in 
mice, we  dissected and collected samples from mice that were 
administered 0.5 μg/kg PMT. Pathological staining of organ tissues 
was subsequently performed. In the control groups, the epithelial cells 
within the mucosal layer exhibit an intact architecture, with no signs 
of damage, and the villi were distinctly visible, orderly and devoid of 
any pathological alterations (black arrows). Compared with the PBS 
control group, the PMT-exposed group showed significant intestinal 
villus shedding, severe cellular steatosis (yellow arrows), and extensive 
infiltration of adipocytes into the mucosal lamina propria of the small 
intestine, which resulted in the disappearance and partial detachment 
of the epithelium. The mucosal layer of the intestine exhibited 
looseness and swelling (red arrows) (Figure  3A and 
Supplementary Figure S2A). In the PBS control group, no red blood 
cells were found (black arrows) within the alveolar spaces, and the 
lung tissue appeared normal. Conversely, the mice in the treatment 
group exhibited mild pulmonary hemorrhage, characterized by the 
presence of a small quantity of erythrocytes (yellow arrows) and blood 
vessel congestion (red arrows) within the alveolar spaces (Figure 3B 
and Supplementary Figure S2B). Additionally, renal histopathology 
revealed increased congestion in the renal interstitium (black arrows) 
in the PMT treatment group (Figure  3C and 
Supplementary Figure S2C). The demarcation between the red and 
white pulp of the spleen was distinct, with the splenic sinuses in the 
red pulp region appearing enlarged and congested (yellow arrows). 
Localized hemorrhaging was evident, accompanied by substantial 
deposition of brown pigment (green arrows). Numerous nuclear 
fragments and dissolution were present within the lymphoid follicles 
in the spleen (yellow arrows) (Figure  3D and 
Supplementary Figure S2D). The liver showed mild hemorrhaging 
(black arrows) (Supplementary Figure S2E), and a minor accumulation 
of red blood cells was observed within the hepatic sinusoids (green 
arrows). Additionally, there was occasional karyopyknosis and deep 
staining of hepatocyte nuclei, and increased eosinophilia, accompanied 
by a modest infiltration of neutrophils (yellow arrows) (Figure 3E and 
Supplementary Figure S2E). No significant pathological alterations 
were observed in the cardiac tissue in the PBS control group, and a 
minor accumulation of red blood cells was detected in the heart after 
with PMT treatment (black arrows) (Figure  3F and 
Supplementary Figure S2F). As a negative control group, ΔPMT-
exposed mice presented no significant pathological alterations in their 
tissues (Figure  3 and Supplementary Figure S2). These findings 
suggested that PMT induced varying degrees of damage across 
multiple organs in mice, with the small intestine, which was directly 
exposed to PMT, showing the most pronounced damage. Additionally, 
organs such as the lungs, kidneys, liver, and spleen were affected to 
different extents.

3.4 In vivo effects of PMT toxicity on pigs

According to the above findings, PMT had notable cytotoxic 
effects on various cell types, including pig kidney cells, lung cells, 
intestinal epithelial cells, and testicular cells. Furthermore, PMT 
resulted in substantial organ damage in mice, including damage to the 
kidneys, lungs, spleen and intestines. To expand upon those results, 
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we sought to investigate the toxic effects of PMT on pigs. Varying 
concentrations of PMT were administered randomly into the neck 
muscles of weaned piglets. At concentration of 5 μg/kg and 10 μg/kg, 

all piglets died within 3 days. Compared with the PBS control group, 
acute toxicity was observed in piglets exposed to PMT at a 
concentration of 2.5 μg/kg, resulting in mortality, whereas no deaths 

FIGURE 1

Expression of PMT and analysis of its in vitro cytotoxicity. (A) Expression of PMT. M, protein marker; lines 1–3, recombinant His-tagged PMT. 
(B) Western blotting verification of the PMT protein. M, protein marker; line 1, recombinant His-tagged PMT. (C) CCK-8 assay of the viability of LLC-PK1 
cells after incubation with 1, 10, 100 or 1,000  ng/mL PMT for 48  h. (D) CCK-8 assay of the viability of PAM cells treated with different concentrations of 
PMT for 48  h. (E) CCK-8 assay of ST cells after incubation with different concentrations of PMT for 48  h. (F) CCK-8 assay of ST cells after incubation 
with different concentrations of PMT for 48  h. Data are presented as the means ± SDs n  =  3. ns  >  0.05, * p  <  0.05, ** p  <  0.01, *** p  <  0.001.
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occurred at a concentration of 1.5 μg/kg (Figure  4A). The piglets 
treated with 2.5 μg/kg PMT exhibited progressive weight less over 
time, and the piglets treated with 1.5 μg/kg PMT had lower weights 
than the control piglets did. Over time, the weights of the piglets 
gradually normalized (Figure 4B). Following euthanasia, the piglets 
were dissected, and the weights of their hearts, livers, spleens, lungs, 
and kidneys were recorded. Owing to the limited sample size of the 
piglets, differential analysis could not be  performed, but the data 
revealed an obvious increase in the heart coefficient with increasing 
PMT dose (Figure  4C). As the dose of PMT increased, the liver 
coefficient increased correspondingly (Figure  4D). The spleen 
coefficient slightly increased (Figure 4E), and the lung coefficient also 
demonstrated an upward trend (Figure 4F). In contrast, the kidney 
coefficient initially increased but subsequently decreased with 
increasing PMT challenge dose, reaching its peak value at a dose of 
2.5 μg/kg (Figure 4G). These findings indicate that piglets are highly 
likely to die from PMT-induced damage to various tissues and organs.

3.5 Organ damage caused by PMT in pigs

Photographs were taken of the organs of the dissected piglets, 
and the PMT-treated pigs were compared with those of the PBS 

control piglets. Following the administration of PMT to piglets at 
dosages of 5 μg/kg and 10 μg/kg, post-mortem examinations revealed 
varying degrees of organ damage across all the samples. The skin of 
the infected piglets clearly exhibited jaundice, and post-mortem 
examinations revealed pronounced yellow discoloration in the heart 
and liver of piglets exposed to 5 μg/kg PMT (Supplementary Figure S3). 
These findings indicated that the piglets succumbed to multiple 
organ failure induced by PMT. We  subsequently analyzed organ 
damage in piglets treated with 2.5 μg/kg and 1.5 μg/kg 
PMT. Following the administration of 2.5 μg/kg PMT, the piglets 
displayed symptoms of cardiac bleeding and jaundice, along with 
liver bleeding and lung damage, as indicated by the red arrows. The 
spleen exhibited brown deposits, with the most notable findings 
being kidney enlargement, severe vacuolization, and hydronephrosis. 
Anatomical examination revealed significant damage to the renal 
pelvis, as indicated by the red arrows (Figure 5). When piglets were 
administered PMT at dosages of 5 μg/kg and 10 μg/kg, acute 
mortality was observed. The clinical manifestations of poisoning and 
organ damage were analogous to those observed in piglets 
administered 2.5 μg/kg PMT, except that the onset of symptoms was 
delayed in piglets treated with the lower dose. Conversely, when 
PMT was administered at a dose of 1.5 μg/kg, the piglets exhibited 
slight liver swelling and brown pigment deposition in the spleen, 

FIGURE 2

Effect of PMT treatment on weight gain in C57BL/6 mice. Effects of low-dose and high-dose PMT treatment in mice in vivo. The mice were treated 
with 0.1  μg/kg or 0.5  μg/kg (body weight) recombinant PMT, ∆PMT (∆PMT; 0.1  μg/kg or 0.5  μg/kg), or PBS for 10  days as indicated. Body weights were 
measured and are depicted as (A) actual weights from 0 to 10  days (A, PMT; 0.1  μg/kg) and (B) the percentage of living mice after 0 to 10  days of 
incubation with 0.1  μg/kg PMT. (C) Actual weights of the mice from 0 to 10  days after incubation with 0.5  μg/kg PMT. (D) The percentage of living mice 
from 0 to 10  days after incubation with 0.5  μg/kg PMT. The data are presented as the means ± SDs (n  =  4–8 per group).
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whereas no significant changes in other organs were observed 
(Figure 5).

Following the administration of 2.5 μg/kg and 1.5 μg/kg PMT to 
the piglets, H&E staining was conducted on their organs and tissues. 

Piglets exposed to 2.5 μg/kg PMT exhibited significant organ damage. 
Specifically, compared with those in the control group, the renal tissue 
of PMT-treated piglets exhibited several pathological alterations: renal 
tubular dilation (black arrows), widespread renal tubular atrophy 

FIGURE 3

Pathological damage to mouse organs after treatment with PMT. Hematoxylin and eosin (H&E) was used to stain the intestines, lungs, kidneys, spleens, 
livers and hearts of the mice after i.p. injection with 0.5  μg/kg PMT (body weight), 0.5  μg/kg ∆PMT (body weight) or PBS. (A) The normal and damaged 
intestinal tissues are marked with different colored arrows. (B) The normal and damaged lung tissues are indicated with different colored arrows. 
(C) Damaged kidney tissue is marked with black arrows. (D) Damaged spleen tissue is marked with different colored arrows. (E) The damaged liver 
tissue was marked with black and green arrows. (F) Damaged heart tissue is denoted with black arrows. Scale bar, 50  μm.
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(green arrows), the lumen of the renal tubule showed narrowing or 
even complete obliteration (red arrows); numerous of hydropic 
degeneration of renal tubular epithelial cells, characterized by loosely 
and pale stained cytoplasm (yellow arrows); and increased connective 

tissue with small amount of lymphocytic infiltration (white arrows). 
Minor renal tubular epithelial cell necrosis with karyopyknosis (blue 
arrows) occurred (Figure  6A and Supplementary Figure S4A). 
However, compared with those in the PBS control group, in the piglets 

FIGURE 4

Lethal toxicity of PMT in piglets. (A) Weaned WT piglets were treated with different concentrations of PMT via intramuscular injection, and PBS-treated 
piglets served as the control. The piglets were continuously observed for 14  days, piglet mortality was recorded, and the survival rate was calculated. 
(B) After different doses of PMT were administered to piglets, the weights of the piglets were recorded and analyzed within 14  days. (C–G) After 14  days 
of continued feeding, all piglets were subsequently euthanized, piglet organ tissues were removed and weighed, and their organ coefficients were 
calculated and analyzed. (C) Heart coefficient, (D) liver coefficient, (E) spleen coefficient, (F) lung coefficient, and (G) kidney coefficient. The data are 
presented as the means ± SDs (n  =  2–3).
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exposed to 1.5 μg/kg PMT, in the renal cortex, the glomeruli were 
evenly distributed, indicating a consistent and uniform the cellular 
and matrix components of the glomeruli (black arrows), the epithelial 
cells of the renal tubules were characterized by their rounded and full 
morphology, with brush borders that are orderly and regularly 
arranged (yellow arrows); the renal medulla demonstrates no 
observable abnormalities, and there was no significant hyperplasia in 
the interstitium. Additionally, no significant inflammatory changes 
were detected (Figure 6A and Supplementary Figure S4A). After PMT 
treatment, liver cells exhibited significant damage characterized by 
steatosis in hepatic cells (black arrows), hepatocellular necrosis, 
karyopyknosis and fragmentation (green arrows), increased 

eosinophilia, congestion and dilation of hepatic sinusoids (blue 
arrows), and minor deposition of lipofuscin (yellow arrows) 
(Figure 6B and Supplementary Figure S4B). The lungs exposed to 
2.5 μg/kg PMT displayed pronounced hemorrhage, edema (black 
arrows), widened alveolar septa, a few fibrillar protein deposition in 
the alveolar spaces (yellow arrows). Notably, a substantial presence of 
red blood cells, neutrophils (green arrows), and alveolar macrophages 
was observed, and piglets exposed to 1.5 μg/kg PMT exhibited mild 
pulmonary congestion and a minimal presence of erythrocytes 
(Figure 6C and Supplementary Figure S4C). With PMT treatment, an 
abundance of lymphocytes was observed in the white pulp of spleen 
(black arrows), along with a substantial presence of spleen trabecula 
in the red pulp (yellow arrows), with no significant abnormalities 
detected overall (Figure  6D and Supplementary Figure S4D). No 
significant alterations were noted in the heart relative to the animals 
in the control group, and the myocardial fibers exhibited a slightly 
loose arrangement, accompanied by punctate lymphocyte infiltration 
(green arrows) (Figure 6E and Supplementary Figure S4E). These 
findings unequivocally illustrate the pronounced toxic impact of PMT 
on porcine physiology, resulting in diverse types of organs and tissue 
damage. This study provides initial documentation of PMT-induced 
toxicity in pigs, highlighting its deleterious effects on multiple organs 
that ultimately lead to fatal outcomes.

4 Discussion

An important toxin produced by P. multocida, PMT primarily 
induces nasal turbinate atrophy (To et al., 2005). Most previous studies 
have concentrated on the transport of the PMT protein and its role in 
inducing cell proliferation (Repella et  al., 2011; Hildebrand et  al., 
2015). However, there are also reports that PMT promoted cell death 
in PK15 pig kidney cells (Yuan et al., 2024), suggesting that PMT 
exhibits varying forms of toxicity across different cell types. Our 
findings demonstrate that PMT is highly toxic to porcine cells, 
specifically LLC-PK1 cells, which are renal proximal tubular epithelial 
cells. These cells exhibited significant cell death upon PMT 
stimulation, underscoring the strong cytotoxic effects of 
PMT. Additionally, the PAM and ST cells also exhibited a degree of 
cell death when treated with PMT. However, only IPEC cells exhibited 
significant cell proliferation under PMT stimulation. These results 
underscore the distinct cell-specific toxicity of PMT, highlighting its 
potential for targeted porcine renal cell death. Although we did not 
further investigate the mechanism underlying the death of LLC-PK1 
cells, screening for the PMT receptor on basis of its toxic effects on 
porcine renal cells may yield novel insights. The lack of emphasis on 
non-bone cell targets and the absence of a reliable model for 
PMT-induced cell lethality has hindered the identification of key PMT 
receptors in host cells, underscoring the importance of further 
research in this area.

Turbinate atrophy, the primary manifestation of PMT toxicity, is 
a common research focus (Williams et al., 1990; Hsuan et al., 2009), 
and the nasal bone is a well-established target organ of PMT in vivo 
because of its causal relationship with AR. Other studies have 
demonstrated that PMT also mediates proliferation in pig bladder 
epithelium (Hoskins et al., 1997), induces liver and kidney damage in 
pigs and rats (Rutter and Mackenzie, 1984; Cheville and Rimler, 1989), 
and causes hypertrophy of mouse heart tissue (Weise et al., 2015). 

FIGURE 5

Toxic effects of PMT on piglet organs. The piglets were administered 
different concentrations of PMT. The piglets exposed to 2.5  μg/kg 
(body weight) PMT were promptly dissected after death, whereas 
those exposed to 1.5  μg/kg (body weight) PMT and the PBS control 
treatment were dissected after a 14-day period. Organs, including 
the heart, liver, spleen, lung, and kidney, were extracted for 
photographic documentation, and organ damage is indicated with 
red arrows. Transverse images of the renal tissue were captured to 
assess the extent of damage to the renal pelvis, renal cortex, and 
renal medulla (red arrows).
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FIGURE 6

H&E pathological staining of organs and tissues in pigs. Hematoxylin and eosin (H&E) was used to stain the lungs, kidneys, spleens, livers and hearts of 
piglets after injection with PMT at 1.5  μg/kg or 2.5  μg/kg (body weight) or PBS after 14  days. (A) The normal and damaged kidney tissues are marked with 
distinct colored arrows. (B) Damaged liver tissue is identified with various colored arrows. (C) The normal and damaged lung tissues are indicated with 

(Continued)
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These findings suggest that, in addition to bone tissue, PMT may have 
additional in vivo targets. However, the cytotoxic effects of PMT on 
multiple organs have been overlooked. Comprehensive investigations 
into the in vitro cytotoxicity and in vivo target organ toxicity of PMT 
are lacking. Although mice are frequently employed as animal models 
for pathogen research, discrepancies may still exist between studies 
conducted on mice and those conducted on host pigs. Notably, pigs 
are highly susceptible to P. multocida, with PMT predominantly 
targeting the nasal bones of pigs. A small number of studies have 
reported that PMT may induce nasal turbinate atrophy in piglets 
(Dominick and Rimler, 1986; Horiguchi, 2012); however, the effects 
on their internal organs remain poorly understood. To address this, 
we exposed both mice and piglets to varying concentrations of PMT 
to comprehensively assess its damaging effects on target organs in 
different organisms. Given that PMT is a protein toxin, administration 
can only be achieved via injection. Intraperitoneal injection of 0.1 μg/
kg PMT in mice did not result in mortality but did impact growth and 
weight, with weight gradually increasing as the mice developed 
tolerance. This finding is consistent with the results of PMT 
administration via intramuscular injection at a dosage of 1.5 μg/kg in 
piglets, wherein an initial decline in body weight was noted, followed 
by a gradual recovery over time. These findings demonstrate that 
low-dose PMT can cause weight loss (Banu et  al., 2020). Several 
studies have shown that the subcutaneous injection of PMT in rats 
results in significant hepatic injury and growth inhibition (Cheville 
and Rimler, 1989). These findings are consistent with observations of 
PMT toxicity in mice and piglets. However, in addition to hepatic 
damage, we also observed concurrent injury to the lungs and kidneys. 
It was speculated that since the liver is the primary metabolic organ, 
it is susceptible to varying degrees of damage from most toxins (Zhu 
et al., 2021; Kessoku et al., 2021; Cai et al., 2024). Additionally, the 
lungs, the primary target organ of P. multocida (Peng et al., 2017), 
exhibit a certain degree of pathological damage.

The administered dose of PMT was subsequently increased. Mice 
that were challenged intraperitoneally at a dose of 0.5 μg/kg exhibited 
both weight loss and mortality. Similarly, piglets subjected to an 
increased dosage of 2.5 μg/kg not only experienced weight loss but 
also demonstrated significant mortality. Pathological examination of 
the anatomical tissues from deceased mice and piglets revealed 
varying degrees of organ damage, with the most severe damage 
observed in the intestines of mice. This pronounced intestinal damage 
is likely attributable to the intraperitoneal injection of 
PMT. Examination of the organs of the piglets, showed that all organs 
exhibited varying degrees of damage. Pathological staining confirmed 
that multiple organ tissues were affected to different extents, with the 
liver and kidneys being the most severely compromised. This 
phenomenon could be  because PMT, as an exogenous protein, 
undergoes metabolism and degradation in the body, resulting in 
heightened damage to metabolic organs (Xiao et al., 2023; Meng et al., 
2021; Guo et  al., 2024). These observations corroborate previous 
research indicating that PMT can induce organ damage in animals 
(Hennig et al., 2008; Chrisp and Foged, 1991; Rajeev et al., 2003). 
Furthermore, immunohistochemical analysis of pigs afflicted with 

kidney disease demonstrated that P. multocida was predominantly 
localized within the renal tubular epithelial cells adjacent to the 
tubules. Additionally, the bacterium was detected in the cytoplasm of 
glomeruli, within renal vasculitis lesions, and among interstitial 
monocytes (Thomson et  al., 2001). Critical observation via 
pathological analysis of damaged organ tissues from mice and pigs 
revealed that the kidneys and lungs were the most severely affected 
organs. Notably, these organs exhibited pronounced renal damage and 
pulmonary hemorrhage compared with other tissues. This finding is 
consistent with the substantial cell death in LLC-PK1 and PAM cells 
induced by PMT in vitro. Therefore, the kidney is a potential target 
organ for PMT. Furthermore, the administration of higher doses of 
5 μg/kg and 10 μg/kg PMT to piglets resulted in acute poisoning, 
leading to mortality. Upon dissection, notable yellow discoloration 
was observed in the hearts and livers of piglets exposed to 2.5 μg/kg 
and 5 μg/kg PMT. The literature indicates that poisoning in piglets can 
result in hepatic metabolic damage, subsequently leading to jaundice 
(Wang et al., 2023; Osuna et al., 1982).

This study is subject to certain limitations, primarily due to the 
constraints associated with large-scale animal experiments and the 
challenges in precisely quantifying the levels of PMT toxins secreted by 
P. multocida in pigs. Our study included only 2–3 piglets per group, 
which is insufficient for conducting a robust difference analysis; 
however, as large experimental animals, pigs can yield valuable insights 
even with a limited sample size. Referencing similar studies with small 
sample sizes (Wang et  al., 2021; Chen et  al., 2023) and pertinent 
research findings showed that the intramuscular administration of 
4 μg/kg PMT expressed in vitro replicated the symptoms of nasal nail 
bone atrophy in piglets infected with P. multocida (To et al., 2005). For 
a more comprehensive analysis of the piglet challenge experiments, 
we selected PMT dosages ranging from 10 μg/kg to 1.5 μg/kg. Notably, 
the piglets receiving a 2.5 μg/kg dose or greater died, whereas those 
receiving the 1.5 μg/kg dose survived; however, those piglets presented 
significant clinical symptoms. Although the administered PMT dosage 
was lower than that reported in the literature, it nonetheless resulted in 
mortality and exacerbated tissue damage. This phenomenon is likely 
attributable to advancements in protein expression and purification 
technologies, which have significantly improved the purity of the 
expressed PMT protein (Xiao et al., 2023; Yuan et al., 2024). Given the 
inherent challenges in precisely quantifying the concentration of PMT 
secreted by a body infected with P. multocida, on the basis of relevant 
research findings that our results were solely confined to the mortality 
and organ damage in piglets induced by PMT, with no manifestation 
of symptoms analogous to those engendered by P. multocida infection, 
particularly the characteristic nasal nail bone atrophy and alterations 
of facial morphology in pigs (Sakano et al., 1992; Chung et al., 1990; 
Ackermann et al., 1991). Therefore, we can only infer, the concentration 
of PMT secreted in vivo may be approximately 1.5 μg/kg or even less. 
Low concentrations of PMT were found to induce weight loss and 
hinder growth in mice and piglets, whereas high concentrations 
resulted in mortality.

In conclusion, the importance of this research lies in the 
systematic demonstration of the ability of PMT to induce specific toxic 

different colored arrows. (D) Damaged spleen tissue is denoted with black and yellow arrows. (E) Damaged heart tissue is marked specifically with 
green arrows. Scale bar, 100  μm.

FIGURE 6 (Continued)
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effects on renal cells and tissues, thereby establishing a model for 
PMT-induced renal cell death toxicity. This model can facilitate the 
identification of key PMT receptors and the analysis of the interaction 
between PMT and host receptors, which will be the focus of our future 
investigations. Our study systematically examined the distinct toxic 
effects of PMT on various cell types and organ tissues using both 
cellular and animal models. Our findings elucidated the deleterious 
impact of PMT in vitro, which are consistent with the organ damage 
observed in vivo for the first time. Acute toxicity of PMT most 
significantly harms to the kidneys and lungs, leading us to hypothesize 
that the kidney and lungs may serve as the principal target organs of 
PMT. These results establish a framework for future investigations into 
the toxicity mechanisms of PMT and offer a theoretical basis for the 
development of targeted therapies for PMT-related drugs. 
Additionally, our study provides a reference point for further research 
on the in vivo toxicity of different exogenous proteins.
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