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Background: Staphylococcus aureus is considered one of the major threats regarding food
safety worldwide. Methicillin-resistant S. aureus (MRSA) strains in livestock, companion
animals, and wild animals continue to be a potential risk to people working with them.
Aim: The current research aims to investigate the potential pathways of livestock-associated
methicillin-resistant Staphylococcus aureus (LA-MRSA) strains in the body after oral infec-
tion using the experimental mouse model.

Methods: Seven groups of SPF male mice were purchased and housed. On day 1, six groups of
mice were infected orally by the sterile gastric probe using 100 pL/mice of LA-MRSA bacterial
suspension (1 x 108 colony-forming units (CFU)/mL). The remaining group was kept as negative
controls. Over 15 days, these animals have been monitored. Fresh fecal samples were screened
for LA-MRSA at day 0, day 7 and day 14 following oral administration of MRSA strains. All
animals were sacrificed at day 15, and internal organs (liver, lung, kidney, and intestine) were
harvested aseptically and divided into two sections. The first part was histopathologically
investigated, while the other half has been tested for LA-MRSA re-isolation.

Result: The oral challenge of mice by MRSA strains showed that MRSA was re-isolated from
feces and intestines of all inoculated mice groups and from internal organs (liver, lung, kidney and
intestine) of most mice. Results were confirmed by the detection of the bacteria in gram-stained
tissue sections and changes in H&E-stained histopathological tissue sections from these organs.
Conclusion: Data from the present study indicate the possible colonization of livestock-
associated methicillin-resistant Staphylococcus aureus (LA-MRSA) in internal organs fol-
lowing oral infection and thus posing a risk for food-borne infection of MRSA. Infected
animals could pass LA-MRSA through feces again, resulting in increased dispersion and
environmental contamination.

Keywords: Staphylococcus aureus, MRSA, animal model, mice, oral challenge, PCR,
histopathology

Introduction
Food-borne diseases constitute a public health problem worldwide. To date, there
have been more than 250 different foodborne diseases, most of which are infections
caused by bacteria, viruses and parasites.

Staphylococcus aureus has a major threat regarding food safety and occupa-
tional health and is one of the most common agents incriminated in food poisoning
outbreaks worldwide.' It is responsible for more than 10% of foodborne outbreaks

associated with cheese, milk and other dairy products.”
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Methicillin-resistant S. aureus (MRSA) are of public
health importance. MRSA infections are associated with a
worse prognosis than methicillin-susceptible S. aureus
infections.”* Emergence of these resistant strains is due
to the acquisition of mecAd gene encoding Penicillin-
Binding Protein 2a (PBP2a), which belongs to the family
of enzymes necessary for building the bacterial cell wall.’
The presence of methicillin-resistant S. aureus strains
(MRSA) in food-producing animals and its detection in
retail meat samples raises the concern about the potential
food-borne transmission of MRSA.®

Before the 1990s, the majority of MRSA cases were
hospital-associated (HA-MRSA); however, the commu-
nity-associated MRSA (CA-MRSA) then found to cause
infections outside the healthcare environment. The third
major emergent type of MRSA has been reported in live-
stock animals [livestock-associated MRSA (LA-MRSA)].

This widespread of CA-MRSA and LA-MRSA has raised
the question of whether MRSA is a potential foodborne patho-
gen or not. This prompted researches for determining the
origin and pathways of LA-MRSA and its ability to cause
zoonotic disease in human.” Furthermore, MRSA is in need to
be studied closely in an attempt to control its spread.®

Using animal models to study a particular disease
whose features closely resemble those of disease in man
are necessary in order to understand its pathogenesis and
possible pathways. Numerous mouse models have been
developed as substitutes for the study of infections with
S. aureus occurring in humans. These include subcuta-
neous injection of staphylococci to generate skin and soft
tissue infections,” intravenous challenge with staphylo-
cocci to induce sepsis,'® or endocarditis'' and intranasal
instillation of staphylococci to induce pneumonia.'> Our
study used an oral-challenged mouse model to study the
possible pathways of MRSA strains following oral infec-
tion and the understand the consequences of its sources
and transmission.

Materials and Methods

Experimental design and protocols for laboratory animal hous-
ing and inoculations had been reviewed and approved by the
Scientific Research Committee and Bioethics Board of Cairo
University, Faculty of Veterinary Medicine, Giza, Egypt.

Bacterial Strains
MRSA strains previously obtained from milk of Mastitic
animals (Cattle, buffalo and goat) were used in this study.

The used strains were related to Dorgham et al."

Bacterial strains were inoculated onto trypticase soy
agar with 5% sheep blood and incubated for 18 to 24 hrs
at 35°C.

Bacterial suspension was prepared by mixing the
obtained colonies in sterile 0.9% NaCl.

MRSA cells were suspended at a concentration of 1 X
10® colony-forming units (CFU)/mL in saline using
McFarland standard.'*

In vivo Infectivity Assays Mice

Four weeks old, SPF male mice weighing 25 to 33 g were
purchased. Mice were maintained under standard ethical
conditions recommended by the Committee for the Care
and Use of Laboratory Animals. Upon arrival, mice were
placed and divided into 7 groups (five animals each).
Experimental animal groups were individually housed in
separate cages and were managed and kept at the same
environmental and nutritional conditions. All animals
received a common laboratory diet and water and all
efforts were made to minimize the suffering of animals
throughout the experiment. Fecal samples were collected
from all mice and tested for the presence of MRSA strains
before beginning of the experiment.

On day 1, six groups of mice were infected orally with
100 pL of the bacterial suspension/mice using a sterile
gastric probe'* while the remaining group was kept as
negative controls.

Infected animals were monitored for morbidity or mor-
tality over a period of 15 days.

Re-Isolation and ldentification of MRSA

Strains from the Inoculated Mice

Following oral administration of MRSA strains, fresh fecal
samples were aseptically collected from mice at day 0, day
7 and day 14 post inoculations by gentle pressure on their
abdomens. At day 15, all animals were sacrificed and
internal organs (liver, lung, kidney and intestine) were
aseptically collected from mice and divided into two
parts. The first part was fixed in 10% neutral buffered
formalin while the other was plated onto Columbia Agar
base with 5% defibrinated sheep blood. All samples were
transferred directly to the laboratory for further processing.
Fresh fecal and tissue samples were plated onto Columbia
Agar base with 5% defibrinated sheep blood (Oxoid,
Germany). Test plates were incubated for 2448 hrs at
37°C+1°C. All isolates were identified based on the colony
morphology, Gram

staining, coagulase plasma test,
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catalase test and occurrence of hemolysis. Additionally, an
API-Staph Kit (bioMerieux, Durham, N.C.) was also used

for identification of S. aureus.

Molecular Confirmation of the Re-
Isolated MRSA Strains

A total of 5~10 S. aureus colonies were suspended in 200
pL TE buffer. The suspension was incubated for 10 min at
56°C, and then for 10 min at 95°C before being spun at
16000 x g for 2 min. After centrifugation, 5 pL of the
supernatant were used as template in a 50 uL PCR
reaction.

Molecular confirmation was done by amplification of
the S. aureus-specific nuc gene and mecA gene. The primer
pairs sequence used in the PCR assays are listed in
Table 1.

PCR assay for the detection of nuc gene (encoding for
the S. aureus specific thermonuclease) was performed as
previously mentioned.> The extracted DNA was ampli-
fied for 35 cycles consisted of 30 s at 94°C for denatura-
tion, 30 s at 55°C for annealing and 60 s at 72°C
for primer extension and a final extension for 10 min at
72°C. For amplification of the mecA gene (encoding
for the methicillin-resistant S. aureus), PCR conditions
included a 4 min initial denaturation at 94°C, followed by
35 cycles of 94°C for 1 min, 55°C for 1 min and 72°C
for 1 min and a final extension for 10 min at 72°C.'°
Twenty microliters of the obtained PCR product were
then visualized and photographed after being electrophor-
esed on 1.5% agarose gel.

Histopathological Examination

Tissue samples from liver, kidneys, lungs and intestine
collected from the control and inoculated mice groups
were routinely processed for histopathological examina-
tion to obtain 5 um sections. The sections were stained
with hematoxylin and eosin and Gram’s stain and exam-

ined under the microscope.'’

Statistical Analysis

Data were analysed with the Chi-square (X°) test using
PASW Statistics, Version 18.0 software (SPSS Inc.,
Chicago, IL, USA). A P-value <0.05 was considered sta-
tistically significant.

Results
Mortality Rate

The mortality rate in all mouse groups was reported
throughout the experiment. None of the mice were found
dead from the beginning to the end of the experiment.

Isolation, lIdentification and Molecular
Confirmation of Re-lsolated MRSA

Strains from Fecal Samples of Mice

Fecal samples from all mice under experiment were free
from MRSA before the oral challenge. Following oral
administration, MRSA strains were re-isolated through
the study period from the collected fecal samples of mice
under experiment and completely identified by morpholo-
gical, biochemical characterization and by molecular
amplification of nuc and mecA genes Figure 1.

Detection of MRSA in Internal Organs
(Liver, Lung, Kidney and Intestine) and in

Histopathological Sections

MRSA strains were re-isolated from intestine of all mouse
groups after oral administration. The results of re-isolation and
identification of MRSA strains from liver, lung, kidney and
intestine are showed in Table 2. The proportion of LA-MRSA
positive samples between different organs (liver, kidney, lung
and intestine) showed no significant difference.

Histopathological Changes

No pathological changes had been detected in internal
organs of the control group. However, liver of infected
mice showed multiple minute focal areas to large patchy
areas of hepatocellular necrosis infiltrated with neutrophils

Table | Primer Sequences Used for Amplification of (Nuc) and (mecA) Genes and the Suspected Product Size

Genes Primer Sequence Product Size Reference
nuc F 5" GCGATTGATGGTGATACGGTT 3’ 270 bp Al-Amery et al'®
R. 5’AGCCAAGCCTTGACGAACTAAAGCS’
mecA F 5" GTGAAGATATACCAAGTGATT 3’ 147 bp Zhang et al'®
R. 5" ATGCGCTATAGATTGAAAGGAT 3'
Infection and Drug Resistance 2020:13 submit your manuscript 1595
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Figure | (A) Amplified PCR products of nuc gene at (270 bp). Lane I: 100 bp ladder, Lanes 2—4: positive to Staphylococcus aureus; (B) Amplified PCR products of mecA gene

at (147 bp). Lane (M) 100 bp ladder, Lanes 1-6: positive to mecA gene.

and mononuclear cells (Figure 2B and C). Sinusoidal
dilation and kupffer cells activation were also observed.
The portal area revealed portal congestion, bile duct hyper-
plasia and leukocytic aggregations mostly, with neutro-
phils, macrophages and lymphocytes (Figure 2A and D).
Lung tissues revealed thickening of the alveolar wall with
dilated perialveolar blood capillaries, inflammatory cells
mainly neutrophils and mononuclear cells (Figure 3A). In
two cases, severe fibrinopurulent lobar pneumonia was
observed (Figure 3B). Massive aggregation of neutrophils,
macrophages and necrotic cell debris together with fibri-
nopurulent exudates were noticed in the alveolar lumen.
Some bronchi and bronchioles showed hyperplasia of its
epithelial cells with peribronchial and peribronchiolar
inflammatory cell aggregation. Kidneys from infected ani-
mals showed glomerulonephritis, characterized by mesan-
gial hypercellularity (Figure 3C), the intertubular blood
vessels were dilated and the renal tubular epithelium was

Table 2 Re-Isolated MRSA Strains from Internal Organs
Following Oral Challenge of Mice

Mice Groups MRSA Recovery from Internal Organs
Liver Lung Kidney Intestine
+ (%) + (%) + (%) + (%)
Group | 4 (80) 2 (40) 2 (40) 5 (100)
Group Il 4 (80) 3 (60) 2 (40) 5 (100)
Group Il 4 (80) 2 (40) 2 (40) 5 (100)
Group IV 5 (100) 2 (40) I (20) 5 (100)
Group V 5 (100) 3 (60) 3 (60) 5 (100)
Group VI 4 (80) I (20) 2 (40) 5 (100)
Control 0 (0.0) 0 (0.0 0 (0.0 0 (0.0

Note: (%) Percentage is expressed for each organ within each group.
Abbreviation: MRSA, methicillin-resistant Staphylococcus aureus.

vacuolated. Intestine showed sloughing and desquamation
of individual enterocytes with increase lamina proprial
macrophages, lymphocytes and neutrophils (Figure 3D).
Some enterocytes were apoptotic showing shrinkage with
pyknotic nuclei.

Discussion

S. aureus is frequently colonizing most animal species world-
wide; however, the emergence of MRSA strains in several
food producing animals, including pigs, cattle, chicken and
other animals has a serious impact regarding food safety.'®
Contact with animals is recognized as a risk factor for MRSA
carriage. Available data in previous literature proved that
MRSA are found colonizing pigs, pig farmers and their
families who are in contact with pigs in the Netherlands."”
Also, people in occupational contact with livestock, eg, farm-
ers, veterinarians and abattoirs workers are frequently
exposed and found colonized with LA-MRSA.*°
Furthermore, MRSA strains have been detected in different
foods for human consumption including bovine milk, cheese,
meat products and raw chicken meat.?'*>

It is important to understand the LA-MRSA source and
dynamics of transmission in order to monitor and prevent the
contamination of the LA-MRSA in domestic animals and retail
meat.

In the present study, LA-MRSA was re-isolated from feces
of all experimentally infected mice, and this may give rise to
more environmental contamination. In this regard, in a recent
study, LA-MRSA has been recovered from the paws of control
mink groups neighboring to other minks infected with LA-
MRSA spiked feed within 24 hrs following exposure to con-
taminated feed due to environmental dispersion.”
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Figure 2 Histopathological changes in liver of challenged mice. (A) Liver showing patchy area of hepatic cellular necrosis mixed with polymorph nuclear and mononuclear
inflammatory cells (arrow), portal congestion, bile duct hyperplasia and leukocytic aggregations mostly, with neutrophils, macrophages and lymphocytes (H&E X400). (B)
Liver showing multiple focal areas of hepatocellular necrosis with neutrophils (arrows) and few mononuclear cell aggregation, sinusoidal dilation and kupffer cells activation
(H&E X400). (C) Liver showing focal area of hepatic cellular necrosis (rectangle) mixed with polymorph nuclear; mononuclear inflammatory cells and fragmented nuclei
(H&E X400). (D) Liver showing intense periportal inflammatory cell aggregation (arrow) (H&E X400). H&E, hematoxylin and eosin stain.

In addition, the presented data from our experiment
support the evidence of MRSA colonization in internal
organs following oral administration.

MRSA was found colonizing the intestinal mucosa. This
may be due to the presence of surface proteins “microbial
surface components recognizing adhesive matrix molecules”
(MSCRAMMs), which appear to play a key role in initiation
of endovascular infections.’**> After bacterial adherence, it
will be able to grow by forming biofilm that enable it to evade
the host defense mechanism.?*?” Deregulated barrier func-
tion of the intestinal surface epithelial lining and the ability of
MRSA to invade and survive inside the epithelial and
endothelial cells believed to be a key factor for mucosal
bacterial invasion.”® During infection, S. aureus produces
numerous enzymes, such as proteases, lipases, and elastases
that enable it to invade and destroy host tissues and metasta-
size to other sites.”” When the bacteria gain access to the
bloodstream through invasions of intestinal capillaries, it
drains into the portal vein then to general circulation with

dissemination of MRSA to different organs as liver, kidney
and lung. This hypothesis was confirmed in our experiment
by re-isolation of MRSA and histopathological examination
of liver, kidney and lung tissues. This bacterial colonization
in the lung and kidney may give rise to shedding of bacteria
in respiratory discharge or urinary tract.

LA-MRSA could also be re-isolated at the end of this
study from internal organs (Table 2), and all examined
feces, this denoted that LA-MRSA would persist in mice
for 15 days after oral administration.

In a similar study in Denmark, LA-MRSA was re-isolated
from paws and pharynx of minks (Neovison vison) after
giving them LA-MRSA spiked feed. However, the infected
animals were being able to get rid of being carriers after
stopping of MRSA administration (Fertner et al 2019b).*
On the other hand, data from our study were denied by the
conclusion of Wendlandt et al” who stated that although all
types of MRSA may be present in/on human food, it could not
be considered as a food-borne pathogen.

Infection and Drug Resistance 2020:13
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Figure 3 Histopathological changes in different organs of challenged mice. (A) Lung showing thickening of the alveolar wall by dilated perialveolar blood capillaries,
inflammatory cells mainly neutrophils and mononuclear cells (H&E X400). (B) Lung showing severe fibrinopurulent pneumonia with giant alveoli (H&E X400). (C) Kidney
showing glomerular hypertrophy with mesangial hypercellularity (H&E X400). (D) Intestine showing sloughing and desquamation of individual enterocytes with increased
lamina propria macrophages, lymphocytes and neutrophils (H&E X200). H&E, hematoxylin and eosin stain.

The findings presented in this study may partly help to
answer the controversial question posing a potential health
risk; does isolation of MRSA from poultry, beef, and meat
products linked to contamination from food handlers and poor
hygiene during processing, or it comes from the animal itself.

Hence, effective control measures to prevent dispersion
of MRSA begins from good hygienic practices, good
manufacturing practices and hazard analysis critical con-
trol point for products from animal origin throughout the
food chain production system from animal feeding and
rearing in the farms to retail facilities.*'

Generally, limiting the irresponsible use of antimicro-
bials in veterinary medicine in treatment and their use as
growth promotors is very valuable to prevent dispersion of

antimicrobial resistance.’>>3

Conclusion
The present study revealed that oral administration of
MRSA strains in experimental mice model resulted in

their colonization into the internal organs and the infected
animals could pass the resistant bacteria through feces
again giving rise to more dispersion and environmental
contamination. Good hygienic and manufacturing prac-
tices throughout all stages of food chain from animal
husbandry to consumption of animal products are very
valuable in elimination of bacterial contamination from
animal feed and subsequently prevent their infection and
dispersion of antimicrobial-resistant bacteria.

Disclosure
The authors report no conflicts of interest in this work.
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