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Editorial

Interdisciplinary 
Approaches for 
Oncological 
Treatments: Proton 
Therapy at the 
Intersection of Physics 
and Medicine 

The inspiration for writing this editorial came from a recent 
visit to the European Organization for Nuclear Research 
(CERN, Conseil Européen pour la Recherche Nucléaire) in 
Geneva. There I had the opportunity to take a closer look at 
the technology of proton production and acceleration in cy-
clotrons. I was impressed by this direct insight into physical 
findings that have an impact on many other scientific fields. 
I learned how these scientific discoveries are used in medi-
cine, especially in oncology, and how this interdisciplinary ap-
proach can improve patients’ lives. This experience gave me 
a new perspective and encouraged me to research and write 
about this important and innovative field. In the following, we 
will explore how proton therapy has changed the way and suc-
cess of treatments in oncology and how the interdisciplinary 
collaboration between physics and medicine has contributed 
to this progress. In addition, I have focused on the relevance 
of this technology to veterinary medicine and the potential it 
offers for improving cancer treatment in our pets.

The technology for accelerating protons was developed 
at the beginning of the 20th century. Protons were discov-
ered in 1919 (1). The first large proton synchrotron was the 

Navdih za pisanje tega uredniškega članka je nastal z ne-
davnim obiskom Evropske organizacije za jedrske raziska-
ve (CERN, Conseil Européen pour la Recherche Nucléaire) 
v Ženevi. Tam sem imela priložnost pobliže spoznati teh-
nologijo pridobivanja protonov in njihovega pospeševanja 
v ciklotronih. Ta neposreden vpogled v fizikalno znanje, ki 
seva v mnoga druga znanstvena področja, me je navdušil. 
Spoznala sem, kako se ta znanstvena odkritja uporabljajo 
v medicini, zlasti v onkologiji, in kako lahko ta interdisci-
plinarni pristop izboljša življenja bolnikov. Ta izkušnja mi 
je dala novo perspektivo in me spodbudila k raziskovanju 
in pisanju o tem pomembnem in inovativnem področju. V 
nadaljevanju bomo raziskali, kako je protonska terapija pre-
oblikovala način in uspešnost zdravljenj v onkologiji in kako 
je interdisciplinarno sodelovanje med fiziko in medicino pri-
spevalo k temu napredku. Pri tem sem se osredotočila o 
pomenu te tehnologije za veterinarsko medicino in kakšen 
potencial predstavlja pri izboljšanju zdravljenja raka pri na-
ših ljubljenčkih.

Tehnologija pospeševanja protonov se je začela razvija-
ti v zgodnjem 20. stoletju. Protoni so bili odkriti leta 1919 

Interdisciplinarni 
pristopi k onkološkim 
zdravljenjem: 
Protonska terapija na 
presečišču fizike in 
medicine
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Cosmotron at Brookhaven National Laboratory, which accel-
erated protons to about 3 GeV (2).  CERN played an important 
role in the development of proton acceleration technology. 
Their Proton Synchrotron (PS) there accelerated protons for 
the first time in 1959 and was briefly the most powerful par-
ticle accelerator in the world (3). The PS was CERN’s first syn-
chrotron and was initially CERN’s main accelerator. When the 
laboratory built new accelerators in the 1970s, the main task 
of the PS became to supply these accelerators with particles. 
The Super Proton Synchrotron (SPS) was built after the PS 
and served as the main accelerator for several years until the 
Large Hadron Collider (LHC) was built. The Large Electron-
Positron Collider (LEP) was built in the same tunnel that now 
houses the LHC and was the largest electron-positron col-
lider in the world. The LHC is currently the largest and most 
powerful particle accelerator in the world (4). In accelerators, 
protons are accelerated to speeds of up to 60% of the speed 
of light (5) with the help of powerful magnets. This allows pro-
tons to reach enormous amounts of energy, up to 230 million 
electron volts (6).

The idea of using protons for medical treatment was first pro-
posed in 1946 by the physicist Robert R. Wilson (7). Wilson 
suggested that protons could be used to deliver a precise 
dose of radiation to tumors while protecting the surrounding 
healthy tissue. Proton therapy is therefore a form of radiother-
apy in which charged particles, protons, are used to irradiate 
cancerous tissue. With a speed of up to 60 % of the speed of 
light, protons gain so much energy that they can penetrate 
about 32 g/cm², which enables the treatment of tumors lo-
cated deep in the body (8). The unique physical properties of 
protons allow precise control of the irradiation depth and in-
tensity, making proton therapy ideal for treating brain tumors 
located near important neuronal structures, for example (9).

The first attempts to treat patients with proton beams be-
gan as early as 1954 at the Lawrence Berkeley National 
Laboratory in California, USA (10). In the same year and in the 
same laboratory, proton therapy was also used for the first 
time to treat animals, namely a dog with breast cancer (10). 
The dog’s pituitary gland was removed by radiosurgery us-
ing proton beams, and the dog lived for at least two years 
after the treatment. However, it was not until the late 1970s, 
when advanced imaging technologies, sophisticated com-
puters and improved accelerator technology were devel-
oped, that proton therapy could be used for routine medical 
and veterinary applications. Today, proton therapy is used in 
human medicine to treat various types of cancer, and there 
are proton therapy centers around the world that offer this 
advanced form of radiation therapy. Unfortunately, medical 
facilities in Slovenia do not yet offer proton therapy (11, 12). 
The closest center for irradiating cancer patients with pro-
tons is MedAustron near Vienna (13). Proton therapy has also 
become an important part of veterinary oncology. There are 
not as many documented examples of its use in veterinary 
medicine in the literature as there is an extensive database 
for human medicine. However, the data shows that it is most 
commonly used or researched for the treatment of cancer 

(1). Prvi veliki protonski sinhrotron je bil Cosmotron v 
Brookhaven National Laboratory, ki je pospešil protone 
do približno 3 GeV (2). CERN je imel pomembno  vlogo pri 
razvoju tehnologije pospeševanja protonov. Njihov Proton 
Synchrotron (PS) je prvič pospešil protone leta 1959 in za 
kratek čas postal najmočnejši delcev pospeševalnik na sve-
tu (3). PS je bil prvi sinhrotron CERN-a in je bil sprva glavni 
pospeševalnik CERN-a. Ko je laboratorij v 70-ih letih prej-
šnjega stoletja zgradil nove pospeševalnike, je glavna vloga 
PS postala dobava delcev le-tem. Super Proton Sinhrotron 
(SPS) je bil zgrajen po PS in je služil kot glavni pospeše-
valnik več let, dokler ni bil zgrajen Veliki hadronski trkalnik 
(LHC). Large Electron-Positron Collider (LEP) je bil zgrajen 
v istem tunelu, kjer se danes nahaja LHC in je bil največji 
elektron-pozitronski trkalnik na svetu. LHC pa je trenutno 
največji in najmočnejši pospeševalnik delcev na svetu (4). 
V teh pospeševalnikih se protone s pomočjo mogočnih 
magnetov pospeši do hitrosti, ki dosežejo do 60% hitrosti 
svetlobe (5). To omogoča, da protoni dosežejo ogromne ko-
ličine energije, do 230 milijonov elektron voltov (6). 

Ideja o uporabi protonov za medicinsko zdravljenje je prvič 
vzniknila leta 1946 s strani fizika Roberta R. Wilsona (7). 
Wilson je predlagal, da bi se protoni lahko uporabljali za na-
tančno doziranje sevanja na tumorje, pri čemer bi varovali 
okoliško zdravo tkivo. Protonska terapija je tako oblika radi-
oterapije, ki uporablja nabite delce, protone, za usmerjeno 
oddajanje sevanja na rakavo tkivo. Pri hitrosti do 60 % sve-
tlobne hitrosti protoni dobijo tako veliko energije, da lahko 
prodrejo približno 32 g/cm² globoko v telo, kar omogoča 
zdravljenje tumorjev, ki so globoko v telesu (8). Edinstvene 
fizikalne lastnosti protonov omogočajo natančen nadzor 
nad globino in intenzivnostjo sevanja, zaradi česar je pro-
tonska terapija idealna na primer za zdravljenje možgan-
skih tumorjev, ki so blizu ključnih nevralnih struktur (9). 

Prvi poskusi uporabe protonskih žarkov za zdravljenje bol-
nikov so se začeli že leta 1954 v Nacionalnem laboratoriju 
Lawrence Berkeley v Kaliforniji, ZDA (10). V istem letu in v is-
tem laboratoriju se je protonska terapija prvič uporabila tudi 
za zdravljenje živali in sicer pri psu z rakom dojk (10). Pri psu 
so z radiokirurgijo odstranili hipofizo z uporabo protonskih 
žarkov, in pes je po zdravljenju živel vsaj še 2 leti. Vendar 
pa je bilo šele v poznih 70. letih, ko so se razvile napredne 
tehnologije slikanja, sofisticirani računalniki in izboljšana 
tehnologija pospeševalnikov in je bilo protonsko terapijo 
mogoče uporabljati za rutinske medicinske in veterinarske 
aplikacije. Danes se v humani medicini protonska terapi-
ja uporablja za zdravljenje različnih vrst rakov, in po vsem 
svetu obstajajo centri za protonske terapije, ki ponujajo to 
napredno obliko radioterapije. Žal v Sloveniji medicinske 
ustanove protonske terapije še ne ponujajo (11, 12). Nam 
najbližji center za obsevanje bolnikov z rakom s protoni je 
MedAustron pri Dunaju (13). Tudi v veterinarski onkologiji je 
protonska terapija postala pomemben del. V literaturi sicer 
ni toliko dokumentiranih del uporabe v veterinarski medici-
ni, kakor je baza obširna za humano medicino. Podatki pa 
kažejo, da se najpogosteje uporablja oziroma raziskuje za 
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in dogs. With normal radiation, dogs survive on average 2 to 
4 months. With proton therapy, survival time is extended be-
cause less damage is done to healthy tissue and the tumor is 
irradiated with more energy than with conventional radiation. 
It is also believed that proton therapy improves the dog’s im-
mune response to the tumor (14). Although proton therapy 
is still considered a new therapy in veterinary medicine, it is 
spreading rapidly and the technology is constantly being de-
veloped and improved.

Crucial to the development of proton therapy are preclinical 
studies that contribute to the understanding and improve-
ment of this advanced method of cancer treatment. These 
studies include research on laboratory animals and cell 
models to better understand the effects of proton beams on 
tumor cells and surrounding healthy tissue. Preclinical stud-
ies are also helping to develop more precise and effective 
methods for using proton beams that can improve treatment 
outcomes (15). In the preclinical phase, there are also studies 
investigating combined radiation. In the study by Rozanova 
et al. (2022), they investigated the effects of combined pro-
ton and neutron irradiation on the solid form of ascitic Ehrlich 
carcinoma on tumor response and skin reactions in mice 
bearing the tumor (16). They found that irradiation of mice 
with neutrons both before and after irradiation with protons 
effectively inhibited the growth of the carcinoma one month 
after exposure. Based on the frequency and severity of skin 
lesions observed in mice 15–40 days after therapy, neutron ir-
radiation after proton irradiation significantly improved these 
indicators compared to exposure to proton beams alone; 
however, neutron irradiation before proton irradiation showed 
more damage than the other variants. They also showed that 
the incidence of tumor recurrence was significantly higher 
and overall survival lower in the groups of animals with com-
bined irradiation than in the group of mice irradiated with pro-
tons alone. In addition, preclinical studies are key to exploring 
and resolving some unresolved issues in proton therapy, such 
as the relative biological effectiveness (RBE) of protons. All 
preclinical research thus forms the basis for clinical studies 
and the further development of proton therapy. 

In oncology, innovative therapeutic options are constantly 
being sought to improve the precision of tumor treatment. 
Proton therapy, which emerged from cutting-edge physics re-
search, has established itself as a revolutionary medical pro-
cedure that offers unprecedented precision in the irradiation 
of tumors. In addition to its use in human medicine, proton 
therapy is also of great importance in veterinary medicine. 
Thanks to the precision it offers, veterinarians can treat tu-
mors in animals in a more targeted way, reducing side effects 
and improving the quality of life of our pets. This interdisciplin-
ary approach, which combines physics and medicine, there-
fore promises major advances in the treatment of cancer in 
humans and animals.

zdravljenje raka pri psih. Pri prejemanju običajnega obseva-
nja, psi v povprečju preživijo 2 – 4 mesece. S protonsko te-
rapijo pa se dobo preživetja podaljša, saj nastane manj po-
škodb zdravega tkiva, tumor pa je obsevan z večjo energijo 
kot pri običajnem obsevanju. Poleg tega naj bi protonska 
terapija izboljšala imunske odzive psa proti tumorju (14). 
Čeprav še vedno velja za novo terapijo, se uporaba pro-
tonske terapije v veterinarski medicini hitro širi, tehnologija 
pa se neprestano razvija in izboljšuje. 

Za sam razvoj protonske terapije so ključne predklinične 
raziskave protonske terapije, ki doprinašajo k razumevanju 
in izboljšanju te napredne metode zdravljenja raka. Te raz-
iskave vključujejo študije na laboratorijskih živalih in celič-
nih modelih, da bi bolje razumeli učinke protonskih žarkov 
na tumorske celice in okoliško zdravo tkivo. Predklinične 
raziskave prav tako pomagajo pri razvoju natančnejših in 
učinkovitejših načinov dostave protonskih žarkov, kar lah-
ko izboljša rezultate zdravljenja (15). V predklinični fazi so 
tudi študije, ki raziskujejo kombinirano obsevanje. V študiji 
Rozanova in sod. (2022) so raziskovali učinke kombinirane-
ga obsevanja s protoni in nevtroni na trdni obliki ascitskega 
Ehrlichovega karcinoma na odziv tumorja in reakcije kože 
pri miših (16). Ugotovili so, da je obsevanje miši z nevtro-
ni tako pred kot po obsevanju s protoni učinkovito zaviralo 
rast karcinoma v enem mesecu po izpostavljenosti. Glede 
na pogostost in resnost poškodb kože, opaženih pri miših 
15–40 dni po terapiji, je obsevanje z nevtroni po obsevanju s 
protoni privedlo do pomembnega izboljšanja teh kazalnikov 
v primerjavi z delovanjem samo protonskih žarkov; vendar 
pa je obsevanje z nevtroni pred protoni izkazalo večjo ško-
do kot v drugih variantah. Prav tako so pokazali, da je bila 
pogostost ponovitve tumorja v skupinah živali z kombinira-
nim obsevanjem bistveno višja, skupna življenjska doba pa 
nižja v primerjavi s skupino miši, ki so bile obsevane samo 
s protoni. Predklinične raziskave so ključne tudi za razisko-
vanje in reševanje nekaterih nerešenih vprašanj v protonski 
terapiji, kot je relativna biološka učinkovitost (RBE) proto-
nov. Raziskave na predkliničnem nivoju so tako temelj za 
klinične študije in nadaljnji razvoj protonske terapije. 

V onkologiji se nenehno iščejo inovativne terapevtske mož-
nosti, ki bi izboljšale natančnost ciljanja tumorjev. Protonska 
terapija, ki izhaja iz naprednih fizikalnih raziskav, se je uve-
ljavila kot revolucionarna medicinska metoda z neprekoslji-
vo natančnostjo pri obsevanju tumorjev. Poleg uporabe v 
humani medicini, ima protonska terapija pomemben po-
men tudi v veterinarski medicini. Z natančnostjo, ki jo omo-
goča, lahko veterinarji bolje ciljajo na tumorje pri živalih, kar 
zmanjšuje stranske učinke in izboljšuje kakovost življenja 
naših ljubljenčkov. Ta interdisciplinarni pristop, ki združuje 
fiziko in medicino, tako obeta velik napredek v zdravljenju 
raka tako pri ljudeh kot pri živalih.
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Abstract: Porcine reproductive and respiratory syndrome virus (PRRSV) is a significant 
viral pathogen that causes substantial economic losses to the swine industry worldwide. 
The limited efficacy of current therapeutic approaches and emergence of new PRRSV 
strains highlight the urgent need for novel antiviral strategies. Natural compounds de-
rived from plants, animals, bacteria, and fungi have attracted increasing attention as po-
tential antiviral agents. This comprehensive review focuses on natural compounds with 
antiviral activity against PRRSV and explores their mechanisms of action, efficacy, and 
potential applications. These compounds exhibit diverse antiviral mechanisms such as 
viral attachment and entry inhibition, replication suppression, and modulation of host 
immune responses. This review also highlights challenges and future directions in this 
field. Research gaps include the need for further elucidation of the precise mechanisms 
of action, comprehensive evaluation of safety profiles, and exploration of combination 
therapies to enhance efficacy. Further research and translational studies are warranted 
to harness the full potential of these natural compounds and pave the way for the effec-
tive control and management of PRRSV infections in the swine industry.

Received: 11 June 2023
Accepted: 22 December 2023

Slovenian Veterinary Research
DOI 10.26873/SVR-1789-2023
UDC 636.4:578.76:616.2:615.2
Pages: 9–28

Review Article

Introduction 

Porcine reproductive and respiratory syndrome virus 
(PRRSV) is the etiological agent responsible for the path-
ological condition observed in swine, which was initially 
documented within the borders of the United States (U.S.) 
in 1987 and subsequently in Europe in 1990 (1). These out-
breaks were characterized by detrimental effects on repro-
duction, post-weaning pneumonia, and elevated mortality 
rates in growing swine. In the early stages, attempts to iden-
tify the causative agent responsible for this novel syndrome 
proved to be futile, leading to its provisional designation as 
a mystery swine disease (MSD) in North America. However, 
in 1991, Koch's postulates for MSD were eventually satis-
fied through the discovery of a hitherto unidentified RNA vi-
rus in Europe, which was subsequently named the Lelystad 
virus (LV) (2). Shortly after this significant finding, the virus 
was successfully isolated in North America and was initially 
referred to as swine infertility and respiratory syndrome vi-
rus (SIRSV) (3). 

PRRSV has emerged as a pervasive pathogen in most 
swine-producing nations, posing substantial economic re-
percussions to the swine industry. PRRSV can infect pigs 
across all age groups; however, its clinical manifestations 
are particularly pronounced in pregnant sows and young 
pigs (4). In pregnant sows, PRRSV infection during the final 
trimester of gestation may lead to adverse outcomes, such 
as abortion, characterized by the delivery of stillborn, par-
tially autolyzed, and mummified fetuses. Conversely, young 
pigs infected with PRRSV commonly display clinical signs, 
including elevated body temperature, severe dyspnea, di-
minished appetite, lethargy, eyelid edema, and ear discolor-
ation, appearing either blue or red (5). 

The term PRRSV encompasses two distinct genotypes: 
PRRSV-1, comprising genotypes initially isolated in Europe, 
and PRRSV-2, which consists of genotypes first identi-
fied in North America (6). Presently, both virus types have 
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achieved global distribution, with PRRSV-1 primarily prev-
alent in Europe, whereas PRRSV-2 exhibits a wider geo-
graphic range, including North America, Asia, and South 
America (7). Recent investigations into multiple arteriviral 
nucleotide sequences in nonhuman primates have prompt-
ed the reclassification of PRRSV into two separate entities: 
PRRSV-1 and PRRSV-2 (8). This classification was substan-
tiated by the recognition of remarkable genetic variability 
within both PRRSV-1 and PRRSV-2, as evidenced by phylo-
genetic analysis based on ORF5 (9). The extensive genetic 
diversity exhibited by PRRSV poses a significant challenge 
for the development of effective antiviral therapeutics. This 
review aims to discuss the molecular biology, clinical char-
acteristics, transmission, and different natural compounds 
with antiviral activity against PRRSV, and their respective 
molecular mechanisms.

Molecular Biology of PRRSV

Taxonomy and Structure

PRRSV is an enveloped RNA virus characterized by a single 
positive strand (Figure 1) (10). Taxonomically, it belongs to 
the order Nidovirales and family Arteriviridae, which also 
encompasses other viruses such as the lactate dehydroge-
nase-elevating virus of mice, equine arteritis virus, and sim-
ian hemorrhagic fever virus (11). The arterivirus genome is 
enclosed within a lipid envelope and associated with a sin-
gular N protein comprising 110-128 amino acids, forming 
a core structure. Furthermore, the viral particles exhibited 
an approximately spherical or oval shape with diameters 
ranging from 50 to 60 nm. The reported buoyant densities 

of PRRSV virions in sucrose range from 1.13 to 1.17 g/cm3 
(12). The enveloped surface of the virions appears relatively 
smooth, which can be attributed to the limited size of the 
ectodomains of the two major envelope proteins, GP5 and 
M.

Genome Organization

The complete genome of PRRSV spans approximately 15 
kb, featuring a cap structure at the 5' end during mRNA pro-
cessing and a poly A tail structure at the 3' end (Figure 2) 
(13). PRRSV isolates can be categorized into two distinct 
genotypes based on their genomic and antigenic varia-
tions: North American (NA), PRRSV-2, and European (EU), 
or PRRSV-1. These genotypes exhibit an approximate se-
quence identity of 65% (14). 

The PRRSV genome comprises 12 open reading frames 
(ORFs) designated as ORF1a, ORF1a', TF, ORF1b, ORF2a, 
ORF2b, ORF3, ORF4, ORF5a, and ORF5–ORF7 (15). Among 
these, ORF1a and ORF1b encode polyproteins pp1a and 
pp1ab, which undergo processing to yield 17 nonstructural 
proteins (NSPs) (NSP1α, NSP1β, NSP2, NSP2N, NSP2TF, 
and NSP3-14), which play a pivotal role in virus replication 
(16). Recently, a novel ORF known as the ORF trans-frame 
(TF) was discovered within the nsp2 region (17). This ORF, 
expressed through both −1 and −2 ribosomal frameshift-
ing, gives rise to two additional nsps: nsp2N, a truncated 
version of nsp2; and nsp2TF, a fusion protein formed by the 
N-terminal two-thirds of nsp2 and a C-terminal region en-
coded by the TF ORF spanning 169 amino acids (18). The 
major envelope proteins GP5 and M are encoded by ORF5 
and ORF6, respectively. These proteins interact with each 

Figure 1: Schematic representation of PRRSV structure 
PRRSV mature viral particle, composed of a lipid bilayer envelope with viral receptor glycoproteins involved in infection and cell internalization. Single-
stranded positive RNA is associated with nucleocapsid protein in the internal layer of the virus.
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other to form heterodimers on the surface of viral particles. 
Notably, GP5 exhibits substantial variability among struc-
tural proteins in the PRRSV genome, making it a commonly 
employed target for phylogenetic analyses (19). ORF2, 
ORF3, and ORF4 encode the minor envelope proteins GP2a, 
GP3, and GP4, respectively, forming noncovalent heterodi-
mers. In addition, two small non-glycosylated proteins, E 
and GP5a, are encoded by ORF2b and ORF5a, respectively. 
The highly conserved nucleocapsid protein (N protein) is 
encoded by ORF7 (20).

Clinical Characteristics

PRRSV infections are characterized by several distinctive 
clinical features, including elevated body temperature, pro-
nounced contagiousness, and substantial morbidity and 
fatality rates. Following infection, pigs often experience 
a rapid increase in body temperature, reaching 41-42°C 
within a span–1-2 days (21). This heightened contagious-
ness results in infection spreading throughout the entire pig 
population within 3-5 days, with a disease duration typically 
lasting 1-3 weeks. Notably, the highly pathogenic PRRSV 
(HP-PRRSV) demonstrated a particularly high fatality rate 
in suckling pigs (100%) and nursery pigs (approximately 
70%). Furthermore, adult pigs exhibit an increased mortal-
ity rate, with finishing pigs experiencing a mortality rate of 
20% and pregnant sows experiencing a minimum of 10% 
mortality (22). Additionally, PRRSV infections are frequently 
associated with an elevated incidence of abortions, ranging 
from 40% to 100%. Furthermore, affected pigs often display 
signs, such as skin erythema and severe respiratory symp-
toms, including coughing, dyspnea, and tachypnea. Some 

pigs may also exhibit neurological signs, such as limping, 
and gastrointestinal manifestations, such as constipation 
or diarrhea (21).

PRRSV infection induces a wide array of pathological 
changes in affected pigs. Among the prominent gross le-
sions, multifocal hemorrhages are particularly notable, af-
fecting various tissues and organs, such as the skin, lungs, 
lymph nodes, kidneys, and heart (22). Another significant 
observation was the presence of lymphadenopathy accom-
panied by pronounced interstitial pneumonia, characterized 
by severe pulmonary edema and consolidation. In certain 
instances, edema and congestion can be observed within 
the brain. Additionally, severe thymus atrophy is frequently 
encountered, especially in piglets infected with HP-PRRSV 
(21).

Secondary bacterial infections are a significant and fre-
quently encountered issue in the context of HP-PRRSV in-
fections. Among the commonly detected bacterial patho-
gens, Escherichia coli, Streptococcus suis, Haemophilus 
parasuis, and Mycoplasma hyopneumoniae are frequently 
implicated (22). Furthermore, PRRSV-infected pig popula-
tions often exhibit the presence of various viral pathogens, 
including classical swine fever virus (CSFV), pseudorabies 
virus (PRV), and porcine circovirus type 2 (PCV2). The po-
tential synergistic effects of these coinfections on PRRSV 
pathogenesis have garnered substantial attention within 
the PRRSV research community, prompting intensive in-
vestigation (21).

Figure 2: Genome organization of PRRSV virus
Non-structural proteins are located in the 5′ end of the genome, coding for two different polyproteins pp1a and pp1ab that is cleaved into at least 14 nsps. 
Structural proteins near the 3′ end are associated with the viral envelope and RNA packaging.
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Transmission of PRRSV

Transmission Routes

PRRSV transmission in pigs can occur through various 
routes, including direct contact and indirect transmission 
via fomites. Exposure to PRRSV primarily occurs through 
respiratory and oral routes as well as through mucosal or 
percutaneous routes. The modes of transmission encom-
pass aerial transmission, either over short or longer distanc-
es, as well as transmission through coitus or insemination, 
ingestion, contact, and occasionally through inoculation, 
often arising from iatrogenic factors. Vertical transmission 
during the later stages of gestation is particularly notewor-
thy. The minimum infectious dose (MID) of PRRSV depends 
on the specific route of exposure. For instance, infectious 
dose 50 (ID50) through oral and nasal exposure has been 
previously evaluated. Notably, variations in infectivity have 
been observed among different PRRSV isolates via various 
transmission routes (23). In terms of sexual transmission, 
the ID50 for exposure via artificial insemination is 103.3 
TCID50 (24).

Based on available data, percutaneous exposure is asso-
ciated with the lowest MID. Within the farm environment, 
parenteral exposure is likely to occur frequently, involving 
routine practices, such as ear notching, tail docking, teeth 
clipping, and the administration of drugs and vaccines. 
During the peak viremia stage, infected animals typically 
exhibit a viral load of at least 103–104 TCID50/mL (25). 
Regular pig behavior can also contribute to parenteral ex-
posure, such as bites, cuts, scrapes, and abrasions, during 
instances of inter-pig fighting. Aggressive interactions be-
tween infected sows and susceptible contacts may play a 
significant role in PRRSV transmission (26).

PRRSV is notably susceptible to inactivation by various 
means, including lipid solvents, heat, desiccation, and ex-
treme pH conditions (27). Notably, LV was shown to under-
go inactivation after 6 min at 56°C or 3 h at 37°C. However, 
it displays stability for up to 140 hours at 4°C and remains 
viable for several months when maintained in a cell culture 
medium at pH 7.5 and temperatures ranging from -70°C to 
-20°C (28). In terms of disinfection, iodine ( 0.0075%) and 
quaternary ammonium compounds ( 0.0063%) achieve 
complete inactivation of the virus within 1 min (29). Chlorine 
can also completely inactivate PRRSV, although higher 
disinfectant concentrations (0.03%) and longer exposure 
times (10 min) are required. Additionally, a 10-minute ex-
posure to ultraviolet light effectively leads to the complete 
inactivation of the virus on commonly encountered farm 
surfaces and materials (30).

Development of Viremia and Viral Persistence

Following exposure to PRRSV, viral replication initially oc-
curs within permissive macrophages located in lymphoid 
tissues at the entry portal. Subsequently, the virus rapidly 

disseminates throughout the body via the lympho-haemat-
ic route. In a genotype 2 model, detectable viremia was ob-
served as early as 12 hours post-infection (hpi) (31). The 
viral load in the serum peak around 7-10 days post-infection 
(dpi). The duration of viremia can vary depending on factors 
such as the specific PRRSV strain and age of the infected 
animal (32). Various studies have indicated that the viremic 
period ranges from a few weeks, typically less than four 
weeks, in adult or grower-finisher pigs, to as long as three 
months in very young piglets (33). In the case of adult sows 
infected with genotype 1 PRRSV, viremia may be limited to 
just one week (34).

During the initial phase of infection, the lungs and various 
lymphoid organs, including tonsils, Peyer's patches, thy-
mus, and spleen, exhibit the highest viral loads (35). In the 
lungs, viral detection can typically be observed from 1 to 28 
dpi (36). Notably, in young pigs, the virus has been reported 
to persist in the lungs for up to 49 dpi (37).

Subsequent to the viraemic phase, viral infection enters a 
stage characterized by the sequestration of the virus within 
secondary lymphoid tissues, leading to a decline in viral rep-
lication. Over time, contagiousness diminishes, although 
transmission remains feasible for up to three months in 
horizontally infected pigs. However, in congenitally infected 
animals, the period of contagiousness may extend beyond 
this time frame (38). Several situations inducing stress, 
such as farrowing or regrouping, can trigger reactivation of 
viral replication and shedding (39).

Viral Shedding

The presence of viremia and the distribution of susceptible 
macrophages within the body contribute to PRRSV shed-
ding through various routes. In particular, nasal shedding 
appears to exhibit strain-dependent characteristics, par-
ticularly in genotype 1 PRRSV. For instance, nasal shedding 
of genotype 1 was limited, with only four out of eight pigs 
showing isolation of the virus at 3 dpi and one out of eight 
pigs at 7 dpi, always at low titers (25). In the case of geno-
type 2, nasal secretion was reported in only 1.9% (2/105) of 
nasal swabs collected from experimentally inoculated pigs 
during a 28-day observation period (40). Additionally, no vi-
rus has been isolated from the nasal secretions of experi-
mentally infected pigs (31). 

The shedding of PRRSV in oral fluids appears to be rela-
tively consistent, although most of the available data focus 
on genotype 2 viruses. The presence of the virus in oral flu-
ids and the steady nature of its shedding over time have 
important implications for PRRSV transmission. With re-
gard to viral shedding in the semen of infected boars, the 
detection of the viral genome using RT-PCR has been re-
ported as early as 3 dpi and persisted up to 92 dpi in 1 out 
of 4 boars inoculated with the VR-2332 isolate (41). PRRSV 
has also been found in the urine (40) and mammary gland 
secretions (42). In experimentally infected sows, genotype 
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2 PRRSV was detected using RT-PCR on the first day of 
lactation (42). Lastly, infected pigs have been observed to 
generate aerosols contaminated with the virus during re-
spiratory activities, such as breathing, sneezing, or cough-
ing, although the extent of aerosol transmission can vary 
depending on the strain (43).

Anti-PRRSV Agents

Natural compounds derived from plants, animals, fungi, 
and bacteria have received significant research attention 
because of their potent antiviral activities in vitro and in vivo. 
These compounds possess different molecular mecha-
nisms, such as activation of TLR signaling, activation of in-
terferon signaling, downregulation of receptors, and block-
ing of virus attachment, fusion, replication, translation, 

assembly, maturation, and release (Figure 3). The com-
pounds are discussed in detail in this section. 

Plant-derived Compounds

Tea polyphenols 
Tea polyphenol (TPP) refers to the collective group of poly-
phenols found in tea leaves, with catechins and their de-
rivatives being the primary constituents (44). TPP exhibits a 
wide range of physiological activities, including antioxidant, 
anti-radiation, anti-aging, blood lipid-lowering, blood sug-
ar-lowering, and inhibition of bacteria and enzymes (45). 
Structurally, TPP possesses polyphenolic characteristics 
such as catechins and anthocyanins (46). Green tea, which 
serves as a primary source of TPP, exerts notable antiviral 
and antifungal effects (47). Notably, epigallocatechin gal-
late (EGCG) has demonstrated antiviral properties against 

Figure 3: Life cycle and molecular targets of antiviral compound
The life cycle of PRSSV begins with binding of PRRSV with sialoadhesin (1) that will trigger clathrin-mediated endocytosis (2) to fuse with an endosome (3). 
The virus is then disassembled and the viral RNA is released (4) for translation in the endoplasmic reticulum (5). Translated viral proteins are assembled into 
new progeny virions (6) followed by maturation and budding in the Golgi body (7). This new progeny virions are released outside of the cell via exocytosis (8).
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various viruses, including hepatitis C (HCV), chikungunya 
(CHIKV), hepatitis B (HBV), and Zika (ZIKV) viruses (48).

TPP potently inhibited PRRSV infection in Marc-145 cells 
in a dose-dependent manner. TPP exerts its inhibitory ef-
fects across multiple stages of the PRRSV life cycle, includ-
ing attachment, internalization, replication, and release. 
Mechanistically, TPP impeded the transport of p65 into the 
nucleus, thereby suppressing the activation of the NF-κB 
signaling pathway, which ultimately resulted in the down-
regulation of inflammatory cytokine expression induced by 
PRRSV infection. Additionally, TPP can interfere with the 
synthesis of viral nsp2, a crucial component of replication 
transcription complexes (RTC), leading to inhibition of viral 
protein translation and assembly (49). 

Matrine 
Matrine, a prominent quinolizidine alkaloid derived from the 
dried roots of Sophora flavescens Ait, as described in the 
Chinese Pharmacopeia 2005, exhibits a range of pharma-
cological effects, including antiviral, anti-inflammatory, and 
immunoregulatory properties (50). Previous studies have 
revealed the inhibitory effects of matrine on PRRSV infec-
tion in Marc-145 cells, suggesting that matrine can directly 
inactivate PRRSV and disrupt viral replication within host 
cells. Furthermore, an indirect immunofluorescence assay 
and western blot analysis demonstrated that matrine is ca-
pable of inhibiting the expression of N protein in Marc-145 
cells. Additionally, matrine impedes PRRSV-induced apop-
tosis by inhibiting the activation of caspase-3 (51).

Moreover, matrine exhibits antiviral activity against both 
PRRSV and PCV2 (51). The antiviral mechanisms under-
lying the effects of matrine are thought to involve partial 
regulation of the TLR3/TLR4/NF-κB/TNF-α pathway (50). 
Notably, matrine treatment has been shown to improve 
pneumonia symptoms in PRRSV/PCV2 co-infected mice 
and has shown efficacy in attenuating inflammation in mice 
with LPS-induced acute lung injury. Furthermore, matrine 
directly hindered PRRSV replication by inhibiting the activ-
ity of Nsp9. Recent studies have also revealed that matrine 
can inhibit IL-1β secretion in primary porcine alveolar mac-
rophages (PAMs) by acting on the MyD88/NF-κB pathway 
and the NLRP3 inflammasome. This inhibition is associat-
ed with downregulated expression of MyD88, NLRP3, and 
caspase-1 as well as suppression of ASC speck formation, 
IκBα phosphorylation, and hindered translocation of NF-κB 
from the cytoplasm to the nucleus (52). 

Rottlerin 
Rottlerin, a polyphenolic ketone compound derived from 
the Indian Kamala tree (Mallotus philippensis Muell. Arg), 
has gained prominence as a selective PKCδ inhibitor (53). 
Historically, rottlerin has been used in traditional Indian 
medicine to treat tapeworm, scabies, and herpetic ring-
worm infections, implying its long-standing safety record. 
Notably, several prior studies have documented the antivi-
ral properties of rottlerin against various viruses, including 

rabies, influenza, human immunodeficiency virus, and 
PRRSV (54). 

Earlier investigations have highlighted the significant im-
pact of rottlerin pretreatment on diminishing both viral 
RNA synthesis and titer. More recently, it has been demon-
strated that the administration of rottlerin during the early 
stages of PRRSV infection effectively impedes viral replica-
tion. PRRSV infection is known to induce phosphorylation 
of protein kinase C-δ, a process that is specifically coun-
teracted by rottlerin (55). Treatment with rottlerin disrupts 
the entry pathway of PRRSV by impeding endocytosis of 
virions. Moreover, in vivo studies involving the administra-
tion of rottlerin-liposomes to PRRSV-infected pigs, specifi-
cally those infected with LMY or FL12 strains, revealed a 
notable dose-dependent reduction in blood viral load, inter-
stitial pneumonia, and clinical scores when compared to 
untreated pigs (55).

Sanguinarine
Sanguinarine, a quaternary benzo[c]phenanthridine alkaloid 
found in various plants such as Macleaya cordata (Wild.) 
R.Br., Bocconia frutescens L., Chelidonium majus L., Fumaria 
officinalis L., and Sanguinaria canadensis L., has been ex-
tensively studied for its anti-inflammatory, anti-tumor, and 
antimicrobial properties (56). While its antiviral activity has 
rarely been reported, there have been observations of mod-
erate antiviral effects of sanguinarine against tobacco mo-
saic virus (57). Furthermore, a derivative of sanguinarine, 
8-hydroxydihydrosanguinarine, has recently emerged as a 
potential drug candidate for combating COVID-19 (58).

Regarding its effects on PRRSV, sanguinarine demon-
strates potent antiviral activity by targeting multiple stages 
of the virus life cycle, including internalization, replication, 
and release (59). Network pharmacology and molecular 
docking studies identified potential anti-PRRSV targets of 
sanguinarine, including ALB, AR, MAPK8, MAPK14, IGF1, 
GSK3B, PTGS2, and NOS2. Additionally, the combination of 
sanguinarine and chelerythrine, another bioactive alkaloid 
derived from Macleaya cordata, has shown improved anti-
viral effects (59).

Platycodin D
Platycodon grandiflorum A. DC is a widely recognized 
Chinese herb that is used to treat pulmonary and respira-
tory diseases. Notably, saponins have been identified as the 
primary bioactive constituents of P. grandiflorum roots (60). 
Among these saponins, platycodin D (PD), an oleanane-
type triterpenoid saponin with sugar chains attached at the 
C-3 and C-28 positions of the aglycone, is the most potent 
in terms of biological activity (61). Previous investigations 
have demonstrated the diverse pharmacological effects of 
PD, including its antitumor properties (62), anti-inflammato-
ry effects (63), and immunological adjuvant activities (60). 
Moreover, PD has been shown to possess hepatoprotective 
properties and anti-hepatitis C virus (HCV) activity (64).
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PD demonstrated remarkable efficacy against PRRSV in-
fection in both Marc-145 cells and primary PAMs (65). Its 
inhibitory effects extend across various strains of PRRSV, 
including the highly pathogenic type 2 strains GD-HD and 
GD-XH, as well as the classical strains CH-1a and VR2332. 
Notably, PD displayed dose-dependent inhibition of PRRSV 
RNA synthesis, viral protein expression, and production of 
progeny viruses, with significant effects observed at con-
centrations ranging from 1 to 4 μM. The EC50 values of PD 
against the four tested PRRSV strains in Marc-145 cells 
ranged from 0.74 to 1.76 μM (65).

The antiviral mechanism of PD involves direct interaction 
with PRRSV virions, thereby affecting multiple stages of the 
viral life cycle, including viral entry and release of progeny 
virus. Furthermore, PD exhibited the ability decreases the 
production of cytokines (IFN-α, IFN-β, IL-1α, IL-6, IL-8, and 
TNF-α) induced by both PRRSV and LPS in PAMs (65).

Cryptotanshinone 
Cryptotanshinone (CPT) is a natural compound derived 
from the roots of Salvia miltiorrhiza Bunge (Danshen). The 
roots of S. miltiorrhiza have long been used in traditional 
oriental medicine to treat various circulatory disorders, liver 
diseases, coronary heart disease, hepatitis, and chronic 
renal failure (66). Notably, CPT exhibited remarkable anti-
bacterial activity, surpassing the effectiveness of the other 
tested tanshinones. Furthermore, its anti-inflammatory 
properties have been attributed to the inhibition of cyclo-
oxygenase II activity and endothelin-1 expression (67).

CPT has demonstrated notable efficacy in impeding the in-
fection of diverse PRRSV strains in PAMs, which serve as 
primary targets of PRRSV in vivo. The underlying mecha-
nism involves the inhibition of signal transducer and acti-
vator of transcription 3 (STAT3) activation, the blockade of 
interleukin 10 (IL-10)-stimulated CD163 expression, and the 
basal level of CD163 expression in PAMs (68). Remarkably, 
CPT was effective in both pre- and post-PRRSV infection 
treatment, with the combined application resulting in sub-
stantial dose-dependent inhibition of PRRSV infection. 
Moreover, CPT displays inhibitory effects against both type 
I and type II PRRSV infections in PAMs (68). 

Allicin 
Garlic (Allium sativum L.) and its organosulfur compounds 
(OSC) have been extensively studied for their pharmaco-
logical properties, including antibacterial, antiviral, anti-in-
flammatory, anticancer, and antioxidant effects (69). Allicin, 
an OSC present in garlic, onion, and other Allium plants, has 
been recognized for its significant antiviral activity against 
herpes simplex virus-1 and 2, parainfluenza-3, vaccinia vi-
rus, vesicular stomatitis virus, and human rhinovirus-2 (70). 
Previous investigations have also demonstrated the an-
tiviral potential of allicin against respiratory viruses, such 
as influenza, SARS-CoV, and rhinovirus (71). In a recent 
study, allicin was found to alleviate SARS-CoV-2 infection 
in vitro and restore host cellular pathways disrupted by 

viral infections (72). Furthermore, allicin has shown effi-
cacy as an antiviral agent against the reticuloendotheliosis 
virus by reducing inflammation and oxidative damage, pri-
marily through inhibition of the ERK/MAPK pathway (73). 
Additionally, allicin exhibits anti-inflammatory properties by 
inhibiting the P38 and JNK pathways as well as the TLR4/
NF-κB signaling pathway (74).

Supplementation of garlic botanicals in the nursery basal 
diet has been shown to have beneficial effects on PRRSV-
infected pigs, including reduction of viral loads and im-
provement of immune responses (75). Allicin demonstrat-
ed a dose-dependent inhibitory effect on both HP-PRRSV 
and NADC30-like PRRSV. It exerts its antiviral activity by 
interfering with various stages of the viral life cycle, includ-
ing entry, replication, and assembly. Additionally, allicin alle-
viates the expression of pro-inflammatory cytokines (such 
as IFN-β, IL-6, and TNFα) induced by PRRSV infection. 
Treatment with allicin effectively restores dysregulated pro-
inflammatory signaling pathways, including the TNF and 
MAPK signaling pathways, which are upregulated during 
PRRSV infection (76).

Curcumin 
Curcumin, a natural polyphenolic compound isolated from 
Curcuma longa L. rhizomes, has been extensively studied 
for its various biological and pharmacological effects. It 
is the major component of C. longa and accounts for its 
immunomodulatory, antitumor, anti-inflammatory, antioxi-
dant, antimutagenic, antibacterial, antifungal, and antiviral 
activities associated with this plant (77). Among its antiviral 
properties, curcumin has been shown to inhibit the entry 
of several viruses into cells, including HCV, CHIKV, and ve-
sicular stomatitis virus (VSV) (78). In the context of PRRSV 
infection, curcumin has been found to effectively inhibited 
the infection of both Marc-145 cells and PAMs by four dif-
ferent genotype 2 PRRSV strains. Interestingly, curcumin 
did not affect the levels of major PRRSV receptor proteins 
on the cell surface or PRRSV binding to cells. Instead, it 
specifically targets two crucial steps in the PRRSV infec-
tion process: virus internalization and virus-mediated cell 
fusion (79).

Aloe vera extracts 
Aloe vera is known for its remarkable inhibitory effect on 
a wide range of viruses, including herpes simplex virus 
type 1, influenza virus, and pigeon paramyxovirus type 1 
(80). Notably, this antiviral property has been attributed 
not only to the whole extract of Aloe vera but also to its 
isolated compounds. Emodin (1, 3, 8-trihydroxy-6-methyl-
anthraquinone), an anthraquinone compound found in the 
roots and bark of pharmaceutical plants, such as Chinese 
rhubar (Rheum palmatum L.) and Aloe vera L. (81), has 
demonstrated significant inhibitory effects against vari-
ous viruses. These include Cyprinid herpesvirus 3 (CHV3) 
(82), coxsackieviruses (CV) (83), ZIKV (84), enterovirus 71 
(EV71) (85), Epstein-Barr virus (EBV) (86), HCoV-OC43 (87), 
herpes simplex virus (HSV) (88), HBV (89), and SARS-CoV 
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(90). Emodin exerts its antiviral activity through multiple 
mechanisms, including blockade of virus-receptor interac-
tions, inhibition of viral protein translation, suppression of 
viral maturation, and inhibition of viral release (90).

Aloe extract (Ae) has been found to exhibit potent inhibi-
tory effects against PRRSV in vitro, specifically in Marc-145 
cells and PAMs (91). Emodin demonstrated an inhibitory 
effect by targeting various stages of the PRRSV infection 
cycle. Emodin was able to directly inactivate PRRSV par-
ticles. Additionally, emodin treatment significantly upregu-
lated the expression of Toll-like receptor 3 (TLR3) (p < 0.01), 
IFN-α (p < 0.05), and IFN-β in iPAMs. This suggested that 
the anti-PRRSV effect of emodin may be attributed to the 
induction of antiviral agents through TLR3 activation (91).

Cepharanthine 
Cepharanthine (CEP) is an alkaloid derived from Stephania 
cepharantha Hayata, which has a long history of use in 
Japanese medicine for various conditions, including radia-
tion-induced leukopenia and certain skin and ear disorders 
(92). The therapeutic potential of CEP extends beyond its 
traditional applications, as it possesses diverse properties 
such as anti-inflammatory, antioxidant, immunomodula-
tory, and antiparasitic effects, making it an attractive candi-
date for treating viral diseases such as COVID-19 (93).

Notably, CEP has demonstrated antiviral activity against 
HCoV-OC43, a mildly pathogenic human coronavirus (94), 
and severe acute respiratory syndrome coronavirus (SARS-
CoV) (95). Moreover, in a comprehensive drug screen-
ing study involving 2406 clinically approved drugs, CEP 
emerged as the most effective compound against pan-
golin coronavirus closely related to SARS-CoV-2, the virus 
responsible for the COVID-19 pandemic (96). This discov-
ery is particularly significant considering the high genomic 
similarity between SARS-CoV and SARS-CoV-2 (97). Given 
these promising findings, CEP has garnered significant at-
tention as a potential therapeutic option for the treatment 
of COVID-19 by exploiting its established antiviral properties 
and favorable activity against related coronaviruses (96).

In recent investigations, CEP has demonstrated superior in-
hibitory effects on PRRSV infection compared to tilmicosin, 
as evidenced by reductions in both RNA and protein levels. 
Notably, CEP treatment led to a 5.6-fold decrease in TCID50, 
providing substantial protection against PRRSV infection 
in Marc-145 cells (98). Mechanistically, detailed analyses 
involving western blot assessments of Marc-145 cells and 
PAMs subjected to CEP treatment and PRRSV infection 
at various time points revealed the ability of CEP to sup-
press the expression of integrins β1 and β3, integrin-linked 
kinase (ILK), RACK1, and PKCα. These effects culminated 
in the suppression of NF-κB signaling, ultimately alleviating 
PRRSV infection. These findings underscore the potential 
of CEP as a valuable intervention strategy against PRRSV 
infection, offering new insights into its antiviral mecha-
nisms and therapeutic implications (98).

Glycyrrhizin 
Glycyrrhizin, a triterpene saponin found in licorice root 
(Glycyrrhiza glabra L.), possesses a diverse range of bio-
logical activities, including antibacterial, antiviral, anti-
inflammatory, anticancer, antioxidant, liver protection, 
neuroprotection, skin whitening, hypoglycemic, and mem-
ory-enhancing properties (99). These characteristics high-
light the promising potential of licorice in cosmetic produc-
tion and therapeutic applications for various conditions 
such as liver disease, diabetes, ischemia-reperfusion injury, 
Alzheimer's disease, Parkinson's disease, epilepsy, depres-
sion, and cancer (100). 

Numerous studies have documented the potent antiviral 
effects of glycyrrhizin against a range of viruses, including 
the hepatitis B virus (HBV) (101), HCV (102), herpes simplex 
virus (HSV) (103), SARS coronavirus (104), and influenza 
viruses (105). Recent studies have revealed dose-depen-
dent inhibitory effects of glycyrrhizin on the proliferation 
of PRRSV. Treatment with glycyrrhizin effectively reduced 
PRRSV proliferation and PRRSV-encoded protein expres-
sion, which primarily targeted the penetration stage of the 
PRRSV life cycle, exerting minimal influence on the pro-
cesses of viral adsorption or release (105).

Flavaspidic acid AB 
Flavaspidic acid AB (FA-AB) is a naturally occurring com-
pound derived from Dryopteris crassirhizoma Nakai, 
a semi-evergreen fern with a rich history in traditional 
Chinese medicine (106). The rhizome of D. crassirhizoma 
has traditionally been employed as an anti-infection agent, 
particularly for respiratory ailments such as the common 
cold and flu. Notably, it has been utilized in combination 
with other Chinese herbal medicines, including Astragalus, 
Atractylodes, Red Atractylodes, Pogostemon, Adenophora, 
and Lonicera, in a prescription formula to prevent SARS 
(106).

FA-AB belongs to the phloroglucinol derivative family (107). 
Extensive investigations have demonstrated the antibacte-
rial, antitumor, and antioxidant properties of phloroglucinol 
derivatives (107). Additionally, dimeric phloroglucinols have 
shown inhibitory effects against HIV-1 reverse transcrip-
tase, highlighting their potential for antiviral intervention 
(108). 

FA-AB inhibits the internalization and intercellular transmis-
sion of PRRSV, although it does not interfere with the initial 
binding of PRRSV to host cells (109). Remarkably, when 
FA-AB treatment was initiated 24 hours after viral infection, 
it effectively suppressed PRRSV replication, as evidenced 
by kinetic analysis of viral replication. Moreover, FA-AB can 
induce the expression of important antiviral cytokines, in-
cluding IFN-α, IFN-β, and IL1-β, in PAMs (109). 

Caesalpinia sappan (CS) heartwood  
Caesalpinia sappan L. 1753 (CS), derived from the 
Leguminosae family, is a renowned medicinal plant that is 
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widely distributed and cultivated in various tropical Asian 
regions such as Southern China, India, Myanmar, Vietnam, 
Sri Lanka, and Thailand (110). CS dried heartwood has been 
utilized in traditional medicine practices, including Indian 
Ayurveda and Traditional Chinese Medicine (111). CS heart-
wood exhibits a diverse range of biological activities, includ-
ing antioxidant (112), antibacterial (113), anti-inflammatory 
(114), hypoglycemic (115), and hepatoprotective (116) prop-
erties, as reported in previous studies. Moreover, CS extract 
constituents have demonstrated significant activity against 
the H3N2 strain of influenza virus (117). Additionally, CS 
showed promising antiviral activity against PRRSV replica-
tion in MARC-145 cells, with a significant reduction in the 
viral titer observed at 72 hpi. Notably, this antiviral effect 
was attributed to the presence of specific compounds such 
as byakangelicin, brazilin, naringenin, and brazilein (118). 

Saponin Components 
Saikosaponin A (SSA), Saikosaponin D (SSD), Panax no-
toginseng saponins (PNS), Notoginsenoside R1 (SR1), and 
Anemoside B4 (AB4) have gained significant attention in 
recent research because of their diverse bioactivity (119). 
Specifically, its antiviral potential against PRRSV was in-
vestigated. In a study involving 132 healthy piglets, saponin 
components were evaluated for their effects on PRRSV-
induced immunopathological damages (120). Piglets were 
divided into 22 groups, with each group consisting of six ani-
mals. The control group received an intramuscular injection 
of PRRSV solution, while the low-, middle-, and high-dose 
treatment groups were administered PRRSV solution fol-
lowed by intraperitoneal injections of AB4, PNS, SR1, SSA, 
or SSD at varying doses. The results demonstrated that all 
five saponin components reduced the incidence and sever-
ity of PRRSV-induced immunopathological damage, includ-
ing symptoms, such as elevated body temperature, weight 
loss, anemia, and internal inflammation. Furthermore, 
these saponin components exhibited the ability to enhance 
protein absorption and immune responses (120). 

Isobavachalcone 
Isobavachalcone (IBC) is a prenylated chalcone compound 
belonging to the flavonoid subclass that was originally de-
rived from Psoralea corylifolia L. (121). Extensive research 
has revealed that IBC exhibits a broad range of biological 
activities, including antibacterial, antifungal, anticancer, 
antireverse transcriptase, antitubercular, and antioxidant 
properties (121). Notably, IBC demonstrated inhibitory ef-
fects on PRRSV replication at the post-entry stage of in-
fection. This suggests that IBC may serve as a promising 
therapeutic candidate for the treatment of PRRSV infection 
in swine (122). 

Ursolic acid derivatives
Ursolic acid (UA) and its derivatives are widely recognized 
as prominent examples of pentacyclic triterpenoids (PTs), 
which possess diverse biological activities, including anti-
viral and antibacterial properties. UA has exceptional anti-
HIV activity, which is attributed to its ability to inhibit HIV-1 

proteases (123). Both oleanolic acid (OA) and UA possess 
anti-HCV activity by suppressing the enzymatic activity of 
HCV NS5B RNA-dependent RNA polymerase, acting as 
non-competitive inhibitors (124). 

Recent investigations have revealed that the amidation of 
the 17-carboxylic acid group of UA yields notable improve-
ments in both anti-PRRSV efficacy and cytotoxicity at-
tenuation in MARC-145 cells. This modified derivative po-
tently inhibited PRRSV infection not only in MARC-145 cells 
but also in PAMs and PRRSV-infected cells in vivo (125). 
Moreover, it displayed broad-spectrum inhibitory activities 
against various PRRSV strains, including the highly patho-
genic NADC30-like and GD-XH strains, as well as the clas-
sical CH-1a and VR2332 strains in vitro. Mechanistically, the 
compound exerted its antiviral effects by directly inactivat-
ing PRRSV virions, thereby disrupting multiple stages of the 
viral life cycle, including viral entry, replication, and release, 
while leaving cellular susceptibility to PRRSV unaffected 
(125).

Xanthohumol 
Xanthohumol (Xn), a prenylated flavonoid originating from 
the hop plant Humulus lupulus L., emerges as a natural 
compound with diverse bioactive properties, (126). Notably, 
Xn has garnered attention for its anti-inflammatory poten-
tial, as demonstrated by its ability to counteract lipopoly-
saccharide (LPS)-induced acute lung injury and ischemia 
reperfusion-induced liver injury in murine models (127). 
Additionally, Xn exhibits anti-proliferative effects in vari-
ous cancer cell lines, including breast, colon, and ovarian 
cancers (128). The antiviral activity of Xn has also been 
documented against human immunodeficiency virus (HIV), 
bovine viral diarrhea virus (BVDV), and HSV-1 and -2 (129).

Xn, a prenylated flavonoid compound, displays potent in-
hibitory effects against various sub-genotype strains of 
PRRSV when tested on PAMs (130). Notably, Xn exhibited 
a low half-maximal inhibitory concentration (IC50), empha-
sizing its efficacy in combating PRRSV infections in vitro. 
Furthermore, Xn treatment led to a reduction in the expres-
sion levels of pro-inflammatory cytokines, including IL-1β, 
IL-6, IL-8, and TNF-α, in PAMs infected with PRRSV and 
those treated with LPS. Animal challenge experiments us-
ing highly pathogenic PRRSV infections have shown that 
Xn effectively mitigates clinical signs, lung pathology, and 
inflammatory responses in the lung tissues of infected pigs 
(130).

Toosendanin 
Toosendanin (TSN) is a tetracyclic triterpene derived 
from the bark and fruit of Melia toosendans Sieb. et Zucc. 
Traditionally, it has been used as an agricultural insecti-
cide and digestive tract parasiticide in China (131). Notably, 
TSN has demonstrated significant efficacy in combating 
botulism, as evidenced by in vivo and in vitro studies (132). 
Subsequent studies have highlighted its potential as an an-
ticancer agent with the ability to induce apoptosis in diverse 
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cancer cell types (133). Recently, TSN has garnered atten-
tion for its antiviral properties, exhibiting activity against 
influenza A virus (IAV) (134), HCV (135), severe fever with 
thrombocytopenia syndrome virus (SFTSV), and SARS-
CoV-2 (136).

TSN exhibited robust inhibitory effects on the replication of 
type 2 PRRSV both in vitro, using Marc-145 cells, and ex 
vivo, using PAMs, even at sub-micromolar concentrations 
(137). Transcriptomic analyses further elucidated that TSN 
treatment upregulated IFI16 expression in Marc-145 cells. 
Additionally, we demonstrated that TSN induces the activa-
tion of caspase-1 and maturation of IL-1β through an IFI16-
dependent pathway (137).  

Iota-Carrageenan 
Carrageenan (CG), a sulfated galactan derived from marine 
red algae (Rhodophyta), has garnered significant attention 
because of its various biological activities (138). It is widely 
recognized as a safe compound by regulatory authorities 
and has extensive applications in the food, cosmetic, and 
pharmaceutical industries as a stabilizer, emulsifier, or 
thickener (139). Previous studies have demonstrated the 
anticoagulant, antitumor, and immunomodulatory proper-
ties of carrageenan (140). Notably, carrageenan exhibits 
potent inhibitory effects against a range of viruses includ-
ing IAV, dengue virus-2 (DENV-2), human rhinovirus (HRV), 
and HSV-1 (141).

Recent investigations have revealed the effectiveness of CG 
in inhibiting replication of the CH-1a strain of PRRSV at both 
the mRNA and protein levels in Marc-145 cells and PAMs 
(142). The antiviral mechanism of CG primarily occurs 
during viral attachment and entry into the viral life cycle. 
Moreover, CG hampered viral release in Marc-145 cells and 
mitigated CH-1a-induced apoptosis during the late stages 
of infection. Furthermore, CG inhibits CH-1a-induced NF-
κB activation, thereby interfering with cytokine production 
in both Marc-145 cells and PAMs (142).

Griffithsin 
Griffithsin, a lectin derived from marine red algae of 
Griffithsia spp., is a small protein consisting of 121 amino 
acids (143). Griffithsin effectively inhibits viral infectiv-
ity through its interaction with glycan moieties associated 
with the glycoproteins of various enveloped viruses (144). 
Extensive studies have demonstrated the remarkable an-
tiviral activity of Griffithsin against several human envel-
oped viruses, including HIV (143), Middle East respiratory 
syndrome coronavirus (MERS-CoV) (145),SARS-CoV (146), 
HCV (147), HSV-2 (148), and Japanese encephalitis virus 
(JEV) (149).

An exceptional characteristic of Griffithsin is its impressive 
thermostability, as it remains stable even at temperatures 
as high as 80°C (150). Griffithsin displays resistance to or-
ganic solvents (143) and protease degradation (151), further 
emphasizing its potential as a therapeutic agent. Moreover, 

extensive cytotoxicity studies have revealed the superior 
safety profile of Griffithsin (152). No cytotoxic effects were 
observed against various cell types, and it demonstrated 
minimal impact on peripheral blood mononuclear cell acti-
vation as well as cytokine and chemokine production (152).

Griffithsin demonstrated potent antiviral activity against 
PRRSV, which was likely mediated by its specific inter-
actions with glycans present on the surface of the virus, 
thereby impeding viral entry. Notably, Griffithsin effectively 
blocked viral adsorption while leaving viral penetration un-
affected. Additionally, Griffithsin exhibited the ability to hin-
der cell-to-cell spread, thereby interrupting virus transmis-
sion (153).

Proanthocyanidin A2 
Proanthocyanidins, a class of naturally occurring polyphe-
nolic bioflavonoids abundant in various plant sources, such 
as fruits, vegetables, nuts, seeds, and bark, including grape 
seeds, have garnered attention for their diverse array of bio-
active properties, including antioxidant, cardioprotective, 
anticancer, antibacterial, antiviral, and anti-inflammatory 
activities (154). Notably, grape seed-derived proanthocyani-
dins have demonstrated significant bioactivity in vitro (155).

Of particular interest is Proanthocyanidin A2 (PA2), a dimer-
ic form of proanthocyanidin that results from the conden-
sation of catechins (156). The antiviral potential of PA2 and 
its analogs has been highlighted against various viruses, 
including HSV, Coxsackie B virus (CBV), and canine distem-
per virus (CDV) (157). 

PA2 showed remarkable antiviral activity against PRRSV 
infection both in vitro (158). Notably, PA2 exhibited broad-
spectrum inhibitory effects against traditional genotype II 
PRRSV strains, such as CH-1a, GD-XH, and GD-HD strains, 
with comparable potency and EC50 values ranging from 
2.2 to 3.2 μg/ml. Treatment with PA2 results in a dose-de-
pendent reduction in viral RNA synthesis, viral protein ex-
pression, and progeny virus production in PRRSV-infected 
Marc-145 cells (158).

Furthermore, PA2 exerted immunomodulatory effects 
by suppressing the expression of key cytokines (TNF-α, 
IFN-α, IL-1β, and IL-6) induced by PRRSV infection in PAMs. 
This highlights the potential of PA2 in mitigating the in-
flammatory response associated with PRRSV infection. 
Mechanistically, PA2 exhibits multifaceted antiviral mecha-
nisms by targeting various pathways, including inhibition of 
viral entry and blocking progeny virus release (158).

Bacterial Compounds

Tilmicosin
Tilmicosin, a chemically modified macrolide antibiotic 
derived from tylosin, is an essential veterinary antimicro-
bial agent used to treat bacterial infections in animals. 
Originally synthesized in Streptomyces fradiae, tilmicosin 
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has specifically been formulated for veterinary use in cattle, 
sheep, and swine. It is available in injectable form for cattle 
and sheep, whereas a premix feed formulation is utilized 
for swine (159). The antimicrobial activity of tilmicosin is 
effective against a wide range of gram-positive and gram-
negative bacteria. Additionally, tilmicosin demonstrates ef-
ficacy against intracellular bacteria such as Rhodococcus 
sp. and Mycoplasma sp., making it a valuable therapeutic 
option in veterinary medicine (160). 

Limited research has explored the antiviral properties of 
tilmicosin against PRRSV; however, promising findings 
have emerged. Previous investigations have demonstrat-
ed the dose-dependent inhibitory effects of tilmicosin on 
PRRSV replication in cultured PAMs (160). Additionally, 
tylvalosin, a macrolide derivative, exhibits inhibitory activ-
ity against both European and North American strains of 
PRRSV in cultured cells (161). In an experimental setting us-
ing PRRSV-infected pigs, the administration of tilmicosin as 
a feed additive resulted in noticeable reductions in lymph 
node hypertrophy, lung lesions, and viremia compared with 
non-medicated infected controls (162). 

Tilmicosin has demonstrated significant potential for 
mitigating the severity of PRRSV infections in various ex-
perimental settings. In a study involving experimentally 
PRRSV-infected nursery pigs, tilmicosin treatment yielded 
notable improvements in disease outcomes, as evidenced 
by reduced clinical signs, improved feed consumption, and 
enhanced weight gain, compared to non-medicated chal-
lenged pigs. Furthermore, there was a tendency towards 
lower virus titers in the lungs and serum of tilmicosin-treat-
ed pigs (163).

Field evaluations of tilmicosin in sows have yielded prom-
ising results (164). In one study, the administration of an 
aqueous form of tilmicosin to nursery pigs in a controlled 
environment resulted in a 50% reduction in mortality, lower 
body temperature, a significant increase in average daily 
gain, and reduced lung lesions in the medicated group 
compared to the non-treated group (165,166). These find-
ings highlight the potential of tilmicosin in improving both 
clinical outcomes and performance indicators in PRRSV-
infected pigs. The accumulation of tilmicosin in macro-
phages, the primary target cells for PRRSV replication, may 
provide a mechanistic explanation for the observed reduc-
tion in clinical severity (167). 

Tulathromycin 
Tulathromycin (TUL), a triamide compound, possesses 
unique structural features characterized by a lactone ring 
containing three polar amine groups. This antimicrobial 
agent is commonly employed for the treatment and pre-
vention of swine respiratory diseases associated with 
Actinobacillus pleuropneumoniae (App), a gram-negative 
bacterium frequently found in PRRSV-infected pigs (168).

Recent investigations have revealed additional properties 
of tulathromycin beyond its antimicrobial effects. Studies 
have demonstrated its ability to inhibit the production of 
CXCL-8 and LTB4, the key mediators of inflammation, in 
stimulated neutrophils and macrophages (169). Moreover, 
tulathromycin promotes apoptotic death of neutrophils and 
facilitates their phagocytic clearance by macrophages, a 
crucial process known as efferocytosis, which contributes 
to the resolution of inflammation (170). TUL also exhibited 
potent immunomodulatory properties in the absence of any 
direct antiviral effects against PRRSV. TUL has exhibited an 
additive effect with PRRSV in inducing macrophage apop-
tosis and effectively inhibiting virus-induced necrosis (171).

Actinobacillus pleuropneumoniae
Porcine pleuropneumonia, a significant disease affecting 
the swine industry worldwide, is caused by Actinobacillus 
pleuropneumoniae (App). In recent years, in vitro models 
using St. Jude Porcine Lung (SJPL) cell line, an immortal-
ized epithelial cell line, have been developed to investigate 
host-pathogen interactions (172). These models have been 
instrumental in studying co-infections involving App and 
porcine viral pathogens. Interestingly, during App-PRRSV 
coinfection of SJPL cells, it was unexpectedly observed that 
App culture supernatants exhibited robust antiviral activity 
against PRRSV (173). This finding was further supported 
by another study that confirmed the antiviral effect of App 
culture supernatant (174). Antiviral activity of App against 
PRRSV has also been observed in PAMs (174). Moreover, 
App inhibits PRRSV replication by inducing cell cycle arrest 
in the G2/M phase of SJPL cells (175).

Fungal Compounds 

Cryptoporus volvatus
The utilization of mushrooms in medical applications has 
a rich history in Asian countries, and its usage has slightly 
increased in the Western hemisphere over the past few 
decades (176). Antiviral properties have been attributed 
not only to whole mushroom extracts but also to isolated 
compounds (177). C. volvatus, a member of the Order 
Aphyllophorales and genus Cryptoporus (178), is found in 
specific regions of China. The fruiting body of this mush-
room has been traditionally employed in the treatment of 
asthma and bronchitis, with references dating back to the 
15th century in the "Materia Medica of Yunnan" (178).

Extracts of C. volvatus obtained from various separation 
processes exhibit differing degrees of inhibitory activity 
against PRRSV (179). A specific anti-PRRSV component, 
CM-H-L-5, was isolated from a water-soluble fraction of C. 
volvatus. The inhibitory effect of CM-H-L-5 against PRRSV 
was dose-dependent. Chemical analysis revealed that CM-
H-L-5 is a low-molecular-weight polyol fragment containing 
amide and carboxylic acid groups (179).
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Deoxynivalenol (DON) Mycotoxin
Deoxynivalenol (DON), a trichothecene mycotoxin, is pro-
duced by various Fusarium spp. molds that are commonly 
found in feed and other organic substrates. Cereal grains 
such as wheat, barley, and corn are major sources of DON 
contamination (180). Pigs, owing to their high grain-based 
diets, are particularly susceptible to DON toxicity, making 
them frequently exposed to this mycotoxin (181).

In the context of PRRSV infection, it has been observed 
that DON concentrations ranging from 140 to 280 exert a 
significant impact on cell survival (182). Specifically, these 
DON concentrations remarkably increased the survival rate 
of PRRSV-infected cells. Furthermore, DON at these con-
centrations led to a substantial reduction in PRRSV repli-
cation. This inhibitory effect is attributed to the induction 
of pro-inflammatory cytokines and the early activation of 
apoptosis. These mechanisms appear to interrupt the viral 
replication cycle and impede PRRSV propagation within the 
host (182).

Animal-Derived Compounds

Honeybee Venom
Honeybee (Apis mellifera Linnaeus 1758) venom (HBV) is 
recognized as an alternative medicine owing to its thera-
peutic properties, particularly in the management of pain, 
inflammation, and immune-related conditions such as 
rheumatoid arthritis and multiple sclerosis (183). Notably, 
HBV has demonstrated immunomodulatory effects on the 
Th1 immune response. Administration of HBV leads to the 
differentiation of CD4+ T lymphocytes into Th1 cells, there-
by enhancing the production of interferon-gamma (IFN-γ) 
in mouse models (184). Furthermore, HBV phospholipase 
plays an important role in the maturation of dendritic cells 
and subsequent activation of dendritic cell-associated im-
mune responses (185,186).

Investigations have been conducted to explore the potential 
antiviral activity of HBV against PRRSV. In a recent study, 
HBV was administered to healthy pigs via nasal, neck, and 
rectal routes, followed by intranasal inoculation with PRRSV 
(187). Significantly increased levels of CD4+/CD8+ cell ratio, 
IFN-γ, and IL-12 were observed in HBV-administered pigs 
via nasal and rectal administration. In pigs experimentally 
challenged with PRRSV, the viral genome load in the serum, 
lung, bronchial lymph nodes, and tonsils was significantly 
reduced, accompanied by mitigation of interstitial pneumo-
nia severity in the nasal and rectal administration groups. 
Moreover, HBV administration leads to a substantial eleva-
tion in the levels of Th1 cytokines (IFN-γ and IL-12) and up-
regulation of pro-inflammatory cytokines (TNF-α and IL-1β) 
(187).

Caprylic Monoglyceride
Medium-chain fatty acids (MCFAs), including caprylic 
monoglycerides (CMG), are a class of fatty acids with 
carbon chain lengths ranging from 8 to 10 carbon atoms. 

While MCFAs are present in small quantities in nature, they 
are primarily derived from milk and breast milk and can also 
be found in palm kernel oil and coconut oil (188). Notably, 
MCFAs possess antimicrobial properties and their effects 
on animal productivity vary depending on the dosage em-
ployed (189).

One significant application of MCFAs is their ability to miti-
gate the transmission of the porcine epidemic diarrhea vi-
rus (PEDV) through feed and ingredients (190). Additionally, 
MCFAs have been demonstrated to influence the growth 
performance of animals by serving as readily available en-
ergy substrates, modulating gastrointestinal morphology, 
and exerting antimicrobial effects (191). MCFAs as a feed 
additive can also suppress African swine fever virus (ASFV) 
infection(192). 

In light of the potential antiviral and antimicrobial effects 
of MCFAs, we investigated their antiviral activity against 
PRRSV. Recently, a study evaluated the cytotoxicity of four 
MCFAs, namely caprylic acid, CMG, decanoic monoglycer-
ide, and monolaurin, along with their inhibitory effects on 
PRRSV. The results demonstrated that CMG exhibited the 
lowest toxicity towards cells among the four MCFAs, while 
displaying the highest inhibition rate against PRRSV (193).

To further assess the impact of CMG on PRRSV infection, 
piglets were treated with varying concentrations of CMG, 
revealing a significant decrease in mortality and viral load 
following PRRSV infection in piglets administered higher 
CMG concentrations (p < 0.05). Additionally, the pulmonary 
pathology in piglets was ameliorated by CMG treatment. 
Notably, CMG administration resulted in a significant down-
regulation of pro-inflammatory cytokines, including IL-6, IL-
8, IL-1β, IFN-γ, and TNF-α, while upregulating the levels of 
the anti-inflammatory cytokine IL-10 in comparison to the 
positive control group (p < 0.05) (193).

Protegrin-1
Antimicrobial peptides (AMPs), including protegrin-1 (PG-1), 
are polypeptides of less than 100 amino acids (194). AMPs 
are found in both plant and animal kingdoms and exhibit 
broad-spectrum antimicrobial activity against bacteria, fun-
gi, and viruses involved in the innate immune response to 
infection (195). PG-1, originally isolated from porcine leuko-
cytes (196), is considered to be an antibiotic agent against 
Gram-positive and Gram-negative bacteria and fungi in vi-
tro (197). Furthermore, previous studies have shown that 
PG-1 inhibits dengue NS2B-NS3 serine protease and viral 
replication in MK2 cells (198).

PG-1 also strongly inhibits PRRSV infection and replication 
by suppressing viral RNA and protein synthesis, virus prog-
eny production, and viral particle release. Furthermore, dur-
ing the PRRSV life cycle, PG-1 mainly blocked viral attach-
ment in Marc-145 cells. However, in PAMs, PG-1 neither 
inhibits PRRSV replication nor elevates antiviral cytokine 
expression (199).
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Porcine Plasma Ficoline
Ficolins are proteins that activate the complement system 
and exhibit the ability to bind N-acetyl groups in various 
saccharides, particularly N-acetylglucosamine (GlcNAc) 
(200). This suggests that ficolins may also have the capac-
ity to bind certain viruses that display host glycans on their 
surfaces (201).

Viral glycoproteins often possess complex-type oligosac-
charides that are characterized by two terminal GlcNAc res-
idues (202). Similar collagenous lectins have been shown 
to bind glycoproteins in IAV, HIV, HSV, and non-enveloped 
rotavirus (RV) (203). In a recent study, the antiviral activity 
of plasma-purified and recombinant ficolin α was assessed 
against PRRSV. The results revealed a reduction in the cy-
topathic effect of PRRSV-infected Marc-145 cells and inhi-
bition of viral replication in the presence of ficolin α, which 
is dependent on GlcNAc recognition. Additionally, plasma 
ficolin α and recombinant ficolin α bind to PRRSV-coated 
wells in a GlcNAc-dependent manner (204).

Cecropin P1
Cecropin P1 (CP1) is a small antimicrobial peptide originally 
derived from the intestine of pigs, and it has demonstrated 
antiviral activity against various viruses, including infectious 
hematopoietic necrosis virus, viral hemorrhagic septicemia 
virus, snakehead rhabdovirus, and infectious pancreatic 
necrosis virus, in in vitro studies (205). CP1 exhibits signifi-
cant antiviral effects against PRRSV, both as an extracel-
lular virucidal agent and as an inhibitor, when administered 
prior to, simultaneously with, or following viral inoculation. 
The inhibitory mechanism of CP1 primarily targets viral at-
tachment rather than viral entry into Marc-145 cells (206). 
Moreover, CP1 effectively impeded viral particle release and 
mitigated virus-induced apoptosis during the late stages of 
infection. The inhibitory action of CP1 against PRRSV was 
also extended to PAMs in vivo. Additionally, CP1 upregu-
lates the expression of IL6 in PAMs, which could potentially 
contribute to its ability to inhibit PRRSV infection (206).

Cecropin D 
Cecropin D (CD) is an antimicrobial peptide originally de-
rived from Hyalophora cecropia Linnaeus 1758 pupae, and 
it has been previously demonstrated to possess antibacte-
rial activity against both Gram-positive and Gram-negative 
bacteria, including Escherichia coli DH5α, K88, K99, 
Streptococcus zooepidemicus C55138, and Staphylococcus 
aureus Cowan I (207). In the context of PRRSV infection, CD 
exerted inhibitory effects during viral attachment and the 
early stages of viral entry into Marc-145 cells. Furthermore, 
CD effectively suppressed virus-induced apoptosis during 
the late phase of PRRSV infection and attenuated viral re-
lease within cells. These observations collectively contrib-
ute to the inhibition of PRRSV infection by CD. Importantly, 
similar inhibitory effects against PRRSV infection are evi-
dent when CD is utilized in PAMs during in vivo infection in 
pigs (208).

Conclusions

This comprehensive review highlights the potential of natu-
ral compounds derived from plants, animals, bacteria, and 
fungi as effective antiviral agents against PRRSV. These 
compounds exhibit diverse mechanisms of action target-
ing various stages of the PRRSV replication cycle (attach-
ment, entry, fusion, replication, translation, maturation, and 
release). These compounds have shown promising broad-
spectrum antiviral activities both in vitro and in vivo. 

Although significant progress has been made in the field 
of natural compounds with antiviral activity against PRRSV, 
several research gaps still need to be addressed. First, fur-
ther studies are needed to elucidate the precise mecha-
nisms by which these natural compounds exert their an-
tiviral effects. Understanding the molecular interactions 
between these compounds and PRRSV components will 
provide valuable insights for the development of more 
targeted interventions. Second, comprehensive investiga-
tions on the safety, pharmacokinetics, and toxicity profiles 
of these natural compounds are essential. These studies 
will help determine the optimal dosage and administration 
routes as well as evaluate potential side effects, ensur-
ing their safe use in veterinary medicine. Finally, there is a 
need for more comprehensive studies to evaluate the ef-
ficacy of combination therapies using natural compounds. 
Investigating the synergistic effects of combining differ-
ent compounds or combining them with existing antiviral 
drugs may enhance overall antiviral efficacy and reduce the 
emergence of drug-resistant viral strains.

Future research should explore the application of advanced 
technologies, such as nanotechnology and targeted deliv-
ery systems, to enhance the bioavailability and therapeutic 
potential of these natural compounds. These innovative ap-
proaches may improve compound stability, increase tissue 
specificity, and enhance the antiviral efficacy. Further re-
search addressing the aforementioned research gaps and 
exploring new avenues, combined with rigorous preclinical 
and clinical trials, will accelerate the translation of these 
natural compounds into effective antiviral therapies for the 
control and prevention of PRRSV infections in swine.
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Od naravne lekarne do zdravja prašičev: Izkoriščanje naravnih spojin 
proti okužbi z virusom PRRSV

F. L. Orosco   

Izvleček: Virus prašičjega reprodukcijskega in respiratornega sindroma (PRRSV) je pomemben virusni patogen, ki po-
vzroča znatne gospodarske izgube v prašičereji po vsem svetu. Zaradi omejene učinkovitosti obstoječih terapevtskih 
pristopov in pojavov novih sevov PRRSV so nujno potrebne nove protivirusne strategije. Naravne spojine, pridobljene iz 
rastlin, živali, bakterij in gliv, so vse bolj poznana kot potencialna protivirusna sredstva. Ta izčrpen pregled se osredotoča 
na naravne spojine s protivirusnim delovanjem proti PRRSV ter raziskuje mehanizme njihovega delovanja, učinkovitost 
in morebitno uporabo. Te spojine imajo različne protivirusne mehanizme, kot so zaviranje pritrjevanja in vstopa virusa, 
zaviranje razmnoževanja in modulacija gostiteljevega imunskega odziva. Pregled izpostavlja tudi izzive in prihodnje us-
meritve na tem področju. Raziskovalne vrzeli vključujejo potrebo po nadaljnjem pojasnjevanju natančnih mehanizmov 
delovanja, celoviti oceni varnostnih profilov in raziskovanju kombiniranih terapij za povečanje učinkovitosti. Potrebne so 
nadaljnje raziskave in translacijske študije, da bi izkoristili celoten potencial teh naravnih spojin in utrli pot učinkovitemu 
nadzoru in obvladovanju okužb z virusom PRRSV v prašičereji.
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Abstract: Aquaporins are selective water channels that serve transportation of wa-
ter across cell membranes, which play a vital role in all cells. In this study, using the 
immunohistochemical method, the authors intended to investigate the localization of 
Aquaporin-1 in the small and large intestines of geese. In this study, small and large in-
testine tissue samples taken from healthy adult geese (Anser anser) (n = 10) were used 
as materials. After fixation for 24 hours at 10% formaldehyde, the tissue samples were 
passed through graded series of ethanol and xylol and embedded in paraffin. Mallory's 
modified triple-staining method was used to examine the general structure of the in-
testine. The Avidin-Biotin-Peroxidase Complex (ABC) method was applied to determine 
the immunoreactivity of Aquaporin-1. The apical parts of crypt epithelial cells showed 
strong Aquaporin-1 immunoreactivity in the duodenum and moderate Aquaporin1 im-
munoreactivity in the jejunum and ileum. Strong Aquaporin-1 immunoreactivity was de-
termined in vascular endothelial cells in the duodenum, jejunum, and ileum, and weak 
immunoreactivity was found in smooth muscle cells. However, a weak Aquaporin-1 im-
munoreactivity was detected only in the smooth muscle cells of the cecum and rectum 
but not in vascular endothelial cells and crypt epithelial cells. The intestine tissue regu-
lates salt transport and hydrostatic pressure differences, enabling the transportation 
of water. It was suggested that the duodenum and jejunum sections in particular are 
permeable to high levels of water for balancing the osmotic pressure of the intestinal 
content. Consequently, with this study, Aquaporin-1 immunoreactivity was detected in 
the crypt epithelial cells, smooth muscle cells, and vascular endothelium of the small 
intestines of geese.  
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Introduction 

Water passes through the plasma membrane by simple 
diffusion. Channels consisting of specialized membrane 
proteins are required for the rapid and intense passage of 
water (1). Aquaporins (AQPs), a family of water channel pro-
teins, are small hydrophobic and integral membrane chan-
nel proteins that facilitate the transportation and velocity of 
water and are responsible for water balance regulation by 
ensuring continuous and rapid permeability of water with 
low activation energy throughout the epithelial cells (2, 3). 
Water molecules that pass through AQP channels move 
very quickly. In one second, 109 water molecules pass 
through the AQP channel. The speed of water that transit 

through the AQP channel is even faster than the catalase 
enzyme, which is known metabolically as the fastest. This 
speed is a high speed for metabolic events (4). 

Aquaporins have been reported to be hydrophobic proteins 
with six transmembrane domains whose molecular weight 
ranges from 28 kDa (unglycosylated form) to 40-50 kDa 
(glycosylated form), and they are mostly found as a ho-
motetramer (5). Depending on their permeability, AQPs in 
mammals are divided into three groups 1): Water-selective 
Aquaporins (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and 
AQP8), 2); Aquaglyceroproteins which mediate the passage 
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of glycerol, urea, and some neutral molecules besides wa-
ter (AQP3, AQP7, AQP9, and AQP10), and unorthodox or 
super-aquaporins (AQP11 and AQP12) (6, 7). 

AQP 1, 2, 4, and 5 show the widespread distribution in every 
tissue and organ where water is crucial (8). At least eleven 
varieties of Aquaporin are expressed in various tissues in 
the gastrointestinal tract. AQP1 is expressed in duodenum, 
ileum, large intestine, liver, pancreas and gallbladder, AQP2 
in small intestine, AQP3 in small intestine, colon and liver, 
AQP4 in duodenum and colon, AQP5 in duodenum and pan-
creas, AQP7 in small intestine and colon, AQP8 in large in-
testine, liver, pancreas, and gallbladder, AQP9 in duodenum, 
ileum and liver, AQP10 in small intestine, AQP11 in small 
intestine, colon and liver and AQP12 in pancreas (9, 10). 

Aquaporin-1 (AQPl) was first discovered by chance during 
studies of the human red cell Rh protein as a homologous 
protein to MIP (Major Intrinsic Protein of Bovine lens) and 
was labelled as CHIP28 (Channel Forming Intrinsic Protein 
of 28 kDa). After that CHIP was designated Aquaporin-1 (ab-
breviated AQPl) by the Human Genome Committee (11, 12).  

AQP1 was determined to have important roles in physiolog-
ical processes such as water homeostasis, neuro-homeo-
stasis, digestion, body temperature regulation, and repro-
duction by contributing to fluid release and fluid absorption 
in the body (13). It has been suggested that AQP1 may be 
involved in angiogenesis, wound healing, organ regenera-
tion, and tumor metastasis (14). A positive correlation has 
been established between endometrial adenocarcinoma 
progression and AQP1, microvascular density, as well as 
vascular endothelial growth factor (VEGF) (15). 

Chicken ceca and rectum were determined to have AQP4 
immunoreactivity (16). Also, jejunum, ileum, and colon have 
ck-AQP5 mRNA (17), and the lower intestinal tract of a spar-
row has AQ1 distribution (18), but no study of AQ1 immu-
noreactivity in the small and large intestines of geese was 
encountered in the literature. In this study it was aimed to 
determine immunolocalization of Aquaporin-1, that is im-
portant in terms of physiological and pathological roles it 
assumes in the small and large intestines of geese which 
has economic importance.

Material and Methods 

Animal Material  

Tissue samples were harvested in compliance with 
an approved Kafkas University Animal Care and Use 
Committee Protocol (No. 2018/04, dated 26.04.2018 and 
coded KAÜHADYEK/2018-049) for this study. The small 
and large intestine tissue samples taken from 10 female 
geese (Anser anser) at the age of 8 months that local 
breeders slaughtered for consumption purposes were used 
as materials. 

Histological Procedure  

The small and large intestinal tissue samples were fixed for 
24 hours in a 10% formaldehyde solution. Afterwards, they 
were dehydrated (ethanol), cleared (xylol), and embedded in 
paraffin. Paraffin blocks were cut into 5-μm thick sections 
on a rotary microtome (LIECA) and stained with Mallory's 
modified triple staining to examine the general structure of 
the tissues. 

Immunohistochemical procedure 

The Avidin-Biotin Peroxidase complex (ABC) technique was 
used to determine the localization of Aquaporin 1 (AQP 1) 
immunohistochemically in small and large intestine tis-
sues. 4-μm cross-sections were fixed to lamellas covered 
with chrome alum gelatin and were subjected to deparaf-
finization and dehydration. They were then incubated for 20 
minutes in the solution of hydrogen peroxide in methanol 
(3%) to prevent endogenous peroxide activity. Then they 
were kept in the microwave oven at 600 watts for 20 min-
utes within a sodium citrate buffer (pH 6.0) solution to re-
lease antigenic receptors. Sections incubated for 10 min-
utes with Blocking Solution A (Invitrogen-Histostatin Plus 
Bulk Kit) were kept at room temperature for 1 hour after 
dripping the Aquaporin 1 primary antibody [1/500] (abcam: 
ab9566) without a PBS wash. The sections were then in-
cubated for 30 minutes with the biotinylated secondary 
antibody and 30 minutes in Streptavidin Peroxidase solu-
tion. To demonstrate the antibody reaction, the DAB (3.3 ′ 
-Diaminobenzidine) chromogen solution was added to the 
cross-sections, and they were examined with a light micro-
scope. The reaction was stopped with PBS by checking the 
condition of immunoreactivity. Distilled water-washed sec-
tions were subjected to Harris hematoxylin stain for reverse 
staining and were dehydrated and covered with entellan. 

The evaluation was made by two independent observers 
using the semi-quantitative method by taking the degree 
of staining in the cross-sections as a criterion. Depending 
on the staining properties, the slides were scored within the 
range of 0–3 during their evaluation: no immunoreactivity 
0(-), weak immunoreactivity 1(+), moderate immunoreac-
tivity 2(++), and strong immunoreactivity 3(+++). To deter-
mine whether immunohistochemical staining is specific, 
the sections were subjected to an immunohistochemical 
staining procedure without adding a primary antibody (neg-
ative control), provided that all processes were identical. 
The preparations prepared for histological and immunohis-
tochemical examinations were then photographed and as-
sessed under the light microscope (Olympus Bx53 JAPAN). 

Statistical analysis 

The data were analyzed with the IBM Statistical Package 
for Social Sciences (SPSS) program. In analysis, minimum-
maximum values, mean, and standard deviation were used 
and median was calculated to evaluate the data.
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Table 1: Statistical analysis of Aquaporin-1 immunoreactivity in geese small and large intestine

Cells N Min Max Mean±SD Median 

Duodenum

Crypt epithelial cells 8 2 3 2,56±0,42 2,50

Vascular endothelial cells 8 2 3 2,56±0,42 2,50

Smooth muscle cells 8 0 2 1,1875±0,65 1

Jejenum

Crypt epithelial cells 8 1 3 2,06±0,62 2

Vascular endothelial cells 8 2 3 2,625±0,44 2,75

Smooth muscle cells 8 0 2 1,0625±0,582 1

Ileum

Crypt epithelial cells 8 1 3 1,88±0,69 2

Vascular endothelial cells 8 2 3 2,63±0,44 2,75

smooth muscle cells 8 0,5 2 1,0625±0,49 1

Cecum

Crypt epithelial cells 8 0 1 0,25±0,38 0

Vascular endothelial cells 8 0 1 0,19±0,37 0

Smooth muscle cells 8 0 2 1,0625±0,67 1

Rectum (Colon)

Crypt epithelial cells 8 0 1 0,31±0,46 0

Vascular endothelial cells 8 0 1 0,25±0,46 0

Smooth muscle cells 8 0,5 2 1,0625±0,49 1

Figure 1: Goose intestine tissue. A; İleum, B; Cecum. Mallory's modified triple staining. A and B; Bar: 200 μm, original magnification, X10
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Results 

The normal histological structure of the small and large in-
testines of geese is shown in Figure 1. The apical parts of 
crypt epithelial cells in the duodenum showed strong, and 

the apical parts of crypt epithelial cells in the jejunum and il-
eum showed moderate AQP1 immunoreactivity. In the duo-
denum, jejunum, and ileum, strong AQP1 immunoreactivity 
was determined in vascular endothelial cells and weak im-
munoreactivity in smooth muscle cells. Weak AQP1 immu-
noreactivity was detected in the smooth muscle cells of the 

Figure 2: Goose small intestine tissue.  AQ1 immunoreactivity.  A, B; duodenum, C, D; jejenum E, F; ileum. The Avidin-Biotin-Peroxidase Complex (ABC) 
method. B; Bar: 50 μm, original magnification, X40, A, D, F; Bar: 100 μm, original magnification, X20, C, E; Bar: 200 μm, original magnification, X10
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cecum and rectum but no immunoreactivity was observed 
in either the crypt epithelial cells or the vascular endothelial 
cells (Table 1 and Figures 3).

Discussion

In the transportation of water, the intestines are the second 
most important organ after the kidneys. Water transport 
occurs in the digestive tract because of hydrostatic pres-
sure and osmotic pressure caused by the transport of salt. 
Much of the transported water is used to regulate saliva, 
gastric juice, bile, pancreatic fluid, and intestinal fluid, and 
to adjust water and ion balance (19, 20).

The feed material is ingested, moisturized, ground into 
small particles, acidified, and attacked by endogenous 

enzymes in the digestive tract of poultry similar to other 
animal species (21). In poultry, the intestine is an important 
organ where enzymatic digestion takes place, and nutrients 
are absorbed via numerous ion channels and transporters 
present on the apical intestinal epithelial border. Materials 
consisting of indigestible food and waste are mixed up with 
urine in the cloaca and are excreted from the body as feces 
(22). Intestine composed of duodenum, jejunum, ileum and 
ceca, rectum (colon), and cloaca. The wall structure of the 
poultry intestines consists of mucosa, submucosa, muscu-
laris, and serosa layers, like the mammalian intestine (23).   

AQP-1 gene sequences of chicken, human, and toad exhibit 
94%, 88%, and 78% homology, respectively (18). Specific 
AQP1 labeling was seen in the endothelia of central lacte-
als in the villi of the porcine small intestine (24). In the calf 
of adult buffalo, AQP-1 was detected in the endothelium, 

Figure 3: Goose large intestine tissue.  AQ1 immunoreactivity. A; cecum, B, C, D; rectum (colon). The Avidin-Biotin-Peroxidase Complex (ABC) method. 
A; Bar: 50 μm, original magnification, X40, B; Bar: 500 μm, original magnification, X4, C; Bar: 100 μm, original magnification, X20, D; Bar: 200 μm, original 
magnification, X10
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enterocytes, lymphoid tissue, and enteric neurons of both 
the small and large intestines (25). AQP1 was demonstrat-
ed on endothelial cells of lymphatic vessels in the submu-
cosa and lamina propria and capillary endothelial cells in 
the smooth muscle layer throughout the rat gastrointesti-
nal tract and villus intestinalis and crypt epithelium cells, 
vascular endothelium, erythrocytes and connective tissue 
within the small intestine and serosa layer, vascular endo-
thelium and erythrocytes in the large intestines of the mice 
(26, 27).

Strong AQP4-immunoreactivity was demonstrated in a fi-
ber network in the enteric plexus in chicken ceca and rec-
tum (16). In poultry, ck-AQP5 mRNA was found in the crypt 
cells of the jejunum, ileum, and colon, but not in the cells 
that cover the villi (17). Goose testis and vas deferens capil-
laries were reported to have AQP-1 immunoreactivity in en-
dothelial cells (28). In bird and mammal kidneys, AQP-1,2 
and 4 were expressed (29). In this study it was determined 
that there was AQP1 immunoreactivity in crypt epithelial 
cells, vascular endothelial cells, and smooth muscle cells 
in geese duodenum, jejenum and ileum like rat (26), mice 
(27), and porcine (24) whereas only smooth muscle cells 
showed a reaction in cecum and rectum. 

AQP1 distribution was determined on the apical membrane 
of the enterocytes, especially in the crypts, and on the cell 
membrane of erythrocytes of bottlenose dolphin’s small in-
testine. Strong immunostaining was reported in the apical 
membrane of enterocytes in the mid and bottom regions 
of the crypt, also comparatively moderate immunostaining 
was demonstrated at the apical membrane and cytoplasm 
of enterocytes in the villi and upper region of the crypt (30). 
It was observed the apical parts of crypt epithelial cells in 
the duodenum showed strong AQP1 immunoreactivity, 
and the apical parts of crypt epithelial cells in the jejunum 
and ileum showed moderate AQP1 immunoreactivity. Also, 
strong AQP1 immunoreactivity was determined in vascular 
endothelial cells in the duodenum, jejunum, and ileum and 
a weak immunoreactivity in smooth muscle cells of geese 
intestine. 

The presence of AQP-1 in the distal rectum of sparrows 
was reported in large intestines from the ceca to copro-
deum with limited distribution. It was suggested that the 
AQP-1 was present within the cecae especially in the lam-
ina propria and in the mucosa and the muscularis of the 
proximal rectum and in the epithelium, the lamina propria 
and muscularis of the distal rectum of house sparrows (18). 
In this study it was seen that a weak Aquaporin-1 immuno-
reactivity was detected only in the smooth muscle cells of 
the geese cecum and rectum. Furthermore, identification 
of AQP-1 in the mucosa of the large intestine suggested 
that AQP1 may play a role in water transportation, while lo-
calization of AQP-1 in the distal rectal epithelium drew more 
attention to the importance of retrograde peristalsis for wa-
ter conservation (18).  

In conclusion, indicating that Aquaporin 1 immunoreactiv-
ity was observed especially in the apical membranes of 
crypt enterocytes in geese small intestines as in dolphins 
(30) and that Aquaporin 1 was localized in endothelial cells 
of lymph vessels in lamina propria and in the submucosa 
from the esophagus to the colon of rats (26) suggests that 
Aquaporin 1 release may be similar in poultry and mam-
malian intestines. 
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Določanje mesta nahajanja akvaporina-1 v tankem in debelem črevesu 
gosi  (Anser anser)
E. K. Sari, B. Bakir, G. F. Arslan, S. E. Yildiz   

Izvleček: Akvaporini so selektivni vodni kanali za prenos vode skozi celične membrane in imajo pomembno vlogo v vseh 
celicah. V tej študiji smo z imunohistokemično metodo ugotavljali mesto nahajanja akvaporina-1 v tankem in debelem 
črevesju gosi. Uporabili smo vzorce (n = 10)  tankega in debelega črevesa odraslih, zdravih gosi (Anser anser). Po 24 
urni fiksaciji v 10% formaldehidu  smo vzorce dehidrirali v zaporednih stopnjah etanola in ksilola ter jih vpeli v parafin. 
Za pregled splošne strukture črevesa smo uporabili Malloryjevo modificirano metodo trojnega barvanja. Za določanje 
imunoreaktivnosti akvaporina-1 je bila uporabljena metoda kompleksa avidin-biotin-peroksidaza (ABC). Močno imu-
noreaktivnost akvaporina-1 smo ugotovili na apikalnih delih epitelijskih celic kript dvanajstnika ter žilnih endotelijskih 
celicah v dvanajstniku, jejunumu in ileumu. Zmerna imunoreaktivnost akvaporina-1 je bila prisotna v jejunumu in ileumu. 
Imunoreaktivnost je bila šibka v celicah gladkih mišic, vendar le v celicah slepega črevesa in danke, ne pa tudi v žilnih 
endotelijskih celicah in epitelijskih celicah kripte. Črevesno tkivo omogoča prenos vode z uravnavanjem  prenosa soli 
in razlik v hidrostatičnem tlaku. Predpostavljeno je, da sta zlasti odseka dvanajstnika in jejunuma prepustna za velike 
količine vode za namen uravnavanja osmotskega tlaka črevesne vsebine. Posledično je bila tudi v tej študiji ugotovljena 
imunoreaktivnost akvaporina-1 v epitelijskih celicah kript, gladkih mišičnih celicah in žilnem endoteliju tankega črevesa 
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Abstract: Various prescription diets prescribed by veterinarians for specific diseases 
in dogs have been developed and introduced to the market. Trace element and mineral 
levels, which are essential for healthy living conditions in animals, can differ in both pre-
scription and non-prescription foods. In our study, it was aimed to determine the levels 
of some elements and minerals in various prescription and non-prescription dry foods 
used in dog nutrition and to evaluate their therapeutic importance.

In the study, a total of 100 different prescription dry food formulated for hepatic dis-
eases (H, n=25), renal diseases (R, n=25), gastrointestinal diseases (GI, n=25) and, al-
lergic diseases (HA, n=25) were used. Non-prescription dry foods from different flavors 
and brands in the market were considered as the control group (C, n=50). Copper (Cu), 
Iron (Fe), Manganese (Mn), Zinc (Zn), Selenium (Se), Calcium (Ca), and Phosphorus (P) 
levels of all dry foods were analyzed by Inductively Coupled Plasma-Optical Emission 
Spectrometer (ICP-OES, Thermo iCAP 6000 series) and the results were compared be-
tween groups. Statistical analysis was evaluated using SPSS 21.

Cu levels in GI and HA groups were higher than in the control group (p<0.05 and p<0.01, 
respectively). Fe levels were higher in the GI group and lower in the HA group than in 
the control group (p<0.05). Mn level was significantly higher in the H group compared 
to the control group (p<0.001). The Mn levels in GI and HA groups were higher than the 
control group (p<0.01).  There was no statistical difference in Se and Zn levels between 
prescription and non-prescription dry foods. Ca and P levels in all groups were statisti-
cally lower than in the control group (p<0.001).

There are significant differences in element and mineral levels in prescription and non-
prescription dry foods. These values may be out of the legal limits determined by EU 
Regulation. Considering the therapeutic purpose of these prescription formulas, some 
element and mineral amounts were determined as inappropriate.
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Introduction 

The growing interest in pets has led to an increase in the 
annual growth rate of the pet food industry. It was report-
ed that 8.5 million tonnes of pet food products are  sold 

annually in Europe (1). Commercial foods are widely pre-
ferred by pet owners because they meet the nutritional 
needs of pets practically and economically (2). In addition 
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to commercial foods used in healthy animals, various pre-
scription diets formulated for many disease conditions have 
also been introduced to the market (3). Today, prescription 
foods are widely prescribed by veterinarians and many 
studies were on their clinical efficacy (4-10). Urinary diets 
effective on urinary system that contain lesser amounts of 
high-quality protein, low phosphorus and magnesium in or-
der to decrease the concentration of urea, phosphorus and 
magnesium in the urine (4); hepatic diets include moder-
ate fat, high carbohydrates, highly digestible, high biologic 
value protein that is low in aromatic amino acids and me-
thionine and high in branched-chain amino acids and ar-
ginine (5); gastrointestinal diets with high digestibility and 
biological value protein; pancreatic diets with high digest-
ibility, restricted protein and fat formulated to reduce pan-
creatic secretions (7); dermatological diets enriched with 
omega-6 EFA linoleic acid (8) hypoallergenic diets against 
food allergies containing lamb and rice [9] and diets devel-
oped against obesity (10) are among the prescription foods 
in veterinary medicine. 

Trace and macro elements are essential for healthy dogs. 
While the deficiency of essential trace elements such as 
can lead to various dysfunctions and death (11,12), greater 
amounts of these elements such as selenium, copper and 
zinc may also cause various tissue and organ damage in 
dogs. Therefore the optimum amount of these elements 
in pet foods plays an important role in maintaining health 
conditions (13-18). In this study, it was aimed to evaluate 
and compare some element and mineral levels between 
various non-prescription dry foods used in healthy dog nu-
trition and prescription dry foods used in various diseases.

Material and Methods 

Study design  

The study was carried out at Istanbul University-
Cerrahpaşa, Faculty of Veterinary Medicine, Department of 
Internal Medicine collaboration with Cerrahpaşa Faculty of 
Medicine, Department of Biophysics. Non-prescription dry 
food from different brands of various companies sold on 
the market and prescription dry food from different brands 
of various companies sold in veterinary clinics were collect-
ed. All food type was dry food for dog nutrition. For non-
prescription foods, predominant flavours were chicken, fish 
and lamb manufactured by Italy and Turkey. Hepatic foods 
were chicken and fish flavoured manufactured by France 
and Italy. All renal foods were fish flavoured manufactured 
by Italy and Spain. Gastrointestinal foods had chicken, fish 
and duck protein source manufactured by Spain, Italy and 
France. All hypoallergenic foods were fish flavoured manu-
factured by Italy and Spain. In the study, a total of 100 pre-
scription dry dog foods developed for hepatic diseases 
(n=25), kidney diseases (n=25), gastrointestinal system dis-
eases (n=25) and allergic skin diseases (n=25) were used. 
As a control group (n=50) non-prescription dry foods from 

different flavors and brands were analyzed. Accordingly, 
five different study groups were determined as follows:

	– Control (C, n=50): Non-prescription dry dog food sam-
ples from different flavors and brands used in healthy 
dogs,

	– Hepatic (H, n=25): Dry dog food samples used in liver 
diseases,

	– Renal (R, n=25): Dry dog food samples used in kidney 
diseases,

	– Gastrointestinal (GI, n=25): Dry dog food samples used 
in gastrointestinal system diseases,

	– Hypoallergenic (HA, n=25): Dry dog food samples used 
in allergic skin diseases.

Element and mineral analysis

Element and mineral analyzes were performed by Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-
OES, Thermo iCAP 6000 series). Copper (Cu), Iron (Fe), 
Manganese (Mn), Zinc (Zn), Selenium (Se), Calcium (Ca), 
Phosphorus (P) were analyzed from each dry food sample. 
In order to analyze the elements in ICP-OES, suitable wave-
lengths for each element were selected (Table 1).

In order to determine the Cu, Fe, Mn, Zn, Se, Ca, and P lev-
els from the collected dry foods, 4 samples were prepared 
from each type of food and the average values of the ele-
mental analysis results were calculated. The element levels 
obtained as a result of the measurements were expressed 
as mg/gr (sample) for Fe, Ca and P, and μg /gr (sample) for Cu, Mn, 
Zn, and Se. 1 mL nitric acid was added to the food samples, 
which were transferred into heat resistant graduated glass 
tubes, and left to melt in an oven at 200°C. Then, 1 mL of 
perchloric acid was added to the nitric acid food sample, 

Table 1: Wavelengths of each element in ICP-OES measurements

Element Wavelengths (nm)

Cu 324.754

Fe 259.940

Mn 257.610

Zn 206.200

Se 196.090

Ca 317.933

P 177.495
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Figure 1: Calibration curves for Cu, Fe, Mn, Se, Zn, Ca and P, respectively
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Figure 2: Box-plots for Cu, Fe, Mn, Se, Zn, Ca and P. C: Control, GI: Gastrointestinal, H: Hepatic, HA: Hypoallergenic, R: Renal
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which was left to cool at room temperature and vortexed. 
The mixture, which was put in an oven at 200°C and a wet 
burning process, was vortexed and left to cool. Distilled 
water was added to the samples and the total volume was 
completed to 13 mL. It was vortexed again and analyzed in 
the ICP-OES device.

Working standard solutions (Chem-Lab NV) were co-pre-
pared from standard stock solutions (1000 pg/dL) of each 
element. Calibration graphics for each element were drawn 
and evaluated using standard solutions and deionized wa-
ter as a blank solution, and then measured (Figure 1). The 
biggest advantage of this method is that it allows to mea-
sure the main emission of many elements at the same time, 
as well as their emissions at 4-5 different wavelengths. 
Elemental concentrations in food samples prepared for 
measurement were determined using these standard 
curves. All samples were analyzed on the same day and 
with the same calibration in order to minimize the factors 
affected by temperature, humidity and device calibration.

Statistical analysis

SPSS 21 statistical program was for statistical analysis 
of the data obtained as a result of the measurements. 
All results were given as Mean±Standard Error. One-way 
Analysis of Variance (One-Way ANOVA), a parametric test, 
was used to compare groups with more than two homoge-
neous and normal distributions, and the Kruskal-Wallis test, 
a non-parametric test, was used to compare groups that 
did not have normal distribution. In interpretations, the limit 
of significance was accepted as p<0.05.

Results 

Copper measurement

Comparisons between H group (8.678±1.430), R group 
(9.026 ± 1.266) and the control group (9.442±0.846) showed 
that there wasn’t a statistically significant difference be-
tween the groups. However, there was a statistically sig-
nificant increase in Cu levels in the GI (12.431±1.120) and 
HA groups (13.263±1.070) compared to the control group 
(p<0.05 and p<0.01, respectively). With the comparisons 
among each prescription foods, a statistically significant 
difference was observed between the H and HA groups 
and similarly between the R and HA groups in terms of Cu 
levels (p<0.05) (Table 2) (Figure 2). All values obtained were 
expressed as μg/grsample

Iron measurement

Although the Fe levels of the control group (0.495 ± 0.035) 
and R group (0.479 ± 0.216) decreased mathematically, 
there was no statistically significant difference. It was de-
termined that the Fe level in the GI group (0.499 ± 0.106) 
was statistically higher than the control group, and the Fe 
level in the HA group (0.471 ± 0.160) was statistically lower 
than the control group (p<0.05). The Fe level in the H group 
(0.202 ± 0.042) was statistically lower (p<0.01) than the 
control group. When the prescription food groups were 
compared among themselves, no statistically significant 
difference was observed (Table 2) (Figure 2). All obtained 
values were expressed as mg/grsample.

Manganese measurement

Statistically significant increased Mn level was observed 
in the H group (45.46 ± 13.7) compared to control group 
(21.81 ± 1.43) (p<0.001). In the comparison of control group 

Table 2: Element values measured in different food groups

Elements Control (n=50) H (n=25) R (n=25) GI (n=25) HA (n=25)

Cu (µg/gr(sample)) 9.442 ± 0.846 8.678 ± 1.430 9.026 ± 1.266 12.431 ± 1.120* 13.263 ± 1.070**,a,b

Fe (mg/gr(sample)) 0.495 ± 0.035 0.202 ± 0.042** 0.479 ± 0.216 0.499 ± 0.106* 0.471 ± 0.160*

Mn (µg/gr(sample)) 21.81 ± 1.43 45.46 ± 13.17*** 22.50 ± 2.17a 31.66 ± 2.42**,b 35.00 ± 3.74**,bb

Zn (µg/gr(sample)) 89.44 ± 8.52 99.85 ± 6.89 112.06 ± 14.06 126.44 ± 9.87** 168.28 ± 11.89***,aa,bb,cc

Se (µg/gr(sample)) 2.006 ± 0.297 2.286 ± 0.737 1.008 ± 0.199a 1.894 ± 0.337 1.842 ± 0.404

Ca (mg/gr(sample)) 10.734 ± 0.262 4.779 ± 0.451*** 3.840 ± 0.205*** 5.941 ± 0.282***,bbb 6.581 ± 0.271***,a,bbb

P (mg/gr(sample)) 5.534 ± 0.152 2.465 ± 0.334*** 2.634 ± 0.337*** 3.446 ± 0.212*** 3.897 ± 0.249***,a,b

*, a ,b: p<0.05; **, aa, bb: p<0.01; ***, aaa, bbb, ccc: p<0.001. M±S.E.:Mean ± Standard Error
H: Hepatic Diet, R: Renal Diet, GI: Gastrointestinal Diet, HA: Hypoallergenic Diet.
*: Between control group and prescription food groups. 
a: Between H group and R, GI, HA groups. b: Between R group and GI, HA groups. c: Between GI group and HA group. 
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compare to GI (31.66 ± 2.42) and HA group (35.0 ± 3.74), Mn 
levels were similarly higher in the GI and HA groups than the 
control group (p<0.01). There was no statistical difference 
in Mn levels between control and R groups. When the H, 
R, GI and HA groups were compared among themselves 
according to Mn levels, a statistically significant differ-
ence was observed in the H and R groups (45.46 ± 13.17 
and 22.50 ± 2.17, respectively) (p<0.05). In addition, statisti-
cally significant differences were observed when R group 
compared with GI and HA groups (p<0.05 and p<0.01, re-
spectively) (Table 2) (Figure 2). All values obtained were ex-
pressed as μg/grsample. 

Zinc measurement

Although there was a mathematical difference in H (99.85 
± 6.89) and R group (112.06 ± 14.06) compare to control 
group (89.44 ± 8.5), there was no statistically significant dif-
ference. However, Zn levels in the food samples of the HA 
(168.28 ± 11.89) and GI (126.44 ± 9.87) groups were statisti-
cally higher compared to the control group (p<0.001 and 
p<0.01, respectively). When the H, R, GI and HA groups were 
compared among themselves, there was a statistically sig-
nificant difference between HA group and the H, R and GI 
groups (p<0.01) (Table 2) (Figure 2). All values obtained 
were expressed as μg/grsample.

Selenium measurement

There was no statistically significant difference in the H 
group (2.286 ± 0.737), R group (1.008 ± 0.199), GI group 
(1.894 ± 0.337), and HA group (1.842 ± 0.404) compared to 
the control group (2.006 ± 0.297). However, a statistically 
significant decrease was observed in the R group com-
pared to the H group (p<0.05) (Table 2) (Figure 2). All values 
obtained are expressed were μg/grsample.

Calcium measurement

The Ca levels measured in the prescription dry food groups 
were 4.779 ± 0.451, 3.840 ± 0.205, 5.941 ± 0.282 and 6.581 
± 0.271 for the H, R, GI and HA, respectively. Ca levels in 
all groups were statistically lower than the control group 
(10,734 ± 0.262) (p<0.001). There were statistically signifi-
cant differences between the H group and the HA (p<0.05) 
group; between the R group and the GI and HA groups 
(p<0.001) (Table 2) (Figure 2). All obtained values were ex-
pressed as mg/grsample.

Phosphorus measurement

The P levels measured in the prescription dry food groups 
were 2.465 ± 0.334, 2.634 ± 0.337, 3.446 ± 0.212 and 3.897 
± 0.249 for the H, R, GI and HA groups, respectively. The P 
level in all groups was lower than the control group (5.534 
± 0.152) (p<0.001). There was a significant difference be-
tween the H group and HA (p<0.05) and between the R 

group and the HA group (p<0.05) (Table 2) (Figure 2). All 
obtained values were expressed as mg/grsample.

Discussion

Copper Levels

Cu is an essential micronutrient for all living organisms. All 
pet foods originated from vegetable or animal based pro-
tein contain Cu. Cu uptake occurs mainly through the di-
gestive system. Although Cu absorption is regulated by en-
terocytes, it is mainly taken into the organism through food. 
Experimental studies have shown that chronically high di-
etary Cu intake leads to Cu accumulations in the liver (19). It 
is known that hepatic Cu accumulations cause hepatocel-
lular necrosis, chronic hepatitis, cirrhosis and inflammation 
in cats and genetically susceptible dog breeds (Bedlington 
terrier, West Highland White Terrier, Skye Terrier, Dalmatian) 
(20-22).

In the current recommendation of FEDIAF published in 
2021, the minimum value for Cu in adult dog foods is 0.83 
– 0.72 mg (95 kcal – 119 kcal per kg) per 100 gr dry matter, 
minimum 1.10 mg and maximum 2.80 mg (legal limit) in 
early and late growth periods in puppies. Cu values mea-
sured in both prescription and non-prescription foods in 
our study are consistent with the recommended amounts 
(Table 3). Cu levels in prescription foods used in various kid-
ney and liver diseases and non-prescription foods used in 
healthy dogs were measured at similar amounts. Therefore, 
a food-related Cu deficiency unlikely occurs in dogs fed 
long-term with these foods. 48% (24/50) for non-prescrip-
tion, 16% (4/25) for HA, 32% (8/25) for GI, 52% (13/25) for 
H and 56% (14/25) for R group revealed non-compliance 
with FEDIAF Guidelines in terms of minimum level. Only 
for non-prescription group, 2% (1/50) were greater than the 
maximum legal limit. 

Cu acts as a cofactor for many antioxidant enzymes (23). 
In the case of gastroenteritis of various etiologies, decreas-
es in plasma Cu levels may be observed due to Fe and Cu 
lost with diarrhea (23, 24). In our study, the Cu level in GI 
group was higher than non-prescription dog foods. This re-
sult confirms that the use of GI foods, especially in dogs 
affected by severe and hemorrhagic diarrhea, is more ap-
propriate compare to non-prescription dog food in terms of 
compensating the potantial Cu deficiency. 

Dry foods included in the HA group are a diet formulated 
with selected protein and carbohydrate sources to reduce 
sensitivity to nutrients in dogs. In our study, the Cu level 
in the HA group was significantly higher than the non-pre-
scription formulas.  Since the quality of the protein used 
for allergy elimination is substantial in hypoallergenic for-
mulas, the high amount of Cu content may be insignificant 
considering its purpose of use. In fact, many studies in hu-
mans have reported that Cu may cause hypersensitivity in 
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people (25-27). Therefore, the higher Cu level in HA group 
compared to the non-prescription formulas may not be ap-
propriate and may contribute to allergic reactions. 

Iron Levels

Some of the Fe additive sources in commercial dog foods 
are in the form of Dicalcium phosphate (1.4% Fe) and 
Ferrous sulfate heptahydrate (21.8% Fe) (28). According to 
FEDIAF Nutritional Guidelines 2021, the minimum Fe level 
is determined as 3.60 mg (for 110 kcal/kg), 4.17 mg (for 95 
kcal/kg) in 100 gr dry matter in adult dog foods. Legal upper 
limit is 68.18 mg/100 gr dry matter. Comparing the FEDIAF 
recommended limits and the results of our study, Mean Fe 
levels in all food groups was measured within the legal lim-
its (Table 3).  However 16% (8/50) for non-prescription, 8% 
(2/25) for HA, 20% (5/25) for GI, and 12% (3/25) for R group 
revealed non-compliance with FEDIAF Guidelines in terms 
of maximum level. 

National Research Council (NRC) declared in 2006 that 
there is no suitable data for determining the safe upper 
limit for Fe. In addition, it is taken into account that some Fe 
sources cannot be able to used in some animals. For this 
reason, For this reason, it is stated that the use of Fe in food 
production is aimed for coloring rather than nutrition. As a 
result, although the exact amount of Fe required for dogs 
is not known, it is emphasized that producers should be 
aware that excessive iron intake out of the recommended 
values may be toxic (AAFCO 2014) (29). 

Although there were no significant differences in mean Fe 
levels between formulas, the mean Fe value in prescrip-
tion formulas used in allergic and liver diseases (HA and 
H) was lower than non-prescription formulas, and higher in 

formulas used in gastrointestinal diseases (GI). Fe, like Cu, 
is essential for normal cellular functions. Excessive intake 
of Cu and Fe leads to oxidative damage, resulting in hepato-
cyte loss and inflammation in the liver (30). Therefore, low-
er Fe levels may be expected in hepatic prescription diets 
compared to non-prescription diets. However, the relatively 
high level of Fe in GI foods, which may be preferred espe-
cially in cases of diarrhea or hemorrhagic diarrhea, may be 
important in compensating the possible Fe loss with hem-
orrhagic diarrhea.

In some studies in human medicine, the association of low 
Fe concentrations with allergic conditions such as atopic 
dermatitis and eczema in humans has been reported (31-
33). Although this relationship is not clear enough in cats 
and dogs, according to the results of our study, it may be 
significant that the Fe level in HA group foods is lower than 
in non-prescription foods.

Manganese Levels

According to FEDIAF, Mn values are minimum 0.58 mg (110 
kcal/kg) and 0.67 mg (95 kcal/kg); legal upper limit is 17 mg 
in 100 gr dry matter for adult dogs. In our study, the mean 
Mn values in all formulas were between the legal limits de-
termined by FEDIAF (Table 3). None of the groups were re-
vealed non-compliance with FEDIAF Guidelines in terms of 
minimum and maximum level.

Mn levels were significantly higher in H, GI, R and HA groups 
compared to non-prescription group. Mn concentration 
is controlled by the liver. In human medicine, an increase 
in serum Mn concentration in patients with liver failures, 
decreased portal perfusion, cirrhosis and congenital por-
tosystemic shunts (PSS) therefore, accumulations in the 

Table 3: Comparison of mean trace element and mineral values in 100 gr dry matter for H, R, GI, HA and non-prescription food groups with minimum 
and maximum values determined by FEDIAF

Trace elements

Minimum 
Recommended 
Level for adults

(95 kcal - 110 kcal 
per kg)

Maximum 
Recommended 

Level

(Legal limit)

Mean measured element levels in H, R, GI, HA and N-P groups respectively

H R GI HA Control

Cu (mg) 0.83 - 0.72 2.80 0.86 0.9 1.24 1.32 0.94

Fe (mg) 4.17 - 3.60 68.18 20.2 47.9 49.9 47.1 49.5

Mn (mg) 0.67 - 0.58 17.00 4.5 2.2 3.1 3.5 2.1

Zn (mg ) 8.34 - 7.20 22.70 9.9 11.2 12.6 16.8 8.9

Se (µg) 22.00 - 18.00 56.80 228.6 100.8 189.4 184.2 200.6

Ca (gr) 0.58 - 0.50 2.50 0.47 0.38 0.59 0.65 1

P (gr) 0.46 - 0.40 1.60 0.24 0.26 0.34 0.38 0.55

H: Hepatic Diet, R: Renal Diet, GI: Gastrointestinal Diet, HA: Hypoallergenic Diet 
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associated tissues and organs was reported (34). It has 
been suggested that due to the inability to remove Mn from 
the liver, Mn level may be also high in dogs with congenital 
PSS (35). In our study, it was observed that the Mn level 
was the highest in the formulas used in the treatment of 
liver diseases compared to other prescription diet foods, 
and this elevation was significant at the p<0.001 level com-
pared to the control group. As a result, we think that high 
Mn levels in hepatic formulas may pose a significant risk 
due to possible Mn accumulations in liver diseases.

About 5% of Mn is distributed from the plasma to the kid-
ney. Therefore, exposure to excessive Mn levels can cause 
kidney dysfunction. Both in vivo and in vitro studies have 
shown that high levels of Mn exposure are associated 
with renal dysfunction (36). The Mn level measured in this 
study was inappropriately high in renal formulas compared 
to non-prescription formulas. Manganese superoxide dis-
mutase has been defined in the IgE-reactive autoantigens 
and its allergic role has been reported in some studies 
(37,38). Therefore, lower Mn levels may be expected in the 
HA group compared to the other groups in the study.

Zinc Levels

According to a study conducted in 1991, the minimum 
value for Zn determined by the National Research Council 
was 39 µg/gr (39), whereas today the minimum Zn value 
in adult dog foods is 7.2 mg (110 kcal/kg) per 100 gr dry 
matter and 8.34 mg (for 95 kcal/kg); legal upper limit is 
22.7 mg per 100 gr dry matter according to FEDIAF. In our 
study, Mean Zn was measured within the determined limits 
in all study groups (Table 3). 28% (14/50) for non-prescrip-
tion, 12% (3/25) for HA, 24% (6/25) for GI, 12% (3/25) for H 
and 32% (8/25) for R group revealed non-compliance with 
FEDIAF Guidelines in terms of minimum level. 2% (1/50) for 
non-prescription, 16% (4/25) for HA, 4% (1/25) for GI, 8% 
(2/25) for R group revealed non-compliance with FEDIAF 
Guidelines in terms of maximum level.

The highest Zn level (168.28 µg /gr) was obtained in foods 
used in allergic skin diseases. It was found that the Zn val-
ues in the formulas used in gastrointestinal diseases and 
allergic diseases were significantly higher, at p<0.01 and 
p<0.001, respectively, compared to the control group. Zn 
deficiency may cause gastrointestinal diseases character-
ized by diarrhea and loss of appetite (40).  Considering the 
important effects of Zn on the improvement of skin diseas-
es and hair growth, the higher level of Zn in diets used in 
allergic skin diseases compared to the control group and 
other prescription formulas may contribute to the treat-
ment of allergic skin diseases. 

It is also reported that supplemental zinc in dogs stimulates 
hair growing (41). In a study conducted by Or et al. on 71 
dogs (42), it was reported a correlation between low Zn lev-
els and skin diseases. In addition, Zn provides membrane 
stabilization by preventing Cu accumulation and fibrosis 

formation in the liver. It also has free radical scavenging 
and antioxidant effects. Therefore, Zn supplements are 
recommended in liver diseases and conditions associated 
with hepatic Cu accumulation (35). In a study on Labrador 
Retriever dogs, it was reported that there was no data on 
the potential effect of dietary Cu and Zn on hepatic Cu and 
Zn levels (21). However, in our study, the lowest mean Zn 
level among the prescribed diet foods was obtained from 
the formulas used in liver diseases. 

Selenium Levels

According to FEDIAF data, the legal limits of Se value in 100 
gr of dry food in adult dog foods are minimum 18 µg for 
110 kcal/kg and 22 µg for 95 kcal; maximum 56.80 µg/g 
per 100 gr dry matter. In our study, Se levels in all formulas 
were above the legal limits determined by FEDIAF (Table 3). 
76% (38/50) for non-prescription, 84% (21/25) for HA, 80% 
(20/25) for GI, 100% (25/25) for H and 68% (17/25) for R 
group revealed non-compliance with FEDIAF Guidelines in 
terms of maximum level.

No data are available to accurately indicate the amount of 
Se requirement in adult dogs. According to the European 
Union legislation, the maximum legal limit for Se as a food 
additive is 0.5 µg/gr (43). Se bioavailability is affected by 
the Se form (selenite, selenate, selenocysteine, seleno-
methionine etc.), animal species, content of the food. 
Selenomethionine is known as the most bioavailable Se 
form. The optimal Se concentration may vary due to dif-
ferent Se forms and bioavailability. It has beneficial effects 
on healthy skin and joint, hair structure, immune resistance 
and antioxidant properties. Se deficiency in dogs leads to 
disorders associated with myopathies. It has been reported 
that Se deficiency causes myocardial necrosis in young 
people and myodegenerations in adults, and plays an im-
portant role in hair growth (44). 

Although not statistically significant compared to the con-
trol group, the highest mean Se value among the groups was 
obtained from the foods used against liver diseases (2.286 
µg /g). In our study, the average Se value obtained from 
foods for allergic skin diseases was measured as 1.842 µg 
/g. Considering its positive effects on skin and hair growth, 
high amount of Se in foods used in allergic skin diseases 
may be considered appropriate. However, in our results, al-
though it was not statistically significant compared to oth-
ers, a low Se level was obtained in diet used in dermatology. 
The mean amount of Se detected in foods recommended 
kidney diseases was lower than in hepatic foods (p<0.05). 
However, several human studies have shown a correlation 
between renal failure and low Se concentrations. Therefore, 
adequate dietary Se intake can be expected to have a posi-
tive effect on kidney damage (45-47).
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Calcium Levels

Ca is an essential mineral plays both structural and func-
tional roles in cats and dogs. These include bone and tooth 
formation, coagulation mechanism, and neural transmis-
sion (48). The Ca value in adult dogs is stated as minimum 
5 gr for 110 kcal/kg and 5.8 gr for 95 kcal/kg; maximum 
upper limit is 2.5 gr in 100 gr dry matter according to 
FEDIAF. In our study, Ca levels in renal and hepatic diets 
were measured below the determined minimum values. In 
non-prescription foods mean Ca level was between the le-
gal limits (Table 3). 16% (4/25) for HA, 32% (8/25) for GI, 
48% (12/25) for H and 92% (23/25) for R group revealed 
non-compliance with FEDIAF Guidelines in terms of mini-
mum level. Ca level was significantly lower in all prescrip-
tion food groups compared to the control group. In dogs 
and cats with chronic renal failure, an increase in ionized 
Ca levels and consequently hypercalcemia usually occurs 
with disturbances in Ca homeostasis (49). Accordingly, Ca 
restriction is expected in renal diets. 

Phosporus Levels

The P value in adult dogs is stated as minimum of 0.4 gr 
for 110 kcal/kg and 0.46 gr for 95 kcal/kg; maximum 1.6 gr 
as a legal limit according to FEDIAF. In our study, P levels in 
non-prescription market foods used in healthy dogs were 
between the lower and upper limits determined by FEDIAF. 
However in all prescription foods mean P levels were lower 
than minimum recommended level determined by FEDIAF 
(Table 3). 10% (5/50) for non-presciption, 56% (14/25) 
for HA, 64% (16/25) for GI, 100% (25/25) for H and 92% 
(23/25) for R group revealed non-compliance with FEDIAF 
Guidelines in terms of minimum level.

In small animals P is one of the most important indicators 
in chronic renal failure. Restriction of dietary P intake slows 
the progression of kidney damage. Therefore, it is recom-
mended to significantly limit the P level in dry foods used in 
renal diseases. P values in all prescription formula groups 
are statistically lower than the control group. It is appropri-
ate that the renal prescription formula contains lower P 
than the other prescription formulas. However, it should be 
taken into account that the use of long-term prescription 
diets may cause phosphorus deficiency and accordingly 
secondary diseases in dogs.

In a study comparing some element values of various pet 
foods in UK and FEDIAF guideline, it was reported a broad 
inconsistency in dog foods (61%) (50). In our study, the 
mean values showed consistent results with FEDIAF report 
except for Se, Ca and P. However similar with the previous 
study (50), when each dietary foods were evaluated indi-
vidually, high number of incompatibility with FEDIAF was 
observed. Se was measured greater than the upper limits 
of FEDIAF in all food groups. P was lower than both deter-
mined minimum limits and non-prescription dry foods. 

In a study investigating some trace element values in pet 
foods, Cu, Fe and Mn levels (min-max) were measured as 
3.33-16.6, 23.9-71.1, and 3.28-24.4, respectively (µg/gr) (51). 
Cu values are consistent with our results. Mean Cu levels 
were measured minimum 8.67 µg/gr and maximum 13.26 
µg/gr in all our food groups. Similarly, in this study, mean 
Mn levels (minimum 21.8 µg/gr and maximum 45.4 µg/gr) 
show compatibility with the study of Duran et al. However 
Fe was measured higher in all our study groups.

Conclusions

Some element and mineral values show significant differ-
ences between prescription and non-prescription market 
foods. Concentrations of these elements in formulas should 
be reconsidered, since Mn is measured higher in hepatic 
and renal formulas compared to the control group, and Zn 
is lower in hepatic formulas compared to the control group. 
We think that high Mn levels in hepatic renal formulas may 
pose a significant risk due to possible Mn accumulations 
in liver and kidney diseases. Se was measured greater than 
the upper limits of FEDIAF in all food groups. P was lower 
than both determined minimum limits and non-prescription 
dry foods. Our results were similar with the previous stud-
ies related to high Se values in pet foods. In our opinion, the 
upper and lower limits of trace element and mineral con-
tents of pet foods should be reconsidered. 
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Vrednotenje vsebnosti nekaterih elementov in mineralov v predpisani in 
nepredpisani prehrani za pse

M. E. Or, B. Bilgiç, D. Tarhan, F. Ateş, B. Dokuzeylül, T. Gülyaşar

Izvleček: Na trgu so prisotne različne diete na recept, ki jih veterinarji predpisujejo  za določene bolezni psov. Vsebnost 
elementov v sledovih in mineralov, ki so bistveni za zdravo življenje živali, se lahko razlikuje tako v hrani na recept kot v 
hrani brez recepta. V naši študiji smo želeli določiti vsebnost nekaterih elementov in mineralov v različnih predpisanih in 
nepredpisanih suhih vrstah hrane za pse, ter oceniti njihov terapevtski pomen.

V študiji je bilo uporabljenih 100 različnih vrst suhe hrane, formulirane za jetrne bolezni (H, n=25), ledvične bolezni (R, 
n=25), bolezni prebavil (GI, n=25) in alergijske bolezni (HA, n=25). Suha hrana brez recepta različnih okusov in blagovnih 
znamk na trgu je bila obravnavana kot kontrolna skupina (C, n=50). Vsebnost bakra (Cu), železa (Fe), mangana (Mn), cin-
ka (Zn), selena (Se), kalcija (Ca) in fosforja (P) v vseh vrstah suhe hrane smo analizirali z optično emisijsko spektroskopijo 
z induktivno sklopljeno plazmo (ICP-OES, serija Thermo iCAP 6000) in rezultate primerjali med skupinami. Statistična 
analiza je bila narejena v programu SPSS 21.

Vsebnost Cu v skupinah GI in HA je bila višja kot v kontrolni skupini (p<0,05 oziroma p<0,01). Vsebnost Fe je bila višja v 
skupini GI in nižja v skupini HA kot v kontrolni skupini (p<0,05). Raven Mn je bila bistveno višja v skupini H v primerjavi s 
kontrolno skupino (p<0,001). Ravni Mn v skupinah GI in HA so bile višje kot v kontrolni skupini (p<0,01).  Med suho hrano 
na recept in suho hrano brez recepta ni bilo statistične razlike v vsebnosti Se in Zn. Vsebnosti Ca in P so bile v vseh sku-
pinah statistično značilno nižje kot v kontrolni skupini (p<0,001).

Vsebnost elementov in mineralov v suhi hrani na recept in suhi hrani brez recepta se je bistveno razlikovala. Te vrednosti 
so lahko izven zakonsko določenih mejnih vrednosti, ki jih določa uredba EU. Glede na terapevtski namen diete na recept 
smo nekatere količine elementov in mineralov določili kot neustrezne.

Ključne besede: elementi; minerali; pes; hrana; recept
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Abstract: Accurate determination of coat colours in Bosnian Mountain Horse (BMH) can 
be challenging as there are variations in coat colour shades and several dun dilution vari-
ants occur. In other studies found single nucleotide polymorphisms (SNPs) within two 
colour loci T-box 3 (TBX3) and 11-bp indel polymorphism within Agouti Signalling Protein 
gene (ASIP), were genotyped in 313 BMH individuals. The obtained genotypes were then 
compared to the identified phenotypes by using the observed coat colour types from 
the International Association of Bosnian Mountain Horse Breeders (IABMHB) database. 
It was found that the dark bay and black were the most representative coat colours in 
BMH. The frequency of the dominant Dun (D) dilution allele in the study is higher (0.09) 
than the previously predicted frequency recorded in the available BMH register. Among 
the identified alleles, there was a discrepancy or inconsistency between the predicted 
coat colour based on genotypes and the observed coat colour in 73 horses (23%). The 
most frequent error concerned the misclassification of horses with genotypes aa and 
Aa at the ASIP gene, non-dun1/non-dun1 (nd1/nd1) and non-dun2/non-dun1 (nd1/nd2) at 
the TBX3 gene, which can be associated with the occurrence of slight dilution pheno-
types in these individuals. In contrast to the Konik and Hucul breeds, no homozygosity 
of the D allele was found in the BMH. The D allele can be easily overlooked or not rec-
ognised in different phenotypic groups, such as dark bay and black horses. Therefore, 
the hypothesis that Dun dilution effects itself is not as strongly epistatic in the BMH as 
described in other horse breeds. The results of the study confirm the importance of 
molecular testing in accurately determining the coat colour of horses. This would help 
to avoid errors in coat colour descriptions in official breeding records and provide valu-
able information for selective breeding programmes aimed at producing specific and 
desired coat colours.
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Introduction 

Coat colour as a trait was favoured in the domestication 
of horses. In recent years, rapid progress has been made 
in understanding the genetics of coat colour in horses 
(1). Tradition and practise are guided by certain principles 
and breeding programmes, which may be directed either 
towards the promotion of colour diversity or towards the 
pursuit of colour uniformity. In particular patterns associ-
ated with white are deliberately avoided because their oc-
currence is believed to be a sign of crossbreeding (2, 3). 

This deliberate avoidance can be attributed to concerns 
arising from potential negative influences, such as pleiotro-
pism, which could compromise the safety and integrity of 
breeding initiatives (4). Long-standing selection for colour 
has resulted in the allele frequencies responsible for the dif-
ferent coat colours in horses changing under the influence 
of specific breeding practises, reproduction methods and 
breeding standards. Breed-specific segregation of alleles is 
related to the breeding history of breeds (5-7).
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BMH is a breed with a long history, native to the region and 
adapted to semi-wild rearing conditions over a long peri-
od of time. BMH originate from the Alpine/Dinaric region, 
which is known for its difficult environmental conditions 
such as high altitude, rugged terrain, cold temperatures 
and lack of food, especially in winter (8). Similar to other 
indigenous small mountain horse breeds, the BHM has 
experienced a decline in its role as a working horse. This 
decline can be attributed to factors such as the migration 
of the population from rural areas to the cities, changes in 
the lifestyle of the Balkan inhabitants and the modernisa-
tion of agriculture. The number of purebred and registered 
animals includes 340 animals in the studbook (8). The ma-
jority of the BMH population consists of brown and black 
horses, while only a few individuals have white markings. 
In the breeding programme for the BMH, all colours except 
grey, pinto, chestnut and spotted, without white markings, 
are allowed (9, 10).

The analysis of official breeding documentation conducted 
by Mesarič et al. (2015) revealed that BMH registered in the 
IABMHB studbook are mainly dark bay, black, bay dun or 
blue dun. The presence of Dun colours in the BMH popu-
lation is a clear indication of the influence of earlier horse 
types that contributed to the development of the native 
BMH. These horses often exhibit primitive markings such 
as horizontal leg stripes and distinctive eel stripes. The phe-
notypic similarity of Dun horses to the Tarpan and other re-
lated breeds such as the Hucul, Konik and BMH provide ad-
ditional evidence of their common ancestry (8,11-13). The 
BMH mare lines Una, Medina, Lasta and Zorka in particular 
have retained a share of Dun horses. Historical records indi-
cate that Dun horses accounted for about 3.2% of the BMH 
population in 1944 (9).

The Dun dilution gene, which affects the pigmentation 
of both red and black coat colour, is considered to repre-
sent the ancestral or wild colouration of horses (14). Dun 
horses have a dark dorsal stripe and many of them bear 
other "primitive markings" (leg stripes, shoulder shadow/
stripes, face mask) (15). The presence of Dun horses can 
be seen on prehistoric cave paintings, such as at Chauvet 
Cave, suggesting a long-standing association between this 
colouration and equids (16). Several closely related Equus 
species, including the Przewalski's horse, the onager, the 
kiang, the African wild ass, an extinct subspecies of plains 
zebra known as the quagga, and an extinct subspecies of 
horse, the tarpan, have characteristics associated with the 
dun phenotype. 

According to a study by Imsland et al. (2016), the Dun dilu-
tion effect was attributed to the presence of the G allele in 
SNP 18,227,267+1,066G > T at a 1.6 kb insert in the down-
stream region of the TBX3 gene on ECA8. This insertion is 
known as the dominant Dun allele (D). On the other hand, 
the presence of the T allele is associated with the recessive 
allele non-dun 1 (nd1) or the absence of a 1.6 kb fragment is 
associated with a recessive allele non-dun 2 (nd2). 

In countries where horse breeding plays an important role, 
breeders have found patterns and coat colours extremely 
interesting, as they can significantly increase the market 
value of horses. As a result, different colours and patterns 
have developed in many horse breeds. Accurate identifica-
tion of the desired coat colour is of great importance to 
breeders as it helps in the selection of specific colours and 
facilitates future breeding plans. The development of a sim-
ple and efficient method to identify mutations responsible 
for dun dilution is of great interest to horse breeders as it 
allows for a better understanding and control of coat colour 
genetics in their breeding programmes (17).

The aim of this study was to characterize the variations in 
the base colour of the endangered BMH by revealing the 
genetic basis of coat colour. Furthermore, we want to inves-
tigate the influence of selection on coat colour and exam-
ine the relationship between genotype combinations of the 
ASIP and DUN genes and the variation in coat colour within 
the existing population.

Material and methods 

A total of 313 genomic DNA samples from BMH individu-
als of both genders, representing different shades of coat 
colour, were used for this comprehensive study. These 
samples were obtained from the Laboratory of Molecular 
Biology and Genetics at the Faculty of Veterinary Medicine, 
University of Ljubljana, Slovenia. To compare, phenotypic 
data was taken from the IABMHB database, matching 
the coat colour descriptions in the official breeding docu-
ments. The validity of the method was confirmed by ex-
amining 28 dun and 78 non-dun horses. In addition, 10 
samples of horses with known coat colour genotypes 
from the International Society for Animal Genetics (ISAG) 
Comparison Equine Test 2018/2019 were used as refer-
ence. First, a cohort of 80 individuals was randomly select-
ed from the original sample group to calculate the frequen-
cies of TBX3 and ASIP genotypes. This selection was made 
to ensure a representative sample encompassing the aber-
rant traits observed in the closely related animals in a popu-
lation of horses in this study. Due to the rare occurrence of 
chestnut coat colour in the BMH population, as chestnut 
horses are usually excluded from breeding, our focus was 
directed towards the two dominant alleles TBX and ASIP. 
These loci play an important role in determining the differ-
ent coat colours observed in this breed. In addition, we car-
ried out a comprehensive photographic documentation of 
all animals involved in the studies.

Genotyping of Dun / non-dun1 / non-dun2 alleles 

Genomic DNA from hair roots was extracted according to 
the Chelex extraction protocol.

Genotype for the G > T SNP (D v. nd1 alleles) on the TBX3 
gene was analysed using a dual-fluorescent multiprobe 
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assay. Analysis of the 1.6 kb indel of the TBX3 gene (D v. nd2 
alleles) was developed using quantitative polymerase chain 
reaction (q-PCR). The oligonucleotide primers and probes 
for discrimination between D and nd1 alleles were out-
sourced to a commercial service (Assay by Design Service, 
Applied Biosystems). These primers and probes were de-
signed for the equine TBX3 gene with the corresponding 
GenBank accession number KT 896509.1 and KT896508.1 
(15). On the other hand, the oligonucleotide primers and 
probes for the detection of the nd2 allele (1.6 kb deletion) 
were developed using Primer3 software v.4.1.0 (http://bio-
info.ut.ee/primer3/), targeting the regions upstream and 
downstream of the 1.6 kb deletion (18). The probes are la-
belled with different fluorescent dyes: VIC for nd1, FAM for 
D and Cy5 dye for nd2.

Genotyping of TBX3 alleles was performed using two differ-
ent reactions: an allele discrimination assay for D/nd1 alleles 
and q-PCR for detection of the nd2 allele (1.6 kb deletion). 
A standard PCR programme on a q-PCR reaction system 
(Quantstudio 5, Applied Biosystems) was used. The results 
were analysed using QuantStudioTM Design&Analysis 
software v1.5.2. (Applied Biosystems).

Sequencing of TBX3

To assess the reliability of the assay, direct sequencing of 
a 240 bp fragment of the TBX3 gene was performed. The 
sequence of the TBX3 gene was amplified by PCR. The se-
quence reaction of PCR product was performed on a ther-
mal cycler (SimplyAmp, Applied Biosystems) according to 
the manufacturer's instructions (BigDye Terminator v1.1 cy-
cle sequencing kit, Thermo Fisher Scientific). Sequencing 
was performed using SeqStudio (Applied Biosystems) and 

subsequently analysed (Chromas sequencing software, 
Technelysium, Brisbane, Australia).

Genotyping of the ASIP insertion-deletion 

To determine the ASIP genotypes, the coat colour gene loci 
were genotyped for ASIP using polymerase chain reaction 
(PCR) according to procedures described by Rieder et al. 
(2001). The PCR products were analysed by capillary elec-
trophoresis QIAxcel ScreenGel 1.5.0

Statistical analyses were performed in IBM SPSS Statistics 
28.0.0.0. A group of 80 horses was selected to assess the 
correlation between TBX3 and the ASIP genotypes. This 
correlation was assessed using the chi-square test and 
a p-value was determined. Comparisons of genotype fre-
quency between groups were made using Fisher's exact 
test. Bonferroni's p-value correction was applied to account 
for multiple comparisons. Subsequently, the recorded coat 
colour of each horse in the database was compared to the 
predicted coat colour based on the genotypes for the TBX3 
and ASIP loci. All discrepancies between the recorded gen-
otypes and coat colours were carefully noted. In addition, 
the percentage error rate for each phenotypic group (bay, 
dark bay, dun, and black) was calculated. This rate was de-
termined by dividing the number of animals with misclas-
sified coat colours by the total number of horses in the re-
spective group.

Results 

Genotyping of TBX3 gene variants, including the 1.6 kb in-
del polymorphism and the D/nd1-related SNP, was carefully 
performed in a population of BMH. The result showed the 

Table 1: The genotype frequencies of TBX3 and ASIP in the Bosnian Mountain Horse population

Genotype and allele frequencies

TBX3 ASIP

Coat colour 
(classified by 
IABMHB)

D/nd1 D/nd2 nd1/nd1 nd1/nd2 nd2/nd2 D nd1 nd2 AA Aa aa A a

Randomly 
sampled (n=80) 0.02 0.13 0.13 0.34 0.39 0.07 0.31 0.62 0.09 0.31 0.60 0.24 0.76

All horses in this study (n=313)

Bay (n=34) 0.03 0.00 0.09 0.18 0.71 0.02 0.19 0.80 0.29 0.71 0.00 0.64 0.36

Dark bay (n=138) 0.01 0.02 0.09 0.33 0.54 0.02 0.26 0.72 0.08 0.54 0.38 0.36 0.64

Black (n=115) 0.00 0.02 0.08 0.28 0.62 0.01 0.22 0.77 0.00 0.07 0.93 0.03 0.97

Dun (n=26) 0.08 0.73 0.04 0.15 0.00 0.41 0.15 0.46 0.04 0.15 0.81 0.12 0.88

IABMHB = International Association Of Bosnian Mountain Horse Breeders; TBX3 = the T-box 3 gene; ASIP = the agouti signalling protein gene; D = dominant 
Dun allele (TBX3); nd1 = recessive non-dun 1 allele (TBX3); nd2 = recessive non-dun 2 allele (TBX3); A = dominant allele (ASIP); a = recessive allele (ASIP).
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presence of five of the six possible genotypes, with nd2/
nd2 having the highest frequency (0.39), while D/nd1 had 
the lowest frequency (0.02) (Table 1). 

Of note, the frequency of the D was determined to be 0.07, 
while the frequencies of nd1 and nd2 were 0.31 and 0.62, 
respectively. As for ASIP genotype frequencies, the distribu-
tion was as follows: AA - 0.09; Aa - 0.31 and aa - 0.60. Of the 
total data set of 313 genotyped horses, 29 animals (9.2%) 
were heterozygous for the D locus, while none of the horse’s 
showed homozygosity. Interestingly, a higher frequency of 
the heterozygous D/nd2 genotype was observed within the 
group of Dun horses, with a sixfold higher compared to the 
D/nd1 genotype. 

Genotyping of the 11 bp ASIP indel polymorphism, which 
is responsible for the bay base coat colour (Rieder et al. 
2001), within the above-mentioned group of 80 randomly 
selected BMH individuals revealed that 40 % of the horses 
possessed the genotype AA or Aa, indicating that their ge-
netic base colour is bay (Figure 1).

Comparison between ASIP and the TBX3 gene yielded 
several interesting results regarding the TBX3 genotype in 
a randomly selected group of BMH. When the combined 
genotypes of TBX3 and ASIP were considered together, 
beneficial genotype combinations associated with different 
coat colours were identified (as shown in Figure 1).

Horses with dun-coloured coats had two genotype com-
binations: D/nd1 - D/nd2. Within this group, ASIP genotype 
combinations were observed: aa (1 and 7 horses) and Aa 
(1 and 3 horses), respectively. In contrast, three genotype 
combinations were observed in the non-coloured horses: 
nd1/nd1, nd1/nd2 and nd2/nd2. These genotype combina-
tions were associated with the three ASIP genotype combi-
nations aa (6 and 13 horses), Aa (3 and 13 horses) and AA 
(1 and 1 horse, respectively). In particular, horses with the 
nd2/nd2 genotype had the following ASIP genotype com-
binations: aa (21 horses), Aa (5 horses) and AA (5 horses) 
(Figure 1).

The population of BMH included individuals with different 
coat colours. The distribution of coat colours within the 
population was as follows: dark bay (138 horses, represent-
ing 44% of the population), black (115 horses, 36%), bay (34 
horses, 11%) and dun (26 horses, 8%). When comparing the 
obtained genotypes with the recorded coat colour descrip-
tions from the IABMHB database, remarkable inconsisten-
cies were found, especially with regard to the dun dilution 
effect. About 2.9 % of the horses originally described as 
bay (including all shades) turned out to be genetically bay 
dun (Figure 2). Similarly, about 1.8 % of black horses were 
genetically identified as blue dun possessing at least one 
copy of the dominant D allele. However, within this rela-
tively small sample, the majority of dun horses (85%) were 
correctly classified (Figure 2). It was also found that in 54 
cases horses that were genetically black (with genotype aa 
in the ASIP gene and without the dominant allele D) were 
incorrectly classified as dark bay.

Discussion

In the breeding of BMH, coat colour is of great importance 
as a breeding objective. Breeding practises within the BMH 
population have led to a strong trend towards the use of 
dark stallions. As a result, approximately 81% of the BMH 
population consists of horses with black or dark bay coat 
colours. This preference for dark coat colour has influenced 
by the higher frequency of the recessive a allele at the 
Agouti locus. Similar high estimated frequencies for the re-
cessive a allele at the Agouti locus have also been observed 
in several other horse breeds (19-23). The high frequency 
of the A/a genotype observed in the BMH horses for bay 
coat colour may reflect the breed's preference for a darker 
coat colour over lighter shades such as light bay, which 
are rare. In a recent association study, Corbin et al. (2020) 
confirmed the findings of a correlation between genotype 
A/a at the Agouti locus and genotype E/E at the Extension 
locus, especially in relation to the presence of dark shades 
of bay (24-27). The BMH breed is believed to have a similar 
origin as it is probably descended from the Tarpan, which 
was found in Europe and Asia until its extinction at the end 
of the 18th century (6, 9). We genotyped a large number of 

Figure 2: Misidentified coat colours within the phenotypic classifications 
in the BMH (IABMHB = International Association of Bosnian Mountain 
Horse Breeders)

Figure 1: Comparison between TBX3 and ASIP genotypes in a randomly 
selected population of the Bosnian Mountain Horse (BMH)
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BMH for the TBX3 gene Dun variant and found that it was 
not homozygous in any of the 313 horses. The low frequen-
cy of the D allele is a result of the long history of selection 
for the dark base coat colour in BMH. Through analysis of 
successive studbook volumes and previous studies using 
pedigree information, it has been documented that the inci-
dence of BMH with coat colour diluted by the Dun gene has 
been consistently low (8, 9, 28, 29). Despite the ancestral 
nature of dun pigmentation, the overall frequency of the D 
allele in BMH has declined over time due to the preference 
for undiluted coat colours in the BMH studbook. However, 
our study has shown that the actual frequency of the domi-
nant D allele in the TBX3 gene is higher than predicted by 
Mesarič et al. (2015) based on the information recorded 
in the studbooks (0.09 and 0.03, respectively). One of the 
results of our study was the absence of the AA genotype 
at the agouti locus in individuals from the reference group 
with D allele at the dun locus, while an increased AA fre-
quency was observed in the nd2/nd2 genotype. 

In the group of dark-coloured Dun horses, the frequency of 
individuals with a bay or light bay base coat is relatively low. 
During the emergence of BMH breeding, there was a strong 
preference for the use of the dark non-dun stallions, as 
darker horses were preferred by the Yugoslav army. The D 

allele has been maintained only among specific mare fami-
lies, predominantly in the genotype D/nd2, which represents 
a darker shade of colour as in the Hucul and Polish primitive 
horse breed (11, 13). This trend in BMH breeding confirms 
the study by Cieslak et al. (2021), which indicates that the 
majority of the original dark Polish horses were D/nd2 het-
erozygous and that mating dark individuals increased the 
probability of producing black offspring. 

A comparison of Dun/non-dun allele frequencies between 
our study and previously published studies on Huculs 
(11,23) and Konik horses (13) shows clear differences. The 
population of BMH has a relatively high frequency of the 
nd1 allele, reaching a value of 0.31, and a high frequency of 
the nd2 allele (0.62). In comparison, the overall frequency 
of the nd1 allele calculated in the study by Imsland et al. 
(2016) for 1.841 horses of different breeds was twice as low 
(0.18) as that determined in our study. This suggests that in 
the BMH breed, the nd2 allele is subject to strong positive 
selection, while the nd1 allele contributes to the presence 
of a diverse range of coat colours and primitive markings. 
Similar to Ezoe et al. (2019), who genotyped TBX3 gene 
variants in four horse populations from Kazakhstan, Laos, 
Nepal and Vietnam, we also observed the presence of five 
possible genotypes, with the exception of the D/D. The nd1 

Figure 3: Dun phenotype classification categories (IABMHB; first line: bay dun, dark blue dun; second line: dark bay, dark bay) and TBX3 and ASIP 
genotypes (Fotos Matjaž Mesarič)
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allele was found in high frequency in Iberian horses (0.97 
- PRE, 0.87 - Andalusian, 0.57 - Lusitano) as well as in the 
Arabian (0.68) (20).

Interestingly, the observed high frequency of the nd1 allele 
in the BMH population might be similar to the genetic com-
position found in the ancestral population of wild horses 
that contributed to the process of domestication or might 
be influenced by Arabian horses brought to Bosnia with the 
Turkish invasion and later by the Austro-Hungarian Empire 
(8, 15). It should be noted, however, that the original allele 
distribution in the BMH breed was probably greatly affected 
by the bottleneck event during World War II and later during 
the Yugoslav Wars, as only a very limited number of found-
ers survived (6). 

Within the population of animals evaluated, we encoun-
tered several cases where genetically black or bay individu-
als were misclassified by the inspectors of the IABMHBA. 
Surprisingly, the number of discrepancies between mo-
lecular and phenotypic data exceeded our expectations 
and was comparable to previous records for Hucul breeds 
maintained in Poland (11). These discrepancies can be at-
tributed to various genetic factors, such as the high fre-
quency of nd1/nd1 and nd1/nd2 genotypes in the BMH 
breed. Therefore, we assume that carriers of the nd1/nd1 
and nd1/nd2 genotypes have an 'intermediate' phenotype, 
showing traits that lie between fully diluted and non-diluted 
coat (Figure 3). The influence of nd1, along with individual 
factors such as age, season, ASIP and MC1R genotype, 
can be a challenge in accurately determining a horse's coat 
colour. An additional complication in visually distinguish-
ing phenotypes may arise from an independent locus up-
stream of the ASIP gene, which has recently been identified 
as a factor that can subtly alter the pigmentation shade of 
dark colours (22). This can lead to the common nomen-
clatural problems in coat colour classification, as animals 
with such traits can be visually classified as 'non-dun' even 
though they show subtle signs of dilution in their coats. In 
our study, we found that some individuals with nd1/nd1 or 
nd1/nd2 genotypes were incorrectly assigned to the dun 
group.

Conclusions

We have observed and confirmed selection for dark basic 
coat colours in the BMH, as evidenced by the low frequency 
of the dominant A allele in the ASIP gene and the relatively 
higher frequency of the recessive a allele. In this study, we 
have shown that the D allele segregates at low frequency 
in the BMH population, while the nd1 allele is present at 
high frequency. We confirm that due to the complex mo-
lecular background found within the coat colour genes in 
the BMH the correct assignation of particular coat colour 
can be challenging. Our study represents the first compre-
hensive investigation of the genetic background underlying 
coat colour in BMH and provides valuable insights into the 

phenotypic effects of Dun dilution. The results underline 
the importance of studying indigenous horse breeds as 
they contribute significantly to our understanding of the ge-
netic basis of coat colour variation in horses. 
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Variabilnost genov ASIP in DUN, odgovornih za barvo dlake pri 
bosanskem planinskem konju

M. Cotman, J. Kotiščak, M. Mesarič    

Izvleček: Določanje barv dlake pri bosanskem planinskem konju (BPK) je lahko izziv, ker obstajajo razlike v barvnih od-
tenkih dlake in več oblik redčenja barve dlake (plavci). Pri 313 konjih pasme BPK smo genotipizirali polimorfizme posa-
meznih nukleotidov (SNP) znotraj dveh lokusov za barvo dlake T-box 3 (TBX3) in polimorfizma 11-bp indel znotraj Agouti 
signalnega proteina (ASIP). Posamezne genotipe smo nato primerjali z vpisanimi fenotipi barv dlake iz baze podatkov 
MZRBPK (Mednarodno združenje rejcev bosanskega planinskega konja). Ugotovljeno je bilo, da sta bili temna rjava in 
črna najbolj reprezentativni barvi dlake pri BPK. Pogostnost prevladujočega alela za redčenje Dun (D) v študiji je višja 
(0,09) od predhodno zabeležene v razpoložljivem registru BPK. Med ugotovljenimi aleli je prišlo do neskladja ali nedo-
slednosti med predvideno barvo dlake na podlagi genotipov in opazovano barvo dlake pri 73 konjih (23%). Najpogostejša 
napaka se je nanašala na napačno razvrstitev konjev z genotipoma aa in Aa v genu ASIP, non-dun1/non-dun1 (nd1/nd1) 
in non-dun1/non-dun2 (nd1/nd2) pri genu TBX3, kar je lahko povezano s pojavom redčenja barve dlake pri teh fenotipih.V 
nasprotju s pasmami Konik in Hucul pri BPK ni bila ugotovljena homozigotnost alela D. Alel D je mogoče zlahka spregle-
dati ali ga ne prepoznati v različnih fenotipskih skupinah, kot so temni rjavci in vranci. Zato hipoteza, da učinki redčenja 
Dun (plavci) pri BPK sami po sebi niso tako močno epistatični, kot je to opisano pri drugih pasmah konj. Rezultati študije 
potrjujejo pomen molekularnega testiranja pri natančnem določanju barve dlake konj. To bi pripomoglo k preprečevanju 
napak pri opisih barve dlak v uradnih rejskih evidencah in pomembna informacija pri selekciji na posebne in želene barve 
dlake pri konjih.

Ključne besede: barva dlake konj; dun redčenje barve dlake; polimorfizem DNK; frekvenca alelov; frekvenca genotipa; 
bosanski planinski konj
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Clinical and Diagnostic Imaging Findings 
in a Bengal Tiger (Panthera tigris tigris) With 
Craniocervical Artery Dissection: A Case Report 
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Abstract: This study aims to examine different aspects of Craniocervical Artery 
Dissections, which resulted in the animal’s death following a sequence of pathologi-
cal events. Following the physical damage to the female Siberian tiger neck due to the 
Agonistic behaviour of the male tiger, diagnostic tests such as complete medical ex-
amination, Time-of-Flight (TOF) MRA imaging and radiography, as well as sampling for 
clinical assessment, haematology, microbial culture, and antibiogram was performed, 
initial treatment was prescribed, and PCR was performed. Unfortunately, the Medical 
treatment measures were inadequate, and the animal died. Therefore, necropsy, his-
topathological examination, and immunohistochemistry staining were performed. The 
results of the microbiological study included the identification of Bergeyella zoohelcum 
for the first time in this animal species, as well as diagnostic findings; necropsy and 
histological examinations, including aneurysm, subarachnoid haemorrhage, and isch-
emic stroke, were provided as well as Horner’s intramural hematoma and rupture of 
the carotid arteries and internal jugular vein, which has never been described before. 
Whole-body trauma computed tomography with an adapted scanning protocol for the 
craniocervical vessels is a safe, fast, and feasible method for detecting vascular injuries. 
It allows prompt further treatment if necessary. This method could be a part of a broad 
screening protocol for craniocervical vessels in documented injuries of the head and 
neck and trauma mechanisms influencing the craniocervical region as well.
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Case Report

Introduction 

The Royal Bengal Tiger belongs to the Feliformia suborder 
of the Carnivora order consisting of “cat-like” carnivorans. 
He belongs to a subspecies of Panthera tigris tigris that is 
exclusive to The Middle East and India (1). The white tiger, 
also known as the bleached tiger, is a pigmentation vari-
ant (leucistic) variety of Royal Bengal Tigers, Amur tigers, 
and a Crossbreed hybrid of the two that are occasionally 
seen in the wild in Indian states (2,3). Tigers are globally 
listed as “Endangered” on the International Union for the 
Conservation of Nature (IUCN) Red List of Threatened 
Species (4). The Malayan and Sumatran sub-species are 
listed as “Critically Endangered.” Intraspecific lethal encoun-
ters, Illegal hunting, habitat degradation, and fragmentation 

are all threats to this species, which is expected to have less 
than 3890 wild individuals by the end of 2023. (5). Thus, 
Examining different life-threatening factors and the pat-
tern of causing injuries in each can directly benefit Wildlife 
survival biologists and wildlife veterinarians (6). Among 
these life-threatening factors, the pattern and type of in-
juries in fatal encounters due to conflict remain unknown. 
Tigers have lethal encounters with each other for access to 
Hunting resources, mates, and parental care. The most im-
portant reasons for interference between tigers in the wild 
include: Fighting over territory because they are solitary 
and maintaining individual territories. Next is Fighting over 
mates because tigers have a Polygyny mating system. As 
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a result, this characteristic leads to competition between 
males for access to females. Also, Infanticide and cannibal-
ism are seen in felines, including tigers. Mortality caused 
by Hostile male tigers can affect Proportionate regional dis-
tribution, demography, and reproductive success. Finally, 
the last item is, Sibling rivalry; whenever a female tiger has 
two offspring at once, there is the potential for sibling ri-
valry. Tiger’s Sibling rivalry is aggressive and can result in 
siblicide. Nevertheless, in zoos, the fundamental causes of 
conflicts between tigers include human errors, accidental 
access to nearby shelters, behavioural and neurological 
problems such as zoochosis, and aggressive and stereo-
typic behaviour due to captivity. The chance to experience 
positive social interactions and mating are vital for captive 
tigers. However, if this experience is not managed and hap-
pens accidentally, it often leads to unfortunate results, and 
in most cases, it will lead to death. The result is often clear 
regardless of the reason for these deadly conflicts. Severe 
pathological injuries often lead to damage to the vital or-
gans of the neck, multiple cranial lacerations, fractures, 
traumatic amputations, persistent neurological deficits and 
fracture-dislocation of cervical vertebrae, abrasions, and 
crushes secondary to the dragging of the victim’s body.

This case report outlines the multiple sources of injury and 
pathology that can result from such an attack. The dis-
cussion focuses on the injury pattern seen in large feline 
attacks. We present a rare fatal case of a tiger attack on 
another tiger during the night hours while the male entered 
the female cage. These two tigers had a five-year-long re-
lationship with each other, and the discovery of his death 
astonished the zoo administration. This case describes 
the necropsy findings emphasizing the distribution of inju-
ries and the histopathological findings. The details of the 
Histopathological injury pattern and radiological findings 
have been discussed.

Materials and methods

Case presentation

A brutal fight between two tigers took place due to sex-
ual coercion following the access of a male Bengal tiger 
(Panthera tigris tigris) to the night enclosure of a white 
Siberian tiger (Amur tiger) at the Eram Zoo in Tehran, Iran. 
After entering, the male tiger violently tries to mate (After 
being informed that the zoo keepers saw them in a sexu-
al position), but the female did not allow it due to oestrus 
problems. As a result, the male tiger violently bites the neck 
of the female tiger later, and after being informed, the zoo 
keepers separate the two tigers. Initial treatment immedi-
ately began with taking the necessary measures, including 
irrigation of the affected area using sterile saline to reduce 
bacterial load. After 10 hours, and due to the symptoms of 
pain and restlessness, the animal was anaesthetized using 
a combination of Ketamine Hydrochloride (Bremer Pharma 
GMBH, 34414 Warburg, Germany) and Medetomidine 

Hydrochloride (Laboratorios syva s.a.u, Avda. Parroco 
Pablo Diez, 49-5724010 Leon, Spain) (K: 2.3mg/kg+M:0.9 
mg/kg IM; antagonized by 0.23mg/kg IM Atipamezole 
(Laboratorios syva s.a.u, Avda. Parroco Pablo Diez, 49-
5724010 Leon, Spain).

Clinical examinations and diagnostic imaging

During anaesthesia, the gross examination was performed; 
A thorough examination of the animal initially began with 
signalling and a complete description of the animal, includ-
ing species, breed, age, gender, reproductive status, and 
other distinguishing characteristics were noted. Further, 
history, including environment, diet, medical history, fer-
tility history, vaccination status, and current status, were 
evaluated. Hydration status is further expressed as a per-
centage of body weight (0-15%), which can be somewhat 
subjective, and it is reported as “adequate,” “marginal,” or 
“inadequate,” which was insufficiently observed in the case 
of this animal. Next, the vital signs were checked, which in-
cluded (a body weight of 215.3 kg) and a temperature (of 
40.6, which is the usual range in tigers 37.8-39.4). Then, the 
rectal area was checked for signs of diarrhoea, parasites, 
and other abnormalities. The heart/pulse rate (56 to 97 
bpm) was (109 bpm). Evaluation of pulse rate, strength, and 
quality was done in the form of thread. The next item was 
Respiratory rate and character with a typical range (8.4 ± 
3.6), which was 10.3 in this tiger. Then the perfusion indices 
were checked, which included Mucous membrane colour 
(MM) and Capillary refill time (CRT), which was prolonged 
CRT (> 2 seconds) (Table1). The next step was the head 
and neck evaluation (EENT/Oral) which both sides of the 
face and head were checked for symmetry. Assess eyes 
for size, position, discharge – lids, conjunctiva, sclera, pu-
pil, cornea, lens note discharge, inflammation, redness, un-
even/abnormal pupil size, corneal clouding, squinting. The 
nose was evaluated and nares for symmetry, conformation, 
and evidence of discharge. The oral cavity was examined 
- lips, mucous membranes, teeth, hard and soft palate, 
tongue, pharynx, and tonsils. Carriage and position of ears 
were evaluated, and thickness/malleability of pinnae and 
cleanliness of ear canals, submandibular lymph nodes, and 
salivary glands (normally palpable) were palpated. The fol-
lowing parameter was Trunk and Limbs (INTEG, M/S, PLN)
evaluation. The body for symmetry, masses, and tender-
ness was Inspected. Each limb and joint was palpated, and 
abnormalities in angulation, deformities, swelling, bleeding, 
bony protrusions, obvious fractures or joint luxations, range 
of motion, atrophy, knuckling, and crepitus were examined. 
Skin and hair coat was examined for alopecia, masses, par-
asites, dryness, excessive oil, and matting. The palpate pel-
vic region was palpated for conformation and symmetry. 
The vertebral column was palpated to assess for deviations 
and pain. Peripheral lymph nodes (PLN) were palpated: 
submandibular, prescapular, axillary, inguinal, and popli-
teal. Thorax was observed and palpated for conformation, 
symmetry, and masses. In cardiac auscultation (CV) and 
respiratory auscultation (RESP), we first listened for noisy 
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breathing at the mouth and nares without a stethoscope. 
We auscultated at least four chest areas, including right and 
left ventral and right and left dorsal lung fields. We heard 
‘Rales/crackles.’ then we examined the Abdomen (ABD) 
and inspected for distention, deformity, displacement, sym-
metry, and bruising and auscultated the abdomen to detect 

intestinal hypermotility or hypomotility. Then we Palpated 
and visually assessed mammary glands for tumours, cysts, 
swelling, heat, or discharge and Inspected the vulva for size, 
inflammation, discharge (blood, pus), polyps, tumours, or 
structural defects. In the final stage, we determined the ap-
propriate RAC Score for the animal. The area between the 
fourth and sixth intercostal spaces on both sides of the tho-
rax was Palpated for the point of maximum intensity (PMI) 
of the heartbeat and any cardiac thrills. Heart rate (HR) and 
rhythm were evaluated, and Sinus arrhythmia and muffled 
heart sounds were heard. Examination of the body showed 
signs of superficial scratches on the left arm and palm and 
swelling and inflammation in the neck. Therefore, the neck 
area was immediately inspected by Time-of-Flight (TOF) 
MRA, imaging, and radiography (Figures 1 and 2).

Sampling for clinical examination

At the same time of anaesthesia, chest and cervical X-rays, 
blood samples, and blood cultures were taken for clinical 
and microbiological evaluation (Figure 3). Empiric antimi-
crobial therapy was done using intravenous injection of 
Amoxirum Forte®300 mg (amoxicillin-sulbactam combi-
nation injectable antibiotic. Virbac, Pharmaceutical com-
pany, Carros, France), METACAM® (meloxicam, Boehringer 
Ingelheim. The pharmaceutical company, Ingelheim am 
Rhein, Germany)at the dosage (22 mg/kg), 0.2 mg/kg 
SC once then 0.1 mg/kg PO SID × 2d), and fluid therapy 
with Isotonic crystalloid solutions (lactated Ringer’s so-
lution plus dophalyte, Zoetis Pharmaceutical company, 
Parsippany-Troy Hills, New Jersey, United States)

Establishment of treatment protocol

After determining the results of haematology, microbiology, 
Time-of-Flight (TOF) MRA, imaging, and radiography and 
according to the antibiogram results, the initial treatment 

Table 1: Clinical examination findings

Clinical examinations Value References Index

Hydration status Moderate(w~8%)

Euhydrated (standard), Mild (w~5%), Minimal loss of skin turgor, semidry 
mucous membranes, normal eye. Moderate(w~8%) Moderate loss of skin turgor, 
dry mucous membranes, weak rapid pulses, enophthalmos. Severe (.>10%) 
Considerable loss of skin turgor, severe enophthalmos, tachycardia, extremely 
dry mucous membranes, weak/thread pulses, hypotension, altered level of 
consciousness

%

Vital signs

Body weight 115.3 kg 110-130 kg

Temperature 40.6 37.8-39.4 C°

Heart/pulse rate 109 56 to 97 bpm

Respiratory rate 10.3 8.4 ± 3.6 bpm

Perfusion indices(CRT) 2.8 ≤ 2 seconds SE

Figure 1: Morphological characterization of Bergeyella (Weeksella) 
zoohelcum. A, B: Bacterial colonies after culturing for 48 h on CBA 
(Columbia blood agar) (NCM0031A, Neogen ind., 620 Lesher Place 
Lansing, MI 48912 USA) C, D: colonies after culturing for 120 h on CBA. 
E: Bergeyella (Weeksella) zoohelcum staining properties. (gram staining, 
scale bar = 15 μm).F: Bergeyella (Weeksella) zoohelcum (acid stains quickly 
scale bar = 15 μm) 
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process was confirmed. During the following days, the 
treatment was continued, and in order to facilitate the ani-
mal’s breathing, after Wound Debridement, the tiger was in-
tubated despite the concern about the exacerbated injury. 
Also, we use KENGREAL® (cangrelor) 30 mcg/kg IV bolus 
immediately followed by a four mcg/kg/min IV infusion 
to prevent blood coagulation. (The Medicines Company, 
Biotech company, Parsippany-Troy Hills, New Jersey, 
United States) for one week, then change to a dual therapy 
using Plavix® (clopidogrel) (18.75 mg PO q24h) (Bristol-
Myers Squibb - Sanofi Pharmaceuticals, and XARELTO® 
(rivaroxaban) (2.5 mg PO q24h) (Janssen Pharmaceuticals, 
Inc., Beerse, Belgium) But Due to the severity of the injuries 
inflicted on the neck of the female tiger, the treatment was 
inconclusive. Twenty-eight days after causing the injury, the 
tiger died. After the death, a necropsy was performed, and 
all body organs were carefully inspected.

Genus identification of the isolate and genus-specif-
ic primers for the PCR identification

After receiving the initial microbiology results, to confirm 
the genus identification results of the isolate, PCR amplifi-
cation of the 16S rRNA gene fragment by use of the primer 
set (forward primer 5′-AGA GTT TGA TCC TGG CTC AG-3′ 
and reverse primer 5′-AAG GAG GTG ATC CAG CC-3′) (Cat. 
Number: UN-PR001-005, Synbio Technologies,4250 US-1 

Suite 3, Monmouth Junction, NJ 08852, United States) se-
quenced. Ribosomal RNA sequences were checked for the 
best match returned with the 16S-ribosomal rRNA gene da-
tabase at NCBI.

Histopathology and immunohistochemistry 
techniques

In this study, depending on the conditions and needs, vari-
ous diagnostic and immunohistochemical techniques were 
used as follows:

Verhoeff-Van Gieson (VVG) Staining Protocol

We used NovaUltra H&E Stain Kit (IHC-IW-3100) (Hölzel 
Diagnostika Handels GmbH, Germany) for this staining. 
First, we Deparaffinized and hydrated slides to distilled 
water. Then we Stained in Verhoeff’s solution for 1 hour. 
The tissue should be completely black. After this step, we 
rinsed in tap water with 2-3 changes. Then we differenti-
ated in 2% ferric chloride for 1-2 minutes. Moreover, Stop 
differentiation with several changes of tap water and check 
microscopically for black elastic fibre staining and grey 
background. It is better to slightly under-differentiate the 
tissue since the subsequent Van Gieson’s counterstain can 
extract the elastic stain somewhat.

Figure 2: Unenhanced 2D TOF MRA of the craniocervical arteries: intra-cranial arteries 2D TOF (time-of-flight) demonstrates a patent left vertebral 
artery (major artery in the neck. It branches from the subclavian artery) (D). The MIP subvolume of the posterior circulation (consists of the two vertebral 
arteries, basilar artery, two posterior cerebral arteries, and their branches) (E) shows an irregular, stenotic mid-left vertebral artery initially felt to indicate 
a dissection. Axial reformatted source images show multiple small ring-shaped areas of signal severity corresponding to small cervical vessels (arrow, 
A). The interposition pattern created by these target patterns distorts the left vertebral artery that originates from the subclavian arteries, resulting in 
ill-defined or spiculated borders when compared with the right vertebral artery (Hitachi MRP 7000 MRI, Viable Med Services28470 Westinghouse Pl. 
Valencia, CA 91355)
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Then we Washed slides in tap water. And then, we Treated it 
with 5% sodium thiosulfate for 1 minute and Discarded the 
solution. After this step, we washed in running tap water for 
5 minutes. Moreover, we Counterstain in Van Gieson’s solu-
tion for 3-5 minutes. Then we dehydrated quickly through 
95% alcohol, two changes of 100% alcohol. Then we clear 
in 2 changes of xylene for 3 minutes each. And finally 
Coverslip with a resinous mounting medium

Immunohistochemistry Iba1 Antibody Staining 
Protocol

Iba1 (Allograft inflammatory factor 1 or ionized calcium-
binding adapter molecule 1) is a 17-kDa EF-hand protein 
specifically expressed in macrophages and microglia and 
is upregulated during the activation of these cells.

Antigen retrieval (AR) method

Formic acid treatment: Free-floating tissue sections were 
incubated in 98% formic acid (EMD) inside closed 5 mL 
Eppendorf plastic tubes for 5 min at room temperature 
In a chemical fume hood, followed by removal for chemi-
cal waste disposal. The sections were immediately rinsed 
with room temperature ultrapure Type I water for 5 min, fol-
lowed by two additional 5 min incubations in ultrapure Type 
I water.

Immunostaining

After antigen retrieval methods, free-floating Brain tissue 
sections were transferred to plastic mesh 70 μm cell strain-
ers inserts (352350, BD Falcon, Franklin Lakes, New Jersey 
07417, USA) and placed into six-well Cellstar plastic cell cul-
ture dishes (657-160, Greiner Bio-One North America, 4238 

Capital Dr #7681, Monroe, NC 28110, United States) without 
lids for immunostaining. For immunostaining, slide-mount-
ed sections were laid flat into a Prohisto slide staining 
container (Staining chamber StainTray™ Black lid, Sigma-
Aldrich, St. Louis, Missouri, United States). All rinses and 
incubations were performed by placing the six-well plates 
of free-floating tissue onto a 55S Single Platform Shaker 
set at ten rocking motions per minute (Reliable Scientific, 
Inc., 1160 Thousand, Misty Oaks Ln, Hernando, MS 38632, 
United States). All free-floating or slide-mounted tissue 
sections were briefly washed in PBS for 5 min and then 
incubated with 0.3% H2O2 in PBS for 5 min at room tem-
perature to inhibit endogenous peroxidase activity. A quick 
wash with PBS followed that for 5 min. For anti-Iba1 stain-
ing, free-floating tissue sections or slide-mounted tissue 
sections were blocked in PBS solution (PBS with 0.5% bo-
vine serum albumin, BSA, 5% goat serum, and 0.1% Triton 
X-100) for one h, and then incubated in primary antibody in 
PBS solution (1:1000 anti-Iba1, rabbit polyclonal, 019-19741, 
Wako Pure Chemical Industries, Ltd, Wako Chemicals USA, 
Inc., Shibayagi Co., Ltd.,) overnight at four °C. After primary 
antibody incubation, the free-floating tissue or slide-mount-
ed tissue sections were rinsed four times, 10 min each (with 
the PBS solution), then incubated with biotinylated anti-
rabbit secondary antibody (1:2000, Vector Laboratories, 
Newark, California) for two h at room temperature. The sec-
ondary antibody was removed, and the free-floating tissue 
or slide-mounted tissue sections were rinsed four times 
with PBS solution and then incubated with PBS-Avidin-
Biotin solution (2 μL each of solutions A and B per mL of 
PBS, Vectastain ABC kit, Vector Laboratories, Newark, 
California) for two h at room temperature. The free-floating 
tissue or slide-mounted tissue sections were rinsed four 
times with PBS only, then incubated for 5 min with a Vector 
VIP chromogen solution according to the manufacturer’s 
instructions (Vector VIP peroxidase substrate kit, Violet SK-
4600, Vector Laboratories, Newark, California) to develop 
the immunostains.

Immunohistochemical staining for glial fibrillary 
acidic protein (GFAP)

Glial fibrillary acidic protein (GFAP) is an astrocytic biomark-
er for the diagnosis, monitoring, and outcome prediction 
of acute brain ischemic stroke. GFAP is the major protein 
component of intermediate glial filaments, which increas-
es within astrocytes in response to acute brain ischemic 
stroke. The slides were stained with a polyclonal rabbit 
GFAP antibody (GFAP Antibody (PA1-9565), Thermo Fisher 
Scientific, Waltham, Massachusetts, United States), dilu-
tion 1:4000, performed with a fully automated immunos-
tainer (Oncore™ ProAutomated Slide Stainer from BIOCARE 
MEDICAL, 60 Berry Dr Pacheco, California 94553, United 
States) using DAB as the standard chromogen. After stain-
ing and preparing the slides under the microscope, charac-
teristics such as nucleus morphology, nucleolus location, 
and cell borders were used to differentiate neurons from 
non-neuronal cells as established morphological criteria. 

Figure 3: Neck and thorax radiography: Neck and thorax radiographic 
regions show significant amounts of gas density seen subcutaneously 
in the cervical region, which is extended up to the lateral aspect of the 
left thoracic wall—visibility of great vessels in the cranial mediastinum. 
The alveolar pattern, especially in the ventral aspects of lung lobes in 
the thoracic cavity, is noticeable. Lobar signs are also seen in the left 
middle lung lobe due to lobar consolidation. The presence of strip signs 
in the cervical region is probably secondary to gas densities within the 
oesophagus due to the anaesthesia process and respiratory distress. The 
diaphragm and rib cage are intact. No sign of pneumothorax is seen in the 
current radiographic examination (Veterinary X-ray system Maxivet 300 
HF FF, COMES ELECTRO SRL, Via dell’ Industria, 54 - 21044 Cavaria con 
Premezzo (VA) Italy).  
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After the neurons’ immunopositivity for GFAP was noted, 
the slides were stained analogously per immunolabelling 
and counterstained with hematoxylin.

Luxol Fast Blue–PAS staining

This method stains myelinated axons on formalin-fixed, 
paraffin-embedded brain tissue sections.

The myelin, including phospholipids, will be stained blue to 
green, and the neurons will be stained violet. To perform 
this procedure, we first Deparaffinize and hydrate sections 
to 95% ethyl alcohol, then we leave the sections in luxury 
fast blue solution overnight in a 58 C oven. Then we Rinse 
off excess stain with 95% ethyl alcohol and Rinse in distilled 
water. After this step, we differentiate the slides in the lithi-
um carbonate solution for 45 seconds, then continue differ-
entiation in the 70% ethyl alcohol for 40 seconds and rinse 
in distilled water. Then we Check the slides microscopically 
to see if the grey matter is straightforward and the white 
matter is sharply defined. Then we place the slides in dis-
tilled water and counterstain in the cresyl violet solution for 
40-50 seconds. Then we rinse in distilled water and differ-
entiate the slides in 95% ethyl alcohol for 4 minutes and 
100% alcohol for 2x5 min, and xylene for 2x5 min. Finally, 
we mount with a resinous medium.

Results

Microbiology and blood biochemistry results

Bacteriological examination showed that catalase, urea, ox-
idase, and indol tests were positive, and Deoxyribonuclease 
(DNase) and Pyrrolidonyl Arylamidase (PYR) tests were 
negative. Initially, the isolate was misidentified as Bergeyella 
porcorum ATCC type strain 1350-03 by The MicroSEQ 
Rapid Microbial Identification System with Applied 
Biosystems™ components—only 83.2% identity (Thermo 
Fisher Scientific, Waltham, Massachusetts, United States). 
However, after the PCR, the results indicated the Bergeyella 
zoohelcum, ATCC 43767 type strain, with 97.9% identity. In 
contrast, the next best match was the Riemerella colum-
bipharyngis, ATCC 8151 strain, with only 90.8% identity. 
Although, According to the principle of the extended phe-
notype, the identity algorithm of The Clinical & Laboratory 
Standards Institute guideline Anti-PD-1 Mouse Monoclonal 
Antibody (APC) (10377-MM18-A), about glucose non-fer-
menting Gram-negative bacilli, the 98.9% identity of this 
Bergeyella zoohelcum strain was lower than the require-
ment of ≥99.0% identity (With >0.7% allopatric speciation); 
In general, both based on the biological data obtained and 
based on the results of gene bank similarity measure-
ment for 16S rRNA gene sequencing data supported the 
identification of B. zoohelcum. Weak growth of Bergeyella 
zoohelcum, ATCC 43767 was observed on CBA (Columbia 
blood agar) (NCM0031A, Neogen and., 620 Lesher Place 
Lansing, MI 48912 USA) after 48 h of incubation at 37°C. 

The stained strain was gram-negative, oxidase, and indole-
positive (Figure 1).

This study is the first officially recorded finding of this bacte-
rium in this animal species. Aerobic cultures from the wound 
surface tissue grew Pasteurella multocida, Bergeyella 
(Weeksella) zoohelcum, and two other gram-negative ba-
cilli. These were subsequently identified as most as CDC 
group EF-4b and common species by the Tehran University 
Laboratory for Bacteriology, Veterinary Laboratory Centre 
for Disease Control in Tehran, Iran, based on cellular fatty 
acid composition data and biochemical reactions. Also, 
blood biochemistry findings are given in Table 2.

Results of the diagnostic imaging

According to the radiological observations, the Initial diag-
nosis was “open wound and subcutaneous emphysema” 
that was probably associated with an infective process in 
the cervical region and pneumomediastinum. Moreover, be-
cause we could not rule out the possibility of tracheal per-
foration in plain radiographs, the neck area was inspected 
by Time-of-Flight (TOF) MRA, imaging, and radiography 
(Figures 2 and 3).

Necropsy findings

The applied necropsy techniques enabled us to demon-
strate the compound mechanism that inflicted them, com-
bining penetration of tissues by the canines, crushing, and 
distension. Analyzing these wounds might reveal the moti-
vation behind the injuries and the wild cat species involved 
in the attack. A tiger injury is sometimes compared with 
a scalpel injury, as multiple penetrating, scalpel-like ulcers 
characterize the patterned injuries due to a tiger bite. As a 
result, special attention is paid to determining the cause of 
death from bites by animal teeth under unknown trauma 
circumstances.

Gross Necropsy Findings in the Head and Nec

Traces of claws and tiger canine teeth indicate that the vic-
tim female tiger of the attack was knocked down from the 
ventral surface, along with profound and multifocal fatal 
wounds to the cervical region. The neck area was crushed 
due to the pressure caused by the force of the fangs (trans-
fixing ulcer) and was violently expanded. In this area and on 
the skin, there were six deep and blunt wounds and traces 
of fangs. The cervical area indicated massive damage, in-
cluding tearing the oesophagus, trachea, and muscles, and 
inflammation of vertebrae C1 and C4 with internal channels 
resulting directly from penetration by the tiger’s fangs. The 
expansion of the muscles happened because of the vigor-
ous movements of the male tiger’s head while trying to suf-
focate the female tiger, which led to the rupture of vertebral 
arteries.
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Moreover, an intramural rupture of the carotid arteries dur-
ing the tiger’s battle has never been described. Therefore, 
a detailed necropsy was performed to evaluate the amount 
of bone damage and the injury to the spinal canal. The ap-
plied necropsy techniques enabled us to demonstrate the 
compound mechanism that inflicted them, combining pen-
etration of tissues by the canines, crushing, and distension. 
Analyzing these wounds might reveal the motivation behind 
the injuries and the wild cat species involved in the attack. 

A tiger injury is sometimes compared with a scalpel injury, 
as multiple penetrating, scalpel-like ulcers characterize the 
patterned injuries due to a tiger bite. As a result, special at-
tention is paid to determining the cause of death from bites 
by animal teeth under unknown trauma circumstances.

Table 2: Haematological and biochemical results. ( 41)

Parameters Result Reference Parameters Result Reference

Glucose (mg/dL) 127 88-183 AST (IU/L) 370 14.4–84.0

Triglyceride (mg/dL) 110 25-165 ALT (IU/L) 46 21.2–109.0

Cholesterol (mg/dL) 176 77 - 253 ALP (IU/L) 13 13 - 71

Albumin (g/dL) 3.83 2.1–4.6 GGT (IU/L) 3.5 1-10

Total protein (g/dL) 6.5 3.7–8.7 CK (IU/L) 5903 69 - 893

Globulin (g/dL) 5.3 2.8 - 4.8 Amylase (IU/L) 585 100-1200

A/G 0.7 0.8–1.00 Lipase (IU/L) 11 10-450

Urea (mg/dL) 187.3 5.50–27.70 Total bilirubin (mg/dL) 4.9 0.4–3.2

BUN (mg/dL) 87.52 6.5–48.2 Direct bilirubin (mg/dL) 3.69 0.09-1.9

Creatinine (mg/dL) 7.2 1.6–4.6 Calcium (mg/dL) 13.1 7.53-14.7

Phosphorus (mg/dL) 28.6 2.2 - 5.5 Uric acid (mg/dL) 1.2 0.32-1.8

HCT (%) 57.2 34 - 48* PLT (%) 0.09 0.07-1

RBC (×106/µL) 7.51 7.5 - 11.7 MPV (fL) 11.4 10-12

HGB (g/dL) 13.5 11.5 - 15.9 NCC^ (×103/µL) 9.1 8-10

MCV (fL) 52.3 36 - 46 Segs (×103/µL) 4.43 4-5

MCH (pg) 19 12.5 - 16.4 Bands (×103/µL) 3.91 0.0 - 4.0

MCHC (g/dL) 36.3 32.2 - 36.8* Lymphs (×103/µL) 0.27 1.05 - 8

PLT (×103/µL) 168 169 - 480 Monos (×103/µL) 0.18 0.1 - 0.3

RDW-CV (%) 14.8 12-16 Eos (×103/µL) 0 0.2 - 1.1

RDW-SD (fL) 31.4 30-34 Baso (×103/µL) 0 0-4

D-dimer 1673 < 250 ng/ml blood FDP 35 10 (μg/ml)

A/G = albumin/globulin ratio, ALP= Alkaline phosphatase, ALT= Alanine transaminase, AST= Aspartate transaminase, Bands= Band Cells, Bso= Basophils, 
BUN= Blood Urea Nitrogen, CGT = Gamma-Glutamyltransferase, CK = Creatine Kinase, Eos = Eosinophils, Fl = femtoliter, g/dL= Grams Per Deciliter, 
HCT= Hematocrit, HGB= Hemoglobin, IU/L= International Units Per Liter, Lymphs = Lymphocytes, MCH = Mean corpuscular haemoglobin, MCHC =Mean 
Corpuscular Hemoglobin Concentration MCV = Mean Corpuscular Volume, mg/dL= Milligrams per decilitre, Monos= Monocytes, MPV=Mean platelet 
volume, NCC= Nucleated cell counts, pg = pictogram, PLT = platelets, RBC = Red Blood Cell, RDW-SD = Red Cell Distribution Width Standard deviation, RDW-
CV= Red Cell Distribution Width Coefficient of variation, Segs= Neutrophils, µL=microliter FDP= Fibrin Degradation Products. D-dimer(a fibrin degradation 
product, a small protein fragment in the blood after a blood clot is degraded by fibrinolysis).
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Figure 4: Cerebral Parenchyma Histopathological changes in transient ischemic attack A: red neurons (Yellow Arrows). (Hematoxylin and Eosin Staining, 
Scale Bar=μm). B: red neurons (Yellow Arrows), normal neuron (Pink Arrow), and pyknotic nucleus along with vacuolation of the neuropil(Red Head 
Arrow).C&D: perineuronal satellitosis, increase in the number of cells encircling a neuron( Yellow Arrows). (B, C, D: Hematoxylin and Eosin Staining, Scale 
Bar=100μm). E: Swollen and degenerated axons without myelin sheath are seen. (Yellow Arrows),F: A bubble-like biological feature(Axonal spheroid) is 
seen in the degenerated axon(Yellow Arrows). G: Various irregular, elongated nuclei of microglial cells formed as a Microgliosis near the inflammatory 
mononuclear perivascular cuffing (Yellow Arrow). (E, F, G: Hematoxylin and Eosin Staining, Scale Bar=50μm). H: irregular nuclear of microglial cells (Yellow 
Arrows). (H: Hematoxylin and Eosin Staining, Scale Bar=250μm). I: Immunohistochemical staining using Iba-1 antibody to visualize microglial cells(Yellow 
Arrows). J: Reactive gliosis and Hyperplastic capillaries (Yellow Arrow). (I,J:Iba1 Antibody Staining, Scale Bar: I=250μm,J=100 μm) K: Increase in nucleated 
cells Consisting of reactive astrocytes, macrophages, and mixed gliotic response. L: Reactive gemistocytes astrocytosis. Eccentric nucleus, prominent 
eosinophilic cytoplasm of reactive astrocytes (Red Head Arrows), and the less frequent micro-binucleate (Yellow Arrow). M: Wallerian degeneration( 
axonal fragmentation) (Axonal spheroid). N: A large swollen axon (pre-degenerative changes) and a degenerate macrophage in the necrotic axon space. 
(K, L, M, N: Hematoxylin and Eosin Staining, Scale Bar: K=50μm, L= 250μm, M=100 μm, N= 250μm).O: cerebrum: Intracytoplasmic Luxol fast blue positive 
pigments are seen in the neurons. (Black Arrows)( Luxol fast blue staining, Scale Bar=50μm). P: Short cytoplasmic processes of the astrocytes(Black 
Arrows). Q: Brown cytoplasmic granules in the neuroplastic astrocytes(Black Arrows). R: Degenerating and dead Astrocytes are seen. (Black Arrows). (P, 
Q, R: glial fibrillary acidic protein (GFAP) Staining, Scale Bar=50μm).

Figure 5: Intramural hematoma of the mid-left vertebral artery(major 
artery in the neck branches from the subclavian artery) (A) the arterial 
wall zipper-like separation, mucoid degeneration, and false lumen of the 
tunica media (Yellow arrows). (B) A cross-section of the dissected artery 
shows intermedial and subintimal hematoma (Yellow arrows). Red Head 
Arrow (lumen); Elastica van Gieson staining NovaUltra H&E Stain Kit (IHC-
IW-3100)( Hölzel Diagnostika Handels GmbH, Germany), scale bar = 0.25 
mm Figure 6: A and B: Complete rupture of the trachea. C: Skin blunt trauma
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Brain

Red neurons appear in the earliest phase of infarction, 
consisting of increasing cytoplasm eosinophilia with the 
nucleus shrunken and basophilic. Then the cytoplasm 
becomes uniformly structureless, and the nucleus shows 
homogeneous degeneration. In the late stage, the neurons 
are disintegrated, resulting in eosinophilic debris dispersed 
throughout the neuropil and scattered eccentrically from 
the remainder of the dead neurons. Later, all these remains 
were phagocytized by foamy macrophages (ghost neu-
rons). Finally, eosinophilic ischemic neurons spread and 
disseminated among the normal-looking neurons and were 
surrounded by an increased number of oligodendrocytes 
(steatosis). Around dying neurons, the microglial cells re-
tract their processes and assume an amoeboid morphol-
ogy, becoming activated (Figure 4).

Cervical Part

In the cervical region necropsy, complete rupture of the 
trachea was observed from two places (connection to the 
larynx) and 3 cm below it, as well as lateral and vertical rup-
ture of the oesophagus with a length of 5 cm and rupture of 
the left subclavian artery, left vertebral artery, left common 
carotid artery. The rupture of these arteries led to extensive 
extravasation at the back of the throat and larynx (Figure 5).

Extensive adhesions and focal necrosis were also observed 
in the pectoralis area and on the pectoantebrachialis, ster-
nomastoid, and pectoantebrachialis muscles that continued 
until the beginning of the xiphihumeralis area, which was 
filled with exudative and mucoproliferative secretions and 
a prominent inflammatory infiltrate into the subcutaneous 
space. Examination of the internal organs of the lungs re-
vealed extensive pneumonia in both lungs, the development 

of interstitial bronchopneumonia and marbled of the lungs, 
and the effect of the ribs on the lungs due to pressure in 
the thoracic region. Lung tissue was full of foamy discharge 
due to weather and severe respiratory distress (Figure 6).

Pathological injuries, longitudinal tears, thinning, and loss 
of elastic fibres are well-defined using Verhoeff-Van Gieson 
elastic staining. This staining is a simple method that is 
used for visualizing elastic fibres.

Postmortem examination of the Thoracic Cavity

Trachea

Squamous metaplasia in the trachea epithelium with in-
tense chronic inflammation visible in the submucosa, in-
cluding cicatrization. The underlying cartilage indicated 
sequestration along with ossific metaplasia. By far, the 
most pathological changes included diffuse paracellular or 
hyperplastic fibrosis with intense hyperplastic scar forma-
tion or hyaline cicatrization found in the outer part of the 
perichondrium overlying adventitia. In the membranous 
portion, severe scar formation and hyperplastic fibrosis 
were predominant. Metaplastic pulmonary ossification 
was exclusively severe in the outer and lateral parts of the 
tracheal ring, particularly in the vicinity of the adventitia and 
outer perichondrium (a layer of dense irregular connective 
tissue). These changes were much more pronounced than 
the relatively minor changes observed in the mucosa and 
submucosa (Figure 7).

Lung

The pathophysiology of this injury was blunt chest trauma 
and pulmonary contusion, including pulmonary oedema, 
inflammation, enlarged basement membrane thickness, 

Figure 7: Occasional chronic inflammation along with squamous metaplasia A: Massive ulceration of the tracheal mucosa and abundant neutrophils 
admixed with pale extracellular eosinophilic material (oedema) within the submucosa and lamina propria (100×. H& E). B: A few lymphocytes are present 
within the lamina propria and submucosa and accumulation of cellular debris and neutrophils in the submucosal gland (Red Head Arrow), (H&E stain, 
400×)
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increased diffuse alveolar damage, perfusion mismatch-
ing, cellular infiltration, increased intrapulmonary shunting, 
and a loss of compliance, injury to type 2 pneumocytes and 
endothelial cells. An area of oedema commonly surrounds 
the pulmonary contusion. Fluid accumulation in alveoli in-
terferes with gas exchange and causes alveoli to be filled 
with proteins and collapse. Extensive pneumonia in both 
lungs and the development of interstitial bronchopneu-
monia and marbling of the lungs. Pulmonary contusion re-
sults in haemorrhage and exudate leakage into lung tissue, 
which becomes rigid and loses its average elasticity. The 
thin membrane between the alveolar sac and the capillar-
ies is torn, and damage to the capillaries causes both blood 
and exudate to leak into the alveoli and the interstitial space 
of the lung parenchyma. Pulmonary contusion is charac-
terized by micro-haemorrhages or microbleeds when the 
alveolar sac is traumatically separated from airway struc-
tures and capillaries (Figure 8).

Heart 

Cardiac damage caused by ischemic coronary insufficien-
cy may lead to fatal injuries and sometimes life-long heart 
problems. In most cases, mild and reversible damage, 
such as Takotsubo cardiomyopathy and neurogenic stress 
cardiomyopathy (Figure 9). A slight increase in cardiac en-
zymes characterizes takotsubo cardiomyopathy (Figure 
10). Moreover, it is a sign of myocardial damage.

Other necropsy findings

The throat and larynx were completely erect and hemor-
rhagic. In the oesophagus, petechiae and foamy discharge, 
as well as symptoms of diverticulum and mega-oesoph-
agus due to external pressure due to fluids, were evident. 
Gastric tissue contains small amounts of bloody secretions 

due to ingesting exudative fluids and blood from the bleed-
ing throat and trachea. The liver has an average but inflamed 
consistency, and the kidneys have weak compensatory hy-
pertrophy symptoms. Furthermore, in the cross-section, its 
radial lines were lost. Symptoms of interstitial nephritis and 
glomerulonephritis were seen. The spleen showed com-
plete signs of lymphocyte depletion with atrophy. 

Discussion

In human medicine, craniocervical artery dissection is one 
of the most common causes of stroke and severe brain 
damage in young and middle-aged adults (7). However, 
this injury has not been reported in animals, and this is the 
first recorded report of this condition in animals and wild 
carnivores. 

This lesion initially started with the tear of the vessel’s inti-
ma layer and was followed by the formation of an intramu-
ral hematoma (8). Most of these wastes occur spontane-
ously or after minor vessel trauma. Emergent assessment 
is required in these cases; recommended diagnostic tests 
are head and neck computerized tomography angiography 
with computerized brain tomography and head and neck 
magnetic resonance imaging (MRI) (9). In this study, we 
used the Time-of-Flight (TOF) MRA technique. The main 
advantage of the TOF-MRA technique is the direct visual-
ization that uses the images in their original visible format 
of The Blood vessel walls and their interactions confirming 
the Intramural hematoma (IMH). Therefore, TOF- MRA is 
the method of choice for preliminary diagnosis and follow-
up of craniocervical artery dissection. One of the most im-
portant complications of this study was determining the 
exact cause of TIA and stroke. Several factors have been 
introduced as triggers for stroke. Factors such as a family 

Figure 8: Diffuse alveolar damage. (A) The pulmonary alveolus is lined by hyaline membranes(Red Head Arrows). Immature fibroblasts and macrophages 
are present in different parts of the lung tissue, such as inside the alveoli and the interstitial space (Yellow Arrows). H&E stain, 100× (B): Aspiration 
Pneumonia due to the widespread inflow of fluid into the lungs, a substantial volume of fluid in the lung tissue that flows rapidly with low pressure. 
Putrefactive Disorganization and discolouration pneumonia caused ill-defined brownish-yellow (amber) areas of softening in the lung and necrotic slimy 
contents in the centres with malodor(stench)
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history of stroke or TIA, higher risk of TIA in males than fe-
males, high blood pressure, dyslipidemia, diabetes mellitus, 
Genetics, race, and imbalance in lipid profile, are other risk 
factors of TIA (10). However, in general, the predictive indi-
ces of cerebrovascular ischemia are still incomplete, which 
suggests that there may be risk factors that are not yet 
commonly recognized. Infections that occur acutely and 
suddenly in the body may be a risk factor for cerebrovascu-
lar ischemia, which has been underestimated. Bacterial or-
ganisms are the main cause of Brain stroke, among other 
infectious agents. Until the antibiotic era, rheumatic heart 
disease was a predisposing risk factor for infective endo-
carditis. (11). A positive correlation has been observed be-
tween the mortality rate of cardiovascular diseases and the 
epidemics of respiratory infections (12). In these cases, at-
tention should be paid to important biochemical tests such 
as CRP with high sensitivity, number of leukocytes, blood 
sugar, and lipid profile. For example, the number of leuko-
cytes is related to myocardial infarction and ischemic 
stroke risk. There is also clinical evidence of infections such 
as gastroenteritis, Respiratory tract infections (RTIs), and 
Urinary tract infection (UTI)., which are biochemically 
caused by leukocytosis and elevated levels of high-sensitiv-
ity C-reactive protein. Hence, these tests appear to be rec-
ognized early diagnostic tools with predictive value. They 
are good. Moreover, by paying close attention to them, early 
treatment of febrile illness and introducing or adjusting the 

dose of antiplatelet agents and antibiotics. can be deter-
mined to reduce the actual incidence of stroke. Considering 
the diagnosis of Bergeyella zoohelcum infection in this 
study, the existence of this infection can be considered an 
important risk factor. This case adds to the complexity of 
the final diagnosis of the chain of events leading to death in 
this study. The correlation between globulin and serum al-
bumin with the Dissection of the Craniocervical Artery has 
been emphasized. Albumin and globulin are the most im-
portant components of feline blood serum proteins and 
play a major role in the body’s systemic inflammatory pro-
cesses. The data relating to serum albumin shows a valid 
indicator for evaluating the nutritional status as well as the 
status and degree of inflammation in the Craniocervical 
Artery Dissection. Also, an increase in serum globulin indi-
cates the inflammatory response of the body and a re-
sponse to the accumulation of various types of pro-inflam-
matory cytokines. On the other hand, hypoalbuminemia is 
associated with impaired survival rates in cases of 
Craniocervical Artery Dissection. Low globulin levels are a 
sign of liver and kidney insufficiency or malnutrition. Also, 
during kidney disorders such as nephrotic syndrome, this 
problem occurs due to the loss of proteins through renal 
filtration. On the other hand, An elevated globulin level (5.3) 
is independently associated with extravasation in intra-ar-
terial thrombolysis and Vascular injuries such as rupture 
and inflammation. As it is clear from the results of 

Figure 9: The myocardium was hypertrophic and flaccid. A: On cardiac examination, the myocardium was hypertrophic and flaccid. Also, postmortem 
thrombotic foci in cardiac septa and rough surfaces and ruffles on the Epicard layer indicate severe cardiac overload and output. B: Extensive adhesions. 
Additionally, focal necrosis was observed in the pectoralis area and on the pectoantebrachialis, sternomastoid, and pectoantebrachialis muscles that 
continued until the beginning of the xiphihumeralis area, which was filled with exudative and mucoproliferative secretions and a significant inflammatory 
infiltrate into the subcutaneous space

Figure 10: Tako-tsubo(ampulla) cardiomyopathy. A: Myocardial damage in the epicardium (outer layer). Apical posterior, external layer. H&E stain, x 400. 
B: Injured cardiac myocytes are removed by infiltrated macrophages and left ventricular apical, middle layer—Hematoxylin and eosin (H&E) stain, x 400
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haematology studies, the ratio of albumin to globulin in this 
tiger is low and is around 0.72. A low albumin-to-globulin 
ratio has a high positive predictive value for Acute inflam-
matory processes. As a result, investigating these parame-
ters justifies an acute inflammatory process following 
Craniocervical Artery Dissection. There are still uncertain-
ties about the changes in these proteins and how they af-
fect the occurrence or exacerbation of craniocervical path-
ological effects and Further research is needed in this field. 
As proven in previous studies, the CRP, blood urea nitrogen 
(BUN), and creatinine levels would be markedly elevated in 
craniocervical artery dissection and infarction of the Brain 
supplying arteries. It has also been proven that High blood 
urea nitrogen (BUN) is associated with an elevated mortal-
ity risk in various diseases, such as heart failure, pneumo-
nia, and Dissection of different arteries. In this study, the 
amount of blood urea nitrogen (87.52), creatinine (7.2), and 
urea (187.3) were elevated, which confirms the occurrence 
of craniocervical artery dissection and the importance of 
these parameters in predicting the occurrence and evalua-
tion of craniocervical artery dissection.Recent clinical stud-
ies have revealed that Craniocervical Artery Dissection is 
mediated by inflammation in the tunica adventitia and me-
dia of the vertebral artery, leading to degradation of the ex-
tracellular matrix, including elastin, collagen, enzymes, gly-
coproteins and hydroxyapatite and tearing in the medial 
tunica layer (13). According to histopathological analyses, 
macrophages and lymphocytes are recruited to the tunica 
media, and matrix metalloproteinase is involved in the deg-
radation of elastin, collagen, non-collagen, and proteogly-
can (14). Serum inflammatory markers, including CRP, se-
rum amyloid A, cytokines, alpha-1-acid glycoprotein, 
plasma viscosity, ceruloplasmin, hepcidin, and haptoglobin, 
are often elevated in these animals. Interestingly, one ob-
servational study showed that the serum CRP level re-ele-
vation is a useful marker of Craniocervical Artery Dissection 
(15). The authors speculated that local thrombogenesis 
triggers inflammatory cytokines, including interleukin-
1(IL-1), IL-6, IL-12, IL-18, TNF-α, IFNγ, and GM-CSF that are 
released from immune cells like helper T cells, macro-
phages, and certain other cell types that promote inflam-
mation, leading to increased production of CRP (16). Recent 
clinical studies have revealed that Craniocervical Artery 
Dissection is often accompanied by high levels of blood 
Fibrin Degradation Products (FDP) and D-dimer, indicating 
the presence of Basilar artery thrombosis and Intra-Arterial 
Thrombolysis and aiding in reaching The Accurate 
Diagnosis (17). Clinical guidelines for Craniocervical Artery 
Dissection state that a D-dimer level <250 ng/mL exhibits 
negative predictive value (NPV) for Craniocervical Artery 
Dissection in Felines presenting with traumatic injuries of 
the neck and chest area. In contrast, a D-dimer level 
>1400ng/mL exhibits a positive predictive value (PPV) (18). 
Indeed, in the present case, the D-dimer level was greater 
than 1,600 ng/mL (16,700 ng/mL), compatible with the typi-
cal paraclinical findings of Craniocervical Artery Dissection. 
In this study, the measurement of D-dimer level had diag-
nostic value because this parameter was measured within 

11 hours after Craniocervical Artery Dissection. The ob-
served hyperphosphatemia (28.6) was due to acute renal 
failure. A high serum CK value (5903) indicated muscle 
damage due to acute muscle injury within conflict. which 
had resulted in widespread acute rhabdomyolysis. A high 
level of AST (370) indicated inefficiency and acute liver and 
heart tissue damage due to the injury caused by the conflict 
and the effect on other organs. A high level of Direct biliru-
bin (3.69) was a sign of liver insufficiency, and a high level of 
total bilirubin (4.9) was also a sign of liver failure and wide-
spread destruction of red blood cells due to injury and 
haemorrhage. higher amount of hematocrit (57.2), MCV 
(52.3), and MCH (19) indicated Dehydration due to haemor-
rhage, Lung and heart insufficiency, and anaemia.

Of course, the initial findings of this study and the course 
of the disease were such that, at first, it was more likely 
to be an acute traumatic injury instead of a longer degen-
erative lesion. However, when the disease took a chronic 
course and lasted for twenty-eight days, the occurrence 
of a chronic degenerative lesion was confirmed. As men-
tioned in the related texts, the cause of ischemic stroke 
is usually due to the complete loss of blood supply to the 
brain tissue, shown in this case. Moreover, since transient 
ischemic attacks usually do not cause ischemic stroke, the 
possibility of other factors being involved in causing stroke 
in this valuable species is raised, which, as mentioned at 
the beginning of the discussion, is one of the powerful and 
essential factors of bacterial infection.

In the acute setting, Craniocervical artery dissection 
may lead to a transient ischemic attack, Subarachnoid 
Hemorrhage, local compressive symptoms such as 
cervical radiculopathies, and cranial neuropathies (19). 
Therefore, intravenous thrombolytic therapy and, in select 
cases, mechanical thrombectomy are the Acute treatment 
of ischemic stroke in Craniocervical artery dissection (20). 
however, Anticoagulation should typically be avoided in in-
tracranial craniocervical artery dissection (21). However, in 
the case of extracranial craniocervical artery dissection, de-
spite no reliable and documented consensus on the strate-
gy to prevent stroke, expert opinion favours Anticoagulation 
or dual antiplatelet therapy for at least six months (22).In a 
similar case of a young chimpanzee in Tehran’s Eram Zoo, 
the author completely cured this problem with antiplatelet 
therapy for eight months. Therefore, young carnivores need 
Anticoagulation and antiplatelet therapy (23,24). Therefore, 
few side effects have been reported considering that dual 
antithrombotic treatment with clopidogrel and rivaroxa-
ban is generally well tolerated in cats (25). Moreover, dual 
therapy may effectively prevent thrombosis in a high-risk 
population of cats with heart disease (26). Therefore, in this 
study, we decided to use these two drugs, and until the last 
day, when the animal died, at least the side effects caused 
by these drugs or blood coagulation problems were not 
observed.
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Recurrent ischemic dissections are never reported in wild 
captive animals, but in human medicine are rare and oc-
cur in the first few months after diagnosis (27). There is 
a knowledge gap regarding the type of antithrombotic 
regimen, stenting, and duration of antithrombotic therapy 
for stroke prevention in craniocervical artery dissection 
(28). Therefore, because Recurrent ischemic dissections 
may occur if the tiger survives, from the very beginning 
of the diagnosis and for the first week, it was decided to 
use KENGREAL®. That is a direct P2Y12 platelet receptor 
inhibitor that blocks ADP-induced platelet activation and 
aggregation. Cangrelor binds selectively and reversibly to 
the P2Y12 receptor, preventing further signalling and plate-
let activation. Generally, A well-designed trial including 
advanced imaging and genetic biomarkers is required to 
compare various antithrombotic approaches, and stenting 
in craniocervical artery dissection is required (29).

For the first time, this study depicted the histopathological 
features of this condition in animals, including a scarce and 
endangered animal (white tiger). Moreover, in this sense, it 
has presented exciting findings.

Examining the results of this study shows a significant 
overlap in the histopathological findings of this condition 
in humans. The findings of this study in some tissues, such 
as the Brain and heart, are exciting and thought-provoking. 
Following the sequence of these events at the cellular level 
provides much help for the correct understanding of the le-
sion process from the time of emergence to death.

Another interesting finding of this study was accidentally 
obtained during sampling of damaged tissues. Moreover, 
It had no specific relation to the main finding of this study, 
i.e., Craniocervical Arterial Dissection was Isolation of 
Bergeyella zoohelcum, which is an aerobic, Gram-negative 
bacterium isolated from mammals’ upper respiratory 
tract (30). B. zoohelcum has been reported to cause sep-
ticemia, tenosynovitis, and abscess, which relates to car-
nivores’ bites (31). Bergeyella zoohelcum is susceptible to 
beta-lactams. It includes fluoroquinolones, ceftazidime, 
ceftriaxone, and penicillin and is variable in susceptibility to 
clindamycin, meropenem, and trimethoprim-sulfamethox-
azole (32). Multiple reports have been associated with the 
wound, interstitial pneumonia, tenosynovitis, meningoen-
cephalitis, abscesses, and cellulitis of the limbs, and only 
five cases of B. zoohelcum bacteremia have been reported 
before (33). Sharma reported detecting B. zoohelcum in 
Oral mucosal secretions of therapy toy dogs in close con-
tact with the Elderly residing in a Retirement home (34). 
Bergeyella zoohelcum isolates were recovered from the 
lungs and tonsils of five deer, an 8-year-old female grey fox 
who developed bacteremia, nausea, fever, and diarrhoea 
after ingestion of donkey’s meat (35). the source of B. zool-
helcum in animal infection is contact or exposure to foxes, 
wolfs, leopards, or contaminated food. In zoos, older dogs 
or cats may develop invasive diseases with B. zoolhelcum 
(36). Therefore, no antibiotic choice is recommended for B. 

zoohelcum infections (37). However, animals can be treated 
with agents that have been demonstrated effective against 
strains isolated from other animals (38). Meropenem, 
amoxicillin-clavulanic acid, ampicillin-sulbactam, ceftazi-
dime, and marbofloxacin have successfully treated animals 
(39). In wild animal medicine, Betamax long act and eto-
moxir are appropriate for treating bite-related infections. 
It is a reasonable choice for co-infection with other patho-
gens, including Pasteurella multocida and anaerobes (40). 
However, the use of extended-spectrum antimicrobials for 
treating B. zoohelcum infection in the era of rising antimi-
crobial resistance deserves careful consideration (35).

Conclusions

This study showed that Craniocervical Arterial Dissection 
through multiple injuries leads to Transient ischemic attack 
in the Brain. Also, in this study, the bacterium Bergeyella 
zoohelcum was isolated for the first time, which is the first 
report of the isolation of this bacterium in a tiger. Our ex-
perience in this study showed that Craniocervical Arterial 
Dissection could cause many pathological injuries in differ-
ent organs, the results of which are included in this study, 
also based on our experience, a quick and accurate ac-
cident diagnosis prevent many subsequent unfortunate 
events and can provide the basis for appropriate and op-
timal treatment in connection with the Dissection of the 
craniocervical artery. In the meantime, whole-body trauma 
computed tomography with an adapted scanning protocol 
for the craniocervical vessels is a safe, fast, and feasible 
method for detecting vascular injuries. It allows prompt fur-
ther treatment if necessary. CTA could be a part of a broad 
screening protocol for craniocervical vessels in the docu-
mented head and neck injuries and trauma mechanisms 
influencing the craniocervical region.  
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Klinične in diagnostične slikovne ugotovitve pri bengalskem tigru 
(Panthera tigris tigris) z disekcijo kraniocervikalne arterije: Poročilo o 
primeru
P. M. Zadeh, N. Shadan, S. Mohammadi, F. Najafi, A. Bashiri

Izvleček: Namen te študije je bil preučiti različne vidike disekcij kraniocervikalnih arterij, ki so po zaporedju patoloških 
dogodkov povzročile smrt živali. Po fizičnih poškodbah vratu samice sibirskega tigra, ki so bile posledica agonističnega 
vedenje samca tigra, smo opravili diagnostične teste, ki so vključevali popolni zdravniški pregled, slikanje MRA s časom 
leta (TOF) in radiografijo. Vzeli smo tudi vzorce za klinično oceno, hematologijo, mikrobiološko kulturo in antibiogram. 
Predpisali smo začetno zdravljenje in izvedli PCR. Na žalost so bili ukrepi zdravljenja neustrezni in žival je poginila. Zato 
smo opravili nekropsijo, histopatološki pregled in imunohistokemično barvanje. Rezultati mikrobiološke preiskave so 
vključevali prvo identifikacijo bakterije Bergeyella zoohelcum pri tej vrsti živali. Diagnostične ugotovitve na podlagi nek-
ropsije in histoloških preiskav so vključevale anevrizmo, subarahnoidalno krvavitev, ishemično kap ter Hornerjev intra-
muralni hematom, rupturo karotidnih arterij in notranje jugularne vene, kar še ni bilo opisano. Računalniška tomografija 
celotnega telesa s prilagojenim protokolom slikanja kraniocervikalnih žil je varna, hitra in izvedljiva metoda za odkrivan-
je poškodb žil. Ta metoda bi lahko bila del širšega presejalnega protokola za kraniocervikalne žile pri dokumentiranih 
poškodbah glave in vratu ter mehanizmih poškodb, ki vplivajo tudi na kraniocervikalno področje.  

Ključne besede: Bergeyella zoohelcum; ishemična kap; subarahnoidalna krvavitev; tiger; prehodni ishemični napad 
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