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Avian pathogenic E. coli (APEC) is the causative agent of
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drug residue, non-antibiotic colibacillosis, which can cause systemic and localized infections in
control poultry; however, multiple serotypes contribute to the development
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Accepted on 04 May 2026 to kill APEC; moreover, enrofloxacin is a broad-spectrum antibiotic
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that can be administered orally, intramuscularly, and

Corresponding  E-mails &  subcutaneously. The pharmacokinetics-pharmacodynamics (PK/PD)

Author*:

parameters can play an important role in determining its efficacy,

Nouman Tariq
noumantariq0208@gmail.com and the performance of the broilers; however, killing of bacteria also

depends upon the dose concentration of enrofloxacin. Multiple challenges are associated with
enrofloxacin, such as resistance issues, which can be due to misuse and administration of the drug
via drinking behaviour and drug residue in the edible part of the chicken; however, its misuse leads
to mutation in the genes of DNA gyrase and Topo IV, increasing the potential for resistance. Due
to emerging resistance, alternative approaches such as nanoparticles, synbiotic combinations,
phytochemicals, and essential oils can be used that may reduce bacterial growth and thus decrease
the dependence on enrofloxacin. However, this review focuses on the role of enrofloxacin, its

PK/PD model, the accelerating resistance, and emerging non-antibiotic control.
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INTRODUCTION

Poultry is one of the rapidly growing sectors worldwide over the years, with a substantial growth rate.
(Erdcaw and Beyene, 2022; Rashid and Shnawa, 2024; Tariq et al., 2025; Afzal et al., 2026). As the
world population is growing, the poultry producers have more opportunities to capitalize on this
industry in both developed and developing countries (George and George, 2023; Ahmad et al., 2024,
Tariq et al., 2026). But as demand increases in the poultry industry, challenges also expand (Yajie et
al., 2023), because with the development of poultry sectors, the exacerbation of poultry disease is
leading to a decrease in their productivity (Afzal et al., 2025; Tariq et al., 2026). These diseases are
threats to poultry farmers because they damage the economics and cause losses; moreover, among
these diseases, colibacillosis is one of the top persistent diseases ascribed to Escherichia coli (E. coli)
(Kika et al., 2023; Tariq et al., 2025; ABBAS et al., 2025, Pervaiz et al., 2025). It is a wide-ranging
term that expresses the group of diseases provoked by various pathogenic strains of E. coli (Okpalaji
etal., 2025). The ferocity and occurrence of this disease depend on multiple factors, such as bacterial
strain characteristics, external environmental or surrounding conditions, and the immune system of
the host. The economic burden due to this disease is considerable, imposed in such a way that it
reduces production rates, culls infected birds, and increases medication expenditures (Kika et al.,
2023; Ashraf et al., 2025). All age groups of chickens have been affected by this disease, but adult
layers are most susceptible, moreover, E. coli mostly resides in the intestine of animals as well as
poultry. E. coli is observed in chicken feces and is more frequently found in feces than other bacteria;
moreover, the microbiota residing in the caecum of healthy chickens carry almost 10 to 15% of the
O-=serotype of E. coli that is also seen in colibacillosis lesions (Lutful, 2010). The etiological agent of
systemic or localized infections in colibacillosis is avian pathogenic E. coli (APEC), and it is a
subpathotype of extraintestinal pathogenic E. coli (ExPEC) (Christensen et al., 2021; Shehata and
Hafez, 2024; Mehat et al., 2021). The signs and symptoms of this disease can vary widely from acute
respiratory or intestinal illness to severe systemic disease that can cause extreme sickness and

mortality (Kika et al., 2023; Serbessa et al., 2023). The localized infections of avian colibacillosis are
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expressed as cellulitis, peritonitis, yolk sac infection, and inflammation of the fallopian tube, while
systemic infections are colisepticemia, coligranuloma, pericarditis, air sac inflammation, and arthritis
(Joseph et al., 2023; Ahmed et al., 2025).

Colibacillosis, the disease, is driven by the prevailing strain known as strain O of APEC. Further, E.
coli is a gram-negative, non-staining, non-acid-fast bacterium. Moreover, it is rod-shaped; various
strains are often fimbriated and motile due to the peritrichous flagella that belong to the
Enterobacteriaceae family. The various types of antigens can differentiate the serotypes of E. coli, such
as flagellar (H), somatic (O), and occasionally capsular (K) antigens (Robi et al., 2024). Virulence
factors that are present on the bacterial strains allow them to inhabit the mucosal surfaces of birds
and cause the development of diseases. Multiple serotypes of APEC are linked with colibacillosis,
but 3 major serotypes that cause almost 80% of colibacillosis are O1, O2, and O78 (Tian et al.,
2025). A research group reported in 2021 that the most common APEC strains are O78, 024, O25,
02, and O86; moreover, recent studies reveal that O25, O8, and O15 serogroups are clinically
isolated and contribute to the disease outbreak. Moreover, a statistical analysis of 189 APEC found
unusual serogroups such as O117, O127, and O65 that are also causative agents of disease
(Runcharoon et al., 2025). The infection of avian colibacillosis in domesticated birds is also
commonly linked to some strains of serogroups O1:K1, O78:K80, and O2:K1 (2- Filali E).
Biosecurity and sanitation procedures can fail to eradicate APEC strains because of the ubiquitous
nature and commensal relationship of E. coli with the intestinal microbiota of birds. Due to the
genetic diversity of E. coli strains, the effect of vaccination is also decreasing; however, there is an
antibiotic option that can be used to treat this disease to reduce mortalities. The most common
classes of antibiotics are fluoroquinolones, [-lactams, tetracyclines, sulphonamides, and
aminoglycosides, typically administered orally and frequently used against colibacillosis. Additionally,
overuse of antibiotics can cause antimicrobial resistance (AMR), which is becoming a global
challenge to treat colibacillosis and limit its use in poultry, making treatment challenging (Vougat et

al., 2025). A study published in 2025 suggested some protective antibiotics against colibacillosis that
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reduced mortality, which included doxycycline, which is the most effective, then spectinomycin and
enrofloxacin, which have strong effects, while flumequine and oxytetracycline have moderate effects,
and combination therapy of lincomycin and spectinomycin also has a good effect as well, but some
more studies need to confirm it confidently with the same age, administration route, breed and rate
of dose, moreover, this study also focuses on enrofloxacin's effective use via drinking administration
and its broad-spectrum nature. Additionally, enrofloxacin is classified as a category B drug by the
European Medicines Agency (EMA), meaning it can be safe only if it is used correctly (right duration,
administration, and dose) (Vougat et al., 2025).

Enrofloxacin belongs to the class of fluoroquinolones that are 2nd-generation fluoroquinolones and
potent agents and are widely used in veterinary medicine against both gram-positive and gram-
negative bacteria. This compound acts as a chemotherapeutic agent, and in 1983, it was synthesized
for the Ist time from nalidixic acid. Moreover, in 1991, the first enrofloxacin was produced as a
medicinal product, such as the oral form of the drug for poultry under the brand name Baytril®,
and currently, it is available in both tablet and injectable forms authorized by the EMA (Grabowski
etal., 2022). But now resistance has been reported against enrofloxacin due to unnecessary use, such
as administration of the drug without checks and balances, causing treatment failure as well as health
concerns due to the zoonotic importance of APEC strains (Nechypurenko et al., 2024; Durrani et
al., 2024). Resistance is also accelerated due to different APEC strains; sometimes a specific drug
can be effective against specific APEC strains, but not all strains. Moreover, when this specific drug
is repeatedly used against APEC strains that may be less sensitive to that drug, it may cause resistance,
so bacterial strains can be cultured, and an antibiotic susceptibility test (AST) can be used before the
drug is applied for a better result. Multiple mechanisms are included to drive the resistance, such as
quinolone resistance-determining regions (QRDR), activation of efflux pumps, and plasmid-
mediated quinolone resistance genes (PMQR). These limitations are restricting the enrofloxacin
use, emphasizing the necessity of such strategies that bypass these challenges; resultantly, a focus on

the novel, ecofriendly and precision-guided approaches such as nanoparticles, phytochemicals,
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essential oils, synbiotic combinations, probiotics, vaccination against APEC-specific strains and
phage therapy has been introduced in the market as a treatment strategy for effective control of
colibacillosis induced by APEC.

This review particularly stresses an inclusive perspective on colibacillosis disease and particularly
emphasizes the role of enrofloxacin, its mechanism of action, its efficacy, its challenges, and future
alternatives.

Pathogenesis of APEC

Colibacillosis is caused by different pathogenic and virulence factors present on APEC, and infection
of APEC may occur through the cloacal, oral, and nasal paths (Yu et al., 2025). The primary site of
infection for APEC is the respiratory tract, from which it can spread to various organs (Li et al.,
2025). The exceptional strategies employed by pathogenic bacteria include the adhesion system,
which enables them to adhere to host cells. Colonization typically occurs in the mucosal membrane
of the reproductive, gastrointestinal, and respiratory tracts without giving rise to disease;
subsequently, invasion and replication occur (Hu et al., 2022). The bacterial transmission occurs
through pathogenic eggs and the faecal-oral route, while the lungs are the primary infection area
where bacteria enter the blood flow. The bacterial colonization is very crucial in the respiratory tract,
which is facilitated by many virulence factors; after this, it can spread to many organs, causing
systemic infection and thus organ damage (Nawaz et al., 2024).

The virulence factors that facilitated this pathogenesis are the following:

APEC Adhesions, Invasions protein and Iron Acquisition Systems

Cellsurface element of bacteria that helps in adherence to other surfaces or the epithelial membrane
of the host cell during the earliest steps of APEC infections (Moxley, 2022). Adhesion plays a vital
role in bacterial pathogenesis. Various types of adherence molecules are 1 fimbriae, S fimbriae, P
fimbriae, outer membrane protein, flagella, curli, non-fimbrial, temperature-sensitive hemagglutinin,

and atypical adhesins (Desvaux et al., 2020; Hu et al., 2022). Invasions are proteins that facilitate
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the entry of bacteria into the host; therefore, many genes, such as ibeA, ibeB, and tia, encode this
protein and thus contribute to biofilm formation, resistance to oxidative stress, colonization, and
division in the host (Kathayat et al., 2021). Iron acquisition system act as operating system that
ensures the acquisition of iron that is essential for the growth and multiplication of APEC in the
host. Multiple siderophores are produced by bacteria, including salmochelin, yersiniabactin, and
aerobactin, accompanying some specific transporters that sequester the iron from fluids of the host
body; moreover, a high number of the aerobactin Fe acquisition system is found in the APEC strains

in contrast to the non-pathogenic strains (Kuznetsova et al., 2025).

APEC Protectins and pathogenic Toxins

Protectins are protein that protects in stress conditions against the host immune system, including
outer membrane proteins (OMPs), capsules, and lipopolysaccharide (LPS). Moreover, capsules, a
virulence factor, play a key role in septicemia, responsible for the transmission of APEC into the
blood (Khairullah et al., 2024; Pokharel et al., 2023). ColV plasmid carries an iss gene that plays a
crucial role in bacterial serum survival (Reid et al., 2025). Moreover, protectins also interpose in the
bacterial adhesion, invasion, colonization, and multiplication in the host body and thus ensure the
intracellular survival. However, another virulence factor that enhances the invading ability of the
bacteria to damage the host cells is assisted by the biological poisons called toxins (Idris, 2024).
Multiple types of toxins are cytotoxic necrotizing factor 1 (CNF1), various haemolysins, and
vacuolating autotransporter toxin (Vat). Several genes coding for these multiple toxins (Hu et al.,
2022; Carlini et al., 2021). Some other contributing virulence factors are the quorum-sensing (QS)
system, two-component systems, transcriptional regulators, metabolism-associated genes, and
secretion systems, which facilitate different stages of pathogenic bacterial infection, such as adhesion,
colonization, and invasion. Moreover, interaction among bacteria, bypassing of host immune

defenses, is also done by these virulence factors, which assist in promoting the disease in the host
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cell (Kathayat et al., 2021; Lamaudieére et al., 2023). APEC pathogenesis in different organs is shown

in Figure 1.
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Figure 1. Dissemination of APEC infection from lungs to other organs.

Pharmacokinetics-pharmacodynamics (PK/PD) model

The term "pharmacokinetics' describes the time from drug administration to drug elimination from
the body; moreover, it is administered orally, intramuscularly, and subcutaneously based on species.
However, it has fast absorption and peak bioavailability (Falahatipour et al., 2025), and the efficacy
of the drug is based on distribution, especially the unmetabolized form of the drug in the blood and
tissues. The plasma protein interacting ability of enrofloxacin is moderate, so a huge part of the drug
is free, which is pharmacologically active; thus, the volume of distribution of the drug (Vd) in organs
of different animals is different, such as the Vd in the heart, lung, liver, spleen and other organs of

broiler chickens, which is 5.07 (L/kg). The primary metabolite of enrofloxacin is ciprofloxacin, but
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many other metabolites of enrofloxacin are inactive. In chickens, the conversion of enrofloxacin
into ciprofloxacin is lower than in mammals; thus, the main circulating drug is enrofloxacin, with a
small portion of ciprofloxacin acting as an antibacterial activity, and the enrofloxacin elimination
also varies in different species. If enrofloxacin is administered intravenously, the half-life of drug
elimination in broilers is 12.84 h, while other animals also have different halflives. Ciprofloxacin
follows the renal as well as hepatic routes, while enrofloxacin only follows the renal pathway for
elimination (Grabowski et al., 2022).

Enrofloxacin depends upon concentration; a higher concentration of the drug produces rapid and
immense killing against the E. coli strains. In pharmacodynamics, the efficacy of a drug is a big
challenge due to antimicrobial resistance (AMR). Efficacy means the drug reaches the infection site
and maintains its concentration that kills or inhibits bacteria (Abebe and Birhanu, 2023). There are
two primary PK/PD parameters for all fluoroquinolones, such as enrofloxacin:

AUCy24/MIC ratio: AUC refers to the area under the curve; it is also described by the area below
the plasma concentration versus the time curve to MIC, which represents the minimum inhibitory
concentration. However, to check enrofloxacin efficacy, this is the crucial parameter that describes
if a higher value of AUC(-24/MIC means better clinical outcomes and low-level resistance. A study
on the PK/PD model of enrofloxacin in broilers administered orally indicated that the AUC,-
24/MIC required for killing bacteria was 19.32, 32.15, and 23.41 in blood, liver, and lungs,
respectively, when the enrofloxacin dose is administered alone; however, as a combined dose of
enrofloxacin and its primary metabolite, ciprofloxacin, the AUC g-4/MIC was reported to be 21.29,
41.68, and 27.65 in blood, liver, and lungs, respectively, while the elimination effect was reported
to be even higher exposure, such as 32.13, 58.52, and 46.22 in blood, liver, and lungs, respectively
(Xjao et al., 2018).

Cima/MIC ratio: It is the ratio between maximum plasma concentration and minimum inhibitory
concentration, and this is also a good factor to decide the efficacy of enrofloxacin, like other drugs.

Moreover, it indicates that the drug has reached a high enough maximum concentration to kill the
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bacteria rapidly, thus leading to minimizing the resistant bacterial strains. However, the Cmax/MIC
of > 8-10 is often associated with a predictive target to kill the bacteria to achieve maximum clinical

outcomes (Xiao et al., 2018). The pharmacokinetics of enrofloxacin are shown in Figure 2.
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through urine

Pharmacological effect

Figure 2. Pharmacokinetics involve absorption, distribution, metabolism, and elimination of drug.

Concentration-dependent Bactericidal effect

The standard enrofloxacin dosage form in chickens is 10 mg/kg per day via drinking behaviour; it
can treat almost 66% of birds successfully at a time of low-level bacterial resistance, but a study
reported that an optimum dose of 12.5 mg/kg/day works effectively against colibacillosis with up to
0.125 pg/mL MIC (Temmerman et al., 2021). Another study suggests that therapy of enrofloxacin-
HCI boosts the bioavailability as well as absorption of enrofloxacin in broilers; however, this

combination gives enhanced efficacy if a 10 mg/kg dose is administered orally via water and predicts
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high success rates near to 100% against some gram-negative bacteria such as E. coli, but clinical trials
are still recommended to confirm it before using it in the world because real efficacy depends on the
actual bacterial susceptibility in the flock (Bonassa et al., 2021). So, right administration route, right
dose, bacterial susceptibility and flock health, all are these factors decide the clinical outcomes and
thus targeting the optimal PK/PD parameters by right dose regimes not only cause the treatment

success but also lead to delaying resistance.

Mechanism:

Enrofloxacin, an antibiotic that acts against both gram-negative and gram-positive bacteria, has two
major target sites for action such as DNA topoisomerase I (gyrase) and topoisomerase IV (topo V).
However, these topoisomerase families also exist in eukaryotes, but enrofloxacin is less potent in
eukaryotes as compared to the bacterial topoisomerase family (Bush et al., 2020; Dowling, 2024).
GyrA and GyrB are two subunits of DNA gyrase, while ParC and ParE are two subunits of Topo IV;
however, GyrA and GyrB are analogous to ParC and ParE, respectively (Grossman et al., 2023;
Abdelkreem et al., 2020). GyrA and ParC carry a tyrosine residue that ensures the DNA cutting,
while GyrB and ParE perform activities that are involved in the re-ligation of DNA strands
(Shafiurrahman et al., 2024; Mazurek, 2024). As replication runs, supercoiling of DNA strands
occurs, so gyrase binds with a DNA segment, cuts the segment in a controlled way, pushes another
segment of DNA, and then rejoins the cut. This leads to negative supercoiling and alleviates tension;
thus, the normal process of replication moves forward, and ATP is required during this process. It
means more ATP leads to rapid activity. After replication, interlinked DNA catenanes are formed
(Grabowski et al., 2022).

Topo IV can also remove some supercoiling, but its major function is to separate the catenane DNA
after the replication process (Hirsch and Klostermeier, 2021). All these steps are part of the normal
process of replication in bacteria, while enrofloxacin works to stop the replication process as it binds

to both DNA gyrase and Topo IV (Du et al., 2023). As enrofloxacin targets both gram-positive and
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negative bacteria, when it binds with DNA gyrase, it stops the replication process in gram-negative
bacteria, while in the gram-positive bacteria, the primary target site is to stop the function of Topo
IV (Mahmood et al., 2024). Enrofloxacin interrupts the DNA-enzyme complex (DNA and gyrase or
Topo IV) and stabilizes it, thus preventing the rejoining of the DNA strands. Resultantly, the enzyme
is trapped on a segment of DNA, so gyrase suppression occurs at the upstream site of the replication
fork rapidly, and in the case of Topo IV, inhibition occurs at downstream sites. At the molecular
level, two molecules of enrofloxacin non-covalently bind with the tyrosine residue of the
enrofloxacin-gyrase/Topo IV-DNA complex (Spencer and Panda, 2023). As the drug sticks,
conformational changes occur in the enzyme; as a result, replication stops. Bacteriostatic action can
occur when a low concentration of dose is administered, which may be reversible because bacteria
stimulate the SOS response, stop dividing, and start to repair DNA, while a high concentration of
dose can cause the bactericidal activity, leading to irreversible damage of the chromosome fragments
and bacterial death (Bakhshi et al., 2024; Afzal et al., 2025). The mechanism of action of

enrofloxacin is shown in Figure 3.
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Figure 3. Enrofloxacin performs bactericidal activity by binding with DNA gyrase and topo IV.
Mechanism of resistance

DNA gyrase and Topo IV, the major target sites of enrofloxacin, are shielded by the defensive protein
that encodes the gnr gene. There are three main gene families identified, such as qnrA, qnrB, and
S. Moreover, these genes are found widely in different strains of APEC because transferable plasmids
in bacteria carry these genes, so one bacterial plasmid transfers resistant genes to another bacterium
(Shafiurrahman et al., 2024; Zhao et al., 2022; Grabowski et al., 2022). The subunit A genes of DNA
gyrase and the parC subunit genes of Topo IV carry point mutations, but mutations are less
commonly identified in the gyrB and parE. Thus, the amino acid sequence alters due to point
mutations. Moreover, this altered sequence of amino acids leads to a reduction in the enrofloxacin
binding to the crucial enzymes. Regardless of enrofloxacin, enzymes can continue the normal process
of replication and can make bacterial survival possible. The most seen mutations of amino acids in
the gyrA subunit are at the S83L/D87N positions, while S801/E84G and S80I/E84A are positioned
in the case of the parC subunit; thus, these mutations cause a high level of resistance against
enrofloxacin (Yoon et al., 2020).

An aac(6')-Ib-cr Gene also causes resistance to enrofloxacin, however, this gene has a special enzyme
named aminoglycoside acetyltransferase that can add an acetylate, an acyl group to certain
quinolones such as enrofloxacin. This modification by aminoglycoside acetyltransferase can
chemically change the drug, so its binding ability to targeted enzymes is reduced (Joel et al., 2024).
Another method of resistance is efflux pumps that have special genes. These genes have special
proteins that form efflux pumps, which are tiny pumps located in the cell membrane of bacteria. As
enrofloxacin enters the cell membrane, these pumps split out the drug from the inside to the outside
environment; thus, the inside concentration of the drug reduces, so the drug does not reach the

targeted enzymes (Huang et al., 2022).
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Enrofloxacin challenges and alternative approaches

For a considerable time, enrofloxacin was perceived as a potent drug used as both a prophylactic and
a therapeutic agent to control colibacillosis due to its favourable penetration in tissues and fast
bactericidal action (Ahmad et al., 2020). However, over time, reliance on this drug has been
increasing and has led to several challenges; moreover, repeated and subtherapeutic use of
enrofloxacin over time has exerted the selective pressure that has driven the emergence of resistance
in APEC strains (Trinchera et al., 2025). The prevalence of enrofloxacin-resistant APEC strains and
elevated levels of MICs reported by multiple studies are primarily linked with mutations in genes of
DNA gyrase and Topo IV (Abdelwahab et al., 2022). Resultantly, therapeutic effectiveness declines,
and treatment failures are reported increasingly, thus limiting the potential of enrofloxacin as a
therapeutic agent (Gigante et al., 2024).

Apart from the accelerating resistance issue, the drug residue is also an additional concern that
restricts long-term use as well as its primary therapeutic potency. Enrofloxacin and its major
metabolite can accumulate in edible parts of the chicken, which may cause health problems in
humans and play a role in resistance against antibiotics used in humans. The withdrawal period for
ciprofloxacin metabolite and enrofloxacin may vary in chickens in different countries (Badawy et al.,
2021). As claimed by the European Union Maximum Residue Limits (EU MRLs), the withdrawal
period of enrofloxacin and its primary metabolite is 5 days in chicken, while Japan's MRLs claim
that it is 9 days (Veerapandian and Sarathchandra, 2021). Concentration of drug residues in meat
and eggs of poultry raises extreme food safety as well as public health concerns (Mesfin et al., 2024).
However, in many countries, regulatory bodies are enforcing stricter controls on antibiotic use in
food-producing birds as well as animals and monitoring the withdrawal intervals, emphasizing the
responsible use of antimicrobials and the prohibition of sub-therapeutic practices (Afzal et al., 2025).
Currently, demand for antibiotic-free poultry has been accelerated by consumers, which is
compelling the poultry industry to search for sustainable alternative disease control interventions

(Mateen et al., 2025). Another challenge is the administration of enrofloxacin via a drinking model

3735


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069

Izhar et al - 2026

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

| 3007-2387 | 3007-2379

because the consumption rate of water, which can vary with humidity, bird health, and temperature,
results in deciding how much dose the bird receives via the drinking model; however, this variation
can cause a sub-therapeutic level, which further leads to AMR (Zhou et al., 2021). Given these
challenges, exclusive reliance on enrofloxacin alone is not a viable approach; moreover, innovative
approaches are required that can reduce the APEC infection, strengthen the host immunity, and
target the APEC strains through specific mechanisms. These alternative strategies may include
nanoparticles, phytochemicals, essential oils, synbiotic combinations, probiotics, and phage therapy
(Ike et al., 2025; Hussain et al., 2024; Magbool et al., 2026). The administered routes, mechanisms,
and outcomes of these alternatives are shown in Table 1. (Various non-antibiotic control strategies

and their mechanism to reduce APEC induced colibacillosis)

Table 1. Various non-antibiotic control strategies and their mechanism to reduce APEC induced

colibacillosis
Therap | Bioactive | Administer | Host Study Mechanism Key Referen
eutic Agent ed routes description outcomes | ces
Categor
y

Silver Orally Broiler | Cardiac Anti- Nanoparti | (Afifi et

nanoparticl | administere | chicks and inflammatory | cles lessen | al.,
Nanopa | es (Ag NPs) | d in pulmonary | action and | the heart | 2025)
rticles and  zinc | drinking lesions in | anti-microbial | and lungs

oxide water APEC- role of | lesions.

quantum diseased nanoparticles

dots (ZnO chicks

QDs)

Andrographi | Orally, dry | Broilers | Hematobio | Enzyme Enhanced | (Kamil et
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s paniculata | leaf powder chemical induction, lymphocyt | al.,
in feed parameters | immune e count, | 2023)
in infected | modulation, albumin,
broilers and PCV and
antioxidant Hb count.
activation Reduced
Phytoch absolute
emicals heterophil
count, and
boost total
protein in
serum,
Comparab
le levels of
AST and
ALT
indicate
normal
health.
Echinacea Orally, in | Broilers | Immunolo | Immune Improved
purpurea feed gical, modulation immune
biochemica | and system,
1, and | antimicrobial | growth
growth activity performan
rate, and ce, and
pathogenic reduced
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ity in expression
organs of
infected virulence
with APEC factors.
Essentia | Essential Orally with | Broiler- | Impact on | Boost efficacy | Synergistic | (Zych et
1 oils oils drinking derived | multi drug | by disrupting | suppressio | al.,
(cinnamon, | water or | strains resistant E. | the cell [ n of | 2024)
clove, and | feed coli isolates | membrane, multidrug-
lavender) supplement thereby resistant
interact ation, inhibiting APEC
with The topical DNA
enrofloxaci | route is less replication.
n common.
Probioti | Bacillus Oral (feed) | Laying Mortality | Immune Promotes | (Waliaul
cs spp. (B. hens and growth | modulation, | growth a et al,
cereus var. rate, and | changing the | rate, egg | 2024)
toyoi,  B. egg quality | microbiota quality,
lichenifor in APEC- | composition, | and
mis, B. challenged | and retards the
subtilis) hens competitive APEC
exclusion growth.
Synbiot | Enrofloxaci | Orally  in | Broiler | Effect  of | Enrofloxacin | Synbiotics | (Temme
ic n plus | feed or | chickens | Enrofloxaci | destabilizes alleviate rman et
combin | Synbiotics | water n plus | the the al.,
ation (probiotics Synbiotics | microbiome, | resistome | 2022)
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and on broiler | while enrichme
prebiotics) gut synbiotics + | nt in the
resistome enrofloxacin | gut as
cause compared
stabilization | to the
of the | single
microbiome | effect  of
by enrofloxac
suppressing in.
the
antimicrobial
resistance
genes.
Phage Escherichia | Orally  in | Broiler | Phage is | Phage lytic | Phage (Jhandai
therapy | phage chicks chicks isolated activity. Lysis | performed | et al.,
vB_EcoS_P from of  bacterial | lytic 2024)
J16. wastewater | cells, thus | activity
of poultry | alleviation of | against
farms, the infection | APEC
phage strains; in
characteriz vivo
ation, host mortality
range, decreased
genomic in the
testing and therapeuti
analysis, in c group by
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vitro 20% and

evaluation, in the

and in vivo prophylact

testing on ic group by

chicks for 30%; in

therapeutic vitro,

and there was a

prophylacti significant

¢ analysis reduction

by oral in APEC.

administrat

ion.
Escherichia | In vitro | Broiler | Lytic Phages action | Both (Karami
phage AG- | study, so no | chicken | phages is shown via | phages et al,
MK:2022 | animal is were tested | bacteriolytic, | killed 2024)
(Basu) and | used against or lytic cycle | almost
Escherichia MDR 95%  of
phage VaT- APEC APEC
2019a strains  in strains.
PE17 vitro, and

their host-

range and

stability

were

checked.
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Rutin Rutin In vitro | Chicken | In  vitro, | Inhibit AI-2 | Rutin (Peng et
interve study, not a using quorum decreased | al,,
ning study  on APEC- sensing Al-2 2018)
with live chicken 078, signaling, secretion,
quorum measured | decreases expression
sensing autoinduce | virulence of
(QS) r-2  (Al2) | genes and | virulence

secretion, | lung cell | genes,

formation | damage biofilm

of biofilm, formation,

and adhesion

virulence and lung

gene, and cell

tested damage.

damage to

chicken

lung cells.
Quoru | Quorum Orally Broiler | Chicken QSI-5 inhibits | QSI-5 and | (Helmy
m sensing administere | chicken | infected quorum GI-7 et al,
sensing | inhibitor-5 | d through with sensing while | decreased | 2023)
inhibito | (QSI-5) + | drinking APEC- GIL-7 performs | mortality
r (QSI) | growth water 078, and | its function by | up to 90%
+ inhibitor-7 both QSI-5 | inhibiting the | and 80%,
growth | (GI-7) and and  GI-7 | growth of the | respectivel
inhibito | sulfadimet given  as | APEC strain. |y.
r (GI) | hoxine treatment Combinat
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combin | (SDM) separately ion
ation and  with therapy
therapy combinatio also
n therapy, reduced
compared the death
with rate by to
antibiotic 80%,
SDM while
treatment, SDM
results seen reduced
over time mortality
by almost
70%.
Restori | Butyrate Orally  in | laying APEC Gut  barrier | Butyrate (Yu et
ng drinking hens causes maintained by | level al.,
butyrate water infection in | the butyrate, | restored, | 2025)
level laying enhances also
leads to hens, given | immunity, bacterial
reducin antibiotic | counters count
g APEC florfenicol | dysbiosis, and | decreased
infectio treatment, | restores in spleen,
n leading to | intestinal improved
gut homeostasis. | immune
dysbiosis, systems
decreasing
butyrate
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levels, and
then
treated
with
butyrate.
Feed Water Sanitizers Chicken | Contamina | Hygiene Enhanced | (Kovacs
and cleaning or acidifiers | s, ted water | prevents water and [et  al,
water systems, are applied | turkeys | and  feed | biofilm feed 2025)
hygiene | disinfectan | through act as | formation, hygiene
and ts, waterlines, vectors for | decreases that
storage | mycotoxin | and major pathogen minimizes
control, mycotoxin bacterial entry and | pathogen
and storage | binders and  viral | colonization | exposure
of feed through pathogens | in birds' guts, | and other
feed. such as | and thus the | secondary
APEC and | pathogen infections;
avian transmission | hygiene
influenza cycle breaks. | reduces
virus in the need
chickens for
and antibiotic
turkeys, treatment.
and  they
also  stress
the
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biosecurity
implication
.
Vaccina | Salmonella | Oral, Broiler | To measure | Oral 80% (Chagas
tion Typhimuriu | intramuscul | chickens | immunity | Salmonella protection | et  al,
m (S. | ar, or response delivers was seen | 2024)
Typhimuri | subcutaneo and APEC antigen | in the
um) live- | us  routes survival, to gut | vaccinated
attenuated | depending chickens mucosa; + booster
vaccine on were given | mucosal chickens'
indicating | protocol. primary immunity and | group,
virulence and  then | systemic which also
genes  of booster immunity are | observed
APEC such shots, then | induced, and | high levels
as P live APEC | cytokine of
fimbriae was put | responses play | antibodies
and  iutA into the air |a  role in | like
and some sacs of | protecting [¢G/IgA
associated chickens, against strains | and
antigens. and of APEC. cytokines
cytokines such  as
and [FNy, IL-
antibody 2, and IL-
titers were 6.

also

measured.
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Future perspectives and challenges

The current dependence on enrofloxacin and other alternative strategies against APEC-induced
colibacillosis is satisfactory up to a certain extent; however, rapid development of resistance makes
its use unsustainable. Moving ahead, precision-guided, sustainable, smart, and long-lasting strategies
should be adopted to control colibacillosis. A single magic dose will not define the future against
APEC control, but strategic incorporation of several innovative and synergistic approaches should
be adopted. Disease-resistant broilers can carry such genes in their gut microbiome that may produce
antimicrobial peptides (AMPs). Metagenomic mining is involved in future research; after gene
sequencing of the gut flora of disease-resistant chickens, the specific genes can be isolated and then
cloned into safe probiotics, such as yeast, and inserted into sick chickens, leading to the production
of APMs, which can act as therapeutic agents against APEC.

In the future, instead of traditional methods, the targeted sonication method will be used, and
experimentation should be conducted on it. Targeted sonication will break the APEC biofilm
mechanically; thus, bacteria will be killed by the host immune system instead of conventional
antibiotic medication. Smart nanoparticles will also be used in the future to detect a specific strain
of APEC when these nanoparticles are equipped with special molecules, such as antibodies, that
may precisely find and stick to a particular APEC strain by a specific surface protein. After
attachment, a payload system is activated that will release the antibiotics in tiny amounts to kill the
targeted APEC strain by using magnetic and light energy. This targeted treatment ensures that
medicine is transported only to the focus site, which can also reduce the risk of resistance. Work
should be done in the future on synergistic combinations of nanoparticles with probiotics and
phytochemicals that should target the specific strain of APEC to get more effective and accurate
results to control the disease, and exploring new phytochemicals will help to make a residue-free and

safe strategy to control APEC strains that can decrease the conventional antibiotic use in poultry

(Zahid et al., 2025; Fatima et al., 2026).
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Conclusion

APEC-induced colibacillosis can be treated by enrofloxacin, and it has been used as a therapeutic
agent, its PK/PD model helps in understanding the drug efficacy and performance but its
concentration dependent dose makes its efficacy much greater but this thing leads to misuse and
due to its misuse and multiple mechanisms such as QRDR and PMQR involving mutations in the
genes of bacterial enzymes, it accelerates the resistance, causing it to compromise its clinical
effectiveness, but some sustainable strategies such as non-antibiotics strategies as an alternative can
be used that can reduce the effect of APEC strains. Future perspectives stress that long-lasting and
precision-guided methods, such as metagenomic mining, novel phytochemicals, and smart
nanoparticles, as well as the targeted sonication method, should be adopted to minimize the spread

and to control colibacillosis.

REFERENCES

Abbas A, Hussain K, Aleem MT, Sugiharto S, Song H, Mares MM (2025) Immunomodulatory
potential of sugar beet (Beta vulgaris) against coccidiosis in broiler chickens. Kafkas Univ Vet
Fak Derg 31(3). https://doi.org/10.9775/kvtd.2025.33760

Abdelkreem RH, Yousuf AM, Elmekki MA, Elhassan MM (2020) DNA gyrase and topoisomerase
IV mutations and their effect on quinolones resistant Proteus mirabilis among UTIs patients.
Pak ] Med Sci 36:1234.10.12669/pjms.36.6.2207

Abdelwahab GE, Ishag HZA, Al Hammadi ZM, Al Yammahi SMS, Mohd Yusof MFB, Al Yassi MSY,
Al Neyadi SSA, Al Mansoori AMA, Al Hamadi FHA, Al Hamadi IAS, Al Hosani MAA, Al
Muhairi SSM (2022) Antibiotics resistance in Escherichia coli isolated from livestock in the
Emirate of  Abu Dhabi, UAE, 2014-2019. Int ] Microbiol
2022:3411560.https://doi.org/10.1155/2022/3411560

3746


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.9775/kvfd.2025.33760
https://doi.org/10.12669/pjms.36.6.2207
https://doi.org/10.1155/2022/3411560

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

10.5281/zeno0do.20524069

Abebe AA, Birhanu AG (2023) Methicillin resistant Staphylococcus aureus: molecular mechanisms
underlying drug resistance development and novel strategies to combat. Infect Drug Resist
16:7641-7662.https://doi.org/10.2147/IDR.S428103

Afifi MAM, Moustafa SA, Amin AAEF, El-Basuni SSM, Gaballa MMS (2025) Evaluating the impact
of nano silver and zinc oxide quantum dots on pulmonary and cardiac lesions in chicks
following E. coli infection. Adv Anal Pathol 1:52-
63.https://dx.doi.org/10.17582/journal.aap/2025/1.52.63

Afzal, M. A., Ashraf, S., Noor, N., Rasheed, S., Jilani, M., Afzal, H. B., ... & Arshad, B. (2025). Legal
Frameworks for Nutrition and Food Security in Pakistan: An Analysis of Laws, Programs, and
Parliamentary Records. Journal of Media Horizons, 6(5), 525-539.
https://doi.org/10.5281/zenodo.17336790

Afzal, M. A., Noor, N., Sajjad, 1., Asghar, M., Awais, M., Aslam, A., Mukhtar, E., Afzal, Z. P., Tariq,
N., & Batool, H. (2026). Effects of meat consumption on human health: Nutritional benefits,
associated risks, and implications for dietary recommendations. Continental Veterinary Journal.
Advance online publication. https://doi.org/10.71081/cvj/2026.071

Afzal, M. A., Shahzadi, N., ljaz, M., Ali, M. A., & Saadat, S. (2025). Sustainable transformation road
map to improved global food and nutrition security: a narrative review. Frontier in Medical and
Health Research, 3(6), 844-853. https://doi.org/10.5281/zenodo.16885883

Afzal, M. A., Shahzadi, N., Saadat, S., Seemab, R., Tariq, I. S. N., Ashraf, S. R., ... & Kharl, H. A.
A. (2025). CRISPR-Cas9 genome-editing technology: A transformative tool for curing human
disorders. Journal of Medical & Health Sciences Review, 2(3).
https://doi.org/10.62019/YN6WEZ71

Ahmad R, Abbas RZ, Karadagoglu O et al (2024) Role of probiotics in increasing meat and egg
production in poultry: a review. Kafkas Univ Vet Fak Derg 30:753-760.
https://doi.org/10.9775/kvtd.2024.32861

3747


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.2147/IDR.S428103
https://dx.doi.org/10.17582/journal.aap/2025/1.52.63
https://doi.org/10.5281/zenodo.17336790
https://doi.org/10.71081/cvj/2026.071
https://doi.org/10.5281/zenodo.16885883
https://doi.org/10.62019/YN6WEZ71
https://doi.org/10.9775/kvfd.2024.32861

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

10.5281/zeno0do.20524069

Ahmad T, Muhammad G, Sharif A, Nadeem M, Shakoor A, Rizwan M (2020) Survey of antibiotic
treatment of Escherichia coli infection in broilers and efficacy of enrofloxacin plus colistin in
experimental colibacillosis. Pure Appl Biol 9:1864-
1872.https://doi.org/1872.10.19045/bspab.2020.90199

Ahmed AA, Salem HM, Hamoud MM, Amer MM (2025) Avian colibacillosis, multidrug resistance,
antibiotic ~ alternatives:  an  updated  review. Egypt ] Vet Sci @ 1:1-
21.https://doi.org/10.21608/EJVS.2024.300945.2216

Ashraf, M. A., Afzal, M. A., ljaz, M., et al. (2025). Financial impact of nutrition on non-
communicable diseases in hospital or other healthcare settings. Biological Times, 4(9), 20-21.

Badawy S, Yang Y, Liu Y, Marawan MA, Ares I, Martinez MA, Martinez M (2021) Toxicity induced
by ciprofloxacin and enrofloxacin: oxidative stress and metabolism. Crit Rev Toxicol 51:754-
787.https://doi.org/10.1080,/10408444.2021.2024496

Bakhshi A, Sedaghat F, Amini ME, Samadnia A, Ebrahim-Saraie HS (2024) Sub-minimal inhibitory
concentrations of fluoroquinolones in the environment: a trigger for the emergence of drug-
resistant bacteria. ] Curr Biomed Rep 1:74-81.https://doi.org/10.61882/jcbior.5.3.217

Bonassa KP, Miragliotta MY, Simas RC, Eberlin MN, Anadén A, Moreno RA, Reyes FG (2021)
Pharmacokinetics, pharmacodynamic efficacy prediction indexes and Monte Carlo
simulations of enrofloxacin hydrochloride against bacterial strains that induce common
clinical diseases in broiler chickens. Front Vet Sci
7:606872.https://doi.org/10.3389/fvets.2020.606872

Bush NG, Diez-Santos I, Abbott LR, Maxwell A (2020) Quinolones: mechanism, lethality and their
contributions to antibiotic resistance. Molecules
25:5662.https://doi.org/10.3390/molecules25235662

Carlini F, Maroccia Z, Fiorentini C, Travaglione S, Fabbri A (2021) Effects of the Escherichia coli
bacterial toxin cytotoxic necrotizing factor 1 on different human and animal cells: a systematic

review. Int ] Mol Sci 22:12610.https://doi.org/10.3390/ijms222212610

3748


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.1186/s12917-018-1698-3
https://1872.10.19045/bspab.2020.90199
https://doi.org/10.21608/EJVS.2024.300945.2216
https://doi.org/10.1080/10408444.2021.2024496
https://doi.org/10.61882/jcbior.5.3.217
https://doi.org/10.3389/fvets.2020.606872
https://doi.org/10.3390/molecules25235662
https://doi.org/10.3390/ijms222212610

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

Chagas DB, Santos FDS, de Oliveira NR, Bohn TLO, Dellagostin OA (2024) Recombinant live-
attenuated Salmonella vaccine for veterinary use. Vaccines
12:1319.hetps://doi.org/10.3390vaccines 12121319

Christensen H, Bachmeier ], Bisgaard M (2021) New strategies to prevent and control avian
pathogenic Escherichia coli. Avian Pathol 50:370-
381.https://doi.org/10.1080,/03079457.2020.1845300

Desvaux M, Dalmasso G, Beyrouthy R, Barnich N, Delmas J, Bonnet R (2020) Pathogenicity factors
of genomic islands in intestinal and extraintestinal Escherichia coli. Front Microbiol
11:2065.https://doi.org/10.3389/fmicb.2020.02065

Dowling PM  (2024)  Fluoroquinolones.  Antimicrobial =~ Therapy =~ Vet  Med
325:343.https://doi.org/10.1002/9781119654629.ch 17

Du], LiuQ, Pan Y, Xu S, Li H, Tang J (2023) The research status, potential hazards and toxicological
mechanisms of fluoroquinolone antibiotics in the environment. Antibiotics
12:1058.https://doi.org/10.3390/antibiotics 12061058

Durrani RH, Sheikh AA, Humza M, Ashraf S, Kokab A, Mahmood T, Khan MUZ (2024) Evaluation
of antibiotic resistance profile and multiple antibiotic resistance index in avian adapted
Salmonella  enterica  serovar  Gallinarum  isolates. =~ Pak Vet ]  44(4).
https://doi.org/10.29261/pakvetj/2024.253

Erdaw MM, Beyene WT (2022) Trends, prospects and the socio-economic contribution of poultry
production in sub-Saharan Africa: a review. Worlds Poult Sci ] 78:835-852.
https://doi.org/10.1080/00439339.2022.2092437

Falahatipour SK, Rassouli A, Javar HA, Ardakani YH (2025) Innovative chitosan-based formulation
for controlled release of enrofloxacin: pharmacokinetic analysis in rabbits. Vet Med Sci

11:e70618.https://doi.org/10.1002/vms3.70618

3749


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.3390/vaccines12121319
https://doi.org/10.1080/03079457.2020.1845300
https://doi.org/10.3389/fmicb.2020.02065
https://doi.org/10.1002/9781119654629.ch17
https://doi.org/10.3390/antibiotics12061058
https://doi.org/10.29261/pakvetj/2024.253
https://doi.org/10.1080/00439339.2022.2092437
https://doi.org/10.1002/vms3.70618

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 3007-2387 | 3007-2379

10.5281/zeno0do.20524069

Fatima, T., Sajjad, 1., Qamar, M., Afzal, M. A., Noor, N., Tarig, N., Yawar, A., Abbasi, A. J., Rahim,
F., Farooq, M. U., Noor, M., & Zahid, 1. (2026). The expanding role of artificial intelligence
in health, life, and applied sciences: A multidisciplinary review. Social Science Review Archives,
4(2), 237-257. https://doi.org/10.70670/sra.v4i2.2046

George AS, George AH (2023) Optimizing poultry production through advanced monitoring and
control systems. Partners Universal Int Innov ] 1:77-
97.https://doi.org/10.5281/zenodo.10050352

Gigante AM, Hadis MA, Secker B, Shaw SC, Cooper PR, Palin WM, Atterbury R] (2024) Exposure
to blue light reduces antimicrobial resistant Pseudomonas aeruginosa isolated from dog ear
infections. Front Microbiol 15:1414412.https://doi.org/10.3389/fmich.2024.1414412

Grabowski L, Gaffke L, Pierzynowska K, Cyske Z, Choszcz M, Wegrzyn G, Wegrzyn A (2022)
Enrofloxacin—the ruthless killer of eukaryotic cells or the last hope in the fight against bacterial
infections! Int ] Mol Sci 23:3648.https://doi.org/10.3390/ijms23073648

Grossman S, Fishwick CWG, McPhillie M] (2023) Developments in non-intercalating bacterial
topoisomerase inhibitors: allosteric and ATPase inhibitors of DNA gyrase and topoisomerase
[V. Pharmaceuticals 16:261.https://doi.org/10.3390/ph16020261

Helmy YA, Kathayat D, Closs G Jr, Galgozy K, Fuchs JR, Rajashekara G (2023) Efficacy of quorum
sensing and growth inhibitors alone and in combination against avian pathogenic Escherichia
coli infection in chickens. Poult Sci 102:102543.https://doi.org/10.1016/.psj.2023.102543

Hirsch J, Klostermeier D (2021) What makes a type IIA topoisomerase a gyrase or a Topo IV! Nucleic
Acids Res 49:6027-6042.https://doi.org/10.1093/nar/gkab420

https://doi.org/10.3389/fmicb.2022.869538

Hu J, Afayibo DJA, Zhang B, Zhu H, Yao L, Guo W, Wang S (2022) Characteristics, pathogenic
mechanism, zoonotic potential, drug resistance, and prevention of avian pathogenic

Escherichia coli. Front Microbiol 13:1049391.https://doi.org/10.3389/fmicb.2022.1049391

3750


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.70670/sra.v4i2.2046
https://doi.org/10.5281/zenodo.10050352
https://doi.org/10.3389/fmicb.2024.1414412
https://doi.org/10.3390/ijms23073648
https://doi.org/10.3390/ph16020261
https://doi.org/10.1016/j.psj.2023.102543
https://doi.org/10.1093/nar/gkab420
https://doi.org/10.3389/fmicb.2022.869538
https://doi.org/10.3389/fmicb.2022.1049391

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

Huang L, Wu C, Gao H, Xu C, Dai M, Huang L, Cheng G (2022) Bacterial multidrug efflux pumps
at  the frontline of antimicrobial resistance: an  overview.  Antibiotics
11:520.https://doi.org/10.3390/antibiotics 11040520

Hussain K, Abbas A, Rehman A, Wagas MU, Ahmad B, Mughal MAS et al (2024) Evaluating Linum
usitatissimum seeds extract as potential alternative biochemical and therapeutic agent against
induced coccidiosis in broiler chicken. Kafkas Univ Vet Fak Derg 30:803-808.
https://doi.org/10.9775/kvfd.2024.32618

Idris AO (2024) Bacterial toxins: classification, cellular biology, genetics and applications. Microbial
Toxins Food Syst 97:108.https://doi.org/10.1007/978-3-031-62839-9_8

Ike OO, Ekugba CU, Ezenyilimba BN, Onwumelu IJ, Okonkwo AP, Ejivade OM, Nwankwo CA
(2025) Strain effect on hematological indices of broiler chicks fed graded levels of Phyllanthus
amarus leaf extract. Agrobiol Records 19:50-55.
https://doi.org/10.47278/journal.abr/2025.006

Jhandai P, Mittal D, Gupta R, Kumar M, Khurana R (2024) Therapeutic and prophylactic efficacy
of novel lytic Escherichia phage vB_EcoS_P]16 against multidrug-resistant avian pathogenic E.
coli using in vivo study. Int Microbiol 27:673-687.https://doi.org/10.1007/s10123-023-
00420-7

Joel EO, Akinlabi OC, Olaposi AV, Olowomofe TO, Adekanmbi AO (2024) High carriage of
plasmid-mediated quinolone resistance (PMQR) genes by ESBL-producing and
fluoroquinolone-resistant Escherichia coli recovered from animal waste dumps. Mol Biol Rep
51:424 https://doi.org/10.1007/s11033-024-09228-8

Joseph ], Zhang L, Adhikari P, Evans JD, Ramachandran R (2023) Avian pathogenic Escherichia
coli in broiler breeders: an overview. Pathogens

12:1280.https://doi.org/10.3390/pathogens12111280

3751


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.3390/antibiotics11040520
https://doi.org/10.9775/kvfd.2024.32618
https://doi.org/10.1007/978-3-031-62839-9_8
https://doi.org/10.47278/journal.abr/2025.006
https://doi.org/10.1007/s10123-023-00420-7
https://doi.org/10.1007/s10123-023-00420-7
https://doi.org/10.1007/s11033-024-09228-8
https://doi.org/10.3390/pathogens12111280

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

10.5281/zeno0do.20524069

Kamil MA, Abu-Bakar L, Reduan MF, Kamaruzaman IN, Mahamud SN, Azmi AF, Rahman MS,
Nordin ML, Shaari R, Shean SC (2023) The use of medicinal plants in avian colibacillosis
management: a review. Vet Integr Sci 21:507-522.https://doi.org/10.12982/VI1S.2023.036

Karami M, Goudarztalejerdi A, Mohammadzadeh A, Berizi E (2024) In vitro evaluation of two novel
Escherichia bacteriophages against multidrug-resistant avian pathogenic Escherichia coli. BMC
Infect Dis 24:497 .https://doi.org/10.1186/512879-024-09402-0

Kathayat D, Lokesh D, Ranjit S, Rajashekara G (2021) Avian pathogenic Escherichia coli: an
overview of virulence and pathogenesis factors, zoonotic potential, and control strategies.
Pathogens 10:467.https://doi.org/10.3390/pathogens 10040467

Khairullah AR, Afnani DA, Riwu KHP, Widodo A, Yanestria SM, Moses IB, Raissa R (2024) Avian
pathogenic Escherichia coli: epidemiology, virulence and pathogenesis, diagnosis,
pathophysiology, transmission, vaccination, and control. Vet World
17:2747 https://doi.org/10.14202 /vetworld.2024.2747-2762

Kika TS, Cocoli S, Peli¢ DL, Puvaca N, Lika E, Peli¢ M (2023) Colibacillosis in modern poultry
production. ] Agron Technol Eng Manag 6:975-987.https://doi.org/10.55817/YZFA3391

Kovacs L, Domafoldi G, Bertram PC, Farkas M, Konyves LP (2025) Biosecurity implications,
transmission routes and modes of economically important diseases in domestic fowl and turkey.
Vet Sci 12:391.https://doi.org/10.3390/vetsci1 2040391

Kuznetsova MV, Mihailovskaya VS, Selivanova PA, Kochergina DA, Remezovskaya NB, StarCic
Erjavec M (2025) Siderophore production, diversity of siderophore receptors and associations
with virulence-associated genes, phylogroups and bacteriocin production in Escherichia coli

strains isolated from humans, animals and organic fertilizers. Microbiol Res

16:50.https://doi.org/10.3390/microbiolres 16020050

3752


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.12982/VIS.2023.036
https://doi.org/10.1186/s12879-024-09402-0
https://doi.org/10.3390/pathogens10040467
https://doi.org/10.14202/vetworld.2024.2747-2762
https://doi.org/10.55817/YZFA3391
https://doi.org/10.3390/vetsci12040391
https://doi.org/10.3390/microbiolres16020050

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

Lamaudiére MT, Arasaradnam R, Weedall GD, Morozov IY (2023) The colorectal cancer
microbiota alter their transcriptome to adapt to the acidity, reactive oxygen species, and
metabolite  availability = of  gut  microenvironments. mSphere 8:e00627-
22 https://doi.org/10.1128/msphere.00627-22

Li H, Tan J, Li X, Lamont SJ, Sun H (2025) Integrated transcriptome analysis reveals the lung
miRNA-mRNA regulatory network associated with avian pathogenic Escherichia coli
infection. Vet Sci 12:95.https://doi.org/10.3390/vetsci1 2020095

Lutful Kabir SM (2010) Avian colibacillosis and salmonellosis: epidemiology, pathogenesis,
diagnosis, control and public health concerns. Int J Environ Res Public Health 7:89-
114.https://doi.org/10.3390/ijerph 7010089

Mahmood A, Liu X, Grice ], Medley G, Roberts M (2024) The efficacy of quinolones and
fluoroquinolones in medicine: a review study. Iragi ] Med Health Sci 1:27-
35.https://doi.org/10.51173/ijmhs.v1il.17

Magbool, M. S., Abbas, R. Z., Tahir, S., Tarig, N., Razakova, R., Babaevna, S. S., & Rajabov, T.
(2026). Green-synthesized gold nanoparticles: as emerging tools to combat antimicrobial
resistance and therapeutic applications in poultry. Veterinary Research Communications, 50(3),
215.

Mateen A, Arslan M, Ali RF, Usman M, Elahi U (2025) Beyond antibiotics: a review of sustainable
strategies and emerging alternatives for poultry health management in modern farming.
Insights Anim Sci 2:1-22.https://doi.org/10.69917/ias.02.01-01

Mazurek L (2024) Studies of interaction of pentapeptide repeat proteins with Escherichia coli DNA
gyrase.

Mehat JW, van Vliet AH, La Ragione RM (2021) The avian pathogenic Escherichia coli pathotype
is comprised of multiple distinct, independent genotypes. Avian Pathol 50:402-
416.https://doi.org/10.1080/03079457.2021.1915960

3753


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.1128/msphere.00627-22
https://doi.org/10.3390/vetsci12020095
https://doi.org/10.3390/ijerph7010089
https://doi.org/10.51173/ijmhs.v1i1.17
https://doi.org/10.69917/ias.02.01-01
https://doi.org/10.1080/03079457.2021.1915960

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

Mesfin YM, Mitiku BA, Tamrat Admasu H (2024) Veterinary drug residues in food products of
animal origin and their public health consequences: a review. Vet Med Sci
10:€70049.https://doi.org/10.1002/vms3.70049

Moxley RA  (2022) Enterobacteriaceae:  Escherichia.  Veterinary ~Microbiol — 56:74.
https://doi.org/10.1002/9781119650836.ch6

Nawaz S, Wang Z, Zhang Y, Jia Y, Jiang W, Chen Z, Han X (2024) Avian pathogenic Escherichia
coli: current insights and future challenges. Poult Sci
103:104359.https://doi.org/10.1016/j.psj.2024.104359

Nechypurenko OO, Avdeeva LV, Dreval DV, Sobko 10 (2024) Avian pathogenic Escherichia coli
and its antibiotic resistance. Mikrobiolohichnyi Zh 86:61-
74.https://doi.org/10.15407/microbiolj86.05.061

Okpalaji NC, Okonkwo AP, Okonkwo JC, Ezenyilimba BN, Ejivade OM, Okafor EC, Nwankwo
CA (2025) Pathogen profile of poultry industries in Oyi local government area of Anambra
State, Nigeria. Agrobiol Records 19:24-34. https://doi.org/10.47278/journal.abr/2025.004

Panth Y (2019) Colibacillosis in poultry: a review. ] Agric Nat Resour 2:301-
311.https://doi.org/10.3126/janr.v2i1.26094

Peng LY, Yuan M, Cui ZQ, Wu ZM, Yu ZJ, Song K, Fu BD (2018) Rutin inhibits quorum sensing,
biofilm formation and virulence genes in avian pathogenic Escherichia coli. Microb Pathog
119:54-59.https://doi.org/10.1016/j.micpath.2018.04.007

Pervaiz, A., Raheem, A., Tariq, N., Sajjad, Z., Ali, H., Iftikhar, T., ... & Kharl, H. A. A. (2025).
Exploring Actinomycetes as Antiviral Potential Against New Castle Disease: A Promising
Avenue. Foundations of Holistic Healing: Complementary and Alternative Medicine, 79-84.

Pokharel P, Dhakal S, Dozois CM (2023) The diversity of Escherichia coli pathotypes and
vaccination strategies against this versatile bacterial pathogen. Microorganisms

11:344.https://doi.org/10.3390/microorganisms 11020344

3754


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.1002/vms3.70049
https://doi.org/10.1002/9781119650836.ch6
https://doi.org/10.1016/j.psj.2024.104359
https://doi.org/10.15407/microbiolj86.05.061
https://doi.org/10.47278/journal.abr/2025.004
https://doi.org/10.3126/janr.v2i1.26094
https://doi.org/10.1016/j.micpath.2018.04.007
https://doi.org/10.3390/microorganisms11020344

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

10.5281/zeno0do.20524069

Rashid SM, Shnawa BH (2024) Prevalence, morphometric, genomic and histopathological studies
in backyard chickens coccidiosis in Soran City, Erbillraq. Pak Vet ] 44:1-
8.https://doi.org/10.29261/pakvetj/2024.187

Reid CJ, Cummins ML, Djordjevic SP (2025) Major F plasmid clusters are linked with ColV and
pUTI89-like marker genes in bloodstream isolates of Escherichia coli. BMC Genomics
26:57.https://doi.org/10.1186/512864-025-11226-4

Robi DT, Mossie T, Temteme S (2024) A comprehensive review of the common bacterial infections
in dairy calves and advanced strategies for health management. Vet Med Res Rep 1:1-
14.https://doi.org/10.2147/VMRR.S452925

Runcharoon K, Favro ME, Logue CM (2025) Longitudinal analysis of avian pathogenic Escherichia
coli serogroups and pathotypes from avian colibacillosis in Georgia: a continued investigation -
year 2 analysis. Poult Sci 104:104722. .https://doi.org/10.1016/j.psj.2024.104722

Serbessa TA, Geleta YG, Terfa IO (2023) Review on diseases and health management of poultry and
swine. Int ] Avian Wildl Biol 7:27-38.https://doi.org/10.15406/ijawb.2023.07.00187

Shafiurrahman, Hasan SM, Singh K, Kumar A, Suvaiv, Bano J, Kushwaha SP (2024) Revolutionizing
quinolone development for DNA gyrase targeting; discovering the promising approach to
fighting microbial infections. Anti-Infect Agents 1:1-
12.https://doi.org/10.2174/0122113525318200240902062055

Shehata AA, Hafez HM (2024) Colibacillosis. Turkey Diseases and Disorders 1:29-
45 https://doi.org/10.1007/978-3-031-63318-8_2

Spencer AC, Panda SS (2023) DNA gyrase as a target for quinolones. Biomedicines
11:37 L. https://doi.org/10.3390/biomedicines 11020371

Tarig N, Abbas RZ, Tahir S (2026) Unveiling the therapeutic applications of Streptomyces albus
against bacterial, fungal, and parasitic infections in poultry. Worlds Poult Sci J 82:1-19.

https://doi.org/10.1080/00439339.2025.2611358

3755


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.1186/s12917-018-1698-3
https://10.0.114.77/pakvetj/2024.187
https://doi.org/10.1186/s12864-025-11226-4
https://doi.org/10.2147/VMRR.S452925
https://doi.org/10.1016/j.psj.2024.104722
https://doi.org/10.15406/ijawb.2023.07.00187
https://doi.org/10.2174/0122113525318200240902062055
https://doi.org/10.1007/978-3-031-63318-8_2
https://doi.org/10.3390/biomedicines11020371
https://doi.org/10.1080/00439339.2025.2611358

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 3007-2379

10.5281/zeno0do.20524069

Tarig N, Abbas RZ, Tahir S, Raheem A, Baheej-un-Nisa (2025) Prospects of Actinomycetes as
potential candidates with diverse biological functionalities: a special focus on Streptomyces
hygroscopicus  to  treat  poultry  disease. = Worlds  Poult Sci ]  81:1-
20.https://doi.org/10.1080,/00439339.2025.2508923

Tarig, N., Abbas, R. Z., & Tahir, S. (2026). Unveiling the therapeutic applications of Streptomyces
albus against bacterial, fungal, and parasitic infections in poultry. World's Poultry Science Journal,
1-19.https://doi.org/10.1080/00439339.2025.2611358

Temmerman R, Ghanbari M, Antonissen G, Schatzmayr G, Duchateau L, Haesebrouck F, Devreese
M (2022) Dose-dependent impact of enrofloxacin on broiler chicken gut resistome is mitigated
by synbiotic application. Front Microbiol 13:869538.

Temmerman R, Pelligand L, Schelstraete W, Antonissen G, Garmyn A, Devreese M (2021)
Enrofloxacin dose optimization for the treatment of colibacillosis in broiler chickens using a
drinking behaviour pharmacokinetic model. Antibiotics
10:604.https://doi.org/10.3390/antibiotics 10050604

Tian R, Xie F, Wang X, Dai L, Wang ], Liu Y, Zhang W (2025) Epidemiological investigation and
drug resistance analysis of avian pathogenic Escherichia coli of Wenchang chickens in Hainan,
China. Avian Pathol 54:398-410.https://doi.org/10.1080/03079457.2024.2447296

Trinchera M, De Gaetano S, Sole E, Midiri A, Silvestro S, Mancuso G, Biondo C (2025)
Antimicrobials in livestock farming and resistance: public health implications. Antibiotics
14:606.https://doi.org/10.3390/antibiotics 14060606

Veerapandian S, Sarathchandra G (2021) Withdrawal period of enrofloxacin and its primary
metabolite ciprofloxacin residues in broiler chicken after pulse water medication. ] Vet
Pharmacol 5:1-8.https://doi.org/10.30954,/2277-940X.05.2021.2

Vougat Ngom R, Ferreira HCDC, Ayissi G, Tanyienow A, Piccirillo A (2025) A systematic review
and meta-analysis on the efficacy of antibiotic treatment in controlling colibacillosis in broiler

production. PLoS One 20:1-15.https://doi.org/10.1371/journal.pone.0326535

3756


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.1080/00439339.2025.2508923
https://doi.org/10.1080/00439339.2025.2611358
https://doi.org/10.3390/antibiotics10050604
https://doi.org/10.1080/03079457.2024.2447296
https://doi.org/10.3390/antibiotics14060606
https://doi.org/10.1002/9781119654629.ch17
https://10.0.120.234/2277-940X.05.2021.2
https://doi.org/10.1371/journal.pone.0326535

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

Waliaula PK, Kiarie EG, Diarra MS (2024) Predisposition factors and control strategies of avian
pathogenic Escherichia coli in laying hens. Front Vet Sci
11:1474549.https://doi.org/10.3389/fvets.2024.1474549

Xiao X, Jiang L, Lan W, Jiang Y, Wang Z (2018) In vivo pharmacokinetic/pharmacodynamic
modeling of enrofloxacin against Escherichia coli in broiler chickens. BMC Vet Res
14:374.https://doi.org/10.1186/s12917-018-1698-3

Yajie L, Johar MGM, Hajamydeen Al (2023) Poultry disease early detection methods using deep
learning  technology.  Indones ]  Electr Eng  Comput  Sci  32:1712-
1723.https://doi.org/10.11591/ijeecs.v32.i3.pp1712-1723

Yoon MY, Kim YB, Ha JS, Seo KW, Noh EB, Son SH, Lee Y] (2020) Molecular characteristics of
fluoroquinolone-resistant avian pathogenic Escherichia coli isolated from broiler chickens.
Poult Sci 99:3628-3636.https://doi.org/10.1016/].psj.2020.03.029

Yu K, Choi I, Kim M, Pyung YJ, Lee JS, Choi Y, Yun CH (2025) Florfenicol-induced dysbiosis
impairs intestinal homeostasis and host immune system in laying hens. ] Anim Sci Biotechnol
16:56.https://doi.org/10.1186/s40104-025-01186-w

Yu L, Wang H, Zhang X, Xue T (2025) Two-component system UhpAB facilitates the pathogenicity
of avian pathogenic Escherichia coli through biofilm formation and stress responses. Avian
Pathol 54:359-370.https://doi.org/10.1080/03079457.2024.2442704

Zahid, 1., Afzal, M. A., Tariq, N., et al. (2025). Application of artificial intelligence and marketing
in animal nutrition and feed. Biological Times, 4(8), 73-74.

Zhao Y, Cao Z, Cui L, Hu T, Guo K, Zhang F, Dai M (2022) Enrofloxacin promotes plasmid-
mediated conjugation transfer of fluoroquinolone-resistance gene qnrS. Front Microbiol

12:773664.https://doi.org/10.3389/fmicb.2021.773664

3757


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.3389/fvets.2024.1474549
https://doi.org/10.1186/s12917-018-1698-3
https://doi.org/10.11591/ijeecs.v32.i3.pp1712-1723
https://doi.org/10.1016/j.psj.2020.03.029
https://doi.org/10.1186/s40104-025-01186-w
https://doi.org/10.1080/03079457.2024.2442704
https://doi.org/10.3389/fmicb.2021.773664

ol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Izhar et al - 2026 | 3007-2387 | 3007-2379

://doi.org/10.5281/zenodo.20524069

Zhou K, Liu A, Ma W, Sun L, Mi K, Xu X, Huang L (2021) Apply a physiologically based
pharmacokinetic model to promote the development of enrofloxacin granules: predict
withdrawal interval and toxicity dose. Antibiotics
10:955.https://doi.org/10.3390/antibiotics 10080955

Zych S, Adaszynska-Skwirzynska M, Szewczuk MA, Szczerbifiska D (2024) Interaction between
enrofloxacin and three essential oils—a study on multidrug-resistant Escherichia coli strains
isolated from 1-day-old broiler chickens. Int ] Mol Sci
25:5220.https://doi.org/10.3390/ijms25105220

3758


https://pakjmcr.com/index.php/1/about
http://doi.org/10.5281/zenodo.20524069
https://doi.org/10.3390/antibiotics10080955
https://doi.org/10.3390/ijms25105220

