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Abstract

Mycoplasma synoviae (MS) is a poultry pathogen associated with respiratory disease, infectious synovitis, eggshell abnormalities, and
reduced production performance. Clinical expression varies substantially among farms, flocks, and individual birds, ranging from sub-
clinical infection to respiratory, articular, reproductive, or systemic disease. This variation suggests that pathogen presence alone may not
fully explain differences in disease severity. This narrative review synthesizes evidence relevant to the hypothesis that MS disease sever-
ity may reflect interactions between pathogen colonization and host physiological state. Experimental and field studies demonstrate that
MS infection involves respiratory colonization, lateral transmission, strain-dependent differences in infectivity and virulence, adhesion
to host ligands, and tissue tropism. Studies specifically investigating MS infection also document inflammatory, oxidative, apoptotic,
and metabolic responses in infected chickens. The review then evaluates host physiological pathways and environmental stress responses
that may modify these outcomes, including corticosterone signaling, the growth hormone—insulin-like growth factor 1 (GH-IGF-1) axis,
melatonin and circadian regulation, and cytokine networks. These systems are known to influence immune competence, redox balance,
epithelial integrity, tissue repair, and metabolic allocation in chickens. The available evidence supports a mechanistic framework in which
pathogen factors and host physiology may interact to modify MS disease expression. Evaluation of the available evidence indicates that
MS-specific support is strongest for pathogen factors and tissue responses; however, none of the proposed environmental, endocrine, or
circadian modifiers has been causally tested in an MS challenge model, and genetic, microbiota, and omics-based biomarker evidence
remains preliminary. This framework therefore provides testable hypotheses and candidate measurements for future studies.

Keywords: Mycoplasma synoviae; chickens; mycoplasma infections; host-pathogen interactions; stress; corticosterone; insulin-like
growth factor 1; melatonin; cytokines; oxidative stress

1. Introduction Recent MS studies provide direct evidence that in-
fection can trigger host pathways involved in tissue in-
jury. Infected chickens show inflammatory, oxidative,
apoptotic, transcriptomic, proteomic, and metabolomic
changes in plasma, splenic tissue, and chicken oviduct cells
[13,14,15,16,17]. These findings support the view that MS
disease severity involves both local tissue pathology and
systemic host responses. The quantitative details of these
studies are addressed in Section 3, where mechanisms of
MS infection are reviewed.

Mycoplasma synoviae (MS) is an important bacterial
pathogen of poultry. In chickens, infection has been associ-
ated with respiratory disease, infectious synovitis, eggshell
abnormalities, reduced egg production, and impaired flock
performance [1,2,3]. The organism circulates in breeder,
layer, and broiler populations and has been detected in poul-
try systems across different geographic regions [4,5,6]. Be-
cause infection can affect welfare, production efficiency,
and flock health, MS remains relevant for poultry disease
control.

A central feature of MS infection is the variability of
clinical outcome. Experimental and field studies show that
infection may result in respiratory disease, infectious syn-
ovitis, reproductive abnormalities, systemic lesions, or sub-
clinical carriage [1,7,8,9]. Differences in disease expres-
sion have been linked to strain variation, infection route,
tissue colonization, concurrent infection, and host response
[1,8,10,11,12,13]. These findings show that pathogen ex-
posure is necessary for infection, while variation in disease
severity may reflect additional pathogen and host variables.

Host physiological condition may modify these re-
sponses. Poultry production exposes birds to environ-
mental and management challenges, including thermal
stress, high stocking density, transport, nutritional vari-
ation, and altered lighting schedules. These conditions
can influence endocrine balance, immune activity, ox-
idative status, epithelial integrity, growth signaling, and
metabolic allocation in chickens [18,19,20,21]. Corticos-
terone, the growth hormone—insulin-like growth factor 1
(GH-IGF-1) axis, melatonin and circadian regulation, and
cytokine networks are therefore relevant because they rep-
resent major physiological routes through which stress,
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chickens.

Table 1. Review structure and evidence domains considered in relation to Mycoplasma synoviae (MS) disease severity in

Domain

Main focus in the review

Relevance to disease severity

MS exposure and transmission
MS strain and adhesion factors
MS-associated tissue injury
Environmental and management
stress

Corticosterone signaling
GH-IGF-1 axis

Melatonin and circadian regula-

tion
Cytokine networks

Integrated disease model

Literature selection and evidence

appraisal

Emerging evidence domains

Respiratory  colonization,  horizontal
spread, field occurrence

Strain phenotype, adhesins, host-ligand
binding, tissue tropism

Respiratory, synovial, reproductive, sys-
temic, oxidative, apoptotic, and metabolic
responses

Heat, stocking density, transport, nutri-

tion, immune stimulation

Stress-endocrine activation, leukocyte
balance, lymphoid organs, cytokine
transcription

Growth, nutrient use, tissue development,
repair capacity

Light environment, antioxidant defense,
immune activity, epithelial integrity
Inflammatory activation, chemokine re-
cruitment, regulatory feedback, tissue-
specific responses

Interaction between pathogen pressure,
tissue response, and host physiology

Structured searches, eligibility criteria,
evidence-directness grades, and included
primary-study counts

Host genetics, microbiota interactions,

Defines the starting point for infection es-
tablishment

Influences colonization efficiency, tissue
contact, and lesion risk

Explains how infection can progress from

colonization to pathology

Alters the host condition in which infec-
tion develops
Links environmental stress with immune

and metabolic disruption

Reflects anabolic state and recovery po-
tential during disease

May influence host stability during in-
flammatory and oxidative challenge
Shapes pathogen control and tissue dam-
age

Provides a hypothesis for why MS infec-
tion may remain subclinical or become
clinically severe

Distinguishes direct MS evidence from
comparative support and integrative hy-
pothesis

Identifies preliminary findings, causal

and omics-based biomarker candidates

limits, and validation requirements

GH-IGF-1, growth hormone—insulin-like growth factor 1.

growth, immune regulation, and tissue repair are coordi-
nated [22,23,24,25,26,27].

MS pathogenesis and poultry host physiology have
usually been discussed separately. MS studies have fo-
cused mainly on transmission, strain variation, adhesion,
tissue tropism, diagnosis, vaccination, and lesion develop-
ment [1,11,28,29]. Poultry physiology studies have usu-
ally examined stress, endocrine regulation, growth, mela-
tonin, oxidative balance, or immune responses as indepen-
dent topics [18,19,30,31]. To broaden the evidence base
while maintaining disease specificity, this review priori-
tizes direct MS studies for pathogen mechanisms and tissue
responses and integrates comparative chicken and avian ev-
idence from veterinary microbiology, avian pathology, en-
docrinology, immunology, environmental physiology, nu-
trition, and welfare science for host modifiers. Evidence
from non-MS models is treated as mechanistic support.
This approach may improve understanding of why MS col-
onization remains mild in some birds but progresses to clini-
cally relevant disease in others. Table | provides a roadmap
for the manuscript and shows how pathogen factors, tissue
responses, and host physiological systems are organized in
relation to MS disease severity.

2. Literature Selection

For this structured narrative review, PubMed, Sco-
pus, and Web of Science were searched from database in-
ception up to 3 August 2026. The terms “Mycoplasma
synoviae”, “M. synoviae”, and “MS” were combined with
chicken, poultry, hen, broiler, or layer. Topic terms in-
cluded pathogenesis, virulence, adhesion, transmission,
colonization, tissue tropism, coinfection, cytokine, inflam-
mation, oxidative stress, apoptosis, corticosterone, glu-
cocorticoid, growth hormone, Insulin-like growth factor
1(IGF-1), melatonin, circadian, heat stress, stocking den-
sity, transport, nutrition, genetic, heritability, susceptibil-
ity, microbiota, microbiome, transcriptomic, proteomic,
metabolomic, and biomarker. Comparative searches com-
bined chicken or poultry with the relevant host-pathway
term and immune, inflammation, oxidative, barrier, growth,
or repair.

English-language, peer-reviewed primary stud-
ies were retained when they evaluated an MS-specific
pathogen mechanism, host response, biomarker, inter-
vention, or outcome in controlled in vivo infection, field
studies, chicken embryos, primary chicken cells, or
established chicken cell lines. Comparative chicken or
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avian studies were retained only when they addressed a
prespecified pathway relevant to immune function, redox
balance, epithelial integrity, tissue repair, or metabolic
allocation. Reviews and evidence syntheses were used for
biological context.

Evidence was classified according to directness
and study design. Grade A denotes a controlled in
vivo MS study in which the domain-specific factor or
intervention was independently manipulated during MS
challenge and at least one MS-specific outcome was
measured. Grade B denotes direct MS evidence from field
or observational studies, in vitro or ex vivo models, or
controlled in vivo challenge studies in which the relevant
factor was measured but not independently manipulated.
Grade C denotes comparative chicken or avian evidence
without MS. Grade D denotes an integrative inference
not directly tested in MS. This classification does not
constitute a formal assessment of risk of bias or certainty
of evidence. For each principal conclusion, Table 2 (Ref.
[1,2,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,
25,26,27,28,29,32,33,34,35,36,37,38,39,40,41,42,43,44,45,
46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,
65,66,67,68,09,70,71,72,73,74,75,76,77,78,79,80,81,82,83,
84,85,806,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,
102,103,104,105,106,107,108,109,110,111,112,113,114,
115,116]) reports the applicable evidence grade and the
number of unique primary publications included in this
review.

3. Pathogenesis and Host—Pathogen
Interactions in MS

Disease severity during MS infection is initially
shaped by exposure, colonization, persistence, and tissue
distribution. Experimental and field studies show that MS
can establish rapidly in the respiratory tract and spread ef-
ficiently within flocks. In specific pathogen-free (SPF)
Leghorns infected at 5 weeks of age, culture and PCR de-
tection became positive by 3 days post-infection, and lateral
transmission to contact birds occurred within 7-14 days.
Serological responses appeared later: positive serum plate
agglutination results were detected 3—4 weeks after positive
culture and/or PCR, and ELISA remained negative through
9 weeks. By 42 days post-infection, all birds exposed to
field strains K1858 or K3344 were infected, whereas only
about half of those exposed to strain WVU1853 became in-
fected, showing differences among strains in infectivity and
transmission efficiency [10].

Field data support the importance of horizontal spread.
In indigenous chicken flocks, 1695 of 3284 choanal cleft
samples were positive for MS, giving an overall positiv-
ity of 51.6%. Positivity increased after 8 weeks of age
and reached 71.5%, 96.3%, and 74.2% in birds older than
25 weeks across three farms. In the same study, none of
322 embryo samples and only 2 of 927 one-day-old chicks
were positive. Birds reared in isolators remained nega-
tive through 17 weeks, whereas birds raised in farm envi-
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ronments reached 85% positivity by week 17 [6]. These
findings indicate that environmental exposure and within-
flock transmission are major drivers of infection estab-
lishment in that field setting. Other field studies confirm
MS circulation in commercial poultry systems. In Jorda-
nian broiler flocks with respiratory disease, reported single-
agent detections were Avian Influenza virus (AIV) H9 sub-
type in 23.7% of flocks, MS in 8.9%, and Mycoplasma
gallisepticum in 6.6%; AIV H9-MS coinfection was re-
ported in 12.9% [32]. In a UK survey of 131 poultry flocks
with respiratory signs or production problems, MS was de-
tected by PCR in 15 flocks, and MS-positive flocks had a
higher mean bacterial load than M. gallisepticum-positive
flocks, at 4.21 versus 2.56 log CFU/mL (p < 0.005) [33].
A global meta-analysis estimated pooled molecular occur-
rence of MS at 38.4% (95% CI 23.5-54.5); subgroup oc-
currence was 62.6% (95% CI 30.2-90.5) in breeders [5].
A 2026 systematic review and meta-analysis focused on
mainland China estimated a pooled MS seroprevalence of
49.7% (95% CI 41.4-58.1) and a pooled molecular detec-
tion prevalence of 21.9% (95% CI 11.9-34.0) [117].

After exposure, adhesion to host tissues is a critical
step in colonization. Several MS proteins bind host ligands
such as plasminogen and fibronectin, indicating that attach-
ment depends on multiple surface-associated molecules.
Recombinant enolase (rEno) converts 2-phosphoglycerate
to phosphoenolpyruvate, with a reported Michaelis-Menten
constant (K,,) of 1.1 x 1073 M. The protein is present
both in the cytoplasm and on the bacterial surface and
binds chicken plasminogen and human fibronectin. Antis-
era against rEno show mycoplasmacidal activity when com-
plement was present and inhibit adherence to plasminogen-
treated chicken embryo fibroblast cell line 1 (DF-1) cells
[34]. Recombinant NADH oxidase also binds chicken plas-
minogen and human fibronectin in a dose-dependent man-
ner, and antisera inhibit adhesion of intact organisms to DF-
1 cells while showing bactericidal activity when comple-
ment was present [35]. Pyruvate dehydrogenase subunit D
(PdhD) shows similar ligand binding, with antisera produc-
ing an 88.5% mycoplasmacidal rate when complement was
present and significantly reducing bacterial attachment to
DF-1 cells [36]. Lipoprotein 78 (LP78) binds host mem-
brane proteins of 35-40 kDa and 55-70 kDa, and anti-LP78
significantly inhibits adherence to DF-1 cells (p < 0.01).
Relative to a commercial ELISA, the LP78 iELISA showed
85.7% sensitivity and 94.1% specificity; 4 of 10 infected
birds were positive at day 7, and all 10 were positive by
day 10 [37]. Elongation factor thermo susceptible (EF-Ts)
also binds fibronectin and chicken plasminogen, anti-EF-
Ts antibodies inhibit bacterial attachment to DF-1 cells, and
the protein enters host cells through lipid-raft- and clathrin-
dependent endocytosis [38]. These studies identify several
host-interaction proteins that can support adhesion, immune
recognition, and host-cell interaction.
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Table 2. Evidence-directness grading and counts of primary studies included in this narrative review for the principal conclusions.

Conclusion or domain

Direct MS primary evidence

Comparative chicken or avian primary evidence

Evidence grade(s) and interpretation

Pathogen establishment, tissue involve-
ment, coinfection

n=25[1,6,7,8,9,10,11,12,32,33,34,35,36,37, n=0

38,39,40,41,42,43,44,45,46,47,48]

A/B. Direct evidence is substantial but heterogeneous in strain, infection
route, tissue, and outcome.

MS-associated inflammatory, oxidative,

n=14[11,13,14,15,16,17,43,49,50,51,52,

B. Several responses were measured in controlled challenge studies. These

apoptotic, metabolic, tissue responses 53,54,55] pathways are associated with MS, but their independent causal contributions
to disease severity have not been consistently isolated.

Host genetic susceptibility or production- n =2 [46,56] n="7[57,58,59,60,61,62,63] (growth-trait associ- B/C. Direct MS evidence indicates preliminary line- or bird-type-related het-

line effects ations only) erogeneity; no MS-resistance locus or validated genetic predictor has been
identified.

Microbiota interactions n =2 [49,64] n=2[65,66] B/C. Direct evidence derives from multicomponent intervention studies,
while comparative evidence derives from photoperiod studies. Neither study
type established microbiota-mediated causality.

Omics datasets and candidate biomarkers n=9[13,15,16,49,50,51,52,55,67] n=0 B. The studies identify candidate pathways, molecular signatures, or

metabolite panels. No independent external validation as a predictor of MS

severity was identified in the review search.

Environmental and management stress

n=17[19,20,21,23,68,69,70,71,72,73,74,75,76,77,
78,79,80]

C. Evidence is derived from comparative poultry studies; no direct MS chal-

lenge study tested these stressors as modifiers of disease severity.

Corticosterone or glucocorticoid signaling

n=8[18,19,22,23,75,81,82,83]

C. Comparative poultry evidence documents endocrine, immune, metabolic,
and growth effects, but no direct MS challenge test has been conducted.

GH-IGF-1 axis

n=22[19,21,24,25,57,58,59,60,61,62,63,68,82,84,
85,86,87,88,89,90,91,92]

C. Comparative poultry evidence supports roles in growth, nutritional state,
endocrine regulation, and tissue development; no direct MS challenge test
has been conducted.

Melatonin and circadian regulation

n=0
n=0
n=0
n=0

n =16 [18,25,65,66,81,93,94,95,96,97,98,99,100,
101,102,103]

C. Comparative evidence supports effects on endocrine, immune, antioxi-
dant, and tissue responses. Most direct melatonin interventions used phar-
macological exposures.

Cytokine organization n=10[11,28,29,43,50,51,52,53,55,104] n=131[26,27,105,106,107,108,109,110,111,112,  B/C. MS-associated cytokine and chemokine activation is documented, but
113,114,115] causal severity thresholds, temporal organization, and network-level rela-
tionships remain untested.
MS-specific vaccine or therapeutic inter- n = 8[2,28,29,49,54,55,104,116] n=0 A/B. Evidence is direct but heterogeneous and frequently derives from in-
ventions dividual experimental studies; no pooled estimate of field effectiveness is
available.
Host-physiology rationale for supportive n=0 n = 53 unique studies C/D. Comparative evidence supports the physiological rationale, but MS-

management

[18,19,20,21,22,23,24,25,57,58,59,60,61,62,63,65,
66,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,
83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,
99,100,101,102,103]

specific efficacy remains an untested hypothesis.

Grade A = controlled in vivo MS study with independent manipulation of the domain-specific factor or intervention and an MS-specific outcome; B = direct MS field or observational evidence, in vitro or ex vivo MS
evidence, or controlled challenge evidence in which the factor corresponding to the conclusion was not independently manipulated; C = comparative chicken or avian evidence without MS; D = integrative inference not
directly tested in MS. Grades describe directness and study design.
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Strain variation further modifies disease outcome.
Among 110 isolates from Chinese native chickens, anal-
ysis of the 5’-vlhA region identified a distinct K group,
but pathogenicity differed among isolates and showed no
clear relationship with vih4 genotype [39]. Similar limita-
tions were observed in 27 European isolates, including 21
Dutch, 2 German, 2 French, and 2 reference strains. In that
study, v/hA sequence typing resolved nine sequence types
but showed no clear correlation with tissue of origin, year
of isolation, or epidemiological source, and AFLP analy-
sis largely confirmed those groupings [40]. A broader typ-
ing study of 86 MS strains from 15 countries developed
a seven-locus MLVA scheme that identified 35 genotypes
and provided genetic resolution similar to the tested MLST
assays. The MLVA assay also differentiated live vaccine
strains from field strains and was proposed as a complemen-
tary method in ambiguous cases [41]. MLST of 18 isolates
from the 2024 nationwide Chinese survey identified 13 se-
quence types, and pathogenicity testing of five isolates pro-
duced varying degrees of infectious synovitis without respi-
ratory signs [47]. These findings indicate that single-locus
classification is insufficient for predicting source, pheno-
type, or disease potential.

Experimental comparisons of the MS-H vaccine strain
and related reisolates further show how genetic changes
can influence phenotype. Comparison of attenuated MS-
H with its parental strain identified 32 single-nucleotide
polymorphisms. Thermal adaptation of MS-H identified
an Ala210Val variation in Obg that was associated with
loss of the temperature-sensitive phenotype [42]. Concur-
rent reversions in obgE, oppF, and gapdh were associated
with higher gross air-sac lesion scores and increased mi-
croscopic upper-tracheal mucosal thickness in directly in-
oculated chickens following virulent infectious bronchitis
virus challenge [12]. In a subsequent in vivo complementa-
tion study, MS-H expressing wild-type gapdh colonized the
lower respiratory tract, whereas all tested strains colonized
the upper respiratory tract. The gapdh-complemented strain
did not produce the air-sac and tracheal lesions observed
with the virulent parental strain [48]. These results indicate
that relatively small genetic changes can alter growth phe-
notype and lesion expression.

Tissue pathology during MS infection reflects bacte-
rial colonization, tissue tropism, infection route, concurrent
infection, and host response. In aerosol challenge experi-
ments, exposure to MS alone induced arthritis in 31% of
birds in the first experiment and 21% in the repeat experi-
ment. Prior Infectious Bronchitis virus (IBV) infection in-
creased arthritis frequency to 50% with IBV D1466 in the
first experiment and to 33% and 55% with IBV D1466 and
IBV M41, respectively, in the repeat experiment. A high-
dose intravenous positive-control group produced arthritis
in 95% of birds [1]. In chicken synovial sheath cells, in-
creasing the multiplicity of MS infection increased bac-
terial adherence and invasion, inflammatory cytokine and
chemokine gene expression, and macrophage chemotaxis
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[43]. In a separate six-group experiment involving 90
chicks, prior Cryptosporidium baileyi infection increased
choanal MS loads at 7, 14, and 21 days after MS challenge
and worsened footpad, joint, and air-sac lesions [44].

Reproductive pathology also varies by strain and tis-
sue tropism. Two MS strains isolated from the same farm
produced different reproductive outcomes in SPF chick-
ens: PASCS8 colonized the oviduct and produced eggshell
apex abnormalities, whereas both PASC8 and TRACH re-
duced egg number and average egg weight relative to con-
trols (p < 0.05) [7]. In naturally infected multi-age layer
flocks, eggshell abnormalities affected 1.3—1.8% of eggs,
corresponding to 300400 eggs per day, and tylosin treat-
ment improved shell quality and egg weight [2]. In Aus-
tralian layer flocks, seroprevalence reached 69% (95% CI
41.3-89.0), and MS serological status was associated with
translucency, shell breaking strength, shell reflectivity, and
shell deformation [3]. Ultrastructural analysis revealed de-
fects in the mammillary knob layer [45]. In chicken oviduct
cells, MS infection reduced cell viability in a time- and
dose-dependent manner, increased Caspase-3 and Beclin-1
expression at both the mRNA and protein levels, and in-
creased the proportion of apoptotic cells [17]. These find-
ings link reproductive disease to oviduct colonization, ep-
ithelial injury, apoptosis- and autophagy-related responses,
and shell-formation defects.

Systemic and multi-organ disease has also been re-
ported. In 47-day-old broilers, MS was isolated from
liver and keel bursa, with lesions in spleen, brain, choroid,
nerves, and skeletal muscle accompanied by vasculitis [9].
Experimental infection with different isolates also produced
variable organ pathology, including air-sac, joint, splenic,
pulmonary, cardiac, hepatic, and synovial lesions, depend-
ing on strain and inoculation route [8]. These data show that
MS disease can extend beyond respiratory colonization and
that systemic pathology differs among strains and experi-
mental conditions.

Host tissue damage during MS infection involves in-
flammatory, oxidative, apoptotic, and metabolic pathways.
Infection of 7-day-old SPF chickens with 1 x 10° CCU/mL
strain MS-Y reduced splenic total superoxide dismutase
(T-SOD), glutathione peroxidase (GSH-Px), and catalase
and increased inducible nitric oxide synthase (iNOS), nitric
oxide (NO), and malondialdehyde (MDA). These changes
were accompanied by lymphocyte depletion, inflamma-
tory infiltration, and apoptosis detected by TUNEL stain-
ing [14]. A later transcriptomic and proteomic analysis
identified 946 differentially expressed genes and 305 dif-
ferentially expressed proteins in infected spleen tissue, with
enrichment of cytokine—cytokine receptor interaction and
endoplasmic-reticulum protein processing pathways [15].
These findings show that MS infection can induce coordi-
nated immune, oxidative, apoptotic, and protein-processing
responses in immune tissue.

Metabolic remodeling provides an additional layer
of severity. Plasma metabolomics in infected hens iden-
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tified 168 differentially abundant metabolites at 10 days
post-infection and 128 at 52 days post-infection. Enriched
pathways included actin cytoskeleton regulation, sphin-
golipid metabolism, necroptosis, steroid hormone biosyn-
thesis, ferroptosis, and calcium signaling [16]. In a three-
group pathogenicity experiment involving 27 SPF chick-
ens, with nine birds assigned to each of the control, ZX313,
and SD2 groups, ZX313 caused 33.3% mortality, corre-
sponding to three deaths among nine birds, whereas all birds
in the control and SD2 groups survived. Untargeted plasma
metabolomics was subsequently conducted using six sam-
ples per group. ZX313 produced a higher mean lesion
score than SD2, at 17.44 versus 5.78, and higher tracheal,
tarsal-joint, and footpad mycoplasma loads. Metabolomic
analysis identified 699 significantly differentially abundant
metabolites after ZX313 infection and 720 after SD2 infec-
tion, including 95 and 116 group-specific metabolites, re-
spectively. Relative to SD2, the more virulent ZX313 strain
was associated with 301 differentially abundant metabo-
lites, and 20 plasma metabolites correlated significantly
with lesion severity. In the study dataset, the 20-metabolite
model distinguished the ZX313- and SD2-infected groups
with an area under the curve (AUC) of 0.986 [13]. These
findings indicate that severe MS disease is accompanied by
systemic metabolic remodeling and that plasma metabolites
may reflect lesion severity.

Vaccination studies support the importance of immune
organization in limiting MS pathology. In broilers vacci-
nated with recombinant antigens and then challenged with
MS, several antigen groups showed lower air-sac lesion
scores, reduced tracheal mucosal thickness, lower throat-
swab bacterial loads, and greater body-weight gain than
infected controls; RS01790 (lipoprotein, putative sugar
ABC transporter), BMP (BMP family ABC transporter sub-
strate-binding protein), GrpE (nucleotide exchange factor),
and RS00900 (putative nuclease) performed better than
RS00275 (uncharacterized protein) [28]. In bacterin vac-
cination experiments, ISA 71 VG and chitosan adjuvants
increased lymphocyte proliferation and upregulated Inter-
leukin (IL)-1pB (IL-1pB), IL-2, IL-6, and Interferon-y (IFN-y)
before challenge. The ISA 71 VG group showed the highest
antibody titers and significantly reduced air-sac, footpad,
and tracheal lesions together with lower colonization after
challenge [104]. In a subunit vaccine study, two immu-
nizations induced antibody responses and increased serum
IFN-y and IL-4 relative to saline controls. rEno and recom-
binant elongation factor thermo unstable (rEF-Tu) induced
significantly higher IFN-y than the inactivated vaccine at
21 days, and lymphocyte stimulation indices were signifi-
cantly higher in the recombinant DnaK (rDnaK), rEno, and
recombinant MS surface protein B (rMSPB) groups than
in the inactivated-vaccine group. After challenge, MS was
still recovered from nearly all challenged birds, but chick-
ens immunized with rEno, rEF-Tu, and rMSPB had lower
tracheal MS DNA copy numbers than challenge controls,
and most immunized groups showed reduced air-sac lesion

scores and tracheal mucosal thickness. Protection ranked
highest for rEno, followed by rEF-Tu, tMSPB, and rLP78
[29]. These results indicate that immune priming can re-
duce lesion severity and bacterial burden even when com-
plete elimination of the organism is not achieved. In a
separate RNA-sequencing study, Vaxsafe MS-vaccinated
and unvaccinated chickens were challenged concurrently
with virulent MS and IBV. Vaccinated-challenged birds
had lower tracheal mucosal thickness than unvaccinated-
challenged birds; relative to the unvaccinated-unchallenged
control group, 64 genes were differentially transcribed
in vaccinated-challenged birds and 321 in unvaccinated-
challenged birds [55]. These findings describe vaccine-
associated tracheal responses within an MS-IBV coin-
fection model. A recombinant attenuated fowl aden-
ovirus 4 vector expressing MS P50 also reduced challenge-
associated weight loss, pathogen replication, and joint and
footpad lesions in a single experimental study [116]. Across
these experimental challenge studies, vaccination reduced
lesion scores and/or bacterial burden but did not consis-
tently prevent colonization.

A recent therapeutic study evaluated combined tilmi-
cosin and sinomenine in MS-infected chickens. Compared
with tilmicosin alone, co-administration with sinomenine
increased early tilmicosin exposure in joint tissue and re-
duced MS bacterial load. Sinomenine was also associated
with reduced synovial and cartilage damage, lower pro-
inflammatory cytokine expression, and inhibition of Janus
kinase / Signal transducer and activator of transcription
(JAK—STAT) signaling [54].

Although recent studies indicate host-line variation
in antibody response and challenge outcomes, host-genetic
effects on MS colonization and disease severity remain
incompletely characterized. A quantitative-genetic study
in White Leghorn and Rhode Island Red layer lines esti-
mated line-specific genetic parameters for MS antibody re-
sponse and genetic correlations with egg-production and
egg-quality traits [56]. A separate controlled challenge
with two recent field isolates found broiler-type differences
in growth effects and air-sac lesion responses [46]. To-
gether, these studies reported differences among host lines
or broiler types. Neither study investigated host resistance
loci or genetic associations with MS colonization. In the
broiler-type comparison, lesion differences were evaluated
between two bird types that also differed in broader biolog-
ical characteristics.

Two intervention studies directly assessed microbiota
alongside MS-related outcomes. In an SPF-chicken chal-
lenge model, MS infection was associated with altered
gut-microbiota profiles, and a Tengchuan compound mix-
ture partly restored the measured microbial and metabolic
profiles while reducing inflammatory measures and joint
pathology [49]. In a separate study, spraying hatching eggs
with Bacillus coagulans during incubation was associated
with a lower MS infection rate at 21 days and changes in
cecal microbiota and immune measures [64]. Both studies
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reported concurrent changes in MS outcomes and micro-
biota composition.

Recent host-response omics studies of MS infection
include plasma metabolomics [13,16], integrated splenic
transcriptomic—proteomic profiling [15], transcriptomic—
proteomic analysis of infected chicken synovial fibroblasts
[50], acute in vivo tracheal and splenic RNA sequencing
[51], tracheal RNA sequencing during chronic MS and MS—
IBV infection [52], tracheal mucosal RNA sequencing after
vaccination and concurrent MS—IBV challenge [55], and
combined metabolomic—microbiota profiling in an inter-
vention model [49]. Complementary pathogen-side tran-
scriptomics examined MS after exposure to mixed chicken
macrophage and chicken embryo fibroblast cultures and
reported differential transcription involving ATP-binding
cassette (ABC) transporters, quorum sensing, aminoacyl-
tRNA biosynthesis, DNA replication, and bacterial secre-
tion pathways [67]. The synovial-fibroblast study iden-
tified 2347 differentially expressed genes and 221 differ-
entially expressed proteins [50], whereas the acute in vivo
study identified 861 tracheal and 753 splenic differentially
expressed genes across the sampled early infection period
[51]. At 14 days post-inoculation, MS infection alone was
associated with only one upregulated tracheal gene rela-
tive to uninfected controls, whereas MS—IBV coinfection
was associated with 621 upregulated and 206 downregu-
lated genes [52]. These findings illustrate marked context
dependence, although differences among studies may also
reflect the infecting strain, experimental model, sampling
time, biological variability, and analytical thresholds. Col-
lectively, these studies nominate candidate pathways and
biomarkers.

Taken together, MS disease severity reflects several
connected pathogen and tissue processes: exposure and
lateral transmission, adhesion to host ligands, differences
among strains in infectivity and virulence, tissue tropism,
respiratory and synovial pathology, reproductive injury,
systemic involvement in some cases, inflammatory activa-
tion, oxidative stress, apoptosis, metabolic remodeling, and
lesion expression that vaccination can modify. These mech-
anisms of MS infection provide the evidence base for exam-
ining host physiological modifiers in the following sections.

4. Environmental Stress and Host
Physiological State

Environmental stress changes the physiological con-
dition in which MS infection develops. The stressors most
relevant to this review are those that alter inflammatory sig-
naling, oxidative balance, epithelial barrier function, corti-
costerone activity, growth signaling, and metabolic alloca-
tion. These systems overlap with the host pathways associ-
ated with MS described in Section 3, making stress physi-
ology a plausible modifier of disease severity (Table 3).

Heat stress provides the clearest example. In broil-
ers exposed to cyclic heat at 35 + 2 °C for 6 h/day from
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day 10 to day 35, growth performance declined, whereas
serum cholesterol, low-density lipoprotein (LDL), hepatic
malondialdehyde, and intestinal and hepatic expression of
IL-1p, toll-like receptor 4 (TLR4), and heat shock protein
70 (HSP70) increased. At the same time, claudin-1, un-
coupling protein (UCP), growth hormone receptor (GHR),
superoxide dismutase 1 (SOD1), glutathione peroxidase 1
(GPX1), and IGF-1 were reduced [21]. This pattern com-
bines inflammatory activation, oxidative damage, altered
barrier gene expression, reduced antioxidant signaling, and
suppression of endocrine markers of growth. In a sec-
ond model, broilers exposed to 35 + 2 °C for 8 h/day had
lower body-weight gain and higher hepatic malondialde-
hyde. After one week, heat stress reduced nuclear fac-
tor erythroid 2-related factor 2 (Nrf2)-, heme oxygenase-
1 (HO-1)-, NAD(P)H quinone dehydrogenase 1 (NQO1)-,
Beclinl-, and microtubule-associated protein 1 light chain
3 (LC3)-related transcripts; after two weeks, mammalian
target of rapamycin (mTOR) expression increased, while
HO-1 and NQOI1 no longer differed [20]. These studies
show that heat exposure can shift redox regulation, ep-
ithelial function, autophagy signaling, and growth perfor-
mance.

The response to heat varies among chicken strains.
Under acute exposure to 35 = 1 °C for 8 h at 70% humidity,
body-surface temperature and hepatic HSP70 increased in
both Kirin and Three-yellow chickens, although the down-
stream responses differed. In Three-yellow chickens, hep-
atic, breast-muscle, and leg-muscle IGF-1 were downreg-
ulated, splenic IL-1p decreased, and final body weight de-
clined. In Kirin chickens, splenic IL-6 and IL-10 increased
[68]. These findings indicate that the same thermal chal-
lenge can produce different endocrine and cytokine profiles
depending on chicken line.

Environmental effects can begin before hatch. Incuba-
tion heat exposure at 39.6 °C for 6 h/day during embryonic
days 10-18 altered post-hatch physiology. In ovo injection
of 5.90 mg methionine plus 3.40 mg cysteine increased an-
tioxidant capacity, increased IGF-1 and TLR4 expression,
and increased jejunal villus area by 29% relative to con-
trols [69]. A recent review of abiotic stressors summarized
evidence that incubation thermal manipulation at 39.5 °C
during embryonic days 12—18 can improve thermotolerance
and post-hatch body weight, although the response depends
on timing and experimental context [118]. In contrast, early
post-hatch heat conditioning at 37 °C for 24 h on day 5 did
not improve later thermal adaptation in laying hens [70].
These findings show that thermal programming can modify
later stress responses. The direction and benefit depend on
timing, bird type, and experimental conditions.

Stocking density is another production factor that
changes host state. Broilers housed at 18.75 birds/m? had
reduced feed intake, daily gain, breast-muscle yield, and
tibial growth compared with birds housed at 12.50 or 6.25
birds/m?. High density also increased serum corticosterone,
decreased serum IGF-1 and thyroxine 4 (T4), increased
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Table 3. Summary of environmental and management factors and their relevance to host physiological state during

Mpycoplasma synoviae (MS) infection.

Stressor or modifier Main physiological effect

Hypothesized relevance to MS severity

Heat stress Oxidative  stress,
metabolic strain

Strain-dependent heat response

Thermal programming
immune competence
Stocking density
fare stress
Transport stress

Glucocorticoid-like stress
metabolic disruption
Immune stimulation
tion
Nutritional modulation

immune

Variable stress tolerance and immune response

Long-term adjustment of thermotolerance and

Growth suppression, endocrine changes, wel-

Acute physiological stress and mortality risk

Corticosterone-associated

Growth depression and inflammatory activa-

Antioxidant, metabolic, and immune support

disruption, May lower the threshold for inflammatory
tissue injury

May partly explain differences in disease
expression among birds

May influence later resilience to infection-
associated stress

May increase vulnerability to infection-
associated production loss

May worsen flock condition during infec-

tion or recovery

immune and Links management stress with altered host

response

Shows how immune activation can affect
performance and tissue state

May improve physiological resilience dur-
ing disease challenge

myostatin mRNA, and decreased IGF-1 and myogenic dif-
ferentiation 1 (MyoD) expression [19]. In a 2 x 2 facto-
rial study using 20 or 27.8 °C and 9 or 18 birds/m?, both
heat stress and high stocking density reduced growth per-
formance, whereas heat stress produced the clearer increase
in intestinal permeability [71]. A recent EFSA assessment
likewise identified stocking density as a cross-cutting wel-
fare hazard whose effects are mediated through restriction
of movement, competition, litter quality, and environmen-
tal conditions [119]. These data link crowding with en-
docrine and growth changes while cautioning against treat-
ing birds/m? as an isolated exposure.

Transport stress produces rapid physiological dis-
turbance. Across journeys lasting 1-3 h, the highest
heterophil-to-lymphocyte ratio was 1.25 and the lowest
blood glucose concentration was 135.47 mg/dL. Body
weight decreased by 3.32-3.93%, but the loss did not differ
significantly among journey durations and no mortality oc-
curred [72]. A large commercial-flock analysis found that
transport mortality reflected also interacting flock, journey,
weather, and slaughterhouse factors [73]. National process-
ing data recorded 0.37% overall transport mortality; mortal-
ity ranged from 0.31% to 0.72% across transport-distance
categories and from 0.30% in summer to 0.55% in winter
[74]. These findings support a multifactorial interpretation
of transport stress and show that thermal exposure, han-
dling, journey conditions, and bird status should be eval-
uated together.

Pharmacological glucocorticoid models support the
same biological pattern. Dietary dexamethasone reduced
weight gain. Fluorescein isothiocyanate dextran (FITC-d)
recovery was numerically, but not significantly, higher in
dexamethasone-only birds than in controls; bacitracin or
enrofloxacin did not reduce leakage and increased it in some

comparisons. Recoverable bacterial profiles changed lit-
tle, supporting the interpretation that resident intestinal mi-
crobes were not the dominant mechanism [75]. This com-
plements direct corticosterone studies showing lymphoid,
metabolic, and immune disruption [23]. Pharmacological
models therefore provide mechanistic evidence for gluco-
corticoid effects but should not be treated as exact substi-
tutes for naturally occurring farm stress.

Immune stimulation also affects metabolism and host-
resource allocation. Hepatic proteomic analysis after intra-
venous LPS challenge identified 111 proteins with altered
abundance, with enrichment in amino-acid catabolism and
defense pathways [76]. This finding supports the concept
that immune activation changes nutrient use and metabolic
priorities, which may influence growth, repair, and immune
competence during disease.

Several nutritional interventions show that stress
physiology is modifiable. In heat-stressed broilers, a-lipoic
acid at 500 mg/kg improved average daily gain and fi-
nal body weight and increased intestinal antioxidant, tight-
junction, heat-shock, and immune-related gene expression,
villus structure, volatile fatty acids, and beneficial bacte-
rial taxa [77]. Dietary dried plum at 2.5% similarly im-
proved growth and feed efficiency and supported intestinal
gene-expression and fermentation outcomes under cyclic
heat stress [78]. Zn-L-selenomethionine supplementation
in heat-stressed broilers reduced feed intake and feed con-
version ratio linearly from 1 to 42 days, while 0.71 mg/kg
was predicted as the optimal inclusion level for reducing
mortality; no significant effects were detected on IGF-1
or GHR gene expression [79]. Methionine source also in-
fluenced the transcriptomic response to acute heat stress;
compared with D-methionine, L-methionine was associ-
ated with lower expression of selected immune-response
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and intestinal angiogenesis-related genes under heat chal-
lenge [80]. These studies show that nutritional management
can shift inflammatory, oxidative, barrier, endocrine, and
growth responses. Direct prevention of MS disease has not
been demonstrated.

5. Corticosterone and the Stress Endocrine
AXis

Corticosterone is a central mediator of the avian stress
response and provides a measurable link between environ-
mental challenge, immune regulation, growth suppression,
and tissue vulnerability. In the context of MS disease sever-
ity, corticosterone is relevant because it affects lympho-
cyte activity, leukocyte distribution, cytokine transcription,
apoptosis, metabolic performance, and endocrine signaling
involved in growth.

Heat stress shows how corticosterone connects envi-
ronmental challenge with immune change. Under chronic
heat stress at 35 °C instead of 24 °C, broilers showed in-
creased plasma corticosterone and body temperature, re-
duced ConA-stimulated lymphocyte proliferation, and in-
creased circulating IL-1, IL-6, and tumor necrosis factor-
o (TNF-0). Dietary melatonin at 40 ppm reduced corti-
costerone; improvements in T-cell proliferation and cuta-
neous basophil hypersensitivity were observed numerically
but were not statistically significant [18]. Thus, the study
supports an endocrine—-immune link while providing only
limited evidence that melatonin restored cellular immunity
under those conditions.

Direct corticosterone administration produces a
broader stress phenotype. Daily intramuscular corticos-
terone at 5 mg/kg body weight from 21 to 28 days reduced
body weight, daily gain, and feed intake and worsened
feed conversion ratio. During the treatment course, it
also decreased plasma free triiodothyronine hormone (T3)
and hepatic IGF-1 mRNA and increased liver weight and
plasma total protein, aspartate aminotransferase (AST),
and alanine aminotransferase (ALT); the significance of
individual changes varied across sampling points [23].
These findings show that corticosterone affects both
immune physiology and growth or metabolic status.

The same corticosterone model showed direct immune
suppression. Corticosterone reduced thymus, bursa, and
spleen weight, lowered total white blood cell counts, sup-
pressed both T-cell and B-cell proliferation, increased the
heterophil-to-lymphocyte ratio, increased bursal caspase-
9, and increased necrotic cell death in the spleen. Several
of these changes were still detectable 7 days after corti-
costerone withdrawal [23]. These outcomes connect en-
docrine stress with reduced lymphoid tissue integrity, al-
tered leukocyte distribution, impaired adaptive immune re-
sponsiveness, and increased cell death.

Corticosterone also changes cytokine transcription
over time. In peripheral leukocytes, prolonged corticos-
terone exposure initially increased transcription of IL-1,
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IL-6, IL-18, C-C motif, Ligand 1 inflammatory (CCLil),
C-C motif, Ligand 2 inflammatory (CCLi2), C-C motif,
Ligand 5 (CCL5), C-C motif, Ligand 16 (CCL16), C-X-C
motif, Ligand 1 inflammatory (CXCLil), and C-X-C mo-
tif, Ligand 2 inflammatory (CXCLi2). Later, these media-
tors were suppressed while transforming growth factor-f34
(TGF-B4) increased [22]. This pattern indicates that corti-
costerone can first promote inflammatory and chemokine
signals and later shift the immune profile toward suppres-
sion or regulation. Such timing is relevant because protec-
tive inflammation requires appropriate intensity and dura-
tion.

Dexamethasone studies support the same conclusion
from a pharmacological glucocorticoid model. In broil-
ers fed a diet containing dexamethasone at 1 mg/kg, het-
erophil counts reached 56,749/uL. and the heterophil-to-
lymphocyte ratio reached 0.47. Dietary melatonin at 30
or 60 mg/kg reduced heterophil counts to 34,042/uL and
35,692/uL and reduced the heterophil-to-lymphocyte ratio
to 0.22 and 0.21, respectively [81]. These data show that
glucocorticoid challenge alters leukocyte balance and that
this response can be partially modified.

The interaction between immune activation and
the stress-endocrine axis is bidirectional. = Repeated
lipopolysaccharide (LPS) administration for 3 consecu-
tive days starting at 14 days of age increased hypothala-
mic cyclooxygenase-2 (COX-2) through mitogen-activated
protein kinase / Nuclear factor-kappa B (MAPK/NF-
kB) signaling, sustained microglial activation through
prostaglandin E,-receptor 4 (PGE,—EP4), increased IL-
1B, IL-8, C-X3-C motif, Ligand 1 (CX3CL1), and C-C
motif, Ligand 4 (CCL4), increased pro-opiomelanocortin
(POMC), reduced growth hormone-releasing hormone
(GHRH), lowered serum IGF, and reduced feed intake and
body-weight gain. Celecoxib suppressed inflammatory me-
diators and improved growth [82]. These findings show that
inflammation can activate neuroendocrine pathways that
suppress growth and alter metabolic allocation.

Corticosterone responses also vary with production
conditions and exposure context. Consistent with the
stocking-density findings described in Section 4, high den-
sity increased corticosterone and reduced IGF-1 and T4
[19]. In an experimental model, corticosterone delivered
in drinking water altered hepatic lipid metabolism and tis-
sue metabolite profiles, changed acute-phase responses,
depleted bursal lymphoid tissue, and increased IL6 and
TGFB2 expression [83]. These findings show that corti-
costerone status is shaped by environment and, when pro-
longed, can redirect metabolic resources while altering im-
mune organization.

6. The GH-IGF Axis and Host Repair
Capacity

The GH-IGF axis is relevant to MS disease severity
because it reflects growth, nutrient use, tissue development,
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and repair capacity in chickens. It should be interpreted
as part of the physiological background in which infection
occurs. When stress, undernutrition, inflammation, or en-
docrine disruption suppress this axis, the host may have less
capacity to sustain growth, maintain tissues, and support re-
covery during disease.

Genetic and phenotypic studies indicate that variation
in GH and IGF-1 is associated with growth, feed efficiency,
body composition, and related productive traits across sev-
eral chicken populations [57,58,59,60,61,62,63,84]. How-
ever, the reported effects differ among breeds, traits, and
genetic backgrounds. These studies establish the GH-IGF
axis as part of growth physiology; they do not demonstrate
effects on MS susceptibility or disease severity. Accord-
ingly, the evidence most relevant to this review is the re-
sponsiveness of GH-IGF signaling to nutrition, environ-
mental stress, and immune activation.

Nutritional manipulation demonstrates that the GH—
IGF axis responds to physiological challenge. In broilers
subjected to 30% feed restriction from day 7 to day 14,
serum IGF-1 fell by approximately 44% and returned to
normal within 4 days of refeeding [24]. Methionine sup-
plementation, a growth-promoting feed additive, and higher
dietary protein and energy also altered hepatic IGF- or
GH-related expression together with growth performance
[85,86,87]. These findings support the use of GH-IGF ac-
tivity as an indicator of nutritional and anabolic state.

The GH-IGF axis is also responsive to stress and
immune activation. High stocking density, heat expo-
sure, and inflammatory stimulation can reduce IGF-1 or
IGF-related signaling while impairing growth performance
[19,21,68,82]. The LPS model described in Section 5 also
reduced GHRH and circulating IGF, linking inflammatory
activation to suppression of the GH-IGF axis [82]. These
findings support functional coupling between immune ac-
tivation, endocrine regulation, and growth. In the context
of MS, birds with suppressed GH-IGF activity may have
reduced anabolic and repair capacity during inflammatory
or oxidative tissue injury.

The GH-IGF axis also participates in tissue devel-
opment and cell survival. Application of 4 ug IGF-1
to the chorioallantoic membrane of day-13 chicken em-
bryos altered concentrations of 41 amino compounds across
amniotic fluid, allantoic fluid, and plasma and reversed
many stress-related changes within 1-2 h [88]. In the
chicken otic vesicle and acoustic-vestibular ganglion sys-
tem, IGF-1 promoted cell survival and neuroblast mainte-
nance through phosphatidylinositol 3-kinase / protein ki-
nase B PI3K/AKT signaling, accompanied by forkhead box
protein M1 (FoxM1) upregulation [89]. In embryonic long-
bone development, overexpression of insulin-like growth
factor binding protein 2 (IGFBP2) shortened long bones
and inhibited chondrocyte proliferation, blocking IGF-1-
and IGF-2-mediated proliferation and matrix synthesis in
vitro [90]. These findings support the broader role of IGF
signaling in tissue growth, survival, and repair.
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Experimental modulation of IGF signaling can also
influence post-hatch growth and tissue development. In
chicks given intracerebroventricular IGF-1, food intake de-
creased and hypothalamic POMC mRNA and AKT phos-
phorylation increased, with a higher anorexigenic thresh-
old in broilers than in layers [91]. In broilers injected on
day 1 with recombinant Herpesvirus of turkey (HVT) ex-
pressing chicken IGF-1, body weight and average daily gain
increased significantly at 35 and 42 days, accompanied by
larger muscle-fiber cross-sectional area and upregulation of
muscle-development genes [92]. These studies reinforce
the importance of IGF signaling for growth and tissue de-
velopment, while remaining outside direct MS infection ev-
idence.

7. Melatonin and Circadian Regulation of
Immune Homeostasis

Melatonin links the light environment with endocrine
timing, antioxidant defense, immune-cell activity, epithe-
lial integrity, and apoptosis regulation. Its relevance in this
review is mechanistic: melatonin regulates host pathways
that may influence how chickens tolerate inflammatory and
oxidative tissue injury during infection. Direct anti-MS ef-
fects require specific testing in MS infection models.

Light environment strongly influences melatonin
physiology in chickens. In broilers maintained under a
23L:1D schedule, green light increased melatonin secretion
and hepatic IGF-1 output, and circulating melatonin and
IGF-1 were positively correlated (r = 0.834). Pinealectomy
reduced melatonin, reduced IGF-1, and reduced prolifera-
tive markers [25]. These findings show that light, mela-
tonin, and endocrine signaling involved in growth are con-
nected, providing a bridge between circadian regulation and
the GH-IGF axis discussed above.

Light environment also connects melatonin with
metabolism and the intestinal ecosystem. Broilers exposed
to short, standard, or long illumination schedules differed in
melatonin, insulin, and glucagon profiles, feed conversion,
and intestinal bacterial community structure. Prolonged il-
lumination altered bacterial taxa and predicted functions re-
lated to carbohydrate metabolism and membrane transport
[65]. These findings broaden the circadian model beyond
the pineal axis by showing that lighting schedules can co-
incide with endocrine and intestinal ecological changes.

Circadian disruption produces the opposite physi-
ological pattern. Chicks maintained under continuous
light during the first 7 days of life and then shifted to
12L:12D showed increased corticosterone, decreased mela-
tonin and 5-hydroxytryptamine, poorer feed conversion ra-
tio, greater fear-related behavior, and altered hippocampal
clock-gene expression with suppression of the brain derived
neurotrophic factor / extracellular signal-regulated kinase
(BDNF/ERK) pathway [93]. These findings indicate that
inappropriate lighting can disrupt endocrine and behavioral
regulation while lowering melatonin.
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The physiological effects of lighting depend on the
dimension manipulated. In broilers assigned to 12L:12D,
18L:6D, or 24L:0D, extended light increased growth but re-
duced feed efficiency, lowered melatonin in the hypothala-
mus, cecum, and breast muscle, increased IL-1f, IL-6, and
TNF-0, and altered muscle morphology and cecal micro-
biota [66]. These data show why lighting cannot be inter-
preted solely through production performance: longer ex-
posure may improve one outcome while compromising cir-
cadian, inflammatory, or tissue indicators.

Direct administration studies provide stronger evi-
dence for immune effects. In 8-week-old Cornell White
Leghorn males given subcutaneous melatonin for 7 days at
0, 5, 10, 20, or 40 mg/kg body weight, the highest dose in-
creased total white blood cells from 70.7 x 10%/mL to 90.5 x
10%/mL. T-cell proliferation increased from 10,652 cpm to
48,308 cpm, and B-cell proliferation increased from 4279
cpm to 14,060 cpm [94]. Melatonin dose did not signifi-
cantly affect feed consumption; however, feed consumption
and the heterophil-to-lymphocyte ratio were lower in birds
injected during the dark period than during the light period
[94]. These results show that melatonin can alter leukocyte
abundance and lymphocyte responsiveness and that the tim-
ing of exposure influences physiological outcome.

Stress models also support a role for melatonin in im-
mune modulation, with effects reported during heat and glu-
cocorticoid challenge [18,81]. These studies are included
here only as host evidence and do not demonstrate direct
protection against MS.

Several studies link melatonin to antioxidant and
anti-apoptotic protection. In HO,-challenged hen gran-
ulosa cells, melatonin increased catalase and superoxide
dismutase (SOD) activities and glutathione -content, re-
duced LC3-II/LC3-I conversion, increased Sequestosome-
1 (P62), decreased autophagic vesicle formation, and re-
stored mitochondrial membrane potential [95]. Separate
chicken granulosa-cell models reported reduced reactive
oxygen species (ROS) and apoptotic signaling through
forkhead box protein O1 (FOXOT1) and altered proliferation
and apoptosis through mTOR [96,97]. These findings sup-
port a role for melatonin in redox regulation, mitochondrial
integrity, autophagy, and cell survival, although the evi-
dence derives mainly from reproductive cell models rather
than MS-infected tissues.

Evidence most relevant to infection concerns ep-
ithelial and antioxidant functions. In laying hens, di-
etary melatonin increased jejunal amino-acid transporter
expression and antioxidant genes, including GPx-3, SOD-
1, and PRDX-3 [98], supporting a potential role in in-
testinal barrier and redox homeostasis. Other poultry and
avian studies reported effects on reproductive performance,
bone properties, telomere-related markers, or photoperiod-
responsive immune genes [99,100,101,102,103]. These
findings demonstrate broad physiological activity but are
indirect and are not used here as evidence that melatonin
alters MS outcomes.
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8. Cytokine Networks and Immune Response
Dynamics

Cytokine responses regulate leukocyte recruitment,
inflammatory activation, antimicrobial defense, and im-
mune regulation. In this section, direct MS studies are
used as the primary evidence. Comparative avian in-
fection studies are used only to define general princi-
ples of cytokine timing, tissue localization, inflamma-
tory amplification, and regulatory feedback. Table 4
(Ref. [11,27,29,43,55,104,105,106,107,108]) summarizes
the principal mediators, their functions in chickens, and
their relevance to MS. The general functional descriptions
in Table 4 are also consistent with established avian cy-
tokine literature [120].

Direct MS evidence shows that infection can induce
broad inflammatory and chemokine responses in immune
tissues. In chicken embryos infected with MS, spleen,
liver, bursa, and thymus upregulated IFN-y, IL-1pB, IL-6,
IL-12p40, IL-16, IL-18, MIP-1B/CCL4, iNOS, XCL1, and
lipopolysaccharide-induced tumor necrosis factor-a fac-
tor (LITAF). Subsequent Newcastle disease virus (NDV)
challenge significantly downregulated many of these MS-
induced responses [11]. This study demonstrates two im-
portant points: MS can activate multiple cytokine and
chemokine pathways, and concurrent infection can reshape
the response already induced by MS.

Synovial tissue models provide direct relevance to in-
fectious synovitis. In chicken synovial sheath cells, in-
creasing MS burden increased IL-1B, IL-6, IL-8, CCL-
20, RANTES, MIP-1B, TLR7, and TLR15, and high mul-
tiplicity of infection also increased IL-12p40. Activated
sheath cells increased macrophage chemotaxis, and re-
cruited macrophages upregulated IL-1p, IL-6, IL-8, CCL-
20, RANTES, MIP-18, and CXCL-13 [43]. These findings
provide a mechanism for local inflammatory amplification
in joints: MS activates resident synovial cells, those cells
recruit macrophages, and recruited macrophages produce
additional inflammatory mediators.

A recent MS-specific study in avian macrophage cell
line 11 (HD11) further linked inflammatory and apoptotic
responses to PI3K/AKT signaling. Berberine inhibited MS
growth and adhesion and attenuated MS-induced inflam-
matory and apoptotic responses. Phosphatidylinositol 3-
kinase catalytic subunit alpha (PIK3CA) knockdown repro-
duced, whereas PIK3CA overexpression reversed, these ef-
fects [53]. Although this study does not establish therapeu-
tic efficacy or modification of disease severity in infected
chickens, it identifies a drug-responsive in vitro mecha-
nism.

In the cited MS vaccine-challenge studies, cytokine
activation was associated with protective outcomes. Adju-
vanted bacterin and recombinant-antigen approaches were
associated with reduced lesions and lower bacterial bur-
den after challenge [28,29,104]. These findings indicate
that cytokine activation is not inherently damaging, but the
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Table 4. Principal cytokines and chemokines discussed in relation to chicken immunity and Mycoplasma synoviae (MS) infection.

Mediator(s) Principal function in chickens

Evidence and relevance in MS

IL-1B and IL-6 Early pro-inflammatory signaling; IL-
6 also contributes to acute-phase and

pleiotropic immune responses.

Upregulated in MS-infected embryos, syn-
ovial sheath cells, recruited macrophages, and

vaccine-response models [11,43,104].

1L-8 Recruitment and activation of heterophils

and other innate leukocytes.

Increased in MS-stimulated synovial sheath

cells and recruited macrophages [43].

IL-2 and IL-4 T-cell growth and humoral or Th2- Antibody, cytokine, or enriched-pathway re-
associated immune signaling. sponses involving IL-2 or IL-4 were reported
in vaccine studies [29,55,104]; their roles dur-
ing natural MS infection remain insufficiently

defined.
IL-12p40, IL-18, and Cell-mediated and  Thl-associated Induced in embryonic MS infection and
IFN-y responses, including macrophage activa- vaccine-challenge models; IL-18 activ-
tion. ity is regulated by IL-18 binding protein

[11,29,104,105].

IL-10 and TGF-p

flammatory injury but may also reduce

pathogen clearance.

Regulatory feedback that can limit in-

IL-10-production-associated GO terms were
enriched in unvaccinated-challenged birds
[55]. Functional interpretation of IL-10 and
TGF-B relies mainly on comparative chicken
studies [27,106,107,108], and their causal
roles in MS were not tested.

CCL4/MIP-18,

Leukocyte trafficking and tissue-specific

Upregulated in MS-infected embryos, syn-

CCLS/RANTES, recruitment. ovial sheath cells, or recruited macrophages
CCL20, CXCL13, [11,43].

and XCL1

LITAF Transcriptional regulation associated with Induced in MS-infected embryonic immune

pro-inflammatory responses.

organs; its contribution to disease severity re-

mains untested [11].

IL-1B, Interleukin-1B; IL-2, Interleukin-2; IL-4, Interleukin-4; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-10,
Interleukin-10; IL-12p40, Interleukin-12p40; IL-18, Interleukin-18; IFN-y, Interferon-y; TGF-, Transforming Growth
Factor-B; CCL4/MIP-18, C-C motif, Ligand 4/Macrophage Inflammatory Protein-1f3; CCL20, C-C motif, Ligand 20;
XCL1, X-C motif, Ligand 1; LITAF, Lipopolysaccharide-Induced Tumor Necrosis Factor-a Factor.

studies do not isolate the causal contribution of individ-
ual cytokines. Interpretation therefore depends on timing,
tissue context, response magnitude, and the accompanying
pathogen-control and tissue outcomes.

Comparative avian infection studies help interpret this
direct MS evidence. Chicken innate cells can induce cy-
tokines rapidly after microbial stimulation. Heterophils
primed with recombinant IFN-y and stimulated during
receptor-mediated phagocytosis of Sa/monella Enteritidis
increased IL-1, IL-6, IL-8, IL-18, and IFN-y transcription
[109]. Chicken macrophages exposed to Sa/monella endo-
toxin showed a transient transcriptional response. The num-
ber of differentially expressed genes increased from 13 at 1
hto 33 at 2 h and 1761 at 4 h, before decreasing to 61 at 8
h. IL-1B, IL-6, IL-8, and TLR15 increased, whereas IL-10
and IFN-y did not change significantly [110]. These studies
support the principle that cytokine interpretation depends
strongly on sampling time and cell type.
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Tissue localization is equally important. In
Salmonella and Campylobacter models, cytokine and
chemokine patterns differed between systemic and intesti-
nal compartments, and host background influenced the
balance between inflammatory and regulatory responses
[26,111,112]. This principle is relevant to MS because
respiratory tissues, synovial sheath cells, spleen, oviduct,
and systemic compartments are unlikely to generate iden-
tical cytokine profiles. Disease severity should therefore
be interpreted through cytokine organization within each
tissue.

Regulatory cytokines add another layer of complex-
ity. Chicken IL-10 can suppress inflammatory functions,
but its effect depends on pathogen context. IL-10 was
cloned as a 178-amino-acid polypeptide with a predicted
162-amino-acid mature peptide, and later functional studies
showed that IL-10 neutralization can increase IFN-y activ-
ity and nitric oxide production in stimulated macrophages
[106,107]. However, IL-10 deficiency can improve clear-
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ance of some bacterial pathogens while worsening lesions
and growth consequences during Eimeria tenella infection
[27]. TGF-p also has strong suppressive capacity in chick-
ens; recombinant TGF-B1 at 1-10 ng/mL reduced T-cell and
B-cell proliferation and supported suppressor-cell activity
[108]. These studies show that regulatory cytokines can
limit inflammatory damage while also potentially reducing
pathogen control.

Molecular regulation at the ligand—receptor interface
also affects cytokine outcome. In chicken IL-1f, mutations
at T117 and E118 within loop 9 reduced biological activ-
ity; TI17A and E118K retained substantial receptor bind-
ing but failed to signal and antagonized wild-type IL-1j
[113]. Chicken IL-18 binding protein likewise inhibits IL-
18-mediated IFN-y release [105]. These findings show that
cytokine abundance or receptor binding alone does not de-
fine functional immune outcome; ligand structure, acces-
sory proteins, antagonists, and downstream signaling must
also be considered.

Timing of cytokine responses can determine whether
inflammation supports defense or contributes to pathology.
During Eimeria tenella infection, cecal-tonsil TLR expres-
sion changed within hours, IL-12 and IL-17 were upregu-
lated at 6 h, whereas IL-6 and TNF-a peaked at 96 h, [IFN-y
at 120 h, and IL-4 and IL-12 at 144 h [114]. In avian in-
fluenza A (H9N2)-infected chickens treated with avian -
defensin 11 (AvBDI11), cytokine effects also varied by dose
and time: 15 pg/mL AvBDI11 increased LITAF and IFN-y
at 6 h, 10-15 pg/mL increased IL-1 and IFN-y at 10 h, and
high-dose AvBD11 increased IFN-y and IL-10 in vivo at 3
and 7 days [115]. These examples support a general avian
principle: cytokine interpretation requires temporal resolu-
tion.

Overall, the direct MS literature shows inflammatory
and chemokine activation in embryonic immune organs,
synovial tissues, and vaccination models. Comparative
avian studies indicate that the effect of cytokine activation
depends on timing, tissue compartment, regulatory feed-
back, receptor systems, and host condition. In MS infec-
tion, cytokine responses may therefore contribute to two
opposing outcomes: improved containment of infection
when activation is timely and organized, or tissue pathology
when inflammatory amplification is excessive, prolonged,
or poorly regulated. This provides a focused cytokine ex-
planation for the range of MS outcomes, from subclinical
infection to synovial, respiratory, reproductive, or systemic
disease.

9. Integrated Model of MS Disease Severity

The evidence reviewed above supports a layered
model of MS disease severity (Fig. 1). The first layer
is pathogen establishment. Exposure, respiratory colo-
nization, lateral transmission, host interaction mediated
by adhesins, bacterial burden, strain phenotype, and tis-
sue tropism determine whether infection is established and
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which tissues are exposed to bacterial and inflammatory in-
jury. These pathogen variables help explain why MS detec-
tion alone may be insufficient to predict clinical outcome.

The second layer is the local tissue response. In respi-
ratory, synovial, reproductive, immune, or systemic com-
partments, MS infection can activate inflammatory signal-
ing, oxidative stress, apoptosis, and metabolic remodeling.
These responses may contribute to pathogen containment
and may also damage host tissues if they are excessive, pro-
longed, or poorly regulated. Within the proposed model,
disease severity may reflect both pathogen activity and the
host’s ability to regulate tissue injury.

The third layer is the physiological condition of the
bird at the time of infection. Environmental stress, corticos-
terone signaling, nutritional state, GH-IGF activity, mela-
tonin and circadian regulation, and cytokine organization
can alter immune competence, redox balance, epithelial in-
tegrity, tissue repair, and metabolic allocation. These fac-
tors act alongside pathogen determinants and may shift the
threshold between controlled infection and clinically rele-
vant disease.

The proposed model predicts a greater likelihood of
mild or subclinical infection when pathogen burden is lim-
ited, tissue invasion is restricted, inflammation is appropri-
ately timed, antioxidant capacity is maintained, epithelial
and tissue integrity are preserved, and sufficient metabolic
resources are available for immune defense and repair.
Conversely, it predicts a greater likelihood of severe disease
when higher bacterial burden, greater-virulence strains,
coinfection, tissue tropism, or environmental stress co-
incide with inflammatory amplification, oxidative injury,
apoptotic loss, metabolic disruption, or reduced repair ca-
pacity.

This model offers a hypothesis for why different MS
outcomes can occur among farms, flocks, and birds despite
similar diagnostic detection. A positive MS result identi-
fies exposure or infection; it does not measure strain phe-
notype, bacterial load, tissue involvement, stress burden,
endocrine state, redox status, anabolic capacity, circadian
stability, or cytokine regulation. The proposed model sug-
gests that these variables may contribute to whether colo-
nization remains clinically mild or progresses to respiratory
disease, infectious synovitis, eggshell abnormalities, pro-
duction loss, or systemic pathology. However, the model is
mechanistic and requires causal and predictive testing. Ap-
propriate experimental and longitudinal study designs are
outlined in Section 10.

10. Practical Implications and Research
Priorities

Current MS-specific control should remain focused
on measures directed at infection establishment and trans-
mission, including biosecurity to reduce introduction and
horizontal spread [6,10], diagnostic monitoring, vacci-
nation where appropriate to the epidemiological set-
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Fig. 1. Integrated conceptual framework for Mycoplasma synoviae disease severity in chickens. (A) The host physiological state
includes environmental stress, corticosterone signaling, the growth hormone—insulin-like growth factor 1 (GH-IGF-1) axis, melatonin
and circadian regulation, cytokine networks, and nutrition and management. These factors can influence immune competence, redox
balance, epithelial integrity, tissue repair, and metabolic allocation. (B) Pathogen pressure comprises exposure, horizontal transmission,
strain phenotype, adhesion, tissue tropism, and bacterial burden, which determine infection establishment and the tissues exposed to
bacterial and inflammatory injury. (C) The host tissue response includes inflammation, oxidative stress, apoptosis, metabolic remodeling,
and lesion development. (D) Disease expression may range from subclinical infection to respiratory disease, infectious synovitis, eggshell
abnormalities, systemic disease, and production loss. (E) The lower panel distinguishes established pathogen-directed control measures,
including biosecurity and vaccination where appropriate, from supportive management and research priorities, including stress mitigation,

physiological monitoring, controlled challenge studies, and longitudinal field studies. Arrows indicate proposed directional relationships

within the framework.

ting [28,29,104], and investigation of clinically rele-
vant coinfections [1,32]. The importance of transmis-
sion, coinfection, and vaccine-associated reduction of se-
lected MS outcomes is supported by direct MS studies
[28,33,42,55,104,116]. The cited vaccine-challenge stud-
ies demonstrate experimental effects on bacterial burden or
lesion outcomes [28,33,42,55,104,116] but should not, by
themselves, be interpreted as estimates of field effective-
ness.

In field investigations, MS detection should be inter-
preted together with flock age, clinical signs, lesion dis-
tribution, production performance, pathogen load where
available, coinfection status, environmental conditions, and
vaccination history. Such contextual information can assist
characterization of infection and disease expression. It does
not, by itself, establish that a physiological variable predicts
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disease severity or causally modifies the outcome of MS in-
fection.

Heat mitigation, appropriate stocking density, min-
imization of transport stress, appropriate and consistent
lighting, and adequate nutrition remain relevant general
husbandry and welfare measures. However, no included
study directly tested these measures as interventions during
MS infection. Their MS-specific effects therefore remain
undetermined.

The heterophil-to-lymphocyte ratio, corticosterone,
oxidative markers, antioxidant enzymes, IGF-1, melatonin-
related measures, cytokines, and metabolic features are can-
didates for future investigation. No included study es-
tablished a validated MS-specific threshold, demonstrated
predictive value beyond conventional measures such as
pathogen burden and lesion assessment, or externally val-
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idated these candidates across MS strains, bird ages, and
production systems. The available evidence therefore does
not support their current use as validated tools for MS-
specific decision-making.

A priority for causal testing is a factorial challenge
design comprising an uninfected control group, a host-
modifier-only group, an MS-only group, and a combined
MS-plus-modifier group. Studies should incorporate ran-
dom allocation, blinded outcome assessment, prespecified
outcomes, justified sample size, and simultaneous measure-
ment of pathogen burden, lesions, production outcomes,
and the physiological pathway under investigation. The sta-
tistical analysis should include an interaction term and be
adequately powered to distinguish an MS—modifier inter-
action from the separate effects of infection and the host
modifier.

Longitudinal field cohorts should ideally begin before
MS detection and continue through infection, seroconver-
sion where observed, clinical expression, production ef-
fects, and persistence or recovery. Sampling should inte-
grate MS diagnostics, pathogen load, lesion and production
data, coinfection status, vaccination history, environmen-
tal records, and a limited prespecified physiological panel.
Such studies would evaluate temporal relationships and pre-
dictive performance, although causal interpretation would
remain vulnerable to confounding.

Omics-derived candidates intended for predictive or
diagnostic use require independent validation. Candidate
signatures should be prespecified before validation, tested
in independent cohorts, evaluated across MS strains and
production types, and compared with conventional predic-
tors such as pathogen burden, lesion score, age, and coin-
fection.

The evidence reviewed supports established
pathogen-directed control measures and defines prior-
ities for further investigation of host physiology. Specific
therapeutic interventions have been evaluated experimen-
tally [2,49,54], but this evidence does not establish the
efficacy of general host-supportive treatments against MS.
Measures such as appropriate environmental management
and nutrition remain justified as general husbandry prac-
tices, whereas their MS-specific effects require replicated
challenge studies assessing bacterial burden, lesions,
production outcomes, and recovery.

11. Conclusions

Direct MS evidence supports roles for exposure and
transmission, strain phenotype, adhesion, tissue tropism,
bacterial burden, coinfection, and vaccine- or treatment-
associated modification of selected MS outcomes. MS-
specific studies also document inflammatory, oxidative,
apoptotic, transcriptomic, proteomic, and metabolomic re-
sponses. These conclusions are supported by controlled,
field, or cell-based MS studies, although study heterogene-
ity precluded pooled effect estimates.
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In contrast, no controlled MS study directly tested
heat, stocking density, transport stress, nutritional modu-
lation, corticosterone, the GH-IGF axis, melatonin or cir-
cadian state as modifiers of disease severity. The integrated
host-physiology model therefore remains a testable hypoth-
esis.

Practical recommendations should remain limited to
pathogen-directed control, surveillance, vaccination where
appropriate, and attention to coinfection. Host-supportive
measures are justified as general husbandry and as can-
didates for research. Controlled factorial challenges and
longitudinal field cohorts are required before physiologi-
cal markers or host-supportive interventions can be incor-
porated into MS-specific decision-making.
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