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Simple Summary: Cellulitis/lymphangitis is a common disease in horses. Clinicians
diagnose these diseases based on empirical judgement, namely the clinical presentation
such as fever, limb swelling and acute lameness. This may lead to misdiagnoses or missed
diagnoses or even practice against antibiotic stewardship. However, there are limited
published reports focusing on diagnostic tests and integrative treatment regarding cel-
lulitis/lymphangitis. This case report first documented a comprehensive approach using
bacterial culture, bacterial genomics analysis and lymphangiograms to confirm the diagnosis.

Abstract: This case report detailed a rare co-infection of Pseudomonas asiatica and Enterobac-
ter hormaechei in a 9-year-old warmblood mare, leading to severe cellulitis and secondary
lymphangitis following traditional hoof blood-letting therapy. The mare exhibited acute
limb swelling, fever, cutaneous ulceration, lymphatic dysfunction and unknown anemia.
Comprehensive diagnostics, including bacterial culture, whole-genome sequencing, anti-
elastin antibody (AEAb) ELISA, and diagnostic imaging, confirmed the pathogens causing
cellulitis and secondary lymphangitis. AEAb levels were elevated, correlating with lym-
phatic degradation, while radiography and lymphangiography ruled out laminitis but
identified tortuous lymphatic vessels. The treatment integrated systemic antimicrobials,
anti-inflammatory therapy, combined decongestive therapy, and traditional Chinese herbal
medicine, resulting in resolution of infection, improved hematological parameters, and
restored athletic performance. The therapeutic regimen primarily included gentamicin,
enrofloxacin, oxytetracycline, and the Wei Qi Booster. The case highlights the critical role
of pathogen-directed antimicrobial selection and the potential benefits of combining con-
ventional and holistic therapies. This report emphasizes the necessity of early, multifaceted
interventions to prevent life-threatening complications in equine cellulitis–lymphangitis cases.

Keywords: horse; lymphocutaneous infections; Pseudomonas asiatica; Enterobacter hormaechei;
traditional Chinese veterinary medicine (TCVM)

1. Introduction

Cellulitis is an acute infection of the skin and subcutaneous tissues that is typically
caused by bacteria. In most cases we cannot identify the bacterial pathogens, with many
negative cultural results turning out to be due to the previous use of antibiotics [1]. Epi-
demiologically, cellulitis represents a common condition, affecting individuals across
various age groups, and its incidence is particularly high among leisure horses and
sports horses [2]. Although most cases respond well to appropriate antimicrobial therapy,
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complications—including sepsis, abscess and secondary lymphangitis—can adversely
affect the prognosis. Poor prognosis may lead to motor dysfunction and, worse still, eu-
thanasia [3–5]. On the other hand, lymphangitis is inflammation and/or infection of the
lymphatic vessels [6]. Clinically, lymphangitis shares a similar presentation to cellulitis,
which sometimes makes these two words interchangeable.

Common clinical signs of cellulitis include localized erythema, swelling, pain, and
fever [3,4]. However, these features broaden the clinical spectrum of the disease and
emphasize the need for careful and comprehensive evaluation. Currently, the clinical
diagnosis of cellulitis basically relies on the evaluation of characteristic symptoms and the
clinician’s empirical judgment [4,7]. Therefore, reliance on subjective assessment can lead
to misdiagnoses or missed diagnoses.

The standard treatment regimen for cellulitis typically includes a combination of
systemic antibiotic therapy, supporting treatment, and in severe cases, incision and
drainage [8,9]. According to the study of Adam and Southwood, pain management is also
an important factor that affects the therapeutic outcome [10]. However, various severe com-
plications such as avulsion of the hoof capsule, dermal necrosis, laminitis, and widespread
thrombosis and permanent lameness may lead to a decrease in the survival rate [10–12].
Therefore, timely diagnosis, comprehensive evaluation, early intervention and tailor-made
treatment plans are essential to improve prognosis.

This case describes the clinical manifestation, diagnosis and treatment of lymphangitis
secondary to cellulitis in a 9-year-old warmblood mare caused by Pseudomonas asiatica and
Enterobacter hormaechei coinfection. This case report highlights the multimodal diagnostic
methods and the support given to the animal in a holistic manner.

2. Materials and Methods

2.1. Case Description

A 9-year-old warmblood mare from an equestrian club, used for show jumping,
developed swelling in the right hind limb and a high fever after traditional hoof blood-
letting therapy treatment a day before presentation. This is an ancient method where an
iron nail was inserted into a specific acupoint—Hou-ti-tou—to relieve inflammation and
pressure. We believed improper handling was a source of infection.

An initial physical examination revealed a high fever at 40.4 ◦C and the swelling
gradually extended from the pastern to above the stifle joint. Pitted edema in the affected
limb was noted. The skin of the affected limb became thin, erythematous, and ulcerated,
and began oozing yellow exudate (Figure 1A). The coronary band was swollen, with
excessive skin thickening and mild hoof-wall detachment (Figure 1B). In later stages, small
pustules appeared on the skin of the gaskin and ruptured (Figure 1C).

An integrative medical treatment plan was implemented, including antimicrobial ther-
apy and regional limb perfusion, anti-inflammation therapy, manual massage, combined
decongestive therapy (CDT), and exercise rehabilitation to prevent secondary laminitis.
Qi-Blood are the fundamental substances that maintain life activities and body functions in
TCVM theory. The Chinese herbal medicine Wei Qi Booster was administered to tonify the
Qi-Blood and strengthen immune functions, as well as the Heat for enhancing the antibi-
otic effects and accelerating the healing process. Gentamicin (6.6 mg/kg, I.V. q24h) and
enrofloxacin (5 mg/kg, I.V. q24h) were given for 2 weeks with compression bandages and
later changed to oxytetracycline (5 mg/kg, I.V. q12h) for 2 weeks when exudate recurred.
Phenylbutazone (4.4 mg/kg, I.V. q12h on day 1 and decreased to 2.2 mg/kg, I.V. q12h)
was prescribed to decrease inflammation and relieve pain. Manual massage was intended
to help lymphatic return. In addition, the Chinese herbal medicine Wei Qi Booster (45 g,
PO q12h for 10 d and 15 g, PO, q12h for 20 d), was orally given. This formula primarily
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contains codonopsis root (Dang Shen), astragalus root (Huang Qi), dong quai root (Dang
Gui), and so on. In our 3-month follow-up, the mare was reported to be in good condition
with healed skin and recovered athletic performance. In addition, the body condition score
(BCS) of the mare had gone from 3/9 to 5/9.

  
(A) (B) 

(C) 

Figure 1. Clinical manifestation. (A) Acute swelling of the distal limb of the right hind leg, extending
from the pastern to above the stifle joint with oozing straw-colored exudate. (B) Swollen coronary
band of the right hind limb with mildly detached hoof wall at the plantar aspect (red arrow).
(C) Skin sloughing, skin necrosis and ruptured pustules.

2.2. Blood Examination

Blood samples were collected from the jugular vein for complete blood count
(CBC) (BC-500, Mindray, Shenzhen, China), chemistry panel (Nx700i, Fujifilm, Iwate,
Japan), serum amyloid A (SAA) (Vcheck-V200, Bionote, Gyeonggi-do, Republic of Ko-
rea) evaluation at South China Agricultural University Veterinary Teaching Hospital
(Guangzhou, China).

2.3. Bacteriologic Examination

Two per cent chlorhexidine was used to clean and sterilize the skin to avoid false
positives from the normal skin flora. A linear array probe was gently applied on the lateral
tarsal joint region for scanning until we found the anechoic region. A 0.7 × 24 mm butterfly
needle was inserted into the fluid pocket and confirmed with the ultrasound. Straw-
colored exudate was collected for bacterial culture. Samples were sent to Zoetis Reference
Laboratory (Shanghai, China) for bacterial culture and antimicrobial susceptibility tests
using the VITEK 2 COMPACT system and the Kirby–Bauer disc diffusion method [13].
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2.4. Bacterial Genomics Analysis

Sample 1 and Sample 2 were bacterial DNA isolated from bacterial culture. Bacterial
DNA was extracted using MagPure Bacterial DNA Kit (D6361-02, Magen, Guangzhou,
China). DNA concentration was determined via Qubit4.0 (Thermo, Q33226, Budapest,
Hungary). DNA integrity was assessed by 1% agarose gel electrophoresis. The whole
genome DNA was randomly fragmented to an average size of 200–400 bp. The selected
fragments were put through end-repair, 3′ adenylated, adapter ligation, and PCR ampli-
fying. After purification with the magnetic beads, the library was qualified by the Qubit
4.0 fluorometer and the length of library was assessed by 2% agarose gel electrophoresis.
The qualified libraries were sequenced on the Illumina NovaSeq 6000 platform at Sangon
Biotech (Shanghai, China). After sequencing, raw reads were filtered via Trimmomatic
(v0.36) by removing adaptors and low-quality reads, then clean reads were obtained.
Genome assembly was carried out using SPAdes (v3.15) and the Gapfiller (v1.11) was
used for filling gaps. Gene predictions were generated using the National Center for
Biotechnology Information (NCBI)nr database.

2.5. Anti-Elastin Antibody (AEAb) ELISA

Blood samples were obtained through the jugular vein from the animals and natu-
rally coagulated at room temperature for 20 min. Samples were centrifugedat 2–8 ◦C for
20 min (2000 rpm) and the sera were carefully collected. The samples were stored at −80 ◦C
for ELISA assay. Sera AEAb were tested by Horse ELN Ab ELISA kit (MeiMian Indus-
trial, Jiangsu, China). The detective range for AEAbs was 10–160 ng/L. The procedure
involved preparing a standard curve through sequential dilutions of the original standard
(160 mg/L) to generate concentrations ranging from 10 to 160 mg/L. Samples were diluted
5-fold and added to microplate wells alongside blank controls. After incubation at 37 ◦C for
30 min, the plate was washed repeatedly to remove unbounded components. Horseradish
peroxidase (HRP)-conjugate reagent was introduced to all wells except the blanks, followed
by another incubation and washing cycle. Color development was initiated by adding
chromogen substrates under light-protected conditions at 37 ◦C for 10 min. The reaction
was terminated using a stop solution, and absorbance was measured at 450 nm within
15 min, with blank wells serving as the reference. All serum samples were repeated
three times as technical replicates.

2.6. Survey Radiograph, Lymphangiogram and Ultrasonography

The animal was sedated with xylazine (0.3 mg/kg). The skin was scrubbed with 2%
chlorhexidine. Survey radiograph: Lateral and craniocaudal projections were taken in a
setting of 90 kVp, 1 mA/s. Lymphangiogram: 10 mL of iodinated contrast medium
(Iohexol, 17.5 g(I):50 mL, Cisen-Pharma, Jining, China) was injected subcutaneously
at the level of the plantar aspect of the distal pastern followed by 2 mL of lidocaine
(20 mg/mL) for local anesthesia. Lateral radiographs (90 kVp, 1 mA/s) of the distal extrem-
ities were recorded 10 min after the injection and manual massage (Figure 2). However,
due to difficult manipulation of the animal, only 2 mL of contrast medium was successfully
injected. Ultrasonography: a brief ultrasound examination of the distal limb using a Vetus
E7pro ultrasound machine (Mindray Animal Medical Technology, Shenzhen, China) with a
7–13 MHz linear array transducer.
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A B C 

Figure 2. Survey radiograph and lymphangiogram of the right hind limb. (A) Survey radiograph
of right foot, showing a bony fragment of proximal P3 (blue arrow). (B) Lymphangiogram showed
multiple tortuous tubular structures with one specifically dilated (red arrow). (C) Increased contrast
of B to highlight the dilated structure (white arrow).

2.7. Data Analysis

AEAb levels were expressed as optical densities (OD’s). Relative expression levels are
presented as mean ± standard deviation (SD). The statistical significance of differences
was evaluated with the Welch’s t-test using GraphPad Prism v10.0.1 software (* p <0.05).

3. Results

3.1. Blood Work Results

Laboratory results showed inflammatory leukogram and mild regenerative anemia
initially. During the treatment period, leukocytosis was greatly controlled while the anemia
still existed for unknown reasons. Serum amyloid A (SAA) declined to normal indicating
the acute inflammation period had passed. At the same time, serum biochemistry showed
normal liver and renal function while there was a decrease in the A/G ratio (0.5; ref. 1.5–25).
The decrease in serum albumin may have contributed to the excessive lymphatic effusion.
Ten days after the use of Wei Qi Booster, the anemia was resolved and the HCT level
maintained at 36.3% 2 months after finishing the medication (Table 1).

Table 1. Blood work results.

10.25 10.27 10.30 11.02 11.16 12.23 3.15 Units
Reference

Range

RBC 5.68 5.49 6.65 5.9 5.59 9.65 7.92 1012/L 5.3–10.5
HGB 88 ↓ 84 ↓ 101 89 ↓ 86 ↓ 155 131 g/L 100–170
HCT 24.2 ↓ 21.7 ↓ 26.7 ↓ 23.6 ↓ 22.9 ↓ 40.1 36.3 % 30–49
WBC 22.24 ↑ 19.11 ↑ 11.24 13.18 ↑ 7.47 10.70 7.79 109/L 5.00–12.00

Lymphocytes 1.27 ↓ 1.8 2.39 2.16 2.70 3.25 3.00 109/L 1.32–5.86
Neutrophils 20.15 ↑ 15.78 8.40 ↑ 10.44 ↑ 4.02 6.73 4.24 109/L 2.18–6.96
Monocytes 0.81 1.32 ↑ 0.35 0.50 0.38 0.37 0.31 109/L 0.05–0.92

NEUT% 90.6 ↑ 82.6 ↑ 74.8 ↑ 79.3 ↑ 53.8 62.9 54.4 % 38.0–70.0
LYMPH% 5.8 ↓ 9.4 ↓ 21.3 ↓ 16.4 ↓ 36.1 30.4 38.5 % 25.0–62.0

Serum amyloid
A(SAA) / / 101.2 / <5 / / Ug/mL <10

Albumin / / / 24.0 ↓ 23.0 ↓ 30 ↓ / g/L 40–55
Globulin / / / 53.0 ↑ 46.0 ↑ 49 ↑ / g/L 20–45
Alb/Glob / / / 0.5 ↓ 0.5 ↓ 0.6 ↓ / g/L 1.5–2.5

Remark: “↑” denotes values above the upper limit of the reference range; “↓” denotes values below the lower
limit of the reference range. “/” means test was not performed.

3.2. Diagnostic Imaging Results

An X-ray was performed to rule out other musculoskeletal diseases that could have
caused acute swelling in the right hind limb. The lateral view of the survey radiograph
showed soft tissue swelling and normal bone structures except for a bony fragment of
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proximal distal phalanx (P3), which previously existed and caused no lameness. No signs
indicated potential secondary laminitis.

A lymphangiogram revealed several dilated tortuous lymphatic vessels in the plantar
aspect of the distal limb (Figure 2). Ultrasound examination revealed marked subcuta-
neous and fascial oedema. We also noticed a hyperechoic subcutaneous tissue layer and
cobblestone pattern at the coronary band indicating cellulitis.

3.3. Bacteriologic Examination and Pathogen Identification

Two bacterial genera, Pseudomonas and Enterobacter (phylogenetic analysis is attached
in the (Figures S1 and S2), were identified as Gram-negative bacteria which are opportunis-
tic pathogens. Both showed resistance to penicillin, cephalosporin, sulfamethoxazole, and
chloramphenicol but were sensitive to gentamicin. Surprisingly, both bacteria were interme-
diate to enrofloxacin (Table S1). Results from bacterial genomics analysis further confirmed
the pathogen species as Pseudomonas asiatica and Enterobacter hormaechei. Genomics data
also revealed several multidrug-resistant genes such as mdtE, mdtA, mdtK, mdtB, stp, etc.
This may explain why these pathogens were resistant to multiple antimicrobial categories.

3.4. Anti-Elastin Antibody (AEAb) ELISA Results

A total of twelve horses were sampled and analyzed, and the data were divided into
the following cohorts: Group 1: the AEAb baseline level of the animal, sampled 39 days
after onset; Group 2: AEAb level of the animal, re-sampled at 59 days; Group 3: AEAb
level of healthy warmblood controls; Group 4: AEAb level of asymptomatic warmblood
horses with chronic lymphedema; Group 5: AEAb level of healthy draft horse controls.

There was a statistically significant difference (p < 0.05) between Group 1 and Group
2, indicating the AEAb level may have increased as the disease progressed (Table 2); Group
5 showed statistically significant differences compared to Group 3 (p < 0.05), indicating
the AEAb level may have breed difference (Table 3). Group 4 had statistically significant
differences compared to Group 3 (p < 0.05) combined with the fact that the mean AEAb
level of the animals (Group 1 and Group 2) is higher than warmblood horses with chronic
lymphedema (Group 4), indicating that the AEAb level increased in affected horses.

Table 2. Mean ± SD optical density (OD) and median of antibodies in the affected horse.

Group 1
Baseline

Group 2
Follow-Up

Number of horses 1 1

Mean OD ± SD 0.530 ± 0.073 0.675 ± 0.106 *

Median 0.569 0.704
* Statistically significant (p < 0.05), compared to baseline.

Table 3. Mean ± SD optical density (OD) and median of antibodies in different horse breeds.

Group 3
Healthy Warmblood

Horses

Group 4
Lymphedematous

Warmblood Horses

Group 5
Healthy Draft Horses

Number of horses 4 4 4

Mean OD ± SD 0.332 ± 0.041 0.436 ± 0.044 * 0.515 ± 0.014 *

Median 0.325 0.420 0.516
* Statistically significant (p < 0.05), compared to healthy warmblood.
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4. Discussion

Cellulitis is a common disease in horses. It can be caused by a tiny penetration
and, without proper management, can lead to severe complications like endocarditis,
osteomyelitis, and toxic shock [14]. Therefore, timely diagnostic examinations and early
therapeutic interventions are crucial to prevent serious complications. Cellulitis can present
with a wide range of symptoms, including swelling, localized fever, pain, and oozing serum.
Some clinical signs are common and may be confused with other diseases, while some
clinical signs are rare. A previous case report described hindlimb cellulitis that triggered
lymphangitis, with bacterial cultures yielding Staphylococcus aureus and Escherichia coli. In
the later stages of the disease, detachment of the hoof capsule occurred, ultimately resulting
in euthanasia of the horse [11]. This case report documented some uncommon symptoms
of cellulitis such as an extensive lymphedema region along with pustules, skin sloughing,
and skin ulceration, and unknown anemia. From a TCVM perspective, Qi serves as the
body’s primary defensive mechanism, preventing the invasion of pathogens, including
bacteria. When Qi is deficient, this protective barrier is weakened, allowing bacteria to
enter the body more easily and cause infections. TCVM also believes that the Blood is
generated from Qi. Therefore, insufficient Qi can impair the Blood production, ultimately
leading to anemia.

P. asiatica and E. hormaechei are both opportunistic pathogens that can inhabit wet
environments including water and soil [15,16]. P. asiatica is a newly identified species
firstly isolated in Japan that seldom causes severe infections unless the host went through
invasive procedures or was immunocompromised [17]. No disease caused by P. asiatica in
horses has been reported to date, which may be partially attributed to the lack of bacterial
identification in clinical practice. E. hormaechei is a member of the Enterobacter cloacae
complex (ECC) which often leads to severe nosocomial infections through its multidrug
resistance. Research showed that E. hormaechei is more toxic compared to other ECC
members, and can cause cellulitis as well as pneumonia, urinary infections, and so on [18].
They both share an efflux pump genes mechanism, along with the activity of β-lactamase
production, jointly contributingto their multidrug resistance. It is worth noting that both
strains have been implicated in nosocomial outbreaks in human hospitals [15,19,20]. In
2022, researchers in China isolated Pseudomonas putida strains, a strain close to P. asiatica,
harboring five distinct β-lactamases, highlighting the escalating threat of antibiotic-resistant
bacteria as a critical public health issue spanning both veterinary and human medicine [21].

Chronic progressive lymphedema (CPL) is thought to be a genetic disease that com-
monly affects draft horses and shares a similar clinical presentation with cellulitis. This
disease is characterized by progressive swelling of the distal limbs, accompanied by scaling,
marked dermal fibrosis, and the development of skinfolds and nodules, which are often
complicated by secondary infections [22]. Under pathological circumstances elastin is
increasingly degraded into peptides (elastin derived peptides: EPs), which are released
into the circulation. The immune system initiates an immune response against the released
peptides, generating anti-elastin antibodies (AEAb) [23]. Elastin is a major supportive
component of lymphatics, and thus essential for their function, while elevated levels of
AEAb suggest the occurrence of lymphatic pathology [24]. This study revealed signifi-
cantly elevated AEAb levels in a warmblood horse affected by lymphangitis. Although
the clinical signs improved, the animal’s AEAb level kept increasing. This may be due to
a 70-year half-life of AEAbs [25]. As a result, we conclude that there is a breed-specific
difference in AEAb levels, which is inconsistent with what Van Brantegem proposed [26].
Risk factors such as age, gender, pregnancy status, and laboratory differences can affect
AEAb levels [27]. Previous studies have explored whether the ELISA test can be used as
an indicator to diagnose CPL. A study revealed that the ELISA technique used to identify
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serum levels of AEAb was a valuable tool for the diagnosis of CPL and associated with the
severity of the disease, while another study showed that ELISA procedure was not useful
for CPL detection due to low sensitivity [26,27]. Brys M proposed a multimodal-integrated
diagnostic approach to confirm CPL [22]. Although our animal exhibited elevated AEAb
levels, she did not completely fit into the diagnostic criteria for CPL. According to our
data, we believe that AEAb levels can be used as a conjunctive test for lymphangiopathy.
However, the disadvantage of this study was the lack of a sufficient number of samples.
Further research is needed on whether AEAbs can be used as an indicator of lymphangitis.

In this case, a holistic treatment approach was adopted, including antimicrobial and
anti-inflammatory therapy, and traditional Chinese medicine, pain control, and CDT. CDT
is a treatment for human lymphoedema. It can be an effective treatment for limbs swelling
in horses which consists of phase I and phase II. Phase I involves daily manual lymph
drainage (MLD), skin care, multi-layer short-stretch bandaging, and exercise to rapidly
reduce edema and soften fibrotic tissue until the limb volume stabilizes. Phase II focuses on
maintenance through continued skin care, exercise, and a transition to elastic compression
garments, with MLD tapered to minimal frequency, ensuring long-term prevention of
fluid re-accumulation [28]. Pain control was of paramount importance during treatment,
and exercise played a critical role in recovery. Routine care included mild washing after
exercise—strictly avoiding irritation and refraining from vigorous scrubbing. Considering
the risk of laminitis and hoof capsule detachment, an X-ray was implemented and the
result showed no evidence of laminitis. With strategic management, we resolved the
potential severe complications and hoof capsule detachment, and the animal showed a
good condition by a 5-month follow-up (Figure 3).

 
Figure 3. Clinical improvement. From left to right: initial presentation, 6-week follow-up, 5-month
follow-up.

In the later phase of treatment, the traditional Chinese medicine Wei Qi Booster was
used to address persistent unknown anemia and lymphedema. In TCVM, Qi is responsible
for the movement of body fluids. When Qi is deficient, this physiological function is
impaired, leading to the accumulation of fluids, which may manifest as edema, including
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lymphedema. Qi also plays a vital role in the generation of the Blood, which nourishes all
tissues, including the skin. Therefore, tonifying Qi can support skin healing and overall
tissue regeneration. Exploring the appropriate use of traditional Chinese medicine may be
an adjunct therapy for cellulitis and lymphangitis in the future.

Although our multidimensional data provides a diagnostic reference framework
for similar cases, several limitations persist. First, the application of diagnostic imaging
examinations, especially the ultrasound scan, is highly dependent on the skill level of
the operator. We should also consider the availability of advanced equipment in clinical
settings. Additionally, the prohibitively increased cost of comprehensive diagnosis must
be acknowledged. To address these challenges, we recommend prioritizing bacterial
isolation and identification alongside antimicrobial susceptibility testing to facilitate timely
initiation of antibiotic therapy. Subsequent diagnostic steps, such as diagnostic imaging or
an AEAb ELISA test, should be tailored to the patient’s clinical progression and the owner’s
financial capacity, ensuring a balance between diagnostic rigor and practical feasibility.
While the herbal formula used in this case demonstrated efficacy in the affected animal, its
mechanisms of action still lack support in the current literature. When applied to different
clinical presentations, a thorough TCVM diagnostic evaluation should precede the selection
of herbal therapies to ensure treatment alignment with specific pathological manifestations.

5. Conclusions

This case report presents a 9-year-old warmblood mare diagnosed with lymphangitis
secondary to cellulitis caused by a rare Pseudomonas asiatica and Enterobacter hormaechei
coinfection. This report highlights that comprehensive diagnostic workups must precede
empirical treatment to prevent life-threatening complications like hoof capsule detachment.
Notably, combining antibiotic treatment with traditional Chinese herbal therapy, pain
management, and CDT can achieve a better prognosis.
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Simple Summary: This is an experimental study carried out on 10 trained Standardbreds,
aged two and three years, including three females and seven males, with two main objec-
tives: firstly, to examine the adrenocorticotropin (ACTH) and cortisol responses to training
and racing sessions at rest condition, and at 5 min and 30 min after the training and racing
sessions; secondly, to evaluate the effect of age and sex on endocrine parameters in both
sessions. The effect of training and racing on ACTH (p < 0.01) and cortisol (p < 0.01)
concentrations was obtained. Compared to the training session, horses showed greater
ACTH concentrations at rest (p < 0.001), at 5 (p < 0.01) and 30 min (p < 0.001), and lower
cortisol concentrations only at rest (p < 0.01) after racing; 2- and 3-year-old horses showed
the greater ACTH concentrations at 5 and 30 min (p < 0.01) post-racing; males showed the
greater ACTH concentrations at 5 min and 30 min (p < 0.01) post-racing.

Abstract: The hypothalamic-pituitary-adrenal (HPA) axis is a neuroendocrine system
involved in the coping response to stressful challenges during exercise stimuli. Exercise
represents a significant disruptor of homeostasis, inducing an ACTH-cortisol co-secretion,
based on different characteristics of exercise in sport horses. Based on this statement, the
aim of this study is to evaluate the circulating adrenocorticotropin and cortisol changes in
Standardbred trotters, after training and racing sessions, considering the different age and
sex. In particular, the aim is to determine to what extent the level of ACTH and cortisol
increases during maximum effort in competition conditions (racing), and to compare
two exercise conditions of different intensity, training and racing sessions, and effects
on ACTH and cortisol responses. Ten Standardbreds, three females and seven males,
clinically healthy, were enrolled and subjected to two exercise conditions: a non-competitive
session (training) and then a competitive event (racing). Four of them were 2-year-olds
and a further six were 3-year-olds. Training and racing effects on both ACTH (p < 0.01)
and cortisol (p < 0.01) values were obtained. Compared to the training session, horses
showed greater ACTH concentrations at rest (p < 0.001), at 5 (p < 0.01) and 30 min (p
< 0.001), and lower cortisol concentrations only at rest (p < 0.01) after racing; 2- and
3-year-old horses showed the greater ACTH concentrations at 5 and 30 min (p < 0.01)
post-racing; males showed the greater ACTH concentrations at 5 min and 30 min (p <
0.01) post-racing. The different stimuli of the two contexts, and differences in exercise
intensity, such as training and competitive event, may have affected the direction of
hypothalamic-pituitary-adrenal (HPA) axis response, both as an ability to adapt to physical
stress of different intensity and as a preparatory activity for coping with stimuli. In
conclusion, training and racing events induced a different HPA axis response in which both
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emotional experience and physical maturity could induce a significant adaptive response.
As ACTH and cortisol concentrations in adult equids are extremely heterogeneous, further
investigation is required to explore how different variables can influence the hormonal
dynamics and their role as expressions of adaptive strategies to stress in horses.

Keywords: Standardbred; ACTH; cortisol; training; racing

1. Introduction

Exercise is a stressor that involves many regulatory endocrine systems that prompt
the body to adapt and achieve a new dynamic equilibrium to maintain body homeosta-
sis [1]. These adaptive endocrine responses are mainly expressed through the activation
of the hypothalamic-pituitary-adrenal (HPA) axis contributing to include mechanical,
metabolic, cardiovascular, and behavior modifications [2]. Several reports, conducted on
sport horses and other athletic species in different exercise conditions, have highlighted
the physiological and behavioral mechanisms by which HPA axis function influences
stress adaptation. Primarily cortisol, among the HPA axis’s hormones, increases hepatic
gluconeogenesis and promotes lipolysis to provide fuel for prolonged, and submaximal
exercise. Hence, ACTH and cortisol are both expressions of anabolic and catabolic balance
and their concentrations often increase in response to stress and/or exhaustion; in fact,
these conditions cause an increase in both circulating hormones [3]. Physical exercise
represents a significant and powerful disruptor of homeostasis, inducing a consensual
ACTH-cortisol co-secretion, based on the influence of type, intensity and duration of phys-
ical activity in sport horses [4–7], dogs and humans [8–10]. The individual fitness, the
training degree [11], and age [12], and the novelty stimulus surge of the ACTH sets [13],
along with the degree of previous experience in competitive racing [14] could affect the
magnitude of ACTH and cortisol profiles. Moreover, the evaluation of HPA axis hormones
has been used to assess training status, performance degree [15–20], and overtraining syn-
drome of athletic horses [12,18–28], sport humans [9,29], and, specifically, Standardbreds’
performance [30–32]. Several reports have highlighted that long-term exercise increases
cortisol concentrations, but short-term low-intensity exercise has not been shown in cortisol
changes, or only slightly [33–35]. Interestingly, in the last decade the attention of scholars
has been focused on the evaluation of salivary cortisol concentrations during different
types of exercise and race training sessions [36–38]. Several reports have been published
on how to reduce stress, and on the measurement of cortisol concentration through the
non-invasive method of saliva [36,37,39–42]. Specifically, Strzleec et al. [36] reported that
cortisol concentration decreases after dressage and that exercise intensity does not affect
horses’ cortisol concentrations, concluding that stress can be reduced by moderate intensity
and duration of exercise. Therefore, differences in exercise intensity, such as those between
walk, trot and light canter, do not influence the horse’s stress. However, more research is
needed to better understand the mechanisms of the adaptive responses of different types
of sport horses during their athletic performance. On this basis, it has been hypothesized
that different hormonal responses to non-competitive training and competitive sessions
could occur, and that differences in exercise intensity may have affected the direction of
hypothalamic-pituitary-adrenal (HPA) axis response, according to age and sex variables.
Hence, the aim of this study was to determine to what extent the level of ACTH and cortisol
in 2- and 3-year-old male and female Standardbreds increases during a race and to compare
circulating ACTH and cortisol profiles after training and racing sessions.
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2. Materials and Methods

2.1. Animals

All methods and procedures used in this study followed the guidelines of Italian law
(D.L. 04/3/2014 n. 26) and the EU directive (2010/63/EU) on the protection of animals
used for scientific purposes and approved by the Animal Ethics Committee for the Care
and Use of Animals of University of Messina, Italy. (No. ME08/2023).

Two exercise conditions of different intensity (training and racing) were performed on
10 enrolled Standardbred racehorses: three females and seven males. Four of them were
2-years old and a further six were 3-years old and weighed (mean ± standard deviation)
384 ± 42 (range 331–485) Kg. All horses were kept in individual stalls bedded on wood
shavings and allowed to move freely in a sand paddock 5 h/day. The horses were offered a
diet consisting of grass (~8–10 kg/horse) and a commercial pelleted grain (~2 kg/horse)
was fed and split into two feeds offered at 08.00 and 14.30 h. Horses were fed with diet
formulated to meet the 1989 NRC for requirements horses. The concentrate portion of the
ration contained 3.08 Mcal/kg digestible energy and 18% crude protein, while the hay
contained 2 Mcal/kg digestible energy and 7% crude protein. Height at withers and total
body weight were measured. For each horse, a body condition score (BCS) was evaluated
on a scale of 1 to 9, with 1 being extremely emaciated and 9 extremely fat as reported by
Henneke et al. [43]. Horses maintained body mass within 2–3% for a minimum of two
weeks prior to the start of the study and all had body condition scores of 5–7 [43]. Horses
remained healthy throughout the study with no change in BCS. Salt blocks and water were
available ad libitum.

The general health state of the horses, based on thorough clinical and orthopedic
examination, was assessed prior to the exercise 1 and 2. Physical examinations did not
reveal clinical signs of any disease. All horses were in regular training. Although the
participating horse and rider teams had a range of previous experience, all had competed
in national rides in the past. This study was carried out during the spring, at the racecourse
“La Favorita”, located in Palermo (Sicily, Italy): 38◦07′55′′ N Longitude: 13◦20′08′′, elevation
above sea level: 46 m, which has a 1000 m long oval racetrack. During the experiments,
horses were exposed to similar environmental conditions; the external conditions were
optimal with a dry and firm track, sunny but cool weather and no wind. Ambient conditions
measured from times 14.00 h to 16.30 h at the racecourse were moderate throughout the
course of both exercises. Air temperature ranged from 17 to 21.5 ◦C (the highest at being
at 14.30 h); relative humidity ranged 40.5–55.5 (the highest being at 15.00 h). The weather
conditions on the study days were similar, with a temperature of between 18 and 20 ◦C,
moderate windiness (4–6 m/s) and relative humidity between 40 and 60%. Other data
collected from the “ride cards” included heart rate (HR), respiratory rate (RR) and rectal
temperature (RT).

Heart rate was measured using a pulsimeter (Polar S710i™, Polar Electro Oy, Kempele,
Finland) continuously during both exercises. The HR at rest, at end of exercises and 15 and
30 min of recovery were recorded using a phonendoscope. Respiratory rate was recorded at
rest, after the 500 m finish (within 2 min after finishing the exercise), and at 15 and 30 min
post exercise.

The RT was measured by a commercial digital thermometer (Microlife Ag, Wid-
nau, Switzerland) before both exercises at rest, at end of exercises, and at 15 and 30 min
of recovery.

Horses were submitted to two different exercise conditions: a non-competitive training
race (exercise 1) and then, after 3 days, a competitive event (exercise 2), according to similar
protocols suitable for their performance activity. Both exercise sessions were performed
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between 14.00 and 17.30 h. The same drivers sat on a sulky towed by the horse both during
training and racing sessions (Table 1).

Table 1. Scheme of training and racing protocols.

Training Racing

Two rounds: strenuous training: velocity
8–10 m/s; duration 5 min

Two rounds: strenuous training: velocity
8–10 m/s; duration 5 min

1600 m: sprint training: velocity 10–12 m/s;
duration 2.40 min

1600 m: sprint training: velocity 15–17 m/s;
duration 1.58 min

Two rounds: basic training: velocity 5–8 m/s;
duration 10 min

One round: basic training: velocity 5–8 m/s;
duration 10 min

Cool down at the pass: duration 10 min Cool down at the pass: duration 10 min

During the training session, the horses performed two racetrack rounds of “strenuous
training” at the speed of 8–10 m/s for 5 min. Then, they took part in a “sprint training”,
during which they ran 1600 m, reaching a speed of 10–12 m/s. At the end, the horses
carried out two “basic training” rounds at a speed of 5–8 m/s. For each phase of training,
the driver kept track of speed to keep it constant using the distance marked by the stakes on
the sidelines. At the end of the physical activity, each horse was brought to the stable, where
the harness was removed. At this stage, each horse was submitted to a 10 min walking
cool-down phase. Therefore, the full training lasted 30 min, including the cool-down phase.

The racing session was performed over 1600 m. Before the race, each horse performed
a 5 min warm-up at the speed of 8–10 m/s, making two racetrack rounds of sprint training.
During the race, the driver pushed the horse to the maximal exercise level, reaching the
highest average speed of 15–17 m/s at the initial and the arrival phases. Subsequently, a
basic training round at the speed of 5–8 m/s was carried out. At this stage, the horse was
submitted to a 10 min walking cool-down phase. Therefore, the physical activity during
the race lasted 30 min, including the cool-down phase.

2.2. Blood Sampling and Hormone Analyses

Blood samples (10 mL) were collected from the jugular prior to both exercise sessions,
in basal condition, at 2 p.m. and 5 min after the training and race sessions, before the
cool-down phase at 5 p.m. At the end, samples were collected 30 min after the exercise,
including the cool-down phase, at 5.30 p.m. On the day of blood sampling, no restraint
was necessary as the horses were already familiar with handling procedures. Informed
consent from horse owners was provided.

Plasma ACTH was measured in unextracted plasma samples, and the concentrations
were analyzed in duplicate using a commercially available radioimmunoassay kit (ELSA-
ACTH, CIS-BioInternational, Gif-sur-Yvette, France) that have been validated for use
on equine samples [44]. The hormone assay used has a range for ACTH detected of
0–440 pmol/L. The sensitivity of the assay ACTH was 0.44 pmol/L. The intra-assay and
interassay coefficients of variation were 6.0% and 15.0%, respectively.

To analyze cortisol concentrations, blood samples were centrifuged at 3000× g for
15 min and the obtained serum samples stored at −20 ◦C until analyzed. Total serum
cortisol concentrations were analyzed in duplicate using a commercial competitive enzyme
assay (Enzyme Immunoassays, Roche Diagnostics GmbH, Mannheim, Germany) and an
automated analyzer (BRIO, SEAC, Rome, Italy). During the first incubation, the cortisol
sample competed with cortisol conjugated to horse radish peroxidase for the specific sites
of the antiserum coated on the wells. Following incubation, all unbound material was
removed by aspiration and washing. The enzyme activity bound to the solid phase is
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inversely proportional to cortisol concentration in calibrators and samples and is made
evident by incubating the wells with a chromogen solution (tetramethylbenzidine) in
substrate-buffer. Colorimetric reading was carried out using a spectrophotometer at 450,
405 nm wavelength (Sirio S, SEAC, Florence, Italy). The assay sensitivity was 5 ng/mL.
The intra- and interassay CVs were 4% and 6.9%, respectively. All assays were performed
according to the manufacturer’s instructions. All samples were immediately processed
in the adjacent laboratory at the racecourse and then harvested and stored in polystyrene
tubes at −20 ◦C until analysis within one week.

2.3. Statistical Analysis

Data were presented as mean ± standard deviation (S.D.) of duplicate measurements
in tables with the respective international units (UI) for the parameters studied. Normality
was verified in all the data, using the Kolmogorov Smirnov test. In order to account for the
different physiological variables, statistical analysis was performed by one-way analysis
of variance (ANOVA) to evaluate age, sex and exercise effects on hormonal changes over
basal time points in all sport horses.

A two-way repeated measures analysis of variance (Two-way RM ANOVA) was
applied on the physiological changes, in order to test the effects of training and racing
sessions together with their possible interaction. Post-hoc comparisons were performed
using Tukey’s test. The level of significance was set at p < 0.05. All calculations were
performed using the PRISM package versions 10.3.0 (GraphPad Software Inc., San Diego,
CA, USA). Also, percentage differences (Δ%) between after vs. at rest values and between
racing session vs. training session values were also calculated.

3. Results

Means (mean ± S.D.) of ACTH and cortisol concentrations are presented in Tables 2–4
and in Figures 1–3.

Table 2. Plasma ACTH and serum cortisol concentrations of Standardbred horses before and after
training session.

ACTH (pmol/L)

at Rest 5 min Δ% 30 min Δ%

Total 2.50 ± 0.89 12.91 ± 3.43 b +416 4.40 ± 8.66 b +76
2-year-old 2.78 ± 0.95 12.13 ± 3.66 a +336 5.10 ± 1.80 +83
3-year-old 2.31 ± 0.78 13.40 ± 4.06 a +480 4.04 ± 1.83 a +75

males 2.48 ± 0.89 10.28 ± 1.89 b +314 4.51 ± 1.51 a +82
females 2.11 ± 0.94 16.81 ± 2.21 aB +697 4.19 ± 2.72 +98

cortisol (nmol/L)

Total 498 ± 136 632 ± 151 b +27 629 ± 133 b +26
2-year-old 555 ± 82 678 ± 59 A +22 659 ± 76 A +19
3-year-old 460 ± 158 601 ± 190 a +31 608 ± 165 a +32

males 475 ± 153 606 ± 175 a +27 619 ± 156 a +30
females 552 ± 79 692 ± 54 +25 651 ± 79 +18

Letters indicate differences vs. at rest: a (p < 0.01); b (p < 0.001); vs. 3-year-old A (p < 0.01); vs. males B (p < 0.01).

Table 3. Plasma ACTH and serum cortisol concentrations of Standardbred horses before and after
racing session.

ACTH (pmol/L)

at Rest Δ% 5 min Δ% 30 min

Total 6.13 ± 7.79 C +203 18.61 ± 26.82 Cb +23 7.52 ± 1.54 CD

2-year-old 6.43 ± 6.13 +243 22.05 ± 8.10 Ca +29 8.29 ± 2.0 C

3-year-old 5.92 ± 8.70 +176 16.32 ± 2.74 C +31 7.74 ± 3.28 C
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Table 3. Cont.

ACTH (pmol/L)

at Rest Δ% 5 min Δ% 30 min

males 6.30 ± 3.52 +172 17.15 ± 3.05 bC +32 8.35 ± 3.25 C

females 5.34 ± 12.35 +68 22.29 ± 10.41 b +44 7.67 ± 2.41 b

cortisol (nmol/L)

Total 383 ± 121 C +64 629 ± 141 b +47 565 ± 126 a

2-year-old 375 ± 118 +48 57 ± 215 a +32 494 ± 165 a

3-year-old 389 ± 132 +74 678 ± 77 +57 612 ± 77
males 375 ± 99 +56 587 ± 143 a +47 552 ± 123 a

females 405 ± 187 +79 725 ± 82 a +46 593 ± 162 a

Letters indicate differences vs. at rest: a (p < 0.01); b (p < 0.001); vs. training C (p < 0.01); D (p < 0.001).

Table 4. Mean ± S.D. for heart rate (HR), respiratory rate (RR) and rectal temperature (RT) at rest, at
the end of training and racing sessions, and at 15 min and 30 min of recovery.

Training

At Rest End 15 min 30 min

HR (beats/min) 38 ± 10 180 ± 20 a 80 ± 15 a 65 ± 5 a

RR (breaths/min) 18 ± 8 80 ± 5 a 75 ± 10 a 40 ± 10 a

RT ◦C 37.5 ± 0.3 38.6 ± 0.3 a 38.5 ± 0.2 a 37.8 ± 0.4

racing

HR (beats/min) 39 ± 11 189 ± 30 a 84 ± 10 a 55 ± 5 a

RR (breaths/min) 18 ± 3 80 ± 5 a 78 ± 10 a 45 ± 8 a

RT ◦C 37.6 ± 0.3 39.2 ± 0.4 a 38.6 ± 0.3 a 37.8 ± 0.4
a Indicates a significant difference (p < 0.05) from resting values.

(a) 

(b) 

Figure 1. Circulating ACTH (a) and cortisol (b) concentrations (Mean ± S.D.) of Standardbreds before
and after training and racing sessions. Asterisk indicates significant differences vs. at rest values
* p < 0.01; ** p < 0.001. Symbol indicates significant differences vs. training ◦ p < 0.01; ◦◦ p < 0.001.
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(a) 

(b) 

Figure 2. Circulating ACTH (a) and cortisol (b) concentrations (Mean ± S.D.) of Standardbred 2- and
3-year olds before and after training and racing sessions. Asterisk indicates significant differences
vs. at rest values * p < 0.01. Symbol indicates significant differences vs. training ◦ p < 0.01. Symbol
indicates significant differences vs. 3-years-old • p < 0.01.

(a) 

Figure 3. Cont.
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(b) 

Figure 3. Circulating ACTH (a) and cortisol (b) concentrations (Mean ± S.D.) of male and female
Standardbreds before and after training and racing sessions. Asterisk indicates significant differences
vs. at rest values * p < 0.01, ** p < 0.001. Symbol indicates significant differences vs. racing 1 ◦ p < 0.01
Symbol indicates significant differences vs. males • p < 0.01.

3.1. ACTH-Cortisol Training Session Effect

The comparison of results obtained in this study with published data reported for
horses in the literature did not reveal any large discrepancies and were in agreement with
those physiological wide ranges; slight differences could be ascribed to differences in
laboratory analysis techniques. However, data obtained confirm the trends recorded both
in training and racing conditions [4–6,26–28,45–47].

Compared to resting values, a significant increase of ACTH concentrations 5 min
(+414%; p < 0.001) and 30 min +76%; p < 0.001) after training, and of cortisol concentrations
5 min (+27%; p < 0.001) and 30 min (+66%; p < 0.001) after training was observed (Table 2
and Figure 1). A significant effect of training sessions both on the ACTH (F = 55.70; p < 0.01)
and cortisol (F = 27.70; p < 0.01) changes was recorded.

Regarding the age effect, 2-year-old Standardbreds showed the greater ACTH concen-
trations at 5 min (+336%; p < 0.01) and at 30 min (+83%; p < 0.01), and, likewise, 3-year-olds
showed greater concentrations at 5 min (+480%; p < 0.01) and 30 min (+75%; p < 0.01),
compared to resting values. Significant effects of training on the ACTH concentrations
both in 2-year-old horses (F = 28.73; p < 0.01) and 3-year-old ones (F = 29.80; p < 0.01) were
obtained (Table 2 and Figure 1).

Three-year-old horses showed greater cortisol concentrations both at 5 min (+31%;
p < 0.01) and 30 min (+32%; p < 0.01), compared to resting values. A significant effect of
training on the cortisol concentrations only in 3-year-old horses (F = 39.57; p < 0.01) was
obtained. Compared to 3-year-old horses, 2-year-old ones showed greater cortisol values
(p < 0.01) at 5 min and 30 min.

Related to the sex effect, males showed greater ACTH concentrations at 5 min (+314%;
p < 0.001) and 30 min (+82%; p < 0.01) after training, and females at 5 min (+697%; p <
0.01) and 30 min (+98%; p < 0.01) then resting values (Table 2 and Figure 1). A significant
effect of training on the ACTH changes both in males (F = 47.30; p < 0.01) and in females
(F = 10.66; p < 0.01) was obtained. The comparison between males and females showed the
greatest ACTH concentrations at 5 min (p < 0.01) in females.

Related to cortisol concentrations, males showed greater concentrations both at 5 min
(+27%; p < 0.01) and 30 min (+30%; p < 0.01), compared to resting values, with a significant
effect of training on the cortisol of males (F = 19.02; p < 0.01) (Table 2 and Figure 1).

19



Vet. Sci. 2025, 12, 493

3.2. ACTH-Cortisol Racing Session Effect

Compared to resting values, an increase of ACTH concentrations at 5 min (+203%;
p < 0.001) and 30 min (+23%; p < 0.01) after racing, and of cortisol at 5 min (+64%; p < 0.001)
and 30 min (+47%; p < 0.01) after racing was observed (Table 3 and Figure 2). A signif-
icant effect on the ACTH (F = 42.17; p < 0.01) and cortisol (F = 16.45; p < 0.01) changes
was recorded.

Regarding the age effect, both 2-year-old (+243%; p < 0.01) and older (+176%; p < 0.001)
Standardbreds showed greater ACTH concentrations at 5 min (p < 0.01), compared to the
resting values (Table 3 and Figure 2). A significant effect of racing both in 2-year-old horses
(F = 21.47; p < 0.01) and in the older horses (F = 31.41; p < 0.01) was observed

Both 2-year-old and 3-year-old horses showed increases of cortisol concentrations at
5 min (+48% and +74%, respectively; p < 0.01) and 30 min (+32% and +57%, respectively;
p < 0.01), compared to resting values (Table 3 and Figure 2). A significant racing effect on
cortisol changes in younger (F = 14.35; p < 0.01) and older horses (F = 7.75; p < 0.01) was
obtained.

Regarding the sex effect, males showed greater ACTH concentrations at 5 min (+172%;
p < 0.001), and females both at 5 min (+68%; p < 0.001), and 30 min (+44%; p < 0.001),
than resting values (Table 3 and Figure 2), with a significant effect of racing on the ACTH
changes in males (F = 49.95; p < 0.01) and females (F = 10.66; p < 0.01).

Compared to resting values, males showed an increase in cortisol concentrations at
5 min +56%; (p < 0.01) and at 30 min (+47%; p < 0.01), and females showed an increase of
cortisol concentrations at 5 min (+79%; p < 0.01) and at 30 min (+46%; p < 0.01) (Table 3 and
Figure 2). A racing effect was observed on the cortisol changes in males (F = 9.24; p < 0.001)
and females (F = 27.87; p < 0.01).

3.3. Racing Session vs. Training Session

Compared to the training session, horses showed greater ACTH concentrations at
rest (p < 0.001), at 5 (p < 0.01) and 30 min (p < 0.001), and lower cortisol concentrations
only at rest (p < 0.01) after racing; 2- and 3-year-old horses showed the greater ACTH
concentrations at 5 and 30 min (p < 0.01) post-racing; males showed the greater ACTH
concentrations at 5 min and 30 min (p < 0.01) post-racing (Table 3 and Figure 2).

3.4. Functional Variables

Heart rate (HR) and respiratory rate (RR) increased at the end of training and racing
sessions, remaining greater at 15 min and 30 min compared to resting values (p < 0.05).
Related to rectal temperature (RT), increases at the end and at 15 min were recorded
returning to a t rest values at 30 min of recovery (p < 0.05) (Table 3).

4. Discussion

This research shows that different endocrine responses to non-competitive and com-
petitive exercise conditions happen according to different ages and sex. ACTH and cortisol
increase after the training and racing sessions, confirming previous data recorded in athletic
horses after physical exercise, in which both hormones rise between 5 and 30 min after the
end of exercise in Thoroughbred horses [23,48], Warmblood horses [16], and showjumping
horses [4,25].

ACTH and cortisol concentrations, detected at rest time, were significantly greater, by
+145% and +38%, respectively, prior to the racing than prior to the training session; this
could be due to the psychological effect of waiting before the race start, as the role of affec-
tive processes underpinning temperament, mood and emotional reaction in determining
discipline-specific performance [49].
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The present study showed that ACTH concentrations at 5 min and 30 min post-racing
exercise were 44% and 70% greater than at the same time post-training exercise. The same
but more contained trend was recorded for cortisol concentrations at 5 min and 30 min
post-exercise 2 that were 7% and 19% greater than at the same time post-training exercise.

A similar result was recorded by Nagata et al. [23], in which the greatest ACTH
concentrations were observed at 5 and 30 min after the incremental treadmill exercise in
Thoroughbred horses. In this study [23], plasma ACTH responses during exercise were
more sensitive to the intensity of exercise than its duration.

Our results are in line with those reported in a recent study that showed an an-
ticipatory response before racing in Standardbred racehorses, as shown by significant
differences in pre-training (97.3 ± 16.4 nmol/L) and pre-race cortisol concentrations
(171.8 ± 18.7 nmol/L), respectively [50]. Furthermore, other authors have shown that
the participation of horses in equestrian competitions leads to an activation of the
hypothalamus-adrenocortical function, reflected by a transient increase in cortisol release,
and an increase in sympathoadrenal activity, indicated by a rise in heart rate [26].

In our experimental conditions, the training session speed was about 10–12 m/s and
the racing session speed was about 15–17 m/s. Kurosawa et al. [22] reported that the onset
time and the size of ACTH rise as a response to the SET on treadmill were significantly
correlated to the speed sustained by Thoroughbred horses. Based on ACTH increase,
Kurosawa et al. [22] stated the ACTH should be considered as a marker of stress and
performance during physical exercise in Thoroughbred horses.

Our results are in agreement with Kurosawa et al. [22], since the HPA axis response
of Standardbred was modulated by the increasing exercise intensity. In fact, our data
showed a consistent effect of racing on the ACTH concentrations prior to the start, at 5 and
30 min after the race, compared to those of training. Moreover, previous studies found
that not only ACTH response was more sensitive to the intensity of exercise, but it also
showed a significant correlation with blood lactate concentrations [23] and with circulating
arginine vasopressin concentrations during incremental exercise tests [13] Hada, 2003. The
increase of ACTH values after 5 and 30 min of racing is also in agreement with ACTH
increase recorded in Thoroughbreds submitted to the standardized exercise test (SET) on
treadmill [16] Marc, 2000. However, submaximal treadmill exercises produced unmodified
ACTH concentrations in young horses [20] McCarthy, 1991.

In young Friesian horses, a significant difference in the net increase of circulating
ACTH concentrations was recorded after dressage training sessions; nevertheless, no
difference in the post training values of cortisol concentrations was found [28] Fazio, 2016.
Physical training clearly stimulated ACTH secretion, but, as previously recorded in a study
by Ferlazzo et al. [25], an increase in circulating cortisol concentrations did not directly
reflect differences in ACTH secretion, indicating that there was a differentiated response
of the two hormones under the same conditions, probably related to different responses
to mental exercise-related stress. The magnitude of ACTH changes after the first training
session suggested that the novelty of stimuli represented an early stress manifestation in
horses, thus inducing an initial, marked arousal response to stress, especially at the training
start day; what is more, this result confirmed previous studies which showed that new
stimuli, during exercise tests, increased plasma ACTH in Thoroughbred horses [13].

The participation of horses in competitive or non-competitive races caused an activa-
tion of HPA functions, reflected in a transient increase in cortisol release. Cortisol secretion
is generally caused by an endogenous release following ACTH stimulation. This response
during riding is at least in part due to the physical activity required of the horse. In agree-
ment with previous studies, cortisol concentrations showed a significant increase after
training and racing sessions. It is recognized that both a moderate exercise, like the training
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session of the present study, and an intense exercise, like the racing session, stimulate the
cortisol releasing [50].

In fact, some authors showed a cortisol increase in response to an incremental exer-
tion [19], after different types of sporting event competitions, including cross-country [50],
endurance training sessions, competitions for Arabian horses [51], and after SET on the
track [52]. Other authors have shown a 100% and 200% post-exercise increase in cortisol
concentrations compared to rest values in horses submitted to endurance races [25] Fer-
lazzo, 2012. The increase of cortisol values at 5 and 30 min after racing is in agreement
with a previously recorded cortisol rise after physical activity in trotters [53] Lindner 2002.
Despite the different types of exercise, however, 5 min post-race the trend of cortisol,
compared to that of ACTH, showed a rise comparable to that reported in post-training
session. This result was also recorded by other authors that showed an increase of cortisol
concentrations after dressage in both horses and riders [54].

The best recovery time was recorded during the training session; in fact, cortisol
concentrations at 30 min post-racing exercise persisted at the high levels, quite comparable
to those recorded at 5 min. This could be due to a major emotional impact and physical
effort, characterizing a competitive race session. Previously, an increase of cortisol concen-
trations at 40–60 min post-race was reported in trotters [55]. Other authors showed that
in Standardbred horses the cortisol significantly takes a cut 4–8 h after the exercise and
then it needs about 24h to return at basal values [11]. Jumping horses showed a slower
recovery of cortisol in the group of animals jumping the higher fences, with higher cortisol
concentrations at 30 min post exercise than those of 5 min [25]. In addition, a significant
cortisol increase before and after show jumping events in sport horses previously trans-
ported was recorded; moreover, the cortisol increases after the competitive event showed a
correlation with the exercise rather than the transport stress [6]. Rivera et al. [56], reported
high cortisol values at 15 min post-endurance training, with a decrease after 75 min.

Based on our results, the effect of circadian rhythms on ACTH and cortisol trends can
be excluded; in fact, the blood samples were collected at the same times of the afternoon
(from 3.00 to 5.30 p.m.). It is well known that exercise influences the regular circadian
rhythms of cortisol secretion, which in the horse is greater in the morning than in the
evening, with an acrophase at 10:50 a.m. [57]. A similar position is accepted in humans
as well, since the cortisol response to exercise is significantly modulated by time of day;
consequently, neglecting the circadian cortisol kinetic may introduce errors into conclusions
about the hormonal response to exercise [58]. Regarding the age effect on ACTH and
cortisol changes, the lower concentrations of both hormones in 2-year-olds than older
horses at 5 min after the training session, and for cortisol at 5 and 30 min after, are in
agreement with previous studies carried out on Standardbreds after SET on the oval dirt
track [52]. Interestingly, albeit not significant, higher cortisol concentrations at all the
times post-race compared to post-training in the younger horses were also recorded. One
explanation could be due to the superimposed effort of both training and race sessions
from each other. It is possible that the younger subjects spent a greater amount of energy
than the older ones, which probably had better restorative ability and exercise adaptation
capacities, as result of long-time training. A recent study showed that in Arabian racing
horses, cortisol concentration tended to gradually increase after the subsequent training
sessions during the racing season, and the best performances were achieved by the animals
with lower cortisol concentrations [7]. After all, in human runners, the adaptation capacity
of HPA axis was also demonstrated; cortisol concentrations were lower in trained than
in untrained subjects under incremental exercise. Furthermore, the untrained controls
showed an elevated cortisol concentration at the end of each intensity level; hence, trained

22



Vet. Sci. 2025, 12, 493

athletes only had a significant increase in cortisol concentration after an exhaustive exercise
session [20].

Age and training state positively influenced the locomotion parameters in Thorough-
breds and related metabolic costs related to competitive physical activity [59]. In addition,
based on available data in the literature, Thoroughbred racehorses showed higher cortisol
values in 2-year-olds than in the older horses [17]. It is possible to presume that the greater
responsiveness of the HPA axis in the younger subjects was correlated to less experience
in competitive race sessions, according to the greater emotional impact due to the novelty
stress represented by the competitive event [13].

Although all horses in this work were adult, it is well documented that the age, genetic
and environmental factors can impair the reactivity capacity of the HPA axis. The aging
can also affect the hormonal responses usually put in place to cope with physical exercise,
changing the control ability of the body on the cardiovascular function, the metabolism
and substrate utilization [60]. Indeed, the authors showed that in Standardbred mares
the HPA axis experience is submitted to a functional decline with age although the exact
mechanisms remain unknown, while exercise training can facilitate the counteraction of
these progressive deficits [30].

Regarding the influence of sex, the lack of significant differences in ACTH concen-
trations between males and females, during both training and racing, was reported. The
cortisol concentrations showed the lower values in males compared to females, at all times
and after both the training and the race sessions, but without a significant difference. The
reason for this sex difference in the axis modulation in response to physical effort is not
clear, so more investigations are needed.

Limitations of the Current Investigation

The clear limitation of this investigation is the small group of horses that completed the
study, unfortunately related to events that occurred during the experiment. An additional
10 potential horses that were due to participate were excluded, due to retirement from
racing, as were 10 because trainers did not want the horse to complete the exercises required
by the study. Another limit is the lack of use of a heart rate monitor during both exercises to
estimate speed and evaluate trot parameters, acceleration and distance covered, necessary
for the assessment of fitness and performance. Furthermore, another limitation could be
plasma cortisol sampling versus the non-invasive salivary cortisol method and the lack of
some stress parameters (lactate, PCV, haematocrit). Unfortunately, this was a choice linked
to the lack of authorization from race authorities and several owners and riders: it being a
national competition forced us to reduce the analysis on the horses by allowing us only a
single plasma sample from which it was possible to determine the measurement of both
plasma parameters studied.

5. Conclusions

Different exercise intensities, in the two contexts of training and competition, induced
the direction of the HPA axis response. This may influence the ability of horses to adapt to
physical stress. It is reported in the literature that many factors can influence ACTH and
cortisol levels. Measurement of basal ACTH levels is influenced by several pre-analytical
factors and, in the context of low intensity exercise, significant increases have been reported
after only 30 min of exercise. In order to optimize physical fitness in horses, further
research is needed to explore how different variables (e.g., emotional experience, age, sex,
sample management, etc.) may influence the ability to adopt stress coping strategies in
performance horses.
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37. Kędzierski, W.; Cywińska, A.; Strzelec, K.; Kowalik, S. Changes in salivary and plasma cortisol levels in Purebred Arabian horses
during race training session. Anim. Sci. J. 2014, 85, 313–317. [CrossRef]

38. Kang, O.D.; Lee, W.S. Changes in Salivary Cortisol Concentration in Horses during Different Types of Exercise. Asian-Australas. J.
Anim. Sci. 2016, 29, 747–752. [CrossRef]

39. Van Der Kolk, J.H.; Nachreiner, R.F.; Scott, H.C.; Refsal, K.R.; Zanella, K.J. Salivary and plasma concentra-tion of cortisol in
normal horses and horses with Cushing’s disease. Equine Vet. J. 2001, 33, 211–213. [CrossRef]

25



Vet. Sci. 2025, 12, 493

40. Mostl, E.; Palme, R. Hormones as indicators of stress. Domest. Anim. Endocrinol. 2002, 23, 67–74. [CrossRef]
41. Peeters, M.; Coline, C.; Becker, J.F.; Ledoux, D.; Vandenheede, M. Comparison between blood serum and salivary cortisol

concentrations in horses using an adrenocorticotropic hormone challenge. Equine Vet. J. 2011, 43, 487–493. [CrossRef] [PubMed]
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Simple Summary: Equine herpesvirus 8 (EHV-8) is one of the most important pathogens
affecting donkeys, but there are no studies on the transmission potential, pathogenicity,
and immune response of systemic EHV-8. We investigated the pathogenicity and immune
response to major target organs by studying EHV-8 infection in a BALB/c mouse model.
The results showed that EHV-8 was able to effectively replicate and cause pathological
changes in the lungs, liver, and brain and elicited an immune response in the organism,
providing basic data for the study of the pathogenesis of EHV-8.

Abstract: Equine herpesvirus type 8 (EHV-8) is predominantly isolated from donkeys, but
its biological properties and pathogenic potential remain underexplored. This study aimed
to investigate the biological characteristics and pathogenicity of the EHV-8 LCDC01 isolate
by examining its effects in rabbit kidney (RK-13) cells and BALB/c mice. The virus was
assessed for its ability to induce viral replication, pathological changes, and alterations in
pro-inflammatory responses. In vitro, the EHV-8 infection of RK-13 cells induced character-
istic cytopathic effects, including cell contraction, the formation of grapevine bundle-like
structures, and detachment. In vivo, mice infected with the virus exhibited no clinical
signs other than weight loss. Polymerase chain reaction (PCR) analysis detected viral DNA
exclusively in the lungs of infected mice, while TaqMan PCR further confirmed the presence
of EHV-8 nucleic acids in the lungs, liver, brain, and intestines. Furthermore, ELISA assays
revealed a significant increase in the secretion of pro-inflammatory cytokines, including
IL-1β, IL-6, IL-8, and IFN-α, in the lungs (p < 0.05). These findings suggest that EHV-8
primarily replicates in the lung tissue of mice and can induce inflammatory responses.
This study provides valuable insights into the pathogenic mechanisms of EHV-8 and lays
the groundwork for further investigation into its potential impact on equine and other
animal populations.

Keywords: EHV-8; RK-13 cells cytopathic effects; pro-inflammatory cytokines; pathogenicity;
BALB/c mice

1. Introduction

Equine herpesviruses (EHVs) comprise nine distinct subtypes, taxonomically classified
into the α-herpesvirus and γ-herpesvirus subfamilies. Within this classification, EHV-1, EHV-3,
EHV-4, EHV-8, and EHV-9 are members of the α-herpesvirus subfamily, with EHV-1, EHV-4,
and EHV-8 representing the most clinically significant viruses in equine populations [1–3].
EHV-8, which predominantly affects donkeys, has been implicated in multiple clinical
manifestations, including respiratory disease, reproductive failure with abortion [3], and
neurological disorders [4]. Notably, EHV-8 demonstrates serological cross-reactivity with
both EHV-1 and EHV-4, complicating diagnostic differentiation.
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Epidemiological surveillance has revealed that EHV-8 is endemic in large-scale don-
key breeding operations across Shandong Province, China, exhibiting distinct seasonal
epidemic patterns that impose a substantial economic burden on the expanding donkey
farming industry [5]. The rapid growth of donkey husbandry in China has elevated the
importance of understanding EHV-8 pathobiology, rendering its study particularly relevant
in comparison to EHV-1 and EHV-4 within this regional context.

Despite this increasing significance, research on EHV-8 remains comparatively limited,
with the existing literature primarily focused on virus isolation, identification, and genomic
characterization. Consequently, fundamental aspects of EHV-8 pathogenesis remain poorly
elucidated, representing a critical knowledge gap. Previous investigations have utilized
rabbit kidney epithelial (RK-13) cell culture systems followed by murine models to eval-
uate potential therapeutic interventions against EHV-8 infection [6]. Building upon this
foundation, the present study examines the pathogenicity and inflammatory responses
induced by EHV-8 in both RK-13 cells and a mouse model. The findings reported herein
provide essential insights that may serve as a foundation for subsequent investigations into
the molecular mechanisms governing EHV-8 infection and host-pathogen interactions.

2. Materials and Methods

2.1. Virus, Cells, and Mice

The EHV-8 strain LCDC01 (GenBank accession: PRJNA787358) was isolated in 2021
from nasal swabs collected from infected donkeys at a large-scale donkey farm in Liaocheng,
China. Virus isolation was accomplished through the inoculation of RK-13 cells. The RK-
13 cell lines were obtained from Wuhan Punosai Life Science and Technology Co., Ltd.
(Wuhan, China). Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). All cell culture reagents, including
DMEM, FBS, and cell cryopreservation solution, were sourced from Dalian Meilun Biotech-
nology Co., Ltd. (Dalian, China). Specific pathogen-free (SPF) female BALB/c mice aged
2–3 weeks were used for the in vivo experiments. All mice were obtained from Jiangsu
Huachuang Xinuo Pharmaceutical Technology Co., Ltd. (Taizhou, Jiangsu, China).

2.2. Viral Inoculation of Cells

RK-13 cells were cultured in 25 cm2 flasks until approximately 80% confluence was
reached. The virus was inoculated by adding 200 μL of EHV-8 virus suspension to the cells,
followed by 800 μL of MEM medium (Meilun, Dalian, China). After a 1-h incubation at
37 ◦C, the viral inoculum was removed, and fresh complete medium (5 mL) was added.
The cells were incubated overnight and periodically observed for cytopathic effects (CPE).
Once CPE was apparent, the supernatant was collected to observe the viral morphology
using a transmission electron microscope (H-7650, Hitachi Ltd., Tokyo, Japan).

2.3. Determination of TCID50

RK-13 cells (1 × 107 Cells/mL) were seeded in 96-well plates and cultured at 37 ◦C in
a 5% CO2 atmosphere for 24 h. After reaching approximately 80% confluence, the culture
medium was discarded. Virus inoculum derived from the original strain propagated in
RK-13 cells (as described in Section 2.2) was subjected to serial 10-fold dilutions in MEM.
Each dilution (100 μL) was added to wells in rows 1–11, while row 12 served as a negative
control containing only MEM. Following incubation at 37 ◦C in a 5% CO2 atmosphere for
1 h, the inoculum was removed and replaced with fresh complete medium. Cells were
monitored daily for cytopathic effects (CPE). After 48 h post-infection (hpi), TCID50 values
were calculated based on the number of wells exhibiting CPE using the Reed–Muench
method [7].
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2.4. Immunofluorescence Detection of EHV-8 Antibody

An indirect immunofluorescence assay was performed according to the protocol de-
scribed by Broeck et al. [8]. Following cell fixation, donkey anti-EHV-8 positive serum
(diluted 1:100 in PBS) was applied (200 μL per well) and incubated for 2 h at room tempera-
ture. After three washes with PBS, FITC-conjugated rabbit anti-donkey secondary antibody
(ImmunoWay, Plano, TX, USA) was added at a 1:1000 dilution and incubated for 1 h in
darkness. Cells were subsequently mounted with 50 μL of 50% glycerol in blocking solu-
tion. The observation of fluorescence was made using a fluorescence microscope (Nikon
Eclipse C1, Tokyo, Japan).

2.5. Apoptosis Detection

Apoptosis in EHV-8-infected RK-13 cells was assessed when approximately 30% of
cells exhibited CPE using an Annexin V-FITC/ propidium iodide (PI) Apoptosis Detec-
tion Kit (Meron Biotechnology, Tianjin, China) according to the manufacturer’s protocol.
Briefly, adherent cells were harvested using EDTA-free trypsin, centrifuged at 1000× g for
5 min, and washed twice with cold PBS. Cell pellets were resuspended in 500 μL binding
buffer, and 5 μL each of Annexin V-FITC and PI were added. Following gentle mixing
and incubation for 15 min at room temperature in darkness, samples were analyzed by
fluorescence microscopy.

2.6. Virus Infection and Sampling of Mice

BALB/c mice were randomly divided into two experimental groups: virus-infected
(n = 15) and control (n = 15). Prior to inoculation, mice were anesthetized with CO2

for 20 s. The virus-infected group received 50 μL of EHV-8 viral suspension (TCID50 =
10−3.75/100 μL) intranasally, while the control group was administered 50 μL of sterile
saline via the same route. Animals were monitored daily for clinical manifestations, and
body weight was recorded at regular intervals. Blood samples were collected via retro-
orbital puncture under appropriate anesthesia at 12 h, 1, 3, 5, and 7 days post-infection
to evaluate the progression of EHV-8 infection. The serum was isolated by centrifugation
of whole blood at 3000 × g for 10 min at 4 ◦C. At each time point, three mice from each
group were euthanized by cervical dislocation. Pulmonary tissues were harvested for
determination of the lung index, defined as the ratio of lung weight to body weight [9].

Lung index = (Lung weight (g) Body weight (g)) × 100
Lung index = (Body weight (g) Lung weight (g)) × 100

At 5 dpi, heart, liver, spleen, kidney, brain, and intestinal tissues were also collected for
viral replication analysis to determine the damage of 5 days post-infection (dpi) to tissues
and organs in mice. The lungs, liver, and brain were fixed with 4% formaldehyde and
stained under the microscope according to the instructions of the HE (Hematoxylin-Eosin)
Stain Kit (Solarbio, Beijing, China).

2.7. Determination of Viral Load in Major Organs of Mice

To determine the viral load at 5 dpi, we collected tissue samples from the heart,
liver, spleen, lungs, kidneys, brain, and intestines from infected mice. Viral DNA (30 μL)
was extracted from these 50 mg tissue samples using the AxyPrep Somatic Fluid Virus
DNA/RNA Miniprep Kit (Corning Incorporated, New York, NY, USA). The extracted DNA
was then analyzed by conventional PCR and quantitative PCR [10]. PCR primers for both
conventional and quantitative PCR were designed based on the EHV-8 gB gene (GenBank
accession: DVGE214585JN), with primer synthesis by Shanghai Bioengineering Co., Ltd.
(Shanghai, China). The sequences of the primers are listed in Table 1.
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Table 1. Primer Sequence Information.

Name Sequences

PCR-Forward primer (F) 5′-TGTGAAAAATTCA AACGT-3′
PCR-Reverse primer (R) 5′-GAAGGTGCTGTTGCTTTTGCTGG-3′

Quantitative PCR-F 5′-GCGAACCCTCTGGAACGAAA-3′
Quantitative PCR-R 5′-TGGCTATCACGTCTCCCAGG-3′
Quantitative PCR-P 5′-ACTCTTGACGAGCGAGTTGCGGCGA-3′

The PCR reaction was performed in a total volume of 25 μL containing 12.5 μL of M5
Hiper Plus Taq HiFi DNA polymerase master mix (Mei5bio, Beijing, China), 1 μL of each
primer (EHV-8-F and EHV-8-R, 10 μM each), 8.5 μL of nuclease-free water, and 2 μL of
template DNA. Thermal cycling conditions were as follows: initial denaturation at 95 ◦C
for 5 min; followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for
30 s, then extend at 72 ◦C for 1 min; finally extend at 72 ◦C for 10 min.

For qPCR analysis, reactions were carried out in a 25 μL volume containing 12.5 μL of
Premix Ex Taq (Takara, Japan), 1 μL of each primer (EHV-8-F and EHV-8-R, 10 μM each),
1 μL of EHV-8 probe (EHV-8-P, 10 μM), 7.5 μL of nuclease-free water, and 2 μL of template
DNA. The qPCR thermal cycling parameters were: initial denaturation at 95 ◦C for 50 s,
followed by 40 cycles of denaturation at 95 ◦C for 5 s and annealing/extension at 60 ◦C for
30 s. Cycle threshold (Ct) values were determined at the completion of the reaction and
calculated based on the standard curve. Viral load quantification was achieved using a
standard curve generated from serial dilutions of known concentrations of EHV-8 DNA.

2.8. Serological Detection of EHV-8 Antibodies

According to the EHV-8 gD antibody assay developed in our laboratory [11], mouse
serum was applied to ELISA plates coated with polyclonal antibody to EHV-8 gD protein.
The assay was performed in triplicate, and absorbance values were recorded at 450 nm.

2.9. Cytokine Detection

Mouse serum samples were analyzed for IL-1β, IL-6, IL-8, and IFN-α cytokine levels
using Jang Su Enzyme-Linked Immunoassay kits and Enzyme-Linked Immunosorbent
Assay (ELISA) kits following the manufacturer’s protocols (Meimian, Yancheng, China).
All assays were performed in technical triplicate. Absorbance values were measured at
450 nm (OD450) using a microplate reader to quantify cytokine concentrations.

2.10. Data and Analytics

Experimental data were counted and analyzed using SPSS statistics 23 (IBM, New
York, NY, USA) and graphically analyzed using GraphPad prism 8.0.2 (GraphPad Software,
Boston, MA, USA). Data are expressed as mean ± standard deviation (n = 3). Differences be-
tween the two groups were analyzed using the t-test, with “ns” indicating a non-significant
difference p > 0.05, “*” indicating a significant difference p < 0.05, and “**” indicating a
significant difference p < 0.01.

3. Results

3.1. Identification of the Virus

The EHV-8 strain was inoculated into monolayers of RK-13 cells and monitored daily
via microscopy. After 48 h, the control group is normal (Figure 1a), and the infection group
shows typical cytopathic effects, including cell rounding, fusion, and detachment (Figure 1b,
orange arrow). Additionally, as shown in Figure 2, viral particles were examined using
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transmission electron microscopy, revealing particles approximately 100 nm in diameter,
with a nearly circular shape and an outer vesicular envelope.

Figure 1. Cytopathological changes of EHV-8 infection (40×). (a): Control group, normal growth
pattern of RK-13 cells in normal group. (b): EHV-8 infection group, orange arrow: EHV-8 infection of
RK-13 cells with CPE phenomenon.

Figure 2. Electron microscopic observation of virus (×80.0 k). White arrow: EHV-8 virus particles.

3.2. Viral Titer Measurement

The viral stock was diluted at 1:10 and inoculated into RK-13 cells cultured in a 96-well
plate. The CPE was monitored continuously, and wells exhibiting more than 50% CPE
were counted. After 48 hpi, the determined TCID50 of the isolated strains was TCID50 =
10−3.75/100 μL.

3.3. Immunofluorescence Assay

Figure 3 demonstrates EHV-8 infection and its effects on RK-13 cells. In Figure 3A, im-
munofluorescence analysis revealed abundant EHV-8-specific fluorescence in infected cells
(Figure 3(Ab)), while control cells exhibited no detectable signal (Figure 3(Aa)), confirming
efficient viral infection and replication in RK-13 cells. Figure 3B illustrates apoptotic events
following viral infection. Early apoptosis, visualized by green fluorescence (white arrows),
was markedly increased in infected cells (Figure 3(Bc)) compared to uninfected controls
(Figure 3(Ba)). Similarly, late-stage apoptosis or necrosis, indicated by red fluorescence
(yellow arrows), was substantially higher in infected cells (Figure 3(Bd)) than in control
cells (Figure 3(Bb)). These results demonstrate that EHV-8 infection effectively induces
apoptosis in RK-13 cells.
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Figure 3. EHV-8 antibody test results and Apoptosis of EHV-8 infected cells and summary of
immune responses (40×). (Aa) Indirect immunization with control EHV-8 antibody. (Ab) Indirect
immunization with control EHV-8 antibody, blue arrows: EHV-8 binds to antibodies. (Ba) Control
group: Annexin V fluorescence analysis of RK-13 cells. (Bb) Control group: Propidium iodide (PI)
fluorescence analysis of RK-13 cells. (Bc) EHV-8 infection group: Annexin V fluorescence analysis of
RK-13 cells, White arrows: early apoptotic cell fluorescence. (Bd) EHV-8 infection group: Propidium
iodide (PI) fluorescence analysis of RK-13 cells yellow arrows: fluorescence of necrotic or advanced
apoptotic cells.

3.4. Clinical and Pathological Changes in Mice
3.4.1. Effect of EHV-8 Infection on Body Weight in Mice

Following intranasal infection, no significant clinical symptoms were observed in the
mice except for weight loss. Mice in the virus-infected group exhibited a gradual decrease
in body weight from days 1 to 3 post-inoculation (dpi). From day 4 onwards, growth
resumed, although at a slower rate compared to the control group. At 5 dpi, the growth
rate of the infected mice returned to normal, while the control group continued to show
normal weight gain (Figure 4).
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Figure 4. The line graph of body weight changes in mice. Note: Data are expressed as mean ± SEM
(Standard Error of the Mean), and a t-test was used for differences between the two groups.

3.4.2. Effect of EHV-8 Infection on Lung Indices in Mice

As shown in Figure 5, there were no significant changes in the lung index at 12 h
post- EHV-8 infection (p > 0.05). However, by day 5 post-infection, the lung index reached
its peak at 2.48%, showing a highly significant difference compared to the control group
(p < 0.01).

Figure 5. Lung indices at different times in EHV-8 infected mice. Note: Data are expressed as
mean ± SEM (Standard Error of the Mean), and t-test was used for differences between the two
groups, ‘**’ indicates a significant extreme difference compared to the control group (p < 0.01); ‘ns’
indicates an insignificant difference compared to the control group (p > 0.05). (0 d): Lung index in
control mice. (12 h): 12 h Lung index of mice infected for 12 h in EHV-8-infected group. (1 d): Lung
index in mice infected with EHV-8 in the EHV-8-infected group for 1 day of infection. (3 d): Lung
index of mice infected for 3 days in the EHV-8-infected group. (5 d): Lung index in mice infected
with EHV-8 in the EHV-8-infected group for 5 days of infection. (7 d): Lung index of mice infected
for 7 days in the EHV-8-infected group.

3.4.3. Pathological Observations of EHV-8 Infection on Mouse Organs

Pathological examination at 5 dpi revealed significant histopathological alterations
in multiple organs of infected mice compared to controls. In the liver, control animals
exhibited normal hepatic architecture (Figure 6b, green arrows), whereas infected mice
demonstrated marked intravascular congestion, mild periportal steatosis, occasional cyto-
plasmic vacuolation in venous structures, and focal deposits of basophilic granular material.
Notably, inflammatory cell infiltration was minimal in hepatic tissues. In the brain, control
animals displayed normal neuronal morphology and organization (Figure 6d, red arrows).
In contrast, infected mice exhibited numerous hippocampal neurons with hyperchromatic
nuclei and disrupted cellular arrangement. Cytoplasmic vacuolization was prominent in
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neuronal cells, though glial proliferation was not observed. Pulmonary tissues from control
animals maintained normal alveolar architecture, while infected mice demonstrated ex-
tensive alveolar septal thickening with significant inflammatory cell infiltration (Figure 6f,
orange arrows).

Figure 6. HE staining of various organs in the EHV-8 infected mice (40×). (a) HE staining of liver
from mice in the control group. (b) HE staining of liver from mice in the EHV-8 infection group,
green arrow: intravascular congestion, mild steatosis around the portal area, occasional vesicular
vacuoles in the cytoplasm, and small clumps of bluish-purple granular material. (c) HE staining
of brain from mice in the control group. (d) HE staining of brain from mice in the EHV-8 infection
group, red arrow: vacuolization in the cytoplasm of nerve cells. (e) HE staining of lung from mice
in the control group. (f) HE staining of lung from mice in the EHV-8 infection group, orange arrow:
extensive thickening of the alveolar walls with numerous infiltrating inflammatory cells.

3.4.4. Distribution of EHV-8 Infected Mice in Different Organs and at Different Times of
the Day

As demonstrated in Figure 7A, a 960 bp target band was detected exclusively in the
lungs of mice at 5 dpi. No target bands were observed in other organs or control samples,
confirming successful detection of EHV-8 nucleic acid specifically in the lungs of infected
mice. Figure 7B illustrates the quantitative detection of EHV-8 viral load using fluorescence
quantitative PCR. Viral DNA was detected in the liver, lung, brain, and intestine of 5 dpi
mice, while remaining undetectable in all control samples. Notably, viral load in the lungs
was significantly higher compared to the liver, brain, and intestine, suggesting preferential
viral replication in pulmonary tissue.
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Figure 7. Levels of EHV-8 in mouse tissues after 5 d of infection. Note: Data are expressed as
mean ± SEM (Standard Error of the Mean), and t-test was used for differences between the two
groups, ‘*’ indicates a significant difference compared to the control group (p < 0.05); ‘**’ indicates
a significant extreme difference compared to the control group (p < 0.01). (A): PCR result, samples
are representative of each group, M: 2000 DNA maker; NC1: Negative control 1, NC2: Negative
control 2. (B): 48 h EHV-8 group quantitative PCR result.

3.5. Temporal Dynamics of Anti-EHV-8 Immune Response

As shown in Figure 8, according to the EHV-8 gD antibody detection method, OD450

nm greater than 0.269 was judged as positive, after the mice were infected with EHV-8,
the concentration of EHV-8 antibody increased gradually with the growth of time, and the
concentration of antibody increased rapidly at 3–5 dpi, and there was a significant difference
between the EHV-8 antibody concentration control group at 5 dpi, which indicated that
EHV-8 was in the body of the mice, replicated, and induced an immune response in mice.
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Figure 8. EHV-8 antibody level in mouse serum. Note: Data are expressed as mean ± SEM (Standard
Error of the Mean), and t-test was used for differences between the two groups, ‘**’ indicates a
significant extreme difference compared to the control group (p < 0.01); (0 d): Control group. (12 h):
Samples from 12 h of EHV-8 infection. (1 d): Samples from 1 day of EHV-8 infection. (3 d): Samples
from 3 days of EHV-8 infection. (5 d): Samples from 5 days of EHV-8 infection. (7 d): Samples from
7 days of EHV-8 infection.

3.6. Cytokine Expression Patterns Following EHV-8 Infection

As shown in Figure 9, the secretion of cytokines, including IL-1β, IL-6, IL-8, and
IFN-α, was significantly elevated in the lungs of infected mice compared to the control
group (p < 0.05). The cytokine levels increased markedly at 3 dpi, peaked at 5 dpi, and
subsequently decreased by 7 dpi.

Figure 9. ELISA plot of immune factors for different days of EHV-8 infection. Note: Data are expressed
as mean ± SEM (Standard Error of the Mean), and t-test was used for differences between the two
groups, ‘*’ indicates a significant difference compared to the control group (p < 0.05); ‘**’ indicates
a significant extreme difference compared to the control group (p < 0.01); (a): IL-1β ELISA result.
(b): IL-6 ELISA result. (c): IL-8 ELISA result. (d): IFN-α ELISA result. (NC): negative control group.
(1 d): Samples from 1 day of EHV-8 infection. (3 d): Samples from 3 days of EHV-8 infection. (5 d):
Samples from 5 days of EHV-8 infection. (7 d): Samples from 7 days of EHV-8 infection.
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4. Discussion

In the present investigation, we sought to comprehensively characterize viral pro-
liferation, histopathological manifestations, and inflammatory responses in both RK-13
cells and a murine model following infection with the LCDC01 isolate. Upon infection, the
LCDC01 strain consistently induced characteristic CPE and apoptotic changes in RK-13
cells, thereby providing compelling evidence of active viral replication within these cellular
substrates. Notably, despite the absence of overt clinical manifestations in the infected
mice, a significant reduction in body weight was documented, which strongly suggests that
the LCDC01 strain possesses modest toxicity and demonstrates relatively low virulence
in vivo.

The detailed histopathological examination of various tissue sections revealed differ-
ential patterns of inflammatory damage across organs, with pulmonary tissues exhibiting
particularly pronounced pathological alterations compared to hepatic and cerebral tissues.
These observations are in concordance with previously published findings regarding EHV-
1-induced tissue pathology in murine models [12,13]. Furthermore, molecular analysis
using PCR for the detection of EHV-8 nucleic acid yielded positive results exclusively in
pulmonary specimens, whereas all other examined organs generated negative findings.
This apparent discrepancy strongly indicates that the virus preferentially replicates within
pulmonary tissues, with substantially reduced viral burdens in extrapulmonary sites. It is
important to note that the inherent sensitivity limitations of conventional PCR methodology
may preclude the detection of viral genomic material in tissues harboring low viral loads, a
hypothesis supported by the positive results subsequently obtained using more sensitive
quantitative PCR assays.

Following the experimental inoculation of RK-13 cells with the LCDC01 isolate, we
observed the development of characteristic CPE at 48 hpi, with a calculated TCID50 of
10−3.75 mL−1. These values are consistent with previously reported metrics for EHV-1-
induced cytopathology in comparable experimental systems [14]. Ultrastructural analysis
using transmission electron microscopy (TEM) revealed the presence of typical herpesvirus
virions measuring approximately 100 nm in diameter, which aligns precisely with the es-
tablished morphological characteristics of EHV-like viruses described in the literature [15].

The complex interplay between viral infection and host immune response is critical
in determining disease progression and severity. Thus, cytokines such as IL-1β, IL-6, IL-8,
and IFN-α play fundamental roles in orchestrating the immune system’s multifaceted
response to injury, infection, and malignancy. Each of these signaling molecules contributes
distinctively to immune regulation, tissue repair, and pathogenesis across various phys-
iological contexts [16,17]. Consistent with previous research demonstrating that EHV-1
infection triggers upregulation of pro-inflammatory cytokines in murine models [18], our
investigation revealed significant elevations in IL-1β, IL-6, IL-8, and IFN-α levels in both
the serum and pulmonary tissues of mice infected with the LCDC01 strain. Importantly, the
secretion of these inflammatory mediators showed marked increases, specifically on days 3
and 5 post-infection. This temporal pattern strongly suggests that the LCDC01 strain not
only induces lung injury but also elicits a robust inflammatory cascade in the pulmonary
tissues of infected mice, which is in line with previously reported research [6]. Collectively,
these findings provide valuable insights into the pathogenic mechanisms underlying EHV-8
infection and highlight the pivotal role of inflammatory cytokines in viral pathogenesis.
The temporal correlation between peak cytokine levels and histopathological damage
underscores the potential contribution of immune-mediated mechanisms to tissue injury.
Further investigations are warranted to elucidate the precise molecular pathways involved
in EHV-8-mediated tissue damage and immune dysregulation, which may ultimately
inform therapeutic strategies targeting specific components of the inflammatory response.
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5. Conclusions

The EHV-8 represents a significant pathogen affecting donkeys with considerable
economic implications for the donkey industry. In this study, we found that the LCDC01
strain EHV-8 was able to cause cytopathic effects and apoptosis in RK-13 cells. Upon
infection in the murine model, EHV-8 caused substantial pathological damage to hepatic,
neural, and pulmonary tissues, with concurrent elevation of serum immune mediators.
Notably, pulmonary tissue exhibited the highest viral load among examined organs. These
findings provide a foundational framework for understanding EHV-8 pathogenesis and
host-pathogen interactions, which may inform future preventive and therapeutic strategies
against this economically important equid herpesvirus.
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Simple Summary: This study aims to understand how training affects the heart structure
and blood fat metabolism of the Yili horse, known for its athletic ability. Sixteen 18-month-
old Yili horses participated in this study. Their heart size and function were measured using
ultrasound, while their blood was analyzed to detect changes in fat-related substances. The
results showed that training led to noticeable improvements in heart structure. Several
types of fats in the blood also changed, mainly those linked to energy production, fat
metabolism, and cell health. These findings offer valuable guidance for designing better
training programs and ensuring the heart health of sport horses, benefiting both the
equestrian industry and animal welfare.

Abstract: The purpose of this study was to explore the relationship between blood lipid
levels and the differences in cardiac structure and function of trained and untrained Yili
horses as related to exercise performance. We utilized quantitative lipidomics technology
to elucidate how the differences in lipid compounds in the blood influenced performance
outcomes. Sixteen 18-month-old Yili horses were selected, ten of which received a 15-week
training regimen, and six were kept as untrained controls. Cardiac structure and function
were assessed by echocardiography, while plasma lipid metabolites were detected and
identified by liquid chromatography–mass spectrometry. The results showed that key
cardiac structural indices, such as left ventricular end-diastolic diameter, left ventricu-
lar end-systolic diameter, and left ventricular posterior wall thickness, were significantly
greater in the trained group compared with the untrained group, indicating that exercise
training promotes adaptive cardiac remodeling. Regarding lipid metabolites, significant dif-
ferences were observed between the trained and untrained groups, with a total of 281 lipids
identified—212 upregulated and 69 downregulated. These differentially expressed lipids
were primarily enriched in pathways such as necroptosis, ether lipid metabolism, and
sphingolipid signaling, which are associated with cell migration, survival, proliferation,
and regulation of lipid metabolism. Further correlation analysis revealed that differences in
certain lipids, such as PE (20:4_18:0), PC (17:0_18:1), and LPC subclasses, were significantly
correlated with exercise-mediated cardiac structural and functional changes and exercise
performance enhancement. These findings provide novel molecular insights into the effects
of exercise training on cardiac structure and lipid metabolism in horses and can serve as a
reference for training strategies and preserving cardiac health in performance horses.

Vet. Sci. 2025, 12, 255 https://doi.org/10.3390/vetsci12030255
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1. Introduction

The structure and functionality of a horse’s heart can provide it with significant
advantages in exercise capacity. The mass of a horse heart is proportionally much greater
than that of other species, with an adult horse’s heart weighing on average 3.9 kg, while
the heart of a racehorse can reach 6.3 kg, and that of a top-performing racehorse can
weigh nearly 10 kg [1]. The heart rate of horses can increase from 35 beats per minute to
240 beats per minute, surpassing the capability of most species, including humans, and
allowing them to significantly enhance cardiac output in a short time to meet the demands
of athletic performance [2]. Researchers have measured heart size using echocardiography
and found a significant positive correlation between left ventricular mass and maximal
oxygen uptake [3].

Training is a key factor influencing heart size in horses. Studies have shown that
high-intensity training leads to cardiac hypertrophy, thereby improving cardiac function.
As training intensity increased, the heart mass of mature racehorses, particularly the left
ventricle, increased significantly [4]. Compared to horses given lower intensity exercise,
those receiving high-intensity training exhibited a larger LVID size [5]. However, excessive
cardiac remodeling can also cause myocardial fibrosis, increasing the risk of arrhythmias [6].

The heart consumes a large amount of ATP daily to maintain basal metabolism and
normal contraction, which is crucial for sustaining systemic blood pressure. The heart
primarily relies on fatty acids as an energy source, with fatty acid oxidation providing most
of the ATP required for cardiac contraction [7]. Under varying physiological conditions, the
heart can switch metabolic substrates between fatty acids and glucose according to demand,
maintaining a delicate balance in cardiac homeostasis through the uptake, storage, and
utilization of high-energy fuels. Studies have shown that in patients suffering from heart
failure and cardiomyopathy, cardiac energy substrates shift toward glucose utilization [8].
Lipid metabolism and the dynamic alteration of membrane lipid composition are critical
for cardiac function. During heart development, an increase in the unsaturation levels of
cardiolipin and phospholipids enhances mitochondrial function and energy metabolism [9].

Lipids are essential as both energy sources and basic structural components of the
body. In horses, they are influenced by exercise type and intensity and are also vital
substrates for skeletal muscle metabolism [10]. In Thoroughbred horses, changes in plasma
concentrations of non-esterified fatty acids (NEFAs) and triglycerides before and after
intense exercise indicate that lipid metabolism plays a crucial role in skeletal muscle energy
production [11]. Lipidomics analysis using liquid chromatography–mass spectrometry
(LC/MS) in Thoroughbred horses before and after training identified 933 differential lipids,
with the signal intensity of 13 lipids significantly altered due to exercise [12]. A study
of Arabian and part-Arabian endurance horses found that lipid biomarkers alone could
not accurately determine where a horse would finish in a race, but highly correlated
lipid metabolites were identified in the blood of the highest performing horses [13]. A
follow-up experiment found that after finishing a race, horses exhibited increased glucose
homeostasis, lipid metabolism, ketogenesis, ATP synthesis, and acetate production [14].

There have been numerous studies on exercise metabolomics of performance horses,
consistently demonstrating significant differences in blood metabolites before and after
exercise [15]. Significant correlations have also been observed between cardiac parame-
ters and exercise performance. However, lipidomics research comparing the types and
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abundance of plasma lipids in trained vs. untrained horses is limited. This study con-
ducted a comprehensive quantitative lipidomics analysis to examine changes in plasma
lipid metabolites in Yili horses after three months of training. It explored the relationship
between plasma lipid metabolites and cardiac structure and function and identified key
lipid biomarkers distinguishing trained and untrained horses.

2. Materials and Methods

2.1. Ethical Statement

This study was reviewed and approved by the Animal Policy and Welfare Committee
of Xinjiang Agricultural University (Ethical Approval No.: 2023037). All experimental
procedures strictly followed animal welfare and experimental ethics regulations. Informed
consent was obtained from the horse owners. Before the experiment began, all horses
underwent veterinary examinations and were confirmed to be in good health with no
detected cardiac disease.

2.2. Experimental Design and Horse Grouping

Sixteen 18-month-old Yili horses (each group consisted of an equal number of male
and female horses, from a state-owned stud farm in the Yili Kazakh Autonomous Prefec-
ture, Urumqi, China) were selected for this study. The horses had similar birth dates with
the same feeding and management conditions (For details, please refer to Supplementary
Materials Table S1), minimal body size differences (the body measurement data are similar
across groups. For details, please refer to Supplementary Materials Table S2), and were
maintained under uniform feeding and management conditions. Ten horses underwent
a three-month training program (trained group), while the remaining six were allowed
free movement and were not exercised (untrained group). The jockey team at this facil-
ity is highly experienced, maintains a similar body weight, and demonstrates excellent
professional competence.

2.3. Training Program

The trained group received the following training:
Week 1: desensitization training (both groups participated initially; however, only the

training group continued after this week)
Desensitization phase:

1. Teach horse to listen with lead exercises;
2. Practice exercises to make horse comfortable with touch;
3. Train your horse to follow directions through circle work;
4. Introducing your horse to a saddle;
5. Place the saddle on your horse’s back;
6. Tighten the girth in intervals;
7. Use a mounting block to climb in the saddle;
8. Mount and dismount from the saddle in 10-min intervals.

Training period, starting from Week 5:
Begin walking your horse while in the saddle.
Week 2: thirty minutes in the lunge ring (walk—5 min, trot—20 min, and walk—5 min);
Week 3: forty minutes in the lunge ring (walk—5 min, trot—30 min, and walk—5 min);
Week 4: one hour on the horse walker (2 m/s—20 min, 3 m/s—30 min, and 4 m/s—

10 min);
Week 5: thirty-five minutes of warm-up on the horse walker (2 m/s—5 min, 3 m/s—

15 min, and 4 m/s—10 min), fifteen minutes of riding in the training arena (trot—5 minand
canter—10 min);
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Subsequent three weeks: an additional five minutes of riding (trot—5 min) each week;
Week 9: thirty-five minutes of warm-up on the horse walker (2 m/s—5 min, 3 m/s—

15 min, and 4 m/s—15 min), fifteen minutes of track training (trot—5 minand canter—
10 min, gallop);

Subsequent three weeks: An additional five minutes of track training per week until
the 15th week, marking the end of the training program. (Weeks 10–12: based on Week 9,
trot duration increased by 5 min per session. Weeks 13–14: canter duration increased by
5 min per session. Week 15: gallop duration increased by 5 min);

Trot at 50–60% HRmax, canter at 60–70% HRmax, and gallop at 70–80% HRmax.

2.4. Echocardiographic Evaluation

One day after the training ended, echocardiography was performed on the horses in
a resting state using a Mindray M6 portable veterinary color Doppler ultrasound system.
A 2.5 MHz probe was used for two-dimensional (2D) and M-mode imaging between the
third and fourth or fourth and fifth ribs on the right thorax. The maximum imaging depth
was set to 30 cm, with the transducer’s focal point fixed at 5 cm and a maximum sector
angle of 110◦. All echocardiographic examinations were conducted by the same operator,
and images were recorded only when the heart rate was below 40 beats per minute. Three
nonconsecutive cardiac cycles were measured, and the average value was taken.

A total of 22 cardiac parameters were measured and calculated from the right paraster-
nal long-axis, right parasternal short-axis, and M-mode right parasternal short-axis images.

2.5. Quantitative Plasma Lipidomics Analysis by LC/MS-MS

Blood samples (resting state; 10 mL) were collected from the jugular vein of each horse
into EDTA anticoagulation tubes. The samples were immediately centrifuged at 15,000× g
for 15 min, and 1.5 mL aliquots of plasma were transferred into cryotubes, flash-frozen in
liquid nitrogen, and stored at −80 ◦C for later lipidomics analysis.

1. Liquid chromatography column: Thermo Accucore™ C30 column (2.6 μm; 100 mm ×
2.1 mm i.d.);

2. Mobile phases:

Phase A: acetonitrile/water (60/40, v/v) containing 0.1% formic acid and 10 mmol/L
ammonium formate;
Phase B: acetonitrile/isopropanol (10/90, v/v) containing 0.1% formic acid and
10 mmol/L ammonium formate;

3. Gradient elution program:

0 min: A/B = 80:20 (v/v);
2 min: A/B = 70:30 (v/v);
4 min: A/B = 40:60 (v/v);
9 min: A/B = 15:85 (v/v);
14 min: A/B = 10:90 (v/v);
15.5 min: A/B = 5:95 (v/v);
17.3 min: A/B = 5:95 (v/v);
17.5 min: A/B = 80:20 (v/v);
20 min: A/B = 80:20 (v/v);

4. Flow rate: 0.35 mL/min;
5. Column temperature: 45 ◦C;
6. Injection volume: 2 μL.

Lipid identification and quantification were based on the Metware self-built database,
MWDB (https://www.metware.cn/, accessed on 29 January 2025). Lipids were identified
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by measuring their retention time and collecting parent–daughter ion pair data. Pearson
correlation analysis was used to determine the relationship between differential metabolites
and cardiac structure and function parameters, with the level for significance set at p < 0.05.

2.5.1. Data Processing

Mass spectrometry data were processed using Analyst 1.6.3 software, and metabolites
were identified and quantified using a local metabolic database. Detectable ions were
screened using a triple quadrupole mass spectrometer, and their signal intensity (CPS)
was recorded. Chromatographic peak integration and correction were performed using
MultiQuant software 3.0.3. To ensure data reproducibility, a quality control (QC) sample
was inserted after every ten samples. The final dataset was simplified and reduced through
multivariate statistical analysis.

Principal component analysis (PCA) was conducted using the prcomp function in R
software (version 3.5.1) with scale = true for unit variance scaling to identify metabolic
differences between samples. Hierarchical clustering analysis (HCA) of metabolite data
processed with unit variance scaling was performed using the ComplexHeatmap pack-
age in R, generating heatmaps to visualize the metabolic accumulation patterns across
different samples.

Differential metabolites were screened using both univariate and multivariate analysis
methods, including hypothesis testing, fold change (FC) analysis, and orthogonal partial
least squares discriminant analysis (OPLS-DA). The selection criteria were VIP > 1 and
p < 0.05, identifying metabolites significantly associated with training status.

2.5.2. Screening of Differential Metabolites and KEGG Functional Analysis

The identified differential metabolites were functionally annotated using the KEGG
database to identify associated biological pathways. Volcano plots were generated using the
ggplot2 package in R to visualize significantly different metabolites between groups, while
the pheatmap package was used to generate heatmaps showing metabolite clustering across
samples. KEGG enrichment analysis was conducted to assess pathway significance, with a
screening threshold of p < 0.05, identifying significantly enriched metabolic pathways.

2.5.3. Correlation Analysis Between Cardiac Structure, Function, and Plasma
Lipid Composition

Pearson correlation analysis in SPSS 26.0 was used to assess the relationships between
cardiac structure and function indices and 153 differential lipid metabolites with VIP > 1.5.
The significance thresholds were set at p < 0.05 (*) for significant correlations, p < 0.01 (**)
for highly significant correlations, and p < 0.001 (***) for very highly significant correlations.

2.6. Statistical Analysis

All figures were generated using GraphPad Prism 8.0 (GraphPad Software Inc., San
Diego, CA, USA). Statistical analyses included analysis of variance (ANOVA), conducted
using SPSS 26.0 (IBM, Armonk, NY, USA). Data are expressed as mean ± standard deviation,
and group differences were assessed using one-way ANOVA. Homogeneity of variance
within groups was tested, with p > 0.05 indicating no significant variance difference.

3. Results

3.1. Analysis of Differences in Cardiac Structure Between Trained and Untrained Yili Horses

This study included 16 Yili horses, with 10 horses undergoing three months of training
compared with 6 untrained horses moving freely in the activity field under the same feeding
and management conditions. Table 1 summarizes the cardiac structure and functional
characteristics of all horses. Figure 1a shows there are no significant differences in ejection
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fraction (EF%) and fractional shortening (FS%) between the trained and untrained groups.
However, significant differences were observed in other cardiac structural and functional
parameters (Figure 1a,b).

Table 1. Results of echocardiography of the two groups of Yili horses under resting conditions
showing cardiac structural and functional measurements.

TERM Untrained Group (UG) Trained Group (TG)

RVDd (cm) 2.17 ± 0.09 2.37 ± 0.13

IVSd (cm) 1.97 ± 0.19 2.05 ± 0.18

LVIDd (cm) 8.61 ± 0.21 9.09 ± 0.26

LVFWd (cm) 1.48 ± 0.07 1.59 ± 0.13

RVDs (cm) 1.44 ± 0.16 1.47 ± 0.1

IVSs (cm) 3.21 ± 0.35 3.58 ± 0.21

LVIDs (cm) 5.14 ± 0.07 5.39 ± 0.1

LVFWs (cm) 2.43 ± 0.22 2.71 ± 0.31

LV minor (cm) 13.48 ± 0.7 14.22 ± 0.43

LADd (cm) 7.78 ± 0.55 8.23 ± 0.29

LADs (cm) 8.88 ± 0.3 9.77 ± 0.51

AODd (cm) 4.39 ± 0.37 4.53 ± 0.22

PAd (cm) 3.56 ± 0.16 3.67 ± 0.17

AODs (cm) 4.61 ± 0.23 5.11 ± 0.18

PAs (cm) 4.11 ± 0.31 4.27 ± 0.17

EF (%) 0.69 ± 0.01 0.69 ± 0.01

FS% 0.4 ± 0.01 0.41 ± 0.01

LVM (kg) 1.14 ± 0.09 1.36 ± 0.19

EDV (mL) 405.77 ± 21.99 457.75 ± 29.38

ESV (mL) 125.85 ± 3.96 140.92 ± 6.41

SV (mL) 279.92 ± 18.39 316.83 ± 23.98

HR 45.03 ± 2.24 43.93 ± 3.96

CO (L/min) 15.42 + 1.41 13.89 + 1.27
Note: UG, untrained control group, n = 6; TG, trained group, n = 10; RVDd: end-diastolic right ventricular
diameter; IVSd: end-diastolic interventricular septal thickness; LVIDd: end-diastolic left ventricular diameter;
LVFWd: end-diastolic left ventricular free wall thickness; LADd: end-diastolic left atrial diameter; LADs: end-
systolic left atrial diameter; AODd: end-diastolic aortic root diameter; PADd: end-diastolic pulmonary artery
diameter; PADs: end-systolic pulmonary artery diameter; EF: ejection fraction; FS: fractional shortening; LVminor:
left ventricular minor; SV: stroke volume; EDV: end-diastolic left ventricular volume; ESV: end-systolic left
ventricular volume; CO: cardiac output; LVM: left ventricular myocardial mass; HR: heart rate. Data are reported
as mean + SD for all variables.
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(a) 

(b) 

Figure 1. Statistical comparisons of echocardiography results from the two groups(UG and TG) of
Yili horses. (a) Differences of RVDd, IVSd, RVDs, IVSs, AODd, PAd, AODs, PAs, FS% between UG
group and TG group. (b) Differences of LVIDd, LVFWd, LVIDs, LVFWs, LV minor, LADd, LADs,
LVM, EF% between UG group and TG group. ns: not significant, * p < 0.05, ** p < 0.01, and *** p <
0.001.
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3.2. Changes in Quantitative Lipidomics Between Trained and Untrained Yili Horses
3.2.1. Identification of Differentially Expressed Lipid Metabolites in Plasma

Using lipidomics technology and UPLC-MS/MS quantitative data, 347 metabolites
were identified. Principal component analysis (PCA) was performed on all experimental
samples and quality control (QC) samples to preliminarily assess the degree of variation
between samples (Figure 2a). The analysis revealed differences among samples, with
distinct separation observed between the trained group (TG) and the untrained group (UG).
All samples fell within the elliptical confidence interval, indicating clear differentiation
between the two groups.

(a) (b) 

Figure 2. Quality control analysis of equine plasma in UG versus TG. (a) Plot of principal component
analysis. (b) Map of OPLS-DA scores.

Orthogonal partial least squares discriminant analysis (OPLS-DA) was used to analyze
the lipid metabolites in the plasma of Yili horses before and after training. The score plot
showed a clear separation between the trained and untrained Yili horses after three months
of training, demonstrating significant changes in plasma lipid metabolites (Figure 2b).

3.2.2. Analysis of Differentially Expressed Lipid Metabolites in Plasma

To gain a clearer understanding of the lipid metabolic changes between trained and un-
trained Yili horses, we used an absolute quantitative lipidomics approach to identify lipid
subclasses and lipid molecules in the samples. A total of 34 lipid subclasses and 281 lipid
molecules were detected in horse plasma (Figure 3a). Compared with untrained Yili horses,
212 lipids were upregulated, and 69 lipids were downregulated in the trained group. This
indicates that exercise training plays a crucial role in the regulation of lipid metabolism, sug-
gesting that it could be used for improving lipid metabolic health. Interestingly, although
a larger number of lipid metabolites were classified under the glycerophospholipid (GP)
category, the triacylglycerol (TG) subclass within the glycerolipid (GL) category showed a
numerical advantage (Figure 3b).
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(a) 

 
(b) 

Figure 3. Metabolome analysis of equine plasma in UG and TG. (a) Volcano plot of differential lipids
between trained and untrained Yili horses. (b) Bar chart of the number of differential lipid subclasses
between trained and untrained Yili horses.
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3.2.3. Pathway Enrichment Analysis of Differential Lipid Metabolites

All differential lipid metabolites between trained and untrained Yili horses were
mapped to the KEGG database to obtain information on the metabolic pathways in which
these metabolites participate. An enrichment analysis was performed on the annotated
results to identify pathways with the highest enrichment of differential metabolites, and a
KEGG enrichment bubble plot was generated (Figure 4). The differential lipids between
trained and untrained Yili horses were primarily annotated and enriched in pathways such
as necroptosis, ether lipid metabolism, and the sphingolipid signaling pathway, which are
involved in cell migration, survival, and proliferation. Additionally, significant enrichment
was observed in pathways related to linoleic acid metabolism, arachidonic acid metabolism,
and alpha-linolenic acid metabolism.

Figure 4. KEGG enrichment bubble plot of differential lipids between the trained and untrained
groups. p-value: significance test p-value; count: number of lipids enriched in the pathway; rich
factor: enrichment factor, representing the ratio of the number of differential lipids annotated to a
given pathway to the total number of lipids annotated to that pathway. A higher rich factor indicates
a greater degree of enrichment.

3.2.4. Correlation Analysis Between Differential Metabolites and Cardiac Structure

As shown in Figure 5, the variable importance in projection (VIP) value represents the
influence strength of each lipid’s intergroup differences in classifying samples within the
model. A higher VIP value indicates that the corresponding lipid contributes more signifi-
cantly to the differentiation between the two groups. By performing Pearson correlation
analysis between key metabolites with high VIP values and cardiac structure and function,
we identified significant correlations between them.
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Figure 5. Correlation between lipid metabolites and cardiac structure and function. * p < 0.05,
** p < 0.01, and *** p < 0.001. Orange indicates a positive correlation, while green indicates a
negative correlation.

4. Discussion

Cardiac remodeling refers to compensatory or decompensatory changes in cardiac
genes, proteins, cells, and the intercellular matrix, which clinically manifest as structural
and functional alterations of the heart [16]. Lipid metabolism is an indispensable compo-
nent of cardiac remodeling, as lipids serve as the major energy source for the heart and
are influenced by multiple factors [17]. This study compared the differences in cardiac
structure, function, and absolute quantitative lipids in the plasma between trained and un-
trained Yili horses, providing new insights into the molecular mechanisms of physiological
cardiac remodeling induced by long-term training.

The Yili horse is a breed native to the Xinjiang Uygur Autonomous Region of China.
They combine the advantages of their Kazakh mare lineage, such as the ability to digest
rough forage and strong disease resistance, with the speed and endurance of Thoroughbred
sires. Although the statistics are incomplete, more than 16,000 Yili horses with athletic
potential have been registered with the Xinjiang Horse Industry Association (https://horse.
xjau.edu.cn/, accessed on 29 January 2025).

The heart of a horse accounts for approximately 0.9% to 1% of its total body mass, and
in systematically trained horses, heart mass can reach 1.1% of total body weight [18,19].
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The left ventricle (LV) is the primary pumping chamber, increasing myocardial contractility
and cardiac output during exercise to meet the body’s oxygen and nutrient demands. After
prolonged racing and systematic training, myocardial cells enlarge, leading to adaptive
left ventricular hypertrophy, which significantly increases total heart mass [4,5,20]. Our
echocardiographic measurements revealed that LVIDd, LVIDs, LVFWd, and IVSs were
significantly greater in the trained group compared to the untrained group, while LVFWs,
IVSd, and LV minor showed no statistical difference but were still larger in the trained
group. A review of exercise-induced cardiac remodeling concluded that a wealth of
literature supported the notion that cardiac remodeling was a widespread phenomenon,
with the distinctive characteristics of an “athlete’s heart” observed in humans, horses, and
dogs [1]. At rest, trained horses had significantly lower heart rates than untrained horses,
while EDV, ESV, SV, CO, and LVM were significantly higher, indicating that three months
of incremental training contributes to adaptive cardiac remodeling.

Most studies on equine cardiac remodeling focused on the left ventricle due to its
crucial role in maintaining cardiac output during exercise. However, recent research has re-
vealed a dynamic interdependence between the right and left ventricles. The right ventricle
supports left ventricular filling by increasing end-diastolic volume, thereby maintaining
overall cardiac pump function [21]. Another study found that different athletic disci-
plines only influenced right ventricular structure in 35% of athletes, with changes being
non-significant [22]. In this study, RVDd was significantly increased in the trained group
compared to the untrained group, while RVDs showed no significant changes, suggesting
that longer training durations may be required for substantial right ventricular adaptation.
The aorta plays a crucial role in buffering pulsatile cardiac output to reduce the risk of
vascular damage due to blood pressure fluctuations [23]. Long-term training induces
adaptive changes in the aorta, which contribute to cardiovascular health [24]. In this study,
AODs was significantly larger in the trained group, whereas AODd did not follow the
same trend, indicating that training positively stimulated aortic structural adaptation in
Yili horses.

The relationship between lipids and physiological cardiac remodeling is complex and
multifaceted. Lipids play a key role in cardiac metabolism and energy production, and their
dysregulation can significantly alter cardiac function and structure. In exercise-induced
cardiac remodeling, lipids contribute to metabolic adaptations that support increased
cardiac workload capability and efficiency [25].

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the most abundant
phospholipids in cell membranes. PC not only maintains mitochondrial membrane integrity
but also regulates mitochondrial bioenergetics, supporting efficient electron transport chain
function [26]. Another study found that the peak values of PC (20:4/18:0) and PE (20:4/18:0)
were negatively correlated with the heart weight/body weight ratio, suggesting that these
lipids may have protective roles in cardiac remodeling [27]. Lysophosphatidylcholine
(LPC), a hydrolysis product of PC, has important biological functions. LPC is involved in
the pathogenesis of cardiovascular diseases, including atherosclerosis and inflammatory
responses [28]. In this study, PC (17:0_18:1) (VIP = 1.98) and PE (20:4_18:0) (VIP = 2.01)
showed significant differences between the two groups and strong positive correlations
with RVDd and AODs. Additionally, LPC subclasses (LPC (18:0/0:0), LPC (0:0/15:0), LPC
(15:0/0:0), and LPC (20:0/0:0)) were significantly correlated with LVID, further emphasizing
the role of lipid metabolism in cardiac structural adaptations.

Exercise can regulate lipid metabolism by influencing intracellular ceramide (Cer)
levels, which are essential for energy balance and metabolic homeostasis. [29]. Ceramide
plays a key role in muscle energy metabolism, and its level is correlated with metabolic
state and energy demand. Elevated ceramide levels can increase muscle cell apoptosis,
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affecting muscle mass and function [30]. This study found that Cer (d20:1/24:1) was more
abundant in the trained group and significantly positively correlated with AODs.

The differential lipids between trained and untrained horses were enriched in the sph-
ingolipid signaling pathway. Sphingomyelin (SM) was not only widely present in neuronal
cell membranes but also regulates signal transduction and cellular metabolism. Studies
have shown that sphingomyelin influenced membrane protein function and interactions,
playing a key role in neuronal signaling and intercellular communication [31,32]. SM (d40:4)
was primarily enriched in the sphingolipid signaling pathway, which has been shown
to be essential for myocardial proliferation and cardiac regeneration [33]. Linoleic acid
metabolism is vital for cardiovascular health, as linoleic acid derivatives regulate inflam-
mation and vascular function, while arachidonic acid metabolism influences inflammatory
responses, vascular tone, and platelet aggregation [34,35]. These enrichments of metabolic
and signaling pathways demonstrate that intensive exercise training can significantly en-
hance cardiac energy metabolism, structural adaptation, and functional optimization. This
study provides new theoretical support for understanding the adaptive mechanisms of
exercise training on cardiac function and for designing more effective exercise regimens.

5. Conclusions

In summary, the differential plasma lipids PE (20:4_18:0), PC (17:0_18:1), and LPC
subclasses in trained and untrained Yili horses were significantly correlated with cardiac
structure and function. The trained group exhibited more pronounced cardiac remodel-
ing and metabolic regulation advantages, including enhanced metabolic adaptation and
structure–function optimization through pathways such as the sphingolipid signaling
pathway, linoleic acid metabolism, and arachidonic acid metabolism. This study inte-
grated cardiac structure, function, and lipid metabolism to evaluate the differences between
trained and untrained Yili horses, potentially providing insights into more effective training
strategies and cardiac regulation mechanisms for sport horses.
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Simple Summary: Genomic structure, genomic function, and genetic similarity are fun-
damental components of the field of genomics. Equid herpesviruses in subfamily alpha-
herpesvirinae include equine herpesvirus 1 (EHV-1), EHV-3, EHV-4, EHV-6, EHV-8, and
EHV-9, which are recognized as etiological agents responsible for respiratory, urogenital,
and neurological disorders in equine species, exhibiting unique and similar characteristics
in infection that are influenced by both the identities and differences among their respective
genomic homologs. This review systematically examined and synthesized the existing
genomic knowledge on αEHVs, focusing on genomic structure, function, and genetic
similarity, and conducted pairwise alignments between each homolog. Furthermore, this
study identifies essential challenges encountered during the research process and proposes
potential solutions. In the current context, future research should prioritize the exploration
of unknown genomic functions and novel transcripts within the αEHV genome.

Abstract: Equine herpesvirus 1 (EHV-1), EHV-4, EHV-8, and EHV-9, are classified within
the subfamily Alphaherpesvirinae and are recognized as causative agents of respiratory,
urogenital, and neurological disorders in horses. These viruses, collectively referred to
as αEHVs, exhibits both unique and shared characteristics in terms of host interaction,
pathogenesis, epidemiology, and immune evasion, which arise from both the identities and
discrepancies among respective genomic homologs. The genomic architecture of αEHVs is
similar to other members of the same subfamily, such as well-known HSV-1, VZV, and PRV.
However, research on the molecular mechanisms underlying αEHV infection and immune
response remains significantly less advanced compared to studies on human, porcine,
and bovine herpesviruses. This paper systematically describes the genomic structure,
function, and genetic similarities of αEHVs and conducts a comparative analysis of selected
αEHVs through pairwise sequence alignments of nucleotides and amino acids. This review
offers an extensive synthesis of the current understanding related to the study of αEHVs,
highlighting the challenges and potential solutions for future research endeavors.

Keywords: equid alphaherpesvirus; genomic structure; function; comparative analysis;
future research

1. Introduction

The order Herpesvirales consists of families Orthoherpesviridae, Alloherpesviridae, and
Malacoherpesviridae, each comprising viruses associated with distinct hosts. Members
of Herpesviridae infect mammals, birds, or reptiles, while those of Alloherpesviridae infect
fish or frogs. Malacoherpesviridae viruses infect mollusks [1]. Orthoherpesviridae has three
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subfamilies: Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae [2]. The five
genera of Alphaherpesvirinae, including Iltovirus, Mardivirus, Scutavirus, Simplex virus, and
Varicellovirus, comprise all known equid alphaherpesviruses (αEHVs): EHV-1, EHV-3,
EHV-4, EHV-6, EHV-8, and EHV-9. EHV-1 shares a close evolutionary relationship and
genomic organization with EHV-3 [3]. EHV-3 is the etiological agent responsible for equine
coital exanthema, a typically mild genital infection in horses that is transmitted venereally
through semen; however, it has been nearly eradicated [4]. EHV-6 is closely related to
EHV-3 from the aspect of equine coital exanthema [5]. EHV-6 and EHV-9 are primarily
associated with infections in asses and zebras [6]. This review concentrates on the most
prevalent and significant αEHVs (EHV-1, EHV-4, and EHV-8) affecting domestic horses and
donkeys [6], which are linked to abortion, respiratory diseases, and neurological disorders.

EHV-1 infection can cause upper respiratory disease in horses, presenting symptoms
akin to those caused by equine influenza virus [7,8]. In addition to respiratory symptoms,
EHV-1 frequently induces neurological syndromes, including ataxia, muscle paresis, paral-
ysis, bladder atony, recumbency, or death. Additionally, EHV-1 has been associated with
uterine or placental damage during early gestation and abortion in the late gestation of
mares. Horses across all ages occasionally display the classical sings of myeloencephali-
tis [9]. Similarly, EHV-4 can cause upper respiratory infections in young horses and can
also lead to encephalomyelitis with occasional cases of abortion reported [10,11]. Although
these two viruses are closely related, they are distinct entities. They were reclassified by the
International Committee on Taxonomy of Viruses [1,12]. Infection by EHV-4 typically stays
confined to the upper respiratory system, while EHV-1 infection may become systemic
following viremia associated with leukocytes [13].

EHV-8, originally designated as asinine herpesvirus 3 (AHV-3) [14], has been im-
plicated in causing febrile rhinitis in donkeys [15–17] and abortion in mares [18]. It is
noteworthy that the EHV-8 wh strain was isolated from a horse exhibiting neurological
symptoms [19]. Phylogenetically, EHV-8 exhibits a closer relationship to EHV-1 and EHV-9
than to EHV-4 [18–21].

EHV-9, initially termed gazelle herpesvirus-1, represents the most recent addition
to the αEHVs group and was first isolated from Thomson’s gazelles that succumbed to
fulminant encephalitis [22,23]. It is closely related to EHV-1 and EHV-8 and exhibits a broad
host range encompassing species such as hamsters, goats, dogs, cats, polar bears, zebras,
giraffes, and gazelles, with the exception of those exhibiting lethal encephalitis [24–29].
In equines, however, the clinical presentation is comparatively mild, characterized by
moderate encephalitis with reduced neuronal loss, perivascular cuffing, and gliosis [22].

The primary entry point for these viruses is the mucosal surfaces of the respiratory
and urogenital tracts, where they initially manifest clinically and often lead to secondary
infections. αEHVs are able to establish lifelong latent infections within the lymph nodes,
trigeminal ganglia, and leukocytes; however, the exact primary site of latency remains a
topic of ongoing debate. Currently, there is no conclusive evidence regarding the incidence
and significance of reactivation from latency of EHV-1 and EHV-4. Nonetheless, anecdotal
reports suggest that stressful events such as weaning, castration, or transportation may
serve as potential causal factors.

This review offers a systematic summary of the current understanding of the genomic
structure, function, and genetic similarity of αEHVs and conducts a comparative analysis
through pairwise alignment among EHV-1, EHV-4, EHV-8, and EHV-9. These analyses may
facilitate future research endeavors aimed at elucidating the molecular mechanisms under-
lying the distinct and shared characteristics associated with host interaction, pathogenesis,
epidemiology, and immune evasion, as influenced by genetic diversity and identity.
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2. Genomic Structure

The GenBank accession numbers corresponding to the EHV strains analyzed in this
study include EHV-1 strain Ab4 (AY665713), EHV-4 strain NS80567 (AF030027), EHV-8
strain wh (JQ343919), and EHV-9 strain P19 (AP010838), with each genome size as shown
in Table 1. The determined genome sizes were consistent with the sequences; however,
they are unlikely to accurately reflect the actual sizes. This discrepancy arises because
each genome sequence contains numerous direct tandem repeats of short sequences, often
arranged in complex configurations that include partial or dispersed repeats. In the case of
αEHVs, these reiterations (repeats) frequently displayed variability in size, contributing to
the heterogeneity observed in genome sizes. Moreover, the tandem repeats located at the
genome termini exhibit a high GC content, similar to that observed in telomeric regions.
CpG islands are defined by a high concentration of CG dinucleotides, and their relative
scarcity is a well-documented evolutionary phenomenon. This scarcity results from the
methylation of cytosine residues, which subsequently undergo spontaneous deamination to
form thymine, leading to the formation a TG dinucleotide [30]. This mutation can become
fixed in the genome through replication processes. Such mechanisms have been observed
in herpesviruses during studies investigating the methylation patterns of latent genomes
within proliferating cell populations [31]. A class of tandem repeats has been identified
within the genomes of Marek’s disease virus and human herpesviruses (HHVs) 6A, 6B,
and 7 [31], which may facilitate the integration of the viral genome into the telomeric
regions of host eukaryotic chromosomes [32,33]. However, it remains uncertain whether
this mechanism is applicable to αEHVs.

Table 1. Genomic arrangement and size of αEHVs in subfamily Alphaherpesvirinae.

Name
Size (bp) G + C

(%)

Total Numbers of ORFs

Genome UL
a US

b IR c TR d Genome UL US IR TR

EHV-1 150,224 112,935 11,861 12,714 12,714 56.67 80 62 10 4 4
EHV-4 145,597 112,452 12,789 10,179 10,179 50.46 79 62 10 4 3
EHV-8 149,332 113,341 89,403 11,969 11,969 54.36 80 62 10 4 4
EHV-9 148,371 112,681 11,998 11,846 11,846 56.10 80 62 10 4 4

a, long unique region; b, short unique region; c, inverted repeat; d, terminal inverted repeat.

Potential protein-coding regions within the EHV-1 genome were initially identified
through the search for ATG-initiated open reading frames (ORFs), with a specific focus
on evaluating codon usage preferences and the G + C bias at the third codon position.
Additionally, general characteristics of the gene organization were taken into account, such
as the limited overlap between ORFs and the positioning of potential polyadenylation
signals (AATAAA, ATTAAA, and AGTAAA), which are transcribed as part of 3′-coterminal
families. This information pertaining to the EHV-1 genome was subsequently utilized to
identify EHV-4 genes in an earlier study.

The genome of these viruses comprises unique long (UL), unique short (US), inverted
repeat (IR), and terminal inverted repeat (TR) regions. αEHVs are biologically categorized
within the Alphaherpesvirinae subfamily, which also includes herpes simplex virus type 1
(HSV-1), varicella zoster virus (VZV), and the pseudorabies virus (PRV). Previous studies
have detailed the DNA sequences, structural characteristics, and genome mapping of
EHV-1 and EHV-4, highlighting their collinear arrangement similarities with HSV-1 and
VZV [34,35]. EHV-8 (Figure 1) and EHV-9 (Figure S1) have been identified as possessing a
genomic structure analogous to that of EHV-1. In the current study, the four EHV genomes
analyzed comprised four distinct components, the dimensions of which are detailed in
Table 1. All genomes exhibited highly collinear structures, characterized by a UL region

57



Vet. Sci. 2025, 12, 228

flanked by a short IR linked to a US region, followed by a substantial TR. Notably, with
the exception of a single copy of ORF67 in the EHV-4 genome, the other three genomes
contained duplicated TRs and IRs for ORF64, ORF65, ORF66, and ORF67. ORF35 was
expressed as a full-length mRNA from an upstream promoter, as well as a 3′-coterminal
truncated mRNA initiated internally. The protein encoded by the smaller overlapping gene,
designated ORF35.5, was identical to the carboxy-terminal portion of the protein encoded
by ORF35.

Figure 1. The genomic map of EHV-8. The terminal direct repeat (TR) is shown in a thicker format
than the unique region (U). ORFs predicted to encode functional proteins are indicated by arrows
(see the key below), with the nomenclature without the ORF prefix given below. The poly(A) sites are
indicated by vertical arrows above and below the genome for ORFs oriented toward the right and
left, respectively. Reiterated sequences are shown as small filled rectangles, and candidate origins of
DNA replication (open squares) are indicated above the genome.

The nomenclature for the ORFs of EHV-8 is derived from that of EHV-1, EHV-4, and
EHV-9, with ORFs sequentially numbered from 1 to 76. The ORFs of EHV-8 and EHV-9
are designed in accordance with their homologous counterparts in EHV-1 and EHV-4. In
contrast, the nomenclature systems used for other alphaherpesviruses differ from that
of the αEHVs, which typically exhibit a dense arrangement of ORFs. Several genomic
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regions are not anticipated to encode functional proteins; these regions are located at the
left and right terminus of αEHVs genome, as well as between ORF62 and ORF63, ORF63
and ORF64, and ORF64 and ORF65. The predicted counts of functional protein-coding
ORFs in the four genomes represent the most accurate estimates currently available.

3. Gene Function

The potential functions of each protein, as presented and proposed in Table S1, were
elucidated through the findings of the current study by integrating known characteristics
of the members in Orthoherpesviridae, with HSV-1, VZV, and PRV as example.

The current understanding of αEHV genomic function is limited. Existing researches
predominantly concentrate on the gene function of EHV-1. EHV-1 utilizes both viral
transcription regulatory proteins and host transcription factors to support its infection
in vivo and in vitro. The transcriptional regulation of the EHV-1 genome is orchestrated
in a temporally controlled cascade, categorized into immediate-early (IE), early (E), and
late (L) phases during lytic infection [36]. The sole IE gene, transcribed first, encodes the
regulatory protein IEP, which is critical for initiating subsequent viral gene expression.
Early genes further prime the cellular environment for viral replication, while late genes,
dependent on viral DNA synthesis, encode structural components like glycoproteins
(e.g., gB and gC). For example, the EHV-1 IE protein homolog (similar to HSV-1 ICP4)
activates E genes, including those involved in DNA replication [37]. The expression
of EHV-1 genes over time is intricately regulated by six distinct molecules: the sole IE
protein, four early regulatory proteins (EICP0, EICP22, EICP27, and IR2P), and a late ETIF
protein [36]. The IE protein enhances the activity of EHV-1 promoters by binding to the
consensus sequence 5′-ATCGT-3′, which is found within these promoters. This binding
recruits additional TATA-binding proteins (TBP) and transcription factor IIB (TFIIB) to
help establish the transcription initiation complex. Conversely, IR2P serves as a negative
regulator, diminishing promoter cis-activity by depleting the availability of essential cellular
transcription factors [38,39], which leads to a significant downregulation in both gene
expression and viral titers. The tegument protein ETIF specifically and exclusively activates
the IE gene promoter through interactions with transcription factor Oct-1, which targets
octamer sequences [40,41]. EICP0 has the capability to independently activate all types
of EHV-1 gene promoters by interacting with TBP and TFIIB as well as the simplest
promoter only containing TATA site and transcription start site [42,43]. Meanwhile, EICP22
(IR4) [44–46] and EICP27 [47,48] each have a minimal trans-activation effect on promoters.
However, when they work together, they enhance the activation of the promoter of the
IE gene, acting as co-factors that boost IEP activity. EICP22 increases the in vitro host
spectrum of EHV-1 and plays an important role in pathogenesis within the murine model.
EICP27 synergizes with EICP0 to activate both early and leaky late promoters, and it also
directly interacts with TBP. However, EICP22 and EICP0 do not function collaboratively
to influence any EHV-1 promoters. Additionally, UL4 interacts with cellular transcription
factors, such as the TBP to modulate viral gene expression [49].

The viral DNA polymerase (ORF30) not only facilitates DNA replication but may also
engage with cellular RNA polymerase II to enhance transcription processes to trans-activate
L genes. The polymorphisms in ORF30, being regarded as neuropathogenic markers (e.g.,
variants harboring A2254/N752 and C2254/H752), have been associated with variations
in transcriptional efficiency and clinical outcomes, indicating genotype-specific regula-
tory differences [50]. The genotype of EHV-1 DNA polymerase (ORF30) [51], specifically
variants D752, N752, and H752, correlates with diverse pathogenic profiles [9]; yet, the
exact molecular mechanisms remain elusive. Recent genomic studies of EHV-1 outbreaks
in Sweden (2012–2021) identified 14 geno-variants, along with new mutations in ORF11
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and ORF34 that influence viral fitness [50]. Synonymous mutations in ORF11 and non-
synonymous alterations in ORF34 (mutable genomic locus) may modify the secondary
structures mRNA or influence protein interactions, impacting transcriptional efficiency [50].
The regulation of EHV-1 transcription is a complex process affected by viral genetic vari-
ability, epigenetic alterations, and dynamic protein interactions. Comparative studies with
other herpesviruses (e.g., HSV-1) create opportunities to explore unresolved molecular
mechanisms. Future inquiries should focus on in vivo models to confirm transcriptional
regulators as potential therapeutic targets, especially concerning neuropathogenic strains
and approaches to control latency.

Numerous functional proteins require further investigation, identification, and valida-
tion. Certain glycoproteins (e.g., gD, gB, gE, and gC) have been shown to facilitate viral
entry into host cells, mediate cell-to-cell transportation, elicit protective immune responses,
and modulate immune response and are associated with virulence [52–60]. The proteins
UL43, UL49.5, and UL56 have been shown to downregulate MHC I levels via inhibiting
TAP binding [61–65]. EHV-1 UL45 (ORF15) is identified as a virulence factor contributing to
neuropathogenesis and influencing viral replication [66,67]. EHV-1 ORF1 and ORF2 exhibit
a close relation with virulence during infection in horses [68,69]. US2 (ORF68) modulates
virus entry and cell-to-cell spread and relates to virulence [70,71].

EHV-1 expresses two non-coding RNA: latency-associated transcripts (LATs) and IR3.
Latency is characterized by the suppression of lytic gene transcription and maintenance
of the viral genome via LATs [72,73]. In murine models, EHV-1 reactivation from latency
following corticosteroid administration correlated with transient viremia and respiratory
shedding, underscoring the reversibility of latency [74]. LATs play a crucial role in establish-
ing latent EHV infections within the host. IR3 suppresses the expression of IE gene, thereby
influencing the biological characteristics and virulence of EHV-1. The IR3 transcript of
equine herpesvirus-1 (EHV-1) contains 117 nucleotides that are antisense to the IE mRNA,
indicating a potential regulatory function [75–77].

It is plausible that some of these ORFs do not encode functional proteins, while others
may have been overlooked. These ORFs are small, spliced, weakly conserved, or entirely
non-conserved and use non-classical initiation codons (i.e., non-ATG), a phenomenon
proposed in human herpesvirus (e.g., HSV-2 UL16) [78]. Translational initiation may take
place from a codon that is not ATG, which has been demonstrated to serve as an initiation
codon in eukaryotic systems [79,80]. Furthermore, although not yet identified, overlapping
ORFs may exist within αEHVs genomes. Notably, two ORFs have been identified within
the intron located in the 5′ untranslated region (UTR) of the IE gene [81].

4. Genetic Similarity

EHV-1 exhibits the largest genome among the four viruses. Furthermore, a homology
analysis of the nucleotide and amino acid sequences was conducted for each gene common
to the four viruses (Table S2), as any genetic diversity is likely to result in distinct charac-
teristics in the interaction of αEHVs. The pairwise alignment between homologous ORFs
and their products (amino acid sequence), annotated in EHV-1, EHV-4, EHV-8, and EHV-9,
were performed using the Clustal W algorithm of the MegAlign platform with DNAstar
(version 7.1) software.

4.1. Conserved ORFs in Orthoherpesviridae

Members of the Orthoherpesviridae, within the order Herpesviriales, possess 44 shared
genes (referred to as core ORFs, Table S1), which are seemingly inherited from a com-
mon ancestor [82]. This genetic composition highlights a greater divergence within the
Herpesviridae family compared to the Alloherpesviridae family, which contains only 12 core
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genes [31]. These genes encompass the majority of functional categories outlined in Ta-
ble S1, including those associated with nucleotide metabolism, DNA replication, capsid
structure, and virion morphogenesis.

The ORF44/47 encoding the DNA packaging terminase subunit 1 exhibits a high
degree of conservation across members of the order Herpesvirales [83]. Conversely, the ORF
encoding the DNA packaging terminase subunit 2 (ORF32) is conserved within the Ortho-
herpesviridae but demonstrates only limited similarity to the core gene (ORF47) in cyprinid
herpesvirus, with no analogous sequences identified in other alloherpesviruses [31]. No-
tably, the conserved region encompasses a cysteine-rich motif, which is ubiquitous among
Orthoherpesviridae members and may function as a metal ion-binding domain [84–86].

4.2. Conserved Genes in Subfamily Alphaherpesvirinae

In the Alphaherpesvirinae subfamily, a total of 24 conserved genes were identified
except for 44 core genes. Of these, 44 core genes were inherited from the common ancestor
shared by the α-, β-, and γ-subfamilies of Orthoherpesviridae, while these 24 genes were
inherited from an ancestor specific to the Alphaherpesvirinae subfamily [82], as indicated
in Table S1 using orthologs. This phylogenetic classification suggests that specific core or
orthologous genes may have been lost in certain lineages. In the case of αEHVs, 11 viral
glycoproteins [87], including gB, gC, gD, gE, gG, gH, gI, gK, gL, gM, and gN, are conserved
when compared to other alphaherpesviruses. The glycoprotein gp2 (gJ) is encoded by
ORF71 exclusively in αEHVs and is located within the US genomic segment [88–90]. EHV-1
strain Kentucky A (KyA) harbors a 1242 bp deletion and encodes a truncated gp2 of only
383 amino acids [89,90], in contrast to 797 and 791 amino acids in the pathogenic strains Ab4
and RacL11, respectively. As regulatory proteins, ORF64 (IEP), truncated ORF64 (IR2P),
ORF12 (ETIF), and ORF5 (EICP27) are conserved in Alphaherpesvirinae. The remaining eight
genes—ORF2, ORF3, ORF4, ORF34, ORF63 (EICP0), 65 (EICP22), ORF67 and ORF76—are
not conserved in this subfamily. Of the 76 ORFs, there is no knowledge to date about
potential functions associated with ORF4, ORF58, ORF60, ORF66, and ORF75.

4.3. Orthologs in HSV-1 and VZV

The αEHVs exhibit 71 and 70 orthologs in common with HSV-1 and VZV, respectively
(Table S1). The degree of genome collinearity between αEHVs and either HSV-1 or VZV
is comparable to that observed among αEHVs themselves, characterized by extensive
blocks that are rearranged in terms of order and orientation relative to one another. These
findings underscore the close evolutionary relationship among αEHVs. It is important
to note that while αEHVs are considered to demonstrate a pattern of recent coevolution
with their hosts, this does not necessarily imply cospeciating with their hosts, nor with
HSV-1 and VZV [34,35]. Therefore, within the Alphaherpesvirinae subfamily, αEHVs, HSV-1,
and VZV exhibit a closer phylogenetic relationship to one another than to their respective
host species, suggesting that one of these lineages likely evolved through an interspecies
transfer event. Future and ongoing studies may be informed and guided by the relevant
information associated with orthologs from HSV-1 and VZV.

4.4. Fragmented ORF

EHV-1 and EHV-4 have been documented to possess a single fragmented open reading
frame (ORF 44/47), while the EHV-8 and EHV-9 equivalents have been annotated in Gen-
Bank, albeit containing an intergenic region that is highly conserved among αEHVs, which
are homologous to the two exons of HSV-1 UL15, which is expressed as a spliced mRNA.
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4.5. UL24 Protein Family in Orthoherpesviridae

The UL24 protein family is conserved across all three subfamilies of the Orthoherpesviri-
dae [91]. This conservation suggests the existence of the same ancestor gene that dates back
at least 180 million years, prior to the emergence of the three subfamilies [92,93]. The UL24
family encodes a variety of potential PD-(D/E)XK endonucleases, characterized by the
presence of signature motifs II, III, and IV, which are part of a broad and diverse superfamily
of restriction endonucleases and recombinases [94,95]. The UL24 protein can inhibit the
innate immune response of the host through its interaction with various immune signaling
pathways (e.g., RIG-I, cGAS-STING) involved in a series of cellular factors, including p65,
p50, IRF7, ISG20, IL-8, OASL, IL-β, and ZCCHZ3, during the course of a viral infection.
This multifaceted role not only allows the virus to evade the initial defenses of the host
immune system but also contributes significantly to the ability of herpesvirus to replicate
and become pathogenic in the later stages of the infection [91,95]. UL24 is crucial for the
herpesvirus lifecycle, enhancing both its proliferation and its capacity to cause disease in
the category of Orthoherpesviridae.

In HHVs, the UL24 protein induces cell cycle arrest by inactivating the cyclin B/cdc2
complex and may also function as a minor tegument component that is weakly associated
with capsids [96]. The pervasive presence of the UL24 the Orthoherpesviridae indicates
its essential function in the viral life cycle, particularly in processes such as membrane
fusion and replication [95]. This role is evidenced in tissue culture by the dispersal and
redistribution of the nucleolar protein (NPM1) [96–98]. Currently, there are only two docu-
mented studies concerning UL24 in EHV-1. One study, utilizing a mouse model, identified
UL24 as a determinant of neuropathogenicity, while another study provided sequence
data for its homolog from Brazilian isolates of EHV-1 [99,100]. In equid herpesviruses, the
biological function of the UL24 protein warrants further investigation, and elucidating the
associated molecular mechanisms may be facilitated by leveraging research conducted
on other herpesviruses within the same family. EHV-1 UL24/TK (head to head located
genome) deletion may be the prospective target to break latent infection and pave the novel
way to develop vaccine and antiviral reagents aiming at the infection of αEHVs [101].

5. Problems and Possible Solutions

Currently, there are no immortalized cell lines derived from the respiratory and ner-
vous systems of equids, which poses significant challenges to understanding the molecular
mechanisms underlying the pathogenesis of αEHVs in vivo. In the context of αEHV re-
search, commonly used cell lines such as RK13, BHK-21, CHO, and MDBK can support the
replication of EHV-1, EHV-3, EHV-8, and EHV-9 in vitro; however, these cell lines exhibit
considerable genetic diversity when compared to equine cells. Fetal horse kidney cells
(FHK) and equid dermis cells (ED) are utilized in certain studies related to EHV-4, albeit
within a limited number of passages.

The transformation of FHK cells with primate genes, including large T antigen of SV40
(LTA), results in their immortalization, allowing them to be employed for the isolation
and propagation of equine herpesvirus [102–104]. The fields of genomics, transcriptomics,
proteomics, and metabolomics in equids are currently underdeveloped, resulting in a
lack of comprehensive information regarding gene function. This shortcoming poses a
significant barrier to advancing our understanding of the molecular interactions between
EHVs and horses. Consequently, the equine telomere reverse transcriptase (eTERT) gene
may be viewed as a potential catalyst for the development of immortalized equine cell
lines and oncogenic genes associated with equine adenovirus, similar to the established
immortalized human cell lines. The establishment of such cell lines could greatly enhance
research efforts focused not only on EHVs but also on other equine pathogens.

62



Vet. Sci. 2025, 12, 228

6. Conclusions and Prospects

This review provides a systemic summary of the genomic information of αEHVs,
focusing on their structural and functional characteristics, highlighting the identity and
diversity among homologs through comparative alignment. This review represents the
initial investigation of a collection of closely related αEHV genomes and aims to enhance
the understanding of αEHVs within the Orthoherpesviridae family to match the depth
of knowledge available for the far more thoroughly researched Herpesviridae family.
Similar to what is becoming evident with human herpesviruses (e.g., HSV-1 and VZV), the
genomic characteristics of αEHVs will provide a foundation for forthcoming research on
the pathogenesis and immune evasion mechanisms of αEHVs and for efforts focused on
vaccine and therapeutics, diagnostics, and epidemiological advancements.

In the context of current biological research, initial investigations might prioritize
targeting αEHVs genes labeled as “unknown” and “possibly” in terms of function, as
indicated in Table S1. The observed discrepancies between homologs may facilitate the es-
tablishment of differential diagnoses. Investigating, detecting, identifying, and confirming
novel transcription units within the αEHV genome represent significant research avenues,
particularly because certain AATAAA sequences have not been annotated as poly(A) signal
sites in GenBank data. These AATAAA motifs likely suggest the presence of previously
uncharacterized transcripts. Also, future research should aim to identify and confirm
non-essential genes involved in viral replication in vitro. By targeting these regions for
genetic editing, the genome of αEHVs could be optimized as a live vector for the delivery
of heterologous antigens, thereby enhancing strategies for the prevention and treatment of
infectious diseases in equids. In summary, this review aims to advance research on αEHVs
within the current context.
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Simple Summary: Injuries to the limbs are a common occurrence in horses. Sometimes
joints, bursas, or tendon sheaths, so called synovial structures, may be involved in limb
wounds, too. This carries the risk of infection of such structures, which may have a clinical
and financial impact. Additionally, tendons and/or ligaments may be involved. The aim of
this study is to compare wounds with and without involvement of synovial structures, and
wounds with and without tendon and/or ligament involvement, as far as cost of treatment
and clinical outcomes.

Abstract: Injuries to the distal limb are common in horses. The clinical aspect of the
lesions is variable based on the structures that are involved. Synovial structures as well as
tendons and/or ligaments may be involved in such injuries, affecting treatment modalities
and costs, and prognosis. This retrospective study compares wounds involving synovial
structures to wounds without such involvement in terms of treatment duration and costs,
and prognosis. Synovial wounds were much more expensive to treat and carried a lower
prognosis. Involvement of tendons and/or ligaments in the wounds resulted in more
expensive and prolonged treatment courses compared to cases without such involvement,
even without synovial contamination. The prognosis for discharge was good overall for
both groups.

Keywords: wound; distal limb; synovial cavity; synovial infection; horses

1. Introduction

Injuries to the distal limb are common in horses. The clinical aspect of the lesions
is variable based on which structures are involved. The anatomy of the musculotendi-
nous apparatus of equine distal limb is made complex by the presence of synovial and
non-synovial structures very close to each other and poorly protected by surrounding
tissues [1]. The involvement of either of the two, or both, affects the prognosis as well
as the type of intervention. The presence and proliferation of bacteria within a synovial
cavity leads to severe inflammation and secretion of inflammatory mediators that directly
cause modification of the internal homeostasis of the injured synovial cavity, and metabolic
changes with secondary damage to the articular surface or teno-ligamentous structures,
with secondary osteoarthritis and adhesions [1,2]. Early recognition of involved structures
is mandatory to establish an appropriate treatment and improve prognosis [3–5].

A multimodal approach is suggested when a synovial lesion is suspected. Treatment
aims to remove pathogen and inflammatory mediators [6]. Also, non-synovial wounds
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need to have a prompt intervention, to avoid migration of the microorganism into the
adjacent synovial cavity [7]. Systemic broad-spectrum antibiotics are usually combined
with local intravenous limb perfusion (IVLP). Surgical debridement and synovial lavage
are recommended to remove debris and devitalized tissue, and enhance vascularization
and local antibiotic diffusion [8,9].

Prognosis is usually good for survival: according to published literature, 85% of horses
with synovial infections survive to discharge. The percentage of success decreases when
return to athletic function is evaluated [10–13].

How quickly treatment is initiated is deemed important, with best prognoses associ-
ated with a time frame of 24–36 h from the initial trauma [11,14,15]. Economic constraints
may play a role in the decision process on what treatment is affordable, with direct effects
on the prognosis.

This retrospective study was conducted to investigate clinical outcomes of horses
referred for limb wounds for which surgical treatment was elected.

The primary objective was to assess and compare the clinical and economic impact
of synovial versus non-synovial limb wounds in horses. Key metrics included duration
of hospitalization, total and daily hospitalization costs, number of surgeries, duration of
antibiotic treatment, and survival to discharge. Secondary objectives were to differentiate
outcomes between complicated and non-complicated cases within the non-synovial group,
to compare the economic impact of complicated non-synovial wounds to those involving
one or more synovial structures, and to examine the association of the use of IVLP with
survival in synovial cases. (Table 1).

Table 1. Objectives of the study.

1. Objective 2. Objective 3. Objective 4. Objective

Synovial vs.
non-synovial limb
wounds

Complicated vs.
non-complicated
non-synovial wounds

Complicated non-synovial
wounds vs. synovial wounds

Association of IVLP with
survival in synovial cases

2. Materials and Methods

2.1. Case Definition and Selection

Study population consisted of horses referred to a private equine hospital located
in southern Germany for limb wounds between 2021 and 2023. Inclusion criteria were:
age older than 1 year, one or multiple limb lacerations, surgical treatment under general
anesthesia. Additional injuries such as fractures, or tendon or ligament transections of
subjectively more than 25% of the anatomical structure’s cross-section, were considered
exclusion criteria.

Horses were classified into two cohorts, as determined by clinical evaluations and
diagnostics. Cohort 1 (synovial) included horses with wounds involving synovial structures.
All horses in Cohort 1 underwent one or more arthroscopic lavage. Cohort 2 (non-synovial)
included horses with wounds not involving synovial structures. Cohort 2 was further
divided into complicated and non-complicated cases. Cases were defined as complicated
when one or multiple tendons and/or ligaments were involved in the laceration.

2.2. Data Collection

Data were retrospectively collected from medical records. Signalment, time to referral,
and location of the wound were recorded. The evaluated variables included duration
of hospitalization, total and daily cost of hospitalization, number of surgical procedures
performed, duration of antibiotic treatment, use of intravenous limb perfusion (IVLP), and
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survival to discharge. The use of intravenous regional limb perfusion in Cohort 1 and
its association with survival outcomes were also analyzed. Additionally, time elapsed
between wound detection and referral (time to referral) was examined across both cohorts
to assess its association with survival, cost, duration of hospitalization, and number of
surgical procedures.

2.3. Statistical Analysis

Comparisons were made between synovial and non-synovial groups and between non-
synovial groups for complicated versus non-complicated cases. Fisher’s exact test and a
Pearson’s Chi-squared test were used to investigate categoric variables. A Wilcoxon rank sum
test was used to compare groups for continuous variables. The association between survival
to discharge and intravenous regional limb perfusion was evaluated using the Chi-square test.
A linear and logistic regression assessed the impact of the cost per day, hospitalization length,
and the number of surgeries on time to referral for both cohorts, respectively, for continuous
and categorical variables. Statistical significance was set for p < 0.05.

3. Results

A total of 51 horses were included in the study. For 21/51 (41%) of them, involvement
of at least one synovial structure was confirmed. These horses were allocated to Cohort 1.
Thirty (59%) did not show any synovial involvement; therefore, these horses were allocated
to Cohort 2.

In the synovial cohort, 24 structures were involved in 21 horses (Table 2). In three
horses, multiple structures were involved.

Table 2. Synovial structures involved in Cohort 1.

Structure Number

Digital flexor tendon sheath, hind 7

Tibio-tarsal joint 4

Metatarsophalangeal joint 2

Metacarpophalangeal joint 2

Radial carpal joint 2

Digital flexor tendon sheath, fore 1

Navicular bursa, fore 1

Elbow 1

Calcaneal bursa 1

Distal intertarsal joint 1

Tarsometatarsal joint 1

Tarsal sheath 1

Total 24

All 30 horses in the non-synovial cohort survived to discharge (100%). Of the 21 horses
in the synovial cohort, 18 survived to discharge (85.7%).

In Table 3, the differences between the two Cohorts in the number of surgeries, dura-
tion of antibiotic treatment, total hospitalization costs, length of hospitalization, cost per
day, and survival to discharge are summarized.
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Table 3. Comparative analysis between synovial vs. non-synovial joint involvement cases.

Non-Synovial,
n = 30 1

Synovial,
n = 21 1 p-Value 2

Number of
Surgeries

1 28 (93.3%) 15 (71.4%) 0.040
2 2 (6.7%) 3 (14.3%)
3 0 (0%) 3 (14.3%)

Duration of
Antibiotic

Treatment (days)
16 (12–19) 20 (17–25) 0.018

Total
Hospitalization

Cost (euro)
4.384 (2.746–6.489) 5.979 (5.050–9.662) 0.003

Length of
Hospitalization

(days)
10 (7, 13) 11 (8, 17) 0.3

Cost Per Day (euro) 403 (330–499) 536 (424–652) 0.030
Survival to

Discharge (number
of horses)

30 (100%) 18 (85.7%) 0.064

1 n (%); Median (IQR), 2 Fisher’s exact test; Pearson’s Chi-squared test; Wilcoxon rank sum test; Wilcoxon rank
sum exact test.

There were notable differences in hospitalization metrics within Cohort 2, when
comparing complicated and non-complicated cases (Table 4): a significantly longer median
length of hospitalization for complicated cases, and a higher hospitalization cost.

Table 4. Non-synovial group complicated versus not complicated length of hospitalization, hospital-
ization total and daily cost analysis.

Complicated,
n = 5 1

Not Complicated,
n = 25 1 p-Value 2

Length of
Hospitalization

(days)
24 (13, 26) 10 (7, 12) 0.024

Total
Hospitalization

Cost (Euro)
8000 (6494–8199) 3834 (2675–5041) 0.016

Cost Per Day
(Euro)

342 (308–475) 405 (346–500) 0.6

1 Median (IQR); 2 Wilcoxon rank sum test; Wilcoxon rank sum exact test.

Time to referral ranged between 6 and 42 days, with a median value of 7 days (with a
median time for both cohorts). Univariate regression analysis was employed to investigate
how different outcomes were associated with time elapsed between diagnosis and referral
(time to referral) in both cohorts (Table 5). In Cohort 1, there was a significant association
found between time to referral and cost per day (coefficient: 0.94, p < 0.001). This is a
relationship that was not observed in Cohort 2. No significant association between time to
referral and hospitalization length, or between time to referral and number of surgeries
was noted in either group (Table 6).
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Table 5. Univariate regression analysis for association of different factors with the time to referral for
synovial and non-synovial cases.

Variable
Cohort 1 Cohort 2

Coefficient 1 95% CI p-Value Beta 1 95% CI p-Value

Cost per Day 0.94 0.52, 1.4 <0.001 1.0 −1.5, 3.5 0.4
Total

Hospitalization
Cost

−0.49 −7.4, 6.5 0.9 −0.52 −27, 26 >0.9

Hospitalization
Length −0.03 −0.09, 0.04 0.5 −0.03 −0.13, 0.07 0.5

Number of
Surgeries 0.00 −0.01, 0.00 0.5 0.01 −0.09, 0.05 0.8

CI = Confidence Interval. Note: Linear regression was used for the cost per day, total hospitalization cost,
and hospitalization length (coefficient = Beta) while logistic regression was used for number of surgeries
(coefficient = Odds ratio). 1 Coefficient is the Odd Ratio resulting from the the linear or logistic regression.
Beta is the same.

Table 6. Chi-Square Test for association of survival-to-discharge with intravenous regional limb
perfusion 1.

Chi-Square Test for Association
Survival to Discharge and IVRLP

IVRLP Given 2 IVRLP Not Given 2

Survivors
(number of horses) 0 3

Non-survivors
(number of horses) 11 7

1 Chi-square statistic = 1.79, df = 1, p-value = 0.181. 2 Pearson’s Chi-squared test with Yates’ continuity correction.

The study also examined the association of survival to discharge with the use of
IVLP in synovial cases. A Chi-square test found no significant association between these
variables (p = 0.181) (Table 6).

A reliable analysis between ‘survival to discharge’ and ‘duration prior to referral’ was
not possible due to a significant imbalance of data. For the same reason, it was not possible
to evaluate possible differences in prognoses within Cohort 1 related to which structure
was involved.

4. Discussion

4.1. Multiple Surgical Procedures

Contamination of one or multiple synovial structures may warrant multiple surgical
procedures to optimize the chances of a full recovery. According to the previous liter-
ature [16], contaminated or infected synovial structures need to be lavaged promptly,
aggressively, thoroughly and, at times, repeatedly. In this dataset, a higher percentage of
horses with synovial involvement (28.6%) needed multiple procedures than horses without
such involvement (6.7%). Multiple procedures consisting in joint lavages were deemed nec-
essary to address synovial contamination in those cases. Although a multimodal approach
to the treatment of wounds other than antimicrobials in horses is described [17], in this
cohort study the antibiotic therapy still showed a high impact on the medical strategy, with
longer treatment in the synovial cohort.

A thorough report and analysis of systemic antimicrobial treatment protocols go
beyond the purpose of this work. However, it is worth mentioning that most horses in
this report received an initial course of 5–7 days broad-spectrum antibiotic combination
(Procain penicillin 22,000 IU/kg IM BID or Amoxicillin 10 mg/kg IV BID, and Gentamicin
6.6 mg/kg IV SID) followed by a course of oral antibiotic (Trimethoprim-Sulfadiazin
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30 mg/kg PO BID or Doxycyclin 10 mg/kg PO BID or Enrofloxacin 7.5 mg/kg PO SID),
depending on the results of culture sensitivity tests. Treatment was administered if it was
deemed clinically necessary for each individual case.

Most horses with synovial involvement (71.4%) only needed one lavage to resolve.
Synovial lavage was performed via arthroscopy, tenoscopy, or bursoscopy. Compared to
through-and-through needle lavage, the endoscopic technique offers many advantages.
The operator may benefit from visualization of the affected structure and foreign material,
and fibrin pannus or debris may be removed with instruments. In addition, higher fluid
volume and pressure can be utilized. Disadvantages of arthroscopic technique are the need
of specialized instrumentation and skills, as well as the costs of the procedure [2,12,18,19].
The choice of arthroscopic lavage over needle through and through lavage may have also
contributed to treatment success after only one procedure.

Furthermore, referral and subsequent treatment were mostly carried out promptly
after diagnosis. Therefore, most affected synovial structures were likely lavaged before
contamination turned into an established infection, which may have also contributed to
the success rate of only one lavage procedure.

4.2. Time to Referral

The literature suggests that timely intervention leads to a better prognosis in cases
of synovial contamination; the past literature has mostly supported this claim [8,15,20,21].
Contamination of a synovial structure does not equal infection of said synovial structure
based on the presence or proliferation of bacteria [22]. However, untreated contamination
may turn into an infection and affect the prognosis [10–12,23,24].

No additional diagnostics were consistently carried out to differentiate between con-
taminated and infected structures in our data.

The distribution of data made a statistical evaluation of the association between time
to referral and survival not possible. Nevertheless, in both cohorts the survival rate was
close to 100% (85.7% in Cohort 1; 100/in Cohort 2) despite the wide range of time to refer.

A significant positive association was observed between the time to referral and daily
costs of treatment (p < 0.001) for horses in the synovial cohort. This association was not
significant for non-synovial cases, where the impact of time to referral on daily costs was
not significant (p = 0.4).

There may be several reasons for this. The initial assessment of a wound with sus-
pected synovial involvement may be more expensive [25,26] in terms of time and diag-
nostics. The use of larger volumes of fluids while lavaging a synovial structure with
an infection of several days’ duration may also result in higher costs. Unfortunately, a
breakdown of the bill was not performed to further investigate these possibilities. In any
case, this finding indicates that a longer waiting time before referral could be economically
detrimental. Many times, the very reason for delaying referral is, indeed, the perception
that there would be a more thrifty and just as successful treatment modality in the field.
However, if referral is a necessity, delaying it may end up in even higher veterinary costs.

The lack of correlation between time to referral and length of hospitalization
(p = 0.5), as well as the lack of correlation between time to referral and the number of
surgical procedures performed (p = 0.5 for synovial cohort, p = 0.8 for non-synovial cohort)
align with the previous literature claiming that delaying time to referral may not have a
clinically negative impact on either of them [13,19,22,27,28]. The lack of impact of time to
referral on these parameters reflects that the chosen treatment defeated the infection just as
effectively, irrespectively of the duration of the infection itself. This could be due to the type
of bacteria involved and their antibiotic susceptibility. All lacerations occurred at home,
and not in a hospital setting. Therefore, infections were most likely caused by wild-type
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bacteria, for which antibiotic resistance is not as common as it is for nosocomial bacteria [29].
Another possible reason is the aggressive initial surgical debridement; all horses involved
in this study underwent major surgical wound debridement with or without synovial
lavage. The debridement could have been radical enough to excise most infected tissue
even in long standing cases.

4.3. Length of Hospitalization

This population of horses consists predominantly of low- and medium-level sport
horses, owned by non-professional equestrians. Many horses in the area are kept in
paddocks or pastures and cannot be confined to a stall or box at home. Although no data
are available, it is the authors’ opinion that the combination of the lack of sufficient clients’
knowledge and expertise and the lack of facilities to confine convalescent horses in at home
may lead to longer hospitalizations.

Horses in both cohorts were hospitalized for a similar length of time (range 7–13 days,
median 10 days for the non-synovial cohort; range 8–17 days, median 11 days for the
synovial cohort). One of the factors that leads to this finding may be that most horses in
the synovial cohort only required one surgery. On the other hand, the lack of significant
difference could also be because horses in the non-synovial cohort were hospitalized longer
than strictly necessary to accommodate owner’s needs and preferences.

4.4. Treatment Cost

The total cost of treatment was significantly higher for horses in the synovial cohort
(range EUR 5050–9662, median EUR 5979) than for horses in the non-synovial cohort (range
EUR 2746–6489, median EUR 4384) (p = 0.003). Daily costs of treatment were significantly
higher for the synovial than for the non-synovial cohort. Factors involved in this difference
were higher surgical fees for the arthroscopic lavage compared to wound debridement
and care, as well as material used and level of post-operative care and diagnostics, such as
repeated synoviocentesis to help assess recovery.

4.5. Prognosis

All horses in the non-synovial cohort and most horses in the synovial cohort survived
to discharge. Three horses in the synovial group were euthanized before discharge. One
had a wound that caused an infection of the elbow joint; the patient was referred 42 days
after the wound occurred, and, despite aggressive repeated lavage, remained lame, and
was, therefore, euthanized. The second non-surviving horse had both distal intertarsal and
tarsometatarsal joints involved. Despite IVLP and needle through-and-through lavage of
the joints performed twice under general anesthesia, the horse’s level of comfort deterio-
rated, and was therefore euthanized. Lower hock joints are not amenable to arthroscopic
lavage due to their anatomy. Therefore, a through-and-through needle lavage was per-
formed. This technique allows only limited amounts of fluids through the joint space and,
since an instrument portal is not present, does not allow for debridement of any necrotic
material or pannus. Therefore, it is less effective in removing all the infection from the joint
space, which might have been the reason for failure in this case. The third non-survivor
was a yearling that, after successful treatment of a tarso-crural sepsis following a laceration,
developed a septic physitis in another limb and was euthanized. The pathogenesis of septic
physitis was most likely hematogenous spread from the septic joint. Treatment could have
been implemented, consisting in intravenous regional limb perfusion and direct antibiotic
treatment of the physis self; however, any further treatment was declined.

All three non-survivors had concurrent factors that made their clinical course inher-
ently more complicated than a simple laceration with synovial involvement: in one case
the wound was over 6 weeks old. In the second case, the joint was poorly accessible for
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treatment. In the third case, an additional, most likely hematogenous infection presented
itself at a different, remote site.

Treatment of septic synovitis in horses has very broad survival rates ranging from
between 56% and 100% [9,10,13,15,19–21,28,30–36]. The prognosis for short-term survival
in the synovial cohort (89%) is at the high end of that range. Nevertheless, the prognosis
for survival of the synovial cohort was lower than that of the non-synovial cohort (100%).
The difference approximated but did not quite reach statistical significance (p = 0.064).
These data are in accordance with previous studies [37], despite the potential selection
bias that this study could have suffered. In fact, only horses undergoing surgery were
enrolled, leading to the exclusion of those horses that have been euthanized before referral
for economic of perceived poor prognosis. This may have overestimated the survival rate
and therefore the prognosis.

4.6. Comparison Complicated Non Synovial/Synovial

The median cost of treatment for cases without synovial involvement but with tendons
and/or ligaments lesions was significantly higher than for cases without such involvement,
indicating a substantial financial impact of such finding.

The number of surgical procedures under general anesthesia and the total length of
hospitalization were not significantly different among the two subsets.

This finding is especially relevant at the time of formulating an estimate in terms of
time and costs before undertaking treatment. It appears, then, that the involvement of
tendons and ligaments contributes to much higher costs and longer treatment.

Unfortunately, due to the retrospective nature of the study, data about the return to
athletic function was missing in too many cases to render statistical analysis of this variable
not possible.

Additional limitations of this study are its small sample size, grouping of all synovial
structures in one cohort, lack of some data such as culture and sensitivity results and return
to function, and its possible aforementioned selection bias.

5. Conclusions

Traumatic wounds of the equine distal limb in horses carry a good prognosis for
survival in the geographic area where the study was performed. This may be partly due
to management practices and referral practices in southern Germany and may not neces-
sarily reflect the reality of other geographical areas. In the case of synovial involvement
and non-synovial lesions involving a tendon or a ligament, owners in this area must be
informed about the high treatment costs. In the case of synovial lesions, a multimodal
treatment based on synovial lavage under general anesthesia with arthroscopic guidance,
and systemic and local antibiotics must be set up as soon as possible. When the lesion is not
penetrating a synovial structure, surgical debridement and antimicrobial therapy should
be advised. Although no association between time to referral and prognosis was found in
this research, prompt intervention and referral are advisable to reduce the chances of an
infection developing.
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Simple Summary: This study investigates the effects of Aflatoxin B1 (AFB1) on kidney
damage in donkeys, aiming to uncover the molecular mechanisms and pathways responsi-
ble for nephrotoxicity. Aflatoxin B1 is a common environmental contaminant known to
pose significant health risks to both humans and livestock, with nephrotoxicity being one
of its most prominent toxicological effects. In this study, a donkey model was exposed to
AFB1, resulting in observable kidney damage, apoptosis, and oxidative stress. The findings
highlight the upregulation of Endonuclease G (EndoG), which plays a crucial role in trig-
gering endoplasmic reticulum (ER) stress and activating mitochondrial apoptosis. These
results provide valuable insights into the molecular mechanisms underlying AFB1-induced
nephrotoxicity in donkeys.

Abstract: Aflatoxin B1 (AFB1) is a prevalent environmental and forage contaminant that
poses significant health risks to both humans and livestock due to its toxic effects on
various organs and systems. Among its toxicological effects, nephrotoxicity is a hallmark
of AFB1 exposure. However, the precise mechanisms underlying AFB1-induced kidney
damage in donkeys remain poorly understood. To investigate this, we established a donkey
model exposed to AFB1 by administering a diet supplemented with 1 mg AFB1/kg for
30 days. Kidney apoptosis was assessed using TUNEL staining, while gene expression
and protein levels of Endonuclease G (EndoG), as well as genes related to endoplasmic
reticulum (ER) stress and apoptosis, were quantified by RT-qPCR and Western blotting.
Our findings indicate that AFB1 exposure resulted in significant kidney injury, apoptosis,
and oxidative stress. Notably, AFB1 exposure upregulated the expression of EndoG and
promoted its translocation to the ER, which subsequently induced ER stress and activated
the mitochondrial apoptotic pathway. These results suggest that AFB1-induced kidney
damage in donkeys is mediated through the oxidative stress and mitochondrial apoptosis
pathways, primarily involving the EndoG-IRE1/ATF6-CHOP signaling axis.

Keywords: AFB1; donkey; kidney; nephrotoxicity; EndoG; endoplasmic reticulum
stress; apoptosis

1. Introduction

Aflatoxin is a type of mycotoxin primarily produced by Aspergillus flavus and As-
pergillus parasiticus, with different chemotypes that includes aflatoxin B1 (AFB1), B2, B2a,
G1, G2, G2a, M1, and M2. Among these, AFB1 is considered the most toxic and highly
carcinogenic [1–3]. AFB1 is commonly found in the environment, soil, food crops, and
animal feed. The consumption of contaminated feed can lead to livestock disease and even
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death [4,5]. Over 80% of ingested AFB1 is absorbed in the duodenum and jejunum through
passive transport. It then accumulates in the liver and kidneys. The metabolites of AFB1
are primarily excreted through the kidneys, resulting in a relatively high residual amount
of AFB1 in the kidneys. This can cause renal dysfunction and damage [6]. Research has
reported that oxidative stress is a common and significant mechanism in the toxicology
of AFB1 [7]. AFB1 disrupts the antioxidant system in mammalian cells and induces the
overproduction of reactive oxygen species (ROS), which triggers oxidative stress damage
and other signaling cascades, ultimately resulting in cell death [8–10]. Studies have also
shown that chronic AFB1 intoxication can cause various injuries in livestock and poul-
try, including anorexia, liver necrosis, gallbladder enlargement, and intestinal congestion.
These injuries occur through multiple biological processes, such as inflammation, apoptosis,
and programmed death [11–15]. Additionally, AFB1 can cause renal injury by activating
oxidative stress-related signaling pathways and apoptosis [16].

Endonuclease G (EndoG) is a nuclear-coded protein located in the intermembrane
space of mitochondria. When subjected to external stimulation, EndoG can translocate to
the endoplasmic reticulum (ER) and bind to Bip (also named GRP78), resulting in the release
of IRE1a/PERK and activation of the ER stress response [17]. The ER plays a crucial role in
cellular protein fold and quality control and Ca2+ storage and release, which are essential
for cell survival [18]. Protein folding and quality control rely on ER-associated degradation
(ERAD) and unfolded protein response (UPR). UPR is a feedback control system that acts as
a self-protection mechanism in ER stress through detecting unfolded protein pressure in the
ER lumen through intracellular signaling, and three pathways are involved, namely ATF6,
IRE1, and PERK [19,20]. Note that the ER provides an oxidative environment for protein
folding, and protein oxidation increases ROS levels, leading to oxidative stress [21]. It has
been demonstrated that prolonged ER stress leads to apoptosis, initiated by the IRE1-XBP1
pathway that enhances the transcriptional expression of the molecular chaperone protein
C/EBP CCAAT enhancer binding protein (CHOP), the key factor of apoptosis induced by
ER stress, to promote apoptosis [22]. Moreover, ATF6 migrates to the nucleus in response
to nuclear localization signals and induces the expression of CHOP [23]. In addition, the
disruption of ER calcium homeostasis leads to cytoplasmic Ca2+ overload, resulting in the
activation of calpain, activation of the mitochondrial pathway, and the caspase cascade
triggering apoptosis [24]. ER stress and the pro-apoptotic effects of the UPR pathway
contribute largely to kidney injury. The mechanism of ER stress-related pathways induced
by AFB1 is presented in Figure 1.

The contamination of animal feed with AFB1 is a significant threat to animal health.
Different livestock species have varying susceptibility to AFB1, and donkeys are more
sensitive to AFB1 compared with ruminants due to their monogastric nature and their
use of the cecum for plant fiber digestion [5]. Therefore, an AFB1 exposure donkey foal
model has been established in this study to investigate the nephrotoxic effects of AFB1 on
donkey. Kidney function, free radical contents, and antioxidant enzyme activities were
detected by corresponding kits. The expression levels of EndoG, ER stress-related, and
apoptosis-related genes were tested by RT-qPCR and Western blotting. The objective is to
understand the potential mechanisms underlying AFB1-induced nephrotoxicity in donkeys
and provide insights for mitigating AFB1 toxicity.

80



Vet. Sci. 2025, 12, 130

 

Figure 1. Schematic diagram of the AFB1-induced endoplasmic reticulum stress-related pathway.

2. Materials and Methods

2.1. Animal and Treatment

All procedures were approved by the Animal Welfare and Ethics Committee of the
Institute of Animal Science, Liaocheng University (protocol no. 2022112001). Ten 6-month-
old weaned male donkey foals (Dezhou donkey, Dezhou, China) with similar weight and
body conditions, were randomly and equally divided into two groups, the control group
and AFB1-exposed group. The control group was fed a full-price diet (Dong’e Liuhe Lvjia
Feed Co., Ltd., Liaocheng, China) and the AFB1-exposed group was fed a full-price diet
containing 1 mg AFB1/kg of diet (AFB1, purity ≥ 99.9%, Qingdao Prebon Bioengineering
Co. Ltd., Qingdao, China). Donkeys were feed a 1 kg diet at 8:00 a.m. and 15:00 p.m.,
respectively. Moreover, all foals were housed in individual pens in a donkey barn and
had free access to forage grass and water during the experiment. After 30 days of feeding,
the foals were slaughtered and blood and kidney samples were collected, processed, and
stored in accordance with the study requirements.

2.2. Routine Blood and Renal Function Tests

The blood was collected using an EDTA anticoagulant tube and tested in a veterinary
automatic blood cell analyzer (BC-5000Vet, Shenzhen Myriad Animal Medical Technology
Co., Ltd., Shenzhen, China) to observe the changes in the number and morphological
distribution of blood cells.

The serum was obtained from whole blood through centrifugation. It was then added
to the BS-180, a fully automatic biochemical analyzer manufactured by Shenzhen Myriad
Animal Medical Technology Co., Ltd., China. The analyzer was equipped with test kits
specifically designed for measuring the levels of uric acid (UA, D007-a), urea (UREA,
D009-a), and creatinine (CREA, D008-a) in the blood.
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2.3. Determination of Renal Organ Coefficient

The foal’s body weight and the weight of its fresh kidney tissue were measured to
calculate the renal organ coefficient of the foal. The formula is as follows:

Renal organ coefficient = kidney weight (kg)/body weight (kg).

2.4. Histomorphological Observation

Kidney tissues (1 cm × 1 cm × 0.2 cm) were promptly collected and fixated in a 4%
paraformaldehyde buffer (Servicebio, Wuhan Service Biotechnology Co., Wuhan, China)
for a minimum of 24 h. The samples underwent the conventional paraffin embedding
technique, involving obtaining sections from prepared paraffin blocks. These sections
were then degreased with xylene (Chinese national medicine, Beijing Sinopharm Chemical
Reagent Co., Ltd., Beijing, China), rehydrated with graded alcohol, and stained with
hematoxylin and eosin (Servicebio, Wuhan Service Biotechnology Co., China). The resulting
HE-stained sections were examined under a microscope, and images were captured for
further analysis.

2.5. Ultrastructure Observations

Kidney samples (1 mm3) were fixed in a solution of 2.5% glutaraldehyde phosphate
sodium buffer (Chinese national medicine, Beijing Sinopharm Chemical Reagent Co., Ltd.,
China) at a temperature of 4 ◦C. They were then washed with 0.1 M PBS (pH 7.2, Servicebio,
Wuhan Service Biotechnology Co., China) and subsequently treated with osmium tetroxide
buffer (Chinese national medicine, Beijing Sinopharm Chemical Reagent Co., Ltd., China)
for secondary fixation. To prepare ultrathin sections, a gradient elution using ethanol and
acetone (Chinese national medicine, Beijing Sinopharm Chemical Reagent Co., Ltd., China)
was performed, followed by soaking and embedding with epoxy. The sections were stained
with Mg–uranyl acetate and lead citrate (Chinese national medicine, Beijing Sinopharm
Chemical Reagent Co., Ltd., China) and finally examined and imaged using a transmission
electron microscope (H-7650, Hitachi Limited, Tokyo, Japan).

2.6. TUNEL Assay

Apoptotic cells in kidneys were detected according to the instructions of TUNEL
Apoptosis Detection Kit (Servicebio, Wuhan Service Biotechnology Co., China) using the
paraffin section. The scanning pictures were observed and obtained using the imaging
system of a fluorescence microscope (Nikon DS-U3, Nippon Kogaku Kogyo Co., Tokyo,
Japan). DAPI-stained nuclei were blue under UV excitation, and the nuclei of positive
apoptotic cells were green.

2.7. Immunofluorescence Staining

Paraffin sections of kidney were subjected to antigen retrieval after deparaffinization
and rehydration. Then, the sections were blocked with 5% BSA–TBSTx (Solarbio, Beijing
Suolaibao Techbology Co., Ltd., Beijing, China) for 1 h at room temperature and incubated
with the EndoG (1:200) primary antibody at 4 ◦C overnight. After washing with TBSTx
(Solarbio, Beijing Suolaibao Techbology Co., Ltd., China), sections were incubated with
TRITC goat anti-rabbit immunoglobulin G (IgG) for 1 h at room temperature. Finally, DAPI
(Solarbio, Beijing Suolaibao Techbology Co., Ltd., China) was used to label the nucleus after
washing again. The results were observed and pictures were taken using a fluorescence
microscope (IX50; Tokyo Olympus Corporation, Tokyo, Japan), which were analyzed by
ImageJ, 1.54k.
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To test whether EndoG transferred to the ER, EndoG and GRP78 (ER marker, 1:200)
were incubated at one section using homologous double-labeled immunostaining. Other
processes were consistent with the general immunofluorescence.

2.8. Detection of Antioxidant Function

The contents of total protein (TP, A045-2-2), inducible nitric oxide synthase (iNOS,
A014-1), nitric oxide (NO, A012-1), hydrogen peroxide (H2O2, A064-1-1), malondialde-
hyde (MDA, A003-1), and the activity of total antioxidant capacity (T-AOC, A015-1) in
donkey kidney were detected by spectrophotometry using the supernatant of the kidney
homogenate according to the instruction manual of diagnostic kits (Jiancheng Bioengineer-
ing Institute, Nanjing, China). The results were calculated with the formula offered in the
instructions based on the OD values at 595 nm (TP), 530 nm (iNOS), 550 nm (NO), 405 nm
(H2O2), 532 nm (MDA), and 520 nm (T-AOC).

2.9. Real-Time Quantitative PCR Analysis

Total RNA was extracted from kidneys using the classical Trizol method, then total
RNA was reverse-transcribed into cDNA using the PrimeScript™ RT reagent Kit with
gDNA Eraser (Takara, Dalian Baoji-Medical Technology Co., Ltd., Dalian, China). The cycle
threshold (Ct) values of target genes were detected on the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Bio-Rad Laboratories, Hercules, CA, USA) using TB Green®®

Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Dalian Baoji-Medical Technology Co., Ltd.,
Kusatsu City, Japan). The reaction system was as follows: TB Green®® Premix Ex Taq™ II,
12.5 μL; forward primer, 1 μL; reverse primer, 1 μL; cDNA, 2 μL; and DEPC H2O, 8.5 μL.
Amplification procedures were as follows: 95 ◦C for 30 s; 95 ◦C for 5 s; and 60 ◦C for 30 s,
39 cycles. Table 1 lists the primers used in this study, and the primer solubilization curves
are single peaks. The relative mRNA expression levels of target genes were calculated by
the method of 2−ΔΔCt based on the internal reference gene actin (β-actin).

Table 1. Primers used in this study.

Name Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)
β-actin CGGGACCTGACGGACTACCTC TCCTTGATGTCACGCACGATTTCC
Endo G TCTGCTCCTATGTGATGCCCAAC CTTGACTCTGCCCGCCCTTG
GRP78 AACCGCATCACGCCGTCTTATG GGTTGGAGGTGAGCTGGTTCTTG
GRP94 ACCCCGATGCAAAGGTTGAAGAAG GTCTTGCTCCGTGTCGTCTGTG
ATF-6 TGGGAAACAGGCATTTGGGACATC CTGAACAACTTGAGGAGGCTGGAG
IRE1 TCCAACCACTCGCTCCACTCTAC CCTCATCCTCGTCGTCCTGCTC
XBP1 ACTGAAGAGGAGGCTGAGACCAAG GGAGAGGTTCTGGAGGGGTGAC

CHOP TGCTTCTCTGGCTTGGCTGAC TGGTCTTCCTCCTCTTCCTCCTG
BAX TGGACACTGGACTTCCTTCGAGAG TGGTGAGCGAGGCGGTGAG
BCL2 GGGACGCTTTGCCACGGTAG CGGTTGACGCTCTCCACACAC

Caspase9 GACCTGACCGCCGAGCAAATG TGACAGCCGTGAGAGAGGATGAC
Caspase3 TGCAGAAGTCTAGCTGGAAAACCC TAGCACAAAGCGACTGGATGAACC

2.10. Western Blotting Analysis

Total proteins were extracted from kidneys by radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime, Shanghai Biyuntian Biotechnology Co., Ltd., Shanghai, China) with
the addition of 1 mM PMSF (Beyotime, Shanghai Biyuntian Biotechnology Co., Ltd., China)
and 2% phosphatase inhibitor (Beyotime, Shanghai Biyuntian Biotechnology Co., Ltd.,
China). The protein concentration was then determined according to the instructions of
BCA Protein Concentration Assay Kit (Solarbio, Beijing Solarbio Technology Co., Ltd.,
China). Equal amounts of total protein were subjected to SDS-PAGE gel electrophoresis
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and transferred onto a nitrocellulose membrane (Biosharp, Beijing Lanjieke Science and
Technology Co., Ltd., Beijing, China). The membranes were blocked in 5% TBST–skim
milk for 1 h at 37 ◦C and then incubated with the primary antibody at 4 ◦C overnight.
After washing three times, the membranes were incubated with HRP goat anti-rabbit
IgG (1:10,000, Abclonal, Wuhan ABclonal Technology Co., Ltd., Wuhan, China) at room
temperature for 120 min. The positive signal was detected on the chemiluminescence
system using an enhanced chemiluminescence kit (Meilunbio, Dalian Meilun Biotechnology
Co., Ltd., Dalian, China). Images were collected by the ChemiDocTM XRS+ imaging system
and then analyzed by Image J. β-actin was used as an internal reference. The primary
antibodies used in this study are listed in Table 2.

Table 2. Brands and dilutions of primary antibodies.

Antibody Name Diluting Factor Source Brand

β-actin 1:10,000 Rabbit Abclonal
EndoG 1:1000 Rabbit Abclonal
GRP78 1:2000 Rabbit Wanleibio
GRP94 1:1000 Rabbit Wanleibio
ATF6 1:2000 Rabbit Wanleibio
IRE1 1:1000 Rabbit Wanleibio
XBP1 1:1000 Rabbit Wanleibio
BAX 1:1000 Rabbit Wanleibio
BCL2 1:1000 Rabbit Wanleibio

Caspase9 1:1000 Rabbit Wanleibio
Caspase3 1:1000 Rabbit Wanleibio

Note: Abclonal, Wuhan ABclonal Technology Co., Ltd., China; Wanleibio, Shenyang Wanbei Biotechnology Co.,
Shenyang, China.

2.11. Data and Analyses

The experimental data were statistically analyzed using WPS office and graphically
analyzed using GraphPad Prism 8.0.2. Data are expressed as mean ± SEM (n = 5), and the
differences between the two groups were analyzed using the t-test. “*” denotes a significant
difference compared to the control group (p < 0.05); “ns” indicates no significant difference
compared to the control group (p > 0.05).

3. Results

3.1. Effect of AFB1 on Blood Indices in Donkey

As shown in Table 3, compared to the control group, the AFB1 group did not show any
significant effects on white blood cell counts (WBC), hemoglobin (HGB), platelets (PLTs),
red blood cell counts (RBC), and lymphocytes (Lym). However, there was a significant
increase in neutrophil number (Neu), neutrophil percentage (Neu %), and lymphocyte per-
centage (Lym %) in the AFB1 group (p < 0.05). These findings suggest that AFB1 exposure
leads to inflammation in donkeys, disrupting their homeostasis and causing damage.

Table 3. Routine testing of donkey blood.

Control Group AFB1 Group p-Value

WBC (109/L) 14.73 ± 1.23 13.94 ± 0.88 0.27
HGB (g/L) 117.2 ± 9.83 105.6 ± 10.6 0.11
PLT (109/L) 301 ± 72.6 328.25 ± 36.3 0.53

RBC (1012/L) 6.88 ± 0.51 6.22 ± 0.72 0.133
Lym (109/L) 6.82 ± 1.85 7.8 ± 1.92 0.194
Neu (109/L) 4.91 ± 0.29 6.52 ± 0.78 0.002

Neu% 35.3 ± 3.17 44.62 ± 7.38 0.03
Lym% 46.14 ± 6.14 55.82 ± 3.67 0.015

Note: Values for control and AFB1 are mean ± standard deviation, and p-values were derived from t-tests.
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3.2. Impact of AFB1 on Renal Organ Coefficient and Renal Function in Donkeys

As shown in Figure 2A, the renal organ coefficient in the AFB1 group was significantly
higher compared to the control group (p < 0.05). Additionally, the levels of UA, CREA, and
UREA in the serum were significantly elevated in the AFB1 group (p < 0.05) (Figure 2B–D).
These findings suggest that AFB1 exposure could result in kidney enlargement and impair
kidney function in donkeys.

Figure 2. Determination of renal organ coefficients and renal function tests in donkeys. (A) Kidney
organ coefficient; (B) UA; (C) UREA; (D) CREA, “*” denotes a significant difference compared to the
control group (p < 0.05).

3.3. Effect of AFB1 on Histopathology of Donkey Kidney Tissue

The kidney tissues in the control group displayed normal morphologies. The glomeru-
lus and its surrounding renal tubules were intact and not detached. The lumen of the
balloon was clearly visible (Figure 3A). However, the kidney tubular epithelial cells were
congested and detached in the AFB1 group (Figure 3B, red frame). The glomerulus was
also congested (Figure 3B, black arrows), and there was a reduction in the gap between
the glomerulus and renal capsule (Figure 3B, red arrow). Additionally, casts appeared
in the renal tubules (Figure 3C, green arrow). Furthermore, the TUNEL staining results
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shown that AFB1 exposure increased the number of apoptotic cells compared to the control
group (Figure 3D). These findings demonstrate that AFB1 caused pathological damage and
apoptosis in the donkey kidney.

 

Figure 3. Kidney histopathological observation in donkey. (A–C) HE staining results ((A) control
group; (B,C) AFB1 group); (D) TUNEL staining results. The original images in the manuscript are
published as Supplementary Materials.

3.4. Effect of AFB1 on Ultrastructure of Kidney in Donkey

As shown in Figure 4A, the control group did not exhibit any obvious abnormalities.
However, the AFB1 group, when compared to the control group, displayed typical apoptotic
features in the ultrastructure of the kidney. These features included nuclear wrinkling,
nuclear deformation, and chromatin aggregation (Figure 4B, red arrow). Additionally,
there was evidence of mitochondrial aggregation, swelling, disappearance of crests, and
vacuolization (Figure 4B, orange arrows), as well as the accumulation of lipid droplets
(Figure 4B, yellow arrows) and the dissolution and fragmentation of the ER (Figure 4B,
blue arrows). These findings suggest that exposure to AFB1 can induce apoptosis in the
kidney, with ER and mitochondrial damage likely playing significant roles.

 
Figure 4. The ultrastructure observation of kidney in donkey. (A) Control group; (B) AFB1 group.
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3.5. Effect of AFB1 on Antioxidant Capacity in Kidney of Donkey

As shown in Figure 5, the AFB1-exposure-group donkeys showed significantly higher
levels of iNOS (Figure 5A), NO (Figure 5B), H2O2 (Figure 5C), MDA (Figure 5D), and T-
AOC (Figure 5E) in kidney compared with the control group (p < 0.05). The results indicate
that AFB1 exposure causes oxidative stress to the kidneys of donkeys and a compensatory
increase in antioxidant capacity to cope with oxidative stress.

Figure 5. Levels of antioxidant capacity of donkey kidney. (A) iNOS; (B) NO; (C) H2O2; (D) MDA;
(E) T-AOC, “*” denotes a significant difference compared to the control group (p < 0.05).

3.6. Effect of AFB1 on the EndoG Expression in Donkey Kidney

As shown in Figure 6, the immunofluorescence staining (Figure 6A), mRNA expression
(Figure 6B), and protein expression (Figure 6C) results of EndoG confirmed that AFB1
exposure increased the expression of EndoG (p < 0.05). Moreover, the immunofluorescence
double-staining results of EndoG and GRP78 show that AFB1 exposure increases the
expression of GRP78 and the colocalization of EndoG and GRP78 (ER) (Figure 6E). These
results suggest that AFB1 exposure induces EndoG expression and promotes EndoG
translocation to the ER and binds to GRP78 in donkey kidneys.
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Figure 6. EndoG expression detection in donkey kidney. (A) EndoG immunofluorescence results;
(B) mRNA expression; (C) Western blot results; (D) protein expression; (E) co-immunofluorescence
staining of GRP78 and EndoG, where red represents GRP78, green represents EndoG, and blue
represents nuclei, “*” denotes a significant difference compared to the control group (p < 0.05).

3.7. Effects of AFB1 Exposure on ER Stress in Donkey Kidney

As shown in Figure 7, the ER stress marker GRP78 was significantly elevated at both
the gene and protein levels (p < 0.05, Figure 7A,B,F). GRP94 was significantly expressed
at the gene level (p < 0.05, Figure 7A) but not at the protein level (p > 0.05, Figure 7C,F).
The expressions of ATF-6, IRE1, XBP1, and CHOP were significantly elevated at gene and
protein levels (p < 0.05, Figure 7A–F). These results indicate that AFB1 exposure induces
ER stress in the donkey kidney, and it might promote the expression of CHOP through
activating the IRE1/ATF6 pathway.
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Figure 7. ER stress-related mRNA and protein expression. (A) mRNA expression; (B–E) Western
blot results; (F) protein expression, “*” denotes a significant difference compared to the control group
(p < 0.05); “ns” in-dicates no significant difference compared to the control group (p > 0.05).

3.8. Effects of AFB1 Exposure on Apoptosis in Donkey Kidney

As shown in Figure 8, the mRNA and protein expression levels of BAX (Figure 8A,B,F),
caspase9 (Figure 8A,D,F), and caspase3 (Figure 8A,E,F) in the AFB1 group were signifi-
cantly higher than the control group (p < 0.05). Conversely, BCL2 exhibited a significantly
lower expression (p < 0.05, Figure 8A,C,F). These results indicated that the AFB1 exposure
activated the mitochondrial apoptotic pathways.
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Figure 8. Apoptosis-related mRNA and protein expression. (A) mRNA expression; (B–E) Western
blot results; (F) protein expression, “*” denotes a significant difference compared to the control group
(p < 0.05).

4. Discussion

AFB1 is one of common contaminants in animal feed and forage grasses; AFB1 ex-
posure could cause damage to animal organisms such as hepatotoxicity, nephrotoxicity,
and neurotoxicity, and it poses a potential health risk to humans [25–31]. In this study,
we first demonstrated the partial mechanism by which AFB1 causes kidney injury in don-
key. These data from the AFB1-exposure donkey foal model confirmed that prolonged
exposure to AFB1 led to kidney damage in donkey, including swelling and hemorrhage,
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subcellular organelle injury, and oxidative stress. Furthermore, AFB1 exposure caused
a high expression of EndoG, translocation to the ER, and binding to GRP78, and it also
induced ER stress (ATF6 and IRE1 pathway), which eventually activated the mitochondrial
apoptosis pathway.

It is widely acknowledged that AFB1 exposure affects various animals and humans in
terms of health condition and life safety. AFB1 exposure can impair digestion in pigs, break
down the intestinal barrier, and inhibit their growth [11]. Cattle exposed to AFB1 exhibit
behavioral changes, such as depression and anorexia, and organ changes such as liver
enlargement, gallbladder enlargement, and congestion of the intestines and kidneys [12].
A routine blood test is a very convenient and fast inspection, and it is also necessary for
basic inspections to determine whether the body is in an abnormal condition. It was found
that Neu, Neu %, and Lym % were increased by AFB1 exposure, which indicated that
AFB1 exposure caused inflammation in donkeys, disrupted their homeostasis, and induced
damage. This result was similar to the research of Oa Mogilnaya et al. in mice in contrast
to the study by Raúl Bodas et al. in cows [32,33]. This difference may be attributed to
species differences or the duration of AFB1 exposure. Kidney injury was considered as
one characteristic of AFB1 exposure. UA, CREA, and UREA are important indexes for
kidney function, whose contents commonly can increase under kidney impairment caused
by various toxic substance exposures. Chromium or zearalenone exposure causes kidney
damage and elevated UA and CREA in mice [34,35]. AFB1 exposure similarly resulted
in a significant elevation of UA and CREA in mice and chickens [36,37]. In this study,
the contents of UA, CREA, and UREA were increased in AFB1-exposed donkeys, which
suggested that AFB1 exposure could cause kidney damage in donkey as well as the animals
mentioned above.

Oxidative stress is the key mechanism of AFB1 toxicity. AFB1 disturbs the activities
of antioxidant enzymes, leading to peroxide accumulation and excessive ROS-induced
damage to proteins and nucleic acids, resulting in the production of large amounts of MDA.
AFB1 exposure induces oxidative stress by causing a significant elevation of MDA and
T-AOC in the testes of sheep [38]. AFB1 exposure was able to cause a significant elevation
of H2O2, MDA, and T-AOC in the kidney tissues of mice and a significant elevation of MDA
and T-AOC in the kidney tissues of rabbits, causing oxidative stress [39,40]. We found the
iNOS activity, H2O2, NO, and MDA contents were increased in AFB1-exposure donkey
kidneys, which indicated that AFB1 exposure induced oxidative stress, causing kidney
oxidative damage. Moreover, the T-AOC was also increased in AFB1-exposure donkey
kidneys, which may be a compensatory increase against oxidative damage. Oxidative
stress can cause damage to organelles, especially mitochondria [41]. As the centers of
intracellular redox reactions, mitochondria are the main targets of oxidative stress, and
long-term oxidative stress may lead to mitochondrial damage and dysfunction [42,43].

EndoG, an endonuclease found in the inner membrane gap of mitochondria, is released
into the cytoplasm when mitochondrial homeostasis is disrupted by an external stimu-
lus [44]. Furthermore, EndoG in the cytoplasm can further enter the ER under conditions
of a high-fat diet and ER stress inducers, binding to Bip to elicit an ER stress response [17].
It was shown that GRP78 and GRP94 were significantly elevated in chicken bursa and
thymus by AFB1 exposure, and GRP78, IRE1, XBP1, and CHOP were significantly elevated
in mouse hippocampal neurons; thus, exposure to AFB1 resulted in ER stress [45–47]. In
this study, AFB1 exposure upregulated the expression of EndoG and GRP78 and led to
EndoG accumulation in the ER, identifying AFB1 exposure-induced ER stress in donkey
kidney. ER transmembrane sensors (PERK, IRE1, and ATF6) can relieve ER stress and
restore ER homeostasis by reducing the accumulation of ER proteins [48]. However, contin-
uing ER stress triggers the activation of the apoptotic pathway, ultimately resulting in cell
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apoptosis [49]. CHOP is an important molecule involved in the transition of ER stress from
anti-apoptosis to pro-apoptosis [50]. The activation of PERK, XBP1, and ATF6 can mediate
the production of CHOP, which promotes apoptosis [51,52]. In the present study, AFB1
exposure activated the IRE1/ATF6-CHOP pathway, which caused endoplasmic reticulum
stress in renal tissues.

Mitochondria play a crucial role in cell apoptosis. Mitochondria receive apoptotic
signals released by external stimuli, which lead to mitochondrial outer membrane perme-
ability (MOMP) and trigger the release of a series of proteins within the mitochondria,
inducing the mitochondrial apoptosis pathway [37]. The BCL2 family plays key roles
in regulating mitochondrial outer membrane integrity and function. CHOP plays a cru-
cial role in this process due to its regulation on the BCL2 family of proteins, specifically
down-regulating BCL2 expression and increasing the expression of BAX [53,54]. As a
pore-forming protein, BAX transfers from the cytoplasm to the mitochondria, leading to
mitochondrial outer membrane permeability (MOMP) and triggering apoptosis. The inhibi-
tion of BCL2, the transference of BAX to mitochondria, the release of cytochrome C into the
cytosol, and the activation of apoptotic initiators and executioners (for caspases) primarily
involve several key events of the mitochondrial apoptotic pathway [55–57]. Studies have
shown that exposure to AFB1 increases BAX and caspase3 levels, decreases BCL2 levels,
activates the mitochondrial apoptotic pathway, and leads to apoptosis in mouse testes and
chicken liver [58,59]. The Tunel and ultrastructure observation results showed that AFB1
induced donkey kidney cell apoptosis. Additionally, the decrease in BCL2 expression and
the increase in BAX, caspase9, and caspase3 expression suggested that AFB1 exposure
activated the mitochondrial apoptosis pathway.

5. Conclusions

Altogether, our study concluded that the donkey kidney exhibits notable sensitivity
to AFB1, resulting in pathological changes. Furthermore, AFB1 exposure promotes the
production of ROS, leading to oxidative stress in the donkey kidney. In response, a compen-
satory increase in T-AOC was observed. Mechanistic investigations further revealed that
AFB1 exposure activated EndoG, which triggered ER stress and subsequently activated
the IRE1/ATF6-CHOP signaling pathway. This cascade ultimately induced mitochondrial
apoptosis. As a result, AFB1 exposure caused significant kidney damage and dysfunction.
Overall, our findings contribute to a deeper understanding of the mechanisms underlying
AFB1-induced nephrotoxicity in donkeys. Importantly, these results provide a foundation
for future research aimed at mitigating AFB1 toxicity, such as strategies to alleviate oxida-
tive stress through ROS removal or the enhancement of antioxidant defenses, as well as
approaches to inhibit EndoG expression and alleviate ER stress to reduce kidney injury.
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Simple Summary: Equine herpesvirus-1 (EHV-1) is known to cause severe respiratory
diseases and abortions in horses. However, there is limited information regarding EHV-1
infection in donkeys, particularly in China. The present study reports the isolation of the
virus from a one-month-old donkey foal (LC126) exhibiting severe respiratory disease.
Genetic analysis revealed that the isolate is closely related to EHV-1. Notably, LC126 was
also capable of inducing respiratory distress in a mouse model. These findings provide
valuable insights into the pathogenicity of EHV-1 in donkeys.

Abstract: Equine herpesvirus-1 (EHV-1) is a significant pathogen that causes substantial
economic losses in the equine industry worldwide, which leads to severe respiratory
diseases and abortions in horses. However, reports of EHV-1 infection in donkeys are
limited, particularly in China. This case study reported an EHV-1-induced respiratory
disease in Dezhou donkey foals in Shandong Province, China, in July 2024. Three one-
month-old foals exhibited high fever, nasal discharge, and respiratory distress, with a
100% mortality rate. The causative agent, strain LC126, was isolated from a one-month-
old donkey foal exhibiting severe respiratory disease. Phylogenetic analysis of the EHV-1
isolate LC126 showed close similarity to EHV-1. Overall, our study revealed that EHV-1 can
cause respiratory distress as well as death in donkeys. The study underscores the emerging
threat of EHV-1 in donkeys and highlights the need for veterinarians and breeders to give
proper attention to the potential threat of EHV-1 outbreaks.

Keywords: respiratory illness; donkey; EHV-1; phylogenetic analyses; pathogenicity

1. Introduction

Equid herpesviruses (EHVs) are a group of significant viral pathogens that pose a
persistent threat to the equine industries worldwide [1,2]. To date, nine distinct equid her-
pesviruses (EHV-1–9) have been identified. Among these, EHV-1–5 primarily infects horses,
while EHV-6–8, also known as asinine herpesvirus types 1–3 (AHV-1–3), predominantly
affects donkeys [3,4]. EHV-1, first isolated in the United States in 1954, continues to be a
widespread pathogen in equine populations globally [5]. EHV-1 is primarily associated
with respiratory disorders, abortion, and viral encephalitis in horses [6].

In recent years, the growth of large-scale donkey farming in several regions in China
has been accompanied by an increase in respiratory disease and abortion, both of which
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significantly impact the economic viability of the donkey industry. Interestingly, EHVs
have been identified as key contributors to these health issues [7–9]. For instance, a study
reported a strong correlation between EHV-1 and donkey abortions in Northern Xinjiang,
China [10]. Furthermore, Wang et al. documented the association of EHV-8 with respiratory
disease and miscarriages in donkeys [11,12]. Notably, reports of EHV-1-induced respiratory
disease in donkeys have been rare. In this study, we present a comprehensive report of an
EHV-1 infection in donkeys in Shandong Province, China, in 2024.

2. Materials and Methods

2.1. Herd History and Case Presentation

In July 2024, a respiratory disease outbreak occurred in a large-scale donkey farm
located in Shandong Province, China. The affected animals were donkey foals, with
three individuals presenting with severe clinical signs, including high fever (41 ◦C), nasal
discharge, respiratory distress (dyspnea), depression, and anorexia. The duration of the
illness was approximately five days, and the mortality rate was 100% among the affected
foals. A one-month-old dead foal was submitted to the veterinary hospital of Liaocheng
University for pathogen identification and diagnostic evaluation.

2.2. Nucleic Extraction, PCR Amplification and Sequencing

Nasal swabs and homogenized lung tissue samples from dead foals were collected
and resuspended in 2 mL of phosphate-buffered saline (PBS). The samples underwent
three freeze–thaw cycles. Subsequently, 1 mL of the PBS suspension was used for viral
DNA extraction using the MiniBEST Viral RNA/DNA Extraction Kit (Takara Bio, Beijing,
China). Polymerase Chain Reaction (PCR) was employed to detect EHV-1, EHV-4, and
EHV-8 in the clinical samples. Specific primers (Table 1) were used for amplification, and
PCR products were analyzed by 1% agarose gel electrophoresis. Additionally, another
1 mL of PBS was utilized to extract total RNA using SparkZol Reagent (Sparkjade, Jinan,
China). The RNA was reversed into complementary DNA (cDNA) using Prime-Script™
Reverse Transcriptase (Takara Bio, Beijing, China). Furthermore, PCR was performed to
detect influenza A virus H3N8 and equine arteritis virus (EAV) in the clinical samples with
specific primers (Table 1), and the resulting PCR products were analyzed using the same
method described above. Positive amplification products were subsequently sequenced by
Sangon Biotech (Shanghai, China) for further analysis.

Table 1. The primer sequences in this study.

Primers Primer Sequences (5′-3′) PCR Product Sizes

EHV-1-gB-F GAACCTCAGCCAACCCA 792 bp
EHV-1-gB-R GCACTTTGCGGACGAAC
EHV-4-gB-F CTTAATCGCATTTAGACCGATG 1591 bp
EHV-4-gB R CCGGAACTAGAAAGATGTTATGC
EHV-8-gG-F TCAGACTGTCACTCGTGGGA 316 bp
EHV-8-gG-R CCTGGAGGCCGTTTAACACA

EAV-N-F ATGGCGTCAAGACGATCAC 333 bp
EAV-N-R TTACGGCCCTGCTGGAGGC

H3N8-HA-F ATTCATCACCCGAGTTCAAA 595 bp
H3N8-HA-R TTTCATTAATCTGGTCGATGGC
H3N8-M-F ACTGTGACAACCGAAGTG 224 bp
H3N8-M-R TGCCTGGCCTTACTAGC

EHV-1-ORF33-F ATGTCCTCTGGTTGCCGTTC 2943 bp
EHV-1-ORF33-R TTAAACCATTTTTTCATTTTC
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2.3. Pathological Examination

Histopathological analysis was conducted as previously described [13]. In brief, lung
tissues were collected from the dead donkey foals and fixed in 10% formalin solution.
Following fixation, the tissues were dehydrated, embedded in paraffin, and sectioned into
4 mm thickness. The sections were then stained with hematoxylin and eosin (H&E) for
general morphological evaluation. Immunohistochemistry (IHC) was performed to detect
EHV-1 infection, utilizing a mouse anti-EHV-1 primary antibody, which was prepared in
our laboratory. Finally, tissue samples were examined under a light microscope (Leica
DMi8, Wetzlar, Germany), and representative images were captured for analysis.

2.4. Isolation of the Virus from Positive Lung Samples

The Rabbit kidney cells (RK-13) were seeded into 6-well plates and incubated
overnight. Lung tissues were homogenized in a 5 mL centrifuge tube, followed by the
addition of 3 mL of phosphate-buffered saline (PBS) containing penicillin and streptomycin.
The tissue suspension was subjected to freeze–thaw cycles three times and subsequently
filtered through a 0.22 μm sterilizing filter (Millipore, Merck, Darmstadt, Germany) after
centrifugation. The resulting supernatant was then inoculated onto the RK-13 cell mono-
layer and incubated for 2 h. After the incubation period, the culture medium was replaced
with minimum essential medium (MEM) supplemented with 3% fetal bovine serum (FBS)
and incubated at 37 ◦C in a 5% CO2 for three days. Cytopathic effects (CPEs) induced by
the virus were monitored daily. The supernatants from the third passage were collected
and analyzed for the presence of EHV-1 using PCR with specific primers (Table 1). The
newly isolated EHV-1 strain was named LC126.

2.5. Morphological Observations Using Transmission Electron Microscope

The morphology of EHV-1 was observed as previously described [11]. In brief, the
RK-13 cells were seeded into a T75 cm2 cell culture flask overnight and infected with
LC126 at 1 multiplicity of infection (MOI). These cells were fixed with TEM fixative at
48 hpi and collected by cell scraper and washed with PBS. This was followed by pre-
embedding by 1% agarose and post-fixation in 1% osmium tetroxide in 0.1 M PB (pH 7.4)
for 2 h at room temperature. Subsequently, dehydration in ethanol (30%, 50%, 70%, 80%,
95%, and 100%), the areas containing cells were block mounted, and the sections were
cut into 60–80 nm sections using Leica ultramicrotome (Wetzlar, Germany). Finally, the
sections were observed and imaged under a Hitachi transmission electron microscope
(Tokyo, Japan).

2.6. Indirect Immunofluorescence

Immunofluorescence assays (IFA) were performed as described previously [14,15].
The coverslips were pre-seeded into 12-well cell plates overnight then infected with
0.1 MOI LC126. All cells were fixed at 48 hpi using 75% cold ethanol and sealed with
1% bull serum albumin (BSA), then these cells were incubated with primary antibody
mouse EHV-1 convalescent serum and secondary antibodies with DyLight 488-conjugated
affiniPure goat anti-mouse IgG + IgM (H+L) (Jackson, PA, USA). Finally, these cells were
stained with 4,6-diamidino-2-phenylindole (DAPI) (Sparkjade, Jinan, China), and observed
and captured by fluorescence microscope (Leica DMi8, Wetzlar, Germany).

2.7. The ORF33 of LC126 Amplification and Phylogenetic Analysis

The ORF33 sequence from the LC126 isolate was amplified in this study; the reference
sequences were downloaded from the GenBank database (http://www.ncbi.nlm.nih.gov/
Genbank, accessed on January 2013). The phylogenetic tree was constructed using MEGA
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6.0 software (Masatoshi Nei lab, State College, PA, USA) by the neighbor-joining method
with 1000 bootstrap replications.

2.8. Infection of BALB/c

Ten female, specific pathogen-free BALB/c mice (6 weeks old) were obtained from
Pengyue Laboratory Animal Breeding Co., Ltd. (Jinan, China) and randomly divided into
infected group and mock group (n = 5). BALB/c were inoculated intranasally with LC126
(1 × 105 PFU/mice) or DMEM. Mice of each group were separated into different rooms to
prevent cross-infection, and their body weights and clinical features were recorded. All
mice were euthanized at 7 dpi via cervical dislocation, and the lung tissues were collected
for pathologic analysis examination. Lung tissues of each group were fixed in 10% buffered
formalin and embedded in paraffin. Paraffin-embedded tissue sections were used for H&E
staining. In addition, the EHV-1 antigen in the lung tissue of different groups of mice was
detected with anti-EHV-1 positive serum using IHC.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8.0 (San Diego,
CA, USA). Differences between groups were compared using an unpaired Student’s t-test.
p < 0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Case Presentation and Pathogen Identification

In July 2024, three one-month-old donkey foals from a large-scale farm in Liaocheng,
China, were observed to exhibit severe respiratory distress and subsequently died. The
clinical signs, including anorexia, high fever, nasal discharge, dyspnea, and depression,
were also observed in infected foals (Figure 1A). Necropsy of one deceased foal revealed a
blue/purple discoloration of the lung tissue, with no significant gross abnormalities noted
(Figure 1B). Histopathological examination of the lung showed hyperemia and hemorrhage
of the alveolar septa (Figure 1C), as well as thickening of the alveolar septa and a notable
increase in inflammatory cell infiltration (Figure 1D).

Figure 1. Gross lesions of a respiratory disease killed the foal: (A) A respiratory disease in
foal donkey; (B) Gross change in lungs; (C) Hyperemia and hemorrhage in lung; (D) Severe
interstitial pneumonia.
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To identify the causative pathogen, lung tissue samples were processed and tested
for various infectious agents. As shown in Figure 2, PCR testing for EAV (333 bp), H3N8
(595 bp or 224 bp), EHV-4 (1591 bp), and EHV-8 (316 bp) yielded negative results. How-
ever, the lung tissue tested positive for EHV-1, with a specific amplification of 792 bp
corresponding to the EHV-1 ORF70 gene.

Figure 2. Screening of virus pathogens. Viral DNA/RNA was extracted from different samples:
(A) EAV; (B) H3N8 M; (C) H3N8 HA; (D) EHV-1; (E) EHV-4; (F) EHV-8. They were detected by
RT/PCR and PCR. Lane M represents a 5000 bp DNA molecular weight ladder. Moreover, 1 represents
negative control, 2 represents nose swabs, and 3 represents lung of donkey foal.

Furthermore, the IHC staining was performed on lung tissue sections of donkey foal
to further confirm EHV-1 infection. Positive staining for EHV-1 antigen was observed in
the lung tissue, with brown-colored signals indicating the presence of the virus, as detected
using mouse anti-EHV-1 serum (Figure 3A). No such positive signals were observed in the
negative control section (Figure 3B).

3.2. Identification of EHV-1 in the Isolates

A field strain of EHV-1 was isolated from EHV-1-positive lung tissue on susceptible cell
lines. Briefly, after a 3-day incubation period, CPEs were observed in RK-13 cells (Figure 4A,
left) inoculated with the EHV-1-positive lung tissue, in contrast to mock-infected cells
treated with PBS (Figure 4A, right). To confirm the presence of EHV-1 isolates, supernatants
from CPE-positive cells were collected, and PCR assays were performed to detect EHV-1
across different passage cycles. As shown in Figure 4B, a single band of the expected size
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(792 bp) was observed on a 1% agarose gel from passages P1 to P3 using specific primers for
EHV-1 detection. Additionally, EHV-1 protein expression in RK-13 cells was confirmed by
IFA assay using a mouse anti-EHV-1-positive serum. The isolates from the fourth passage
exhibited virions both in the cytoplasm and nucleus (Figure 4C). Transmission electron
microscopy (TEM) of EHV-1 virions revealed round particles approximately 110 nm in
diameter, with a distinctive double-ring structure consisting of an inner nucleocapsid and
an outer envelope (Figure 4D). This morphology is consistent with that of intact enveloped
EHV-1 virions.

Figure 3. The immunohistochemistry (IHC) detection for EHV-1 in the lung of the donkey. The IHC
was performed to detect the EHV-1 antigen in the lungs. The experimental group was treated with
mouse anti-EHV-1 positive serum on the lung (A). The normal mouse serum-treated group served as
a negative control on lung (B). Scale bars, 50 μm.

3.3. Phylogenetic Analysis of the ORF33 Gene

The complete ORF33 gene sequence of LC126 was obtained through PCR amplification.
Phylogenetic analysis revealed that this sequence shared the closest relationship with EHV-
1, particularly the EHV-1 Ab1 and SDLC12 strains, and was distinct from other known
EHV-4 and EHV-8 sequences (Figure 5).

3.4. Replication Characteristics and Pathogenicity of EHV-1 Isolate in BALB/C Mice

Previous studies have demonstrated that EHV-1 can effectively replicate in the lungs
and brains of BALB/c mice [16,17]. In the present study, we also assessed the replication
and virulence of the LC126 strain in BALB/c mice. As shown in Figure 6, mice infected with
the LC126 strain exhibited clinical signs, including depression, ruffled fur, inappetence,
respiratory distress, and crouching in corners by 3 dpi, in contrast to the mock-infected
group (Figure 6A). Additionally, a significant decrease in body weight was observed in the
LC126-infected mice starting at 3 dpi (Figure 6B). Viral titers in the lungs of infected mice
were quantified, with a mean titer of 103.9TCID50 (Figure 6C). Histopathological analysis
revealed severe lesions in the lung tissue, characterized by hyperemia and hemorrhage in
LC126-infected mice (Figure 6D, left). The IHC staining was performed to detect EHV-1
antigen in the lung tissue of LC126-infected mice, using anti-EHV-1 positive serum, which
confirmed the presence of viral antigen (Figure 6D, right).
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Figure 4. Identification of EHV-1 isolation. The RK-13 cells were inoculated with the supernatant of
EHV-1-positive lung tissue (left panel) or mock control (right panel) (A). The cytopathogenic effect
(CPE) was observed using microscopy at 48 h pi. Scale bars, 100 mm. (B) The gB gene of the EHV-1
isolate was confirmed by PCR. The PCR products were analyzed by 1% agarose gel. Regarding the
DL2000 plus DNA marker (lane M), 1 represents EHV-1 Passage 1 cell supernatant, 2 represents
EHV-1 Passage 2 cell supernatant, 3 represents EHV-1 passage 3 cell supernatant, and 4 represents
negative control. (C) The isolate was detected by IFA. The images represent the subcellular locations
of EHV-1 proteins using IFA detection with anti-EHV-1 mouse serum and the corresponding alexa
fluor 488-conjugated secondary antibodies. Cells were imaged by Leica DMi8. Scale bars, 50 μm.
(D) Transmission electron micrograph analysis. RK-13 cells were infected with LC126 (MOI = 1) and
then fixed by TEM fixative at 48 hpi and observed by transmission electron microscopy. Magnified
images of the regions indicated by red rectangles are demonstrated on the right. Red arrows represent
EHV-1 virions.
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Figure 5. Phylogenetic tree based on the sequence of ORF33 from the isolate in the present study and
with known sequences of EHVs. Sequences of isolates of ORF33 in the present study are labeled with

“ ”. The scale bar indicates nucleotide substitutions per site.

Figure 6. The pathogenicity of LC126 in Balb/c mice. Ten female, specific pathogen-free BALB/c
mice (6 weeks old) were randomly divided into an infected group and a mock group (n = 5). Clinical
signs (A), the percent change in body weight was calculated for each mouse based on the initial
starting weight before virus inoculation (B). The lung tissues of the infected group and mock group
were collected at 7 dpi to evaluate virus titers using TCID50. * p < 0.05; ** p < 0.01; *** p < 0.001. (C).
The lung tissues of different groups of mice were collected at 7 dpi and fixed in 10% formalin solution
for H&E detection (D, left) and IHC analysis (D, right).

4. Discussion

Large-scale donkey farming has seen significant growth in China in recent years,
contributing to the development of the animal husbandry sector [18,19]. However, the
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sustainable development of the donkey industry is under threat due to the prevalence of
respiratory diseases and abortion, which present considerable challenges to its continued
expansion [20,21]. Notably, respiratory diseases in donkeys have been linked to various mi-
crobial agents. For instance, a study by Yang et al. [22] identified the equine influenza virus
H3N8 as a significant cause of respiratory illness in donkeys. In addition, a study conducted
in Shandong Province, China, reported a 21.5% positive rate (14/65) of equine influenza
virus H3N8 among donkeys exhibiting respiratory diseases on large-scale farms [23]. A
major concern in equine respiratory health is the role of EHV, particularly EHV-1 and
EHV-4, which are well-established pathogens associated with respiratory tract infections
in horses [24,25]. In addition to these viruses, several studies have implicated EHV-8 in
respiratory diseases and abortion in both horses and donkeys [4,11,26]. Moreover, EAV
has been recognized as a causative agent of both respiratory and reproductive diseases in
equids [27–29]. The above-mentioned viruses were identified in the dead donkey foals. In
this instance, H3N8, EAV, EHV-4, and EHV-8 were negative; only EHV-1 appears positive
(Figure 2). Moreover, respiratory diseases in the donkey industry have been linked to
bacterial pathogens, like Streptococcus subsp. Equi and Rhodococcus equi. In the present study,
we first performed detection of these bacteria, but they are negative. Only EHV-1 was
identified as the sole positive pathogen among the potential viral agents. While H3N8,
EAV, EHV-4, and EHV-8 were all tested negative, EHV-1 was found to be present in the
lung tissue of dead donkey foals (Figures 2 and 3). This finding suggests that EHV-1 may
be a primary pathogenic agent contributing to respiratory disease in Dezhou donkey foals
(Figure 4).

Previous studies showed that EHV-1 was identified from donkeys, both with and
without respiratory illness, in Ethiopia [30,31]. More recently, EHV-1 was isolated from the
lung tissue of an aborted fetal donkey, further supporting its potential role in reproductive
and respiratory diseases in donkeys [10]. Our study represents the first report of EHV-1 as
the causative agent of respiratory disease and death in Dezhou donkey foals in Shandong
Province, China. Histopathological examination of affected donkey foals revealed that EHV-
1 infection led to severe alveolar swelling, inflammatory cell infiltration, and hemorrhage
in the lungs (Figures 1 and 3). It is noteworthy that the mice model was widely used as an
animal model to detect EHVs in pathogenicity studies [3,17,32,33]. In the present study,
similar pathological changes were validated and observed in a mouse model (Figure 6).
Collectively, these results highlight the pathogenicity of EHV-1 in donkeys and suggest
that this virus contributes significantly to respiratory disease and mortality in donkey foals.
Given the impact of EHV-1 on donkey health, particularly in large-scale farming operations,
it is imperative to invest in further research into effective preventative measures.

5. Conclusions

This study presented a case report on the EHV-1-induced infection in large-scale don-
key farms in China. Our findings demonstrate that EHV-1 infection is clinically associated
with respiratory distress and mortality in donkey foals. EHV-1 also causes abortion in
pregnant donkeys. Given the significant impact of EHV-1 on donkey health, it is crucial
for the donkey industry to implement robust biosafety management strategies to prevent
the spread of this virus. Enhanced surveillance and improved biosecurity protocols are
essential for mitigating the risks posed by EHV-1 and ensuring the sustainability of the
donkey farming industry.
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Simple Summary: The assessment of limb joint angles is critical for understanding horse
conformation, performance, and safety. This study aimed to determine the normal limb
joint angles of the Morna breed, a Pakistani racehorse that has received little academic
attention. We used standard techniques to measure joint angles of the forelimbs and
hindlimbs. Morna racehorses had elbow and stifle joint angles correlated with peak
racing performance, but their hock and fetlock angles differed from other breeds, for
example, jumping Thoroughbreds and French trotters. This underscores the necessity
for additional research into the Morna breed’s conformation, such as measuring limb
segment lengths and comparing them to joint angles. Overall, quantifying joint angles
in horses, especially in understudied breeds such as the Morna racehorses, is critical for
understanding conformation, performance, and injury prevention.

Abstract: Measuring limb joint angles is crucial for understanding horse conformation, perfor-
mance, injury diagnosis, and prevention. While Thoroughbred horses have been extensively
studied, local Pakistani breeds (e.g., Morna racehorse) have not received scientific attention.
This study aimed to quantify normal angles of limb joints in the Morna breed. Limb joint angles
of standing horses (n = 50) were quantified using a measuring tape, height stick, protractor scale,
and goniometer. The mean and standard deviation (Mean ± SD) values for the forelimb joint
angles were 123.02 ± 3.46◦ for elbow, 171.52 ± 2.39◦ for knee, and 147.68 ± 5.11◦ for fetlock. The
mean ± SD values for the hindlimb joint angles were 128.62 ± 4.08◦ for stifle, 160.40 ± 3.89◦

for hock, and 155.48 ± 2.68◦ for fetlock. There was a non-significant (p > 0.05) correlation
between horse joint angles and, age, body weight, and body condition score (BCS). The elbow
and stifle joint angles of Morna align well with characteristics associated with optimal racing
performance. However, the hock and fetlock angles differ from jumping Thoroughbred and
French trotters. We recommend further research to examine the conformation of the Morna
breed, particularly by measuring the lengths of limb segments and correlating it with joint
angles. This may provide valuable insights into individual variations within the breed.

Keywords: body condition score; equine biomechanics; goniometer; horse: joint anatomy;
joint conformation; limb joint angles; measuring joint angles; Morna breed; racehorses
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1. Introduction

Horseracing is an ancient sport that has evolved alongside human civilization [1].
Successful horseracing requires horses with high-speed running abilities, largely deter-
mined by each horse’s conformation and limb soundness [2]. It is common for racehorses
to develop soundness issues at a young age, often due to poor skeletal conformation [3]. In
racehorses, the most likely anatomical locations for injuries can often be predicted based
on the horse’s conformation [2]. Several factors influence a horse’s conformation, including
genetics, racing surface, prior injuries or pathologies, biomechanics, and the horse’s age [3].
Horse stride problems occur due to anatomically compromised limbs, such as gait asymme-
try, and unstable gait [4,5]. To assess whether an athletic horse is likely to succeed or fail, it
is essential to evaluate its conformation in relation to speed [6]. Biomechanical limitations
are associated with equine musculoskeletal disorders, such as angular limb deformities.
Key conformational traits of the limbs include leg stance, hoof quality, and joint angles [6].

Limbs play a crucial role in movement efficiency and performance in race events.
The structure and alignment of the leg bones directly influence the horse’s function [6].
Racehorses, in particular, place extra strain on their hindlimbs, relying on their hindquarters
for engagement and collection [7,8]. Amid higher activity in the hindlimbs and the pelvic
area, the soft tissues, ligaments, and joints are at a higher risk for injuries [7–9]. Additionally,
the forelimbs experience substantial load during take-off and landing, carrying the horse’s
total weight upon landing [10]. Consequently, the distal limb joints and surrounding soft
tissues face extra stress and weight [11]. The rate of progression is directly linked to the
health of the musculoskeletal system [2]. Poor conformation often indicates defects in the
tendons and ligaments, leading to improper joint angles [12].

Measuring the angles of limb joints is a crucial aspect of studying horse conformation,
as it plays a significant role in evaluating performance and selecting a high-performance
racehorse [13,14]. It also helps prevent injuries, diagnose lameness, monitor training
and rehabilitation, and make informed breeding and horse selection decisions [2,15–17].
Understanding limb joint angles provides valuable insights into a horse’s musculoskeletal
health, enabling proactive management strategies that ensure optimal performance, reduce
the risk of injuries, and promote long-term health and welfare [14,18–20].

Conformation evaluation is subjective and relies on the assessor’s experience, which
can vary among experts [14,20,21]. For the most accurate assessment, a horse’s limb
conformation should be evaluated while it stands straight on a hard, level surface under the
observation of an experienced coach [16]. Every region has its evaluation procedures based
on specific standards and breed-specific laws. While extensive research was conducted
on angulation and conformation in long-distance racehorse breeds [14,16,20], local and
short-distance Pakistani racehorses have received little attention.

This study aimed to evaluate and report normal angles of limb joints in Pakistan’s
Morna breed of racehorses and establish baseline measurements for joint conformation.
We hypothesized that documenting normal angles in healthy horses will create standard
benchmarks for Morna racehorses and assist local researchers in conducting further biome-
chanical studies on this lesser-known horse breed.

2. Materials and Methods

2.1. Study Area and Study Design

This study was conducted in southern Khyber Pakhtunkhwa, Pakistan, involving
active Morna breed racehorses (four to six years of age) with a good body condition score
(four to six out of nine). Data were collected from 50 male racehorses. Before the start of
data collection, written consent was obtained from the horse owners. Horses with a history
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of bone fractures, chronic musculoskeletal diseases, or any musculoskeletal defects and
medication were excluded from this study.

2.2. Measurements

Measurements were taken on racehorses while they stood in a normal position
(Figure 1). We used a measuring tape, height stick, goniometer, and protractor scale and
established predetermined reference points for accuracy [16], (Figure 1). Goniometry was
used for angle measurement, as it is simple, practical, cost-effective, less labor-intensive,
repeatable, and reliable [22]. This method does not require sophisticated equipment and
is widely used in conformational studies [22–24]. This is particularly significant in low-
resource settings where access to advanced technology may be limited. Before determining
the joint angles, we established reference points based on their full range of motion to iden-
tify the axis of rotation for each joint. We selected easily palpable landmarks that had been
used in previous conformational studies [16], (Figure 1). Data collection was conducted on
the left side of the animals, and all the measurements were taken by a single researcher.

 
Figure 1. Standard joint positions and body reference points. The numbered reference points
mentioned in the figure show the middle of the (1) dorsal border of the scapula, (2) point of the
shoulder, (3) elbow joint, (4) knee joint, (5) fore fetlock joint, (6) fore pastern joint, (7) tuber coxae,
(8) hip joint, (9) stifle joint, (10) hock joint, (11) hind fetlock joint, and (12) hind pastern joint.

We quantified shoulder versus ground angle, shoulder joint angle, elbow joint angle,
knee joint angle, fore fetlock joint angle, fore pastern versus ground angle, hip joint angle,
stifle joint angle, hock joint angle, hind fetlock joint angle, and hind pastern versus ground
angle according to existing studies [14,16]. The data on all angles was collected using
a measuring tape, a height stick, a protractor scale, and a goniometer. The length of
the goniometer’s arms was modified according to the researcher’s needs; for example,
for carpal and tarsal measurements, the arms of the goniometer were extended, and for
metacarpophalangeal and metatarsophalangeal measurements, the arms were shortened.
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Body condition scores (BCS) of all horses were measured, and for weight determina-
tion, girth circumference was measured by measuring tape, and a height stick measured
body length. The weight of the horse was measured with the help of the following for-
mula [25]:

Horse body weight = ((Girth2 (cm) × Body length (cm))/2.543/660 + 22.7

2.3. Data Collection
2.3.1. Shoulder Versus Ground Angle

A straight line was drawn from the middle of the dorsal border of the scapula down to
the point of the shoulder using a height stick. From the point of the shoulder, the line was
extended distally and cranially toward the ground until it contacted the ground surface.
Another straight line was drawn horizontally on the ground. The angle was measured by
placing the protractor scale directly on the ground at the point where the lines from the
shoulder and the ground intersect (Figure 2).

 
Figure 2. Studied angles: (1) shoulder joint angle; (2) shoulder versus ground angle; (3) elbow joint
angle; (4) knee joint angle; (5) fore fetlock joint angle; (6) fore pastern versus ground angle; (7) hip
joint angle; (8) stifle joint angle; (9) hock joint angle; (10) hind fetlock joint angle; and (11) hind pastern
versus ground angle.

2.3.2. Shoulder Joint Angle

A straight line was drawn from the middle of the dorsal border of the scapula down
to the point of the shoulder using a height stick. Another straight line was drawn from
the middle of the shoulder joint toward the middle of the elbow joint. A protractor was
positioned at the shoulder joint, ensuring it was angled in relation to the line leading from
the shoulder to the elbow, and the angle was measured with a goniometer. The disc of
the goniometer was placed at the middle of the shoulder joint, with its fixed arm aligned
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along the spine of the scapula, while the movable arm extended toward the midline of the
humerus, pointing toward the middle of the elbow joint (Figure 2).

2.3.3. Elbow Joint Angle

A straight line was drawn from the middle of the shoulder joint to the middle of the
elbow joint. Another straight line was drawn from the elbow joint to the middle of the
knee joint using a height stick. A protractor was placed at the middle of the elbow joint,
with one line extending toward the shoulder and the other toward the knee. The angle
was measured using a goniometer, and the disc was placed at the axis of the elbow joint.
One arm of the goniometer was aligned with the line from the shoulder to the elbow joint,
while the other arm extended from the elbow to the knee joint (Figure 2).

2.3.4. Knee Joint Angle

A straight line was drawn from the middle of the elbow joint to the middle of the knee
joint. Another line extended from the middle of the knee joint to the middle of the fore
fetlock joint. A protractor was placed obliquely at the knee joint. The angle was measured
using a goniometer, with one arm positioned at the middle of the line extending from the
elbow joint proximally and the other arm aligned with the line extending from the knee to
the fore fetlock distally (Figure 2).

2.3.5. Fore Fetlock Joint Angle

A straight line was drawn from the knee joint’s midpoint to the fore fetlock joint.
Another line was drawn from the middle of the fore fetlock joint to the middle of the
fore pastern joint. A protractor was placed over the fore fetlock joint, aligning it with the
junction of the proximal and distal lines. The angle was measured using a goniometer, with
one arm positioned proximally at the middle of the metacarpal bone and the other arm
placed distally at the middle of the first phalanx (Figure 2).

2.3.6. Fore Pastern Versus Ground Angle

A straight line was drawn from the fore pastern joint to the ground, extending distally
and cranially. Another straight line was drawn horizontally at the leveled ground surface.
The angle was measured by placing a protractor at the point where the line from the fore
pastern intersects with the ground (Figure 2).

2.3.7. Hip Joint Angle

A straight line was drawn from the middle of the tuber coxae to the middle of the hip
joint. Another straight line extended from the middle of the hip joint toward the middle
of the stifle joint. A protractor was placed obliquely at the hip joint, and the angle was
measured using a goniometer, positioning its disc at the center of the hip joint with the
fixed arm pointing toward the tuber coxae and the movable arm toward the center of the
femur bone (Figure 2).

2.3.8. Stifle Joint Angle

A straight line was drawn from the middle of the hip joint to the middle of the stifle
joint. Another straight line was drawn from the middle of the stifle joint to the middle of
the hock joint. A protractor was placed at the center of the stifle joint, and the angle was
measured using a goniometer, with the disc positioned at the axis of the stifle joint. The
fixed arm of the goniometer was aligned with the middle of the femur bone, while the
other arm pointed towards the middle of the hock joint (Figure 2).
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2.3.9. Hock Joint Angle

A straight line was drawn from the middle of the stifle joint to the middle of the hock
joint. Another straight line was drawn from the middle of the hock joint to the middle of
the hind fetlock joint. A protractor was positioned obliquely at the hock joint, and the angle
was measured using a goniometer, with one arm placed at the proximal end of the first line
and the other arm at the distal end of the second line (Figure 2).

2.3.10. Hind Fetlock Joint Angle

A straight line was drawn from the middle of the hock joint to the middle of the hind
fetlock joint. Another straight line was drawn from the middle of the hind fetlock joint
to the middle of the hind pastern joint. A protractor was placed at the hind fetlock joint,
where both lines intersect, and the angle was measured using a goniometer, with one arm
placed proximally at the first line and the second arm placed distally at the second line
(Figure 2).

2.3.11. Hind Pastern Versus Ground Angle

A straight line was drawn from the middle of the hind pastern joint, extending
cranially to the midpoint of the hoof and continuing toward the ground. A second line was
drawn horizontally on the leveled ground surface. The angle between the two lines was
measured by placing the protractor at the point where the lines intersect (Figure 2).

2.3.12. Girth Circumference and Body Length

The girth circumference was measured at the highest point of the withers and just
behind the elbow and forelimb. This measurement was taken while the horse stood square
at the level surface and at the moment of exhalation to ensure that additional lung volume
was not included. Body length was measured from the point of the buttocks to the point of
the shoulder.

2.4. Statistical Analysis

Age, girth circumference, BCS, body length, and weight are presented as mean and
standard deviations (mean ± SD). All the studied angles are presented as box and violin
plots in addition to mean ± SD. Data were tested for normality using the Shapiro–Wilk
test. Horse joint angles and, age, body weight, and BCS were compared using Pearson
correlation. Heatmaps were created based on the Pearson correlation coefficients (r) and
p-values using R package ggplot2. All statistical analysis and data visualization were
carried out using RStudio with R version 4.2.3 [26].

2.5. Ethical Approval

This study was approved by the Institutional Ethical Review Committee of the Univer-
sity of Veterinary and Animal Sciences Lahore, Pakistan (Approval reference no. DR/06).

3. Results

3.1. Body Measurements

The mean ± SD values for the age of the participating horses were 4.81 ± 0.67 years.
The mean girth circumference and body length were 65.06 and 54.66 inches, respectively.
The mean body weight was 350.42 kg, and the mean BCS was 4.90 out of 9 (Table 1).
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Table 1. Mean and standard deviation (SD) values for age, girth circumference, body condition score
(BCS), body length, and weight.

Measurements Mean SD

Age (years) 4.81 0.67

Girth Circumference (inch) 65.06 0.91

Body Length (inch) 54.66 1.02

Body Weight (kg) 350.42 15.56

BCS (/9) 4.90 0.81

3.2. Elbow, Knee, Fetlock, Stifle, and Hock Joint Angles

Mean ± SD values for elbow, knee, and fore fetlock joint angles were 123.02 ± 3.46◦,
171.52 ± 2.39◦, and 147.68 ± 5.11◦, respectively. The mean ± SD values for stifle, hock,
and hind fetlock joint angles were 128.62 ± 4.08◦, 160.40 ± 3.89◦, and 155.48 ± 2.68◦,
respectively (Figure 3).

Figure 3. Box and violin plots for elbow, knee, fetlock (forelimb and hindlimb), stifle, and hock joint
angles of the horses.

3.3. Shoulder, Pastern, and Hip Joint Angles

Mean ± SD values for shoulder and hip joint angles were 87.57 ± 2.94◦ and
85.82 ± 2.62◦, respectively. The mean ± SD values for shoulder versus ground, fore pastern
versus ground, and hind pastern versus ground angles were 58.38 ± 2.02◦, 60.80 ± 3.53◦,
and 60.28 ± 4.01◦, respectively (Figure 4).

Figure 4. Box and violin plots for shoulder versus ground, shoulder, pastern versus ground (forelimb),
pastern versus ground (hindlimb), and hip joint angles of the horses.
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3.4. Correlation Between Horse Joint Angles, Age, Body Weight, and Body Condition Score

Non-significant correlations (p > 0.05) were found between horse joint angles and, age,
body weight, and BCS. The Pearson correlation coefficients (r) and p-values between joint
angles and, age, body weight, and BCS are presented (Figure 5).

Figure 5. Heatmaps showing Pearson correlation between horse joint angles and age, body
weight, and body condition score (BCS): (A) heatmap with respect to Pearson correlation p-values;
(B) heatmap with respect to Pearson correlation coefficients (r values).

4. Discussion

This study aimed to evaluate and report normal limb joint angles and establish baseline
measurements for joint conformation in the Morna breed of racehorses. The conformational
assessment serves as a valuable indicator of soundness, aiding in the selection process to
minimize the risk of lameness and identify horses with optimal racing potential [20]. Sev-
eral methods for measuring joint angles are available, including goniometry, radiography,
and advanced digital imaging techniques [22,24]. Among these, goniometry is important as
it is simple, practical, cost-effective, less labor-intensive, repeatable, and reliable [22]. This
method does not require sophisticated equipment and is widely used in conformational
studies [22–24]. This is particularly significant in low-resource settings where access to ad-
vanced technology may be limited. We measured girth circumference, body length, weight,
BCS, forelimbs, and hindlimb joint angles. The elbow joint and pastern versus ground
angles in Morna racehorses show promising alignment with characteristics associated with
optimal racing performance. However, further assessment and consideration of potential
breed-specific variations would contribute to a more comprehensive understanding of their
individual suitability and selection for racing and show jumping.

The correlations between horse joint angles and, age, body weight, and BCS were not
significant. Currently, there are no studies directly comparing limb joint angles with age,
body weight, or BCS. However, in mature horses, the angles of the metacarpophalangeal
and distal interphalangeal joints remain relatively constant [27]. This may explain the non-
significant correlation observed in Morna racehorses aged four to five years. Additionally,
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horse age is a significant predictor of radiographic changes in joints, with scores increasing
by 0.2 points per year [28]. Interestingly, in beef cows, BCS was positively correlated with
foot angle scores [29], likely due to the increased body weight associated with a higher
BCS. Moreover, morphometric measurements, including limb lengths and joint angles,
were associated with musculoskeletal disorders in jumping Thoroughbreds [30]. This
underscores the need for further research on horse limb joint angles in relation to racing
and associated skeletal malfunctions.

The shoulder joint angle of 87.56◦ in Morna racehorses is comparable to the findings
in elite show jumping horses [31]. However, the recorded shoulder joint angle was not
similar to previous studies conducted on jumping Thoroughbreds (99◦) [14] and racing
French trotters (116◦) [16], respectively. This may be due to the varying methods used for
measurement in different studies and the breed-specific differences. Moreover, differences
in angle measurements may arise from errors in angular data due to skin displacement
across anatomical landmarks, particularly in the proximal limb [32]. The elbow joint
angle was 123.02◦ in Morna racehorses, consistent with the finding (124◦) in racing French
trotters [16]. While differing from the findings (138◦) in jumping Thoroughbreds [14]. This
difference may be attributed to breed-specific variations in conformation. The angle of the
elbow joint is particularly important when analyzing the unique traits of French trotters
in their racing performance, as even minor changes in the elbow angle can have a huge
impact on the outcome of a race [16]. Moreover, the elbow joint of horses is crucial for
stride length and overall movement fluidity, particularly in activities that require agility
and speed [33]. A horse’s potential increases with a lower elbow joint angle, and 122◦ is
considered ideal elbow angle in French trotters [16]. In our study, the recorded elbow angle
of 123.02◦ in Morna racehorses is close to the ideal value suggested by the previous study
in French trotters [16]. Understanding these variations is crucial for breeders, trainers, and
buyers to avoid potential limitations in athletic potential due to conformational defects.

The knee joint angle of 171.52◦ in Morna racehorses was similar to the angle observed
in Swedish warmblood [31] and jumping Thoroughbred horses [14]. The optimal value of
this angle should be 180◦ in racing French trotters [16]. The moderate variability, reflected in
a standard deviation of 2.39◦ in Morna racehorses, underscores the need for individualized
assessment when evaluating horses for races. The fore fetlock joint angle of 147.68◦ was
seen in our study, whereas angles of 149◦ and 142◦ were seen in French trotters [16] and
jumping Thoroughbreds [14], respectively. A higher fore fetlock joint angle increases the
race potential of a horse, and 156◦ is considered an ideal value in racing French trotters [16].

The hip joint angle was 85.82◦ for Morna racehorses. Meanwhile, angles reported in
studies conducted on Thoroughbred horses (88◦) and racing French trotters (99◦) were
higher. Skin displacement at anatomical landmarks can lead to errors in angular measure-
ments [32]. Interesting interbreed variations may originate from different degrees of skin
movement rather than true variability in skeletal mobility. This may explain the slight
angle difference between our and previous studies measuring joint angles. A recent study
suggests that a horse’s potential for racing performance increases with the decrease in hip
angle, and an ideal angle value is 90◦ [16].

The stifle angle in our study was 128.62◦, which is greater than the angle (114◦)
reported in jumping Thoroughbred horses [14]. A higher stifle angle increases the potential
of a racehorse [16]. The hock angle of 160.40◦ in Morna racehorses is comparable to Swedish
warmblood horses [31]. However, our results are inconsistent with the findings in jumping
Thoroughbred horses (148◦) and French trotters (142◦) respectively [14,16,20]. This may
be because of interbreed differences in joint angles. Furthermore, the ideal value of hock
angle is 142◦ in French trotters, and a decrease in stifle angle increases the race potential of
a horse [16].
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The hind fetlock angle was 155.48◦, consistent with the findings (157◦) in jumping
Thoroughbred horses [14]. However, our results are inconsistent with the findings (142◦)
in French trotters [16]. Furthermore, it is reported that the optimal value of the hind
fetlock angle is 142◦, and increasing the hind fetlock angle increases the race potential of a
horse [16]. In summary, the hip angle, stifle angle, and the angle of the pastern in relation to
the ground in Morna racehorses exhibit promising alignment with characteristics associated
with optimal racing performance. However, the angle of hock and fetlock differ from those
found in previous studies of jumping Thoroughbreds and French trotters. It is important to
note that we had not calculated the sample size or conducted a power analysis, which may
present a potential limitation of this study. We recommend conducting further research to
explore the conformation of this specific breed using advanced techniques and equipment,
such as modern imaging methods and artificial intelligence software, for example, Quintic
Biomechanics video analysis software. Special emphasis should be placed on measuring
the lengths of limb segments and correlating these measurements with the angles. This
approach may provide valuable insights into individual variations within the breed.

5. Conclusions

Our study offered valuable insights into the conformational features of Morna race-
horses. The joint angles and body measurements we observed provide a foundation for
creating a database for selecting Morna racehorses, considering their unique traits. Breed-
ers, trainers, and buyers need to understand the breed-specific variations discussed in our
study to make informed decisions about the athletic potential and performance capabili-
ties of individual Morna racehorses. Additional research should focus on examining the
conformation of the Morna breed, particularly by measuring the lengths of limb segments
and correlating them with joint angles. This investigation may reveal further insights into
individual variations within the breed.
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Simple Summary: Hyperlipemia is common in donkeys and has a reported prevalence of 3–5%
in the field population. In this study, the serum levels of lipids, biochemical parameters, selected
antioxidant elements and oxidative stress parameters in late pregnant jennies (female donkeys)
with and without hyperlipemia were evaluated and compared. Key findings showed that serum
had elevated levels of lipids, including triglycerides, total cholesterol and low-density lipoprotein
cholesterol in late pregnant jennies with hyperlipemia. In contrast, serum levels of selenium and
antioxidant capacity diminished. This study revealed the features of oxidative stress in late pregnant
hyperlipemic jennies underscored the importance of early diagnosis and intervention for hyperlipi-
demia in pregnant jennies. It has potential implications for improving clinical diagnostic methods
and treatment strategies.

Abstract: Donkeys are particularly at risk of hyperlipemia. Hyperlipemia is a metabolic disease
caused by the mobilization of fatty acids from adipose tissue, which often impacts pregnant and
lactating jennies (female donkeys) during periods of negative energy balance. This study aimed to
evaluate the levels of lipids, biochemical parameters, selected antioxidant elements and oxidative
stress parameters in late pregnant jennies affected by hyperlipemia. Compared with the healthy
jennies, the hyperlipemic animals exhibited significantly elevated levels of triglycerides (TGs), total
cholesterol (T-CHO) and low-density lipoprotein cholesterol (p < 0.05), coupled with reduced levels
of high-density lipoprotein cholesterol and albumin (ALB) (p < 0.05). The serum levels of biochemical
parameters related to liver function, such as aspartate aminotransferase, alanine aminotransferase,
alkaline phosphatase (AKP) and cholinesterase (CHE), showed a significant increase in the hyper-
lipemia group compared to the healthy group (p < 0.05). The serum level of selenium was significantly
lower (p < 0.05) and positively correlated with TGs (r = 0.85) and ALB (r = 0.73) in the hyperlipemia
group. The hyperlipemic jennies showed diminished serum levels of antioxidant capacity and in-
creased levels of malondialdehyde (MDA). The area under the curve values for T-CHO, ALB, AKP,
CHE, total superoxide dismutase, glutathione and MDA were relatively high. Thus, our findings
reflect metabolic disorders, liver dysfunction and oxidative stress in late pregnant hyperlipemic
jennies, providing a basis for the improvement of clinical diagnostic methods and early prevention
and control of hyperlipemia in jennies.

Keywords: donkey; hyperlipemia; oxidative stress; pregnancy; trace element

1. Introduction

Donkeys (Equus africanus asinus) have been used by humans for pack and draught
work. Nowadays, the new and evolving role of donkeys in milk, meat and hide production
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and animal-assisted therapy is a renewed interest to human life [1]. Donkeys have a
long reproductive cycle, where the gestation length lasts for a mean value of 374 days [2].
Therefore, successful pregnancies are essential for maintaining the reproductive efficiency
of donkeys. However, pregnancy is a very dynamic physiological period that leads to an
increase in metabolic demand [3]. In the final trimester of the pregnancy period, the jenny
(female donkey) has a greater energy requirement as the fetus develops rapidly, leading to
the negative energy balance in the maternal body [4].

Dyslipidemia is more frequent in donkeys than in other equids. Donkeys are partic-
ularly at risk of hyperlipemia, with a prevalence of 3–5% in the general population [5].
The higher incidence of hyperlipemia in donkeys is likely related to their efficiency to
store lipids and rapid ability to mobilize fat stores [6]. Hyperlipemia is a metabolic disease
caused by the mobilization of fatty acids from adipose tissue and is typically associated
with periods of negative energy balance and physiologic disturbances of glucose and lipid
homeostasis, which frequently affects late pregnant and lactating donkeys [7,8]. In late
pregnancy, estrogen stimulates the liver to produce very low-density lipoprotein (VLDL),
reducing the clearance of triglycerides (TGs) by lipoprotein lipase in the liver and adipose
tissue. It leads to an increase in plasma triglyceride concentration to ensure sufficient energy
substrates for normal fetal development [6]. The donkeys with hyperlipemia commonly
showed clinical signs of dullness, depression, anorexia, weakness, emaciation, rough hair
coat, continuous weight loss, lethargy and poor body condition [9]. They are invariably
difficult to manage and mortality rates in the range of 60–80% are frequently reported,
which causes significant economic losses in the global donkey industry [10].

However, hyperlipemia usually has no obvious clinical manifestations in the early
stage, which may not be noticeable early on to the owners. Hyperlipemia is diagnosed
by the routine measurement of serum TG concentrations in sick or at-risk donkeys [9].
Donkeys have lower LDL and cholesterol, slightly higher high-density lipoprotein (HDL),
but similar VLDL concentrations compared with horses [6]. This different lipoprotein
profile in donkeys could potentially contribute to their higher risk of hyperlipemia.

Oxidative damage can accelerate the pathogenic progress of hyperlipemia and its
complications. In the early evolution of hyperlipidemia, oxidative stress and lipoprotein
oxidation played an important role [11]. Lipids, in particular, the polyunsaturated fatty acyl
chains contained in phospholipids, represent a main target of reactive oxygen species (ROS)
attack [12]. LDLs represent a prominent target for an oxidative reaction [11]. An adequate
antioxidant supply may help prevent the course of hyperlipemia [13]. Some trace elements
and vitamins were reported to have an antioxidant capacity and be vital to maintaining
normal lipid metabolism in humans and animals. The functions of selenium (Se) in the
organism are mainly connected with its antioxidant properties, as it is an essential part
of important antioxidant enzymes [14]. Zinc (Zn) is a component of the oxidant defense
system and associated with oxidative stress in relation to its deficiency [15]. Vitamin E
(VE) is the major lipophilic radical-scavenging antioxidant in vivo and protects the body
from the oxidative stress mediated by active oxygen [16]. Furthermore, a meta-analysis
showed that serum Se was associated with hyperlipidemia in humans [17]. VE possess
anti-hyperlipidemic properties in various types of animals [18].

To date, to the best of our knowledge, little is known about the changes in the serum
levels of lipids, biochemical parameters, antioxidant elements and oxidative stress pa-
rameters in jennies with and without hyperlipemia in late pregnancy; however, more
detailed information on these parameters during late pregnancy in jennies is important
to ensure proper diagnosis, care and disease treatment. Therefore, we hypothesized that
some serum antioxidant elements might play a vital role in regulating lipid metabolism
and oxidative stress in late pregnant jennies with hyperlipemia. The objective of the present
study was to evaluate and compare the levels of lipids, biochemical parameters, selected
antioxidant elements and oxidative stress parameters between late pregnant jennies with
and without hyperlipemia.
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2. Materials and Methods

2.1. Animal Welfare Statement

All experiments were approved by the Animal Care and Use Committee of Shenyang
Agricultural University (Approval no. 202306017).

2.2. Animals

The study was conducted at a donkey breeding farm in Liaoning Province, China.
Forty Chinese Liaoxi jennies in late pregnancy were included in this study. Among these
jennies, twenty animals were clinically diagnosed with hyperlipemia based on the follow-
ing criteria: (1) developed depression, anorexia, weight loss, a rough coat and lethargy;
(2) body condition scores (BCSs) ranged from 1 to 2 (1 = poor, 2 = moderate, 3 = ideal,
4 = fat and 5 = obese); (3) serum was usually turbid and white (milky); and (4) the serum
TG concentrations were over 2.8 mmol/L, according to the guidelines [9,19]. The other
twenty jennies in late pregnancy were evaluated clinically following The Donkey Sanctuary
recommended standards, including demeanor and behavior, body condition, temperature,
pulse rate, respiratory rate, mucous membrane color, abdominal auscultation, examination
of the oral cavity, ocular examination, rectal examination, peritoneal tap, ultrasound and
blood examination [20]. They were confirmed to be healthy throughout the investigation.
The comparison of age, parity, body weight, BCS and gestation length in hyperlipemic and
healthy jennies is shown in Table 1.

Table 1. Comparison of age, parity, body weight, BCS and gestation length in hyperlipemic (n = 20)
and healthy (n = 20) jennies.

Parameters Hyperlipemia Healthy p Value

Age 6.1± 0.2 5.8 ± 0.2 0.403
Parity 1.9 ± 0.1 1.8 ± 0.2 0.687

Body weight (kg) 209.4 ± 4.1 b 247.5 ± 3.8 a 0.000
BCS 1.9 ± 0.1 b 3.1 ± 0.1 a 0.000

Gestation length (days) 367.2 ± 1.6 362.7 ± 1.5 0.392

Abbreviations: BCS, body condition score. a,b In the same row, values with different letters in superscript differ
significantly (p < 0.05).

Jennies were fed with dry corn stover, along with a commercial concentrate feed [21],
according to the nutrient requirements stated by the National Research Council recommen-
dations [22]. They were housed in individual boxes (3 m × 3 m) 10–15 days before the
presumptive delivery until 15 days after foaling. Measures were implemented to minimize
stress throughout the study.

2.3. Blood Sampling

Blood samples were obtained from the jugular vein between 7:30 and 8:30 a.m. to avoid
alterations related to diurnal variations [23]. For the determination of serum parameters,
blood samples were collected into 10 mL vacuum tubes (BD Vacutainer, NJ, USA) without
anticoagulant. The blood samples were then centrifuged at 3000× g for 10 min at 4 ◦C
to separate the serum. Subsequently, the serum samples were stored at −80 ◦C until
further analysis.

2.4. Serum Parameter Analysis

Serum levels of TGs, total cholesterol (T-CHO), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), total protein (TP), albumin (ALB),
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase
(AKP), cholinesterase (CHE), total antioxidant capacity (T-AOC), glutathione (GSH), total
superoxide dismutase (T-SOD) and malondialdehyde (MDA) were measured using a
microplate reader (GENios Plus, Tecan, Männedorf, Switzerland) following standard
methods with commercially available kits (Nanjing Jiancheng Bioengineering Institute,
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Nanjing, China). The serum levels of Se and Zn were determined by the established
procedures of atomic fluorescence spectrometry (HGF-V, Beijing Haiguang Instrument Co.,
Ltd., Beijing, China) and atomic absorption spectrometry (model Z-2000, Hitachi, Tokyo,
Japan), respectively. High-performance liquid chromatography was used to determine
the content of VE in the serum by Agilent High-Performance Liquid Chromatograph
1260 Series (Agilent Technologies, Santa Clara, CA, USA).

2.5. Statistical Analysis

Data were analyzed with the statistical software program SPSS for Windows, ver-
sion 22.0 (SPSS Inc., Chicago, IL, USA). Data were assessed for normality by the Shapiro–
Wilk test, which showed that the variables were normally distributed. Simple descriptive
measures, such as mean, standard error (SE) and confidence interval (CI) values, of all pa-
rameters were estimated. According to the Youden index, receiver operating characteristic
(ROC) curve analysis was conducted to estimate optimal values of cutoff, as well as to
maximize sensitivity and specificity. An independent-sample Student t test was used to
determine the statistical significance of differences in serum parameters between hyper-
lipemic and healthy jennies. Pearson correlation was performed on the serum parameters
of hyperlipemic and healthy jennies. All values were presented as mean ± SE. Significant
differences were considered in terms of the associated p-value relative to p < 0.05 and
p < 0.01.

3. Results

3.1. Analysis of Serum Lipids

The serum levels of TGs, T-CHO and LDL-C showed a significant increase in the
hyperlipemia group compared to the healthy group (p < 0.05). The serum level of HDL-C
was significant lower in the hyperlipemia group than that in the healthy group (p = 0.002)
(Table 2).

Table 2. Comparison of serum lipids for hyperlipemic (n = 20) and healthy (n = 20) jennies.

Parameters Hyperlipemia Healthy p Value

TG (mmol/L)
Mean ± SE 21.35 ± 1.44 a 1.84 ± 0.14 b

0.00095% CI 18.31~24.39 1.55~2.12

T-CHO (mmol/L)
Mean ± SE 10.75 ± 1.14 a 3.50 ± 0.15 b

0.00095% CI 8.36~13.15 3.20~3.79

HDL-C (mmol/L)
Mean ± SE 1.85 ± 0.22 b 2.86 ± 0.16 a

0.00295% CI 1.37~2.32 2.53~3.18

LDL-C (mmol/L)
Mean ± SE 3.46 ± 0.37 a 1.96 ± 0.15 b

0.00195% CI 2.69~4.23 1.66~2.26
Abbreviations: TG, triglyceride; T-CHO, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; SE, standard error; CI: confidence interval. a,b In the same row, values with
different letters in superscript differ significantly (p < 0.05).

Analytic results of the ROC curve are shown in Figure 1. The area under the curve
(AUC) values of serum TG and T-CHO levels in the hyperlipemia and healthy groups
were 1.000 and 0.972, with the optimum cutoff point calculated on the basis of maximum
sensitivity and specificity being 8.19 mmol/L and 5.88 mmol/L, respectively. The AUCs
of serum HDL-C and LDL-C were 0.719 and 0.600, with the optimum cutoff point being
2.40 mmol/L and 2.65 mmol/L, respectively. The AUC of HDL-C/LDL-C was 0.835, with
the optimum cutoff point being 0.97 (Figure 1a).
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Figure 1. ROC of serum parameters in hyperlipemic and healthy jennies. (a) ROC of serum lipids;
(b) ROC of serum biochemical parameters related to liver function; (c) ROC of serum selenium, zinc
and vitamin E; (d) ROC of serum oxidative stress parameters. Abbreviations: ROC, receiver operating
characteristic; TG, triglyceride; T-CHO, total cholesterol; HDL-C, high-density lipoprotein choles-
terol; LDL-C, low-density lipoprotein cholesterol; TP, total protein; ALB, albumin; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; AKP, alkaline phosphatase; CHE, cholinesterase;
T-AOC, total antioxidant capacity; T-SOD, total superoxide dismutase; MDA, malondialdehyde; GSH,
glutathione; VE, vitamin E; Se, selenium; Zn, zinc.

3.2. Analysis of Serum Biochemical Parameters Related to Liver Function

The descriptive statistics and differences in serum levels of biochemical parameters
related to liver function between the hyperlipemic and healthy jennies are summarized in
Table 3. The serum level of ALB in the hyperlipemic jennies was significantly lower than in
the healthy animals (p = 0.001), and the TP level was not found to be statistically different
between the two groups (p = 0.490). The serum levels of AST, ALT, AKP and CHE showed
a significant increase in the hyperlipemia group compared to the healthy group (p < 0.05).

Table 3. Comparison of serum biochemical parameters related to liver function between hyperlipemic
(n = 20) and healthy (n = 20) jennies.

Parameters Hyperlipemia Healthy p Value

TP (g/L) Mean ± SE 77.80 ± 2.79 75.55 ± 1.61
0.49095% CI 71.97~83.64 72.16~78.94

ALB (g/L) Mean ± SE 25.84 ± 0.96 b 31.98 ± 1.22 a
0.00195% CI 23.72~27.96 29.29~34.68

AST (U/L)
Mean ± SE 68.51 ± 20.41 a 37.33 ± 3.87 b

0.01995% CI 21.45~115.56 29.44~45.21

ALT (U/L)
Mean ± SE 22.41 ± 3.24 a 13.08 ± 1.21 b

0.01395% CI 15.61~29.21 10.65~15.51

AKP (King unit/100 mL) Mean ± SE 66.70 ± 6.45 a 15.08 ± 0.73 b
0.00095% CI 53.20~80.20 13.55~16.61

CHE (U/mL)
Mean ± SE 4.15 ± 0.19 a 2.11 ± 0.19 b

0.00095% CI 3.75~4.55 1.71~2.52
Abbreviations: TP, total protein; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
AKP, alkaline phosphatase; CHE, cholinesterase; SE, standard error; CI: confidence interval. a,b In the same row,
values with different letters in superscript differ significantly (p < 0.05).
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The AUCs of serum TP and ALB levels in the hyperlipemia and healthy groups were
0.510 and 0.889, with the optimum cutoff points being 84.78 g/L and 29.77 g/L, respectively.
The AUCs of serum levels of AST, ALT, AKP and CHE were 0.722, 0.733, 1.000 and 0.951,
with the optimum cutoff points being 61.31 U/L, 19.05 U/L, 21.29 King unit/100 mL and
3.48 U/mL, respectively (Figure 1b).

3.3. Analysis of Serum Selenium, Zinc and Vitamin E

As shown in Table 4, the serum level of Se is lower in the hyperlipemia group compared
with the healthy group (p = 0.031). There was no significant difference in serum levels of
Zn and VE between the two groups (p > 0.05).

Table 4. Comparison of serum selenium, zinc and vitamin E in hyperlipemic (n = 20) and healthy
(n = 20) jennies.

Parameters Hyperlipemia Healthy p Value

Se (μg/L) Mean ± SE 42.19 ± 4.65 b 55.51 ± 3.12 a
0.03195% CI 31.67~52.71 48.32~62.71

Zn (mg/L) Mean ± SE 1.60 ± 0.13 1.45 ± 0.09
0.34595% CI 1.29~1.90 1.24~1.65

VE (nmol/L)
Mean ± SE 560.80 ± 43.07 552.58 ± 43.33

0.89495% CI 463.36~658.24 454.55~650.61

Abbreviations: Zn, zinc; Se, selenium; VE, vitamin E; SE, standard error; CI: confidence interval. a,b In the same
row, values with different letters in superscript differ significantly (p < 0.05).

The AUC of serum Se in the hyperlipemia and healthy groups was 0.625, with the
optimum cutoff point being 37.56 μg/L. The AUCs of serum Zn and VE were 0.667 and
0.549, with the optimum cutoff points being 1.83 mg/L and 576.88 nmol/L, respectively
(Figure 1c).

3.4. Analysis of Serum Oxidative Stress Parameters

Comparisons of the serum levels of oxidative stress parameters in the hyperlipemia
and healthy groups are shown in Table 5. The serum level of MDA in the hyperlipemia
group was higher than that of the healthy group (p = 0.000), and the levels of T-AOC, GSH
and T-SOD were lower than those in healthy group (p < 0.05).

Table 5. Comparison of serum oxidative stress parameters for hyperlipemic (n = 20) and healthy
(n = 20) jennies.

Parameters Hyperlipemia Healthy p Value

T-AOC (mmol/L)
Mean ± SE 0.67 ± 0.01 b 0.71 ± 0.01 a

0.00495% CI 0.65~0.68 0.69~0.72

GSH (μmol/L)
Mean ± SE 2.87 ± 0.35 b 9.92 ± 1.06 a

0.00095% CI 2.15~3.59 7.70~12.13

T-SOD (U/mL)
Mean ± SE 70.80 ± 0.15 b 76.85 ± 0.18 a

0.00095% CI 70.49~71.12 76.47~77.23

MDA (nmol/mL)
Mean ± SE 6.34 ± 0.47 a 2.78 ± 0.09 b

0.00095% CI 5.36~7.32 2.59~2.96
Abbreviations: T-AOC, total antioxidant capacity; GSH, glutathione; T-SOD, total superoxide dismutase; MDA,
malondialdehyde; SE, standard error; CI: confidence interval. a,b In the same row, values with different letters in
superscript differ significantly (p < 0.05).

The AUCs of serum T-AOC and GSH concentrations in the hyperlipemia and healthy
groups were 0.819 and 0.917, with the optimum cutoff points being 0.70 mmol/L and
5.43 μmol/L, respectively. The AUCs of serum T-SOD and MDA were both 1.000, with the
optimum cutoff points being 73.84 U/mL and 3.95 nmol/mL, respectively (Figure 1d).
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3.5. Analysis of Correlation Among Serum Parameters

The correlations among serum lipids, biochemical parameters, selected antioxidant
elements and oxidative stress parameters of hyperlipemic and healthy jennies are shown
in Figure 2. The serum level of Se was positively associated with TGs (r = 0.85, p = 0.005)
and ALB (r = 0.73, p = 0.014) in the hyperlipemia group. The serum level of LDL-C was
negatively associated with GSH (r = 0.71, p = 0.033) and AKP (r = 0.74, p = 0.009). The
serum level of Zn was positively associated with T-AOC (r = 0.87, p = 0.005) (Figure 2). In
healthy jennies, the serum level of T-CHO was positively associated with HDL-C (r = 0.74,
p = 0.006), LDL-C (r = 0.89, p = 0.008) and AKP (r = 0.61, p = 0.037). MDA was negatively
associated with ALT (r = 0.84, p = 0.004) and Zn (r = 0.78, p = 0.038) (Figure 2).

Figure 2. Correlation heat map of serum lipids, biochemical parameters, selected antioxidant ele-
ments and oxidative stress parameters of hyperlipemic and healthy jennies. *, p < 0.05; **, p < 0.01.
Abbreviations: TG, triglyceride; T-CHO, total cholesterol; HDL-C, high-density lipoprotein choles-
terol; LDL-C, low-density lipoprotein cholesterol; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; TP, total protein; ALB, albumin; AKP, alkaline phosphatase; CHE, cholinesterase;
T-AOC, total antioxidant capacity; GSH, glutathione; T-SOD, total superoxide dismutase; MDA,
malondialdehyde; VE, vitamin E; Se, selenium; Zn, zinc.

4. Discussion

Late pregnancy is the most challenging and critical period of breeding jennies. The
digestive tract capacity decreases as the pregnancy progresses, leading to an inability of
being able to satisfy the energy requirements for the jenny and the foal. Thus, it is a major
predisposing factor for hyperlipemia in the late pregnancy stage of jennies [24]. In this
study, we compared the levels of lipids, biochemical parameters, selected antioxidant
elements and oxidative stress parameters for jennies with and without hyperlipemia. Our
results provide a deep understanding of evaluating the features of hyperlipemia in jennies.

We observed serum lipid metabolism disorders that increased levels of TGs, T-CHO
and LDL-C in jennies with hyperlipemia. Similar results were presented in the previous
findings for donkeys and pony mares [23,25]. Serum TG is commonly used to determine the
risk of a donkey becoming hyperlipemic. Donkeys with serum TG concentrations higher
than the normal range should begin treatment to correct negative energy balance [26].
Hyperlipemia in donkeys may be due to an increased secretion of VLDLs by the liver, dis-
turbed catabolism of VLDLs and decrease in TGs [27]. This increased LDL-C concentration
in the serum was associated with the deficiency of the LDL-C receptor through its failure
to function properly [6].

Oxidative stress plays a key role in the pathogenesis of chronic hyperlipemia. The
accumulation of high levels of ROS induces oxidative stress, which leads to the damage of
DNA, proteins and lipids. In the present study, the lower serum level of ALB and higher
serum biochemical parameters related to liver function, including AST, ALT, AKP and CHE,
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were observed in hyperlipemic jennies. The serum concentration of ALB reflects a balance
between ALB synthesis in the liver and its catabolism. ALB also functions as an extracellular
antioxidant [28]. The findings of the elevation in the activity of AST, ALT, AKP and CHE
in hyperlipemic jennies are in concordance with those reported for hyperlipemic rats [29].
This represents an increase in oxidative factors due to a high serum lipid concentration,
which reduces antioxidant defenses and increases lipid peroxidation in the liver.

To date, little has been known about serum trace elements and vitamin change in
hyperlipemia in jennies. Evaluating their potential necessity would be valuable. We found
significantly lower serum levels of Se in hyperlipemic jennies compared to the control
group. Nonetheless, the analysis of serum Se alterations in the published studies on
humans with dyslipidemia is highly controversial [30]. Se is an essential trace element
that has the ability to counteract free radicals and protect the structure and function
of proteins, DNA and chromosomes from oxidative injury [31]. Its biological function
is expressed through biologically active compounds, including glutathione peroxidases
and other selenoproteins, which have important enzymatic functions associated with
antioxidant activity. Furthermore, our results show that the serum level of Se positively
correlates with TGs and ALB in hyperlipemic animals, similar to the results previously
reported for humans [30,32]. Indeed, Se has been regarded as one of the important factors
for lipid metabolism [33]. The evidence supports the idea that Se plays a vital role in insulin
mimicry and anti-diabetes [34,35]. Donkeys have innate insulin resistance, especially
obese or hyperlipemic jennies [6]. Our present findings indicate an impaired function of
selenoproteins and liver metabolism, and the antioxidant capacity of the jennies may have
been compromised during late pregnancy. The detailed biological process of selenoproteins
involved in lipid metabolism in hyperlipemic jennies needs to be further investigated.

Zinc is known to contribute to the metabolic processes of lipids [17,36]. A previous
study found a decrease in serum Zn levels in overweight and obese individuals [37].
However, our study shows no significant differences in serum Zn levels between the
two groups. Consistent with our findings, a systematic review confirmed that serum
zinc was not irrelevant to dyslipidemia in human studies [17]. The discrepant results
may be due to different types of blood lipids and the high intersubject variability in the
study population. In addition, our results show that the serum level of Zn is positively
associated with the activity of T-AOC in jennies with hyperlipemia. Zn is an integral
part of key antioxidant enzymes, and Zn deficiency impairs their synthesis, resulting in
increased oxidative stress [38]. A systematic review and meta-analysis showed that Zn
supplementation has favorable effects on plasma lipid parameters [39].

An antioxidant defense system, comprising enzymes such as T-SOD and non-enzymatic
compounds (e.g., GSH), can prevent oxidative damage to lipoproteins in the blood [40]. In
the present study, we observed decreased activities of serum T-SOD and GSH in jennies
with hyperlipemia, resulting in a significantly limited antioxidant capacity. The significant
decline in GSH may be due to enhanced oxidation or its consumption by electrophilic
compounds, such as lipid peroxidation aldehydes [41]. Furthermore, it has been reported
that there is a decreased GSH concentration in erythrocytes from hyperlipemic individuals,
which has been found to be partly related to high cholesterol levels [42]. Additionally,
oxidative stress may produce toxic substances, such as MDA. The formation of MDA is
commonly considered a hallmark of cell damage and hepatic injury [40].

Based on the ROC analysis, the AUCs for T-CHO, ALB, AKP, CHE, T-SOD, GSH and
MDA were relatively high (0.972, 0.889, 1.000, 0.951, 1.000, 0.917 and 1.000, respectively).
These indices may be clinically useful with respect to screening for hyperlipemia in late
pregnant jennies. However, serum selenium, zinc and vitamin E could not be used for
evaluating the severity of donkey hyperlipemia due to the lower AUC.

5. Conclusions

In summary, significant alterations were observed in various serum lipids, biochemi-
cal parameters, antioxidant elements and oxidative stress parameters in jennies with and
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without hyperlipemia. These changes reflect the metabolic disorders, liver dysfunction and
oxidative stress in late pregnant hyperlipemic jennies, providing a basis for the improve-
ment of clinical diagnostic methods and the early prevention and control of hyperlipemia
in jennies. The exact effect of antioxidant supplements, such as Se and enzymes, to prevent
lipid disorders in late pregnant jennies should be verified in additional specifically designed
clinical studies.
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Simple Summary: Infections from foodborne pathogens can lead to gastroenteritis, which is com-
monly characterized by diarrhea, abdominal pain, and vomiting. Knowledge of the antimicrobial
resistance patterns of foodborne pathogens is crucial for protecting public health. This facilitates the
development of strategies to prevent the spread of resistant bacteria and ensures the effectiveness
of treatments for foodborne diseases. This study examines the presence and antibiotic resistance of
foodborne pathogens in donkey meat products from delis in the Beijing area. The results indicate
a potential public health risk due to the presence of antibiotic-resistant bacteria in food products,
emphasizing the need for enhanced food safety measures and antibiotic use oversight.

Abstract: The prevalence of foodborne diseases has raised concerns due to the potential transmission
of zoonotic bacterial pathogens through meat products. The objective of this study was to determine
the occurrence and antimicrobial resistance (AMR) profiles of pathogenic bacteria in cooked donkey
meat products from Beijing. Twenty-one cooked donkey meat samples were collected from different
delis, subjected to homogenization, and analyzed for bacterial contamination. Molecular identification
was performed through polymerase chain reaction (PCR) amplification and sequencing targeting
the 16S rDNA gene. The antimicrobial susceptibility of the isolates was evaluated using the disk
diffusion method. A total of forty bacterial isolates were identified, with Proteus mirabilis being the
predominant species, followed by Klebsiella pneumoniae and Novosphingobium. Both Proteus mirabilis
and Klebsiella pneumoniae exhibited high levels of resistance to several antibiotics, including penicillin,
ampicillin, and erythromycin. This study’s findings underscore the public health risk posed by
antimicrobial-resistant foodborne pathogens and emphasize the necessity for enhanced food safety
surveillance within the One Health context.

Keywords: donkey meat product; Proteus mirabilis; Klebsiella pneumoniae; antimicrobial resistance;
One Health

1. Introduction

Foodborne diseases, often attributed to a spectrum of pathogens including bacteria,
viruses, fungi, and parasites, pose a significant threat to public health [1]. Bacteria are the
predominant etiological agents, causing a myriad of diseases across human and animal
populations [1]. Animal-derived meat and meat products, especially those consumed as
ready-to-eat (RTE) items, are common vectors for zoonotic bacterial pathogens [2]. The
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processing of RTE food, which includes cooking, packaging, and storage, is critical in
controlling pathogen prevalence throughout the food chain [1]. Nevertheless, the improper
handling of these products can lead to contamination and introduce antimicrobial resistance
(AMR) bacteria [3]. AMR genes can be transferred to humans through the consumption of
meat and meat products containing resistant bacteria, emphasizing the utmost importance
of the One Health approach to addressing AMR in public health [4]. Among various bacte-
rial pathogens, Staphylococcus aureus, Salmonella, and Listeria monocytogenes are recognized
as major causative agents of foodborne diseases, leading to substantial morbidity and
mortality rates worldwide [5].

The increasing prevalence of foodborne disease outbreaks with a microbial etiology in
China underscores the urgent need for stringent food safety monitoring [6]. The potential
for these bacteria to transfer resistance genes to the human microbiome via the food chain
represents a significant public health concern [7]. Donkey meat products are popular in
China due to their quality proteins. However, there is a conspicuous lack of comprehensive
data on the prevalence of pathogens and the antibiotic resistance phenotype in donkey
meat products within China. This study aims to investigate the prevalence of bacterial
pathogens and their susceptibility to antibiotics in cooked donkey meat samples from
different delis in the Beijing area, which specialize in serving donkey meat products. The
findings may contribute to the prevention and control of bacterial infection in donkey meat
products and a more comprehensive understanding of food safety concerns from a One
Health perspective.

2. Materials and Methods

2.1. Sample Collection

A total of 21 cooked donkey meat samples, comprising donkey burgers and stir-fried
donkey meat, were collected via random sampling from 15 delis in different districts with
notable sales volumes in the Beijing area. Each sample was aseptically excised using sterile
instruments, encompassing both the surface and internal portions of the cooked donkey
meat. After collection, the samples were transferred to the laboratory under preservation
conditions at 4 ◦C.

2.2. Isolation and Identification

For the initial homogenization and pre-enrichment, 25 g of each sample was processed
in 225 mL of modified tryptone soy broth (Qingdao Haibo, Qingdao, China) and incubated
at 37 ◦C for 18 to 24 h. A 1 mL sample was diluted with 9 mL of sterile brain heart infusion
broth (Qingdao Haibo, Qingdao, China) followed by thorough mixing. Subsequently,
aliquots were spread onto MacConkey and Columbia blood agar plates (Qingdao Haibo,
Qingdao, China) for further incubation at 37 ◦C for an additional 18 to 24 h to selectively
isolate and identify bacterial colonies based on metabolic characteristics and to detect
potential pathogens.

2.3. PCR Amplification and Identification

PCR amplification was conducted using universal 16S rDNA primers: the forward
primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer 1492R (5′-TACGA
CTTAACCCCAATCGC-3′). The reaction mixture comprised 12.5 μL of 2 × Taq PCR Master
Mix, 1 μL each of the forward and reverse primers, 0.5 μL of DNA template, and 10 μL of
ddH2O. The thermal cycling protocol consisted of an initial denaturation at 95 ◦C for 5 min,
followed by 30 cycles of 94 ◦C for 1 min, annealing at 55 to 58 ◦C for 1 min, and extension
at 72 ◦C for 90 s, with a final extension at 72 ◦C for 10 min.

After the reaction, 10 μL of the PCR product was loaded on a 1.2% TAE-buffered
agarose gel at 120 V for 25 min. The gel was visualized and documented using a UV
imaging system with the DL 2000 DNA Marker (TIANGEN BIOTECH (BEIJING) Co., Ltd.,
Beijing, China) as a size reference. Positive PCR products were submitted for sequencing.
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2.4. Antimicrobial Susceptibility Testing

The antibiotic susceptibility of bacterial isolates was assessed using the disk diffusion
method, following the guidelines recommended by the Clinical and Laboratory Stan-
dards Institute (CLSI). The isolates were tested against a panel of 11 antibiotics: penicillin
(PEM), ampicillin (AMP), ceftriaxone (CRO), cefazolin (CZ), tetracycline (TCN), amikacin
(AMI), gentamicin (GEN), chloramphenicol (CHL), trimethoprim–sulfamethoxazole (SXT),
ciprofloxacin (CIP), norfloxacin (NOR), erythromycin (ERY), and lincomycin (LCM). The
selection of antibiotic categories and concentrations was determined in accordance with
the “Performance Standards for Antimicrobial Susceptibility Testing; 4th Edition, M100”
guidelines as stipulated by the CLSI. To ensure the reliability and reproducibility of the
findings, each bacterial isolate was independently tested in triplicate.

3. Results

3.1. Bacteriologic Description

A total of 40 bacterial isolates were obtained from the collected donkey meat samples.
The genus Proteus showed the highest detection rate (40%), with Proteus mirabilis (P. mirabilis)
(32.5%) being the predominant species (Table 1).

Table 1. Bacteria and proportions of 40 isolates derived from donkey meat samples (n = 21).

Bacteria Count Ratio (%)

Proteus mirabilis 13 32.5

Novosphingobium 6 15.0

Klebsiella pneumoniae 5 12.5

Escherichia coli 3 7.5

Proteus vulgaris 2 5.0

Streptococcus lutetiensis 2 5.0

Enterobacter hormaechei 2 5.0

Novosphingobium 1 2.5

Proteus vulgaris 1 2.5

Lysobacter 1 2.5

Enterococcus gallinarum 1 2.5

Macrococcus caseolyticus 1 2.5

Citrobacter freundii 1 2.5

Klebsiella oxytoca 1 2.5

3.2. Antimicrobial Susceptibility Patterns

The isolates of P. mirabilis demonstrated a 100% resistance rate to penicillin, tetracy-
cline, and lincomycin. Furthermore, the resistance to erythromycin and ampicillin was
observed to be 84.62% and 61.55%, respectively (Table 2). Similarly, Klebsiella pneumoniae
(K. pneumoniae) exhibited complete resistance to penicillin and erythromycin, with an 80%
resistance rate to ampicillin (Table 2).

Novosphingobium also presented a 100% resistance profile against penicillin, ampicillin,
and erythromycin (Table 3). These findings underscore the prevalence of AMR among the
studied bacterial isolates.
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Table 2. Antimicrobial susceptibility results for P. mirabilis and K. pneumoniae.

Antibiotic
Category Antibiotics

Proteus mirabilis Klebsiella pneumoniae

R (%) S (%) Sample Size R (%) S (%) Sample Size

β-lactam antibiotics

PEM 100.0 (13) 0.0 (0) 13 100.0 (5) 0.0 (0) 5
AMP 61.5 (8) 30.8 (4) 13 80.0 (4) 0.0 (0) 5
CRO 8.3 (1) 66.7 (8) 12 - - -
CZ - - - 0.0 (0) 75.0 (3) 4

Tetracycline
antibiotics TCN 100.0 (12) 0.0 (0) 12 - - -

Aminoglycosides AMI - - - 0.0 (0) 100.0 (4) 4
GEN 7.7 (1) 84.6 (11) 13 0.0 (0) 100.0 (5) 5

Chloramphenicols CHL 46.2 (6) 38.5 (5) 13 0.0 (0) 100.0 (5) 5
Sulfonamides SXT 38.6 (5) 46.2 (6) 13 0.0 (0) 80.0 (4) 5

Fluoroquinolones CIP 7.7 (1) 84.6 (11) 13 0.0 (0) 100.0 (5) 5
NOR - - - 0.0 (0) 100.0 (4) 4

Macrolide antibiotics ERY 84.6 (11) 15.4 (2) 13 100.0 (5) 0.0 (0) 5
Lincosamides LCM 100.0 (12) 0.0 (0) 12 - - -

R (%) = (Number of strains resistant to the antibiotic/Sample size) × 100%. S (%) = (Number of strains sensitive to
the antibiotic/Sample size) × 100%. AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CIP, ciprofloxacin;
CRO, ceftriaxone; CZ, cefazolin; ERY, erythromycin; GEN, gentamicin; LCM, lincomycin; NOR, norfloxacin; PEM,
penicillin; SXT, trimethoprim–sulfamethoxazole; TCN, tetracycline.

Table 3. Antimicrobial susceptibility results for Novosphingobium.

Antibiotic Category Antibiotics
Novosphingobium

R (%) S (%) Sample Size

β-lactam antibiotics
PEM 100.0 (6) 0.0 (0) 6
AMP 100.0 (6) 0.0 (0) 6
CZ 0.0 (0) 83.3 (5) 6

Aminoglycosides AMK 0.0 (0) 100.0 (6) 6
GEN 0.0 (0) 100.0 (6) 6

Chloramphenicols CHL 0.0 (0) 100.0 (6) 6
Sulfonamides SXT 50.0 (3) 50.0 (3) 6

Fluoroquinolones CIP 0.0 (0) 100.0 (6) 6
NOR 0.0 (0) 100.0 (6) 6

Macrolide antibiotics ERY 100.0 (6) 0.0 (0) 6

4. Discussion

This study identified the presence of AMR bacteria in cooked donkey meat products
from delis in the Beijing area. The bacterial isolates were predominantly P. mirabilis,
followed by K. pneumoniae and Novosphingobium.

P. mirabilis, an opportunistic pathogen, is a well-known cause of nosocomial infections.
Additionally, it is frequently implicated in urinary tract infections [8]. Its presence in
donkey meat products, as identified in this study, raises concerns due to its potential to
cause foodborne illness. P. mirabilis is known to inhabit various environmental niches,
including soil and aquatic ecosystems, and is often found as a commensal organism in
the gastrointestinal tracts of humans and animals [9]. Proteus species and K. pneumoniae
have been isolated as thermotolerant bacteria from equids in India, which may survive
in food-processing units and contaminate pasteurized products [10]. In a study by Liu
Wei et al., from 2010 to 2019, there were 143 outbreaks of foodborne diseases in Haidian
District, Beijing, with a total of 272 strains of pathogens detected, among which Proteus
accounted for as high as 25.7%, becoming one of the main etiological agents of foodborne
disease outbreaks in the area [11]. In a study conducted by Xiaobing et al., a total of
52 isolates of P. mirabilis were isolated from 178 cooked meat samples, with an isolation rate
of 29.2% [12]. The presence of P. mirabilis in retail meat products could represent a pathway
for the transmission of this pathogen to humans [13].

132



Vet. Sci. 2024, 11, 645

There was a marked increase in antibiotic-resistant Proteus spp. from 48.4% in 2011 to
74% in 2020 in hospital settings in Italy [14]. A particularly high resistance to macrolides,
tetracyclines, fusidic acid, and mupirocin and a 77.6% resistance rate to aminopenicillins
in Proteus spp. were detected in this research [14]. In the present study, a lower rate
of 61.5% resistance to ampicillin was reported in the P. mirabilis isolates sourced from
cooked donkey meat samples. This variance is probably due to the differing sources of the
bacteria. Hospital-acquired strains are more frequently exposed to antibiotics, which likely
contributes to increased resistance [14]. This highlights the importance of monitoring the
prevalence and resistance patterns of this bacterium in food products from a One Health
perspective. In research led by Delphine Girlich et al., P. mirabilis was found to be inherently
resistant to several antibiotic classes including penicillin, macrolides, tetracyclines, and
lincosamides [15]. This observation is consistent with the AMR patterns observed in the
current study of P. mirabilis. This resistance is concerning as it restricts treatment options
for infections caused by this bacterium. These findings underscore the alarming rise in
antibiotic resistance among P. mirabilis strains, which not only poses a significant challenge
to public health but also necessitates a comprehensive approach to antibiotic stewardship
in both clinical and food production settings.

K. pneumoniae, recognized for its ability to inhabit the gastrointestinal tract of animals,
has been identified as a common contaminant in various retail food products, includ-
ing meats and vegetables [16]. This bacterium is a potential source of foodborne illness
and can lead to extraintestinal infections in humans, posing a considerable public health
concern [17]. In a study by Haryani et al., 32% of 78 street food samples from Malaysia
were positive for K. pneumoniae, with isolates showing 100% resistance to ampicillin, ery-
thromycin, and rifampicin and 80% to sulfamethoxazole [18]. Similarly, another study
found K. pneumoniae in 7.5% (35/464) of cooked food samples, with the highest resistance
noted for ampicillin at 92.3%, followed by tetracycline at 31.3% [19]. Additionally, the study
indicated that cooking processes may not always be effective in eliminating bacteria [19].
The presence of K. pneumoniae in ready-to-eat cooked foods may suggest suboptimal hy-
gienic practices during food handling or contamination after cooking. Possible sources
of contamination include cross-contamination with raw products, meat juices, or other
contaminated items or from handlers with inadequate personal hygiene. The thermotoler-
ance of K. pneumoniae raises concerns, as it can survive in cooked foods, and its complete
inactivation is not always guaranteed, even at temperatures up to 60 ◦C [10]. The resistance
patterns also emphasize the importance of prudent antibiotic use and the implementation
of stringent hygiene and handling protocols to prevent the spread of resistant strains.

The genus Novosphingobium encompasses a group of Gram-negative bacteria within
the class Alphaproteobacteria, which was previously classified within the genus Sphin-
gomonas [20]. Characterized by their metabolic versatility, these bacteria are known for
their potential roles in the biodegradation of a spectrum of organic compounds [21]. In an
investigation led by P. Papademas et al., high-throughput 16S rDNA sequencing revealed
that Sphingomonas was the predominant genus in donkey milk from a farm in Cyprus,
with a notable presence ranging from 17% to 49% [22]. Interestingly, while Sphingomonas
was not detected in our analysis of donkey meat, we identified Novosphingobium, with
analogous metabolic capabilities [22]. Novosphingobium’s metabolic diversity and role in the
biodegradation of organic compounds are well documented, as is its isolation from multi-
ple environments such as soil, water sediments, activated sludge, and even within plant
tissues [23,24]. Importantly, this is the first report of Novosphingobium isolated from donkey
meat, emphasizing the need for further investigation into its ecological distribution and
potential impact on food safety. In one study, it was observed that colorectal cancer patients
with reduced tumor tissue levels of Caulobacter and Novosphingobium showed enhanced
long-term survival [25]. This may indicate the potential negative impact of Novosphin-
gobium on human health. Regarding antibiotic resistance, Belmok et al. reported that
Novosphingobium terrae exhibited resistance to penicillin, trimethoprim–sulfamethoxazole,
and erythromycin [25], which is partially consistent with our findings. The ability of
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Novosphingobium to form biofilms and survive in chlorinated conditions raises concerns
about its potential to harbor and protect other pathogens, including bacteria, which may
contribute to the spread of antibiotic resistance [26]. It is worth noting that research on the
antibiotic resistance of Novosphingobium is still limited, and further studies are required
to fully understand the scope and implications of this issue. In addition, the impact of
Novosphingobium on food safety is still uncertain.

The contamination of cooked meat products with pathogenic bacteria is a multifaceted
issue, influenced by the introduction of bacteria during preparation, the sanitary conditions
in the sampling site, and the prevalence of antibiotic resistance [5]. One of the primary
factors identified is the presence of pathogenic bacteria such as Proteus mirabilis, Klebsiella
pneumoniae, and Escherichia coli, which are known to thrive in environments lacking proper
sanitation [5]. Furthermore, the risk of cooked meat contamination is increased by the
conditions in the sampling site. Factors such as inadequate temperature control, the poor
personal hygiene of food handlers, and unsanitary equipment can significantly contribute
to the proliferation of these bacteria [27]. Our study indicates a high prevalence of Pro-
teus mirabilis (32.5%) and Novosphingobium (15.0%), suggesting that the sampling site may
have been compromised by poor hygiene practices. Additionally, the use of antibiotics
in livestock can lead to AMR bacteria, which may contaminate meat during processing.
Addressing these factors requires a multifaceted approach that includes stringent sanita-
tion protocols, proper food handling education, and responsible antibiotic stewardship
in livestock.

5. Conclusions

This study identified Proteus mirabilis, Klebsiella pneumoniae, and Novosphingobium as
the dominant bacteria in cooked donkey meat products in the Beijing area, with notable
resistance to common antibiotics including penicillin, ampicillin, and erythromycin. The
findings underscore the need for further AMR monitoring and control in meat chains
within the One Health context.
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