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Full Scientific Report

Septic arthritis is a common disease that affects horses of all 
ages and can be life-threatening if not treated immediately. 
Therefore, a prompt and accurate diagnosis is crucial to initi-
ate aggressive treatment in order to reduce risk and ensure a 
good prognosis.

Serum amyloid A (SAA) is an acute-phase protein that is 
widely used for the detection of inflammation in human24 
and veterinary medicine.6,12 In horses, it is suggested as a 
useful marker of joint inflammation and infection.22 SAA in 
synovial fluid in healthy horses is usually undetectable 
(<0.2–0.7 mg/L) but it increases significantly with septic 
arthritis (up to 100–1,500 mg/L).35 Following infection or 
inflammation, SAA concentration increases rapidly in serum 
and synovial fluid, and was also reported to decrease rapidly 
once the noxious stimulus was removed due to its short half-
life.13,21,22 The concentration of SAA in synovial fluid is not 
affected by repeated arthrocentesis, antibiotic treatment, or 
arthroscopic lavage.10,33–35 For these reasons, it has been con-
sidered a reliable marker in the diagnosis and monitoring of 

equine septic arthritis cases. However, we found previously 
that SAA increases significantly in the healthy joints contra-
lateral to the joints with experimental septic arthritis.45 Based 
on this finding, we hypothesized that SAA leaks from the 
systemic circulation into synovial fluid of healthy nonaf-
fected joints. Thus, our first objective was to test this hypoth-
esis by comparing SAA concentrations in serum and synovial 
fluid obtained from affected and nonaffected joints of horses 
with experimentally induced septic arthritis, non-septic 
synovitis, and systemic inflammation.
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Abstract. Prompt diagnosis of equine septic arthritis is crucial for successful treatment. Serum amyloid A (SAA) has been 
suggested as a reliable biomarker. However, we previously found that synovial fluid SAA increases in nonaffected joints of 
horses with septic arthritis. We hypothesized that systemic SAA may leak into the nonaffected joints. If this is the case, we 
also hypothesized that locally produced joint SAA isoforms may be better candidates for septic arthritis biomarkers. Thus, 
our objectives were 1) to evaluate the temporal kinetics of systemic and synovial fluid SAA in horses with septic arthritis 
(n = 5), non-septic synovitis (n = 5), and systemic inflammation (n = 5), examining both affected and contralateral joints; and 2) 
investigate putative locally produced joint SAA isoforms and detect amino-acid differences between them. We confirmed that 
SAA increases significantly in synovial fluid in nonaffected joints of horses with systemic inflammation (≤352 mg/L), as well 
as in contralateral nonaffected joins in horses with septic arthritis (≤1,830 mg/L) compared to baseline at time 0 (<0.2 mg/L). 
We also identified a putative locally produced joint SAA peptide in synovial fluid (FGDSGHGAADSR) that differed in 1 
amino acid from 2 systemic peptides found both in plasma and synovial fluid. The putative joint SAA isoform was present in 
joints of horses with both septic arthritis and systemic inflammation (ion intensities 104–106). Thus, the increase of synovial 
fluid SAA may be both due to the leakage of SAA from serum into joints and local production of joint SAA isoforms.
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Given that we hypothesized that total SAA in synovial 
fluid represents both systemic SAA leaked into synovial 
fluid and locally produced joint SAA, our second objective 
was to investigate the potential ability of locally produced 
joint SAA isoforms to allow differentiation of septic arthri-
tis, non-septic synovitis, and systemic inflammation. SAA is 
a family of closely related proteins, and several SAA iso-
forms have been identified in humans and animals, includ-
ing in several species of domestic animals.1,5,37 SAA is 
mainly produced in the liver, but it is also synthetized by 
other tissues, including synovial tissue in humans18,29 and 
horses.3,8,10,25 In vitro production of SAA by synovial fibro-
blasts and chondrocytes has been demonstrated for humans 
and horses.11,30 In equine synovial fluid, 2 highly alkaline 
(isoelectric point: 10.0, 10.2) local isoforms of SAA have 
been detected using isoelectric focusing electrophoresis.8 
However, the sequence difference between systemic and 
joint SAA isoforms in horses remains unknown. Thus, iden-
tification of locally produced joint SAA isoforms may be 
useful for the development of tests used in the diagnosis and 
monitoring of septic arthritis in horses. Hence, we studied 
the temporal kinetics of SAA in serum and synovial fluid of 
horses with different experimentally induced inflammatory 
conditions (non-septic synovitis, septic arthritis, and sys-
temic inflammation) and evaluated potential differences 
between peptide sequences of SAA in synovial fluid and 
plasma obtained from horses with these different experi-
mental inflammatory conditions.

Materials and methods

Experimental design

Our study was conducted in compliance with the guidelines 
of the Canadian Council on Animal Care after review and 
approval by the University of Saskatchewan Animal Care 
and Use Committee and Animal Research Ethics Board (pro-
tocol 20160095). We used 15 adult horses, with a median age 
of 12 y (range: 6–16 y) and median weight of 470 kg (range: 
305–572 kg) in our study. Horses were considered to be 
healthy and free of musculoskeletal disease based on thor-
ough physical examination, lameness examination, and 
blood work (CBC; biochemistry profile including measure-
ment of systemic blood SAA). Horses were randomly 
assigned to one of the following groups: septic arthritis 
(n = 5); non-septic synovitis (n = 5); or systemic inflamma-
tion (n = 5). For the non-septic synovitis and septic arthritis 
groups, the left middle carpal joint of horses was injected 
with either lipopolysaccharide (LPS) or Escherichia coli, 
respectively; systemic inflammation was induced by an 
overdose of oligofructose as described below. For the sys-
temic inflammation group, the left middle carpal joint was 
assigned as the treated joint (injected joint); however, no 
intra-articular treatment was administered. In addition, the 
right contralateral middle carpal joints in all 3 groups were 

not treated (hereafter, non-injected joints) and were used as 
internal controls. Throughout the period of the study, horses 
were offered hay and water ad libitum. Samples of blood and 
synovial fluid from both joints were collected from all 15 
horses at time zero (T0) immediately before the induction of 
experimental conditions, and at regular intervals after that as 
described below (Fig. 1).

Experimental induction of non-septic synovitis 
and septic arthritis

Acute synovitis was induced using a published LPS model.16 
Briefly, 50 ng of LPS (E. coli O55:B5 strain; Sigma-Aldrich) 
was diluted in 1 mL of sterile PBS solution, aliquoted, and 
then stored at −80°C until used. Aliquots of LPS (50 ng/mL) 
were thawed prior to inducing non-septic synovitis and 
stored on ice until the assigned middle carpal joint was 
injected.

Septic arthritis was induced using a model for septic 
arthritis in horses with an inoculation dose of 1.0 × 108 cfu of 
E. coli using a published bacterial/septic arthritis model.16 
Briefly, the strain that we used was isolated from a clinical 
case that had been presented to the Veterinary Medical Cen-
ter, University of Saskatchewan (Saskatoon, SK, Canada), 
and had been diagnosed and treated for septic arthritis. The 
stock culture was divided into 50-µL aliquots of 1.0 × 1010 cfu/
mL and thereafter stored at −80°C. Bacteria were cultured in 
blood culture medium at 37°C in aerobic conditions to the 
mid-exponential phase of growth. Bacterial cells were har-
vested by centrifugation, washed in sterile PBS, and resus-
pended in fresh sterile PBS to 1.0 × 108 cfu/mL, as described 
previously.16

Horses in the septic arthritis and non-septic synovitis 
groups at T0 were sedated with detomidine hydrochloride 
(0.015 mg/kg, IV), and the selected joint was prepared asep-
tically. The assigned carpus was held in flexion by an assis-
tant, a 20-ga needle attached to a 6-mL syringe was then 
placed into the dorsolateral pouch of the middle carpal joint 
and used to collect 4–6 mL of synovial fluid, which provided 
the baseline value for each horse and was labeled as T0. Fol-
lowing the first collection of synovial fluid sample at T0, the 
syringe was then changed for a 3-mL Luer-Lok syringe con-
taining either 1 mL of 50 ng/mL LPS (for non-septic synovi-
tis group) or 1.0 × 108 cfu of E. coli (for septic arthritis group), 
and the solution was injected into the joint.

Experimental induction of systemic 
inflammation

Systemic inflammation was induced experimentally using an 
oligofructose model, which has been shown to reproduce 
consistent signs of systemic inflammation response  
syndrome in horses, such as severe diarrhea, increased  
heart rate, and blood leukocyte count.2 Briefly, horses were 
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administered an overdose of oligofructose (Orafti P95 oligo-
fructose; Beneo) at a dose of 10 g/kg dissolved in 4 L of warm 
water and administrated via nasogastric tube.

Experimental procedures and sampling

Blood and synovial fluid samples from the injected and non-
injected middle carpal joint were obtained before intra-artic-
ular injection of LPS and E. coli or before administration of 
oligofructose, and these samples served as baseline values 
for each horse (T0, baseline value). Thereafter, blood and 
synovial fluid samples from injected and non-injected joints 
were collected at post-induction hours (PIH) 24, 36, 48, 60, 
and 72. Note that in the systemic inflammation group, no 
intra-articular treatment was administered either to injected 
or to the non-injected contralateral joint; hence, both could 
be considered as “healthy not treated controls” even though, 
for the comparative purpose of our study, they were assigned 
to the injected or non-injected category. Bandages were 
placed on both carpi, maintained throughout the study, and 
replaced after each arthrocentesis. Following collection of 
samples at PIH72, all horses were euthanized with an over-
dose of pentobarbital sodium (85 mg/kg, IV), and samples 
of liver, synovial membrane, and articular cartilage from the 
joints of interest were collected. Samples were snap frozen 
in liquid nitrogen and then stored at −80°C for another 
research study.

Horses underwent physical examination with assessment 
of general appearance, rectal temperature, gastrointestinal 

motility, heart rate, and respiratory rate before inducing 
experimental models and then every 6 h until the end of our 
study. Lameness was evaluated using the American Associa-
tion of Equine Practitioners (AAEP) system (scale of 0–5; 
0 = lameness not perceptible under any circumstance; 5 = a 
lameness producing minimal weight bearing in motion and/
or at rest, or a complete inability to move).31 In addition, pain 
was assessed using a composite measure pain scale (CMPS) 
modified for orthopedic pain.20 The CMPS that we used 
evaluated the following 6 behavior categories: gross pain 
behavior, weight bearing, head position, location of horse in 
stall, response to open door, and response to approach from 
observer, in combination with an overall subjective pain 
score. For each behavioral category, a pain score of 0–4 was 
given.

Rescue analgesia

Nonselective nonsteroidal anti-inflammatory drugs were not 
used for rescue analgesia, because the effects of NSAIDs have 
been reported to lower concentrations of several acute-phase 
proteins,40 and phenylbutazone has been shown to significantly 
decrease the WBC count following induction of an equine 
experimental model of synovitis.28 Although intra-articular 
injection of opioids was shown to have mild anti-inflammatory 
effects in horses with LPS-induced synovitis,19,36,43 the effects 
of systemic morphine administration on joint inflammation or 
SAA expression have not been demonstrated.8,19 For these rea-
sons, we elected to use opioids as the administered rescue anal-

Figure 1. Roadmap for the experimental design and outcomes of serum amyloid A (SAA) concentration and identification of SAA 
isoforms in blood and synovial fluid in horses with experimentally induced septic arthritis, non-septic synovitis, and systemic inflammation. 
Synovial fluid cytology and CBC were used for confirmation of successful induction of experimental models. E. coli = Escherichia coli; 
LPS = lipopolysaccharide; PIH24 = post-induction hour 24, etc.; T0 = pretreatment baseline.
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gesia to minimize interference with SAA expression in our 
study. Lameness and pain scores were used to determine if 
horses needed rescue analgesia. Rescue analgesia was adminis-
trated if 1) a horse had a score of 4 in any of the CMPS catego-
ries; 2) if the total CMPS was ≥15, or 3) lameness was ≥grade 
4. The administered rescue analgesia consisted of morphine 
(0.1 mg/kg, IM). One horse in the non-septic synovitis group 
required rescue analgesia (0.1 mg/kg, IM) at PIH24 and did not 
require additional rescue analgesia thereafter to complete the 
study. After induction of the experimental model of septic 
arthritis, all horses required rescue analgesia (0.1 mg/kg, IM) at 
PIH24 and, subsequently, additional doses were administered 
(q8h, IM) to complete the study. Two horses in the systemic 
inflammation group required rescue analgesia at PIH48 and 
until completing the study (0.1 mg/kg, q8h, IM).

Sample collection and processing

Following collection of synovial fluid, samples were divided 
into 3 aliquots: aliquot 1 in a 0.5-mL EDTA tube (Micro-
tainer; Becton Dickinson) for SAA quantification, aliquot 2 
in 0.5-mL EDTA tube (Microtainer) for cytologic evaluation 
(if sufficient amount was obtained), and aliquot 3 in a sterile 
1.5-mL microcentrifuge tube (Fisherbrand; Fisher) for bacte-
rial culture. First aliquots of synovial fluid collected at times 
T0, PIH24, PIH36, PIH48, PIH60, and PIH72 were centri-
fuged at 3,500 × g for 10 min at ambient temperature. Syno-
vial fluid supernatant was then transferred into low-retention 
microcentrifuge tubes (Fisherbrand; Fisher) and stored at 
−80°C for SAA quantification.

At times T0 and PIH24, the second aliquot of synovial 
fluid was submitted for cytology without centrifugation 
(PDS; Prairie Diagnostic Services, Saskatoon, SK, Canada) 
for subjective assessment of color, turbidity, and viscosity as 
well as quantification of total protein (TP), total nucleated 
cell count (NCC), and percentage of neutrophils (PN) to con-
firm inflammation. In normal synovial fluid, TP is usually 
<31.1 g/L, NCC <5 × 109 cells/L, and PN <10%.23 Measure-
ments above these values were considered to indicate inflam-
mation. We used criteria of TP >40 g/L, NCC >30 × 109 
cells/L, and >80% PN27,39 to confirm the septic arthritis 
model, with subsequent positive bacterial culture confirming 
septic arthritis and negative culture confirming non-septic 
synovitis.

For bacterial culture, the third aliquots of synovial fluid 
collected from all horses at times PIH24, PIH48, and PIH72 
were placed into sterile 1.5-mL microcentrifuge tubes. Blood 
culture medium (Signal; Oxoid) was inoculated with 200 µL 
of synovial fluid and was incubated in aerobic conditions on 
a shaking platform (180 rpm) at 37°C for 72 h or until bacte-
rial growth was identified. If bacterial growth was observed, 
the medium was then streaked on Columbia agar with 5% 
sheep blood culture plate to obtain isolated colonies. Bacte-
ria were identified to species level using matrix-assisted 

laser desorption/ionization–time-of-flight mass spectrometry 
at PDS.

Blood was collected from the jugular vein at times T0, 
PIH24, PIH36, PIH48, PIH60, and PIH72 using blood col-
lection system tubes (Vacutainer Serum; Becton Dickinson) 
and allowed to clot for 30 min. Thereafter, tubes were centri-
fuged at 3,500 × g for 10 min at ambient temperature, and 
serum was collected and transferred into low-retention 
microcentrifuge tubes and stored at −80°C for later SAA 
quantification. In addition, blood was collected in EDTA 
tubes for determination of CBC at times T0 (baseline), 
PIH24, and PIH48 to confirm systemic inflammation. We 
used an increase in WBC count with left shift to confirm sys-
temic inflammation. To obtain plasma for proteomics analy-
sis, we collected blood in blood collection tubes (P100; 
Becton Dickinson), which are coated with K

2
EDTA and a 

protease inhibitor cocktail.

SAA analysis

When the collection of all samples was completed, serum and 
synovial fluid samples were thawed at room temperature. To 
reduce viscosity, 10 µL of hyaluronidase was added to 490 µL 
of synovial fluid as reported previously.45 Quantification of 
serum and synovial fluid SAA was then performed on an 
automated chemistry analyzer (Hoffmann-La Roche) using a 
human SAA turbidimetric immunoassay (LZ test SAA; 
Eiken) that has been validated in serum for equine assays9 and 
used in previous equine studies. The assay’s limit of quantifi-
cation (LOQ) reported by the manufacturer was 0.2 mg/L. 
The tests were performed at the Animal Health Laboratory at 
the University of Guelph (Guelph, ON, Canada).

Proteomics analysis of SAA isoforms

To identify potential locally produced joint SAA isoforms, 
the samples of synovial fluid and plasma collected at PIH60 
were used for comparative proteomics analysis using liquid 
chromatography–tandem mass spectrometry (LC-MS/MS). 
The work was done in Dr. Katselis’s Mass Spectrometry 
Laboratory for Omics Research (Health Sciences, College of 
Medicine, University of Saskatchewan) with a quadrupole 
time-of-flight instrument (6550 iFunnel, Chip Cube LC-MS 
interface; Agilent). Synovial fluid samples included samples 
from the injected joint in septic arthritis (n = 5), non-septic 
synovitis (n = 5), and systemic inflammation (n = 5) groups, 
and the assigned non-injected joint from the systemic inflam-
mation group (n = 5). Both injected (n = 5) and non-injected 
(n = 5) joints could be considered as “healthy not-treated con-
trols” in the systemic inflammation group. Plasma samples 
from all 15 horses from the 3 experimental groups (5 sam-
ples/group) were analyzed. The proteomics analysis was per-
formed as described previously.17 Before and after sample 
analysis, HeLa standard digests were run in triplicate to 



SAA concentration and isoforms in equine arthritis 5

ensure peak analytical instrument performance. In addition, 
solvent blanks were run between samples to ensure that there 
was no carryover. Raw mass spectra data were searched 
against all mammalian SAA sequences in UniProtKB com-
bined SwissProt and TrEMBL databases (2018 release; 
www.uniprot.org).

Statistical analysis

The dependent variables included TP, NCC, PN, and systemic 
and synovial fluid SAA concentrations. Groups were inde-
pendent variables. Values of SAA below the LOQ (0.2 mg/L) 
of the assay were interpreted as “0” for statistical analysis. 
Distribution and central tendency of the dependent variables 
were assessed based on descriptive statistics (x̄, SD, medians, 
and histograms). One-way ANOVA with Tukey multiple 
comparisons was carried out to compare clinical parameters 
PIH24 between groups. Two-way repeated measures ANOVA 
with Tukey multiple comparison was performed to compare 
serum and synovial fluid SAA concentrations between groups 
at each time. One-way repeated measures ANOVA with Sidak 
multiple comparison was performed to compare SAA con-
centration between injected and non-injected joints within 
each group. Normality of data was assessed using residual 
and QQ plots. Significance level p ≤ 0.05 was considered sig-
nificant. All group comparison analyses were performed and 
graphed with Prism v.8.2.1 for Windows (GraphPad).

To determine the sensitivity (Se) and specificity (Sp) of 
synovial fluid SAA for the differentiation of septic arthritis 
from non-septic synovitis and systemic inflammation, we car-
ried out receiver operating characteristic (ROC) curve analy-
sis (SPSS Statistics for Windows, v.28.0; IBM). All samples 
in injected joint in septic arthritis group starting at PIH24 
were considered as true positive; all other samples were con-
sidered as true negatives. To evaluate how sensitivity  

and specificity changed depending on the duration of inflam-
mation, we analyzed whole datasets, including synovial fluid 
SAA values at PIH24–72, as well as subsets for PIH24–36 
and PIH48–72.

Results

Experimental model induction

Successful induction of synovitis and septic arthritis was 
confirmed at PIH24 by cytologic examination of synovial 
fluid for all experimental horses with septic arthritis and non-
septic synovitis (Fig. 2; Suppl. Table 1), together with posi-
tive bacterial cultures of E. coli for septic arthritis and 
negative bacterial culture for non-septic synovitis and sys-
temic inflammation groups at PIH24 and thereafter at all 
times. Systemic inflammation was confirmed based on clini-
cal signs and CBC.

Mean NCC in the septic arthritis, non-septic synovitis, 
and systemic inflammation groups were, in units of × 109 
cells/L: 251 ± 41 (range: 198–304), 100 ± 34 (range: 42–125), 
and 9.3 ± 12.4 (range: 0.2–24), respectively. NCC increased 
above the reported criterion for septic arthritis in both the 
septic arthritis and non-septic synovitis groups. In the sys-
temic inflammation group, the NCC remained consistently 
below this value. There was a significant difference between 
groups (F

2,12
 = 75; p < 0.001), and all groups were different 

from each other (p < 0.05).
Mean TP in the septic arthritis, non-septic synovitis, and 

systemic inflammation groups were, in units of g/L: 65 ± 8 
(range: 55–75), 58 ± 6 (range: 48–64), and 43 ± 10 (range: 
36–61), respectively. There was a significant difference 
between groups (F

2,12
 = 8.5; p < 0.001). TP in septic arthritis 

and non-septic synovitis was significantly higher compared 
to the systemic inflammation group (p < 0.05) but was not 

Figure 2. Effects of experimentally induced septic arthritis, non-septic synovitis, and systemic inflammation in horses on synovial fluid 
of injected joints: nucleated cell count (NCC), total protein, and percent neutrophils at PIH24 in septic arthritis (Septic), lipopolysaccharide-
induced non-septic synovitis (LPS), and systemic inflammation (Systemic) groups. Dotted line in each graph is the threshold commonly used 
in the diagnosis of septic arthritis (synovial fluid protein >40 g/L, NCC >30 × 109 cells/L, and >80% neutrophils).

www.uniprot.org
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significantly different between each other. In the systemic 
inflammation group, TP was above the criterion reported for 
septic arthritis in 2 of 5 horses.

Mean PN in the septic arthritis, non-septic synovitis, and 
systemic inflammation groups were, in %: 95 ± 1 (range: 
94–96), 88 ± 4 (range: 80–90), and 63 ± 32 (range: 9–90), 
respectively. There was a significant difference between 
groups (F

2,12
 = 3.9; p < 0.05), with the septic arthritis group 

significantly higher compared to the systemic inflammation 
group (p < 0.05). In the septic arthritis and non-septic synovi-
tis groups, PN was above the criterion reported for septic 
arthritis in all horses, whereas in the systemic inflammation 
group only in 2 of 5 horses (the same 2 horses in which TP 
was increased).

In the systemic inflammation group, 2 of 5 horses had 
increased percentage of TP and neutrophils above the criteria 
for septic arthritis in the joints assigned as treated, suggest-
ing transient inflammation. However, lack of reported sensi-
tivity and specificity for these cytologic parameters for the 
diagnosis of septic joint inflammation is a limitation.

There was a significant difference between groups in both 
WBC and neutrophil counts at PIH24 (F

2,12
 = 7.7, p < 0.01, 

and F
2,12

 = 7.4, p < 0.01, respectively) and PIH48 (F
2,11

 = 4.6, 
p < 0.05, and F

2,11
 = 6.3, p < 0.05, respectively; Fig. 3; Suppl. 

Table 2). At PIH24, WBCs and segmented neutrophils were 
significantly increased in the septic arthritis group compared 
to the non-septic synovitis and systemic inflammation 
groups; at PIH48, WBCs and segmented neutrophils were 
significantly increased in the septic arthritis group compared 
to the non-septic synovitis group, but there was no signifi-
cant difference between septic arthritis and systemic inflam-

mation groups. Hence, a systemic inflammatory response 
occurred in the septic arthritis and systemic inflammation 
groups, and an absent-to-borderline systemic response 
occurred in the non-septic synovitis group.

Post-induction period: clinical parameters

In the septic arthritis group, all horses developed fever, 
tachycardia, and tachypnea at PIH24. Thereafter, vital 
parameters were within normal limits except heart rate, 
which remained increased (median: 56 bpm; range: 48–
64 bpm). All horses were grade 4 lame at PIH24, became 
grade 5 at PIH36, and remained with a grade 5 lameness up 
to PIH72. At PIH24, the injected carpus had heat, mild swell-
ing, and was painful on palpation. By PIH72, all horses had 
developed marked swelling; flexion of the injected carpus 
was painful.

In the non-septic synovitis group, horses developed vari-
ous degrees of lameness at PIH24: grade 3 lameness (4 
horses) to grade 4 lameness (1 horse). Lameness was no lon-
ger present in 4 of the horses at PIH36, and the remaining 
horse’s lameness had resolved by PIH72. Vital parameters of 
4 horses in the non-septic synovitis group were within nor-
mal limits at all times (heart rate <44 bpm; respiratory rate 
<28 bpm). The heart rate of 1 horse increased at PIH24 
(52 bpm) coinciding with the time of highest lameness score 
observed (grade 4). Thereafter all vital parameters in this 
horse returned to normal limits until the completion of our 
study. Throughout our study, all horses in the non-septic 
synovitis group remained bright, alert, and responsive to 
stimuli, eating and passing normal feces.

Figure 3. Effects of experimentally induced septic arthritis, non-septic synovitis, and systemic inflammation in horses in blood on WBC 
count (A) and neutrophil count (B). A. WBC count at PIH24 and 48. WBCs are consistently elevated in the septic arthritis (Septic) horses. 
Most samples in systemic inflammation horses (Systemic) had increased WBC by PIH48; only one horse in the non-septic synovitis group 
(LPS) had mildly increased WBC at PIH48. B. Neutrophilia in all horses with septic arthritis and most horses with systemic inflammation 
at PIH48. Some horses with non-septic synovitis had borderline neutrophilia. Left shift and slight toxic change were also noted. Gray area 
between the dotted lines represents the normal RI. LPS = lipopolysaccharide.
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In the systemic inflammation group, all 5 horses devel-
oped diarrhea within 24 h of oligofructose administration and 
were tachycardic at PIH24. Two of 5 horses developed lami-
nitis by PIH48. The heart rates of these 2 horses remained 
increased (median: 60; range: 52–68 bpm), and diarrhea per-
sisted up to 60 h; treatment consisted of lactated Ringer solu-
tion at a maintenance rate of 2.5 mL/kg/h until diarrhea 
resolved. Diarrhea had resolved by PIH36 in the other 3 
horses, and vital parameters remained within normal limits 
in these 3 horses until the completion of our study.

Post-induction period: serum SAA 
concentration

Serum SAA concentrations at T0 were below the LOQ 
(<0.2 mg/L) of the immunoassay in all groups (Fig. 4A, 4B). 
For the septic arthritis group, the serum SAA concentration 
increased following induction of synovial joint infection at 
PIH24 (median: 1,130 mg/L; range: 445–1,480 mg/L) and 
reached peak concentrations at PIH72 (median: 3,790 mg/L; 
range: 3,390–3,830 mg/L). In the non-septic synovitis group, 
the serum SAA concentration increased moderately at PIH24 
(median: 89 mg/L; range: 42–145 mg/L), and reached its 
peak at PIH36 (median: 127 mg/L; range: 56–222 mg/L). In 
the systemic inflammation group, the serum SAA concentra-
tion began to increase at PIH24 (median: 76 mg/L; range: 
57–140 mg/L), reaching peak concentrations at PIH72 
(median: 2,910 mg/L; range: 2,640–3,380 mg/L).

Comparing serum SAA concentration between groups, 
there was significant interaction between group and time 
(F

10,60
 = 107; p < 0.001). Comparisons with Tukey correction 

revealed that serum SAA concentration was significantly 
higher in the septic arthritis group than in the non-septic 
synovitis and systemic inflammation groups at PIH24, 
PIH36, PIH48, PIH60, and PIH72 (p < 0.05). The serum SAA 
concentration was significantly higher in the systemic 
inflammation group compared to the non-septic synovitis 
group at PIH36, PIH48, PIH60, and PIH72 (p < 0.05).

Post-induction period: synovial fluid SAA 
concentration

Synovial fluid SAA concentrations at T0 (baseline value) 
were below the LOQ (<0.2 mg/L) of the immunoassay in all 
3 groups for both injected and non-injected joints (Fig. 4C–
F). In the septic arthritis group, the synovial fluid SAA con-
centration in the injected joint began to increase following 
induction of bacterial joint infection at PIH24 (median: 
155 mg/L; range: 26–224 mg/L) and reached its peak concen-
tration at PIH72 (median: 1,890 mg/L; range: 484–
2,840 mg/L). The synovial fluid SAA concentration in the 
non-injected joint began to increase concurrently at PIH24 
(median: 29 mg/L; range: 2.5–123 mg/L) and peaked at 
PIH72 (median: 485 mg/L; range 237–1,830 mg/L). There 
was a significant interaction between time and joint in the 

septic arthritis group (F
5,40

 = 3.5; p = 0.01). Synovial fluid 
SAA concentration was significantly higher in the injected 
joint compared to the non-injected joint at PIH60 and PIH72 
(p < 0.05 with Sidak correction). There were no significant 
differences between the injected and non-injected joints at 
PIH24, PIH36, and PIH48.

For the non-septic synovitis group, there were no signifi-
cant differences between any times and between the left and 
right joints.

In the systemic inflammation group, both carpal joints were 
treated the same and SAA concentrations were comparable. 
The synovial fluid SAA concentration of the joint assigned as 
the injected joint was <0.5 mg/L at PIH24, started to increase 
by PIH36 (median: 106 mg/L; range: 96–118 mg/L), and 
reached peak concentrations at PIH60 (median: 287 mg/L; 
range: 130–352 mg/L), whereas in the joint assigned as the 
non-injected joint, the synovial fluid SAA concentration began 
to increase also by PIH36 (median: 101 mg/L; range: 35–
111 mg/L) and peaked at PIH72 (median: 284 mg/L; range: 
35–303 mg/L). No significant differences were found in syno-
vial fluid SAA concentrations between assigned injected and 
non-injected joints at any of the measured post-induction 
times in horses with systemic inflammation.

When synovial fluid SAA concentrations were compared 
between the injected joints of the 3 groups, there was a sig-
nificant interaction between time and group (F

10,60
 = 14.2; 

p < 0.001). The septic arthritis group had significantly higher 
SAA concentrations than the non-septic synovitis and sys-
temic inflammation groups at PIH60 and PIH72 (p < 0.05 
with Tukey correction). Synovial fluid SAA concentrations 
in the systemic inflammation group were significantly higher 
compared to the non-septic synovitis group at PIH36–72.

Comparing the synovial fluid SAA concentration in the 
non-injected joint among the 3 groups, there was a signifi-
cant interaction between time and group (F

10,60
 = 4.7; 

p < 0.001). There were no significant differences in SAA con-
centration between septic arthritis and systemic inflamma-
tion groups. Compared to the non-septic synovitis group, the 
synovial fluid SAA concentration was significantly higher in 
the septic group at PIH36–60, and in the systemic inflamma-
tion group at PIH36–72 (p < 0.05 with Tukey correction).

The SAA concentration in synovial fluid and serum in the 
septic arthritis and systemic inflammation groups was sig-
nificantly and positively correlated (Fig. 5). In the systemic 
inflammation group, the correlation was linear, despite high 
variability (R2 = 0.80); linear fit was poor in the septic arthri-
tis group (R2 = 0.58). Correlation for non-septic synovitis was 
not performed because of very low SAA values.

ROC curve analysis of synovial fluid SAA for 
detection of septic arthritis

By ROC curve analysis of the whole dataset of PIH24–72 in 
our experimental model, synovial fluid SAA of 400 mg/L 
provided optimal classification with Se of 68% and Sp of 
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85.7% (Fig. 6A). At 24.9 mg/L, Se was 100%, but Sp was 
only 40%; at 1,840 mg/L, Se was only 28%, but Sp was 
100%. When the dataset was restricted to PIH24–36, syno-
vial fluid SAA at 139 mg/L provided optimal classification 
with Se of 80% and Sp of 85.7% (Fig. 6B). At 18.8 mg/L, Se 
was 100%, and Sp was 57%; at 813 mg/L, Se was only 10%, 
but Sp was 100%. When the dataset was restricted to PIH48–72,  

synovial fluid SAA at 400 mg/L provided optimal classifica-
tion with Se of 100% and Sp of 79% (Fig. 6C). At 1,842 mg/L, 
Se was 53%, and Sp was 100%. Hence, the sensitivity of 
synovial fluid SAA to differentiate septic arthritis from non-
septic synovitis or systemic inflammation increases with 
time and, at 400 mg/L, the sensitivity reaches 100% with 
inflammation of >48 h.

Figure 4. Effects of experimentally induced septic arthritis (Septic), non-septic synovitis (LPS), and systemic inflammation (Systemic) 
in horses on the serum amyloid A (SAA) concentration in serum (A, B), synovial fluid (SF) of injected joints (C, D), and SF of non-
injected joints (E, F). Individual SAA measurements are plotted in A, C, and E. x̄ and SEM are plotted in B, D, and F, with statistical 
significance (p ≤ 0.05) between groups at each time marked as follows: a = septic arthritis vs. non-septic synovitis; b = septic arthritis vs. 
systemic inflammation; c = systemic inflammation vs. non-septic synovitis. LPS = lipopolysaccharide.
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Proteomics results

We identified 3 different isoforms of an SAA peptide, 2 were 
present in both plasma and synovial fluid, and 1 was found in 
synovial fluid but not plasma. Peptide FGDSGHGAADSR, 
which mapped to an equine SAA isoform (UniProtKB 
TrEMBL accession F6ZL17), was consistently found in 4 of 
5 samples of synovial fluid in horses with septic arthritis 
(injected joint) and 3 of 4 synovial fluid samples in the sys-
temic inflammation group (both joints); this peptide was not 
present in synovial fluid of the injected joint of the non-sep-
tic synovitis group and was absent from plasma samples 
(n = 15) in all groups. Two other peptides mapping to  

different isoforms of equine SAA—FGDSGHGAEDSR 
(UniProtKB TrEMBL F6ZPQ6) and FGDSGHGEADSR 
(UniProtKB TrEMBL A0A9L0INR1)—were found both in 
synovial fluid and plasma samples (Suppl. Tables 3, 4) in all 
groups (Fig. 7). These peptides differed from the putative 
synovial fluid peptide by one substitution of glutamic acid 
(E) by alanine (A). Because these 2 peptides were found in 
plasma, we suspect they are produced in the liver as part of 
the systemic acute-phase response, and are referred to as sys-
temic peptide 1 (SP1) and systemic peptide 2 (SP2); the pep-
tide found only in synovial fluid is referred to as joint peptide 
(JP; Table 1). Ion intensities in synovial fluid for SP1 and 
SP2 were on the order of magnitude 105–107; ion intensities 

Figure 5. Correlation of serum amyloid A (SAA) concentration to synovial fluid SAA concentration (injected joint) A. in septic arthritis 
group and B. systemic inflammation group. Lines are best-fit regression lines and demonstrate higher correlation between the serum and 
synovial fluid SAA concentration at different times in the systemic inflammation group (R2 = 0.8) compared to the septic arthritis group 
(R2 = 0.58).

Figure 6. Comparison of serum amyloid A (SAA) threshold concentration for optimal sensitivity and specificity to differentiate septic 
arthritis from non-septic arthritis and systemic inflammation at different stages of experimentally induced disease using receiver operating 
characteristic (ROC) curve analysis. A. ROC analysis for the entire experimental period (PIH24–72) determined that a SAA threshold at 
400 mg/L (red dot) will differentiate septic arthritis from non-septic synovitis and systemic inflammation with Se of 68% and Sp of 85.7%. B. 
ROC analysis for the early experimental period (PIH24–36) determined that a SAA threshold at 139 mg/L (red dot) will differentiate septic 
arthritis from non-septic synovitis and systemic inflammation with Se of 80% and Sp of 85.7%. C. ROC analysis for the late experimental 
period (PIH48–72) determined that a SAA threshold at 400 mg/L (red dot) will differentiate septic arthritis from non-septic synovitis and 
systemic inflammation with Se of 100% and Sp of 79%. PIH = post-induction hour.



 Koziy et al.10

for JP were ~10 times lower, on the order of magnitude 104–
106 (Suppl. Tables 3, 4).

Discussion

Using 3 experimental inflammatory models in horses (i.e., 
non-septic synovitis, septic arthritis, and systemic inflamma-
tion), we demonstrated leakage of systemic SAA into nonaf-
fected healthy joints, which potentially complicates 
diagnostic interpretation of SAA in equine arthritis cases, 

and we identified an SAA peptide found in synovial fluid of 
horses with septic arthritis and systemic inflammation, but 
absent from plasma of all horses; this peptide may represent 
a putative locally produced joint SAA isoform, but its diag-
nostic potential for septic arthritis is questionable.

SAA increased rapidly in serum and synovial fluid after 
experimental induction of septic arthritis. A marked increase 
was observed at 24 h after induction and continued to increase 
at 72 h at the end of our study. Serum SAA in the septic 
arthritis group was not different from the systemic inflamma-
tion group but was significantly increased compared to the 
non-septic synovitis and systemic inflammation groups by 
PIH60. The lack of statistical significance before PIH60 is 
likely due to high variation in the septic arthritis group; in 
particular, one horse had lower SAA values than all other 
horses.

A study reported the cutoff value for SAA concentration 
in synovial fluid for the diagnosis of septic arthritis deter-
mined by ELISA to be 24.0 mg/L,38 with Se of 0.93 and Sp of 
0.77. Another study suggested cutoff values for the diagnosis 
of septic arthritis for serum and synovial fluid SAA at 60.7 
(Se 82.4; Sp 88.9) and 1.14 mg/L (Se 80; Sp 73),32 respec-
tively, as determined by turbidimetric assay (Eiken LZ SAA 
test). Both studies used clinical cases of joint disease, and the 
wide discrepancy between the synovial fluid SAA cutoff val-
ues proposed in these studies may be due to different tests 
used or different Se and Sp selected. Even based on the more 
conservative reported cutoff value of 24.0 mg/L, all contra-
lateral control joints in the septic arthritis group and all joints 
in the systemic inflammation group in our study could be 
potentially misdiagnosed as septic. ROC analysis in our 
experimental model showed that synovial fluid SAA mea-

Figure 7. Amino-acid sequence comparison between a peptide 
of a putative SAA isoform found only in synovial fluid (JP = joint 
peptide) with the corresponding peptide of an SAA isoform found in 
both synovial fluid and plasma (systemic peptide 1, SP1; systemic 
peptide 2, SP2). Amino-acid sequences of all peptides were 
identified by liquid chromatography–tandem mass spectrometry 
(LC-MS/MS), demonstrating substitution of glutamic acid (E) 
by alanine (A) in the SAA peptide found only in synovial fluid. 
Position of these peptides within the reported sequences (F6ZL17 
for JP, F6ZPQ6 for SP1, and A0A9L0INR1 for SP2) published in 
UniProtKB unreviewed (TrEMBL) database is indicated by the 
numbers below the sequence.

Table 1. Identification of the putative serum amyloid A (SAA) peptides in plasma (systemic peptide 1, SP1; systemic peptide 2, SP2) 
and synovial fluid (joint peptide, JP) of experimental horses.

Plasma Injected joint Non-injected joint

Samples SP1 SP2 JP SP1 SP2 JP SP1 SP2 JP

S1 Y N N Y Y Y NP NP NP
S2 Y Y N Y Y N NP NP NP
S3 Y N N Y Y Y NP NP NP
S4 Y Y N Y N Y NP NP NP
S5 Y Y N Y Y Y NP NP NP
L1 N N N Y N N NP NP NP
L2 N N N N N N NP NP NP
L3 Y N N Y N N NP NP NP
L4 Y N N N N N NP NP NP
L5 Y N N N N N NP NP NP
X1 Y N N N N Y N N N
X2 N Y N Y N Y N N Y
X3 Y Y N Y Y N Y N Y
X4 Y N N Y Y Y Y Y Y
X5 Y N N NP NP NP N N N

L1–L5 = horses in lipopolysaccharide-induced non-septic synovitis group; N = no; NP = analysis not performed; S1–S5 = horses in septic arthritis group; X1–X5 = horses in 
systemic inflammation group; Y = yes.
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surement at 400 mg/L optimized sensitivity and specificity 
for diagnosis of septic arthritis, and when measurements 
PIH48 and later were considered, this cutoff yielded Se of 
100% and Sp of 79%. On the other hand, if all SAA measure-
ments PIH24 and later were included, Se and Sp for diagno-
sis of septic arthritis were 68% and 86%, respectively. 
Compared to the reported cutoff value of 24.0 mg/L,38 in our 
experimental model, a synovial fluid SAA concentration of 
22.8 mg/L achieved Se of 100%; however, the Sp with this 
value was only 32%. Our data are based on an experimental 
model and should be interpreted cautiously, but they suggest 
that synovial fluid SAA sensitivity to differentiate septic 
arthritis from non-septic synovitis and systemic inflamma-
tion increases with time, and the previously reported cutoffs 
may need to be revised higher.

We found that LPS-induced non-septic synovitis did not 
cause significant synovial fluid or systemic SAA increase, 
which is compatible with studies using the same concentra-
tion of LPS.22,45 However, in studies using 20–60 times 
higher doses of LPS (1–3 µg), there was significant increase 
in both blood and synovial fluid SAA, as well as synovial 
fluid nucleated cells.8

Our study also confirmed our previous results, which 
found a significant increase of synovial fluid SAA in contra-
lateral non-injected control joints of the septic arthritis 
group.45 In addition, we found a synovial fluid SAA increase 
in the systemic inflammation model up to ~350 mg/L. 
Between PIH24 and PIH48, there was no significant differ-
ence between synovial fluid SAA in injected joint in the sep-
tic arthritis and systemic inflammation groups, and between 
injected and non-injected joints in the septic arthritis group, 
suggesting leakage of systemic SAA into joints. Significant 
positive correlation with good linear fit between SAA con-
centration in serum and synovial fluid in horses with sys-
temic inflammation provides further support to our suspicion 
of significant leakage of SAA from serum into synovial fluid. 
We also found that, in the septic arthritis group, synovial 
fluid SAA continues to increase even when serum SAA pla-
teaus. This potentially indicates an additional source of syno-
vial fluid SAA other than the leakage of serum SAA into the 
joint, namely local production of SAA in the joint. This led 
us to the second objective of our study, which was to identify 
potential locally produced joint SAA isoforms using LC-MS/
MS.

SAA exists in several isoforms,44 which may be hepatic or 
extrahepatic. Identification of joint-specific SAA isoform 
could potentially enhance the diagnostic accuracy of this 
biomarker for equine septic arthritis. Tissue-specific SAA 
expression has been described in a range of domestic ani-
mals, as well as humans.41 Low-level production of extrahe-
patic SAA in cattle and horses was reported from a wide 
variety of tissues, including lung, mammary gland, pancreas, 
synovial membrane, thymus, thyroid gland, and uterus.3 
Mouse SAA3 isoform is produced in macrophages.41,42 In 
cattle, the milk SAA3 isoform was identified in cows with 

mastitis.15 In mares, endometritis leads to endometrial SAA 
mRNA expression.4 Expression of SAA isoforms from syno-
vial cells was demonstrated in vitro in rabbit, human, and 
equine cell cultures.11,26,30 Studies in horses and dogs with 
joint disease also reported the intraarticularly produced SAA 
isoforms with highly alkaline isoelectric points.8,14

The amino-acid sequence of the equine extrahepatic SAA 
isoforms is still poorly understood. The peptide that we 
found in synovial fluid but not in plasma may belong to the 
locally produce joint isoform of SAA. Three SAA isoforms 
in equine serum have been identified, with amino-acid 
sequence variability in positions 16, 44, and 59 of the SAA 
protein (UniProt accession P19857).7 Although we found 
corresponding peptides in our data as well, they were found 
in both plasma and synovial fluid in our experimental mod-
els. However, we found a consistent substitution of glutamic 
acid by alanine in one of the peptides found only in synovial 
fluid but not plasma. This change may, at least in part, explain 
the alkaline isoelectric point observed in intraarticular equine 
SAA isoforms in a previous study.8 Interestingly, the putative 
locally produced joint peptide was also found in the synovial 
fluid of horses with systemic inflammation, in both left and 
right joints. This suggests that severe systemic inflammation 
may induce SAA production locally within the joint. There-
fore, based on our data, locally produced joint SAA may not 
be more useful than total SAA measurement to differentiate 
joint infection from non-infectious joint inflammation or 
systemic inflammation. Further, based on our study, we can-
not conclude if the putative isoform we identified is specific 
to the joint or whether it may be produced in other tissues. 
However, we suspect it is locally produced because it was 
consistently absent from the systemic circulation. In addi-
tion, although several SAA isoforms have been identified in 
humans and domestic animals, isoforms of SAA are not yet 
used in clinical practice as biomarkers in any other species. 
Finally, although we found that the ion intensities for the 
putative locally produced joint peptide is ~10 times lower 
than the systemic isoforms, we cannot yet measure concen-
trations of various SAA isoforms. Therefore, further study is 
needed to develop assays able to measure concentrations of 
various SAA isoforms and to determine the relevance of 
SAA isoforms for the diagnosis of septic arthritis.

Our study has several limitations. Low numbers of exper-
imental animals led to high variation in measured values. 
Contralateral joints in septic arthritis and non-septic synovi-
tis were not analyzed by LC-MS/MS to evaluate the presence 
of SAA isoforms. Also, it is not known which isoforms are 
detected by the turbidimetric SAA assay that we used. 
Because we found the difference of one amino acid, we sus-
pect that it did not affect the antigenic properties of these 
peptides that are detected in a similar way by the assay. 
Finally, we did not investigate the origin of the putative 
locally produced SAA isoform.

Overall, our study provides further evidence that, when 
synovial fluid SAA increases with systemic inflammation or 
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local inflammation in a distant site, SAA leaks from serum 
into the synovial fluid of nonaffected joints. This can poten-
tially cause misdiagnosis if synovial fluid SAA is interpreted 
without other clinical pathology data; synovial fluid SAA 
should be interpreted with caution. In horses with experi-
mental septic arthritis, the serum and synovial fluid SAA 
concentrations continued to increase at 72 h after the start of 
our experiment, suggesting that the SAA increase may last 
longer than previously thought.22 Finally, we identified a 
joint SAA peptide, which may correspond to the locally pro-
duced SAA isoform. The increase of synovial fluid SAA may 
be both due to the leakage of SAA from serum into joints and 
local production of joint SAA isoforms. Further elucidating 
the sequence and structure of synovial fluid SAA isoforms is 
needed to evaluate its potential utility for the diagnosis of 
septic arthritis in horses.
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