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Abstract  

Polymyxin-B is used to treat equine systemic inflammation. Bacterial toxins other than 

lipopolysaccharide (LPS) contribute to systemic inflammation but the effects of polymyxin-B 

on these are poorly defined. Whole blood aliquots from 6 healthy horses diluted 1:1 with 

RPMI were incubated for 21 hours with 1 µg/ml of LPS, lipoteichoic acid (LTA) or 

peptidoglycan (PGN) in the presence of increasing concentrations of polymyxin-B (10-3000 

µg/ml). A murine L929 fibroblast bioassay was used to measure TNF-α activity. Polymyxin-

B significantly inhibited the effects of all three bacterial toxins. Analysis of variance showed 

the IC50 value for polymyxin-B for TNF-α inhibition caused by LTA (11.19 ± 2.89 µg/ml 

polymyxin-B) was significantly lower (P = 0.009) than the values for LPS (46.48 ±9.93 

µg/ml) and PGN (54.44 ±8.97 µg/ml). There was no significant difference in IC50 values 

between LPS and PGN (P>0.05). Maximum inhibition of TNF-α was 77.4%, 73.0%, and 

82.7% for LPS, PGN and LTA respectively and was not significantly different between 

toxins. At the two highest concentrations of polymyxin-B, TNF-α began to increase. These 

data suggest that Polymyxin-B may inhibit the effects of bacterial toxins other than LPS and 

might be a more potent inhibitor of LTA than LPS or PGN.    
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The systemic inflammatory response syndrome (SIRS) is a common complication of 

gastrointestinal disease and severe infection in horses, with consequences such as 

coagulopathies, multiple organ dysfunction, laminitis and death (Lewis, Chan, Pinheiro, 

Armitage-Chan, & Garden, 2012; Moore & Vandenplas, 2014; Werners, Bull, & Fink-

Gremmels, 2005). Lipopolysaccharide (LPS) from Gram negative bacteria has been most 

widely investigated in equine SIRS (Burrows, 1971, 1979; Duncan, Meyers, Reed, & Grant, 

1985; Fessler et al., 1989; Forbes, Church, Savage, & Bailey, 2012; Peek et al., 2004; Peiró et 

al., 2010; Tadros & Frank, 2012); however, toxins such as lipoteichoic acid (LTA) from 

Gram positive bacteria or peptidoglycan (PGN) found in both Gram positive and negative 

bacteria have substantial inflammatory effects and contribute to SIRS in horses and other 

species (Declue, Johnson, Day, Amorim, & Honaker, 2012; Johns et al., 2009; Leise, Yin, 

Pettigrew, & Belknap, 2010; Russell, Axon, Blishen, & Begg, 2008; Schwandner, Dziarski, 

Wesche, Rothe, & Kirschning, 1999; Theelen, Wilson, Edman, Magdesian, & Kass, 2014; 

Wang et al., 2003). Lipopolysaccharide elicits inflammation through a complex series of 

steps including activation of toll-like receptor-4 (TLR-4) (Werners et al., 2005). Lipoteichoic 

acid and PGN also elicit inflammatory cascades but largely through activation of toll-like 

receptor-2 (TLR-2) (Schwandner et al., 1999). Severe Gram positive infections are 

increasingly recognised in neonatal foal sepsis (Theelen et al., 2014). Therefore further 

investigation into treatment of Gram positive sepsis and SIRS is warranted. 

Polymyxin-B is a cationic peptide antibiotic that binds to the lipid A moiety of LPS and thus 

prevents the binding of LPS to lipopolysaccharide-binding protein (LBP) (Morrison & 

Jacobs, 1976). It is commonly administered to horses with SIRS to help reduce the effects of 

inflammation induced by LPS. While the effect of polymyxin-B against LPS-induced 

inflammation in horses is well documented in in vivo and ex vivo experimental models 

(Barton, Parviainen, & Norton, 2004; Morresey & Mackay, 2006; Parviainen, Barton, & 

Norton, 2001), its anti-inflammatory effects against other bacterial toxins in horses are not 

well described.  

The aim of this study was to determine the efficacy of polymyxin-B in reducing TNF-α 

production in response to stimulation by three different bacterial toxins (LPS, LTA and PGN) 

in an in vitro equine whole blood model. 
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Six mature healthy Standardbred horses were used for the study. Each horse had whole blood 

drawn from either jugular vein and collected into sodium citrate tubes (Vacutainer). Whole 

blood was diluted 1:1 with RPMI cell culture medium, and then pipetted into multiple 

aliquots of 500 µL in sterile 1.5 ml pyrogen- and DNA-free Eppendorf tubes. Except for 

negative and positive controls, samples were then treated with increasing concentrations of 

polymyxin-B (Bova compounding, Sydney, Australia). Ten minutes after addition of 

polymyxin-B, all samples (except the negative control) were stimulated by the addition of 

LPS (E. coli O55:B5), LTA (Enterococcus hirae) or PGN (Staphylococcus aureus), 

achieving a final toxin concentration of 1 µg/ml. This toxin concentration was used to ensure 

a reliably measureable TNF-α response based on preliminary (unpublished) studies 

performed to identify optimal toxin concentrations for the assays used in our laboratory and 

previous studies performed in our laboratory (Bauquier, Tudor, & Bailey, 2015). For each 

toxin for each horse, two samples comprised negative (no toxin and no polymyxin-B) and 

positive (1 μg/ml of toxin but no polymyxin-B) controls. Remaining samples contained 1 

μg/ml toxin and polymyxin-B at the following concentrations: 10, 30, 100, 300, 1000 and 

3000 μg/mL. All samples were incubated at 37°C with continual mixing for 21 hours. 

Samples were then centrifuged at 2000g for 5 minutes, the supernatant removed and stored at 

-20°C for 8 weeks until TNF-α assays were performed. 

Tumour necrosis factor-α was measured using a murine L929 fibroblast bioassay (Cudmore, 

Muurlink, Whittem, & Bailey, 2013; Hay & Cohen, 1989). L929 cells (ECACC cell lines; 

purchased through Sigma-Aldrich Pty. Ltd., Sydney, Australia) were cultured in DMEM 

medium, containing 10% fetal calf serum, 100 units/ml penicillin and 0.1 mg/ml 

streptomycin, at 37°C in 5% CO2.  Recombinant equine TNF-α (Thermo Scientific Inc., 

Rockford IL USA; 78 to 5000 pg/ml), was used to create standard curves. Duplicate samples 

were pipetted into a 96-well plate. Actinomycin-D at 20 µg/mL was then added to sensitize 

bioassay cells to TNF-α-dependent killing. Plates were incubated at 37°C in 5% CO2 for 24 

hours. The assay was then developed by the addition of tetrazole dye, 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT reagent) and incubated as above for 8 hours, 

followed by the addition of 100 µl detergent reagent to each well and incubated as above for 

4 hours. Plates were read at an absorbance of 560 nm with a reference wavelength of 690 nm 

(Synergy H1 Hybrid Microplate Reader, BioTek, Vermont, USA). TNF-α concentrations 

were determined from the standard curve on each plate, using Gen5 Microplate Reader 

Software (BioTek, Vermont, USA).    
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For measured TNF-α concentrations, nonlinear regression (dose-response curve fitting) was 

used to determine the IC50 for polymyxin-B against each toxin. A one-way ANOVA with 

Tukey’s multiple comparisons was then used to determine differences in IC50 and maximum 

inhibition of polymyxin-B between toxins. Significance was set at P<0.05.  

Polymyxin-B inhibited TNF-α production stimulated by all bacterial toxins (Figure 1). 

Analysis of variance showed the IC50 value for inhibition of TNF-α production caused by 

LTA (11.19 ± 2.89 µg/ml polymyxin) was significantly lower (P = 0.009) than the values for 

LPS (46.48 ±9.93 µg/ml) and PGN (54.44 ±8.97 µg/ml). There was no significant difference 

between LPS and PGN (P>0.05). Maximum inhibition by polymyxin-B was 77.4% for LPS, 

73.0% for PGN, and 82.7% for LTA. There was no significant difference in maximum 

inhibition between any toxins. At the higher concentrations of polymyxin-B (1000-3000 

µg/ml), TNF-α concentrations increased again (Figure 2).  

Our results showed that polymyxin-B appeared to be a more potent inhibitor of TNF-α 

production for LTA than either LPS or PGN. This was somewhat unexpected, as the structure 

of polymyxin-B suggests it should bind best to the lipid A portion of LPS and thus inhibit this 

toxin most potently. Inhibition of LTA-induced production of TNF-α by polymyxin-B at 10 

μg/ml has been found in another study using human peripheral blood mononuclear cells 

(PBMCs), where significant TNF-α reduction was seen despite  increasing concentrations of 

LTA (Jaber, Barrett, et al., 1998).  This group hypothesised that the cationic amino group 

binding of polymyxin-B was likely non-specific for lipid A, and it could therefore bind to 

other appropriate sites on other bacterial toxins (Jaber, Barrett, et al., 1998). 

Gram positive bacteria produce five types of LTA; Enterococcus hirae (the bacterial origin of 

the LTA used in this study) contains LTA types I and II (Percy & Grundling, 2014). The 

various LTA types all contain glycolipid anchor sites that are responsible for stimulation of 

cytokine production (Suda et al., 1995). Polymyxin-B has a narrow antimicrobial spectrum 

and is primarily active against Gram negative aerobes. Although initial binding to LPS 

appears to be important in polymyxin-B’s activity, the antimicrobial mechanism of action is 

not completely understood (Bergen et al., 2012). Cationic peptides other than polymyxin-B 

are able to bind LTA and inhibit cytokine production. The precise mechanism for binding has 

not been explored (Scott, Gold, & Hancock, 1999) but the glycolipid anchor sites of LTA 

could act as binding sites for the cationic peptides (Tsutsui, Kokeguchi, Matsumura, & Kato, 

1991). Since polymyxin-B has limited or no activity against Gram positive bacteria, it is 
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possible it can only bind free LTA. Interestingly, other cationic peptides can kill Gram 

positive bacteria but the antimicrobial action is thought to be unrelated to LTA binding (Scott 

et al., 1999).  

Our results also indicate that polymyxin-B can inhibit inflammatory effects of PGN. The 

immunogenic portion of PGN is the disaccharide-oligopeptide fraction, with muramyl 

dipeptide as the minimum adjuvant active structure (Ellouz, Adam, Ciorbaru, & Lederer, 

1974; Kusumoto, Fukase, & Shiba, 2010). It is therefore plausible that this is the site of 

polymyxin-B binding on the PGN molecule with subsequent inhibition of pro-inflammatory 

action. Further investigation is needed to fully elucidate binding sites for polymyxin-B to 

bacterial toxins other than LPS.  

Although a mechanism for polymyxin-B binding to LTA seems the most likely explanation 

for greater LTA inhibition, there are other possibilities. Contamination of commercial sources 

of LTA with LPS have been described (Gao, Xue, Zuvanich, Haghi, & Morrison, 2001). We 

did not test our commercial LTA for the presence of LPS; however, given the significantly 

more potent reduction of TNF-α production of LTA compared to LPS, it is unlikely that LPS 

contamination could explain the entirety of this difference. Similarly, LPS and PGN can also 

be contaminated with other bacterial toxins (Tsan & Gao, 2007), however the greater 

inhibition of LTA than LPS by polymyxin-B found in this study was most unexpected and 

therefore possible contamination of LTA was considered of greatest interest. 

While equal concentrations of 1 μg/ml of all toxins were used, this is not exactly equivalent 

in terms of toxin units. Lipopolysaccharide can vary greatly in molecular weight, therefore 

measurement in endotoxin units (EU) is more correct. Variations in molecular weight also 

exist for PGN and LTA (Maurer & Mattingly, 1991; Vollmer, Blanot, & de Pedro, 2008). As 

similar concentrations of TNF-α were obtained from positive controls for each toxin, this 

suggests, as intended, that these (near maximal) concentrations were physiologically 

equivalent in the whole blood assay.   

There is also evidence that polymyxin-B binds directly to ribosomal RNA and thus directly 

affects transcription of inflammatory cytokines (McCoy et al., 2013). Lipopolysaccharide 

initiates the inflammatory cascade through TLR-4, while LTA and PGN both initiate 

inflammation through binding to TLR-2, however the downstream activation of the 

inflammatory cascade is similar regardless (Schwandner et al., 1999). Despite this, subtle 

differences in mechanisms of downstream signalling and thus cytokine transcription might 
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exist between TLR-4 and TLR-2 activation, which could explain differences in the responses 

to polymyxin-B in this study (De Nardo, 2015). 

Polymyxin-B had a pro-inflammatory effect at higher concentrations in this study seen as an 

increase in TNF-α production at the two highest concentrations. Polymyxin-B has a dose-

dependent cytotoxic effect resulting in nephrotoxicity at higher doses that has limited its use 

in humans and animals (Vattimo et al., 2016). Polymyxin-B promotes TNF-α production by 

human cultured PBMCs at concentrations greater than 20 μg/ml (Jaber, Sundaram, 

Cendoroglo Neto, King, & Pereira, 1998). Much higher concentrations of polymyxin-B were 

used in the current study and it is therefore not surprising that pro-inflammatory effects were 

seen at these concentrations. Another possible reason for the TNF-α increase at the highest 

concentrations of polymyxin-B is direct cytotoxicity to the bioassay cells. Killing of L929 

cells by polymyxin-B rather than TNF-α would reflect as increased TNF-α concentrations. 

However, the presence of any residual activity of polymyxin-B in the plasma supernatant was 

not measured; therefore any direct effect of polymyxin-B on bioassay cells cannot be 

definitively determined.  A limitation of this study was that only TNF-α was measured and 

these effects might have been better characterized by the measurement of other cytokines.  

The concentrations of polymyxin-B used in this in vitro study are much higher than those 

used clinically in horses. At the standard dose of 6000 units/kg (equivalent to approximately 

1 mg/kg), plasma concentrations of polymyxin-B in horses are 2.98 ±0.81 μg/mL (Morresey 

& Mackay, 2006), lower than the lowest concentration of 10 μg/ml used in this study. 

Maximum TNF-α inhibition was not seen until 100-300 μg/ml in the current study, so this 

discrepancy is large. This study was designed as a proof of concept study to determine 

whether polymyxin-B could inhibit TNF-α production caused by bacterial toxins other than 

LPS, and further work is required to determine whether this effect is still found at lower, 

clinically relevant concentrations, and more importantly in in vivo and clinical scenarios. The 

dose described in horses might still be effective in clinical cases of SIRS due to differences 

and variability in toxin concentrations, however clinical trials for polymyxin-B use in equine 

SIRS are lacking. Nephrotoxicity caused by polymyxin-B is well described in humans 

(Dubrovskaya et al., 2015), and subsequently caution is exercised in administering it to 

horses (Barton et al., 2004). Therefore it would be unlikely that plasma concentrations in 

horses equivalent to the concentrations of polymyxin-B used in this study could be safely 

obtained. Likewise, the pre-treatment of whole blood aliquots with polymyxin-B prior to 

addition of toxins does not replicate a clinical scenario. The study was designed this way in 
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order to optimize the response as a proof of concept. While treatment of horses with 

polymyxin-B after administration of LPS still reduces the inflammatory response in an in 

vivo LPS challenge model (Barton et al., 2004), this effect is unknown for other bacterial 

toxins. Further work is required to determine this. 

Despite acknowledgement of the above limitations in applying these results to clinical cases 

of equine SIRS, whether polymyxin-B should be used in equine SIRS at all has to be 

questioned because of the role the polymyxins play as an antimicrobial category reserved for 

the treatment of multi-resistant Gram negative bacterial infections in humans (Barriere, 2015; 

Rapp & Urban, 2012).    

In conclusion polymyxin-B inhibited TNF-α production elicited not only by LPS, but also 

LTA and PGN. In this model, polymyxin-B was a more potent inhibitor of LTA than LPS or 

PGN. Further studies are required to determine the mechanism by which polymyxin-B 

interacts with LTA and PGN.  
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