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The accumulation of neutrophils and proinflammatory mediators, such as leukotriene B4 (LTB4), is a classic marker of inflam-
matory disease. The clearance of apoptotic neutrophils, inhibition of proinflammatory signaling, and production of proresolv-
ing lipids (including lipoxins, such as lipoxin A4 [LXA4]) are imperative for resolving inflammation. Tulathromycin (TUL), a
macrolide used to treat bovine respiratory disease, confers immunomodulatory benefits via mechanisms that remain unclear.
We recently reported the anti-inflammatory properties of TUL in bovine phagocytes in vitro and in Mannheimia haemolytica-
challenged calves. The findings demonstrated that this system offers a powerful model for investigating novel mechanisms of
pharmacological immunomodulation. In the present study, we examined the effects of TUL in a nonbacterial model of pulmo-
nary inflammation in vivo and characterized its effects on lipid signaling. In bronchoalveolar lavage (BAL) fluid samples from
calves challenged with zymosan particles (50 mg), treatment with TUL (2.5 mg/kg of body weight) significantly reduced pulmo-
nary levels of LTB4 and prostaglandin E2 (PGE2). In calcium ionophore (A23187)-stimulated bovine neutrophils, TUL inhibited
phospholipase D (PLD), cytosolic phospholipase A2 (PLA2) activity, and the release of LTB4. In contrast, TUL promoted the se-
cretion of LXA4 in resting and A23187-stimulated neutrophils, while levels of its precursor, 15(S)-hydroxyeicosatetraenoic acid
[15(S)-HETE], were significantly lower. These findings indicate that TUL directly modulates lipid signaling by inhibiting the
production of proinflammatory eicosanoids and promoting the production of proresolving lipoxins.

Arachidonic acid is a basic constituent of all cells and is present
in membrane phospholipids. The activation of phospho-

lipases (PLs), notably PLA2, by a variety of stimuli liberates ara-
chidonic acid from the membrane phospholipids, which in turn
leads to the production of a rich variety of powerful immuno-
modulating eicosanoids, including prostaglandins (PGs), leuko-
trienes (LTs), and lipoxins (LXs). Prostaglandin E2 (PGE2) acts as
a proinflammatory prostanoid (1, 2), inducing the expression of a
number of inflammatory cytokines, including CXCL-8 (3, 4).
Proinflammatory leukotriene B4 (LTB4) is best recognized for its
potent chemotactic and leukocyte-activating effects (5, 6). In the
airway, LTB4 stimulates the secretion of mucus (7), elastase, su-
peroxide radicals (8), and the release of inflammatory cytokines,
including LTB4 (9). LTs have been identified as mediators of a
variety of inflammatory diseases, including bacterial pneumonia
(10, 11).

The resolution of inflammation is critical for restoring homeo-
stasis following infection or injury (12). In addition to having
proinflammatory actions, certain lipoxygenase (LO)-derived ei-
cosanoids, like LXs, have immunosuppressive and proresolving
benefits. These include the inhibition of neutrophil recruitment,
production of proinflammatory cytokines, and bacterial killing in
leukocytes (13). Lipoxins also promote the removal of apoptotic
cells and stimulate the production of other anti-inflammatory
mediators (13).

Disruptions in the resolution phase of inflammation can lead
to the development of a severe and chronic inflammatory state.
Bacterial pneumonia in humans, cattle, or swine is a prime exam-
ple in which both bacterial virulence factors and host inflamma-
tory responses participate in disease pathogenesis. This is indeed

the case in the bovine respiratory disease (BRD) complex, or ship-
ping fever, which is frequently observed in feedlot cattle. A num-
ber of bacterial species have been implicated in BRD, including
Mannheimia haemolytica serotype A1 (14). Ultimately, M. haemo-
lytica infection causes a self-amplifying inflammatory milieu
within the lungs that is associated with a massive influx of neutro-
phils and excessive production of proinflammatory mediators,
reactive oxygen species (ROS), and proteolytic enzymes within the
lower respiratory tract (15, 16). This exaggerated inflammatory
response is the cause of the severe tissue damage in BRD. In light of
its multifactorial pathogenesis, BRD is an ideal model for studying
pulmonary inflammation and mucosal inflammatory disease.

Macrolide antibiotics have gained interest for their ability to
confer dual antimicrobial and anti-inflammatory effects. Accord-
ingly, these drugs have proven to be highly effective in treating
diseases with significant inflammatory consequences, such as
asthma (17), cystic fibrosis (18), and pneumococcal pneumonia
(19). Macrolides accumulate within host cells, particularly in
phagocytes, serving as a vehicle for the transport of the drug to the
sites of infection (20, 21). High concentrations of pharmacologi-
cal compounds within the lysosomes may inhibit phospholipases
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and promote the accumulation of intracellular phospholipids
within myelin-like lamellar bodies, a phenomenon known as
phospholipidosis (22). Azithromycin was the first macrolide re-
ported to cause phospholipidosis in cultured fibroblasts (23), an
effect that was reversible following the release of the drug from the
cells (24). To date, only a few macrolides have been shown to
induce phospholipidosis (23–25). Interestingly, a recent report
demonstrated that the inherent anti-inflammatory activities of
certain macrolides correlated with their degree of intracellular ac-
cumulation and phospholipidosis, but the mechanisms for this
remain unclear (24).

Tulathromycin is a semisynthetic 15-membered ring macro-
lide derivative of erythromycin. It represents the first member of a
subclass of macrolides known as triamilides, and it has shown
superior clinical efficacy against respiratory diseases in swine (26)
and cattle (27). Tulathromycin has a high affinity for uptake
within bovine neutrophils (26). The antimicrobial properties of
tulathromycin alone cannot fully explain its effectiveness in clear-
ing the infection and inflammation associated with BRD, and re-
cent observations support the hypothesis that the drug may pro-
mote the resolution of inflammation (28, 29) via mechanisms that
are not fully understood.

The present study examined the effects of tulathromycin on
lipid signaling in bovine neutrophils. Specifically, the effects on
arachidonic acid signaling and the generation of proinflammatory
and proresolving eicosanoids were assessed. The findings illustrate
how the inhibition of PLA2, LTB4, and PGE2 synthesis and the
concurrent promotion of LXA4 release may confer direct prore-
solution properties to an antibiotic, independent of its antimicro-
bial effects.

MATERIALS AND METHODS
Animals. A first set of experiments assessed the effects of TUL on inflam-
mation in vivo in the absence of confounding bacterial parameters, using
zymosan. Healthy male Holstein calves (2 to 3 weeks old, 50 kg � 5 kg)
were used in all in vivo experiments. After 7 days of acclimation, the calves
were randomly assigned to 1 of 3 groups: (i) control calves given 10 ml
endotoxin-free Hanks’ balanced salt solution (HBSS) vehicle with
NaHCO3, without phenol red, calcium chloride, or magnesium sulfate
(Sigma-Aldrich, Oakville, Ontario, Canada), (ii) calves challenged intra-
tracheally with 50 mg of sonicated zymosan A particles from Saccharomy-
ces cerevisiae (�-glucan of yeast cell wall; Sigma) in HBSS in combination
with a subcutaneous (s.c.) injection of 25% propylene glycol vehicle, or
(iii) calves challenged with zymosan in HBSS in combination with an s.c.
injection of 2.5 mg/kg tulathromycin (Draxxin; Pfizer Animal Health,
Kalamazoo, MI). The calves were housed at the University of Calgary’s
Veterinary Sciences Research Station (VSRS) (Calgary, Alberta, Canada),
fed antibiotic-free milk replaced 2 times a day, and given access to water ad
libitum. The care of the animals and experimental practices were con-
ducted according to the standards of the Canadian Council on Animal
Care and approved by the University of Calgary Life and Environmental
Sciences Animal Care Committee.

Inflammatory challenge in vivo. Following local lidocaine anesthesia
(lidocaine HCl 2% and epinephrine injection; Bimeda-MTC, Animal
Health, Inc.), a sterile trocar was inserted through a percutaneous incision
into the trachea of each calf. A sterile 1.7-mm-diameter catheter was
threaded through the trocar, with the catheter tip extending to the tra-
cheal bifurcation, where zymosan or HBSS was injected into the lungs, as
previously described (30). Rectal temperatures, respiratory rates, and
heart rates were measured to ensure all calves were healthy prior to and
throughout the experimental period.

Bronchoalveolar lavage fluid. At 3 h and 24 h postchallenge, bron-
choalveolar lavage (BAL) fluid samples were collected from the calves by 3

sequential washings with 20 ml HBSS, as previously described (30).
CytoSpin cytocentrifuge (Thermo Scientific) preparations of BAL fluid
were fixed with Diff-Quik stain (Baxter Healthcare Corp., Miami, FL) in
phosphate-buffered saline (PBS) solution (pH 7.2) (0.15 M NaCl; Sigma).
The infiltration of neutrophils was calculated for each sample as the per-
centage of neutrophils of the total leukocytes. The absence of bacteria in
the BAL fluid samples of the experimental calves was verified by plating on
Columbia blood agar. Aliquots of the BAL fluid supernatants were snap-
frozen in liquid nitrogen and stored at �80°C until analysis.

Neutrophil purification. Purified neutrophil preparations were ob-
tained from peripheral whole blood samples drawn from the jugular veins
of healthy blood donor calves into Vacutainers containing 1.5 ml Antico-
agulant acid-citrate-dextrose (ACD solution A) (Becton, Dickinson Va-
cutainer Systems, Franklin Lakes, NJ). The blood was centrifuged at
1,200 � g for 20 min in a Beckman J-6B centrifuge (Beckman Instru-
ments, Palo Alto, CA) at 4°C without braking. The plasma and buffy coat
were removed, and contaminating erythrocytes were removed with 20 ml
of cold filter-sterilized hypotonic lysis solution (10.6 mM Na2HPO4, 2.7
mM NaH2PO4) for 1 min. Isotonicity was restored with 10 ml of cold 3�
hypertonic restoring solution (10.6 mM Na2HPO4, 2.7 mM NaH2PO4,
462 mM NaCl). The cell pellet was resuspended in warm (37°C) HBSS
containing 10% heat-inactivated fetal bovine serum (HI-FBS) (Sigma).
Neutrophil viability was assessed using trypan blue (0.1%) exclusion. Dif-
ferential cell counts were performed on Cytospin preparations stained
with Diff-Quik. The cell populations were �90% neutrophils and �90%
viable for all experiments.

Reagents, inhibitors, and antibodies for in vitro studies. For certain
experiments, the cells were exposed to 1 �g/ml lipopolysaccharide (LPS)
from Escherichia coli O111:B4 (Sigma), 3 �M calcium ionophore A23187
(Sigma), 1 �g/ml phorbol myristate acetate (PMA) (Sigma), or 1 �M
arachidonic acid (Cayman Chemical Co., Ann Arbor, MI). Treatment
with 1 �M staurosporine from Streptomyces sp. (Sigma) served as a posi-
tive proapoptotic control.

Leukotriene B4 assay. LTB4 in BAL fluid or supernatants was mea-
sured at 405 nm using a competitive enzyme immunometric assay kit
(Leukotriene B4 EIA kit; Cayman Chemical), according to the manufac-
turer’s instructions. Colorimetric changes were measured using a Spec-
traMax M2e microplate reader (Molecular Devices).

Reverse-phase high-performance liquid chromatography for lipid
detection. Supernatants were collected from bovine neutrophils incu-
bated with HBSS or tulathromycin in the presence or absence of 3 �M
A23187. For reverse-phase high-performance liquid chromatography
(RP-HPLC) analysis to detect lipids, ice-cold 95% ethanol was added to
the cell supernatants at a ratio of 4:1 for protein precipitation. The samples
were vortexed, incubated at �20°C for 5 min, and centrifuged at 3,000 �
g for 10 min. The supernatants were collected and the ethanol was evap-
orated under a gentle stream of nitrogen, loaded onto a C18 column, and
eluted using a gradient of 25% acetonitrile– 0.1% trifluoroacetic acid
(TFA)–H2O to 65% acetonitrile– 0.1% TFA–H2O (flow rate of 1 ml/min).
Elution of the LXA4 peak was determined by UV profiling of a commercial
LXA4 standard (Cayman Chemicals).

Detection of phospholipase A2 activity. The fluorescent probe acry-
lodan-labeled intestinal fatty acid binding protein (ADIFAB2) (FFA Sci-
ences, San Diego, CA) was used to measure PLA2 activity. Neutrophils
were resuspended in the ADIFAB2 measuring buffer (20 mM HEPES, 140
mM NaCl, 5 mM KCl, 1 mM Na2HPO4 [pH 7.4]), treated with HBSS
(control) or tulathromycin (2 mg/ml), and loaded into a black clear-
bottom 96-well plate (0.2 ml/well) in the absence or presence of melittin
(10 �M). ADIFAB2 was added to the wells at a final concentration of 1.0
�M. Readings were then taken every 5 min over a period of 1.0 h at 37°C.
Fluorescence was measured using a SpectraMax M2e microplate reader
(Molecular Devices) at an excitation wavelength of 386 nm and emission
wavelengths of 432 and 505 nm, representing the unbound and bound
states of ADIFAB, respectively. The data were expressed as the fluores-
cence intensity ratios measured at 505 and 432 nm (F505/F432).
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Detection of phospholipase D activity. Phospholipase D (PLD) ac-
tivity was measured in bovine neutrophils using the Amplex Red phos-
pholipase D assay kit (Molecular Probes). Briefly, bovine neutrophils were
treated with HBSS (control) or 2 mg/ml tulathromycin in the absence or
presence of 1 �g/ml phorbol myristate acetate (PMA) for 0.5 h. Following
incubation, the cells were centrifuged, washed, and resuspended in a
working solution of reaction buffer. The cells were lysed by sonication.
The assay was carried out on lysate samples as per the manufacturer’s
instructions. Fluorescence was measured with a fluorescence microplate
reader at an excitation at 530 nm and emission at 590 nm using a Spec-
traMax M2e microplate reader (Molecular Devices).

Detection of phospholipidosis. The extent of accumulation of phos-
pholipids in the neutrophils was determined using the HCS LipidTOX
phospholipidosis and steatosis detection kit (Molecular Probes), as per
the manufacturer’s instructions. Briefly, bovine neutrophils were treated
with HBSS (control) or 2 mg/ml tulathromycin for 0.5 h in the presence of
the LipidTOX red phospholipid stain. Following treatment, the cells were
centrifuged at 500 � g, washed with HBSS, and resuspended in 4% para-
formaldehyde fixative solution containing a 1� Hoechst stain. The cells
were incubated in the dark for 0.5 h at room temperature, washed two
times with HBSS, and centrifuged for 10 min at 113 � g onto a microscope
slide using a Shandon Cytospin 4 cytocentrifuge (Thermo Electron Cor-
poration). Phospholipids appeared red (excitation at 535 nm, emission at
550 nm), and nuclei appeared blue (excitation at 350 nm, emission at 461
nm). Images were taken using a Leica DMR fluorescence microscope and
a Retiga 2000x (Q Imaging) camera and were analyzed with Volocity
(Improvision).

Statistical analysis. The numeric values for statistical analysis are ex-
pressed as the mean � standard error of the mean (SEM). Statistical
analyses were performed using the Prism 5 software. Comparisons were
made using one-way analysis of variance (ANOVA). Multicomparison
post hoc analysis for parametric or nonparametric data was performed
with Tukey’s or Kruskal-Wallis tests. Statistical significance was estab-
lished at a P value of �0.05.

RESULTS
Effects of tulathromycin in calves challenged intratracheally
with zymosan. To investigate the direct anti-inflammatory ac-
tions of tulathromycin in the absence of a bacterial stimulus,
calves were challenged intratracheally with zymosan, a known
Toll-like receptor 2 (TLR2) ligand that has been used as an inflam-
matory stimulus in vivo (31). There were no significant differences
in the rectal temperatures between the groups at the time of zy-
mosan challenge (0 h) or at 3 h and 24 h postchallenge (Table 1).
Inoculation with zymosan significantly increased neutrophil
numbers in BAL fluid samples 3 h postchallenge versus the con-
trols; zymosan-induced neutrophil infiltration was not altered by
tulathromycin treatment (Fig. 1A).

Tulathromycin treatment inhibits zymosan-induced LTB4

and PGE2 production. Three hours postchallenge, BAL fluid
LTB4 levels were significantly higher in zymosan-challenged
sham-treated calves than in control calves (mean � standard de-
viation, 209.9 � 60.5 pg/ml and 51.1 � 13.1 pg/ml, respectively);
tulathromycin abolished this increase in BAL fluid LTB4 levels
(63.9 � 16.0 pg/ml) (Fig. 2A). At 24 h postchallenge, there were no
significant differences in the levels of LTB4 between any of the
groups (Fig. 2B).

Twenty-four hours postchallenge, the BAL fluid levels of PGE2

were significantly higher in calves challenged with zymosan versus
in the controls (594.6 � 134.5 pg/ml and 142.5 � 59.2 pg/ml,
respectively); tulathromycin treatment inhibited the increase in
BAL fluid PGE2 levels caused by zymosan (148.3 � 34.7 pg/ml)
(Fig. 3B). At 3 h postchallenge, the differences in the PGE2 levels
between the groups failed to reach statistical significance (Fig. 3A).

Tulathromycin inhibits LTB4 secretion in bovine neutro-
phils, at least in part, via the inhibition of PLA2 activity. The
immunomodulating mechanisms of the TUL activities were fur-
ther analyzed in bovine cells in vitro. Tulathromycin inhibited the
release of free fatty acids in bovine neutrophils stimulated with 10
�M melittin, an activator of PLA2 (32) (Fig. 4). Furthermore, in
both resting neutrophils and in those stimulated with 3 �M
A23187, tulathromycin significantly reduced secreted levels of

TABLE 1 Rectal temperatures of control, sham-treated, and
tulathromycin-treated calves challenged intratracheally with zymosan

Group

Rectal temperature (mean � SEM) (°C) at indicated
time postchallengea:

0 h 3 h 24 h

Control 39.1 � 0.28 39.2 � 0.36 39.1 � 0.34
Zymb 38.9 � 0.16 38.7 � 0.39 39.0 � 0.12
Zym plus TULc 38.6 � 0.14 39.2 � 0.28 38.7 � 0.24
a Rectal temperatures of each calf were taken at 0 h, 3 h, and 24 h after zymosan
(50 mg) challenge as a measure of health status. Tulathromycin was administered s.c. at
2.5 mg/kg of body weight. The values were not significantly different between any of the
groups. n 	 5 to 7/group.
b Zym, sham-treated calves.
c Zym plus TUL, tulathromycin-treated calves challenged intratracheally with zymosan.

FIG 1 Tulathromycin does not alter the percentage of neutrophils recruited to
the lower airways of zymosan-challenged calves. The percentages of neutro-
phils in the BAL fluid of control calves, sham-treated calves challenged with 50
mg zymosan (zym), and tulathromycin-treated (2.5 mg/kg s.c.) calves chal-
lenged with zymosan (zym 
 TUL) were enumerated at 3 h (A) and 24 h (B)
using Diff-Quik staining and light microscopy. The values were not signifi-
cantly different between any of the groups at 24 h postchallenge. Data are
expressed as the group mean � standard error of the mean (SEM) of the
percent neutrophils of the total leukocyte population in the BAL fluid (n 	 5 to
7/group). *, P � 0.05 versus the control group.
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LTB4 (Fig. 5). The addition of 3 �M exogenous arachidonic acid
partially restored the levels of LTB4 in tulathromycin-treated neu-
trophils (Fig. 5). The levels of PGE2 in resting neutrophils and in
those stimulated with 1 �g/ml LPS or 3 �M A23187 were not
detected in this in vitro system using enzyme-linked immunosor-
bent assay (ELISA) or reverse-phase HPLC methods (data not
shown). The direct effects of A23187 on cellular uptake were not
examined.

Tulathromycin stimulates LXA4 production in bovine neu-
trophils. Using reverse-phase HPLC, we found that in the super-
natants of tulathromycin-treated bovine neutrophils, there was a
prominent lipid peak corresponding to LXA4, which was not ob-
served in the supernatants from HBSS (control)-treated cells fol-
lowing 0.5 h of incubation (Fig. 6A). This peak was detected in
both resting and A23187-activated neutrophils treated with tu-
lathromycin (Fig. 6B). Furthermore, secreted levels of a precursor
of LXA4, 15(S)-eicosatetraenoic acid [15(S)-HETE], were signifi-
cantly reduced in tulathromycin-treated neutrophils with or with-
out calcium ionophore activation versus the respective controls
(Fig. 7).

Tulathromycin reduces antiapoptotic PLD activity in bovine
neutrophils. In view of the inhibitory effects of tulathromycin on
PLA2 activity, and since caspases can inhibit PLD during apoptosis
(33), we investigated whether this drug affects PLD activity in
bovine neutrophils. We observed a small but significant reduction
in PLD activity in the cells treated with tulathromycin for 0.5 h in

the presence or absence of 3 �g/ml phorbol myristate acetate
(PMA) (Fig. 8).

Tulathromycin treatment causes an accumulation of intra-
cellular phospholipids. Some macrolides have been shown to
cause intracellular accumulation of phospholipids, a phenome-
non referred to as drug-induced phospholipidosis (24). Using a
fluorescent Nile Red phospholipid stain, we observed an increase
in intracellular phospholipids in bovine neutrophils treated with
tulathromycin compared to in HBSS (control)-treated neutro-
phils following 0.5 h of incubation (Fig. 9).

DISCUSSION

The recruitment of neutrophils into the tissues represents a piv-
otal mechanism for innate immune protection against foreign
pathogens and particulates (34). When neutrophil responses are
not resolved, inflammatory tissue destruction ensues, as illus-
trated in a variety of inflammatory diseases, including pneumo-
nia, arthritis, and inflammatory bowel diseases. We hypothesized
that at least part of the recently demonstrated proresolving prop-
erties of the antibiotic tulathromycin represents a direct immuno-
modulating effect of the drug, independent of its antimicrobial
effects, and it involves alterations in phospholipase-dependent

FIG 2 Tulathromycin reduces levels of leukotriene B4 in calves challenged
intratracheally with zymosan. The figure shows the LTB4 levels in the BAL fluid
samples isolated from control calves, sham-treated calves challenged with 50
mg zymosan (zym), and tulathromycin-treated (2.5 mg/kg s.c.) calves chal-
lenged with 50 mg zymosan (zym 
 TUL) 3 h (A) and 24 h (B) postchallenge.
There was no significant difference between any of the groups at 24 h. The
values are expressed as the mean � SEM (n 	 6 to 8/group). *, P � 0.05 versus
the control group; #, P � 0.05 versus the zym group.

FIG 3 Tulathromycin reduces levels of prostaglandin E2 in calves challenged
intratracheally with zymosan. The PGE2 levels in the BAL fluid samples iso-
lated from control calves, sham-treated calves challenged with 50 mg zymosan
(zym), and tulathromycin-treated calves challenged with 50 mg zymosan (zym

 TUL) were measured at 3 h (A) and 24 h (B) postchallenge. There was no
significant difference between any of the groups at 3 h postchallenge (P 	
0.0543 between the control and zym groups). Tulathromycin was adminis-
tered s.c. at 2.5 mg/kg. The values are the mean � SEM (n 	 5 to 7/group). *,
P � 0.05 versus the control group.
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lipid signaling. Using a clinically relevant model in calves, the data
indicate that tulathromycin directly inhibits zymosan-induced
production of bronchoalveolar LTB4 and PGE2. Mechanistic
studies using bovine neutrophils in vitro established that the LTB4

modulation seen in vivo was indeed reproducible in vitro and was
associated with an inhibition of melittin-induced PLA2 activation.
Tulathromycin also inhibited calcium-induced LTB4 production,
an effect that was partially restored by adding exogenous arachi-
donic acid. Concurrent with its inhibitory effects on LTB4, tulath-
romycin stimulated the production of anti-inflammatory LXA4 in
neutrophils and reduced the cellular contents of its precursor
15(S)-HETE. Moreover, tulathromycin also inhibited PLD. Fi-
nally, the effects of the drug were associated with neutrophil phos-
pholipidosis.

Leukotriene B4 is a potent proinflammatory arachidonic acid

metabolite synthesized via the 5-LO pathway. It serves as a strong
chemoattractant and activator of neutrophils, and it stimulates
the release of neutrophil elastase and the generation of superoxide
radicals (35). As a result, it is often used as a biomarker for severe
inflammatory disease. The reduction in pulmonary LTB4 levels
induced by tulathromycin in zymosan-challenged calves suggests
direct anti-inflammatory effects of an antibiotic in vivo that are
likely independent of its antimicrobial properties. Extending the
length of the study may help illustrate whether this effect indeed
leads to reduced neutrophil accumulation in the lungs of treated
animals. In neutrophils, type IV cytosolic PLA2 (cPLA2) has been
identified as the predominant isoform responsible for the mobili-
zation of arachidonic acid and generation of LTs and PGs. This
supports our observations in vitro that tulathromycin inhibits
PLA2 activity and that levels of LTB4 in tulathromycin-treated
neutrophils are partially restored in the presence of exogenous
arachidonic acid (36, 37). Interestingly, LTB4 also has an antiapo-
ptotic effect in neutrophils (38). Future studies will assess whether
the proapoptotic effects and modulation of lipid signaling by tu-
lathromycin are linked.

PGE2 has both pro- and anti-inflammatory actions that are
tissue dependent. This cyclooxygenase (COX)-derived eicosanoid
enhances or inhibits important leukocyte functions, including
chemotaxis, aggregation, superoxide generation, lysosomal en-
zyme release, and LTB4 synthesis (39, 40). Although PGE2 exerts
beneficial functions in the lung (41), there is evidence to suggest
that PGE2 can dampen antimicrobial responses and heighten the
risk of secondary infections. Indeed, PGE2 produced from alveolar
macrophages following the ingestion of apoptotic neutrophils
suppressed host defenses against a subsequent bacterial infection
(42). In view of its multifaceted roles in airway inflammation,
future studies will examine the impact of tulathromycin on PGE2

production and the consequence of this effect on airway inflam-

FIG 4 Tulathromycin reduces PLA2 activity in melittin-stimulated bovine
neutrophils in vitro. (A) Fluorescent intensity ratio units (F) detecting free
fatty acids released from neutrophils treated with HBSS (ctrl) or 2 mg/ml
tulathromycin (TUL) in the absence (�) or presence (
) of 10 �M melittin
(PLA2 activator) over 60 min at 37°C. The data are expressed as the ratio of
fluorescence of the Acrylodan-labeled intestinal fatty acid binding protein
(ADIFAB2) probe (1 �M) at 505 nm and 432 nm (F505/F432), which represent
the bound and unbound states of ADIFAB2, respectively. (B) Detection of free
fatty acids at 1.0 h. Values are the mean � SEM (n 	 3 to 6/group). *, P �
0.0001 versus unstimulated control; #, P � 0.001 versus melittin-stimulated
control.

FIG 5 Tulathromycin inhibits LTB4 production in bovine neutrophils, at least
in part, via inhibition of PLA2 activity in vitro. Secreted levels of LTB4 from
bovine neutrophils treated with HBSS (ctrl) or 2 mg/ml tulathromycin (TUL)
for 1.0 h at 37°C in the presence (
) or absence (�) of a 3 �M concentration
of the calcium ionophore A23187 and 3 �M exogenous arachidonic acid (AA)
are indicated. Values are the mean � SEM (n 	 3/group). *, P � 0.05 versus
unstimulated control; #, P � 0.01, and ##, P � 0.001, versus A23187-stimu-
lated control; $, P � 0.05 versus A23187- and AA-stimulated control.
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mation. Using the experimental protocol described here, zymosan
was found to significantly increase PGE2 production 24 h post-
challenge, consistent with previous studies using other models in
vivo (43–45) or in vitro (46), an effect that was blocked by tulath-
romycin. Another immunomodulating antibiotic for cattle and
pigs, tilmicosin, also blocks PGE2 production in LPS-stimulated
bovine alveolar macrophages via a decrease in COX-2 expression
and/or partial inhibition of secretory phospholipase A2 activity
(47, 48). Given that the restoration in LTB4 levels in tulathromy-
cin-treated neutrophils exposed to exogenous arachidonic acid
was only partial, other inhibitory mechanisms may be involved.
One hypothesis that has yet to be explored is that treatment with
tulathromycin may reduce expression or activity of 5-LO, COX-2,
or LTA4 hydrolase.

In addition to proinflammatory eicosanoids, the arachidonic

FIG 6 Tulathromycin stimulates the production of LXA4 in resting and activated bovine neutrophils in vitro. Shown are representative reverse-phage HPLC
chromatograms of secreted lipids detected in the supernatants from HBSS (ctrl)-treated bovine neutrophils (A) and 2 mg/ml tulathromycin-treated neutrophils
(B) after 0.5 h 37°C, LXA4 detected in neutrophils stimulated with 3 �M A23187 and treated with HBSS (ctrl
) (C), bovine neutrophils stimulated with 3 �M
A23187 and treated with 2 mg/ml tulathromycin (D) for 0.5 h at 37°C, and a LXA4 standard (1 ng) (E). Following protein precipitation (95% ethyl alcohol
[EtOH]), lipids were eluted from a C18 column using a gradient of 25% acetonitrile– 0.1% TFA–H2O to 65% acetonitrile– 0.1% TFA–H2O over 50 min. Lipoxin
A4 (LXA4), which elutes between 26 and 27 min, was detected at 302 nm. The LXA4 peaks (arrows) were clearly detected in tulathromycin-treated cells. AU,
absorbance units. Chromatograms are representative of 6 independent experiments.

FIG 7 Tulathromycin reduces levels of 15(S)-HETE, a precursor of LXA4, in
bovine neutrophils in vitro. Shown are the secreted levels of 15(S)-hydroxyei-
cosatetraenoic acid [15(S)-HETE] in resting bovine neutrophils treated with
HBSS (ctrl) or 2 mg/ml tulathromycin (TUL) for 0.5 h at 37°C. The values are
the mean � SEM (n 	 3/group). *, P � 0.05 versus control.
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acid pathway is responsible for the synthesis of lipid mediators
that play a pertinent role in the resolution of inflammation. Li-
poxins (LXs) are part of a new class of lipid mediators that have
gained a significant amount of attention for their potent anti-

inflammatory and proresolving actions (13). Indeed, LXs, re-
solvins, and cyclopentenones have been shown to promote mac-
rophage efferocytosis of apoptotic neutrophils, inhibit the
production of proinflammatory mediators, and stop inflamma-
tory cell infiltration (13), all effects which we showed were in-
duced by tulathromycin via unclear mechanisms (28, 29). Using
reverse-phase HPLC methods, we discovered that resting and ac-
tivated neutrophils secrete LXA4 upon tulathromycin treatment.
These observations demonstrate, for the first time, that a macro-
lide antibiotic is capable of stimulating the production of a potent
proresolving lipid mediator. A recent study demonstrated that in
an acute self-resolving model of pleurisy, different isoforms of
PLA2 are responsible for the production of either proinflamma-
tory or proresolving arachidonic acid-derived lipid mediators
(49). Indeed, they demonstrated that type IIa and V secretory
PLA2 were maximally expressed within inflammatory cells during
the resolution phase and were responsible for the production of
LXA4 (49). The effects of tulathromycin on the activity of various
PLA2 isoforms have yet to be investigated. Traditionally, the syn-
thesis of LXs was thought to involve the interaction between two
distinct cell types (13); however, it was recently demonstrated that
mediators, such as PGE2, increase the expression of 15-LO in neu-
trophils, allowing these cells to synthesize LXs on their own (50),
which is consistent with increased LXA4 production by purified
neutrophil populations. Our findings also indicate that tulathro-
mycin drives the synthesis of LXA4, thereby lowering the total
levels of 15(S)-HETE that are secreted and presented within the
cell. Little is known about the actions of 15(S)-HETE itself; how-
ever, there is evidence to suggest that it exerts both anti- and pro-
inflammatory actions (51–53).

Phospholipase D has a variety of roles in inflammation and cell
survival. In addition to its physiological functions (membrane
trafficking), PLD is involved in microbial killing (54), neutrophil
degranulation (55), and migration in leukocytes (56). In neutro-
phils, PLD also has an antiapoptotic role (33). Moreover, activated
caspases were shown to reduce the expression and activity of PLD
in human neutrophils (33). In view of our previous observations
that tulathromycin was able to promote neutrophil apoptosis
(28), we investigated the effect of tulathromycin on PLD activity.
Similar to its effects on PLA2 activity, tulathromycin reduced the
activity of PLD in resting neutrophils and in those stimulated with

FIG 8 Tulathromycin reduces activity of antiapoptotic phospholipase D in bo-
vine neutrophils in vitro. Shown is PLD activity in bovine neutrophils treated with
HBSS (ctrl) or 2 mg/ml tulathromycin for 0.5 h at 37°C (A) and bovine neutrophils
exposed to 1 �g/ml phorbol myristate acetate (PMA) and treated with HBSS or 2
mg/ml TUL for 0.5 h at 37°C (B). Exposure to PMA did not significantly increase
PLD activity over that with the resting control cells. The data are represented as
fluorescence ratios versus values measured in control neutrophils arbitrarily set to
1.0. Values are mean � SEM (n 	 3/group). *, P � 0.05 versus unstimulated
control; #, P � 0.05 versus PMA-stimulated control.

FIG 9 Tulathromycin causes an accumulation of intracellular phospholipids in bovine neutrophils. Shown is representative fluorescent staining of phospho-
lipids in bovine neutrophils treated with HBSS (control) or 2 mg/ml tulathromycin (TUL) in the presence of the LipidTOX red phospholipid stain for 0.5 h at
37°C. Following incubation, cells were fixed with a 4% formaldehyde solution containing a 1� Hoechst nuclei stain (blue). Magnification, �400.
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phorbol myristate acetate (PMA). In contrast with its effects on
human neutrophils, PMA stimulation did not significantly in-
crease PLD activity in bovine neutrophils. This is consistent with
the previously observed species-dependent effects of PMA (57,
58). Having reported that tulathromycin activates caspase-3 in
bovine neutrophils, future studies should elucidate whether the
effect of tulathromycin on PLD activity is caspase dependent or
whether it occurs via a separate mechanism. Interestingly, other
erythromycin-derived macrolides, such as roxithromycin, have
been shown to activate PLD in nonstimulated neutrophils and
inhibit PLD activity in PMA-stimulated human neutrophils (59).
LXA4 also inhibits PLD activity (60), which may be another indi-
rect mechanism through which tulathromycin treatment reduces
PLD activity in bovine neutrophils. In the context of an M. hae-
molytica infection, the inhibition of PLD by tulathromycin may
offer beneficial therapeutic effects in view of its stimulatory effects
on PLA2-mediated LTB4 production in neutrophils (61).

Macrolides have a unique ability to accumulate within phago-
cytes (62) and, consequently, inhibit phospholipase activity (24,
63). Consistent with the present findings, reports have suggested
that the anti-inflammatory actions of macrolides, such as azithro-
mycin, were positively correlated with their intracellular concen-
trations and degree of phospholipidosis (24, 64). Furthermore,
drug-induced phospholipidosis has resulted in caspase-3-medi-
ated cell death (65). Based on its cationic lipophilic structure, we
hypothesized that tulathromycin accumulates within the lyso-
somes, causing phospholipidosis in bovine neutrophils, which in
turn may contribute to its immunomodulatory and anti-inflam-
matory actions, including apoptosis. Indeed, our findings reveal
that tulathromycin appears to increase intracellular accumulation
of phospholipids in bovine neutrophils.

The present observations offer new opportunities to investi-
gate the mechanisms by which macrolides deliver anti-inflamma-
tory benefits in a target species. In summary, in zymosan-chal-
lenged calves, tulathromycin treatment inhibits the production of
leukotriene B4 (LTB4) and prostaglandin E2 (PGE2). In bovine
neutrophils, tulathromycin inhibits PLD and cytosolic PLA2 ac-
tivity, with cytosolic PLA2 activity contributing to the inhibitory
effects on LTB4 and possibly PGE2 synthesis. Furthermore, tulath-
romycin induces phospholipidosis in these cells. Lastly, treatment
with tulathromycin in bovine neutrophils stimulated the produc-
tion of the potent proresolving lipid mediator LXA4. Together, the
findings illustrate new mechanisms by which a macrolide may
offer direct anti-inflammatory and proresolving actions, likely in-
dependent of its antimicrobial properties. Challenging calves with
zymosan proved to be a powerful model for investigating the di-
rect anti-inflammatory effects of tulathromycin or any macrolide.
Future studies may also include tulathromycin-resistant bacterial
strains to further characterize the clinically relevant immuno-
modulating actions of tulathromycin.
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Cellular uptake and efflux of azithromycin, erythromycin, clarithromycin,
telithromycin, and cethromycin. Antimicrob. Agents Chemother. 49:
2372–2377. http://dx.doi.org/10.1128/AAC.49.6.2372-2377.2005.

63. Van Bambeke F, Montenez JP, Piret J, Tulkens PM, Courtoy PJ,
Mingeot-Leclercq MP. 1996. Interaction of the macrolide azithromycin
with phospholipids. I. Inhibition of lysosomal phospholipase A1 activity.
Eur. J. Pharmacol. 314:203–214.
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