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Abstract
Background: Tissue infiltration by neutrophils during acute inflammatory states causes substantial tissue injury. While
the magnitude of tissue neutrophil accumulation in innate immune responses is profoundly greater in males than
females, fundamental aspects of the molecular mechanisms underlying these sex differences remain largely unknown.
Methods: We investigated sex differences in neutrophil stimulation and recruitment in ischemia/reperfusion (I/R;
mesenteric or renal) or carrageenan pleurisy in rats or mice, as well as skin injury in human volunteers. The induction of
potent chemoattractive mediators (chemokines) and neutrophil adhesion molecules were measured by real-time PCR,
flow cytometry, and protein assays.
Results: Mesenteric I/R in age-matched Wistar rats resulted in substantially more neutrophil accumulation and tissue
injury at 2 h reperfusion in males than females. Using intravital microscopy, we show that the immediate (<30 min)
neutrophil response to I/R is similar in males and females but that prolonged neutrophil recruitment occurs in males at
sites local and distal to inflammatory insult partly due to an increase in circulating neutrophil populations with
elevated surface expression of adhesion molecules. Sex differences in neutrophil kinetics were correlated with
sustained induction of chemokine Cxcl5 in the tissue, circulation, and bone marrow of males but not females.
Furthermore, blockade of Cxcl5 in males prior to ischemia resulted in neutrophil responses that were similar in
magnitude to those in females. Conversely, administration of Cxcl5 to males in the absence of I/R was sufficient
to increase levels of systemic neutrophils. Cxcl5 treatment of bone marrow neutrophils in vitro caused substantial
induction of neutrophil-mobilizing cytokine granulocyte colony-stimulating factor (GCSF) and expression of β2
integrin that accounts for sexual dimorphism in circulating neutrophil populations in I/R. Moreover, male Cxcl5stimulated bone marrow neutrophils had an increased capacity to adhere to β2 integrin ligand ICAM-1, implicating a
greater sensitivity of male leukocytes to Cxcl5-mediated activation. Differential induction of Cxcl5 (human CXCL6)
between the sexes was also evident in murine renal I/R, rat pleurisy, and human skin blisters and correlated with the
magnitude of neutrophil accumulation in tissues.
Conclusions: Our study reveals that sex-specific induction of chemokine Cxcl5/CXCL6 contributes to sexual
dimorphism in neutrophil recruitment in diverse acute inflammatory responses partly due to increased stimulation and
trafficking of bone marrow neutrophils in males.
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Background
Neutrophils are essential for early innate immune responses in infection and sterile injury such as ischemia/
reperfusion (I/R). However, due to their high destructive
potential, regulation of accumulation of neutrophils in
tissues is critical for limiting tissue injury and loss of
function in acute inflammatory conditions (for review,
see [1]).
While it is established that women are more susceptible to chronic inflammatory autoimmune diseases (for
review, see [2]), profound sex differences also exist in severity and mortality from disorders that are characterized by prolonged or excessive innate immune responses
(for review, see [3]). For example, the severity and incidence of I/R-induced organ failure and acute respiratory
distress syndrome (ARDS) are substantially higher in men
compared to those in women (for reviews, see [4–6]).
While differential lifestyle/environmental factors between
men and women influence outcome of these conditions,
sex differences are also evident in experimental mammalian models of disease, intimating that this sex bias is an
inherent feature in males. Elucidation of the male and female patterns of innate immune responses has important
implications for understanding disease progression in men
and women and therefore appropriate targeting of antiinflammatory therapies [7]. We have previously demonstrated that acute exposure to bacteria and other irritants in male mice and rats result in increased severity
of inflammation compared to females, associated with
enhanced recruitment of neutrophils into tissues [8]. Similarly, other studies indicate increased neutrophil accumulation following cytokine treatment or I/R in males [9, 10].
However, many fundamental aspects of this differential
regulation of neutrophils remain unclear, and thus, attempts to exploit such sex differences therapeutically have
not yet been successful. For example, it remains unclear
whether neutrophil responses in females involve distinct molecular pathways, or whether female responses
are delayed or resolve earlier than in males. Thus, to
understand the regulatory mechanisms that underlie
differential neutrophil responses between the sexes, we
have investigated the temporal regulation and molecular pathways of neutrophil recruitment in males compared to those in females.
Trafficking of neutrophils from the circulation into tissues is coordinated by a network of chemokines, particularly those harboring the ELR (Glu-Leu-Arg) motif (e.g.,
Cxcl1, Cxcl2) [11], which establish chemotactic gradients
between blood and tissue as well as within tissues [12].
Neutrophils are recruited via the leukocyte adhesion cascade through multiple steps (e.g. rolling adhesion and
emigration), mediated by adhesion molecules including
selectins and integrins [13]. The bone marrow is considered to be the primary site of neutrophil production and
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a store of neutrophils that can be rapidly mobilized to
increase the number of circulating neutrophils available
for recruitment at sites of inflammatory insult. Therefore,
regulation of neutrophil release from the bone marrow is
a key step that dictates the magnitude and duration of
neutrophil recruitment. Similar to recruitment from the
blood into the tissues, trafficking of neutrophils out of the
bone marrow into the circulation is also directed by ELR+
chemokines. The actions of ELR+ chemokines in bone
marrow mobilization are a combined effect of direct interaction with neutrophil Cxcr2 receptors together with the
negative regulation of the predominant bone marrow neutrophil retention pathway, i.e., neutrophil Cxcr4 and its
ligand Cxcl12 (for review, see [14]).
We hypothesized that differential regulation of the chemokine network underlies sex differences in the magnitude of neutrophil recruitment. The aim of our study was
to investigate sexual dimorphism in neutrophil kinetics
and identify the specific chemokines responsible for bringing about these effects. We found that the onset of neutrophil infiltration into tissues was similar between the
sexes but that the levels continued to increase with time
in males due to substantial increases in circulating neutrophils. The predominant endogenous chemotactic mediator generated by I/R in males was ELR+ chemokine
Cxcl5 (human CXCL6 [15]), which had a unique temporal
profile compared to other chemokines that accounts for
sustained neutrophil stimulation, mobilization, and recruitment during reperfusion. The greater induction of
Cxcl5 in males was associated with more neutrophilia and
consequently a higher magnitude of neutrophil recruitment and tissue injury than that in females. Therefore,
these studies provide the first evidence for sex-specific
regulation of Cxcl5/6 in acute inflammatory states.

Methods
Animals

Experiments were conducted on age-matched male and
female Wistar rats (250–300 g; 8–10 weeks, Charles River)
or C57BL6 mice (20–25 g; 8–10 weeks, Charles River)
and approved by Animals Scientific Procedures Act (UK).
For intravital microscopy, rats were kept on a restricted
diet for 12 h to reduce intestinal motility during imaging.
Intravital microscopy

Anaesthetized rats (pentobarbitone 60 mg/kg, ip) were
prepared for intravital microscopy (IVM), as previously
described [16]. Rats were placed on a heated (37 °C) viewing stage, and a loop of intestine was exposed to visualize
the mesenteric microcirculation. The mesentery was
superfused with Tyrode’s solution (5 % CO2, pH 7.4). Images were recorded using Pinnacle Studio software (v.9).
In each animal, a single un-branched postcapillary venule
(diameter 25–40 μm, length >400 μm) was selected for
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the study. The following parameters were measured:
leukocyte flux, rolling velocity, adhesion, and emigration.
Rolling leukocytes were observed as cells moving visibly
slower than red blood cells and were measured by counting the number of rolling leukocytes passing a fixed reference point (flux) on the vessel segment over a 2-min
period. Leukocyte rolling velocity was determined from
the time required for a randomly chosen leukocyte to roll
across 200 μm. Rolling velocities of six leukocytes were averaged and expressed as micrometer per second. Adherent
leukocytes were identified as cells that remained stationary
within the vascular lumen for a period of at least 30 s and
were counted in four consecutive 100-μm vessel segments.
Leukocyte emigration from the postcapillary venule into
the tissue was quantified by counting the number of cells
up to 50, 50–100, and 100–150 μm away from the vessel
wall in parallel with 100-μm vessel segments. Four readings were taken for each vessel and quantified on one side
of the vessel wall. Red blood cell centreline velocity was
measured in venules using an optical Doppler velocimeter (Microcirculation Research Institute, Texas A&M
University, USA). Mean red blood cell velocity was calculated from centreline velocity/1.6, and venular shear
rate was determined based on the Newtonian definition
(8000 × mean red blood cell velocity / venular diameter).
In some experiments, male rats were treated with Cxcl5
(3 μg/kg, ip, R&D Systems) and IVM conducted at 2 h.
Mesenteric ischemia/reperfusion

Rats from the same litter were alternately assigned to
sham or I/R group, with experiments conducted on
males and females on alternate days. Ischemia was induced by occluding the superior mesenteric artery
(SMA). After 30 min of ischemia, reperfusion was permitted for up to 2 h and leukocyte dynamics were measured by IVM every 15 min. Sham-operated animals
underwent identical surgical procedures without occlusion of the SMA. Blockade of endogenous Cxcl5 was
achieved by 1-h pre-treatment with Cxcl5 monoclonal
antibody (20 μg/kg, iv, R&D Systems).
Histology of mesentery

The intestinal wall was removed and portions of mesentery were fixed (4 % paraformaldehyde, 5 min) and dried
onto slides overnight. Tissues were immersed in absolute
alcohol (5 min) and washed with distilled water prior to
staining with hematoxylin and eosin.
Determination of intestinal necrosis

Following reperfusion, a 4-cm segment of the exposed
intestinal wall was purged, cut into 2–3 mm cubes and
incubated with p-nitroblue tetrazolium dye (NBT, 0.5 mg/
ml, 20 min, 37 °C). Necrotic unstained portions were
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separated from viable stained tissue and expressed as a
percentage of total wet weight of the segment.
Lung myeloperoxidase activity

Lung tissues were gently rinsed, homogenized in 0.5 %
(w/v) hexadacyl trimethylammomium bromide and centrifuged (13,000g, 10 min, 4 °C). Peroxidase activity of
the supernatant was measured as the rate of H202dependent oxidation of 3,3′,5,5′-tetramethylbenzidine
relative to purified myeloperoxidase (MPO), by optical
density (620 nm). Tissue MPO levels were normalized
to total protein content.
Collection and preparation of leukocytes and mesenteric
tissue

Blood leukocytes were collected into 0.5 M EDTA. Peritoneal leukocytes were collected by lavage (10 ml PBS/
0.25 % BSA/2 mM EDTA). Bone marrow (BM) cells
were isolated from the femur by flushing with ice-cold
PBS (rats, 5 ml; mice, 1 ml) and passing through a 70μm cell strainer. Plasma and supernatants were collected
by centrifugation (300g, 5 min, 4 °C) and stored at −80 °C
for protein analysis. For all cell samples, erythrocytes were
lysed and leukocytes were either snap frozen for RNA
analysis or prepared for flow cytometry. Mesenteric tissues were isolated by separating the mesentery from
the intestinal wall, snap frozen, and stored at −80 °C for
RNA analysis.
Flow cytometry

Leukocytes were resuspended in PBS/1 % goat serum
(2 × 106 cells/ml). Flow cytometry was conducted on BD
FACScalibur™ with data analyzed by FlowJo 7.6.1. Leukocytes were fixed and permeabilized (Leucoperm, AbD
Serotec) and incubated with antibodies (30 min, 4 °C) to
leukocyte subset markers, integrins, or L-selectin (in live
cells), using respective isotype antibodies as controls and
compensated as appropriate for multiple labeling. Surface integrin and L-selectin expression was calculated as
fold expression compared to isotype (relative fluorescence
intensity: RFI). For additional details about antibodies, see
Additional file 1: Table S1. Neutrophil shape change was
assessed by increased ability of RP1+ leukocytes to scatter
light in flow cytometer and expressed as percentage of
neutrophils exhibiting high forward scatter (FSChi), as previously described [17, 18].
Quantification of chemokines and cytokines

RNA was extracted from leukocyte pellets and mesenteric
tissue (NucleoSpin, Macherey-Nagel), reverse transcribed
(Mouse Moloney Leukaemia Virus reverse transcriptase) and 20 ng cDNA submitted to quantitative realtime PCR (Applied Biosystems 7900HT), and quantified
using SYBR® green (for primer sequences, see Additional

Madalli et al. Biology of Sex Differences (2015) 6:27

Page 4 of 14

file 1: Table S2). RNA levels of target genes were assessed
by threshold cycle number (Ct) and normalized to Ct of
house-keeping gene for 18S and calculated as fold expression relative to the mean Ct value of the control group,
using ΔΔCt method [19]. Chemokines in plasma, cell-free
BM washouts, or blister fluid were measured by enzymelinked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (R&D Systems: Cxcl1, Cxcl5,
CXCL6; eBioscience: Ccl2).

0.1 % Cantharone (Dormer Labs, Inc.). Volunteers did
not take any medications for 2 weeks before commencement of the study and abstained from exercise, alcohol,
and caffeine for at least 24 h prior to induction of blister. Blister fluid was collected at 24 h and leukocytes
were prepared for cytometry, as previously described
[20]. After exclusion of CD3+ lymphocytes, neutrophils
were identified as CD16hi/HLA-DR− and monocytes as
CD14hi/HLA-DR+.

In vitro stimulation of leukocytes

Statistical analysis

BM leukocytes (5 × 105) in phenol red-free RPMI medium
(10 % fetal calf serum, 20 mM L-glutamine, 1000 U/ml
penicillin/streptomycin) were plated in 48-well plates and
stimulated with Cxcl1 or Cxcl5 (10 ng/ml, 2 h, R&D
Systems). Cells were collected using EDTA cell dissociation buffer (Invitrogen).

Data are expressed as mean ± sem. Comparisons between
two groups were made by two-tailed unpaired Student’s t
test. For comparisons between multiple groups, a one-way
ANOVA was performed followed by Bonferroni’s posttest. Comparisons between time-response curves were
made using a two-way ANOVA, followed by Bonferroni’s post-test. Blister samples were analyzed by nonparametric Mann-Whitney test. Statistical analysis was
performed using Prism 5.0 (GraphPad Software Inc.).

Leukocyte adhesion assay

BM leukocytes (105 cells) were prepared in serum-/phenol red-free RPMI medium and stimulated with Cxcl5
(100 ng/ml, 1 h, R&D systems) prior to plating in black
opaque 96-well plates coated with BSA (2 % w/v) or
ICAM1 (1 μg/well) for 40 min (37 °C). Plates were prepared by coating wells with protein overnight and treated
with BSA (1 % w/v, 1 h) to inhibit non-specific interactions
prior to addition of leukocytes. Non-adherent leukocytes were removed by washing with Ca2+/Mg2+-free
PBS. Adherent leukocytes were labeled with calcein AM
(5 μM, 1 h), quantified by spectrophotometry (absorbance
485 nm), and expressed as a percentage of absorbance of
105 labeled cells.
Carrageenan pleurisy

Pleurisy was induced in Wistar rats by injection of
0.15 ml of 1 % carrageenan (w/v) into the pleural cavity.
Pleural leukocytes were collected at 3 h by lavage (1 ml
PBS/0.3 % citrate (w/v). Edema was assessed by the
weight of excess fluid recovered from the pleural cavity.
Renal I/R

Male and female C57BL6 mice were anesthetized with
ketamine/xylazine (100 mg/kg, 10 mg/kg, ip), and renal
pedicles were occluded using microvascular clamps. After
30-min bilateral ischemia, the clamps were removed and
the skin was sutured. Analgesic buprenorphine (0.1 mg/
kg, s.c.) was administered, and mice were allowed to recover for 24 h prior to harvesting samples.
Human skin blisters

Ethical approval was obtained from University College
London Ethics Board. Blisters were elicited on the ventral aspect of the forearms of healthy volunteers (eight
men, six women, aged 19–32 years) by applying 10 μl of

Results
Distinct temporal regulation of neutrophil recruitment in
females protects against I/R injury

To understand whether sex differences exist in the temporal regulation of leukocytes in acute inflammatory responses, we subjected male and female rats to 30-min
complete mesenteric ischemia followed by 2-h reperfusion. Histology of the mesenteric vasculature revealed
substantially more cell infiltration at the end of reperfusion in male tissues than that in females (Fig. 1a). FACS
analysis identified recruitment of RP1+ neutrophils into
the peritoneal cavity in both sexes, but levels were significantly greater in males than those in females (Fig. 1b).
In addition to increased neutrophil recruitment in males,
substantial redness and edema was evident in the small
intestine at the end of reperfusion in males but not females (Additional file 2: Figure S1A). Quantification of
intestinal wall necrosis using NBT [21] confirmed that
the extent of tissue injury was significantly more in
males at both 30-min and 2-h reperfusion (Fig. 1c).
To directly examine the events that precede enhanced
I/R-stimulated neutrophil sequestration in male tissues,
we used intravital microscopy to visualize leukocyte/vessel wall interactions throughout the reperfusion period.
The rate of leukocytes interacting with mesenteric venules (leukocyte flux) increased from the onset of reperfusion in both sexes, but the increase was less in females
and plateaued at 1 h whereas leukocyte flux continued
to increase with reperfusion time in males (Fig. 1d).
Dampened leukocyte flux in females was also accompanied by fewer adherent leukocytes to the vessel lumen
and subsequent emigration into the mesenteric tissue
(Additional file 2: Figure S1B-C). These differences in
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Fig. 1 Distinct temporal regulation of neutrophil recruitment protects against I/R injury in females. Male and female rats were subjected to 30min mesenteric ischemia followed by up to 2-h reperfusion. a Representative images of segments of male and female mesentery at 2 h of reperfusion,
stained with hematoxylin and eosin, demonstrating fewer nucleated cells within and around female venules. Dashed lines approximately
demarcate venule lumen. b Accumulation of peritoneal RP1+ neutrophils, measured by cytometry. c Proportion of intestinal necrosis, measured by
nitroblue tetrazolium. Sham n = 5 rats/group, I/R n = 8 rats/group. d, e Leukocyte/vessel wall interactions throughout reperfusion in mesenteric venules,
measured by intravital microscopy: d leukocyte flux and e leukocyte rolling velocity (sham n = 11 rats/group, I/R n = 18 rats/group). f Circulating RP1+
neutrophils, measured by flow cytometry. g Direct correlation between number of circulating neutrophils and extent of intestinal necrosis in both males
and females, measured at 30-min and 2-h reperfusion. Sham n = 5 rats/group, I/R n = 8 rats/group. Data are presented as mean ± sem. ***P < 0.001 by
one-way ANOVA. §P < 0.001 by two-way ANOVA, and ‡P < 0.05 or #P < 0.001 by Bonferroni’s post-test compared to male I/R. ns denotes P > 0.05

leukocyte dynamics were not a consequence of differences in I/R-induced changes in hemodynamics (mean
arterial blood pressure, red blood cell velocity, or wall
shear rate) since no significant change from basal values
was evident during reperfusion or between the sexes
(Additional file 3: Figure S2A-C).
While leukocyte flux in the mesenteric vasculature
was substantially more in males, the velocity of rolling
leukocytes was similar in both sexes implicating a difference in the availability of leukocytes rather than in their
capacity to interact with venules (Fig. 1e). Consistent with
this, neutrophil adhesion molecule L-selectin expression
(RFI) at 2-h reperfusion was 6.8 ± 0.93 and 5.9 ± 0.62 (n =

4, P > 0.05) in males and females, respectively. Therefore,
we hypothesized that a key difference in the response to I/
R in males and females involves the regulation of release
of neutrophils from the bone marrow. Indeed, reperfusion
stimulated a time-dependent surge in circulating neutrophils in males but had little effect on blood neutrophil
populations in females (Fig. 1f). In contrast, the modest I/
R-induced changes in circulating monocyte numbers were
similar in both sexes, suggesting a selective differential
regulation of neutrophil mobilization in males (Additional
file 2: Figure S1D). Moreover, the levels of circulating neutrophils were directly correlated (r2 = 0.7830, Fig. 1g) with
the extent of I/R-induced tissue necrosis in both sexes,
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supporting a causative link between mobilization of neutrophils and I/R injury.
Enhanced bone marrow neutrophil stimulation in males

The finding that circulating neutrophil numbers are elevated during reperfusion indicates that I/R triggers
bone marrow neutrophil stimulation and mobilization
in males but not females. Acute granulopoeisis and
neutrophil maturation/mobilization during infection
are controlled by granulocyte colony stimulating factor
(GCSF) [22]. Accordingly, I/R induced an early and
sustained synthesis of GCSF by bone marrow cells and
ischemic mesenteric tissue in males but not females
(Fig. 2a). These results imply that increased GCSF
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change [17, 18] (Fig. 2b). Furthermore, surface integrin
expression (β2: Fig. 2c; β1, α4, αL, αM: Additional file
4: Figure S3) on the bone marrow and circulating neutrophils at 2-h reperfusion was significantly elevated in
males but remained unchanged in females. A possible
functional consequence of increased circulating neutrophils with high integrin expression is that neutrophils
can infiltrate other tissues remote to the site of inflammatory insult. In particular, secondary injury of the
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lung due to inappropriate neutrophil recruitment is a
common consequence of I/R (for review, see [23]).
Myeloperoxidase (MPO) activity in lung tissue, an
index of neutrophil accumulation, remained unaltered
in the lungs of female rats but was elevated fivefold in
males by the end of reperfusion (Fig. 2d). Thus, these
studies strongly indicate that more bone marrow neutrophils are mobilized in males during I/R and that
neutrophils circulating during reperfusion exhibit a
greater adhesive phenotype compared to females. Together, this differential regulation of neutrophils may
protect against local and remote tissue injury in
females.

a

Sustained release of tissue-derived Cxcl5 mediates bone
marrow neutrophil stimulation and I/R injury in males but
not females

While GCSF is essential for regulation of neutrophil
number in the bone marrow, egress of mature neutrophils into the circulation in acute inflammatory states is
partly dependent on engagement of neutrophil chemokine receptor Cxcr2 with ELR+ chemokines such as
Cxcl1 [24]. In keeping with a central role of Cxcr2 for
exit of neutrophils from the bone marrow, expression
of Cxcr2 mRNA by bone marrow cells was elevated
throughout reperfusion in males but not females (Fig. 3a).
Chemokines Cxcl1 and Cxcl2 are considered to be the

b

Male sham
Male I/R
Female sham
Female I/R

400

5

**

4

***

300

c
2000
1500

3

ns

200

ns

2

30' reperfusion

500
0

CXCL5
35

30' Reperfusion

2h reperfusion

***

e

CXCL1

20

20

15

15

10

10

5

5

30' Reperfusion

2h Reperfusion

10

***

2h Reperfusion

CXCL1

***

*

1.5

1.0

*

ns

0.5

5

30' Reperfusion

f

0.0

0

2h Reperfusion

30' Reperfusion

g

30' Reperfusion

2h Reperfusion

2h Reperfusion

h

IgG isotype

50

30' Reperfusion

15

0

0

CXCL5

**

25

***

2h Reperfusion

35
30

30

***

1000

0

0

25

ns

ns

100

1

d

***

2500

IgG control

Anti-CXCL5

Anti-CXCL5

40

3

40

30

30

2

***

**

20

20
1

10

10

0
Basal 0 15 30 45 60 75 90 105120
Reperfusion (min)

0

0

Neutrophils

Monocytes

IgG

Anti-CXCL5

Fig. 3 Sustained release of tissue-derived Cxcl5 throughout reperfusion in males but not females contributes to I/R injury. a–e Male and female
rats were subjected to 30-min mesenteric ischemia followed by up to 2-h reperfusion. a–c Expression of bone marrow neutrophil mobilization
pathways: a bone marrow cell Cxcr2 mRNA, b bone marrow total Cxcl1 protein, and c bone marrow total Cxcl5 protein. Sham n = 4 rats/group, I/
R n = 6 rats/group. d Mesenteric tissue mRNA levels of Cxcl5 and Cxcl1. Levels of mRNA are normalized to 18S and calculated as fold expression
relative to mean value of male sham group. Sham n = 3 rats/group, I/R n = 6 rats/group. e Plasma protein levels of Cxcl5 and Cxcl1, at 30-min and
2-h reperfusion. Sham n = 5 rats/group, I/R n = 7 rats/group. f–h Male rats were treated with either anti-Cxcl5 (20 μg/kg, iv) or control IgG (20 μg/
kg, iv) 1 h prior to mesenteric ischemia (n = 5 rats/group). f Leukocyte/vessel wall interactions in mesenteric venules throughout reperfusion. g Circulating
RP1+ neutrophils and CD68+ monocytes. h Mesenteric necrosis, measured by nitroblue tetrazolium at 2-h reperfusion. Data are presented as mean ±
sem. *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05 by one-way ANOVA. §P < 0.0001 by two-way ANOVA and ‡P < 0.05 by Bonferroni’s post-test

Madalli et al. Biology of Sex Differences (2015) 6:27

most important Cxcr2 ligands that promote neutrophil
mobilization from bone marrow stores during acute infections. However, the predominant endogenous chemokines
that are released during vascular injury, such as I/R,
which regulate bone marrow neutrophil trafficking are
not known. Surprisingly, protein levels of Cxcl1 within
the bone marrow were not modulated by I/R in either
sex (Fig. 3b) whereas Cxcr2 ligand Cxcl5 was upregulated
by I/R and increased with reperfusion time in males, with
no discernible change in Cxcl5 in females (Fig. 3c).
Pro-mobilization signals during infection typically arise
from local tissue production of cytokines and chemokines
at the site of infection. To verify the primary cellular
source of I/R-induced chemokine production, we measured chemokine mRNA in mesenteric tissue at 30-min
and 2-h reperfusion. In males, tissue Cxcl5 mRNA was
rapidly induced upon reperfusion and increased with reperfusion time whereas induction of chemokines Cxcl1
and Ccl2 were greater at 30 min and had declined by 2 h
(Fig. 3d and Additional file 5: Figure S4A). The profile of
circulating levels of chemokine protein mirrored the profile of tissue mRNA levels (Fig. 3e and Additional file 4:
Figure S4B), implicating the ischemic tissue as a principle
source of these chemokines. Importantly, levels of both
tissue and circulating chemokines were less in females
with the greatest fold difference being release of Cxcl5
(Fig. 3d). Sex differences in chemokine levels were specific to ligands for Cxcr2 or Ccr2 since induction of
chemokines Ccl3/MIP1α or Ccl5/RANTES (ligands for
Ccr1+ and Ccr5+ leukocytes) was similar in both sexes
(Additional file 5: Figure S4C-D). The unique profile of
Cxcl5 synthesis and its differential induction between
the sexes indicates that this particular chemokine may
be a pivotal endogenous mediator of I/R-induced neutrophil responses and tissue injury. Neutralization of
Cxcl5 in males reduced plasma Cxcl5 at 2-h reperfusion
from 10.2 ± 2.43 to 2.0 ± 0.37 ng/ml (P < 0.05, n = 5) and
dampened I/R-induced leukocyte dynamics (Fig. 3f,
Additional file 5: Figure S4C-D) to similar levels as
those seen in females (Fig. 1d). The effect of anti-Cxcl5
on leukocyte recruitment was partly due to a reduction
in neutrophilia (Fig. 3g), which was also limited to a
similar magnitude as that in females (Fig. 1f ). Collectively, these studies demonstrate that augmented levels
of Cxcl5 in males account for increased neutrophilia
during I/R compared to females.
Cxcl5 induces bone marrow neutrophil stimulation in
males

To recapitulate the impact of tissue-derived Cxcl5 on
bone marrow neutrophil stimulation and mobilization,
we administered Cxcl5 (3 μg/kg) locally into the peritoneal cavity of male rats and measured neutrophil
populations at 2 h. This dose of Cxcl5 increased
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circulating levels at 2 h from 0.3 ± 0.13 to 7.7 ± 0.80 ng/
ml (P < 0.001, n = 5), bone marrow levels from 0.1 ±
0.034 to 1.8 ± 0.39 ng/femur (P < 0.05, n = 5), and stimulated similar levels of leukocyte recruitment into mesentery (Additional file 6: Figure S5A-C) as I/R (Fig. 1d,
Additional file 1: Figure S1B&C). Administration of
Cxcl5, in the absence of ischemia, increased circulating
neutrophils, but not monocytes, as well as neutrophil
β2 integrin (Fig. 4a,b) and was sufficient to induce significant tissue injury at the site of administration and in
the lungs (Fig. 4c,d).
To identify the molecular pathways in Cxcl5-induced
bone marrow neutrophil stimulation/mobilization, rat
bone marrow cells were treated with Cxcl5 (10 ng/ml,
2 h) in vitro. The proportion of RP1+ neutrophils isolated from femurs was similar (P > 0.05, n = 4) in both
sexes (29.1 ± 0.59 and 29.1 ± 1.11 % in males and females, respectively). Cxcl5, but not Cxcl1, increased
GCSF mRNA in both sexes (Fig. 4e), implicating that
Cxcl5 can influence bone marrow neutrophil numbers
and stimulation. Consistent with this notion, Cxcl5 promoted expression of β2 integrins in RP1+ neutrophils
(Fig. 4f ). Notably, this effect of Cxcl5 was significantly
greater in male neutrophils compared to females, as confirmed by the increased ability of Cxcl5-stimulated male
leukocytes to adhere to β2 integrin ligand ICAM1 (Fig. 4g).
Cxcl5, but not equivalent amounts of Cxcl1, stimulated
expression of Cxcr2 as well as Cxcl5 in leukocytes from
both sexes (Fig. 4h,i). These studies confirm the hypothesis that elevated Cxcl5 activity in males is sufficient to
directly increase bone marrow neutrophil stimulation and
mobilization pathways.
Differential regulation of Cxcl5 in males is a fundamental
feature of I/R and other innate immune responses

Renal dysfunction and neutrophil accumulation following I/R is more severe in males than that in females
[10, 25]. Therefore, to understand whether sex-specific
regulation of Cxcl5 in I/R occurs in other organs and
mammals, we measured tissue and circulating chemokines following acute bilateral renal I/R in male and female mice. Renal ischemia of 30 min followed by 24-h
reperfusion resulted in greater levels of tissue Cxcl5
mRNA in males than females (Fig. 5a) as well as plasma
Cxcl5 protein (1070 ± 87 pg/ml and 540 ± 91, P < 0.01,
n = 4, respectively). Similar to mesenteric I/R, this chemokine profile in males was also associated with more
circulating neutrophils than that in females (Fig. 5b).
Next, we examined whether disparate induction of Cxcl5
also dictates sex differences in neutrophil responses induced by an exogenous stimulus. Injection of carrageenan
into the pleural cavity of rats results in greater accumulation of fluid (Fig. 5c) and neutrophils in the cavity in
males than in females [8]. This sex difference in
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pleurisy was also associated with higher levels of Cxcl5
in the lung tissue and bone marrow of males compared
to females (Fig. 5d,e).
To examine the role of Cxcl5 in the magnitude of neutrophil responses in humans, we used the cantharidin
skin blister model of leukocyte trafficking in healthy volunteers. The mean age of participants was 21 ± 0.7 (males,
n = 8) and 25 ± 1.6 (females, n = 6, P > 0.05). At 24 h following application of cantharidin, edema (blister volume)
was substantially greater in men than women (Fig. 5f).
Similar to responses in rodents, the number of neutrophils
(but not monocytes) recruited to the site of injury was also
greater in men compared to that in women (Fig. 5g).

Levels of CXCL6, the human ortholog of rodent Cxcl5,
tended to be higher in the blisters of men than women
and were correlated with the number of neutrophils recovered from the blister (Fig. 5h,i). Thus, together, our
findings indicate that increased induction of Cxcl5/CXCL6
in males in the early phases of innate immune responses is
a common response to diverse pro-inflammatory stimuli
in male mammals that contributes to elevated neutrophil
stimulation and tissue infiltration.

Discussion
Regulation of neutrophil accumulation in tissues is a
critical feature of acute inflammation. Here, we provide
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novel insight into the nature and molecular mechanisms
that determine sexual dimorphic regulation of neutrophil responses in I/R. Specifically, we provide evidence
that Cxcl5/6 is the key molecular signal whose greater
induction in males primarily affects circulating neutrophil numbers and adhesion molecule expression, thereby
enhancing tissue infiltration.
Tissue injury during I/R involves multiple complex
interacting mechanisms and several cell types (for review, see [26]). In this study, we focused on understanding sex differences in the initial inflammatory response
during I/R and the early stages of neutrophil recruitment. We, and others, have demonstrated increased total
neutrophil infiltration of tissues in males compared to females in acute inflammatory states [8–10]. In agreement
with these studies, we observed substantially greater

neutrophil influx into the peritoneal cavity following mesenteric I/R in male rats compared to age-matched females.
Migration of blood neutrophils to sites of inflammatory
insult is a multi-step process involving leukocyte rolling,
adhesion, and emigration that is regulated by a network of
chemokines, particularly ELR+ chemokines. In the current
study, we aimed to understand the primary differences in
neutrophil dynamics between males and females. Using
IVM to monitor changes in I/R-induced leukocyte responses within the same animal in the mesenteric vasculature in real time, we reveal that the initial (<30 min)
increase in leukocyte flux during reperfusion is similar between the sexes. In males, these responses continue to increase with reperfusion time, leading to accumulation of
substantial number of neutrophils within the peritoneal
cavity by 2 h. In contrast, the extent of leukocyte/vessel
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wall interactions in females remains relatively constant between 30-min and 2-h reperfusion. However, the velocity
of rolling male leukocytes is similar to female cells, suggesting little differences in leukocyte motility and their
ability to interact with blood vessels. Sex differences in
neutrophil dynamics appear to be predominantly due to
the greater neutrophilia that is evident in males throughout reperfusion. Therefore, the male neutrophil response
does not appear to be an earlier onset or slower clearance
of recruited cells compared to females but rather a difference in the absolute magnitude of the response brought
about, in part, by more neutrophils available in the circulation at later stages of reperfusion. Indeed, the extent of
tissue injury in the intestine is directly correlated with the
number of circulating neutrophils and is therefore substantially greater in males. Similarly, several lines of evidence indicate that severity of inflammatory diseases are
correlated with the extent of circulating neutrophils
[27–29], pathologies that are also considered to be more
severe in age-matched men compared to women. We believe that distinct regulation of neutrophil trafficking in
males may be a fundamental feature of acute inflammatory responses.
Circulating neutrophil populations are rapidly increased in inflammatory responses, predominantly via
elevated rates of trafficking out of bone marrow stores.
Our study provides the first evidence for differential
regulation of neutrophil pro-mobilization pathways in
males and females. GCSF is a major mobilizing cytokine
that directly regulates granulopoiesis and bone marrow
neutrophil shape change, motility, and release [30] under
homeostatic [31] and inflammatory conditions [32, 33].
Mesenteric I/R induces greater GCSF expression at the
site of injury and within bone marrow cells, neutrophil
shape change, and an increase in neutrophil integrin expression in males than in females. These findings are
consistent with increased rates of trafficking of stimulated neutrophils into the circulation during reperfusion
in males but not females.
Trafficking of neutrophils is predominantly guided by
chemokines. In particular, archetypal ELR+ chemokines
generated at the site of inflammation are not only direct
neutrophil chemoattractants but also induce neutrophil
mobilization from bone marrow stores, primarily through
interaction with leukocyte receptor Cxcr2. For example,
ELR+ chemokines Cxcl1 and Cxcl2 are required for bone
marrow neutrophil motility and mobilization following
administration of GCSF [30] or thioglycollate [24] in mice.
In the current study, we identified Cxcl5 as the predominant ELR+ chemokine released throughout I/R in
males but not females. Circulating and bone marrow
levels of Cxcl5 are upregulated by I/R and increase with
reperfusion time in males, with little induction of Cxcl5
evident in females. Indeed, blockade of Cxcl5 in males
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results in an identical neutrophil response as that seen
in females. As such, leukocyte/vessel wall interactions
within 45-min reperfusion are unaffected by Cxcl5 inhibition but leukocyte recruitment and tissue injury at
later stages of reperfusion are substantially reduced.
Thus, Cxcl5 has a predominant role in driving sustained neutrophil recruitment during I/R. At early time
points, neutrophil infiltration is most likely mediated
by other chemokines such as Cxcl1 and Ccl2 that are
transiently induced in tissues of both sexes and can recruit neutrophils already in the circulation. The functional effect of Cxcl5 production during I/R in males is
partly to increase circulating neutrophils since inhibition of Cxcl5 also reduces I/R-induced neutrophilia to
similar levels seen in females. Conversely, administration of Cxcl5 to males in the absence of ischemic insult
is sufficient to account for sex differences in I/R-induced changes in circulating neutrophil populations.
Therefore, Cxcl5 has a non-redundant role in release of
neutrophils into the circulation during I/R, which may
be a general phenomenon during acute resolving/selflimiting inflammation.
Previous studies indicate an important homeostatic
role of Cxcl5 in maintaining bone marrow neutrophil
numbers [34]. However, our study shows no apparent
sex difference in homeostatic functions of Cxcl5 since
the levels and cell populations are similar in untreated
male and female controls (data not shown) and in shamoperated animals. We only observe disparities in the
functional role of Cxcl5 in males and females in response to pro-inflammatory stimuli where a temporal
relationship between production of Cxcl5 and extent of
neutrophil infiltration into tissue intimates a causal relation. Cxcl5 is an upstream regulator of GCSF production
within bone marrow in vivo [35]. Similarly, in the
current study, application of Cxcl5 to isolated bone marrow cells in vitro induced substantial expression of
GCSF and neutrophil β2 integrin. Surprisingly, these effects on cell surface β2 integrin were greater in male
than those in female cells despite similar basal levels of
receptor Cxcr2 expression as confirmed by greater capacity of male cells to adhere to purified integrin ligand
ICAM-1. Thus, male bone marrow cells have increased
sensitivity to Cxcl5 through disparate Cxcr2 signaling;
the precise mechanism is not elucidated in the current
study but merits further investigation. Nonetheless, this
important finding indicates that even in situations where
Cxcl5 levels are elevated in females, circulating neutrophils are likely to have a less adhesive phenotype compared to neutrophils in males. The effect of Cxcl5 is
clearly more potent than Cxcl1 in either sex, in agreement with previous reports indicating that truncated
forms of Cxcl5 have greater affinity for CXCR2 than
other ligands [36]. Administration of Cxcl5 also induces
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its own expression as well as its receptor, which suggests
that Cxcl5 appears to work in a positive feedback loop
to enhance and prolong synthesis at a transcriptional
level. This may underlie differential kinetics of this chemokine whereby Cxcl5 has a longer half-life than other
ELR+ chemokines. For example in acute endotoxemia in
mice, Cxcl5 expression remains elevated longer than
Cxcl1 and Cxcl2 in almost all tissues [37]. Moreover in
severe inflammation, Cxcl5 production prolongs the activity of Cxcl1 and Cxcl2 by establishing local chemokine
gradients and thereby promoting tissue injury [34].
Previous reports have demonstrated greater renal injury, neutrophil accumulation, and mortality rates in
males than in females following renal I/R in rats [10].
Therefore, to assess whether sex-specific regulation of
Cxcl5-mediated neutrophil responses occurs during I/R
in other organs and species, we investigated sex differences in renal I/R in mice. Similar to our findings in rat
mesenteric I/R, greater Cxcl5 expression was evident in
the kidneys of male mice compared to females at the
end of reperfusion and associated with elevated numbers
of circulating neutrophils with higher β2 integrin expression. It is important to note that the induction of ischemia itself may be different in females since sex
hormones, in particular estrogens, can limit the production of tissue-damaging mitochondrial reactive oxygen
species and thereby increase tolerance to ischemia and
reduce the inflammatory response (for review, see [38]).
However, we observed the same divergent regulation of
Cxcl5-dependent neutrophil responses in males and females following administration of equivalent amount of
a chemical stimulus (carrageenan) into the pleural cavity
of rats. Increased expression of Cxcl5 in the lung tissue
and bone marrow of males was also associated with
greater lung edema. Overall, our data imply that distinct
regulation of Cxcl5 induction in males is a general
phenomenon during I/R and other acute inflammatory
responses that result in enhanced neutrophil accumulation and tissue injury.
In humans, Cxcl5 exists in two forms, namely CXCL5/
ENA78 and CXCL6/GCP2. Recent evidence indicates
that CXCL6/GCP2 is the closer ortholog to rodent Cxcl5
[15]. Our study in human volunteers supports the thesis
that sex-specific regulation of CXCL6 underlies increased neutrophil recruitment in males. Topical application of cantharidin in healthy volunteers disrupts
intercellular connections between keratinocytes and stimulates the influx of leukocytes, predominantly neutrophils,
within 24 h [39]. While there is variation in the magnitude of leukocyte recruitment into blisters between individuals, the extent of neutrophil (but not monocyte)
influx and edema is greater in men. Despite the small
sample size, in agreement with our studies in rodents,
local amounts of CXCL6 within the blister fluid are
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correlated with neutrophil accumulation and tend to be
greater in men. Therefore, together, our findings indicate that reduced production and sensitivity to Cxcl5/6
may underlie a fundamental tissue-sparing mechanism
in acute inflammatory responses in women. Furthermore, Cxcl5/6 may be an important therapeutic target
in perturbing acute inflammatory diseases as well as a
biochemical marker of disease progression.
Sex differences in regulation of CXCL6 may have important consequences for progression of acute inflammatory disorders. Few studies of human disease have
investigated the biological role of CXCL6; however,
ortholog CXCL5/ENA78 is involved in a variety of inflammatory diseases such as ARDS [40, 41], acute coronary syndromes, inflammatory bowel disease, asthma, and
psoriasis, diseases known to have a neutrophil component. Serum levels of chemokine CXCL5 have also been
associated with intima-media thickness of the common
carotid artery, a marker of preclinical atherosclerosis,
and CXCL5 levels are reduced by anti-inflammatory statin therapy [42]. Whether CXCL5 activity underlies sex
differences in acute inflammatory disorders is not
known. However, polymorphisms in CXCL5 gene are
correlated with acute coronary syndrome [43], a disease
where more numerous plaque-destabilizing neutrophils
have been observed in lesions of men compared to
women. We suggest that our findings indicate a role for
increased CXCL5/6 induction in males in contributing
to sex differences in inflammatory disorders that are
characterized by excessive neutrophil recruitment.
Further investigations will be required to elucidate the
upstream mechanisms that lead to greater induction of
Cxcl5/6 in males compared to females. Our study does
not distinguish whether male factors increase Cxcl5/6
or whether female factors inhibit Cxcl5/6. Current evidence indicates complex and interacting influences of
sex on inflammatory responses including multiple sex
hormones, X-linked and Y-linked genes (for reviews,
see [3, 44, 45]), although no unifying explanation exists
since these factors may paradoxically be pro- or antiinflammatory depending on cell type, stimulus, stage of
response, and age. Thus, to fully understand how sex
differences in neutrophil responses are brought about,
future studies need to examine the impact of individual
sex hormones and chromosomes on regulation of chemokine production and neutrophil trafficking. Moreover, although our data demonstrate that the male
neutrophil response can be made “female” by acutely
blocking endogenous Cxcl5, it remains to be shown
whether Cxcl5 alone is sufficient to make a female neutrophil response identical to that in males. In the
current study, we primarily focused on the role of chemokine production on sex differences in neutrophil dynamics in the onset phases of leukocyte recruitment.
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The data suggest that a primary component of the sex
difference in neutrophil trafficking is due to a difference in the number of circulating neutrophils and
Cxcl5-stimulated recruitment. However, several other
components of the inflammatory response may also be
differentially regulated between the sexes and contribute to greater neutrophil accumulation in male tissues.
For example, it is possible that differences in leukocyte
cytoskeleton integrity or function may affect leukocyte
motility and impede the recruitment of female leukocytes into tissues or their release from the bone marrow
due to differences in signaling of adhesion molecules
such as PSGL-1 and L-selectin or a difference in the
ability of neutrophils to deform and transmigrate. Previous studies also indicate that female sex hormones
can influence the life span of neutrophils [46], a finding
that may have implications for the number of neutrophils in the circulation and tissue, particularly in later
stages of inflammation. Our data suggest greater Cxcl5/
6 production in males in different inflammatory models
in three species; however, further investigations with
larger sample size will be needed to fully establish the
existence and consequence of differential Cxcl5/6 production between the sexes in inflammatory disorders.
Detailed understanding of fundamental differences in
male and female neutrophil responses may lead to improved anti-inflammatory therapies.

Conclusions
In conclusion, acute inflammatory insult initiates distinct
neutrophil responses in males and females. A salient feature of this difference comprises an increased production and sensitivity to chemokine Cxcl5/6 in males. The
data demonstrate a novel and predominant role for
Cxcl5/6 in sustaining neutrophil recruitment into tissues
partly through mobilization of tissue-damaging neutrophils from bone marrow. These findings may have important implications for understanding the basis of sex
differences in neutrophil trafficking in diverse acute inflammatory pathologies.
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