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Neutrophils are critical for innate immune defense against
microbial invasion but can also cause inflammatory tissue
damage if their life span is not tightly regulated. Antiinflam-
matory glucocorticoids delay spontaneous apoptosis in hu-
man, rodent, and bovine neutrophils, but mechanisms in-
volved are unknown. We hypothesized here that
glucocorticoids delay neutrophil apoptosis by altering ex-
pression of key Bcl-2 apoptosis regulatory proteins, A1 and
Bak, via activation of the cell’s glucocorticoid receptors. To
test this hypothesis, isolated bovine blood neutrophils were
exposed to dexamethasone with and without glucocorticoid
receptor antagonism (RU486) and aged ex vivo over 0–24 h for
assessment of various spontaneous apoptosis pathway indi-
cators and A1 and Bak abundance. Results show that dexa-
methasone preserved neutrophil mitochondrial membrane
integrity, delayed caspase-9 activation, and reduced the rate
of spontaneous apoptosis. Also, dexamethasone increased A1

and decreased Bak mRNA abundance. RU486 pretreatment of
the cells abrogated each of these dexamethasone effects.
Dexamethasone-induced increases in A1 mRNA were re-
flected in A1 protein increases, which also were observed in
circulating neutrophils of dexamethasone-treated animals.
Bak protein decreases were observed in neutrophils of the
dexamethasone-treated animals but not in isolated neutro-
phils, suggesting that stimuli additional to (and perhaps reg-
ulated by) glucocorticoid are required to affect Bak protein
expression changes in neutrophils. Collectively, our results
are unique in demonstrating a mechanism behind glucocor-
ticoid regulation of spontaneous apoptosis and implicate ste-
roid receptor activation and subsequent regulation of A1 and
Bak as contributors to mitochondrial membrane stability, re-
duced caspase-9 activity, and delayed apoptosis in bovine neu-
trophils exposed to glucocorticoids. (Endocrinology 147:
3826–3834, 2006)

NEUTROPHILS ARE GRANULOCYTIC leukocytes in-
tegral to the first line of immune defense against

invading bacteria and other pathogens. Equally important to
their antimicrobial activities is the tight regulation of their
death, which occurs rapidly under normal physiological sce-
narios by a process of spontaneous (mitochondrial induced)
apoptosis and prevents unnecessary inflammatory tissue
damage. Accordingly, neutrophils normally have a short
half-life of approximately 6–10 h in blood (1), which is ex-
tended up to 24 or 48 h when the leukocytes enter infected
tissues to perform their bactericidal functions (2).

Regulation of neutrophil apoptosis in blood and tissues
occurs through both intrinsic and extrinsic signaling path-
ways. Whereas extrinsic signals are initiated by death re-
ceptor ligation at the cell’s surface, intrinsic signaling is con-
trolled at the level of mitochondria with the aid of several
Bcl-2 family proteins (3). Bak and Bax are two proapoptotic
family members expressed in neutrophils (4, 5). In contrast
to most other cell types that express Bcl-2 as the classical
antiapoptotic protein, mature neutrophils use family mem-

bers A1/Bfl-1 (referred to as A1 in the remainder of the text)
and Mcl-1 as their main survival inducing Bcl-2 family mem-
bers (4, 5). Mcl-1 has been shown to be up-regulated in
neutrophils during cytokine-induced apoptosis delay (5), but
effects of Mcl-1 loss on neutrophil apoptosis have yet to be
elucidated. The importance of A1, Bak, and Bax in neutrophil
spontaneous apoptosis regulation has begun to be revealed
through the use of knockout mice (reviewed in Ref. 3). For
example, abolishment of A1 function results in accelerated
neutrophil apoptosis (6) with correspondingly diminished
acute inflammatory responses (7). In contrast, Bak/Bax dou-
ble-knockout mice exhibit increased blood neutrophil num-
bers and multiple developmental defects and die perinatally
(8). A1 is so potently antiapoptotic that its overexpression can
rescue nuclear factor-�B-deficient cell lines from apoptotic
cell death (9). Thus, regulated expression of Bcl-2 family
proteins appears to be an essential control point of sponta-
neous apoptosis in neutrophils and other cells.

In most cell systems, it is the ratio of antiapoptotic to
proapoptotic Bcl-2 family members that is critical in deter-
mining apoptotic status (10). When proapoptotic members
such as Bak are in excess, this signifies a state of apoptosis.
On the other hand, high levels of antiapoptotic family mem-
bers, including A1, heterodimerize with the proapoptotic
family members such as Bak and Bax (11, 12) to limit their
death-initiating actions and delay apoptosis. This life/death
balance through the mitochondrial pathway is in constant
flux in neutrophils. It can be altered at multiple signaling
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check points, is amplified during death receptor ligation via
a BH3-only Bcl-2 family member called Bid (13, 14), and is
highly dependent on the cytokine and steroid milieux of the
neutrophils’ surrounding blood or tissue environment.

Proinflammatory cytokines such as granulocyte colony-
stimulating factor (G-CSF), granulocyte macrophage colony-
stimulating factor (GM-CSF), IL-8, TNF�, and interferon
(IFN)-� delay neutrophil apoptosis by changing the relative
abundance and (or) subcellular location of expressed Bcl-2
family members (reviewed in Refs. 3, 15). For example, neu-
trophil A1 mRNA increases after exposure to G-CSF, GM-
CSF, TNF�, and IFN� (5, 16). Exposure to bacterial products,
such as lipopolysaccharide (LPS), also increases A1 mRNA
and protein in neutrophils located in both blood (5, 16) and
lung (17). In contrast, proapoptotic Bax protein levels were
decreased after GM-CSF (18) and TNF� (5) stimulation of
neutrophils. G-CSF treatment did not alter neutrophil Bax
abundance but dramatically reduced Bax translocation from
the cytosol to mitochondrial membranes (19). Whereas Bak
was unchanged by GM-CSF (18) or TNF� (5), conditioned
culture medium from IL-8-treated neutrophils decreased Bak
abundance in freshly isolated neutrophils (20). Summarizing
across these studies, more of the tested inflammatory me-
diators targeted A1 than Bak or Bax. This may be due to the
fact that the antiapoptotic Bcl-2 family members are ex-
tremely labile (A1 and Mcl-1 mRNA half-life �3 h, Mcl-1
protein half-life �6 h) and thus readily altered in abundance
relative to proapoptotic family members (Bak and Bax pro-
tein half-life � 22 h) (5). In addition, A1 is potently inducible
through nuclear factor-�B signaling (9, 17), such as occurs in
neutrophils exposed to proinflammatory cytokines and LPS
(21). Thus, it may be more efficient for short-lived neutro-
phils to alter the relative ratios of key pro- to antiapoptotic
Bcl-2 family members and consequently apoptotic status
through acute changes in A1 expression vs. more delayed
changes in Bak or Bax expression. Once neutrophils have
served their purpose of pathogen clearance in tissues and the
inflammatory response wanes, the cells’ A1 to Bak and A1 to
Bax ratios revert back to levels that favor apoptosis, and the
mitochondrial death pathway is resumed.

Paradoxically glucocorticoid hormones are potently anti-
apoptotic for neutrophils (22–26) despite their well-known
antiinflammatory activities that decrease the cells’ endothe-
lial adhesion, trafficking, and bacteria killing functions (27–
30). Neutrophils exposed to glucocorticoids possess de-
pressed immune functions that are more typical of apoptotic
cells (31) when in fact the cells’ program of spontaneous
apoptosis is temporarily delayed. Reasons for this apparent
contradiction in cell status are unknown. However, it is pos-
sible that delayed apoptosis enables the body to cope with
glucocorticoid-induced neutrophilia (27, 28), potentially less-
ening the burden on phagocytic networks for a sudden need
to clear huge numbers of senescent neutrophils and limiting
their resultant necrotic cell death and systemic inflammatory
damage (32). Thus, a clear understanding of how glucocor-
ticoids regulate neutrophil apoptosis status will be important
to preventing and treating inflammation.

Although it has been demonstrated that the glucocorti-
coid-induced delay in neutrophil spontaneous apoptosis re-
quires new gene expression and protein synthesis (33), spe-

cific molecular information about how glucocorticoids
achieve this delay in cell death is limited. In an in vivo model
of glucocorticoid challenge, namely bovine parturition, neu-
trophil A1 and Bak mRNA profiles were changed in such a
way as to favor a temporary delay in spontaneous apoptosis
(34). The peak increase in A1 and decrease in Bak mRNA
occurred during peak cortisol concentrations in blood serum
(35). Thus, it is possible that glucocorticoids delay neutrophil
spontaneous apoptosis via effects on A1 and Bak gene ex-
pression and subsequent regulation of downstream events
initiated at the cells’ mitochondrial membranes. This was the
hypothesis of the current study.

Materials and Methods
Animals and blood neutrophil isolations

Bovine neutrophils for the main in vitro experiments of this study (see
below) were obtained as needed from five young male Holstein cattle
donors that were castrated at 1 month of age (steers). The steers were
3–6 months of age during the blood collection period. In a supplemen-
tary experiment, blood neutrophils from three additional steers were
collected before and 9 h after im injections of dexamethasone (0.10
mg/kg body weight at 0 and 6 h) (28) to evaluate protein abundance
changes of A1 and Bak in response to in vivo glucocorticoid adminis-
tration. All animals were fed and housed according to standard oper-
ating procedures at the Dairy Teaching and Research Facility, and their
use for the described experiments was approved by the All University
Committee on Animal Care and Use (approval no. 07/04-104-00), both
organizations of Michigan State University.

For all experiments, blood was drawn by jugular venipuncture into
ACD anticoagulant, and neutrophils were isolated according to our
published Percoll density gradient centrifugation protocol (28). Total
neutrophils were enumerated by electronic counting using a Z1 Coulter
particle counter system (Beckman Coulter Particle Characterization, Mi-
ami, FL). Purity of the neutrophil preparations was always greater than
95% as assessed flow cytometrically (FACSCaliber flow cytometer and
CellQuest software; Becton Dickinson, San Jose, CA) using our pub-
lished G1 immunostaining protocol (29). Viability of freshly isolated
neutrophils, assessed flow cytometrically by propidium iodide uptake,
was always greater than 98%.

Culture of isolated bovine blood neutrophils

Isolated neutrophils were cultured in basic medium consisting of
RPMI 1640 (Invitrogen, Carlsbad, CA), 1.0% fetal bovine serum (low
endotoxin fetal bovine serum; Hyclone, Logan, UT), and 25 U/ml pen-
icillin plus 25 �g/ml streptomycin (Invitrogen). Cultures were incu-
bated at 39 C (normal deep body temperature for cattle) in humidified
5% CO2 for up to 24 h with or without added glucocorticoid. The
glucocorticoid used was dexamethasone (Azium; Schering Plough, An-
imal Health, Kenilworth, NJ) because it binds with high specificity and
affinity to glucocorticoid receptors (36). We have shown in previous
studies that bovine neutrophils express glucocorticoid receptor mRNA
(28, 29) and protein (26). Hormone action was blocked in relevant ex-
periments by pretreatment (30 min) of neutrophils with mifepristone
(RU486; Sigma Chemical Co., St. Louis. MO), a known glucocorticoid
receptor antagonist (37). Concentrations of dexamethasone and RU486
used are described in the various experiments below.

Apoptosis dose response to glucocorticoid receptor agonism
and antagonism

Neutrophil apoptotic status was assessed by dual annexin V-fluo-
rescein isothiocyanate (FITC)/propidium iodide staining with fluores-
cence-activated flow cytometric analysis (34). To determine glucocorti-
coid dose responsiveness of the delay in apoptosis, duplicate cultures of
5 � 105 neutrophils were treated with increasing molar concentrations
of dexamethasone (0, 10�9, 10�8, 10�7, and 10�6 m) in 96-well culture
plates. At each assay time point (0, 6, 12, and 24 h), culture plates were
placed on ice for 5 min to ensure maximum neutrophil retrieval from the
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wells. Neutrophils were transferred to 5-ml polystyrene round-bottom
tubes (Becton Dickinson) and assayed for apoptosis using the protocol
contained in a commercial kit (annexin V-FITC apoptosis detection kit;
BD Biosciences PharMingen, San Diego, CA). Resulting flow cytometric
data were recorded as percent nonapoptotic (i.e. viable) neutrophils,
which were the percentage of cells that were negative for both annexin
V-FITC and propidium iodide staining in two-color density dot plots
(34). Next, apoptotic status was assessed in neutrophils pretreated for 30
min with RU486 at 0-, 10-, 100-, or 1000-fold the molar concentrations of
the most biologically effective dose of dexamethasone in cells aged for
0, 6, 12, and 24 h as before.

Assessment of neutrophil apoptotic status by mitochondrial
membrane staining

Mitochondria membrane integrity was assessed in freshly isolated
neutrophils and after treatment of the cells with 0 or 10�7 m of dexa-
methasone for 12 h using MitoTracker Green FM staining (referred to in
remainder of the text as MitoTracker; Invitrogen-Molecular Probes,
Carlsbad, CA). Neutrophils (2.5 � 105 cells per treatment scenario) were
treated with 100 nm MitoTracker for 30 min at 5% CO2 and 39 C. The
cells were then centrifuged at 500 � g, suspended in basic medium, and
cytocentrifuged onto glass microscope slides (Shandon Cytocentrifuge;
Thermo Shandon Cytospin 4, Pittsburgh, PA) before microscopic eval-
uation and photography using a Leica DM IL microscope fitted with a
Leica DFC480 digital camera system (Leica Microsystems Inc., Bannock-
burn, IL).

Assessment of neutrophil apoptotic status by caspase-9
activity

Neutrophil caspase-9 activity was assessed after dexamethasone
treatment (0 or 10�7 m) � RU486 (10�6 m) for 0, 0.75, 1.5, 3, 6, and 9 h
using a commercially available assay kit (APOPCYTO caspase-9 color-
imetric assay kit; MBL International Corp., Woburn, MA). Control treat-
ments included neutrophils incubated for 9 h in 50 �m caspase-9 in-
hibitor (negative control; z-LEHD-fmk; Calbiochem, La Jolla, CA) or 100
ng/ml soluble Fas ligand (sFasL; positive control; recombinant human
sFasL; Axxora Life Sciences, San Diego, CA) for the final 3 h of the 9-h
culture time. At each time point, 1 � 107 neutrophils were transferred
from 12-well culture plates to microfuge tubes and pelleted by centrif-
ugation (500 � g) for 5 min at 4 C. Supernatants were discarded and the
cell pellets stored at �80 C until the time of assay.

Assessment of caspase-9 activity was performed in duplicate accord-
ing to the manufacturer’s protocol. Briefly, cell pellets were thawed on
ice for 15 min, suspended in 115 �l ice-cold cell lysis buffer, and incu-
bated on ice for 10 min. Samples were centrifuged at 10,000 � g for 5 min
at 4 C to pellet debris, and supernatants (cell lysates) were transferred
to new tubes. The following were then added to the wells of a flat-
bottom, 96-well plate: 50 �l/well of the various cell lysates, 50 �l/well
of 2 � reaction buffer containing 0.01 m dithiothreitol, and 5 �l/well of
0.01 m LEHD-p-nitroanilide (pNA) substrate. Plates were incubated at 37
C for 19.5 h after which the absorbance of pNA freed by caspase-9 activity
was measured at 405 nm (Benchmark plate reader and Microplate Man-
ager III analysis software; Bio-Rad Laboratories, Hercules, CA). Specific
activity (micromole-free pNA divided by the product of milligrams per
milliliter protein and assay time of incubation) was calculated using a
standard curve for absorbance of pNA (supplied with the kit), and total
cell lysate protein added to each well was determined by Lowry assay.
Caspase-9 activity was normalized against total protein added per well.

RNA isolation and quantitative real-time RT-PCR analysis
of A1 and Bak mRNA

Analysis of A1 and Bak mRNA abundance was assessed in neutro-
phils cultured with and without dexamethasone (10�7 m) � RU486 (10�6

m) for 0, 1, 2, and 4 h. Neutrophils were lysed in TRIzol Reagent (In-
vitrogen) at a concentration of 1 � 107 cells/ml TRIzol for 10 min at room
temperature and stored in the same reagent at �80 C. RNA was isolated
according to the manufacturer’s instruction and treated with RQ1
RNase-free DNase (Promega, Madison, WI) as described by the man-
ufacturer. Total RNA concentration and purity were determined with a

ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilming-
ton, DE). cDNA was synthesized from 2 �g total RNA using Superscript
II RnaseH� reverse transcriptase (Invitrogen).

Quantitative real time RT-PCR was performed using the SYBR
Green PCR master mix system for real-time fluorescence detection in
a PE7700 thermal cycler (PerkinElmer Applied Biosystems, Foster
City, CA) and gene-specific primers for A1 and Bak (34). A1 and Bak
PCR amplicons used for the development of standard curves in these
assays were created with the following primers: A1 (284 bp) forward
primer, 5�-CCAGGCAGAAGATGACAG-3� and reverse primer, 5�-
GGTTACAATCCTGCCCCAGTT-3�; and Bak (306 bp) forward
primer, 5�-AGGAGCAGGTAGCCCAGGAC-3� and reverse primer,
5�-CCAGTTGATCCGCTCTCAAAC-3�.

The PCR products were amplified in a reaction mixture containing 1�
PCR buffer, 3 mm MgCl2, 0.2 mm deoxynucleotide triphosphates, 0.2 �m
forward primer, 0.2 �m reverse primer, 35 ng cDNA template (from
bovine total leukocytes), and 1 U/reaction Taq DNA polymerase (In-
vitrogen), brought to a final volume of 25 �l with sterile Milli-Q water.
Reaction conditions used to generate A1 and Bak amplicons were: de-
nature at 95 C for 5 min followed by 35 cycles of 95 C for 30 sec
(denature), 52 C for 30 sec (anneal), and 72 C for 30 sec (extend), and a
final extension at 72 C for 10 min. The resulting single-band amplicons
were gel purified, ligated into the pGEM-T Easy vector (Promega), and
the recombinant plasmids transformed into JM109 competent Escherichia
coli cells (Promega). Positive clones containing the A1 and Bak cDNA
inserts were selected by blue/white colony screening and confirmed by
DNA sequence analysis. Plasmids from white colonies were isolated
using the miniprep plasmid DNA isolation kit (Promega). A1 and Bak
were then amplified from their respective plasmids with the primers
described above and gel purified before dilution for their use as tem-
plates in the quantitative real-time RT-PCR (Q-RT-PCR) standard
curves. Seven concentrations of the A1–284 bp amplicon (0.004–4000
fg/�l), five concentrations of the Bak-306 bp amplicon (0.4–4000 fg/�l),
or 20 ng neutrophil cDNA were added as templates to Q-RT-PCR mix-
tures that contained Q-RT-PCR primers (A1 or Bak from Ref. 34) and
SYBR Green PCR master mix. Amplification efficiency, observed as
parallel slopes of the amplification curves, was similar between the two
templates (amplicon vs. neutrophil cDNA) within each gene of interest.
A1 and Bak mRNA abundance in treated neutrophil samples was cal-
culated using the equation from the linear standard curves for A1–284
bp and Bak-306 bp, which were plotted as the number of PCR cycles to
threshold vs. starting amplicon concentration (in femtograms). All re-
actions, including a negative control (no cDNA template), were run in
triplicate.

Western blot analysis of A1 and Bak

To assess protein abundance changes of A1 and Bak, neutrophil
cytosolic fractions were prepared with a protocol published elsewhere
(modified from Ref. 28). Isolated neutrophils were treated in vitro for 3,
6, and 9 h in the presence or absence of dexamethasone (10�7 m) � RU486
(10�6 m) and also were examined before and 9 h after administration of
dexamethasone in vivo. To obtain cytosol preparations, pelleted neu-
trophils were suspended in cell disruption solution [0.34 m sucrose,
0.01 m Tris-HCl (pH 6.8), 0.005 m EGTA, and Complete, miniprotease
inhibitor cocktail tablet (1 tablet per 10 ml disruption solution; Roche
Applied Science, Indianapolis, IN)] and sonicated before centrifugation
at 2000 � g for 15 min at 4 C. Resulting cell lysates were then centrifuged
at 100,000 � g for 30 min at 4 C. Supernatants were boiled after addition
of 5� sample buffer [0.25 m Tris-HCl (pH 6.8), 50% glycerol, 10% sodium
dodecyl sulfate] to result in cytosolic preparations containing 0.05 m
Tris-HCl (pH 6.8), 10% glycerol, and 2% sodium dodecyl sulfate. Cytosol
preparations (40 �g total protein per lane) were subjected to SDS-PAGE
using 15% gels for A1 detection and 12.5% gels for Bak detection. Pro-
teins were transferred to nitrocellulose membranes overnight at 4 C and
blocked for 1 h at room temperature with SuperBlock blocking buffer (in
Tris-buffered saline; Pierce Biotechnology, Rockford, IL). After washing
once with buffer of Tris-buffered saline and Tween 20, membranes were
incubated with either anti-Bak antibody (rabbit polyclonal IgG; catalog
no. H-211: sc7873; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or
anti-A1 antibody (rabbit polyclonal IgG; catalog no. FL-175: sc8351;
Santa Cruz Biotechnology) for 1 h at room temperature, washed again,
and incubated with detection antibody (goat antirabbit IgG horseradish
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peroxidase conjugated; Pierce Biotechnology) at room temperature for
1 h. Blots were developed using the SuperSignal West Pico chemilumi-
nescent substrate system (Pierce Biotechnology), photographed,
stripped, and reprobed with anti-�-actin antibody (mouse monoclonal
IgG1; catalog no. AC-15: ab6276; Abcam Ltd., Cambridge, MA) as a
lane-loading control (28). Resulting bands from chemiluminescent de-
tection were analyzed with a scanning densitometer (GS-710 calibrated
imaging densitometer and Multi-Analyst software; Bio-Rad) and A1 and
Bak protein abundance recorded as density ratios to �-actin.

Statistical analysis

Data are summarized in the results as least squares means � sem.
When necessary for statistical analysis, data were log transformed for
better normal distribution approximation. Statistical analysis was per-
formed using the MIXED procedure of SAS (38), with a model that
included the fixed effect of experimental group (no treatment, dexa-
methasone, RU486, and RU486 plus dexamethasone) and the random
effects of steer (n � 3–5) and steer � group interaction. Regression
analysis was used in the dexamethasone and RU486 dose-response
experiments to determine the most biologically effective concentrations
of each for use in all subsequent experiments. When the steer � group
interaction was significant, such as with the mRNA abundance data, the
effect of one factor (e.g. RU486) was examined within each level of the
other factor (e.g. dexamethasone 0 m vs. 10�7 m) using the SLICE function
within the MIXED procedure of SAS. Significant differences between
treatments were declared when P � 0.05.

Results
Dexamethasone caused a dose-dependent delay in
spontaneous neutrophil apoptosis that was inhibited by all
doses of RU486 tested

Before examining direct effects of dexamethasone on mi-
tochondrial membrane stability, caspase-9 activity, and A1
and Bak abundance, we determined the most effective dose
of the steroid at which spontaneous neutrophil apoptosis
was delayed. Neutrophil cultures containing 10�9, 10�8,
10�7, or 10�6 m dexamethasone all had significantly more
nonapoptotic (i.e. viable) cells at 24 h relative to cultures with
no dexamethasone (0 m, Fig. 1A). The dose response was
curvilinear (quadratic) in shape, and the dose of dexameth-
asone that most effectively delayed neutrophil apoptosis at
24 h was estimated by regression analysis to lie between 10�8

and 10�7 m. The 10�7 m dose was selected for use in all
subsequent experiments because it also best approximated
the concentration of serum glucocorticoid achieved in vivo
during bovine parturition, the animal model in which we
first observed neutrophil gene expression changes in A1 and
Bak (34, 35). Pretreatment of neutrophils with 10�6, 10�5, or
10�4 m of RU486 removed the apoptosis delaying effect of
10�7 m dexamethasone. Figure 1B demonstrates that as little
as 10-fold excess of RU486 abrogated the dexamethasone
effect without itself inducing apoptosis and, as a result, 10�6

m RU486 was used in all subsequent experiments. Although
RU486 antagonizes both glucocorticoid and progesterone
receptors, it is unlikely that the antagonistic effect on glu-
cocorticoid-induced apoptosis delay occurred via the pro-
gesterone receptor because this receptor has not been de-
tected in bovine neutrophils (see Ref. 39) (Burton, J. L., S. A.
Madsen-Bouterse, and P. S. D. Weber, manuscript in prep-
aration). Thus, the dexamethasone-induced delay in bovine
neutrophil spontaneous apoptosis we observed was medi-
ated via glucocorticoid receptor activation and inhibited by
RU486 antagonism of this receptor.

Dexamethasone treatment maintained neutrophil
mitochondria membrane integrity during ex vivo aging

The integrity of neutrophil mitochondrial membranes was
examined in this study with the aid of MitoTracker (19). This
fluorescent dye preferentially accumulates in the lipid en-
vironment of mitochondrial membranes regardless of overall
membrane potential (40). Freshly isolated neutrophils dem-
onstrated a crisp, bright green staining of their tubular mi-
tochondria (Fig. 2A, top panel) and did not stain with annexin
V-FITC or propidium iodide (Fig. 2B, top panel). After 12 h of
ex vivo aging without added dexamethasone, most neutro-
phils showed a diffuse cytosolic staining pattern with Mi-
toTracker, indicative of mitochondrial membrane demise,
and this correlated with advanced apoptosis (annexin V-
FITC/propidium iodide staining) in the cells (Fig. 2, A and
B, middle panels). In contrast, neutrophils aged for 12 h in the
presence of 10�7 m dexamethasone showed crisp, bright
green MitoTracker staining, similar to that of freshly isolated
cells, indicating that the organelles’ membranes remained
intact and correlating well with their significantly reduced

FIG. 1. Glucocorticoid delayed spontaneous apoptosis in bovine neu-
trophils is dose responsive and inhibited by RU486. A, A significantly
higher percent of nonapoptotic neutrophils (determined flow cyto-
metrically as negative for annexin V-FITC/propidium iodide staining)
was detected after 24 h of ex vivo aging in the presence of dexameth-
asone. A quadratic relationship [ŷ � �254.12 � 80.28(x) � 5.4518(x2)
where x � log(concentration)] was observed for the dexamethasone
dose response. Using this regression equation, the dose of dexameth-
asone that was biologically most effective in preserving neutrophil
viability was estimated to be between 10�8 and 10�7 M. B, A 30-min
pretreatment with 10�6 M of RU486 before the addition of 10�7 M
dexamethasone (Dex) for 24 h removed the neutrophil apoptosis de-
laying effect of the glucocorticoid (steer n � 5). *, P � 0.05 relative to
all other treatments.
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rate of apoptosis (Fig. 2, A and B, bottom panels). Thus, the
biologically effective dose of dexamethasone that delayed
spontaneous apoptosis in bovine neutrophils likely did so in
part by delaying mitochondrial membrane decay.

Dexamethasone treatment delayed activation of caspase-9 in
neutrophils aged ex vivo

Maintenance of mitochondria outer membranes occurred
in conjunction with decreased caspase-9 activation in the
dexamethasone-treated neutrophils (Fig. 3A). Significantly
less caspase-9 activity was observed after 6 and 9 h in dex-
amethasone-treated neutrophils relative to untreated cells.
Pretreatment of the neutrophils with RU486 removed the
inhibiting effect of dexamethasone on caspase-9 activation
(Fig. 3B). In addition, dexamethasone-mediated decreases in
caspase-9 activity were similar to decreases observed in neu-

trophils treated with LEHD-fmk, a known caspase-9 inhib-
itor (Fig. 3B). Activation of caspase-9 in untreated and
RU486-treated neutrophils was similar to levels induced by
sFasL, a known activator of caspase-9 (Fig. 3B). These results,
in conjunction with the mitochondria morphology data from
aging neutrophils, indicate that actions of glucocorticoids on
neutrophil spontaneous apoptosis are targeted at the pres-
ervation of mitochondrial membrane integrity and corre-
sponding down regulation of the caspase-9 death-inducing
pathway.

Dexamethasone treatment altered neutrophil abundance of
A1 and Bak

Because A1 and Bak coregulate the rate of mitochondrial
membrane demise and downstream activation of caspase-9
and dexamethasone delayed these events, we next tested
whether this glucocorticoid affects neutrophil abundance of
A1 and Bak. First, isolated neutrophils were incubated up to
4 h in the presence or absence of dexamethasone � RU486
pretreatment and analyzed for A1 and Bak mRNA by Q-RT-

FIG. 2. Glucocorticoid treatment of neutrophils during ex vivo aging
delayed their spontaneous apoptosis in conjunction with maintenance
of mitochondrial membrane stability. Freshly isolated neutrophils
(top panels) contained intact, tubular mitochondria, visualized as
focused, bright green staining with MitoTracker (A) and showed no
evidence of apoptosis based on annexin V-FITC binding (B). Neutro-
phils cultured in basic medium for 12 h (middle panels) contained
disrupted mitochondria, visualized as diffuse intracellular staining
with MitoTracker (A), and were highly apoptotic based on annexin
V-FITC binding (74.05% of neutrophils; B). Inclusion of dexametha-
sone (Dex) for the 12 h incubation (bottom panels) maintained the
stability of mitochondrial membranes (A) and dramatically reduced
neutrophil apoptosis (26.43% annexin V-FITC-positive cells in B).
Figures are representative of neutrophils from n � 3 steers.

FIG. 3. Glucocorticoid treatment delayed the activation of caspase-9
in neutrophils aged ex vivo over 9 h. A, Dexamethasone (Dex; 10�7 M)
significantly inhibited caspase-9 activation at 6 and 9 h of treatment
[specific activity � micromole-free pNA/(milligrams per milliliter pro-
tein � assay incubation hour)]. B, Caspase-9 activation in dexameth-
asone (Dex)-treated neutrophils aged for 9 h ex vivo (shown as fold
change relative to no treatment) was not different from that observed
in neutrophils treated with the caspase-9 inhibitor LEHD-fmk. No
treatment and RU486 pretreatment resulted in high caspase-9 ac-
tivities that were similar to that observed in positive control cells
(neutrophils treated with sFasL). Cells from n � 4 steers. *, P � 0.05
relative to no treatment.
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PCR. Representative standard curves used for the quantifi-
cation of A1 and Bak mRNA are depicted in Fig. 4, A and C
(linearity R2 � 98.00%). Dexamethasone was observed to
have an acute but short lived up-regulating effect on neu-
trophil A1 mRNA abundance, which peaked at 2.4-fold
above that of untreated cells at 1 h (P � 0.05; Fig. 4B), de-
creased to 1.4-fold above by 2 h (P � 0.05; not shown), and
was absent by 4 h (not shown). Pretreatment with RU486 did
not fully reverse the effect of dexamethasone on A1 mRNA
up-regulation at 1 h (Fig. 4B) or 2 h (not shown), although A1
mRNA levels in the RU486-treated cells were not signifi-
cantly different from levels in untreated cells (Fig. 4B). In
contrast to its acute effects on A1, it took 4 h for dexameth-
asone to affect Bak and the effect was a modest (�2-fold)
down-regulation of Bak mRNA abundance in the treated vs.
untreated cells (Fig. 4D). RU486 pretreatment of the neutro-
phils caused total reversal of the dexamethasone-induced
down-regulation of Bak (Fig. 4D). These results suggest that
dexamethasone has direct regulatory effects on A1 and Bak
gene expression in bovine blood neutrophils, which for Bak
is clearly mediated by steroid-activated glucocorticoid re-
ceptors. However, the role of glucocorticoid receptor acti-
vation in mediating A1 mRNA abundance changes during
dexamethasone treatment was less clear.

Subsequently Western blotting was used to evaluate in
vitro (3, 6, and 9 h in culture) and in vivo (0 h vs. 9 h after
administration) effects of dexamethasone on neutrophil A1
and Bak protein abundance. Both proteins were abundant in
neutrophil cytosolic fractions (Figs. 5A and 6A) with rela-
tively low (almost undetectable) levels found in organelle
fractions that contained mitochondrial membranes (not
shown). In vitro, an overall effect of treatment group was
detected for A1 (P � 0.05) and was observed at all time points
(representative blot from 9-h samples in Fig. 5A). Averaged
over the time points, dexamethasone caused a 3.3-fold in-

crease (P � 0.025; Fig. 5B) in A1 protein abundance, which
was completely inhibited by RU486 pretreatment. Thus, at
the protein level, dexamethasone-induced up-regulation of
A1 abundance was mediated via glucocorticoid receptor ac-
tivation. In contrast to it effects on Bak mRNA abundance,
dexamethasone did not affect Bak protein abundance in cul-
tured neutrophils (Fig. 5, A and C). However, we detected a
5.4-fold down-regulation (P � 0.01) of Bak protein abun-
dance in circulating neutrophils 9 h after dexamethasone
administration in vivo (Fig. 6, A and C), with a concurrent
2.4-fold up-regulation (P � 0.01) of A1 protein abundance
(Fig. 6, A and B). This shift in pro- and antiapoptotic proteins
occurred in conjunction with a pronounced leukocytosis (not
shown), which we documented in previous studies to result
from steroid-induced mature neutrophilia (26–29). Thus, by
virtue of its ability to increase the A1 to Bak expression ratio
in neutrophils and delay downstream mitochondrial mem-
brane decay, caspase-9 activation, and apoptosis, dexameth-
asone may induce temporary neutrophilia in vivo by extend-
ing the life of circulating cells. In vitro, direct effects of
dexamethasone on neutrophil survival appeared to target
primarily A1 because Bak protein abundance was not al-
tered, further suggesting that additional glucocorticoid-re-
sponsive factor(s) present in vivo but not in our minimal
culture system may be required to effect changes in the Bak
expression system of bovine blood neutrophils.

Discussion

Glucocorticoid-induced delay in spontaneous apoptosis
has been documented in human (22, 23), rodent (24), and carp
neutrophils (25), but the processes involved are relatively
unknown. To date, antiapoptotic mechanisms explored have
included glucocorticoid effects on the activity of reactive
oxygen species (ROS) (41) and regulation of Fas gene ex-

FIG. 4. Abundance of A1 and Bak
mRNA was altered by dexamethasone
treatment. A, The A1 Q-RT-PCR stan-
dard curve made with the A1–284 bp
amplicon. B, A1 mRNA abundance was
increased (P � 0.05) after 1 h of dexa-
methasone (Dex) treatment. Pretreat-
ment with RU486 partially blocked the
effect of dexamethasone on A1 mRNA
abundance. C, The Bak Q-RT-PCR
standard curve made with the Bak-306
bp amplicon. D, Bak mRNA abundance
was decreased (P � 0.05) after 4 h of
dexamethasone (Dex) treatment. Pre-
treatment with RU486 eliminated this
effect. B and D, Neutrophils from n � 4
steers. *, P � 0.05 relative to no treat-
ment.

Madsen-Bouterse et al. • Glucocorticoid Regulation of A1 and Bak Endocrinology, August 2006, 147(8):3826–3834 3831

 on August 18, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


pression (26). Results of the current study show for the first
time that an additional action of glucocorticoid on neutrophil
apoptosis delay may be its targeting of the cells’ mitochon-
drial membrane stability system that contributes to sponta-
neous apoptosis regulation. Key findings to support this
observation were that dexamethasone delayed mitochon-
drial membrane demise (Fig. 2) and caspase-9 activation (Fig.
3) in bovine neutrophils aged ex vivo. Because Bcl-2 proteins
are critical regulators of mitochondrial membrane stability
and downstream activity of caspase-9 in neutrophils from
other species (3, 15), it was of interest to determine whether
glucocorticoid-mediated changes in family members A1 and
Bak also occurred. We had previously observed a significant
increase in A1 and decrease in Bak mRNA abundance in

circulating bovine neutrophils sampled during the cortisol
surge at parturition (34).

In this study, neutrophils treated with dexamethasone and
aged ex vivo had significantly increased A1 protein abun-
dance, compared with untreated cells (Fig. 5, A and B), which
may have resulted from corresponding increases in A1
mRNA abundance (Fig. 4B). Pretreatment with RU486, a
potent glucocorticoid receptor antagonist, removed the effect
of dexamethasone on A1 protein increase showing that the
steroid’s actions on A1 were direct and mediated through the
cell’s glucocorticoid receptors. Dexamethasone administra-
tion into steers also resulted in increased A1 protein abun-
dance in circulating neutrophils (Fig. 6, A and B). In vivo A1
increases occurred in conjunction with neutrophil driven
leukocytosis that is typical in steroid-treated animals (26–29).
Previous work of others demonstrated that changes in A1
abundance occur when neutrophils are exposed to a variety
of proinflammatory factors, including G-CSF (16), GM-CSF,
TNF�, IFN� (5), and LPS (16, 17). Our results extend these
findings to include glucocorticoids as an acute and direct
inducer of A1 abundance in bovine neutrophils.

Our results of effects of dexamethasone on neutrophil Bak
expression were not as clear-cut as for A1. For example,

FIG. 5. Cytosolic abundance of A1 in neutrophils was altered by dexa-
methasone (Dex) treatment over 9 h of ex vivo aging, whereas Bak
abundance was unchanged. A, Western blots demonstrating that A1
protein was increased and Bak protein unchanged in neutrophils
treated for 9 h with dexamethasone (compared with untreated cells).
�-Actin was used as the lane-loading control. In B and C, bands
visualized by chemiluminescence were analyzed by scanning densi-
tometry and A1 and Bak protein abundance recorded as density ratios
to �-actin. B, A1 protein was significantly increased in dexametha-
sone-treated neutrophils regardless of time in culture (up to 9 h).
Shown is the mean A1 abundance over all culture times. Pretreat-
ment with RU486 removed the effect of dexamethasone on A1 protein
abundance. C, Dexamethasone treatment did not affect Bak abun-
dance at any time point tested (not shown) or across all time points.
Differences in protein abundance between treatments assessed in n �
5 steers. *, P � 0.05 relative to no treatment.

FIG. 6. Dexamethasone (Dex) administration into three steers al-
tered the abundance of A1 and Bak proteins in circulating neutro-
phils. The Western blots in A show that A1 protein was increased,
whereas Bak protein was decreased in neutrophils at 9 h after dexa-
methasone administration, compared with before steroid adminis-
tration. �-Actin was used as the lane-loading control. In B and C,
bands visualized by chemiluminescence were analyzed by scanning
densitometry and A1 and Bak protein abundance recorded as density
ratios to �-actin. B, A1 protein exhibited a significant 2.4-fold increase
in neutrophils after dexamethasone administration. C, Bak exhibited
a significant 5.4-fold decrease in the same neutrophils. *, P � 0.05
relative to before dexamethasone administration.
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whereas Bak mRNA abundance was significantly reduced by
dexamethasone treatment in vitro and this glucocorticoid
effect was also inhibited by RU486 (Fig. 4D), corresponding
decreases in Bak protein abundance were not detectable in
the dexamethasone-treated cells (Fig. 5, A and C). In contrast,
clear decreases in Bak protein were observed in circulating
neutrophils after dexamethasone administration in vivo (Fig.
6, A and C). The inconsistency between our in vitro and in vivo
Bak protein results may be related to the minimal culture
system used for the in vitro experiments. For example, Bak
protein down-regulation in response to the steroid may re-
quire additional glucocorticoid-induced (or suppressed) fac-
tors from other cell types that are present in vivo but not in
vitro. We speculate that such factor(s) may help regulate Bak
protein synthesis, half-life, and (or) subcellular location in
neutrophils. One such factor may be G-CSF, which is mas-
sively increased in blood of humans treated with dexameth-
asone (42) and well known to delay neutrophil apoptosis (14,
19). The lack of Bak protein decrease in vitro also may have
resulted from cell activation during the neutrophil isolation
procedure and (or) due to the nonphysiological environment
of our minimal cell culture system. However, we feel that
these are unlikely explanations as neutrophil activation typ-
ically results in delayed apoptosis, which was not observed
in our control (0 m dexamethasone, 0 m RU486) cultures.

Alternatively, differences between our in vitro and in vivo
Bak protein results may have been related to the neutrophil-
driven leukocytosis that occurs in steroid-treated animals.
Glucocorticoid-induced neutrophilia derives largely from
demargination of mature neutrophils tethered to blood ves-
sel endothelia, although increased bone marrow release of
mature neutrophils (some band but mostly segmented cells)
also contributes to the increase in circulating neutrophil
counts (28, 35). Thus, the population of circulating neutro-
phils sampled 9 h after dexamethasone administration may
be somewhat younger on average than the blood cells sam-
pled from animals to which the steroid had not been ad-
ministered, possibly explaining differences in Bak expression
and (or) sensitivity of the Bak system to glucocorticoid chal-
lenge. Furthermore, the effective dose of dexamethasone
available to circulating neutrophils in vivo may be different
from that used in the in vitro experiments.

Estimated blood dexamethasone concentrations after im
administration are approximately 1000-fold higher than
what was used in our in vitro studies (43). With the numerous
other cells and tissues found in vivo, it is unlikely that neu-
trophils would absorb all available dexamethasone. This
large dose would also affect surrounding cells, potentially
stimulating release of factors capable of altering Bak abun-
dance. Thus, whereas we have shown that glucocorticoid
directly regulates Bak mRNA abundance in bovine neutro-
phils, other as-yet-unidentified factors must be required to
translate the mRNA abundance change into altered Bak pro-
tein abundance and (or) availability in vitro.

Other considerations to help explain our observations are
that A1 abundance changes may be relatively more impor-
tant to the apoptotic status of bovine blood neutrophils than
changes in Bak (6, 8). With conflicting reports of whether A1
and Bak interact (11, 44), it would seem relevant in future
studies to determine whether glucocorticoid-mediated in-

creases in A1 abundance creates competition with existing
Bak proteins for the formation of A1/Bak heterodimers and
thereby limit the availability of Bak/Bak homodimers for
mitochondrial membrane pore formation. It is also possible
that interactions between hormone-activated glucocorticoid
receptors, A1, and Bak in neutrophil apoptosis control in-
volve association between some or all of these molecules
with the BH3-only Bcl-2 family member Bid. Bid undergoes
cleavage to truncated Bid (tBid) during Fas-induced apopto-
sis (13) as well as spontaneous or ROS-induced apoptosis (14,
45). A1 associates with tBid to inhibit its activation of Bak
(12). Thus, the increases in A1 we observed in glucocorticoid-
treated neutrophils may have delayed the cells’ apoptosis by
decreasing interactions between tBid and Bak. It is perhaps
not coincidental, and may be critical to apoptosis regulation,
that glucocorticoids also inhibit expression of ROS-generat-
ing genes (35), ROS production (46), and Fas expression in
treated neutrophils (26). Therefore, glucocorticoid control of
A1 may act as not only a key regulatory point in the spon-
taneous death of neutrophils through the mitochondrial
pathway but also a link between the spontaneous and death
receptor-induced apoptosis pathways. Regardless, it does
appear that the relative ratio of pro- and antiapoptotic Bcl-2
family members is a pivotal control point in neutrophil ap-
optosis regulation (10), and, given the A1 and Bak abundance
results of the current study, the role of glucocorticoids in
altering the ratio of these Bcl-2 proteins and subsequent
effects on the inflammatory behaviors of neutrophils warrant
further investigation.

In summary, our observations suggest that glucocorticoid-
induced changes in A1 and Bak abundance may be part of
the mechanism by which this steroid preserves mitochon-
drial membrane integrity and delays spontaneous apoptosis
in bovine blood neutrophils. Understanding the molecules
affected during glucocorticoid regulation of neutrophil ap-
optosis may provide insight into the seemingly contradictory
actions of this steroid to delay apoptosis and concurrently
provide potent antiinflammatory signals to neutrophils. In
the case of Bak, it may be necessary for glucocorticoids to
influence or act in conjunction with other factors or cells
present in a whole animal system to transform the in vitro
mRNA abundance changes we observed into changes in Bak
protein abundance. Whether changes in A1 and Bak alone or
in conjunction with glucocorticoid-mediated decreases in
death receptor signaling were responsible for observed sta-
bility of mitochondria membranes and inhibited caspase-9
activation in glucocorticoid-treated neutrophils has yet to be
determined. In either scenario, results of this study implicate
likely roles for A1 and Bak expression, and subsequent mi-
tochondrial membrane stability, in glucocorticoid-mediated
delay of neutrophil spontaneous apoptosis.

Acknowledgments

We thank Dr. Paul Coussens for critical review of the manuscript; Dr.
Patty Weber, Ms. Ling-Chu Chang, and Ms. Kelly Buckham for their
assistance with animal handling and blood collections; Ms. Chang for
assistance with generation of standard curves for real-time PCR; and Mr.
Bob Kreft and his staff at the Michigan State University-Dairy Teaching
and Research Facility for their excellent care of the steers used in this
study.

Madsen-Bouterse et al. • Glucocorticoid Regulation of A1 and Bak Endocrinology, August 2006, 147(8):3826–3834 3833

 on August 18, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


Received February 3, 2006. Accepted April 27, 2006.
Address all correspondence and requests for reprints to: Dr. Jeanne

L. Burton, Immunogenetics Laboratory, Department of Animal Science,
1205E Anthony Hall, Michigan State University, East Lansing, Michigan
48824. E-mail: burtonj@msu.edu.

This work was supported by funds from the Michigan Agricultural
Experiment Station Project MICL01836 and MIC01691 (for J.L.B.’s par-
ticipation in U.S. Department of Agriculture Multistate Research Project
NC-1010) and USDS-IFAFS Grant 2001-52100-11211.

Current address for S.A.M.-B.: Perinatology Research Branch, Na-
tional Institute of Child Health and Human Development/National
Institutes of Health/Department of Health and Human Services, Be-
thesda, Maryland 20892 and Detroit, Michigan 48201.

S.A.M.-B., G.J.M.R., and J.L.B. have nothing to declare.

References

1. Dancey JT, Deubelbeiss KA, Harker LA, Finch CA 1976 Neutrophil kinetics
in man. J Clin Invest 58:705–715

2. Homburg CH, Roos D 1996 Apoptosis of neutrophils. Curr Opin Hematol
3:94–99

3. Simon HU 2003 Neutrophil apoptosis pathways and their modifications in
inflammation. Immunol Rev 193:101–110

4. Santos-Beneit AM, Mollinedo F 2000 Expression of genes involved in initi-
ation, regulation, and execution of apoptosis in human neutrophils and during
neutrophil differentiation of HL-60 cells. J Leukoc Biol 67:712–724

5. Moulding DA, Akgul C, Derouet M, White MR, Edwards SW 2001 BCL-2
family expression in human neutrophils during delayed and accelerated ap-
optosis. J Leukoc Biol 70:783–792

6. Hamasaki A, Sendo F, Nakayama K, Ishida N, Negishi I, Hatakeyama S 1998
Accelerated neutrophil apoptosis in mice lacking A1-a, a subtype of the bcl-
2-related A1 gene. J Exp Med 188:1985–1992

7. Orlofsky A, Weiss LM, Kawachi N, Prystowsky MB 2002 Deficiency in the
anti-apoptotic protein A1-a results in a diminished acute inflammatory re-
sponse. J Immunol 168:1840–1846

8. Lindsten T, Ross AJ, King A, Zong WX, Rathmell JC, Shiels HA, Ulrich E,
Waymire KG, Mahar P, Frauwirth K, Chen Y, Wei M, Eng VM, Adelman DM,
Simon MC, Ma A, Golden JA, Evan G, Korsmeyer SJ, MacGregor GR,
Thompson CB 2000 The combined functions of proapoptotic Bcl-2 family
members bak and bax are essential for normal development of multiple tissues.
Mol Cell 6:1389–1399

9. Wang CY, Guttridge DC, Mayo MW, Baldwin Jr AS 1999 NF-�B induces
expression of the Bcl-2 homologue A1/Bfl-1 to preferentially suppress che-
motherapy-induced apoptosis. Mol Cell Biol 19:5923–5929

10. Dragovich T, Rudin CM, Thompson CB 1998 Signal transduction pathways
that regulate cell survival and cell death. Oncogene 17:3207–3213

11. Holmgreen SP, Huang DC, Adams JM, Cory S 1999 Survival activity of Bcl-2
homologs Bcl-w and A1 only partially correlates with their ability to bind
pro-apoptotic family members. Cell Death Differ 6:525–532

12. Werner AB, de Vries E, Tait SW, Bontjer I, Borst J 2002 Bcl-2 family member
Bfl-1/A1 sequesters truncated bid to inhibit its collaboration with pro-apop-
totic Bak or Bax. J Biol Chem 277:22781–22788

13. Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M, Thompson
CB, Korsmeyer SJ 2000 tBID, a membrane-targeted death ligand, oligomerizes
BAK to release cytochrome c. Genes Dev 14:2060–2071

14. Maianski NA, Roos D, Kuijpers TW 2004 Bid truncation, bid/bax targeting
to the mitochondria, and caspase activation associated with neutrophil apo-
ptosis are inhibited by granulocyte colony-stimulating factor. J Immunol 172:
7024–7030

15. Maianski NA, Maianski AN, Kuijpers TW, Roos D 2004 Apoptosis of neu-
trophils. Acta Haematol 111:56–66

16. Chuang PI, Yee E, Karsan A, Winn RK, Harlan JM 1998 A1 is a constitutive
and inducible Bcl-2 homologue in mature human neutrophils. Biochem Bio-
phys Res Commun 249:361–365

17. Kupfner JG, Arcaroli JJ, Yum HK, Nadler SG, Yang KY, Abraham E 2001 Role
of NF-�B in endotoxemia-induced alterations of lung neutrophil apoptosis.
J Immunol 167:7044–7051

18. Weinmann P, Gaehtgens P, Walzog B 1999 Bcl-Xl- and Bax-�-mediated reg-
ulation of apoptosis of human neutrophils via caspase-3. Blood 93:3106–3115

19. Maianski NA, Mul FP, van Buul JD, Roos D, Kuijpers TW 2002 Granulocyte
colony-stimulating factor inhibits the mitochondria-dependent activation of
caspase-3 in neutrophils. Blood 99:672–679

20. Grutkoski PS, Graeber CT, Ayala A, Simms HH 2002 Paracrine suppression
of apoptosis by cytokine-stimulated neutrophils involves divergent regulation
of NF-�B, Bcl-X(L), and Bak. Shock 17:47–54

21. Chen F, Castranova V, Shi X 2001 New insights into the role of nuclear
factor-�B in cell growth regulation. Am J Pathol 159:387–397

22. Cox G 1995 Glucocorticoid treatment inhibits apoptosis in human neutrophils.
Separation of survival and activation outcomes. J Immunol 154:4719–4725

23. Liles WC, Dale DC, Klebanoff SJ 1995 Glucocorticoids inhibit apoptosis of
human neutrophils. Blood 86:3181–3188

24. Nittoh T, Fujimori H, Kozumi Y, Ishihara K, Mue S, Ohuchi K 1998 Effects
of glucocorticoids on apoptosis of infiltrated eosinophils and neutrophils in
rats. Eur J Pharmacol 354:73–81

25. Weyts FA, Flik G, Verburg-van Kemenade BM 1998 Cortisol inhibits apo-
ptosis in carp neutrophilic granulocytes. Dev Comp Immunol 22:563–572

26. Chang LC, Madsen SA, Toelboell T, Weber PS, Burton JL 2004 Effects of
glucocorticoids on Fas gene expression in bovine blood neutrophils. J Endo-
crinol 183:569–583

27. Burton JL, Kehrli Jr ME, Kapil S, Horst RL 1995 Regulation of l-selectin and
CD18 on bovine neutrophils by glucocorticoids: effects of cortisol and dexa-
methasone. J Leukoc Biol 57:317–325

28. Weber PS, Toelboell T, Chang LC, Tirrell JD, Saama PM, Smith GW, Burton
JL 2004 Mechanisms of glucocorticoid-induced down-regulation of neutrophil
l-selectin in cattle: evidence for effects at the gene-expression level and pri-
marily on blood neutrophils. J Leukoc Biol 75:815–827

29. Weber PS, Madsen SA, Smith GW, Ireland JJ, Burton JL 2001 Pre-transla-
tional regulation of neutrophil l-selectin in glucocorticoid-challenged cattle.
Vet Immunol Immunopathol 83:213–240

30. Goulding NJ, Euzger HS, Butt SK, Perretti M 1998 Novel pathways for
glucocorticoid effects on neutrophils in chronic inflammation. Inflamm Res
47(Suppl 3):S158–S165

31. Whyte MK, Meagher LC, MacDermot J, Haslett C 1993 Impairment of func-
tion in aging neutrophils is associated with apoptosis. J Immunol 150:5124–
5134

32. Garlichs CD, Eskafi S, Cicha I, Schmeisser A, Walzog B, Raaz D, Stumpf C,
Yilmaz A, Bremer J, Ludwig J, Daniel WG 2004 Delay of neutrophil apoptosis
in acute coronary syndromes. J Leukoc Biol 75:828–835

33. Cox G, Austin RC 1997 Dexamethasone-induced suppression of apoptosis in
human neutrophils requires continuous stimulation of new protein synthesis.
J Leukoc Biol 61:224–230

34. Madsen SA, Chang LC, Hickey MC, Rosa GJ, Coussens PM, Burton JL 2004
Microarray analysis of gene expression in blood neutrophils of parturient
cows. Physiol Genomics 16:212–221

35. Burton JL, Madsen SA, Chang LC, Weber PS, Buckham KR, van Dorp R,
Hickey MC, Earley B 2005 Gene expression signatures in neutrophils exposed
to glucocorticoids: a new paradigm to help explain “neutrophil dysfunction”
in parturient dairy cows. Vet Immunol Immunopathol 105:197–219

36. Miller AH, Spencer RL, Hassett J, Kim C, Rhee R, Ciurea D, Dhabhar F,
McEwen B, Stein M 1994 Effects of selective type I and II adrenal steroid
agonists on immune cell distribution. Endocrinology 135:1934–1944

37. Agarwal MK 1996 The antiglucocorticoid action of mifepristone. Pharmacol
Ther 70:183–213

38. SAS Institute 2000 SAS/STAT software, version 8. SAS Institute Inc., Cary, NC
39. Winters KR, Meyer E, Van Merris VM, Van Den Broeck WL, Duchateau L,

Burvenich C 2003 Sex steroid hormones do not influence the oxidative burst
activity of polymorphonuclear leukocytes from ovariectomized cows in vitro.
Steroids 68:397–406

40. Pendergrass W, Wolf N, Poot M 2004 Efficacy of MitoTracker Green and
CMXrosamine to measure changes in mitochondrial membrane potentials in
living cells and tissues. Cytometry A 61:162–169

41. Ruiz LM, Bedoya G, Salazar J, Garcia de OD, Patino PJ 2002 Dexamethasone
inhibits apoptosis of human neutrophils induced by reactive oxygen species.
Inflammation 26:215–222

42. Jilma B, Stohlawetz P, Pernerstorfer T, Eichler HG, Mullner C, Kapiotis S
1998 Glucocorticoids dose-dependently increase plasma levels of granulocyte
colony stimulating factor in man. J Clin Endocrinol Metab 83:1037–1040

43. Toutain PL, Brandon RA, Alvinerie M, Garcia-Villar R, Ruckebusch Y 1982
Dexamethasone in cattle: pharmacokinetics and action on the adrenal gland.
J Vet Pharmacol Ther 5:33–43

44. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, Adams JM, Huang
DC 2005 Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but not Bcl-2,
until displaced by BH3-only proteins. Genes Dev 19:1294–1305

45. Scheel-Toellner D, Wang K, Craddock R, Webb PR, McGettrick HM, Assi
LK, Parkes N, Clough LE, Gulbins E, Salmon M, Lord JM 2004 Reactive
oxygen species limit neutrophil life span by activating death receptor signal-
ing. Blood 104:2557–2564

46. Dandona P, Mohanty P, Hamouda W, Aljada A, Kumbkarni Y, Garg R 1999
Effect of dexamethasone on reactive oxygen species generation by leukocytes
and plasma interleukin-10 concentrations: a pharmacodynamic study. Clin
Pharmacol Ther 66:58–65

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

3834 Endocrinology, August 2006, 147(8):3826–3834 Madsen-Bouterse et al. • Glucocorticoid Regulation of A1 and Bak

 on August 18, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

