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Adriamycin promotes macrophage dysfunction in mice
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Abstract

Impaired wound healing contributes to the morbidity and mortality associated with adriamycin chemotherapy. Macrophages are essential for
tissue repair and loss of macrophage function leads to impaired wound healing. We recently showed that adriamycin is a potent inducer of thiol
oxidation and cell injury in cultured macrophages (FASEB J. 19:1866–1868; 2005). Here we tested the hypothesis that adriamycin also promotes
oxidative stress and macrophage dysfunction in vivo. We treated FVB mice twice a week either with low doses of adriamycin (4 mg/kg) or with
the same volume of saline by tail vein injection for a total of 8 injections. Wound healing was significantly delayed in adriamycin-treated mice.
The number of resident peritoneal macrophages was decreased by 30% and macrophage recruitment in response to thiogycolate stimulation was
decreased by 46% in mice treated with adriamycin. LPS-induced TNFα and IL-1β secretion from macrophages of adriamycin-treated mice was
decreased by 28.7 and 29.5%, respectively, compared to macrophages isolated from saline-injected mice. Peritoneal macrophages isolated from
adriamycin-treated mice also showed increased formation of reactive oxygen species and enhanced protein-S-glutathionylation. In summary, our
results show that low cumulative doses of adriamycin are sufficient both to promote sustained thiol oxidative stress and macrophage dysfunction
in vivo and to delay tissue repair, suggesting that macrophage dysfunction contributes to impaired wound healing associated with adriamycin
chemotherapy.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Adriamycin (doxorubicin) is a potent antibiotic widely used
in the chemotherapy of solid and hematopoietic tumors [1]. In
addition to its chronic and irreversible cardiotoxicity, adria-
Abbreviations: DCFH, 6-carboxy-2′,7′-dichlorodihydrofluorescein diace-
tate di(acethoxymethyl) ester; DTT, dithiothreitol; EMSA, electrophoretic
mobility-shift assay; FBS, fetal bovine serum; GSH, reduced glutathione;
GSSG, glutathione disulfide (oxidized glutathione); IL, interleukin; INF,
interferon; HPLC, high-performance liquid chromatography; KPi, potassium
phosphate buffer; NaPi, sodium phosphate buffer; PBS, phosphate-buffered
saline; PMSF, phenylmethylsulfonyl fluoride; PSSG, protein-conjugated
glutathione; ROS, reactive oxygen species; TNF, tumor necrosis factor; WBC,
white blood cell.
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mycin also has well-known acute and reversible side effects
such as nausea, vomiting, myelosuppression, and arrhythmia.
Subacute side effects such as immunological deficits and
impaired wound healing have also been described, suggesting
that adriamycin may also promote sustained damage in
noncardiac cells and tissues [2–5]. In cancer patients being
treated aggressively with chemotherapy, impaired musculo-
fascial and enteric healing are a major cause of morbidity and
mortality [6], but the mechanisms underlying impaired wound
healing in these patients are only poorly understood.
Macrophages play a key role in tissue repair and wound
healing [7]. Through the release of chemoattractants, growth
factors, protease, and extracellular matrix molecules, macro-
phages orchestrate the complex processes of cell proliferation
and functional tissue regeneration. Adriamycin-induced mac-
rophage dysfunction may therefore contribute to impaired
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wound healing. The effect of adriamycin therapy on macro-
phages in vivo has not been studied in detail.

The antitumoricidal activity of anthracyclines is mainly due
to the irreversible damage to tumor cell DNA [8]. Adriamycin is
also a potent inducer of intracellular oxidative stress because of
its ability to generate highly reactive oxygen-derived radicals
[1,8,9]. In cardiomyocytes, adriamycin-induced reactive oxy-
gen species (ROS) formation is believed to occur at the inner
mitochondrial membrane. Adriamycin binds with high affinity
to cardiolipin, a phospholipid and major component of
mitochondrial membranes required for full activity of the
respiratory chain enzymes, cytochrome c oxidase and NADH
dehydrogenase as well as cytochrome c reductase [10,11]. Once
binding occurs, adriamycin can act as an alternate electron
acceptor in the respiratory chain. This results in the reduction of
adriamycin to its semiquinone free radical form. Adriamycin
can also redox-cycle with nonmitochondrial flavoenzymes such
as NADPH-cytochrome P450 reductase, NADH-cytochrome b
reductase, and nitric oxide synthases [12,13]. It is not clear
which enzymes are responsible for adriamycin reduction in
intact cells. However, once in its reduced form, adriamycin
spontaneously autooxidizes in the presence of oxygen,
generating superoxide and subsequently other ROS, which
can promote lipid peroxidation [14].

While cardiomyocytes are particularly sensitive to adriamy-
cin toxicity due to their dependence on mitochondria for ATP
synthesis, adriamycin is likely to also promote oxidative stress
in other tissues. We recently demonstrated that in cultured
human macrophages adriamycin promotes the formation of
glutathione disulfide and increases protein-S-glutathionylation
prior to cell injury [15]. Treatment of cells with scavengers of
superoxide and peroxyl radicals blocked adriamycin-induced
ROS formation, but did not prevent macrophage injury,
suggesting that in macrophages thiol oxidation, rather than
one-electron redox cycling and ROS generation, mediates
adriamycin-induced cell damage.

In the present study we investigated whether treatment
of mice with low doses of adriamycin that are sufficient to
impair wound healing also promotes thiol oxidative stress in
macrophages and alters macrophage responsiveness to cell
stimulation.
Fig. 1. Schematic outline of the experimental design. Female FVB mice were inje
Thursday) for a total of 8 injections. Animals were not treated for 2 weeks between th
count. The mean cumulative dose of adriamycin administered was 93 mg/m2. After
wound healing was assessed or mice were euthanized and tissues and peritoneal ma
Materials and methods

Animals

FVB mice were obtained from Jackson Laboratories (Bar
Harbor, ME) and were maintained under controlled animal
room conditions. The animals were fed a laboratory diet and
water ad libitum. All animal procedures were approved by the
University of Kentucky Institutional Animal Care and Use
Committee, which is certified by the American Association of
Accreditation of Laboratory Animal Care.

Drug treatment

Female 8-week-old FVB mice (mean body weight =
22.5 ± 0.3 g) were randomly distributed into two groups.
Adriamycin (Bedford Laboratories, Bedford, OH) was diluted
in saline to a final concentration of 0.4 mg/ml and injected iv at
4 mg/kg twice a week (Monday and Thursday) for a total of
8 injections (on Days 1, 3, 7, and 10 and Days 28, 31, 35, and
38) (Fig. 1). Control animals were injected with the same
volume of saline. Animals were not treated for 2 weeks between
the first four and the last four injections to allow for the recovery
of the blood cell count. The mean cumulative dose of
adriamycin administered was 93 mg/m2. This treatment
protocol was adapted from a protocol that was developed and
standardized based on the clinical application of adriamycin and
the clinically relevant chronic cardiotoxicity induced by this
treatment in FVB mice [16,17]. After the last adriamycin
injection, mice were allowed to recover for 10 days prior to
wounding or harvesting tissues. At this point, we observed no
significant difference in the body weight between both groups
of animals. Mean body weights were 24.4 ± 0.7 and 23.8 ± 0.4 g
for saline and adriamycin treatment groups, respectively.

Experimental procedures

Blood was drawn biweekly under isoflurane anesthesia from
the retro-orbital plexus of all animals and platelet, red blood
cell, lymphocyte, and monocyte counts were monitored with a
Baker B9118 + CP blood analyzer. Ten days after the last
cted iv with either saline or adriamycin (4 mg/kg) twice a week (Monday and
e first four and the last four injections to allow for the recovery of the blood cell
the last injection and a 10-day recovery period, either mice were wounded and
crophages were harvested.
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injections, animals were either euthanized by CO2 inhalation
and cervical luxation for macrophage harvest and tissue
collection or anesthetized by intraperitoneal injection of
ketamine (95 μg/g body weight) plus xylazine (5 μg/g body
weight) and subjected to wounding. Resident peritoneal cells
were harvested by lavage with 5 ml of ice-cold Dulbecco's
modified Eagle medium supplemented with 2 mM L-alanyl-L-
glutamine (GLUTAMAX-1, GIBCO BRL, Carlsbad, CA), 1%
v/v nonessential amino acids (GIBCO BRL), penicillin G/
streptomycin (100 U/l and 100 μg/ml, respectively, GIBCO
BRL), referred to from here on simply as culture medium. Cell
viability was determined by trypan blue extrusion and was
>95% in all cell preparations. Immediately after peritoneal
lavage, heart and spleen were removed from each animal and
weighed.

Wound healing

Wounding was performed according to a procedure de-
scribed by Mori et al. [18]. Briefly, mice were shaved and
cleaned with Betadine and 70% ethanol, and excisional full-
thickness skin wounds were generated aseptically on the dorsal
skin by picking up a fold skin at the midline and punching
through two layers of skin with a sterile disposable biopsy
punch with a diameter of 4 mm. This generated two wounds
simultaneously, one wound on each side of the midline. The
same procedure was repeated twice on the same animal,
generating a total of four wounds, each with a diameter of 4 mm.
After 0, 1, 3, 6, 8, and 11 days, each wound was photographed
with a MicroFire digital camera (Olympus, Melville, NY) and
wound areas were quantified with ImagePro Software.

Macrophage recruitment

Saline (n = 8) and adriamycin-treated mice (n = 8) were
injected ip with 3 ml 4% (w/v) thioglycolate solution. Three
days after thioglycolate injections, peritoneal cells were
harvested by lavage with 4 ml of culture medium as described
above. Cells were counted and plated at a density of 1.5 × 105/ml
in culture medium supplemented with 10% FBS and cultured in
a humidified atmosphere at 5% CO2. After 4 h, nonadherent
cells were removed through washing with culture medium and
adherent cells were lysed in 0.5 N NaOH solution. Protein
levels were measured determined with bicinchoninic acid
(Pierce, Rockford, IL) using bovine serum albumin as a
standard.

TNFα, IL-1β, VEGF, and TGF-β assays

Peritoneal cells were plated at a density of 2 × 105/ml in
culture medium supplemented with 10% FBS and cultured in a
humidified atmosphere at 5% CO2. After 4 h, nonadherent cells
were removed through washing with culture medium and
adherent cells were incubated for 48 h either in the absence or
in the presence of LPS (1 μg/ml) plus interferon (INF)-γ
(100 U/ml). Cell protein was determined in each well by the
Lowry method (Bio-Rad Laboratories, Hercules, CA) and
standardized with bovine serum albumin. TNFα, IL-1β, VEGF,
and TGF-β concentrations in cell supernatants were measured
with commercial enzyme-linked immunosorbant assays
(ELISA) kits purchased from R and D Systems (TNFα, IL-1β,
VEGF) and Biosource International (TGF-β, Camarillo, CA).

Formation of intracellular reactive oxygen species

Formation of intracellular ROS was assessed with the redox-
sensitive dye 6-carboxy-2′,7′-dichlorodihydrofluorescein dia-
cetate di(acethoxymethyl) ester (DCFH, Molecular Probes).
Peritoneal cells were plated at 0.3 × 106 cells/ml for 3 h and
nonadherent cells were removed by washing. Macrophages
were loaded for 1 h at 37°C with 10 μg/ml DCFH, washed, and
then incubated for 9 h at 37°C. Fluorescence was monitored in a
Fusion plate reader (Packard) set at an excitation wavelength of
485 ± 10 nm and emission wavelengths of 535 ± 12.5 nm. Rates
of dye oxidation were normalized to cell protein.

Determination of cellular glutathione

Macrophages were washed with PBS and harvested by
scraping. Each sample was split into three 200-μl aliquots, one
for the determination of DNA as a measure of cell number,
and one each for the determination of glutathione disulfide
(GSSG) and total glutathione (GSH + GSSG). Samples were
prepared as described previously [15]. Briefly, the samples
designated for GSSG determination were supplemented with
N-ethylmaleimide (7.4 mM) to alkylate free thiol groups.
Proteins were precipitated with 100 μl cold 18% perchloric
acid and supernatants were neutralized with 1 M KPi (pH 7.0).
Samples were diluted with 0.1 M KPi (pH 7.0) and reduced
with 10 mM dithiothreitol for 60 min at room temperature.
Glutathione was derivatized in the presence of 11 mM o-
phthalaldehyde and separated by reverse-phase HPLC. HPLC
analysis was performed on a Jasco HPLC system equipped
with a spectrofluorometer (FP-920, Jasco Inc.) set to an
excitation wavelength of 340 nm and an emission wavelength
of 420 nm. Glutathione was separated isocratically on a
Brownlee 3-cm C18 ODS guard column (5 μm) and a
Brownlee 22-cm C18 ODS analytical column (5 μm) with
21 mM propionate buffer (in 35 mM NaPi, pH 6.5)/acetonitrile
(95/5 by vol) at a flow rate of 1.2 ml/min. Levels of reduced
glutathione (GSH) were calculated as the difference between
GSH + GSSG and GSSG.

Determination of protein-bound glutathione

Macrophages were washed with PBS and harvested by
scraping; each sample was split into two aliquots, one for the
determination of DNA (200 μl) and one for the determination of
protein-bound glutathione (500 μl). Proteins were precipitated
as described above. Protein pellets were resuspended in 0.5 M
NaOH and neutralized with 1 M KPi (pH 7.0). Glutathione was
released by reduction with 7 mM dithiothreitol for 1 h at room
temperature. Proteins were precipitated, and the supernatants
were analyzed for glutathione, as described above.



168 R. Asmis et al. / Free Radical Biology & Medicine 41 (2006) 165–174
Measurement of cellular DNA

The quantity of DNAwas determined fluorometrically using
the PicoGreen DNA Quantitation Kit (Molecular Probes,
Eugene OR) as described previously [15]. Fluorescence was
measured in a Fusion plate reader (Packard) set to an excitation
wavelength of 485 nm and an emission wavelength of 535nm.

Electrophoretic mobility-shift assay (EMSA)

Nuclear extracts were prepared using the Nuclear Extract kit
(Active Motif, Carlsbad, CA). To generate the DNA probe
containing the κB binding sequence, the double-stranded
oligonucleotide sequence of 5-AGTTGAGGGGACTTTCC-
CAGGC-3, 3-TCAACTC-CCCTGAAAGGGTCCG-5 (Pro-
mega, Madison, WI), was end-labeled with [γ-32P]ATP using
T4 polynucleotide kinase (New England Biolabs, Ipswich, MA)
[19]. DNA binding reactions were performed by adding 1 μg
nuclear protein to 4 μl binding buffer containing 50 mM Hepes
(pH 7.9), 250 mM KCl, 1 mM EDTA, 12.5 mM DTT, 50%
glycerol, 0.25% Nonidet P-40, and 0.4 μg poly(dI-dC). After
10 min on ice, the labeled oligonucleotide was added (2 μl, 0.1
pmol, 7 × 104 cpm) and the mixture was incubated for 20 min at
room temperature. Samples were subjected to 6% polyacryl-
amide gel electrophoresis at 150 V in TBE buffer (45 mM Tris
base, 45 mM boric acid, 0.25 mM EDTA) for 3–4 h.

Nuclear extract from HeLa cells was prepared according to
the method of Dignam et al. [20] and 5 μg extract in 20 mM
Hepes, pH 7.9, 20% v/v glycerol, 0.1 M KCI, 0.2 mM EDTA,
0.5 mM PMSF, and 0.5 mM DTT was loaded as a positive
control. The gel was then dried under vacuum and bands were
visualized and quantified using a PhosphorImager (FLA-500,
Fugifilm Medical Systems USA, Stamford, CT). The intensities
of the bands from the samples were normalized to the band
intensity of the positive control, which was arbitrarily set at 1.0.

Statistical analysis

Results are presented as means ± SE. Data were compared
among groups using an unpaired t test for two groups or
ANOVA for multiple groups. Multiple-group comparisons were
performed using the Student-Newman-Keuls method. Results
were considered significant at the P < 0.05 level. Statistical
analysis was performed utilizing SigmaStat (SPSS).

Results

Impaired wound healing in response to low doses of
adriamycin

Impaired wound healing after adriamycin administration at
single doses is well documented [4,5,21], but the effect on
wound healing of clinically more relevant regimens, i.e.,
multiple injections of low doses, has not been reported. We
therefore investigated whether repeated injections of adria-
mycin at low doses (4 mg/kg) also result in impaired wound
healing To minimize any indirect effects of cardiotoxicity, we
chose a cumulative dose (27.8 mg/kg, 93 mg/m2) 25% below
the mean cumulative cardiotoxic dose for adriamycin in FVB
mice (36.4 mg/kg, 121.5 mg/m2) [16] and well below the
recommended maximal cumulative dose in humans (500–
600 mg/m2) [22]. High doses of adriamycin (40 mg/kg) have
been reported to increase the heart to body weight ratio in
FVB mice by 51% [23]. We found that the hearts in mice
treated with low doses of adriamycin showed only a 12%
increase in the heart weight/body weight ratios (P = 0.017),
indicating that this low cumulative dose of adriamycin
induced only minor cardiac hypertrophy. Mean heart weight/
body weight ratios were 6.5 ± 0.3 mg/g in adriamycin-treated
mice compared to 5.8 ± 0.3 mg/g in control mice. We found
no significant difference in the body weight between both
groups of animals. To further reduce the impact of any
residual acute toxicity of the drug, animals were allowed to
recover for 10 days after the last injection (Fig. 1).

To determine whether repeated injections of adriamycin at
low doses also result in impaired wound healing, we generated
four 4 mm full-thickness excisional skin wounds on the back of
six saline- and six adriamycin-treated FVB mice and monitored
wound closure for 11 days. Initially, we observed no difference
in wound healing between both groups (Fig. 2). One day after
wounding, mean wound size was reduced by 24% in saline-
treated mice and 22% in adriamycin-treated mice. However,
after 3 days, we observed a significant delay in wound closure
in adriamycin-treated mice. Wound closure in saline-treated
mice was 65% complete compared to only 48% in adriamycin-
treated mice. Adriamycin-treated animals required approxi-
mately 6 days to achieve 65% wound closure, i.e., 3 days longer
than saline-treated mice. A similar delay was estimated for 80%
wound closure, approximately 7 days for saline-treated mice
versus 10 days for adriamycin-treated mice.

Effects of low doses of adriamycin on blood cell counts

Both immunosuppressive effects and immunoaugmentation
have been observed in response to adriamycin [3]. In patients,
high doses of adriamycin induce reversible myelosuppression
[24]; however, the effects of low doses of adriamycin on white
blood cell (WBC) counts have not been reported. We therefore
investigated whether myelosuppression may have contributed
to the reduction in peritoneal macrophages we observed in
FVB mice after low-dose adriamycin treatment. Blood cell
counts were monitored in all mice twice weekly throughout
the study. We observed no significant change in blood
monocyte counts during both treatment periods in which
mice received adriamycin (Fig. 3). However, 4 days after the
first and 7 days after the second treatment period, we observed
a dramatic increase in blood monocytes. After the first series
of injection, blood monocyte counts increased 6.5-fold
compared to saline-treated mice, but monocyte counts returned
to control levels 11 days after the fourth adriamycin injection.
After the second injection series, the increase in monocytes
was less pronounced, 3.8-fold compared to saline control, and
monocyte counts returned to control levels after the 10-day
recovery period. We obtained very similar results for



Fig. 2. Impaired wound healing in mice treated with low doses of adriamycin. (A) Ten days after the last injection, saline- (n = 6) and adriamycin-treated (n = 6) mice
received four 4 mm excisional full-thickness skin wound on the dorsal skin. After 0, 1, 3, 6, 8, and 11 days, each wound was photographed with a digital camera and
wound areas were quantified with ImagePro Software. Initial wound areas (Day 0) were 13.8 ± 0.6 and 14.2 ± 0.3 mm2 in saline- and adriamycin-treated mice,
respectively. On Days 3–11 wound healing was significantly delayed in adriamycin-treated mice compared to control animals (*P < 0.05). (B) Photographs of typical
wounds on mice after treatment with saline (a–c) and adriamycin (ADR) (d–f).
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lymphocytes. In contrast to high doses of adriamycin, low-
dose adriamycin treatment appears to promote delayed but
completely reversible leukocytosis.

After completing the treatment protocol, including the 10-
day recovery period, blood cell and platelet counts in both the
saline and the adriamycin treatment groups were not
statistically different between adriamycin- and saline-treated
mice (Table 1), indicating that adriamycin-treated mice had
fully recovered from any acute effects of the drug. Compared
to their initial values at the beginning of the study (Day 1)
WBC counts were decreased by 25% in saline-treated mice and
26% in adriamycin-treated mice. This decrease appears to be
age related. Differential analysis of the WBC fraction revealed
no statistically significant difference in the lymphocyte,
monocyte, and granulocyte counts between the two groups.

Impaired macrophage recruitment after low-dose adriamycin
treatment

Macrophage recruitment is essential for normal tissue repair
and wound healing [7]. To determine whether low-dose
adriamycin treatment alters macrophage recruitment in mice,
we first performed peritoneal lavages in saline and adriamycin-
treated mice to measure their resident peritoneal macrophage



Fig. 4. Impaired macrophage recruitment after low dose adriamycin treatment.
FVB mice were treated with either saline (□, n = 13) or low doses of adriamycin
(■, n = 15) and macrophages were isolated as described under Materials and
methods. A second group of saline- (n = 8) and adriamycin-treated (n = 8) mice
were injected with thioglycolate 3 days prior to performing peritoneal lavages to
stimulate macrophage recruitment. Results are shown as mean ± SE. * P < 0.05
versus saline treatment.

Fig. 3. Effect of low-dose adriamycin treatment on blood monocyte levels in
FVB mice. Saline (○) or adriamycin (●) was injected on the days indicated ( )
and blood monocyte counts were monitored biweekly as described under
Materials and methods.
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content. Cell counts revealed that the mean cell yield was 30%
lower in adriamycin-treated mice (P < 0.05) compared to saline-
treated control animals (Fig. 4, No Stimulation). Cell viability
was not decreased in the cell preparations from adriamycin-
treated mice, indicating that enhanced cell death is not a likely
explanation for the hypocellularity induced by adriamycin.
After plating an equal number of peritoneal cells from each
mouse and removing nonadherent cells by gentle washing, we
lysed the cells and measured the protein content in each well to
determine if the macrophage content of the peritoneal cell
suspension was different between saline- and adriamycin-
treated mice. No difference in the protein values was observed,
indicating that the lower yield of peritoneal cells obtained from
adriamycin-treated mice reflected a lower content in resident
peritoneal macrophages.

To stimulate macrophage recruitment, a second group of
eight saline and eight adriamycin-treated mice was injected in-
traperitonealy with thioglycolate solution to induce peritonitis.
Thioglycolate increased the number of peritoneal cells in saline-
treated mice 2.7-fold, from 2.9 ± 3.2 × 106 to 7.8 ± 1.5 × 106, but
only 2-fold, from 2.1 ± 0.1 × 106 to 4.2 ± 0.5 × 106 in
adriamycin-treated mice (Fig. 4, + Thioglycolate). Total
macrophage content after thioglycolate treatment was 46%
lower in adriamycin-treated mice (P < 0.05) compared to saline-
Table 1
Blood cell counts in adriamycin-treated and saline-treated control mice

Day 1 After recovery period

Saline Adriamycin

RBC (106/ml) 9.9 ± 0.2 10.0 ± 0.2 11.0 ± 0.9
Platelets (106/ml) 1.8 ± 0.1 2.0 ± 0.1 2.0 ± 0.2
WBC (106/ml) 10.8 ± 0.6 8.1 ± 0.5* 8.0 ± 1.3**

Blood cell counts were determined in FVB mice injected with either saline
(n = 13) or adriamycin (n = 15) as described under Materials and methods. Blood
samples were analyzed on the Baker B9118 + CP blood analyzer. Results from
the first day of the treatment protocol (Day 1) and after the 10-day recovery period
(Fig. 1) are shown as mean ± SE. * P = 0.001 and **P = 0.003 versus Day 1.
treated control animals, indicating that macrophage recruitment
is severely impaired after adriamycin treatment.

Impaired macrophage function after low-dose adriamycin
treatment

Next we examined whether other macrophage responses
were also impaired after low-dose adriamycin treatment in mice.
To this end we isolated peritoneal macrophages from saline- and
adriamycin-treated mice and stimulated the cells for 48 h with
LPS (1 μg/ml) plus IFNγ (100 U/ml). Macrophage function was
assessed as the ability of cells to produce and secrete IL-1β,
TNFα, VEGF, and TGF-β into the cell supernatant in response
to cell stimulation. We found that secretion of IL-1β and TNFα
was reduced by 30 and 29%, respectively, in macrophages from
adriamycin-treated mice compared to macrophages isolated
from control mice (Fig. 5). VEGF secretion was also reduced by
20%, but the difference did not reach statistical significance
(P = 0.08). In contrast, release of TGF-β was not significantly
altered by adriamycin treatment (Fig. 5). We also observed no
difference in basal TGF-β release from macrophages isolated
from saline- and adriamycin-treated mice (not shown).

LPS-induced NF-κB activation is not impaired in macrophages
from adriamycin-treated mice

In macrophages, LPS-induced IL-1β, TNFα, and VEGF
formation is regulated by NF-κB [25]. Multiple steps along the
NF-κB activation signaling pathway are sensitive to inactiva-
tion by oxidative stress and thiol oxidation [26–30]. We
therefore examined whether LPS-induced activation of NF-κB
was impaired in macrophages from adriamycin-treated mice.
Peritoneal macrophages (2 × 106/mouse) isolated from nine
adriamycin-treated and nine control mice were stimulated for
2 h with LPS (1 μg/ml) plus IFNγ (100 U/ml). To obtain
sufficient nuclear material to perform EMSA on macrophages



Fig. 6. No reduction in LPS-Induced NF-κB activation in macrophages isolated
from adriamycin-treated mice. Peritoneal macrophages were isolated from
saline- (n = 9) and adriamycin-treated (n = 9) mice 12 days after the last injection
(Day 50) and plated at 2 × 106/ml. Nuclear extracts were prepared from each
well and pooled for each group. EMSA were performed as described under
Materials and methods. The two pooled samples were analyzed twice in
independent assays for NF-κB activity. Nuclear extract from HeLa cells (5 μg)
was loaded as positive controls. Band intensities obtained for the samples were
normalized to the band intensity obtained for the positive control, which was
arbitrarily set at 1.0. Results shown are the mean ± the range of values from both
assays.

Fig. 7. Increased reactive oxygen species (ROS) formation in macrophages
isolated from adriamycin-treated mice. Peritoneal macrophages were isolated
from saline- (n = 13) and adriamycin-treated (n = 15) mice 10 days after the last
injection and plated at 0.3 × 106 cells/ml for 3 h and nonadherent cells were
removed by washing. Macrophages were loaded for 1 h at 37°C with 10 μg/ml
DCFH and washed, and fluorescence was monitored for up to 9 h in a Fusion
plate reader (Packard) as described under Materials and methods. ROS
formation is expressed as rates of DCFH oxidation normalized to cell protein.
Results are shown as mean ± SE. * P < 0.05.

Fig. 5. Impaired cytokine and growth factor release in macrophages isolated
from adriamycin-treated mice. Peritoneal macrophages were isolated from
saline- (n = 13) and adriamycin-treated (n = 15) mice 12 days after the last
injection (day 50) and plated at 2 × 105/ml as described under Materials and
methods. Macrophages were incubated for 48 h either in the absence or presence
of LPS (1 μg/ml) plus interferon (INF)-γ (100 U/ml). TNFα, IL-1β, VEGF, and
TGF-β concentrations in the cell supernatants were measured using ELISA. All
values shown are for macrophages from adriamycin-treated mice and are
presented as a percentage of control (macrophages from saline-treated mice).
TGF-β (100% = 906 ± 53 pg/mg), IL-1β (100% = 546 ± 58 pg/mg), TNFα
(100% = 4.70 ± 0.28 ng/mg), VEGF (100% = 80 ± 6 pg/mg). Results are shown
as mean ± SE. * P < 0.05, ** P = 0.08.
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obtained from the adriamycin-treated mice, nuclear extracts
from all mice in each group were pooled. DNA binding activity
in both pooled samples was measured twice on different days.
Surprisingly, both gel-shift assays showed an increase, not the
expected reduction in NF-κB activation by LPS in macro-
phages from adriamycin-treated mice (Fig. 7). This result
suggests that the impairment of cytokine formation we ob-
served in macrophages from adriamycin-treated mice does not
appear to occur at the level of NF-κB activation or nuclear
translocation (Fig. 6).

Increased ROS formation and in macrophages from
adriamycin-treated mice

To examine potential mechanisms underlying impaired
macrophage recruitment and cytokine secretion, we first
examined whether adriamycin treatment increases intracellular
oxidative stress in peritoneal macrophages. To this end we
loaded peritoneal macrophages from adriamycin- and saline-
treated mice with the profluorescent redox-sensitive dye DCFH
and measured the rate of fluorescent dye formation. The rate of
DCFH oxidation was 2.1-fold higher in macrophages from
adriamycin-treated compared to cells from saline-treated
animals (Fig. 7), suggesting that adriamycin treatment increases
ROS formation in tissue macrophages and this increase is
sustained even 10 days after adriamycin treatment was stopped.

Increased protein-S-glutathionylation in macrophages from
adriamycin-treated mice

Previously, we showed that in cultured human monocyte-
derived macrophages adriamycin promotes glutathione disul-
fide formation and protein-S-glutathionylation [15]. We there-
fore determined whether low-dose adriamycin treatment also
altered the glutathione redox state of macrophages in vivo. We
observed no statistically significant change in the cellular
content of either reduced glutathione (GSH) or glutathione
disulfide (GSSG) in macrophages from saline- and adriamycin-
treated mice and the GSH/GSSG ratio was identical in
macrophages from both groups (not shown). However,
protein-bound glutathione was increased by 35% in adriamy-
cin-treated mice compared to saline-injected mice (Fig. 8),



Fig. 8. Increased protein-S-glutathionylation in macrophages isolated from
adriamycin-treated mice. Peritoneal macrophages were isolated from saline-
(n = 9) and adriamycin-treated (n = 9) mice and plated at 1 × 106 cells/ml for 3 h
and nonadherent cells were removed by washing. Macrophages were harvested
by scraping and protein-bound glutathione (PSSG) was measured as described
under Materials and methods. Results are shown as mean ± SE. * P < 0.05.
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suggesting that even at low doses adriamycin treatment
promotes sustained protein thiol oxidation in macrophages in
vivo.

Discussion

Clinical and experimental evidence strongly suggests that
adriamycin therapy impairs wound healing, but the mechanisms
involved in this process remain unclear. Previously we showed
that in cultured human macrophages adriamycin promotes
GSSG formation and protein-S-glutathionylation and demon-
strated that in macrophages thiol oxidation, rather than one-
electron redox cycling and ROS generation, mediates adriamy-
cin-induced cell damage [15]. The present study is the first to
show that adriamycin promotes protein-S-glutathionylation in
macrophages and impairs macrophage functions in vivo.

It has been well established that adriamycin therapy is
associated with immunological deficits [3] and improving
macrophage function with macrophage growth factors M-CSF
and GM-CSF has been shown to improve wound healing in
both animals and patients [31–33]. Hence, adriamycin-induced
macrophage dysfunction would be a viable model to explain
impaired tissue repair in chemotherapy patients. Macrophage
dysfunction may also explain the 28% reduction in peritoneal
cells in adriamycin-treated mice. Both enhanced rates of cell
death and reduced blood monocyte levels could have ac-
counted for this hypocellularity, but neither was observed in
response to low doses of adriamycin. An alternative explana-
tion for the reduced number of peritoneal macrophages would
be decreased extravasation of blood monocytes into the
peritoneum due to impaired chemotactic and migratory activity
of blood monocytes in adriamycin-treated mice. The blunted
macrophage recruitment in response to thioglycolate stimula-
tion we observed in adriamycin-treated mice supports this
hypothesis.

The hypothesis that adriamycin treatment promotes mono-
cyte and macrophage dysfunction is further supported by our
findings that macrophage cytokine and growth factor responses
were significantly altered after adriamycin treatment. IL-1β and
TNFα secretion- and VEGF release showed a similar trend-
stimulated with LPS plus INFγ was reduced in macrophages
from adriamycin-treated mice but TGFβ secretion was not
affected. This suggests that the reduction in IL-1β, TNFα, and
VEGF was not due to a general impairment of macromolecule
synthesis. Instead, the mechanism underlying the impaired
macrophage response in adriamycin-treated mice may involve
increased intracellular oxidative stress as we found ROS
formation and protein-S-glutathionylation to be significantly
increased in macrophages from adriamycin-treated mice.

Adriamycin has redox-cycling properties and is a potent
generator of intracellular oxidative stress and thiol oxidation
[1,8,9,15]. In macrophages, LPS-induced IL-1β and TNFα
formation is regulated by NF-κB, a redox-sensitive, pleiotropic
transcription factor. Recently, VEGF expression in human
macrophages was also shown to be NF-κB dependent [25].
Acute oxidative stress has been associated with the up-
regulation of NF-κB [34]. However, more recent evidence
suggests that long-term or chronic oxidative stress may inhibit
NF-κB activation. For example, short-term incubation of
macrophages with oxidized LDL (OxLDL), an inducer of
oxidative stress in macrophages [35], activates NF-κB, but
long-term treatment with OxLDL prevents LPS-induced NF-κB
activation and blocks TNFα and IL-1β expression [36].
However, instead of the expected decrease we observed an
increase in NF-κB activation in LPS-stimulated macrophages
from adriamycin-treated mice. Our data would suggest that
inhibition of cytokine and growth factor responses may occur
downstream of NF-κB activation and translocation. Thiol
oxidation in vitro was shown to inhibit DNA binding activity
of NF-κB [37]. However, our EMSA results would also rule out
impaired DNA binding as a mechanism to explain the reduced
cytokine and growth factor responses. Thus, it appears that the
impairment occurs at the transcriptional and/or translational
level, although impaired protein secretion is also a conceivable
mechanism.

Pharmacological studies indicate that adriamycin accumu-
lates in multiple tissues and its release from these tissue
compartments is only gradual. This is illustrated by a drug
recovery in urine of only 50–60% after 4 to 5 days [3,38]. Our
results suggest that adriamycin's redox-cycling properties
combined with its prolonged retention in tissues are likely to
promote a state of chronically elevated oxidative stress. Altered
macrophage responsiveness was observed despite the 10-day
recovery period, suggesting that macrophage dysfunction
induced by chronic oxidative stress may not be a brief, transient
down-regulation of selected responses but rather a long-term
impairment of macrophage function. This hypothesis is
supported by recently published results obtained in diabetic
Leprdb mice. Peritoneal macrophages isolated from diabetic
Leprdb mice show impaired IL-1β and TNFα release in
response to LPS plus INFγ [39], very similar to the reduced
response we observed in macrophages from adriamycin-treated
mice. Like the adriamycin-treated mice in our study, wound
healing is impaired in diabetic Leprdb mice when compared to
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their nondiabetic littermates [40,41]. Diabetes is strongly
associated with systemic oxidative stress [42] and macrophages
play a crucial role in initiating and coordinating wound healing
and tissue repair. Macrophage dysfunction induced by chronic
oxidative stress may therefore contribute to impaired wound
healing in both diabetic mice and mice treated with adriamycin.

In summary, our results show for the first time that
adriamycin promotes sustained macrophage dysfunction in
vivo. We propose that macrophage dysfunction may play an
important role in impaired wound healing associated with
adriamycin therapy in cancer patients.
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