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Doxorubicin (DOX) is an anticancer drug used for the treatment of solid tumors. The ability of DOX to
treat cancer is not specific to cancer cells; some of the cells that are normal may also become targets
of DOX, thereby altering the normal cellular functions and eventual cell loss. DOX effects have been
studied in detail in heart because of its ability to cause cardiomyopathy. The exact mechanism of DOXinduced cardiomyopathy is not completely understood. One of organs that can be affected by DOX is
thymus. DOX treatment leads to degeneration of thymus; however, since thymus undergoes agedependent degeneration, researchers have understudied the effect of DOX on thymus. In the present
investigation, we studied the effects of DOX on thymus, an organ that is important for the T-cell
maturation. DOX treatment led to loss of cortical cells, decrease lymphopoiesis and increased the
number of Hassells corpuscles, a marker of thymus aging. Proteomics analysis led to identification of
a number of thymic proteins whose expression are altered by in vivo DOX treatment. Taken together,
these results are consistent with the notion that DOX-treatment leads to thymic senescence.
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Introduction
Doxorubicin (DOX), commonly referred to as adriamycin,
is an anticancer drug used for the treatment of solid tumors.
The anticancer activity of the DOX has been explained by its
ability to intercalate into DNA,1-3 inhibit topoisomerase II,4
and increase the production of reactive oxygen species (ROS).5,6
These mechanisms are not specific to cancer cells; indeed,
some normal cells may also become a target of DOX, thereby
altering normal cellular functions. The effects of DOX treatment
have been studied in detail in heart because of its ability to
cause cardiomyopathy. The exact mechanism of the DOX* To whom correspondence should be addressed. Dr. Rukhsana Sultana,
Department of Chemistry, University of Kentucky, Lexington, KY 40506, USA.
Phone, 859-257-3615; fax, 859-257-5876; e-mail, rsult2@uky.edu. Prof. D. Allan
Butterfield, Department of Chemistry, Center of Membrane Sciences, and
Sanders-Brown Center on Aging, University of Kentucky, Lexington, KY
40506, USA. Phone, 859-257-3184; fax, 859-257-5876; e-mail, dabcns@uky.edu.
†
Department of Chemistry, University of Kentucky.
∇
Center of Membrane Sciences, University of Kentucky.
O
Sanders-Brown Center on Aging, University of Kentucky.
‡
Sapienza University of Rome.
§
Department of Anatomical Sciences & Neurobiology, University of
Louisville.
|
Department of Pharmacology, University of Louisville.
⊥
Department of Toxicology, University of Kentucky.
#
Department of Microbiology, Immunology and Molecular Genetics,
University of Kentucky.

6232 Journal of Proteome Research 2010, 9, 6232–6241
Published on Web 10/14/2010

induced cardiomyopathy is not completely understood, but
several studies showed that DOX can induce mitochondrial
impairment, which may leads to increase release of free radicals
in addition to altered cellular energetics.7,8 In fact, DOXinduced cardiotoxicity limits the dosage and frequency by
which DOX can be administered to treat solid tumors. Previous
studies from our laboratory and others have showed that DOX
treatment leads to increased oxidative stress in vivo in brain,9-11
testes,12 kidneys,13 liver,13 and plasma.14,15 However, no studies
have been conducted so far on the effect of DOX on thymus.
Thymus undergoes an age-dependent degeneration that
occurs during normal human aging leading to generalized
deterioration of immune functions. This, in turn, affects all cells
and organs of the innate and adaptive immune systems, a
process referred to as “immunosenescence”. Immunosenescence leads to increase susceptibility of an individual to
infections as well as increased incidence of autoimmune
phenomena and cancer in the elderly.16-18 The mechanisms
that underline involution of the thymus are not well understood.
This current study is the first to show that DOX treatment
leads to degeneration of thymus. However, since thymus
undergoes an age dependent degeneration, the effects of DOX
on thymus have been largely ignored. Given that DOX is given
to children who still need a functional thymus for T-cell
maturations and to build a pool of memory cells to fight with
10.1021/pr100465m
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disease causing microbes, the effects of DOX on thymus is
critical. Humans live in an environment where challenges from
microbes is ongoing, and having a thymus with impaired or
decrease functions will lead to decrease ability to fight infection.
A dysfunctional thymus may lead to compromised immune
system, which together with the additive side effect of the
anticancer drug, may compromise the life of the person with
cancer. Even in case of adults in whom the thymus is reduced
extensively, but has some functional tissue even at an older
age, thymus is important for T-cell maturation to promote a
healthy life.
The above considerations have provided the rationale for the
current study of the role of DOX on thymus. We used proteomics approach to identify thymic proteins of altered levels
associated with DOX-induced thymic senescence. In this paper,
we report that DOX-treatment leads to thymic senescence
characterized by reduced size, weight, and loss of thymus cells.
Further, our proteomics approach identified a number of
proteins with altered levels in DOX-treated thymus, which may
have relevance to immunosenescence.

Experiments
Material. Doxorubicin HCl (DOX) was purchased from
Bedford Laboratories (Bedford, OH). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO), unless stated
otherwise.
Methods.
DOX-Treatment. Male B6C3 mice (approximately of 3
months of age), weighing 30 g were housed in the University
of Kentucky Central Animal Facility in 12 h light/dark conditions and fed standard Purina rodent laboratory chow ad
libitum. The animal protocol used in this study was approved
by the University of Kentucky Animal Care and Use Committee.
DOX (25 mg/kg body weight) was administered intraperitoneally (ip) to six mice, while the other the six mice received
saline injections. Animals were anesthetized with sodium
pentobarbital after 72 h and perfused with saline followed by
isolation of thymus.
Cytological and Ultrastructural Analysis. Thin slices of
thymus from all samples were cut and dissected into 3 mm3
pieces, postfixed in 2% osmium tetraoxide, dehydrated in
ascending ethanol, and embedded in Araldite 502. Polymerized
blocks were cut at 1 um thickness stained with Toluidine blue
for light microscopy analysis. Thin sections were made, double
stained with uranyl acetate and lead citrate before examined
in a Philips CM 10 electron microscope operated at 60 kV.
Flow Cytometric Analyses. mAbs were purchased from BD
Biosciences (San Jose, CA). The stained cells were analyzed on
a FACScan flow cytometer (Becton Dickinson, Mountain View,
CA). For each sample, at least 3 × 105 cells, gated on a
combination of forward (FSC) and side (SSC) scatter, were
acquired.
Preparation of Thymus Homogenate. Thymus tissues were
collected and homogenized into an ice-cold lysing buffer (4
µg/mL leupeptin, 4 µg/mL pepstatin, 5 µg/mL aprotinin, 2 mM
ethylenediaminetetraacetic acid, 2 mM ethylene glycol-bistetraacetic acid, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4)) to obtain a final 20% homogenate.
Homogenates were centrifuged at 2000g for 10 min and the
pellets containing unbroken cells or cell debris were discarded.
The supernatants were used for the current studies.19 The
protein contents in the samples were determined using the BCA
method (Pierce, Rockford, IL).
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Proteomics. We have previously used proteomics to identify
differentially expressed and oxidatively modified proteins in
brain tissue of Alzheimer’s disease, an age-related neurodegenerative disease.20-22 In this study, we used proteomics as
a tool to identify proteins that shows differential levels upon
DOC treatment.
To the thymus homogenates (150 µg), ice-cold 100% tricholoroacetic acid (TCA) was added to a final concentration
of 15% TCA and incubated on ice for 10 min. Samples were
centrifuged at 14 000g for 5 min at 4 °C, and precipitates were
washed with 0.5 mL of 1:1 ethanol/ethyl acetate (v/v) 4 times
by centrifugation at 14 000g for 3 min at 4 °C. The protein
pellets were then reconstituted in 200 µL of a rehydration buffer
(8 M urea, 2 M thiourea, 50 mM dithiothreitol, 2% (w/v) CHAPS,
0.2% (v/v) Biolytes, and bromophenol blue) and loaded on the
pH 4-7 ReadyIPG Strips (Bio-Rad, Hercules, CA). After 1 h, 2
mL of mineral oil was added followed by active rehydration at
50 V for 16-18 h. This was then followed by IEF of the proteins
as follows: 300 V for 1 h, a linear gradient to 8000 V for 5 h and
finally, 20 000 V for 1 h. Focused strips were stored at -80 °C
until the second dimension of gel electrophoresis was performed.
For sodium dodecyl sulfate (SDS) PAGE, IPG strips were
thawed at room temperature followed by equilibration for 15
min in a buffer containing 50 mM Tris-HCl (pH 6.8), 6 M urea,
1% (w/v) SDS, 30% (v/v) glycerol, and 0.5% dithiothreitol (DTT).
Next, IPG strips were reequilibrated in the same buffer containing 4.5% iodoacetamide rather than DTT. Strips were placed
into Linear Gradient (8-16%) Precast Criterion Tris-HCl gels
(Bio-Rad, Hercules, CA) and run at 200 V for ∼65 min.
SYPRO Ruby Staining. Following electrophoresis, gels were
removed and placed in fixing solution [7% acetic acid (v/v),
10% methanol (v/v), in water] for 45 min on a rocker, followed
by overnight incubation of the gels in 50 mL of SYPRO Ruby
fluorescent gel stain (Bio-Rad, Hercules, CA). SYPRO Ruby was
then removed and gels were stored in deionized water.
Image and Statistical Analysis. SYPRO Ruby-stained gels
were scanned using a STORM phosphoimager (Molecular
Dynamics, Sunnyvale, CA) at excitation and emission wavelengths of 470 and 618 nm, respectively, and images were saved
as a TIFF file. PD-Quest (Bio-Rad, Hercules, CA) imaging
software was then used to match and align protein spots across
the gels from the control and DOX-treated groups. Protein spots
were normalized to the total density detected in each individual
gel image. Proteins were considered to be statistically different
between treatment groups based on a g1.5-fold-change and a
p-value <0.05 (using a Student’s t test).
In-Gel Trypsin Digestion. Protein spots of showing statistically significant difference were excised from SYPRO Rubystained gels with a clean blade and transferred into a 0.5 mL
Eppendorf microcentrifuge tube. Excised gel pieces were
washed with 0.1 M NH4HCO3 buffer at room temperature for
15 min. Acetonitrile (ACN) was added and allowed to incubate
for 15 min. The mixed solution was removed and the gel pieces
were allowed to dry in the tubes for 30 min. Next, gel pieces
were incubated with 20 mM DTT in 0.1 M NH4HCO3 at 56 °C
for 45 min. The DTT solution was removed and gel pieces were
incubated with 55 mM iodoacetamide in 0.1 M NH4HCO3 for
15 min. The solution was removed and gel pieces were
incubated with 50 mM NH4HCO3 for 15 min, followed by the
addition of ACN for 15 min. This mixed solution was removed
and gel pieces were allowed to dry for 30 min. A solution of 20
ng/µL modified trypsin (Promega, Madison, WI) in 50 mM
Journal of Proteome Research • Vol. 9, No. 12, 2010 6233
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Table 1. Doxorubicin Treatment Leads to Loss of Body and
Thymus Weights
weights

control
(mean ( SD)

DOX
(mean ( SD)

Body weight (mg, % weight loss)
Thymus weight (mg)

2.1 ( 1.1
37 ( 1.5

10.7 ( 1.4a
12 ( 1.3a

a

Figure 1. Mice treated with doxorubicin and controls are shown
in panel A. Mice treated with doxorubicin showed reduced
thymus size (B) compared to controls.

NH4HCO3 was added to gel pieces in order to submerge them
and were allowed to shake overnight at 37 °C.
Mass Spectrometry and Database Searching. Tryptic digests
were removed from gel pieces and transferred to a new
microcentrifuge tube. Additional tryptic peptides were extracted
from gel pieces by addition of 5 mM NH4HCO3 for 10 min with
sonication. Next, 95% ACN in 1 mM NH4HCO3 was added for
another 10 min with sonication. This supernatant was combined with the previous tryptic solution and concentrated to a
small volume (∼10 µL). C18 ZipTips (Millipore, Billerica, MA)
were used to remove salts from samples prior to MS analysis.
Samples were loaded into a 96-well plate rack for nanoelectrospray infusion using an Advion Tri-Versa Nanomate (Ithaca,
NY). Electrosprayed peptides were analyzed with an LTQOrbitrap XL (ThermoScientific, Waltham, MA) mass spectrometer. The Orbitrap was set to acquire a full MS scan at 60 000
resolution and in Data Dependent mode the eight most intense
ions were selected for fragmentation and mass analyzed in the
Orbitrap at 30 000 resolution. Conditions for fragmentation in
the ion trap include a normalized collision energy of 35%,
activation time of 30 ms, and selection of only +2 charge states
or higher. Total acquisition time was 5 min per sample.
SEQUEST was used for database searching against the Uniprot
Swiss-Prot Database and the International Protein Index (IPI)
Mouse Database. Filter criteria of returned protein lists included protein probabilities <0.01, peptide XCorr values >1.5
(for +1 charge state), 2.0 (+2 charge state), 2.5 (+3 charge state),
and 3.0 (+4 charge state), peptide ∆CN values >0.1, and at least
2 peptides identified for each protein. Protein MW and pI
information was also used to assess individual protein identifications based on the location of the excised protein spot from
the 2D gel. Only protein spots assigned to a single protein were
further considered.

Results
Figure 1 shows control and DOX-treated mice (Figure 1A)
and isolated thymus (Figure 1B). Mice treated with DOX
showed a decrease in total body weight and also thymus weight
(Table 1, Figure 1). Further, the mice treated with DOX showed
reduced size of the thymus which suggests the loss of a number
6234
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p < 0.05, n ) 6.

of cells from thymus upon DOX treatment. Light microscopic
examination of the thymus revealed decreased number of
cortical cells in DOX-treated group compared to the controls
(Figure 2A,B). Thymus of the control mice showed normal
cytoarchitecture with an abundance of lymphocytes and thymocytes. Few thymocytes formed cytoplasmic canaliculi containing floccular material. Hassell’s corpuscles were irregularly
shaped with the surrounding epitheloid cell (Figure 2A). DOXtreated samples, in contrast, showed a decrease in lymphocyte
and a large number of vesiculated thymocytes (Figure 2B).
Ultrastructure of the controls showed the normal array of
lymphocytes, thymocytes, and numerous large macrophages
(Figure 2C). The latter contained some lysosomes along with a
typical array of organelles including numerous mitochondria
(Figure 2D). As seen by light microscopy, DOX treatment for 3
days showed continuing lymphocytopoiesis. Clusters of lymphocytes with large ovoid shaped nuclei and a thin rim of
cytoplasm were commonly observed (Figure 2E). Perivascular
space contained mobile cells of defense including plasma cells,
eosinophils, and macrophages. Hassel’s corpuscle became
irregular and the surrounding epithelial thymocytes displayed
bundles of tonofibers with patches of anchoring desmosomes
(Figure 2F). Other noticeable changes were found to occur in
the large thymocytes endowed with cytoplasmic vascules and
lipid droplets (Figure 2G). One known DOX effect on mitochondria which is a consistently found is the degenerating
mitochondria in varying stages of being incorporated into the
phagolysosomes (Figure 2G, inset). Beyond these changes,
some thymocytes have degenerated with pyknotic nuclei and
fragmenting organelles (Figure 2H).
Further, to determine if DOX treatement interfered with
thymic lymphopoiesis, the thymic cells were obtained from
both control and DOX mice and subjected to flow cytometry.
Mice treated with DOX showed a significant decrease in the
number of thymocytes. During T cell development, CD4-CD8double negative thymocytes progress through to CD4+CD8+
double positive thymocytes and then onto either CD4 or CD8
single positive cells. DOX treatment virtually depleted both the
less mature double positive thymocytes and the mature single
positive cells (CD4+ and CD8+) (Table 2). There was no
statistically significant reduction in the numbers of CD4-/CD8or macrophages or dendritic cells by DOX.
Figure 3 shows examples of typical 2D gel images of proteins
isolated from the thymus of control and DOX-treated mice.
PDQuest analysis showed that 12 proteins spots are differentially expressed between the control and DOX-treated mice and
these spots are identified as ATP synthase subunit beta, ATP
synthase subunit delta, malate dehydrogenase, transaldolase,
pyruvate dehydrogenase E1 component subunit b, fatty acid
binding protein from adipocytes, fatty acid-binding protein
from epidermal, apolipoprotein A-I, HSP70, proteasome subunit beta type 10, cathepsin D, ferritin light chain 1, Isoform 2
of tetratricopeptide repeat protein 38, Rho GDP-dissociation
inhibitor 1, annexin A5, actin cytoplasmic 1, tubulin beta-2B
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Figure 2. Thymus cytoarchitecture of controls (A) and mice treated with doxorubicin (B) showing increased lipid laden cells in the
latter. By electron microscopy, the basic feature of the control mice illustrating the thymocytes, lymphocytes, and macrophages are
shown (C and D). The DOX treatment effects illustrated include the continued lymphopoiesis (E), the epithelial thymocyte with
tonofilaments and desmosomes (F), the lipid droplet laden large thymocyte (G, inset), the mitochondrial change (G), and a frank
degenerative cell (H). Magnification of the images are 1000× and scale bars ) 1 µm. See result section for more details.
Table 2. The Number of total CD4/CD8 Subsets and CD 11c,
CD 11b, and CD 19 per Whole Thymus of Control and
DOX-Treated Mice
number of thymocytes ( SD (× 10-7)
phenotypes

control

DOX

P-values

CD4- CD8CD4- CD8+
CD4+ CD8CD4+ CD8+
Dendritic cell (CD 11c)
Macrophage (CD 11b)

1.8 ( 0.6
2.6 ( 2.0
4.4 ( 1.8
41.4 ( 19.0
0.2 ( 0.1
0.2 ( 0.1

0.8 ( 0.7
0.18 ( 0.2
0.63 ( 0.8
0.2 ( 0.2
0.01 ( 0.01
0.02 ( 0.01

NSa
<0.05
<0.05
<0.05
<0.05
NSa

a

NS ) no significant difference.

chain, tubulin alpha-1A chain, and Peripherin with MS and are
labeled in Figure 3 and listed in Tables 3 and 4. Figure 4 shows

expanded images of selected protein spots which clearly
showed the differential levels of proteins between control and
DOX-treated groups. The locations of most proteins spots agree
with reported pI and MW values; however, in some cases, spots
differ due likely to protein modifications, fragments, or degradation products that directly influence the net charge and
MW of the protein (Table 3). In Table 4, identified differentially
expressed proteins are grouped based on their function.

Discussion
The thymus undergoes age-related progressive involution
characterized by a decrease in thymic weight, decreased thymic
lymphopoiesis, disrupted thymic architecture, decreased numbers of cortical thymocytes, and gradual replacement of epiJournal of Proteome Research • Vol. 9, No. 12, 2010 6235
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Figure 3. Representative 2D gels from thymus of saline- (A) and doxorubicin-treated mice (B), respectively, showing geographical
location of proteins on 2D gel identified by mass spectrometry that showed differences in expression as a result of ip DOX. Spots that
showed a significant difference in expression levels are boxed and labeled with the corresponding protein identity (n ) 6).
Table 3. Proteomic Identification of Differentially Expressed Proteins in Thymus of Mice Treated with Doxorubicin
protein identified

accession numbera

MW (kDa)

pI

peptides (hits)b

probabilityc

ATP synthase subunit beta, mitochondrial
ATP synthase subunit delta, mitochondrial
Malate dehydrogenase, cytoplasmic
Transaldolase
Pyruvate dehydrogenase E1 component subunit b
Fatty acid binding protein, adipocytes
Fatty acid-binding protein, epidermal
Apolipoprotein A-I
HSP70
Proteasome subunit beta type 10
Cathepsin D
Ferritin light chain 1
Isoform 2 of Tetratricopeptide repeat protein 38
Rho GDP-dissociation inhibitor 1
Annexin A5
Actin, cytoplasmic 1
Tubulin beta-2B chain
Tubulin alpha-1A chain
Isoform 5 g of Peripherin

P56480
Q9D3D9
P14152
Q93092
Q9D051
P04117
Q05816
Q00623
P16627
O35955
P18242
P29391
A3KMP2-2
Q99PT1
P48036
P60710
Q9CWF2
P68369
P15331-1

56.26
17.59
36.48
37.36
38.91
14.64
15.12
30.56
70.59
29.04
44.92
20.76
31.56
23.39
35.73
41.71
49.92
50.10
54.23

6.0
4.8
6.1
6.6
6.4
8.7
6.1
5.5
5.8
6.4
6.7
5.6
5.8
4.9
4.6
5.1
4.69
4.81
5.29

12(12)
2(7)
7(27)
2(3)
1(1)
3(3)
5(64)
2(2)
1(1)
2(2)
4(11)
3(7)
3(4)
6(10)
10(10)
2(3)
6(8)
9(9)
2(13)

3e-010
2e-010
9e-006
7e-008
4e-009
4e-010
0.0002
5e-011
6e-011
1e-006
1e-015
2e-008
9e-006
2e-009
2e-010
8e-010
6e-010
1e-009
5e-006

a
The protein accession number found in the Swiss-Prot (mouse) database. b The number of peptide sequences identified by ESI-MS/MS. The total
number of peptide hits is indicated in parentheses, including multiple hits across different charge states. c The probability associated with a false protein
identification using the SEQUEST search algorithm.

thelial reticular cells by fat and connective tissue. Thymocytes
in the aged thymus have been shown to have altered proliferation and apoptosis.23 In the present study, we observed that
DOX treatment to young animals leads to a decrease in the
thymus weight and lymphopoiesis (Tables 1, 2) which correlated well with the decreased number of thymic cells as
revealed by histology (Figure 2). Thymic involution is associated
with a gradual decline in the size of thymus and also alterations
in the intrathymic T-cell development.24 We measured by flow
cytometric analysis the T-cell differentiation of control and
DOX-treated thymus in order to evaluate if DOX induced early
involution (Table 2). DOX treatment had a significant effect
on both the less mature double positive thymocytes and the
mature single positive (SP) cells (CD4+ and CD8+); however,
CD4+ CD8+ (DP) thymocytes are more sensitive to DOX
treatment than CD4+ or CD8+ single positive (SP) thymocytes.
Previous study showed that DP cells are more sensitive to
glucocorticoid and radiation-induced apoptosis compared to
either CD4+ and CD8+ SP cells.25,26 Further, macrophage and
dendritic cells did not show any statistically significant reduc6236

Journal of Proteome Research • Vol. 9, No. 12, 2010

tion in the number suggesting that they are less vulnerable to
DOX-treatment. However, the mechanism of DP cells sensitivity
is not clearly understood.
DOX-treated thymus showed increased number of Hassall’s
corpuscles (HC) that play an important role in the removal of
apoptotic cells, in addition to other functions. Further, several
studies also suggest that HC may play a role in the appearance
of natural regulatory T-cells (Tregs) in human thymic medulla
by secreting thymic hormones and promoting dendritic cells
to positively select natural Tregs (a subset of thymic B-cells).
Hence, the appearance of large number of HC in the DOXtreated thymus can be considered as an augmentation of
protective mechanisms to attempt to prevent DOX-induced
toxicity and clearance of the dead cells.
Much of the metabolic decline in the thymus can be
attributed to age involution that, in rodents, start at about 4
months and slowly progresses during the lifetime of the animal.
DOX treatment leads to early senescence of thymus. Proteomics
analysis in this study led to the identification of a number of
proteins whose expressions are altered upon DOX treatment.
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Table 4. Functional Classification of Proteomics Identified Differentially Expressed Proteins in Thymus of Mice Treated with
Doxorubicina
proteins

ATP synthase subunit beta, mitochondrial
ATP synthase subunit delta, mitochondrial
Malate dehydrogenase, cytoplasmic
Transaldolase
Pyruvate dehydrogenase E1 component subunit b
Fatty acid binding protein, adipocytes
Fatty acid-binding protein, epidermal
Apolipoprotein A-I
HSP70
Proteasome subunit beta
Cathepsin D
Ferritin light chain 1
Isoform 2 of Tetratricopeptide repeat protein 38
Rho GDP-dissociation inhibitor 1
Annexin A5
Actin, cytoplasmic 1
Tubulin beta-2B chain
Tubulin alpha-1A chain
Isoform 5 g of Peripherin

p-value

0.007
0.03
1.79 × 10-7
0.006
0.03
0.01
0.01
0.008
0.0002
0.005
0.003
0.007
0.01
0.004
0.01
0.02
0.02
0.003
0.0003

DOX/CTR

functions

0.54*
0.63*
3.67
3.24
1.75
3.51
1.70
3.04
3.70
0.42*
1.57
1.99
2.84
2.20
2.24
1.80
2.88
1.92
3.32

energy metabolism
energy metabolism
energy metabolism
energy metabolism
energy metabolism
fatty acid carriers
fatty acid carriers
lipid metabolism
chaperon
protein degradation
protein degradation
iron storage/stress response
immune system
cell signaling
apoptosis
structure
structure
structure
structure

a
The levels of protein alterations are expressed as the ratio of DOX to control protein levels. ‘*’ indicates the proteins that showed decreased protein
levels.

Figure 4. Representative enlarged images of selected spots from
control (CTR) and doxorubicin (DOX)-treated mice thymus showing the altered expression of proteins. Panel A represents
pyruvate dehydrogenase (PDH), panel B represents Rho GDPdissociation inhibitor 1 (Rho GDI), and panel C represents APoA1.

These proteins are categorized in Table 4 based on their
functions: energy metabolism, lipid metabolism, proteins
degradation, chaperon, cell structure, apoptosis, cell signaling,
iron storage, and immune response. The functional role of each
of the identified proteins is discussed below with emphasis on
thymus involution.
Energy Metabolism. A number of thymic proteins related
with energy metabolism were found to be affected in DOXtreated mice. These proteins includes ATP synthase (ATPase),
pyruvate dehydrogenase (PDH), transaldolase (TAL), and malate
dehydrogenase (MDH). Previous studies showed that decline
in the metabolic activity in the thymus is related to the thymus
involution which starts at about 4 months of mice age and
slowly progresses during the lifetime of the animal. Further,
the activities of glucose metabolizing enzymes in thymus have
been shown to have decreased activity which is age-dependent.
The glycolytic pathway of glucose metabolism has been shown
to have age-related significant decreases in enzyme activity.27
ATPase protein levels were found to be significantly decreased in thymus of animals treated with DOX. ATPase is a

mitochondrial enzyme that plays a key role in energy production. ATPase is formed by two complexes, F0 within the
membrane and F1 above the membrane, inside the matrix of
the mitochondria. The F1 complex contains the catalytic core
that synthesizes/hydrolyses ATP, while the F0 complex forms
the membrane-spanning pore. In F-ATPases, three copies each
of the alpha and beta subunits form the catalytic core of the
F1 complex, while the remaining F1 subunits (gamma, delta,
epsilon) form part of the stalks.28 ATPase, by complex rotational
movements of its subunits, couples the proton gradient generated by the respiratory chain which promotes ATP synthesis
and release.29 Having a decreased expression of ATPase would
lead to reduced production of ATP thereby affecting the normal
cellular functions which may lead to loss of thymus cells.
PDH protein levels were found to be significantly increased
in thymus of animals treated with DOX. PDH is a mitochondrial
enzyme complex that catalyzes the oxidative decarboxylation
of pyruvate to acetyl CoA, NADH, and CO2, making this protein
the key link between glycolysis and the citric acid cycle.30 The
increase in the levels of PDH might be a compensatory
response to increase the ATP production due to decrease levels
of ATPases.
TAL protein level was identified as significantly increased
in thymus of animals treated with DOX. TAL is an enzyme of
the nonoxidative phase of the pentose phosphate pathway
(PPP). TAL catalyzes the reversible transfer of a three-carbon
ketol unit from sedoheptulose 7-phosphate to glyceraldehyde
3-phosphate to form erythrose 4-phosphate and fructose
6-phosphate. This enzyme, together with transketolase, provides a link between the glycolytic and pentose-phosphate
pathways.31 TAL has been proposed as one of a rate-limiting
enzyme of the PPP, playing a key role in the control of the
metabolic network that regulates cell survival and differentiation.32 The increase in levels of TAL might also be a compensatory response to increase the ATP production due to decrease
levels of ATPases.
MDH protein level was identified as significantly increased
in thymus of animals treated with DOX. MDH is involved in
the malate-aspartate shuttle catalyzing the reversible oxidation
Journal of Proteome Research • Vol. 9, No. 12, 2010 6237
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of malate to oxaloacetate by NAD in the TCA cycle, also
producing ATP from ADP. MDH is located within the mitochondrial matrix linking glycolysis to mitochondrial respiration.
This protein transfers NADH across the mitochondrial membrane to respiratory complex I.33 Previous studies showed that
glucose metabolism results in increased proliferating compared
to resting thymocytes.34We speculate that the up-regulation of
MDH may be a compensatory mechanism for reduced level of
ATP synthase, downstream in the electron transport chain.
We hypothesize that the loss of a number of cortical cells
together with the decrease in the levels of protein ATPase leads
to up-regulation of a number of the other proteins that are
energy related as discussed above. The maintenance of normal
ATP levels in the cell is critical for cell survival and to carry
out normal cellular activities. A decrease in ATP production
leads to alteration in ATP dependent protein functions, such
as Na+/K+ ATPase, which are important in maintaining the iongradients across the cell, thereby affecting the cell survival, the
loss of which leads to cell death. The loss of cortical cells seen
after DOX treatment could be the DOX-induced effect on the
loss of cellular energetics. However, further studies are needed
to confirm this hypothesis.
Lipid Metabolism, Fatty Acyls Carriers. One of the characteristic features of senescence of the thymus is loss of thymocytes and increase deposition of fat. In the current study,
we found that apolipoprotein A 1 (ApoA1) and fatty acid
binding proteins (FABPs) levels are significantly increased
compared to control mice thymus consistent with the notion
that DOX induces thymus senescence.
ApoA1 is the major apolipoprotein associated with highdensity lipoprotein (HDL) and plays an important role in the
process of reverse cholesterol transport. This process is involved
in the transport of cholesterol from peripheral tissues to the
liver for processing, thereby eliminating excess cholesterol from
the body. In this process, apoA1 acts as a cofactor for lecithin
cholesterol acyltransferase.35,36 ApoA1 deficiency in humans
leads to a phenotype of low plasma HDL levels and premature
atherosclerosis.37 ApoA1 knockout mice show a marked reduction in plasma HDL levels that is repeated in levels of total
plasma cholesterol.38,39 Increased Apo A-1 levels has been
suggested to have anti-inflammatory activities.40
FABPs are soluble proteins with binding ability for unsaturated long chain fatty acids. The possible roles of FABPs include
promotion of cellular uptake of fatty acids and their utilization,
compartmentalization of intracellular fatty acid storage, modulation of enzyme activities, and protection of enzymes against
detrimental effects of fatty acids. These FABPs were originally
named according to the tissue of their first isolation such as
epidermal (E), heart (H), brain (B), liver (L), intestine (I), and
adipocyte (A) FABPs. Recent study reported that the thymus is
rich in E-FABP suggesting that E-FABP is involved in a function
essential to the thymic epithelial stromal cells.41 The thymic
epithelial stromal cells are involved in some regulation of
thymic immune responses through E-FABP-mediated metabolic processes of fatty acids such as regulation in production
of potent thymic lipid-mediators such as prostaglandins.41
Degeneration of thymus tissues at old age is associated with a
substitution of thymocytes by adipocytes, indicating the presence of neo-generation mechanisms of new adipose tissue.42
A-FABP is a predominant cytosolic protein in mature adipocytes. This protein may be an important regulator of systemic
insulin sensitivity and lipid and glucose metabolism. Mice
deficient in A-FABP are protected from development of hyper6238
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insulinemia and hyperglycemia. Indeed, in apolipoprotein
E-deficient mice, ablation of the A-FABP gene conferred
remarkable protection against atherosclerosis and insulin resistance.43 A-FABP is present also in macrophages where it
modulates inflammatory cytokine production and cholesterol
ester accumulation. A-FABP expression in macropages can be
induced by oxidized LDL and by toll-like receptor agonists.43
The increase in the FABP may lead to increase in the fat
deposition, one of the hallmarks of thymus involution. Our
ultrastructural demonstration of the increase lipid droplets in
thymic epithelial cell also suggests that DOX affects the thymic
development and consequently leads to thymus senescence.
Proteins Degradation and Chaperones. Cathepsin D (CD)
protein level was found to be significantly increased in thymus
of animals treated with DOX. CD is an aspartic proteinase
which is ubiquitously expressed in lysosomes of most eukaryotic cells contributing to lysosomal proteolysis. CD has also
been implicated in regulation of cell proliferation and apoptosis
signaling pathways. Increased CD levels are associated with
metastatic potential in some cancers, possibly reflecting the
increased metabolism of these cells, or due to a role in
extracellular matrix degradation. CD has been shown to be in
the lysosomes and in the endosomes of macrophages, suggesting its involvement in proteolytic processing of foreign
antigens and invariant chain.44 CD deficiency conferred a lethal
phenotype with mice showing profound atrophy of lymphoid
tissue such as thymus and spleen and progressive atrophy of
the intestinal mucosa, suggesting essential functions of CD in
tissue homeostasis.45,46 Hence, increased levels of CD found
in the current study possibly indicate an increased rate of
metabolism in the surviving cells (possibly to compensate for
decreased ATP synthase) or a signal of apoptosis in the DOXtreated mice thymus.
The proteasome constitutes the central proteolytic component of the highly conserved ubiquitin-proteasome system that
is responsible for mediating the degradation of a vast array of
oxidized, misfolded, and aggregated proteins.47 The proteolytic
core of the proteasome, referred to as the 20S proteasome, is
composed of multiple R- and β-subunits. Additional cap-like
protein complexes, referred to as the 11S and 19S proteasomes,
can bind to the 20S proteasome resulting in the formation of
the 26S proteasome.48 The proteasome is required for the
maintenance and regulation of basic cellular processes, including differentiation, proliferation, cell cycling, gene transcription,
apoptosis, and the generation of antigenic peptides presented
by major histocompatibility complex (MHC) class I molecules.47
Increasing evidence suggests that the activity and composition
of the proteasome can be altered in immune cells in response
to inflammatory stimuli in order to maintain proper immune
function.48 Moreover, it has been shown that there is a decrease
in proteasome activity in apoptotic thymocytes.49 Therefore,
decreased levels of proteasome subunit beta in thymus of mice
treated with DOX may lead to increase accumulation of
damaged proteins which may eventually lead to increased loss
of cells, as observed by loss of cortical cells (Figure 2).
Heat shock protein 70 (HSP 70) protein level was found to
be significantly increased in thymus of animals treated with
DOX. HSP 70 is the major heat-inducible chaperone protein
that exerts a cytoprotective effect under a number of different
conditions. HSP 70 prevents protein aggregation, assists in the
refolding of damaged proteins, and chaperones nascent polypeptides along ribosomes. Moreover, HSP 70 is also involved in
the ubiquitin-proteasome pathway.50 Transgenic mice ex-
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pressing the inducible human HSP 70 developed thymic
hypoplasia and immunodeficiency due to the lack of mature
T cells in the thymus and the periphery.51 According to Selye’s
theory on stress response, the body reacts in response to
different stress inducers with a typical stress syndrome characterized by thymic involution.52 Therefore, elevated HSP70
following DOX is consistent with the fact that the DOX
treatement leads to protein misfolding in thymus cells leading
to altered cellular functions and eventually to immunosenescence.
Cell Structure. Among other moieties, the cell cytoskeleton
consists of microtubules and microfilaments that participate
in processes that require changes in the shape of the cell and
transport of materials. There are three interconnected filament
systems in eukaryotic cells: microfilaments consisting of actin,
microtubules made from R/β-tubulin subunits, and intermediate filaments.
Actin is a principal protein playing a central role in maintaining cellular integrity, morphology, and the structure of the
plasma membrane. Actin is the monomeric subunit of microfilaments. Actin participates in many important cellular
processes including cell motility, cell division and cytokinesis,
vesicle and organelle movement, cell signaling, and the establishment and maintenance of cell junctions and cell shape.
Tubulin is a core protein of microtubules, which play a role
in cytoskeletal maintenance and transport of membrane-bound
organelles. Tubulin alpha and beta heterodimers represent the
major components. Tubulin binds 2 mol of GTP, one at an
exchangeable site on the beta chain and one at a nonexchangeable site on the alpha chain.
Peripherin is one of the neuronal intermediate filament
proteins (IFPs) expressed in mammals.53 Peripherin appears
during development in motoneurons, neural crest-derived and
some placode-derived neurons. Peripherin expression peaks
during the axonal growth phase, but decreases later during
postnatal development. The levels of peripherin protein are
considerably up-regulated after injury.54 A tight link between
epithelial and neural cell lineages has been suggested in
thymus. Several studies described the coexistence of neural
crest-derived cells together with distinct cell lineages in thymic
medulla and the expression of a number of neuronal markers
and neuropeptides in both thymic epithelium and stromal.55
Taken together, dysregulation of the structural proteins may
lead to alteration in normal cellular functions leading to cell
death and consequently to immunosenescence. Lastly, although the study duration of DOX exposure is relatively brief,
the mitochondrial degeneration seen in many thymocytes
(Figure 2G) is consistent with the known mitochondrial toxicity
of DOX.
Apoptosis, Cell Signaling, Iron Storage, and Immune
Response. The annexins are a family of membrane binding
proteins that share structural properties and biological activities
associated with membrane related processes. Annexin A5 binds
in a calcium-dependent and reversible manner to PtdSerexpressing membranes. Annexin A5 potentially plays a role in
various biochemical and cellular processes occurring on membranes in which PtdSer is expressed on the outer lamella. It
has been reported that annexin A5 inhibits apoptotic body
formation by applying a physical constraint on the plasma
membrane and inhibiting the apoptotic program.56 Munoz et
al. proposed that annexin A5 plays a role in the modulation of
the immune system by inhibiting phagocytosis of apoptotic and
necrotic cells.57 Hence, DOX-induced changes could be a

compensatory response to protect the cells and consequently
immunosenescence.
The Rho-family specific GDP-dissociation inhibitor (Rho
GDI) forms complexes with Rho proteins in the cytosol of
mammalian cells. Rho GDIs block activation of Rho proteins
by sequestering the GDP-bound Rho proteins in the cytosol,
thereby inhibiting the exchange of GDP to GTP of Rho proteins.
Moreover, they target Rho proteins to specific signaling complexes at the plasma membrane and protect Rho proteins from
proteolytic degradation by forming stable complexes in the
cytosol.58 Rho GDI are involved in the control of cell morphology and motility in untransformed cells. The increase in Rho
GDI could be a compensatory response to the altered signal
transduction in the thymus of DOX-treated mice, which may
eventually lead to immunosenescence.
Ferritin is the major intracellular iron storage protein and is
composed of 24 subunits of the heavy and light chains.
Variation in ferritin subunit composition may affect the rates
of iron uptake and release in different tissues. A major function
of ferritin is the storage of iron in a soluble nontoxic, readily
available state. Ferritin is important for iron homeostasis and
plays a key role in delivery of iron to cells.59 We hypothesize
that cell loss triggered by DOX-treatment may lead to increase
release of iron from the damaged protein, an the increase in
the levels of ferritin could be a protective mechanism to prevent
thymus involution.
Tetratricopeptide repeat protein 38 is a novel immunophilin
homologue that contains a three-unit tetratricopeptide repeat
and a consensus leucine zipper. Immunophilins comprise a
family of proteins that serve as receptors for immunosuppressant drugs such as cyclosporin A. Immunophilins are thought
to interact with a several intracellular signal transduction
systems especially those related to calcium and phosphorylation. Immunophilins are also important therapeutic targets for
induced immunosuppression of T-cells in association with
organ transplantation.60 We hypothesize that the increase in
Tetratricopeptide repeat protein 38 could be a compensatory
response to decrease immunity reported in patients treated by
DOX, making the cancer patients more vulnerable to infection.

Conclusion
The ip DOX treatment clearly affected the thymus cytoarchitecture. Large increase of the vesiculated, lipid laden epithelial thymocytes with mitochondria degeneration may be the
morphological cornerstone of the molecular observations
presented. Further, we identified a number of proteins that
were differentially regulated in DOX-treated mice thymus,
which suggests that DOX treatment leads to early senescence
of thymus. Further studies are needed to understand the
mechanism of DOX-induced senescence and to prevent DOXinduced side effects in cancer treatment. In addition, better
insights into DOX effects on thymus will also help in developing
a strategy to delay or prevent age-induced thymus involution
and promote a more healthy life.
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