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Abstract: Syngeneic graft-versus-host disease (SGVHD) develops in mice following lethal irradiation, reconstitution 
with syngeneic bone marrow (BM) and treatment with a short course of the immunosuppressive agent cyclosporine A 
(CsA). The development of SGVHD is a complex process resulting from the cooperative interaction of multiple effector 
cell populations and inflammatory mediators contributing to the pathogenesis of this inducible disease. Using gene ex-
pression analysis, flow cytometric analysis and immunohistochemistry, time course studies revealed increased reactive 
oxygen and nitrogen species in the tissues of CsA-treated animals compared to bone marrow transplantation (BMT) con-
trols during the induction of SGVHD (d0-21 post-BMT). Studies were undertaken to determine the effect of CsA-induced 
oxidative stress on the induction of SGVHD. In vivo treatment with the superoxide dismutase mimetic, manganese (III) 
meso-tetrakis (4-benzoic acid) porphyrin (MnTBAP), during (d0-21 post BMT), or after CsA therapy (>d21 post-BMT), 
caused a reduction in the development of clinical symptoms of SGVHD (weight loss, diarrhea). Interestingly, treatment 
with MnTBAP resulted in a significant reduction in the deposition of peroxynitrite in the colons of CsA-MnTBAP-treated 
versus control CsA-treated SGVHD animals. These studies suggest a role for oxidative stress in the development of mur-
ine SGVHD.  
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INTRODUCTION 

 Syngeneic graft-versus-host disease was described by 
Glazier et al. as a graft-versus-host disease (GVHD)-like 
syndrome that developed in rats following syngeneic bone 
marrow transplantation (BMT) and cyclosporine A (CsA) 
treatment [1]. SGVHD is induced by reconstituting lethally 
irradiated mice with syngeneic BM cells followed by a 21 
day treatment with CsA. Both radiation and CsA are required 
for the development of SGVHD. Radiation allows for the 
elimination of regulatory cells that are capable of modulating 
the induction as well as the adoptive transfer of SGVHD [2, 
3]. It has been demonstrated that cell killing by ionizing ra-
diation is mediated primarily through the induction of oxida-
tive stress [4]. CsA is an immunosuppressive drug com-
monly used to prevent graft rejection following solid organ 
transplantation or to prevent GVHD following allogeneic 
BMT [5, 6]. Administration of CsA to rats has been shown 
to cause overproduction of reactive oxygen species (ROS), 
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as well as increased reactive nitrogen species (RNS), shown 
by elevated inducible nitric oxide synthase (iNOS) and nitro-
tyrosine levels [7-9]. 

 In the mouse, clinical symptoms of SGVHD (weight loss, 
diarrhea) appear 2 to 3 weeks following cessation of CsA 
therapy with disease-associated inflammation occurring pri-
marily in the colon and liver [10, 11]. CD4+ T cells have 
been shown to be the predominant effector cell in the patho-
genesis observed in murine SGVHD [12, 13]. Associated 
with a defined role for CD4+ T cells, previous studies have 
demonstrated significantly higher levels of TH1 and TH17 
cytokines in target organs of SGVHD mice [14-17].  

 In addition to CD4+ T cells and inflammatory cytokines, 
RNS have also been shown to play a significant role in the 
development of SGVHD [18]. Nitric oxide (NO) is a ubiqui-
tous molecule needed for normal physiologic functions and 
is generated from L-arginine through an oxidation reaction 
that is catalyzed by NO synthase (NOS). The inducible form 
of NOS (iNOS, NOS2) can be expressed in many cell types, 
and it also exhibits immunosuppressive properties that may 
play a role in the down-regulation of immune responses [19]. 
By itself NO is a weak free radical but in combination with 
other ROS, such as superoxide (O2

-), it can result in the for-
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mation of peroxynitrite (ONOO-), a toxic and reactive prod-
uct capable of mediating cytotoxic processes [20, 21]. The 
contribution of NO to the development of murine SGVHD 
was previously determined by the treatment of mice with the 
iNOS inhibitor aminoguanidine (AG) during the post-CsA 
period. Inhibition of iNOS resulted in the abrogation of 
clinical symptoms, tissue pathology and inflammatory cyto-
kine levels associated with the development of SGVHD [18]. 
Inhibition of iNOS also resulted in reduced pathophysiology 
associated with allogeneic GVHD [22, 23]. Conversely, NO 
has been shown to have a protective effect during the early 
stages of GVHD induction (days 0 up to 14 post-BMT) and 
inhibition of iNOS resulted in decreased survival [24, 25]. 

 The role of oxidative stress in the pathophysiology of 
diseased states [9, 21] has led to the development of metal-
loporphyrin catalytic antioxidants as a possible therapeutic 
option. MnTBAP is a stable metalloporphyrin that can scav-
enge a broad spectrum of reactive oxygen and nitrogen spe-
cies [26-30]. This compound can scavenge peroxynitrite 
[30], catalyze the dismutation of superoxide [29] and protect 
DNA from ROS-mediated damage. MnTBAP has been suc-
cessfully used to prevent oxidant-induced injury responses 
by activated macrophages both in vitro and in vivo [28, 29]. 
As CsA therapy after syngeneic BMT increased NO produc-
tion [18] and CsA toxicities are associated with the genera-
tion of oxidative stress, studies were undertaken to investi-
gate the role of oxidative stress in the development of 
SGVHD. Mice treated with CsA had higher levels of reac-
tive oxygen and reactive nitrogen species compared to con-
trol animals. Recipient mice were treated with the antioxi-
dant MnTBAP during the induction SGVHD (d0-21 post-
BMT) or post-CsA therapy (>21 day post-BMT) to further 
analyze the role of reactive oxygen/reactive nitrogen species 
in the development of SGVHD. BMT mice given MnTBAP 
either during or after CsA-therapy produced decreased levels 
of RNS and decreased clinical symptoms and induction of 
SGVHD. Collectively, these data suggest a role for oxidative 
stress in the intestinal pathogenesis of murine SGVHD. 

MATERIALS AND METHODS 

Mice 

 C3H/HeN mice were purchased from Harlan Sprague-
Dawley (Indianapolis, IN) at 20–21 days of age and were 
used within 1 week of arrival. Mice were housed in sterile 
microisolator cages (Lab Products, Maywood, NJ) and fed 
autoclaved food and acidified water ad libitum. Animal pro-
tocols were reviewed and approved by the University of 
Kentucky Institutional Animal Use and Care Committee.  

Induction of SGVHD 

 Bone marrow was isolated from the femurs and tibias of 
syngeneic age-matched mice. The donor BM suspensions 
were prepared in RPMI 1640 (Cellgro, Herndon, VA) sup-
plemented with 100 U/ml penicillin and 100 µg/ml strepto-
mycin. The resulting cell suspensions were depleted of Thy-
1+ cells using mAb to Thy-1.2 (HO-13-4) and Low Tox M 
rabbit complement (Cedarlane Laboratories, Westbury, NY), 
as previously described [31]. Recipient mice were lethally 
irradiated with 900 cGy in a Mark I 137Cs irradiator (J.L. 

Shepherd and Associates, Glendale, CA). The animals were 
reconstituted i.v. with 5 x 106 T cell-depleted BM (ATBM) 
4–6 h after conditioning. Beginning on the day of transplan-
tation, the mice were given daily i.p. injections for 21 days 
with either CsA (15 mg/kg; purchased through the Division 
of Laboratory Animal Resources, University of Kentucky) in 
the diluent olive oil (Sigma-Aldrich, St. Louis, MO) or with 
diluent alone. Following cessation of CsA therapy, the ani-
mals were weighed three times per week and observed for 
clinical signs of SGVHD (weight loss, diarrhea). Animals 
that developed clinical symptoms for three consecutive 
weighings, developed weight loss or died due to disease 
were considered as positive for the induction of SGVHD.  

In Vivo Treatment with MnTBAP 

 Treatment with MnTBAP was performed either during or 
post-CsA therapy. For MnTBAP therapy during the CsA 
period, treatment began two days prior to BMT and mice 
were treated i.p. with 10 mg/kg of MnTBAP (Axxora Life 
Sciences Inc., San Diego, CA.) ending at day 21 post-BMT. 
A twice a day dosing regimen was used based on the 
MnTBAP elimination half-time of 9.5 hours [32]. For post-
CsA treatment, twice daily MnTBAP therapy began at day 
21 post-BMT and was given for 2-3 weeks. Treatment was 
stopped when the majority of the CsA group (>80%) had 
developed SGVHD. Following cessation of CsA therapy, the 
animals were monitored for the development of clinical 
symptoms of SGVHD as described.  

Flow Cytometry Analysis of ROS by DCFH-DA 

 At 21 days after BMT, control, CsA- and MnTBAP-
treated mice were euthanized by CO2 inhalation and the 
spleens removed. Single cell suspensions were prepared 
from individual spleens and the red blood cells were lysed by 
treatment with 0.83% Tris-buffered NH4Cl. The resulting 
cell population was counted using trypan blue exclusion and 
intracellular ROS were detected using the cellular marker 
2’,7’-dichloro-dihydrofluroscein diacetate (DCFH-DA) fol-
lowing the method of Saito et al. [33]. Briefly, isolated lym-
phoid cells (2 x 106 cells/ml) were washed once and re-
suspended in phosphate-buffered saline (PBS). Cells were 
labeled by incubation for 30 min at 370 C with DCFH-DA at 
a final concentration of 5 μM. After incubation, cells were 
washed twice with PBS and fixed in 1% paraformaldehyde. 
Flow cytometric analysis was performed on a BD Biosci-
ences FACSCalibur flow cytometer (San Jose, CA).  

Histological Evaluation of SGVHD 

 Tissue samples were taken from euthanized animals and 
immediately placed in 10% buffered formaldehyde. Fixed 
tissues were embedded in paraffin, cut into 4- to 6-µm tissue 
sections, mounted on glass slides, and then stained by a stan-
dard H&E procedure. All tissue sections were analyzed by a 
blinded observer without knowledge of the treatment cate-
gory of the animal and graded for inflammation caused by 
SGVHD using a previously published grading scale (colon: 
±, rare crypt cell necrosis; 1+, definite scattered single-cell 
necrosis in crypts; 2+, several necrotic cells in gland, crypt 
abscesses present; 3+, confluent destruction of glands) [34].  
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Immunohistochemical Staining 

 Colonic tissue was taken at the indicated time points, 
immediately placed in Tissue-Tek Optimal Cutting Tempera-
ture compound (Sakura Finetek, Torrance CA, USA) and 
frozen in liquid nitrogen. Colons were cut into 10-µm tissue 
sections, mounted on glass slides and stored at -20⁰C. Tis-
sues were fixed in 3% paraformaldehyde for 15 min, washed 
three times in PBS for 5 min each, then treated with blocking 
solution containing 2mg/ml normal donkey serum (Jackson 
ImmunoResearch, West Grove, PA), 0.3% Triton X-100 in 
PBS for 30 min to block non-specific binding. All incuba-
tions were carried out in a humidified chamber at 4⁰C in the 
dark. After draining the excess blocking solution the tissues 
were stained overnight with anti-nitrotyrosine Ab (1: 50, 
Upstate, Lake Placid, NY, USA). The Ab-treated slides were 
washed twice with PBS for 30 min, incubated with Oregon 
Green 488- conjugated anti-IgG (1 : 1000 dilution, Invitro-
gen, USA) in PBS containing 2mg/ml normal donkey serum 
and 0.3% Triton X-100 for 1 h, and then washed twice for 30 
min each. Control staining was performed by omitting the 
primary antibody during the procedure to control for the 
specificity of the staining of the primary antibody. Samples 
were visualized with a 100X objective and digitized with an 
AxioCam HR Vision System (Carl Zeiss MicroImaging Inc., 
Thornwood, NY). 

Real Time Polymerase Chain Reaction 

 Total colon RNA was isolated using Trizol reagent (Invi-
trogen, Grand Island, NY). 1µg of RNA from each group 
was reversed transcribed into cDNA using the Promega re-
verse transcription system (Madison, WI). 2.5µl of cDNA 
was combined with 10µl of master mix (0.5U Platinum Taq 
(Invitrogen), 0.2nM of each dNTP, 0.2mM PCR buffer 
(Idaho technology Inc, Salt Lake City, UT), 1X SYBR Green 
(Molecular probes, Eugene, OR) and 1µM of primer. Prim-
ers for GAPDH, TNF-α, [35] and iNOS (NOS2)[36] were 
purchased from Integrated DNA technologies (Coralville, 
IA). Real time PCR was performed on a Roche Lightcycler 
(Roche Diagnostics, Indianapolis, IN). PCR conditions were 
as follows: 5 minutes at 95oC, followed by 50 cycles of 30 
seconds at 95oC, 30 seconds at 60oC for all primers. The 
amount of TNF-α and iNOS was normalized to GAPDH 
calculated by the comparative CT method.  

Statistical Analysis 

 Statistical differences between control BMT and SGVHD 
samples were determined using Student’s t test or one-way 
ANOVA. Induction of SGVHD was monitored by Kaplan-
Meier method and log rank test or Fisher’s exact test (induc-
tion). Differences p<0.05 were considered statistically dif-
ferent. 

RESULTS 

Determination of Oxidative Stress During the Induction 
of SGVHD 

 Oxidative stress is defined as an imbalance between oxi-
dants and antioxidants that can lead to tissue damage and can 
contribute to the pathology of many different diseases [37]. 
Since both of the conditioning agents required for the induc-

tion of SGVHD can result in the generation of oxidative 
stress, studies were undertaken to determine the levels of 
ROS at the completion of CsA therapy. Intracellular ROS 
production during SGVHD was determined using the fluo-
rescent probe DCFH-DA[33]. Oxidation of DCFH-DA to 
fluorescent DCF was significantly increased in spleen cells 
isolated from CsA treated animals by day 21 post-BMT (Fig. 
1) when compared to BMT control mice, demonstrating 
higher levels of ROS in CsA-treated animals.  

 Since it was demonstrated that NO (post-CsA) played a 
role in the development of SGVHD [18], real time RT-PCR 
studies were performed to determine if increases in mRNA 
for iNOS could be detected in the colon, during the CsA 
treatment period (d0-21). Increased mRNA for iNOS was 
present in the colon of CsA treated animals as early as day 
14 and at day 21 post-BMT (Fig. 2). As previously published 

 

Fig. (1). Elevated ROS in mice treated with CsA compared to con-
trol BMT. Spleens were removed from control and CsA-treated 
mice at day 21 post-BMT. Splenocytes were isolated and treated 
with DCFH-DA, as described, and analyzed by flow cytometry. 
Data presented are pooled from four individual experiments, n 
represents the number of animals per group. Statistical difference 
determined by unpaired Student’s t test. 

Fig. (2). Increased levels of iNOS mRNA in CsA-treated mice. 
Animals were induced to develop SGVHD as described. Colon was 
isolated at 7, 14 and 21 days after BMT and analyzed by real time 
RT-PCR. Data presented represents mean±SEM of pooled data 
from two experiments with n representing the number of mice ana-
lyzed within each treatment group. Statistical difference determined 
by unpaired Student’s t test. 
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by our group [18], iNOS mRNA levels remain significantly 
elevated during active disease in colonic tissue of CsA 
treated mice compared to BMT control. Furthermore, in-
creased circulating NO was observed after nitrate reduction 
in the pooled serum of SGVHD mice relative to normal or 
transplant control animals (data not shown), confirming the 
PCR data. As an additional measure of oxidative stress in the 
tissues of CsA-treated/SGVHD animals, we monitored pro-
tein tyrosine nitration since it is an important marker of oxi-
dative stress induced by peroxynitrite and other nitric-oxide 
derived oxidants [21, 38]. Increased nitrotyrosine was ob-
served in colonic tissue of CsA treated mice compared to 
control mice by day 21 post-BMT demonstrating increased 
oxidation mediated by peroxynitrite (Fig. 3). Taken together, 
these results demonstrate that CsA-treated mice produced 
significantly elevated amounts of RNS compared to control 
BMT mice and confirm that increased oxidative stress is 
generated in mice undergoing CsA therapy. 

 

Fig. (4). MnTBAP treatment delayed the development of SGVHD. 
Disease was induced in C3H/HeN mice, as described. Groups of 
control or CsA-treated mice were given 10 mg/kg of MnTBAP 
twice a day starting 2 days prior to BMT and every day for 21 days. 
The animals were then monitored for SGVHD induction (weight 
loss, diarrhea and/or mortality). (A) Animals were weighed indi-
vidually 3x per week starting on day 21 post-BMT. Data presented 
represent pooled data from 2 experiments, plotted as average ± 
SEM of percent weight change for each treatment group (n = 16). 
Statistical difference determined by unpaired Student’s t test. (B) 
Animals were followed for induction and plotted as time to induc-
tion after BMT. Data presented represent pooled data from 4 ex-
periments (n = 16). Statistical difference determined by log rank 
test. (C) Analysis for induction measured 49 days post-BMT, with 
the number of animals with SGVHD/total number of animals 
within each group presented above each bar. Data presented are 
pooled from four experiments. Statistical difference for induction 
determined by Fisher’s exact test. 

Reduction of Oxidative Stress During CsA Therapy  
Alters the Development of SGVHD 

 To determine the role of conditioning/CsA-induced oxi-
dative stress on the development of SGVHD, the antioxidant 

 

Fig. (3). Reduced nitrotyrosine staining after antioxidant therapy. 
(A) Colons of C3H/HeN mice were removed at day 21 post-BMT 
and frozen sections were analyzed by immunohistochemistry tech-
niques for the presence of nitrotyrosine (100X). The data presented 
are representative of samples from four mice from two individual 
experiments. (B) Slides were visualized under 100X magnification 
and staining per field was quantified by visually counting the areas 
that were positive for nitrotyrosine staining. Data presented 
mean±SEM from pooled samples from two experiments. Statistical 
difference determined by one-way ANOVA. 
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MnTBAP, a stable metalloporphyrin that can scavenge a 
broad spectrum of reactive oxygen and nitrogen species [26-
30], was given during the CsA treatment period. C3H/HeN 
mice were induced for SGVHD as described. Beginning two 
days prior to BMT, the mice were treated with MnTBAP, 10 
mg/kg twice a day until day 21 post-BMT [32]. Antioxidant 
therapy during CsA treatment delayed the weight loss ob-
served in the CsA treated mice (Fig. 4A), as well as delayed 
development of clinical symptoms of SGVHD (Fig. 4B) and 
significantly reduced total disease induction through 49 days 
after cessation of CsA therapy (Fig. 4C). Our results demon-
strated that treatment of CsA mice with MnTBAP reduced 
the severity of SGVHD when compared to mice receiving 
CsA alone. However, the mechanism by which the SOD 
mimetic exerted its beneficial actions remained unknown. 
Given the role that NO played in the pathogenesis of 
SGVHD, the levels of nitrotyrosine in colonic tissue of CsA 
treated mice were evaluated and shown to be elevated when 
compared to transplant controls 21 days after BMT (Fig. 3). 
However, immunohistochemistry analysis revealed less ni-
trotyrosine staining in the colons of CsA-treated mice that 
received MnTBAP compared to mice treated with CsA alone 
(Fig.3A). In addition, quantitative measurement of nitrotyro-
sine staining in colonic tissue revealed that MnTBAP treat-
ment was capable of reducing oxidative stress in a signifi-
cant manner when compared to mice that were only treated 
with CsA (Fig.3B). Similarly, while not statistically signifi-
cant, MnTBAP therapy consistently reduced the mRNA for 
iNOS and TNF-α when analyzed at this time as well (data 
not shown). These studies demonstrated that treatment with 
the SOD mimetic reduced production of peroxynitrite in the 
colon of CsA treated mice, reducing a potent RNS mediator 
that has been shown to be unregulated during intestinal in-
flammation associated with inflammatory bowel disease 
[21]. 

 
Fig. (5). Delayed SGVHD after MnTBAP treatment post-CsA. Dis-
ease was induced in C3H/HeN miceas described. Groups of control 
or CsA-treated mice were treated with 10 mg/kg of MnTBAP twice 
a day beginning on day 21 post-BMT through 2-3 weeks post-CsA 
when the majority (>80%) of the CsA animals had developed 
SGVHD. (A) Animals were weighed individually 3x per week 
starting on day 21 post-BMT and plotted as mean ± SEM of percent 
weight change for each treatment group. Statistical difference de-
termined by unpaired Student’s t test. (B) Individual animals were 
followed for disease induction and plotted as the time to induction 
after BMT. Statistical difference determined by log rank test. (C) 
Analysis for disease induction measured 43 days post-BMT, with 
the number of animals with SGVHD/total number of animals 
within each group presented above each bar. Data presented are 
pooled from two experiments. Statistical difference in induction 
determined by Fisher’s exact test. 

Reduction of Oxidative Stress by Post-CsA Therapy  
Alters the Development of SGVHD 

 Since our results demonstrated that antioxidant therapy 
during the 21 days of CsA induction therapy was able to 
delay disease induction, we analyzed the role of oxidative 
stress post-CsA therapy in the development of SGVHD. For 
these experiments, treatment with the antioxidant MnTBAP 
was given to BMT control and CsA mice after cessation of 
CsA therapy. C3H/HeN mice were induced for SGVHD as 
described. Beginning on day 21 post-BMT, the mice were 
treated with MnTBAP 10 mg/kg twice a day for 2-3 weeks 
until CsA-treated BMT mice were positive for SGVHD 
(≥80%). Treatment of BMT control and CsA-treated mice 
with MnTBAP post-CsA delayed the development of clinical 
symptoms of SGVHD (Fig. 5). Antioxidant therapy post-
CsA treatment reduced weight loss observed in the CsA 
treated mice (Fig. 5A), clinical symptoms of SGVHD 
(weight loss, diarrhea)(Fig. 5B) and disease induction was 
significantly reduced when antioxidant therapy was initiated 
after cessation of CsA therapy (Fig. 5C). In addition, 
MnTBAP treatment after CsA treatment was also capable of 
reducing nitrotyrosine staining in CsA-treated mice (Fig. 6). 
These results were not unexpected as our group has previ-
ously shown that inhibition of iNOS post-CsA therapy de-
creased SGVHD induction [18]. Similar to data obtained 
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Fig. (7). Colon pathology was not altered by MnTBAP treatment. 
Colon tissue was isolated during clinical symptoms of SGVHD, 
typically 3–4 weeks post-CsA treatment. The tissues were stained 
for H&E and pathology grading was performed as described in 
Materials and Methods. Data represent mean pathology grade ± 
SEM. n represents the number of mice per experimental group 
pooled from two independent experiments. Statistical difference 
determined by one-way ANOVA. 

when MnTBAP was given during CsA therapy, decreased 
iNOS mRNA levels after antioxidant treatment in the colon 
of CsA treated mice if compared to mice that received CsA 
alone (data not shown). Interestingly, while the reduction in 
the deposition of nitrotyrosine in the colon of MnTBAP-
treated animals reduced the development of clinical symp-
toms of SGVHD, histological analysis of colonic tissue re-
vealed that MnTBAP treatment after CsA therapy did not 
ameliorate the inflammatory infiltrate observed in CsA-
treated mice (Fig. 7). 

DISCUSSION  

 Previous work in this model has shown a significant role 
for oxidative stress mediators during the development of 
SGVHD [18]. Studies presented here demonstrated increased 
oxidative stress during the induction (d0-21 post-BMT) of 
SGVHD and the deposition of nitrotyrosine was enhanced in 
the colons of CsA-treated/SGVHD animals. Based on this 
finding, the SOD mimetic MnTBAP was utilized during and 
after SGVHD induction to determine the effects of reduced 
oxidant stress on disease development. Treatment with 
MnTBAP during and after induction therapy significantly 
reduced the development of clinical symptoms of SGVHD 
and reduced the nitrosylation of target tissues demonstrating 

a role for reactive oxygen/nitrogen intermediates in the de-
velopment of this inducible disease. 

 

Fig. (6). Decreased RNS in colon of CsA-treated mice after 
MnTBAP therapy. (A) Colonic tissue was isolated after MnTBAP 
treatment and analyzed by immunohistochemistry analysis for ni-
trotyrosine staining in colons of CsA-treated mice compared to 
control BMT (100X magnification). (B) Nitrotyrosine staining was 
visually quantified as described. Data are pooled from 2 experi-
ments and represents n=4 mice per group. Statistical difference 
determined by one-way ANOVA. 

 Utilizing the iNOS inhibitor aminoguanidine (AG), 
Flanagan et al. demonstrated that AG therapy for 2 weeks 
after CsA therapy significantly reduced the development of 
SGVHD. In their studies, iNOS inhibition resulted in the 
abrogation of clinical symptoms, tissue pathology and cyto-
kine (IL-12 and IFN-γ) levels associated with the develop-
ment of SGVHD [18]. In accordance, Garside et al. [22] 
showed that inhibition of iNOS with L-NG-monomethyl 
arginine (L-NMMA) in their experimental model of mouse 
GVHD, resulted in decreased intestinal pathology. Alterna-
tive to these studies, it was shown that inhibition of NO pro-
duction at early stages following allogeneic BMT can lead to 
mortality [24, 25], suggesting that NO levels could affect 
alloengraftment [24] or have a protective effect during this 
period [25]. For this reason we decided to treat mice with the 
antioxidant MnTBAP since it can scavenge a broad spectrum 
of reactive oxygen as well as nitrogen species [28, 29, 32, 
39].  

 In the immediate post-BMT period, radiation condition-
ing and CsA therapy resulted in elevated production of in-
flammatory mediators. It was shown that mice treated with 
CsA had increased levels of oxidative stress as shown by 
increased fluorescence of the ROS probe, DCFH-DA. Reac-
tive nitrogen species were also elevated in the CsA treated 
animals compared to their control counterparts. Along with 
increases in oxidative stress, our group has shown increased 
levels of TNF-α and cellular adhesion molecules (CAM) in 
the colons of CsA treated mice compared to control BMT at 
early time points during and after CsA therapy [40]. The 
SGVHD induction regimen can trigger oxidative stress in 
many cell types and reports show that pathological changes 
associated with TNF-α signaling is associated with increased 
oxidative stress [41, 42].  
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 The potential and beneficial effects of SOD mimetics 
have highlighted the importance of antioxidant compounds 
as potential therapeutic treatment for many pathologies [26-
28, 32, 39]. Simmonds et al. previously demonstrated a di-
rect correlation between increased production of ROS and 
increased pathogenesis in colorectal biopsy specimens of 
patients with IBD [43]. Similarly, Rachmilewitz et al. re-
ported increased concentrations of RNS (i.e. NO) in ulcera-
tive colitis and Crohn’s disease patients [44]. Thus, evidence 
exists for increased oxidative stress intermediates in IBD 
which could participate in the cellular damage observed in 
intestinal inflammation. Such findings point to the potential 
of antioxidant therapy as a possible curative option to ame-
liorate the deleterious effects caused by oxidative stress. 
Several studies have concentrated on the use of antioxidant 
therapy as an option to treat colitis with positive outcomes 
[45, 46].The use of antioxidant to promote graft acceptance 
in animal models has also been successful, supporting the 
role of ROS/RNS in rejection [47]. In addition, antioxidant 
therapy in a murine model of GVHD [48] as well as in a 
clinical allogeneic hematopoietic stem cell transplant trial 
[49] have been shown to reduce GVHD and improve trans-
plant outcome. These studies lead us to the hypothesis that 
antioxidant therapy could ameliorate the inflammatory re-
sponse observed in the colons of SGVHD animals.  

 Therapy of CsA-treated mice with MnTBAP either dur-
ing, or after CsA treatment, resulted in a reduction of clinical 
symptoms and overall disease induction. MnTBAP therapy 
of CsA-treated mice was shown to be capable of reducing 
RNS (i.e. ONOO-) with a decreased staining for nitrotyrosine 
in the colons of CsA-treated/SGVHD animals compared to 
their control counterparts; peroxynitrite has been shown to 
change cell membrane rigidity and permeability as well as to 
induce cell death in renal epithelial cells [50]. A reduction in 
peroxynitrite could explain why MnTBAP treatment delayed 
the clinical symptoms of SGVHD by reducing peroxynitrite 
induced damage to epithelial cells, resulting in a reduction of 
diarrhea and loss weight. However, while clinical symptoms 
were reduced in SGVHD animals, and while MnTBAP de-
creased some inflammatory mediators (i.e. iNOS, TNF-α and 
CAMs (data not shown), treatment of mice with this antioxi-
dant was not sufficient to prevent the histological changes 
observed in the SGVHD colon. Since the effector cytokines 
and CAMs were not significantly reduced by MnTBAP, 
these changes may not have been enough to alter the migra-
tion of effector cells into the gut, but may have reduced the 
negative effects of oxidative stress on the development of 
clinical symptoms. The pathophysiology caused by ONOO- 
on gut inflammation (i.e. IBD) has been difficult to predict 
since there are many oxidative mediators present during in-
testinal inflammation and neutralization of a specific media-
tor has been difficult. Finally, we have previously demon-
strated that the absence of clinical symptoms did not com-
pletely correlate with the absence of hisopathology in 
SGVHD animals [31].  

 MnTBAP has been sold commercially as an SOD mi-
metic and there is some recent evidence that it may not be a 
specific scavenger of superoxide [26, 30]. Experiments using 

this compound suggested that commercial MnTBAP is un-
able to dismutate superoxide in vivo and has been reported to 
likely scavenge peroxynitrite and carbonate radicals [26]. In 
our attempt to determine the mechanism of action by which 
MnTBAP delayed the development of SGVHD, we analyzed 
mRNA levels of antioxidant enzymes including: SOD, cata-
lase, glutathione reductase (GPx) and NADPH reductase. 
Real time RT-PCR results revealed that MnTBAP treatment 
had no effect on any of these antioxidant enzymes (data not 
shown) in the murine model of SGVHD. These results were 
surprising since other publications have shown that 
MnTBAP treatment induces upregulation of antioxidant en-
zymes [51, 52]. However, there is also evidence that the pre-
conditioning requirements (irradiation and CsA) of SGVHD 
by themselves can downregulate antioxidant enzyme activity 
[53-55], thus it is possible that the regimens induced oxida-
tive stress via the downregulation of antioxidant defenses 
which could not be overcome by MnTBAP treatment. In 
addition, Cooke et al. showed that under oxidative stress, 
peroxynitrite formation is enhanced resulting in a positive 
loop that increases iNOS through the activation of NF-κB 
[56]. The possibility exists that MnTBAP treatment scav-
enged peroxynitrite resulting in the reduction of NF-κB-
induced expression of iNOS, or other inflammatory media-
tors, that we observed in the murine model of SGVHD. This 
could explain why MnTBAP treatment both during and post-
CsA period trended to reduced iNOS and TNF-α mRNA 
levels in colonic tissue of CsA-treated mice. Flanagan et al. 
demonstrated that SGVHD can be reduced following treat-
ment with the iNOS inhibitor AG during the post-CsA pe-
riod [18]. In their studies, AG therapy of CsA-treated mice 
resulted in decreased tissue pathology along with reduced 
mRNA levels of pro-inflammatory cytokines (i.e. IL-12 and 
IFN-γ). Surprisingly, in our results, antioxidant therapy of 
CsA-treated mice with MnTBAP did not have the same ef-
fect and differences between these therapies may be related 
to their mode of action. Aminoguanidine specifically inhibits 
iNOS [57] by causing covalent modifications of the iNOS 
protein and the heme residue at the active site resulting in 
inactivation of iNOS [58]. Meanwhile, MnTBAP has been 
reported to scavenge a broader spectrum of oxidative stress 
mediators. Thus, it is possible that while AG treatment was 
able to effectively inhibit iNOS enzymatic activity and the 
generation of RNS, while MnTBAP therapy only decreased 
it partially through negative feedback loops [56] resulting in 
a reduction in the production of NO and downstream genera-
tion of ONOO-.  

CONCLUSION 

 The preconditioning regimens in SGVHD, which include 
irradiation and CsA, are both known to participate in the 
generation of oxidative stress. The data presented in this 
manuscript confirm the hypothesis that SGVHD induction 
results in increased oxidative stress in CsA-treated mice 
compared to BMT controls. Treatment with a commercially 
available SOD mimetic, MnTBAP, during, or after CsA 
treatment, resulted in delayed disease induction and reduced 
clinical symptoms of SGVHD. However, the reduction of 
pro-inflammatory mediators and oxidative stress was not 
sufficient to completely ameliorate disease induction. The 
use of a specific inhibitor directed towards peroxynitrite may 
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be a more powerful tool, which could lead to a better under-
standing of the role of oxidative stress in SGVHD. 
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