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17-DMAG diminishes hemorrhage-induced small
intestine injury by elevating Bcl-2 protein and
inhibiting iNOS pathway, TNF-a increase, and
caspase-3 activation
Juliann G Kiang1,2,3*, Neil G Agravante1, Joan T Smith1 and Phillip D Bowman4

Abstract

Background: Hemorrhage increases inducible nitric oxide synthase (iNOS) and depletes ATP levels in various
tissues. Previous studies have shown that geldanamycin, an inducer of heat shock protein 70kDa (HSP-70) and
inhibitor of iNOS, limits both processes. Reduction in NO production limits lipid peroxidation, apoptosome
formation, and caspase-3 activation, thereby increasing cellular survival and reducing the sequelae of hemorrhage.
The poor solubility of geldanamycin in aqueous solutions, however, limits its effectiveness as a drug. 17-DMAG is a
water-soluble analog of geldanamycin that might have greater therapeutic utility. This study investigated the
effectiveness of 17-DMAG at reducing hemorrhagic injury in mouse small intestine.

Results: In mice, the hemorrhage-induced iNOS increase correlated with increases in Kruppel-like factor 6 (KLF6)
and NF-kB and a decrease in KLF4. As a result, increases in NO production and lipid peroxidation occurred.
Moreover, hemorrhage also resulted in decreased Bcl-2 and increased TNF-a, IL-6, and IL-10 concentrations, p53
protein, caspase-3 activation, and cellular ATP depletion. A shortening and widening of villi in the small intestine
was also observed. Treatment with 17-DMAG significantly reduced the hemorrhage-induced increases in iNOS
protein, jejunal alteration, and TNF-a and IL-10 concentrations, but 17-DMAG did not affect the hemorrhage-
induced increases in p53 and IL-6 concentration. 17-DMAG treatment by itself upregulated HSP-70, Bcl-2, and p53.

Conclusion: Since 17-DMAG is water soluble, bioactive, and not toxic, 17-DMAG may prove useful as a
prophylactic drug for hemorrhage.

Background
Hemorrhagic shock has been shown to cause systemic
inflammation response syndrome (SIRS), multiple organ
dysfunction syndrome (MODS), and multiple organ fail-
ure (MOF) [1]. Tissue hypoxia resulting from hemor-
rhage causes acute increases in intracellular free
calcium, 5-lipoxygenase, lipid peroxidation, cyclooxygen-
ase (COX), constitutive nitric oxide synthase, leuko-
triene B4, prostaglandin E2, interleukins, tumor necrosis
factor-a (TNF- a), caspases, Kruppel-like factor 6
(KLF6), inducible nitric oxide synthase (iNOS) [2].
There are also delayed increases in heat shock protein

70 kDa (HSP-70) and hypoxia-inducible factor-1a
(HIF1a) [3]. Hemorrhage upregulates iNOS as a result
of increases in c-jun, KLF6, and NF-kB and a decrease
in KLF4 [4,5]. Increased iNOS elevates NO production,
protein nitration, lipid peroxidation, apoptosome forma-
tion, and caspase activation; thereby leading to caspase-
dependent apoptosis [4,5].
iNOS gene silencing [5,6] or treatment with iNOS

inhibitors such as androstenediol [7], L-NAME, or L-
NIL-6 [5] reduces hemorrhage-induced injuries. In our
laboratory we have shown that geldanamycin, a natural
product from the bacterium Streptomyces hygroscopicus
that binds with high affinity to the ATP binding pocket
of HSP-90, protects mice [4] and rats [8] from hemor-
rhage-associated organ damage. A single subcutaneous
injection of geldanamycin (1 μg/g in 10% DMSO-saline
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solution) effectively inhibited iNOS induction and acti-
vation, NO production, lipid peroxidation, caspase-3
activation, and apoptosis [3,4].
Geldanamycin has several drawbacks as a drug, how-

ever. Its potential toxicity, metabolic instability, poor
solubility in aqueous solutions, and the requirement that
it be administered by injection instead of orally limit its
effectiveness. 17-DMAG [17-(dimethylaminoethyla-
mino)-17-demethoxygeldanamycin; Figure 1A], a water-
soluble, bioactive analogue of geldanamycin [9,10],
would appear to have greater utility. Oral effectiveness
would make it especially useful in mass-casualty situa-
tions. An advantage that 17-DMAG has over a number
of other iNOS inhibitors is that it induces potentially
cytoprotective HSP-70 protein levels [11]. It is known
that increased levels of HSP-70 can protect cells from

tissue injury caused by a variety of stressful stimuli,
including trauma and disease [12], by inhibiting iNOS
and thereby preventing apoptosis and autophagy.
In this investigation, we explored the potential of 17-

DMAG to reduce hemorrhage injury. We used a small
intestine model for this study because it is an organ
especially sensitive to hemorrhage injury, responding
within 1 hr [3,4]. It is known that hemorrhage increases
iNOS-mediated caspase-3 cellular activity in various tis-
sues [3,4,6,13] and that caspase-3 plays a key role in
activating many downstream caspases involved in apop-
tosis [14,15]. We are the first to report that 17-DMAG
limits hemorrhage-induced injury in small intestine
in vivo by elevating Bcl-2 protein and inhibiting the
iNOS pathway, TNF-a increases, and caspase-3
activation.
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Figure 1 17-DMAG treatment increases HSP-70. (A) 17-DMAG structure. (B) Mice were treated with various doses of 17-DMAG 16 hr prior to
sham hemorrhage. After sham hemorrhage mice were allowed to respond for 6 hr before sample collection. Representative gel shown. (C)
Dose-response curve for various doses of 17-DMAG and HSP-70 (n = 5 per group). Estimated median effective dose is 10 ± 1 μg/g, calculated by
Prism program 3.0. (D) Mice were treated with vehicle or 17-DMAG at 10 mg/kg 16 hr prior to hemorrhage. After hemorrhaged mice and sham
mice were allowed to respond for 6 hr before sample collection. (n = 5 per group). Representative gel shown. (E) Densitometric quantitation of
HSP70 protein bands in panel C. *P < 0.05 vs. VEH and 17-D; **P < 0.05 vs. VEH, VEH+HE, and 17-D+HE. VEH: vehicle; HE: hemorrhage; 17-D: 17-
DMAG
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Results
17-DMAG treatment increases inducible HSP-70
Because geldanamycin treatment induces HSP-70 [4,8],
we sought to determine if 17-DMAG would also do so.
Mice were orally administered with either vehicle or
various doses of 17-DMAG 16 hr prior to euthanization
and tissue collection. Western blot analysis showed 17-
DMAG increased HSP-70 in a dose-dependent manner,
with a medium effective dose of 10 ± 1 μg/g (Figure 1B-
C). Hemorrhage alone significantly inhibited HSP-70
(Figure 1D, lane 2 vs. lane 1 and Figure 1E). Treatment
with 17-DMAG followed by hemorrhage resulted in
lower HSP-70 levels than after treatment with 17-
DMAG alone, and the levels observed were not signifi-
cantly different from levels observed after hemorrhage
alone (Figure 1D, lane 4 vs. lane 3 and Figure 1E).

17-DMAG treatment inhibits hemorrhage-induced
increases in iNOS and KLF6 and decrease in KLF4
Consistent with previous reports [3-5,7], Figure 2 shows
that hemorrhage increased iNOS and KLF6 and
decreased KLF4 (lane 2 vs. lane 1). 17-DMAG treatment
prior to hemorrhage reversed these changes (lane 4 vs.
lane 2). 17-DMAG treatment alone did not change the
basal levels of iNOS and KLF6 but increased the KLF4
baseline (lane 3 vs. lane 1).

17-DMAG treatment inhibits hemorrhage-induced NF-�B
The hemorrhage-induced increase in iNOS could be a
result of increases in NF-�B since the promoter region of
the iNOS gene contains 10 NF-�B binding motifs [3].
We, therefore, evaluated levels of the NF-�B p65 and p50
transcription factors after hemorrhage. Figure 3 shows
that hemorrhage increased NF-�B p65 and p50 (lane 2
vs. lane 1). 17-DMAG treatment prior to hemorrhage
inhibited the increases (lane 4 vs. lane 2). 17-DMAG
treatment alone did not change the NF-�B p65 basal
levels but increased the p50 baseline (lane 3 vs. lane 1).

17-DMAG treatment inhibits hemorrhage-induced
increases in NO and lipid peroxidation and decrease in
cellular ATP depletion
In agreement with previous reports [4,7], hemorrhage
increased NO production and lipid peroxidation as indi-
cated by malondialdehyde (MDA) production and cellu-
lar ATP depletion (Figure 4A-C). 17-DMAG treatment
prior to hemorrhage inhibited these increases. 17-DMAG
treatment alone did not alter NO and MDA basal levels
but increased the cellular ATP baseline (Figure 4A-C).

17-DMAG treatment inhibits hemorrhage-induced
increases in TNF-a and IL-10
Lad et al. [16] showed that hemorrhage increases TNF-
a, IL-8, and other cytokines. Using ELISA, we found

that hemorrhage increased TNF-a (Figure 4D), IL-10
production (Figure 4E), and IL-6 (data not shown). 17-
DMAG treatment prior to hemorrhage significantly
inhibited the increases in TNF-a (Figure 4D) and IL-10
production (Figure 4E), but not IL-6 (data not shown).
17-DMAG treatment alone did not alter their basal
levels (Figure 4D-E).

17-DMAG treatment inhibits hemorrhage-induced
caspase-3 activation
Hemorrhage activated caspase-3 enzymatic activity (Fig-
ure 5A) and increased levels of the active form of cas-
pase-3 protein (Figure 5B, lane 2 vs. lane 1). 17-DMAG
treatment prior to hemorrhage fully inhibited caspase-3
enzymatic activity and its protein production (Figure
5A-C). 17-DMAG treatment alone did not change the
basal levels.

17-DMAG treatment increases p53 and Bcl-2
It is known that p53 is pro-apoptotic, whereas Bcl-2 is
anti-apoptotic [3,17]. To determine if caspase-3 activa-
tion was mediated by the p53 pathway, p53 and Bcl-2
were measured by Western blotting. Figure 6 shows that
hemorrhage increased p53 and decreased Bcl-2 (Figure
6A, lane 2 vs. lane 1). When 17-DMAG was adminis-
tered prior to hemorrhage, jejunum displayed increased
levels of both p53 and Bcl-2 (lane 4 vs. lanes 2 and 1).
17-DMAG treatment alone also increased both p53 and
Bcl-2 (lane 3 vs. lane 1).

17-DMAG treatment inhibits hemorrhage-induced injury
in jejunum
Hemorrhage injured the jejunal structure. Villus appear-
ance changed (Figure 7B vs. 7A); hemorrhage reduced
villus height (Figure 7E) and increased villus width
(Figure 7F) but did not alter crypt depth (Figure 7G).
Mucosal damage, assessed using a six-tier scale [3], indi-
cated level 2.0 ± 0.3 damage for hemorrhage jejunum
compared to level 0.3 ± 0.2 for sham jejunum (Figure 7H).
17-DMAG treatment prior to hemorrhage prevented the
hemorrhage-induced damage (Figure 7D vs. 7A); villus
heights (Figure 7E) and widths (Figure 7F) in treated ani-
mals were not significantly different from those of jejunum
in sham-treated mice. 17-DMAG treatment alone did not
alter jejunum morphology (Figure 7C and 7E-H).

Discussion
Our data indicate that hemorrhage-induced injuries to
small intestine were reduced by pretreatment with orally
administered 17-DMAG. The protection we observed
correlated with a 17-DMAG-induced reduction in iNOS
and caspase-3 activity and an increase in Bcl-2 protein.
Hemorrhage can occur after a wide variety of injuries,

ranging from wound trauma to stroke, aneurysm, birth
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labor, or blast impact. Hemorrhage lowers the levels of
oxygen and nutrition available to tissues and results in
an accumulation of carbon dioxide and metabolic waste,
leading to activation of signal transduction pathways
and tissue damage [2]. In our experiments, hemorrhage
activated the iNOS pathway (Figures 2 and 3), generated
oxidative and nitrosative stress (Figure 4), and reduced
cellular ATP (Figure 4). Subsequently, caspase-3 was
activated (Figure 5) and cell death occurred (Figure 7).
These observations are consistent with those previously
described [4-7,17]. The hemorrhage-induced increase in
iNOS protein was due to increases in transcription fac-
tors NF-�B and KLF6 and a decrease in KLF4 (Figures
2,3). It is known that NF-�B and KLF6 stimulate iNOS
gene expression whereas KLF4 inhibits it [3].
17-DMAG treatment inhibited activation of the iNOS

pathway and caspase-3-mediated cell death mainly by

inhibiting NF-�B and KLF6 and increasing KLF4. The
interpretation that iNOS inhibition leads to reduced
hemorrhage damage is reinforced by the results of stu-
dies employing iNOS gene knockout [17] and treatment
with iNOS-specific inhibitors [6,18]. How 17-DMAG
exerts its action on these iNOS transcription factors is
not completely clear and further study is required.
An increase in HSP-70 has been shown to inhibit the

iNOS increase triggered by hemorrhage [4,8]. However,
it does not appear that the ability of 17-DMAG to inhi-
bit hemorrhage damage in jejunum is due to its ability
to increase HSP-70. 17-DMAG treatment at the EC50
concentration for inducing HSP-70 markedly elevated
HSP-70 levels, but the combination of 17-DMAG treat-
ment and hemorrhage resulted in a lower level of HSP-
70 that was no different than that seen after hemorrhage
alone.
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Figure 2 17-DMAG treatment inhibits hemorrhage-induced increases in iNOS and KLF6 and decrease in KLF4. Mice were treated with 10
mg/kg 17-DMAG 16 hr prior to hemorrhage. After hemorrhage mice were allowed to respond for 6 hr before sample collection (n = 4-5 per
group). (A) Representative gel shown. (B) Densitometric quantitation of iNOS protein bands in panel A. *P < 0.05 vs. VEH, 17-D, and 17-D+HE. (C)
Densitometric quantitation of KLF4 protein bands in panel A. *P < 0.05 vs. VEH, 17-D, and 17-D+HE; **P < 0.05 vs. VEH, VEH+HE, and 17-D+HE;
***P < 0.05 vs. VEH, VEH+HE, and 17-D. (D) Densitometric quantitation of KLF6 protein bands in panel A. *P < 0.05 vs. VEH, 17-D, and 17-D+HE;
**P < 0.05 vs. VEH, VEH+HE, and 17-D. VEH: vehicle; HE: hemorrhage; 17-D: 17-DMAG
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Because 17-DMAG in our experiments was administered
orally, the possibility that 17-DMAG was absorbed by
small intestine, and locally protected it from hemorrhage
injury cannot be excluded. It is known that hemorrhage
induces a p38-MAPK increase [19] and a Bcl-2 decrease
(Figure 6) [19]. 17-DMAG may exert an effect on these
proteins as well. More studies are needed in this area.
Hemorrhage increased ATP depletion in agreement with

our previous report [20]. 17-DMAG treatment prevented
the depletion, probably due to its ability to upregulate
production of pyruvate dehydrogenase protein [20].
Hemorrhage increased TNF-a and IL-10 (Figure 4D-

E) and IL-6. Increased TNF-a has been observed in
other experimental models such as those for ionizing
radiation [21-25] and ischemia [26]. Inhibition of TNF-
a levels by drug treatment or antibody neutralization
results in an improvement in bone marrow regeneration
after radiation exposure [25]. Yen et al. [27] reported
that TNF-a is the key to the development of hemor-
rhage injury; Pfeifer et al. [28] showed that hemorrhage
in fact triggers increased TNF-a. It is likely in our
experiments that apoptosis was also caused by the
extrinsic pathway involving TNF-a receptors, which
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Figure 4 17-DMAG treatment inhibits hemorrhage-induced increases in NO, lipid peroxidation, ATP depletion, and cytokines. Mice
were treated with 10 mg/kg 17-DMAG 16 hr prior to hemorrhage. After hemorrhage mice were allowed to respond for 6 hr before sample
collection (n = 4-5 per group). Panels indicate levels measured as described in Methods: NO (A), MDA (B), cellular ATP (C), TNF-a (D), and IL-10
(E). For panels A, B, and E: *P < 0.05 vs. VEH, 17-D, and 17-D+HE. For panel C: *P < 0.05 vs. VEH, 17-D, and 17-D+HE; **P < 0.05 vs. VEH, VEH+HE,
17-D+HE; ***P < 0.05 vs. VEH, VEH+HE, and 17-D. VEH: vehicle; HE: hemorrhage; 17-D: 17-DMAG
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probably contributed to the final caspase-3 activation.
The fact that 17-DMAG inhibited the hemorrhage-
induced increase in TNF-a is desirable, but the fact it
also inhibited the beneficial IL-10 is undesirable in
terms of 17-DMAG’s use as a drug. The hemorrhage-
induced increase in IL-10 we observed could be a self-
defense response to injury, but its level is in the range
of pg/ml, a level too low to combat the damage. We
have shown that treatment with ng/ml levels of IL-10
are required to improve survival from a lethal dose of g-
irradiation [29].
Bcl-2 is anti-apoptotic and p53 is pro-apoptotic [30].

Hemorrhage reduced Bcl-2 and increased p53 in our
experiments, which probably partly contributed to the
damage observed. However, 17-DMAG treatment
increased not only Bcl-2 but surprisingly also p53 (Fig-
ure 6). The anti-apoptotic activity of Bcl-2 stimulated by
17-DMAG is apparently greater than the pro-apoptotic
activity of p53.

To summarize, 17-DMAG is water-soluble, distributes
to all tissues in the body, and is non-toxic in mice
[9,10]. Compared to other iNOS inhibitors, 17-DMAG
is potentially superior because of its ability to increase
HSP-70 and Bcl-2 proteins and decrease HSP-90 activity
and TNF-a concentration as well as ATP depletion. Its
water solubility and non-toxicity and the fact that 17-
DMAG is effective when administered orally make it a
promising candidate drug for ameliorating hemorrhage
injury.

Conclusion
Hemorrhage reduced the basal levels of HSP-70 and
Bcl-2, increased iNOS protein and its transcription fac-
tors, elevated NO production, lipid peroxidation, ATP
depletion, TNF-a, IL-6, IL-10 concentrations, caspase-3
activation, p53, and jejunum damage. Oral treatment
with 17-DMAG increased Bcl-2 and inactivated the cas-
pase pathway by inhibiting the iNOS pathway and the
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TNF-a increase so as to diminish jejunum injury despite
the fact it did not reduce p53. These results suggest that
17-DMAG may have significant value in preventing tis-
sue damage associated with hemorrhage.

Methods
Hemorrhage
Animal protocols were reviewed and approved by Insti-
tutional Animal Care and Use Committee at US Army
Institute of Surgical Research. Experiments were con-
ducted using the mouse model described by Song et al.
[31]. Male Swiss Webster mice weighing 25-35 g were
anesthetized with 5% isoflurane/oxygen (EZ Systems,
Palmer, PA) and 40% of their calculated blood volume
[32] removed by cardiac puncture over a period of 1
minute using a 26 gauge needle and 1.0 ml syringe
essentially as previously described [33]. Sham animals

were anesthetized and the needle inserted into the heart
but no blood was withdrawn. This procedure took no
more than 3 min to perform. Mean arterial blood pres-
sure fell from 80 to 40 mmHg within 2 h after treat-
ment [31]. Mice were then allowed to respond to the
treatments for an additional 6 hr before they were
euthanized. A small section of jejunum was then col-
lected for histopathology assessment, immunoblotting
analysis, and biochemical assays. Small intestine was
chosen for investigation in this study because it is a sen-
sitive organ acutely damaged by hemorrhage [3,4].

17-DMAG treatment
17-DMAG [17-(dimethylaminoethylamino)-17-demethox-
ygeldanamycin] (CAS Registry No.: 707545) was obtained
from InvivoGen (San Diego, CA) and dissolved in 0.2 ml
5% dextrose saline for use. 17-DMAG is an analog of
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geldanamycin, a natural product produced by Strepto-
myces hygroscopicus that binds with high affinity to the
ATP binding pocket of HSP-90 [9,10]. 17-DMAG is water
soluble, less metabolizable than geldanamycin, and distri-
butes to all tissues (http://clinicaltrials.gov/ct/show/
NCT00248521). 17-DMAG (or dextrose-saline vehicle)
was administered at various doses to mice orally using
feeding needles 16 h prior to hemorrhage.

Histopathologic assessment
Jejunal tissue specimens were rinsed in cold saline solu-
tion and immediately fixed in 10% buffered formalin
phosphate. The tissue was then embedded in paraffin,

sectioned transversely, and stained with H&E. The
mucosal crypt depth and width and villus height were
measured. Overall jejunal mucosal damage for each spe-
cimen was graded using a six-tiered scale [3].

Western blots
Jejunal tissue was minced in 100 μl Hanks’ balanced salt
solution (HBSS), sonicated, and centrifuged at 12,500 x
g for 10 min. The supernatant was then collected. The
total protein in the jejunal lysate was determined with
Bio-Rad reagent (Bio-Rad Laboratories, Richmond, CA,
USA). To investigate synthesis of HSP-70, iNOS, iNOS
transcription factors, actin, Bcl-2, and caspase-3, aliquots
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containing 20 μg of protein in tris buffer (pH = 6.8)
containing 1% sodium dodecyl sulfate (SDS) and 1% 2-
mercaptoethanol were resolved on SDS-polyacrylamide
slab gels (Novex precast 4-20% gel; Invitrogen, Carlsbad,
CA, USA). After electrophoresis, proteins were blotted
onto a PDVF membrane (type NC, 0.45 μm; Invitrogen)
using a Novex blotting apparatus and the manufacturer’s
protocol. After blocking the membrane by incubation in
tris-buffered saline-0.5% tween20 (TBST) containing 3%
nonfat dried milk for 90 min at room temperature, the
blot was incubated for 60 min at room temperature
with monoclonal antibodies directed against actin,
KLF4, KLF6, NF-kB p65, NF-kB p50, HSP70, Bcl-2
(Santa Cruz Biotechnology, Santa Cruz, CA, USA),
iNOS (BD Signal Transduction, Sparks, MD, USA), and
caspase-3 (Epitomics, Burlingame, CA, USA) at a con-
centration of 1 μg/ml in TBST - 3% dry milk. The blot
was then washed 3 times (10 min each) with TBST
before incubating the blot for 60 min at room tempera-
ture with a 1000X dilution of species-specific IgG perox-
idase conjugate (Santa Cruz Biotechnology) in TBST.
The blot was washed 6 times (5 min each) in TBST
before detection of peroxidase activity using the
Enhanced Chemiluminescence Plus (Amersham Life
Science Inc., Arlington Heights, IL, USA). Actin levels
were not altered by hemorrhage; we therefore used actin
as a control for protein loading. Protein bands of inter-
est were quantified densitometrically and normalized to
actin [4].

Nitric oxide measurements
NO production was measured under acidic conditions
as nitrite, using a commercial kit (Biomedical Research
Service, School of Medicine and Biomedical Sciences,
State University of New York at Buffalo, NY, USA,
http://www.bmrservice.com).

Lipid peroxidation measurements
Malondialdehyde (MDA), a lipid peroxidation end pro-
duct, was measured colorimetrically using a commercial
lipid peroxidation assay kit (CalBiochem, San Diego,
CA, USA).

Cellular ATP measurements
Cellular ATP levels were determined using the ATP
Bioluminescence Assay Kit HS II (Roche, Mannheim,
Germany). Luminescence was measured with TD-20/20
luminometer (Turner Designs, Sunnyvale, CA, USA).
Data were normalized to total protein and the cellular
ATP level was expressed as fmol/μg protein.

Cytokine measurements
IL-6, IL-10, and TNF-a in jejunal lysates were measured
using an ELISA kit (Biocompare, South San Francisco,

CA, USA) according to the manufacturer’s protocol.
The data are presented as pg/ml.

Caspase-3 enzymatic activity measurements
Caspase-3 activity was determined using the CASPASE-
3 Cellular Activity Assay Kit PLUS (Biomol, Plymouth
Meeting, PA, USA). In brief, 10 μl of each sample lysate
was added to wells of a 96-well plate already containing
the substrate Ac-DEVD-pNitroaniliane (Ac-DEVD-
pNA). Caspase in the lysates cleaved the substrate to
pNA as indicated by an increase in absorbance at 405
nm, which was used to determine reaction rate. Absor-
bance was measured using a SpectraMax 250 spectro-
photometric plate reader and SOFTmax Pro 3.1.1
software (Molecular Devices, San Diego, CA, USA).
Data were normalized to total protein, and caspase-3
activity was expressed as pmol pNA/min/μg protein.

Solutions
Hanks’ balanced salt solution contained in mM: 145
NaCl, 4.5 KCl, 1.3 MgCl2, 1.6 CaCl2, and 10 HEPES
(pH 7.40 at 24°C).

Statistical analysis
All data are expressed as mean ± S.E.M. One-way
ANOVA, Studentized-range test, and Bonferroni
inequality were used for comparison of groups with 5%
as a significant level.

Abbreviations
17-DMAG - 17-(dimethylaminoethylamino)-17-
demethoxygeldanamycin; iNOS - inducible nitric oxide
synthase; SIRS - systemic inflammation response syn-
drome; MODS - multiple organ dysfunction syndrome;
MOF - multiple organs failure; TNF-a - tumor necrosis
factor-a; KLF - Kruppel-like factor; NO - nitric oxide;
MDA - malondialdehyde; IL - interleukin; HIF1a -
hypoxia-inducible factor-1a; NF-�B - nuclear factor- �B;
HSP-70 - heat shock protein 70 kDa; HSP-90 - heat
shock protein 90 kDa; VEH: vehicle; HE - hemorrhage;
17-D - 17-DMAG.

Acknowledgements
The authors thank Veterinary Science Department at US Army Institute of
Surgical Research for its histopathology service and Dr. David E. McClain for
his critiques and discussions. The opinions or assertions contained herein are
the private views of the authors and are not to be construed as official or
reflecting the views of Armed Forces Radiobiology Research Institute, the
Uniformed Services University, or the US Department of Defense.

Author details
1Radiation Combined Injury Program, Armed Forces Radiobiology Research
Institute, Uniformed Services University, Bethesda, Maryland, USA.
2Department of Radiation Biology, Uniformed Services University, Bethesda,
Maryland, USA. 3Department of Medicine, Uniformed Services University,
Bethesda, Maryland, USA. 4US Army Institute of Surgical Research, Fort Sam
Houston, Texas, USA.

Kiang et al. Cell & Bioscience 2011, 1:21
http://www.cellandbioscience.com/content/1/1/21

Page 9 of 10

http://www.bmrservice.com


Authors’ contributions
JGK and PDB conceived of the study and participated in its design,
execution, and preparation of the manuscript. PDB performed hemorrhage,
tissue collection, and histopathology. JGK, NGA, and JTS performed
immunoblotting, biochemical assays, data collection, and data analysis. All
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 30 November 2010 Accepted: 3 June 2011
Published: 3 June 2011

References
1. Baue AE, Durham R, Faist E: Systemic inflammatory response syndrome

(MODS), multiple organ dysfunction syndrome (MODS), multiple organ
failure (MOF): are we winning the battle? Shock 1998, 10:79-89.

2. Kiang JG, Tsen KT: Biology of hypoxia. Chin J Physiol 2006, 49:223-233.
3. Kiang JG, Bowman PD, Wu BW, Hampton N, Kiang AG, Zhao B, Juang Y-T,

Atkins JL, Tsokos GC: Geldanamycin treatment inhibits hemorrhage-
induced increases in KLF6 and iNOS expression in un-resuscitated
mouse organs: Role of inducible HSP-70. J Appl Physiol 2004, 97:564-569.

4. Kiang JG, Bowman PD, Lu X, Li Y, Wu BW, Loh HH, Tsen KT, Tsokos GC:
Geldanamycin inhibits hemorrhage-induced increases in caspase-3
activity: role of inducible nitric oxide synthase. J App Physiol 2007,
103(3):1045-1055.

5. Kiang JG, Krishnan S, Lu X, Li Y: Inhibition of inducible nitric-oxide
synthase protects human T cells from hypoxia-induced apoptosis. Mol
Pharmacol 2008, 73:738-47.

6. Hierholzer C, Harbrecht B, Menezes JM, Kane J, MacMicking J, Nathan CF:
Essential role of induced nitric oxide in the initiation of the
inflammatory responses after hemorrhagic shock. J Exp Med 1998,
187:917-928.

7. Kiang JG, Peckham RM, Duke LE, Shimizu T, Chaudry IH, Tsokos GC:
Androstenediol inhibits the trauma-hemorrhage-induced increase in
caspase-3 by downregulating the inducible nitric oxide synthase
pathway. J Appl Physiol 2007, 102:933-941.

8. Pittet JF, Lu LN, Geiser T, Lee H, Matthay MA, Welch WJ: Stress
preconditioning attenuates oxidative injury to the alveolar epithelium of
the lung following haemorrhage in rats. J Physiol 2001, 538(Pt 2):583-597.

9. Egorin MJ, Lagattuta TF, Hamburger DR, Covey JM, White KD, Musser SM,
Eiseman JL: Pharmacokinetics, tissue distribution, and metabolism of 17-
(dimethylaminoethyamino)-17-demethoxygeldanamycin (NSC 707545)in
CD2F1 mice and Fisher 344 rats. Cancer Chemother Pharmacol 2002,
49:7-19.

10. Glaze ER, Lambert AL, Smith AC, Page JG, Johnson WD, McCormick DL,
Brown AP: Preclinical toxicity of a geldanamycin analog, 17-
(dimethylaminoethyamino)-17-demethoxygeldanamycin (17-DMAG), in
rat and dogs: potential clinical relevance. Can Chemother Pharmacol 2005,
56:637-647.

11. Fukumoto R, Kiang JG: geldanamycin analog 17-DMAG limits apoptosis in
human blood cells by the inhibition of p53 activation and its interaction
with heat shock protein 90 kDa after ionizing radiation. Radiat Res 2011.

12. Kiang JG, Tsokos GC: Heat shock protein 70 kDa: Molecular Biology,
Biochemistry, and Physiology. Pharmacol Ther 1998, 80:183-201.

13. Zhou C, Yamaguchi M, Kusaka G, Schonholz C, Nanda A, Zhang JH:
Caspase inhibitors prevent endothelial apoptosis and cerebral
vasospasm in dog model of experimental subarachnoid hemorrhage. J
Cereb Blood Flow Metab 2004, 24:419-31.

14. Jiang X, Wang X: Cytochrome-c-mediated apoptosis. Annu Rev Biochem
2004, 73:87-106.

15. Lakhani SA, Masud A, Kuida K, Porter GA Jr, Booth CJ, Mehal WZ, Inayat I,
Flavell RA: Caspases 3 and 7: key mediators of mitochondrial events of
apoptosis. Science 2006, 311:847-51.

16. Lad SP, Hegen H, Gupta G, Deisenhammer F, Steinberg GK: Proteomic
Biomarker Discovery in Cerebrospinal Fluid for Cerebral Vasospasm
Following Subarachnoid Hemorrhage. J Stroke Cerebrovasc Dis 2010, PMID:
20851633.

17. Kim DW, Im SH, Kim JY, Kim DE, Oh GT, Jeong SW: Decreased brain
edema after collagenase-induced intracerebral hemorrhage in mice

lacking the inducible nitric oxide synthase gene. Laboratory
investigation. J Neurosurg 2009, 111:995-1000.

18. Moore WM, Webber RK, Jerome GM, Tjoeng FS, Misko TP, Currie MG: L-N6-
(1-iminoethyl)lysine: a selective inhibitor of inducible nitric oxide
synthase. J Med Chem 1994, 37:3886-3888.

19. Kiang JG, Lu X, Tabaku LS, Bentley TB, Atkins JL, Tsokos GC: Resuscitation
with lactated Ringer solution limits the expression of molecular events
associated with lung injury after hemorrhage. J Appl Physiol 2005,
98:550-556.

20. Kiang JG, Bowman DP, Lu X, Li Yansong, Ding XZ, Zhao B, Juang YT,
Atkins JL, Tsokos GC: Geldanmaycin treatment prevents hemorrhage-
induced ATP loss in mouse organs by overexpressing HSP-70 and
activating pyruvate dehydrogenase. Am J Physiol Gastrointest Liver Physiol
2006, 291:G117-G127.

21. Shin SC, Lee KM, Kang YM, Kim K, Kim CS, Yang KH, Jin YW, Kim CS,
Kim HS: Alteration of cytokine profiles in mice exposed to chronic low-
dose ionizing radiation. Biochem Biophys Res Commun 2010, 397:644-649.

22. Hauer-Jensen M, Wang J, Denham JW: Mechanisms and modification of
radiation response of gastrointestinal organs. In Modification of Radiation
Response. Edited by: C. Nieder, L. Milas, K.K. Ang. Springer. Berlin; 2003:49-78.

23. Linard C, Ropenga A, Vozenin-Brotons MC, Chapel A, Mathe D: Abdominal
irradiation increases inflammatory cytokine expression and activates NF-
kappaB in rat ileal muscularis layer. Am J Physiol Gastrointest Liver Physiol
2003, 285:G556-565.

24. Kiang JG, Garrison BR, Gorbunov NV: Radiation combined injury: DNA
damage, apoptosis, and autophagy. Adapt Med 2010, 2:1-10.

25. Cachaço AS, Carvalho T, Santos AC, Igreja C, Fragoso R, Osório C, Ferreira M,
Serpa J, Correia S, Pinto-do-O P, Dias S: TNF-alpha regulates the effects of
irradiation in the mouse bone marrow microenvironment. PLoS One
2010, 5:e8980.

26. Jiang L, Saporta S, Chen N, Sanberg CD, Sanberg P, Willing A: The effect of
human umbilical cord blood cells on survival and cytokine production
by post-ischemic astrocytes in vitro. Stem Cell Rev 2010, 6:523-531.

27. Yen YT, Chen HC, Lin YD, Shieh CC, Wu-Hsieh BA: Enhancement by tumor
necrosis factor alpha of dengue virus-induced endothelial cell
production of reactive nitrogen and oxygen species is key to
hemorrhage development. J Virol 2008, 82:12312-12324.

28. Pfeifer R, Kobbe P, Darwiche SS, Billiar TR, Pape HC: Role of hemorrhage in
the induction of systemic inflammation and remote organ damage:
Analysis of combined pseudo-fracture and hemorrhagic shock. J Orthop
Res 2011, 29:270-274.

29. Kiang JG, Gorbunov NV, Cary LH, Ledney GD, Elliott TB: Ciprofloxacin
increases survival partly by modulating serum cytokine concentrations
in mice after ionizing radiation followed by skin-wound trauma.
Gaugzhou, ChinaJuly 25-29 2011, Uniformed Services University Research
Week Abstract Book page 120..

30. Kiang JG: Inducible heat shock protein 70 kD and inducible nitric oxide
synthase in hemorrhage/resuscitation-induced injury. Cell Res 2004,
14:450-459.

31. Song Y, Ao L, Raeburn CD, Calkins CM, Abraham E, Harken AH, Meng X: A
low level of TNF-α mediates hemorrhage-induced acute lung injury via
p55 TNF receptor. Lung Cell Mol Physiol 2001, 281:L677-L684.

32. Foster H L, Small JD, Fox JG: The Mouse in Biomedical Research. New
York: Academic Press; 1983.

33. Abraham E, Freitas AA: Hemorrhage produces abnormalities in
lymphocyte function and lymphokine generation. J Immunol 1989,
142:899-906.

doi:10.1186/2045-3701-1-21
Cite this article as: Kiang et al.: 17-DMAG diminishes hemorrhage-
induced small intestine injury by elevating Bcl-2 protein and inhibiting
iNOS pathway, TNF-a increase, and caspase-3 activation. Cell &
Bioscience 2011 1:21.

Kiang et al. Cell & Bioscience 2011, 1:21
http://www.cellandbioscience.com/content/1/1/21

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/9721973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9721973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9721973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17294830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15090481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15090481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15090481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18079278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18079278?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9500794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9500794?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17110508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11855755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11855755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11855755?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21663398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21663398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21663398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9839771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9839771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15087711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15087711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15189137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16469926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16469926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19374494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19374494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19374494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19374494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7525961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7525961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7525961?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15489261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15489261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15489261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16565416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16565416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16565416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20513358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20513358?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909564?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909564?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909564?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20126546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20126546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20680520?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18842737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20690183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20690183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20690183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15625011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15625011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2492333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2492333?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	17-DMAG treatment increases inducible HSP-70
	17-DMAG treatment inhibits hemorrhage-induced increases in iNOS and KLF6 and decrease in KLF4
	17-DMAG treatment inhibits hemorrhage-induced NF-κB
	17-DMAG treatment inhibits hemorrhage-induced increases in NO and lipid peroxidation and decrease in cellular ATP depletion
	17-DMAG treatment inhibits hemorrhage-induced increases in TNF-α and IL-10
	17-DMAG treatment inhibits hemorrhage-induced caspase-3 activation
	17-DMAG treatment increases p53 and Bcl-2
	17-DMAG treatment inhibits hemorrhage-induced injury in jejunum

	Discussion
	Conclusion
	Methods
	Hemorrhage
	17-DMAG treatment
	Histopathologic assessment
	Western blots
	Nitric oxide measurements
	Lipid peroxidation measurements
	Cellular ATP measurements
	Cytokine measurements
	Caspase-3 enzymatic activity measurements
	Solutions
	Statistical analysis
	Abbreviations

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

