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Abstract

Background—Despite recovery of hemodynamics by fluid resuscitation after hemorrhage,

development of the systemic inflammatory response and multiple organ dysfunction syndromes

can nonetheless lead to death. Minocycline and doxycycline are tetracycline derivatives that are

protective in models of hypoxic, ischemic and oxidative stress. Our Aim was to determine whether

minocycline and doxycycline protect liver and kidney and improve survival in a mouse model of

hemorrhagic shock and resuscitation.

Methods—Mice were hemorrhaged to 30 mm Hg for 3 h and then resuscitated with shed blood

followed by half the shed volume of lactated Ringer's solution containing tetracycline (10 mg/kg),

minocycline (10 mg/kg), doxycycline (5 mg/kg) or vehicle. For pre-plus post-treatment, drugs

were administered intraperitoneally prior to hemorrhage followed by second equal dose in

Ringer's solution after blood resuscitation. Blood and tissue were harvested after 6 h.

Results—Serum alanine aminotransferase (ALT) increased to 1988 and 1878 U/L after post-

treatment with vehicle and tetracycline, respectively, whereas minocycline and doxycycline post-

treatment decreased ALT to 857 and 863 U/L. Pre-plus post-treatment with minocycline and

doxycycline also decreased ALT to 849 and 834 U/L. After vehicle, blood creatinine increased to

279 μM, which minocycline and doxycycline post-treatment decreased to 118 and 112 μM.

Minocycline and doxycycline pre- plus post-treatment decreased creatinine similarly. Minocycline

and doxycycline also decreased necrosis and apoptosis in liver and apoptosis in both liver and
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kidney, the latter assessed by TUNEL and caspase-3 activation. Lastly after 4.5 h of hemorrhage

followed by resuscitation, minocycline and doxycycline (but not tetracycline) post-treatment

improved 1-week survival from 38%(vehicle) to 69% and 67%, respectively.

Conclusion—Minocycline and doxycycline were similarly protective when given before as after

blood resuscitation and might therefore have clinical efficacy to mitigate liver and kidney injury

after resuscitated hemorrhage.
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Introduction

Despite recovery of hemodynamics by fluid resuscitation, survivors of hemorrhagic shock

and resuscitation (HS/R) may develop a systemic inflammatory response syndrome (SIRS)

leading to multiple organ damage and dysfunction (multiple organ dysfunction syndrome,

MODS) and death (1-3). At the cellular level, HS/R injury leads to both necrosis and

apoptosis as the apparent consequence of hypoxia/reoxygenation stress (4;5). Mitochondrial

inner membrane permeabilization, called the mitochondrial permeability transition (MPT), is

a major consequence of ischemia/reperfusion that leads to both necrotic and apoptotic cell

death (6;7). The liver and kidneys are the most frequently affected organs after hemorrhage-

induced hypotension in humans, whose protection during and after HS/R might prevent

SIRS and MODS (8).

Minocycline and some other tetracycline derivatives, such as doxycycline, protect liver,

kidney, brain and other organs in various models of hypoxic, ischemic and oxidative stress

(4;9-13). Although the specific mechanisms of cytoprotection are still under study,

minocycline likely acts by preserving mitochondrial function, and recent studies show that

minocycline prevents MPT onset after ischemia/reperfusion to liver specifically by blocking

the mitochondrial calcium uniporter, which catalyzes mitochondrial uptake of Ca2+ and

Fe2+, two divalent cations that promote MPT onset (11;13). In a recent report, we also

showed that minocycline treatment after blood resuscitation decreases liver injury and

mitochondrial depolarization (a consequence of MPT onset) after HS/R to mice (4). Another

recent report shows similar minocycline protection in a different model of HS/R (14). To our

knowledge, no other studies have demonstrated that an agent given after HS/R is protective,

the clinically relevant situation for most instances of resuscitated hemorrhage. Here, our

goals were to determine in a mouse model of HS/R: 1) whether doxycycline also protects

against HS/R injury; 2) whether minocycline and doxycycline protect against kidney as well

as liver and injury after HS/R; 3) whether pre- plus post-treatment with minocycline and

doxycycline is more protective than post-treatment alone and 4) whether minocycline and

doxycycline improve long-term survival after HS/R.
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Materials and Methods

Chemicals and Reagents

Minocycline, doxycycline, tetracycline and other reagents were purchased from Sigma-

Aldrich (St. Louis, MO).

Animals

C57BL6 mice were obtained from Jackson Laboratory (Bar Harbor, ME). All mice used

were male, 8-10 weeks of age and 26-28 g in weight. Animal protocols were approved by

the Institutional Animal Care and Use Committee of the Medical University of South

Carolina.

Hemorrhagic Shock and Resuscitation (HS/R)

After an overnight fast, each mouse was anesthetized with pentobarbital sodium (50 mg/kg

body weight). Under spontaneous breathing, both femoral arteries were exposed and

cannulated with polyethylene-10 catheters (SIMS Portex, Fort Myers, FL). The catheters

were flushed with normal saline containing heparin (100 IU/L) before insertion. One

catheter was connected via a transducer to a pressure analyzer (Micro-Med, Louisville, KY),

and blood was withdrawn via the second catheter into a heparinized syringe (10 IU) over 5

min to a mean arterial pressure of 30 mm Hg. Hypotension at 30 mm Hg was maintained for

3 h by withdrawal or reinfusion of shed blood. Body temperature was monitored with a

rectal thermometer and maintained at 37°C with a heating pad (ATC 1000, World Precision

Instruments, Sarasota, FL). After 3 h of hemorrhagic shock, mice were resuscitated with

shed blood plus a volume of lactated Ringer's solution corresponding to 50% of the shed

blood volume containing tetracycline (10 mg/kg body weight), minocycline (10 mg/kg),

doxycycline (5 mg/kg) or vehicle, which were infused via syringe pump over 30 minutes

(post-treatment). Vehicle treatment was different from sham operation in that vehicle-treated

mice underwent HS/R in the same fashion as mice treated with minocycline, doxycycline or

tetracycline. The timing of post-treatment was intended to simulate a likely clinical scenario

in which resuscitation with blood and fluids is initiated as soon as possible on an emergency

basis, which is then followed by a potentially therapeutic drug treatment. Since injury after

HS/R can depend on the age of the mice, mice were assigned to treatment groups in a

randomized, prospective fashion. The extent of injury was within the range of previous

findings in this model (4;15-19). For some experiments, mice were treated twice − 1 h

before the hemorrhagic shock (i.p.) followed by a second equal dose after blood

resuscitation (pre- plus post-treatment). Doses were the same as post-treatment except given

twice. Adequacy of resuscitation was determined by restoration of blood pressure. As shown

in Figure 1, mean arterial pressure recovered fully after resuscitation, and pre-hemorrhage

and post-resuscitation blood pressures were not different. Catheters were then removed, the

vessels were ligated, and the groin incisions were closed. Sham-operated animals underwent

the same surgical procedures, but hemorrhage was not carried out. No mortality in any

group occurred over the course of the surgery.

For determination of HS/R-dependent liver and kidney injury, mice were re-anesthetized 6 h

after resuscitation. For each mouse, blood was collected from the inferior vena cava, and the
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right kidney and two liver lobes (right and caudate) were cut and snap-frozen in liquid

nitrogen. The remaining liver and left kidney was perfused with 4% buffered

paraformaldehyde through the portal and renal vein for paraffin embedding.

Alanine aminotransferase, creatinine and urea

Serum alanine aminotransferase (ALT), creatinine and urea were measured using

commercial kits (Pointe Scientific Inc., Canton, MI and Bio Assay Systems, Hayward, CA).

Histology

Paraffin sections (4-μm) were stained with hematoxylin and eosin (H&E). Ten random fields

(10X magnification) were assessed for necrosis by standard morphologic criteria (e.g., loss

of architecture, vacuolization, etc.), and the area percentage of necrosis was quantified

(Image J, National Institutes of Health, Bethesda, MD).

Immunohistochemistry

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was

performed on paraffin sections using an in situ cell death detection kit (Roche Diagnostics,

Penzberg, Germany). TUNEL-positive parenchymal & non-parenchymal liver cells and

kidney tubular cells were counted by light microscopy in 10 random high-power fields

(HPF).

Caspase-3

The activity of caspase-3 in liver tissue was determined using a Caspase-3 Colorimetric

Assay Kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instruction.

Activity was normalized to protein concentration of each sample and expressed as fold

increase compared to sham operation.

Survival

The hemorrhagic shock period was lengthened from 3 h to 4.5 hours to assess survival, since

7-day survival in mice undergoing 3 h of hemorrhagic shock was 100%. Post-treatments

with vehicle, minocycline, tetracycline and doxycycline were performed in a randomized,

prospective fashion, and mice were followed 7 days after surgery.

Statistical Analysis

Data are presented as means ± SEM. Statistical analysis was performed by ANOVA plus

Student-Newman-Keuls post-hoc analysis or Kaplan-Meier analysis, as appropriate, using

p<0.05 as the criterion of significance. Error bars representing S.E.M. are shown in figures.

If not shown, SEMs were smaller than the symbol size. Differences between means noted

were statistically significant unless otherwise specified.
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Results

Minocycline and doxycycline post-treatment decreases serum alanine aminotransferase
after hemorrhagic shock/resuscitation

C57BL6 mice were hemorrhaged for 3 h and resuscitated with shed blood plus half the

volume of lactated Ringer's solution containing tetracycline (10 mg/kg body weight),

minocycline (10 mg/kg), doxycycline (5 mg/kg) or vehicle. At 6 h postoperatively, serum

ALT of sham-operated mice averaged 75 U/L (Figure 2A). After hemorrhagic shock and

resuscitation, ALT increased to 1988 U/L and 1878 U/L, respectively, after post-treatment

with vehicle and tetracycline. Post-treatment minocycline and doxycycline decreased ALT

to 857 and 863 U/L, respectively. Pre- plus post-treatment with minocycline and

doxycycline also decreased ALT to 849 and 834 U/L. There was no significant difference

between pre- plus post-treatment and post-treatment alone for either minocycline or

doxycycline (Figure 2A). Thus, minocycline and doxycycline, but not tetracycline, protected

against ALT release after HS/R.

Minocycline and doxycycline decrease serum creatinine after hemorrhagic shock/
resuscitation

At 6 h postoperatively, serum creatinine averaged 19.7 μM in sham-operated mice (Figure

2B). After resuscitation with vehicle, serum creatinine increased to 134 μM. Minocycline

and doxycycline post-treatment decreased blood creatinine to 59.2 μM and 56.3 μM,

respectively. Minocycline and doxycycline pre- plus post-treatment also decreased blood

creatinine to 50.3 and 47.2, respectively (Figure 2B). Again, pre- plus post-treatment with

either minocycline or doxycycline was not significantly more efficacious than post-

treatment alone. Tetracycline post-treatment was not different than vehicle (Figure 2B).

Doxycycline diminishes blood urea after hemorrhagic shock/resuscitation

At 6 h postoperatively, blood urea of sham-operated mice averaged 5.3 mM (Figure 2C).

After HS/R with vehicle, blood urea more than doubled to 11.4 mM. Tetracycline post-

treatment did not decrease blood urea after HS/R, whereas both post-treatment and pre- plus

post-treatment with doxycycline did decrease blood urea to 7.1 and 7.5 mM, respectively

(Figure 2C). Minocycline post-treatment and pre- plus post-treatment unexpectedly led to an

increase of blood urea (p<0.05) compared to vehicle treatment.

Minocycline and doxycycline decrease liver necrosis after hemorrhagic shock/
resuscitation

Liver injury was assessed histologically by H&E staining. At 6 h postoperatively, liver

histology was normal in sham-operated mice (Figure 3). After HS/R, necrosis developed

with a predominately pericentral distribution after post-treatment with vehicle (3.8% of area)

and tetracycline (3.3%), whereas post-treatment with minocycline and doxycycline

decreased necrosis to 1.4% and 1.5%, respectively (Figure 3). Pre- plus post-treatment with

minocycline and doxycycline decreased liver necrosis to approximately the same extent as

minocycline and doxycycline post-treatment only (Figure 3).
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Minocycline and doxycycline decrease liver apoptosis after hemorrhagic shock/
resuscitation

TUNEL was performed on paraffin sections to assess double-stranded DNA breaks that are

characteristic of apoptosis. TUNEL-positive hepatic parenchymal and non-parenchymal

cells were rare after sham operation, averaging less than 1 cell/HPF. In parenchymal cells

(hepatocytes) at 6 h after HS/R with vehicle, TUNEL in non-necrotic areas increased to 7.2

cells/HPF (Figure 4A), corresponding to 1.2% of total parenchymal cell nuclei. Tetracycline

failed to decrease parenchymal cell apoptosis. By contrast post-treatment with minocycline

and doxycycline decreased parenchymal cell TUNEL to 3.1 and 3.2 cells/HPF, respectively.

Pre- plus post-treatment with minocycline and doxycycline also decreased parenchymal cell

TUNEL to a similar extent (3.0 and 2.9 cells/HPF, respectively). In non-parenchymal cells

at 6 h after HS/R with vehicle treatment, TUNEL-averaged to 3.1 cells/HPF, corresponding

to 1.3% of total non-parenchymal cell nuclei. Post-treatment with tetracycline, minocycline

and doxycycline decreased TUNEL to 1.8, 1.4, and 1.2 cells/HPF, respectively (Figure 4B).

Pre- plus post-treatment with minocycline and doxycycline also decreased TUNEL similarly

to 1.0 and 1.5 cells/HPF, respectively.

Minocycline, doxycycline, and tetracycline decrease kidney apoptosis after hemorrhagic
shock/resuscitation

TUNEL-positive renal tubular cells were rare after sham operation. At 6 h after HS/R with

vehicle, TUNEL of tubular cells increased to 4.3 cells/HPF, corresponding to 1.8% of

tubular cell nuclei (Figure 5). Post-treatment with minocycline and doxycycline decreased

TUNEL in tubular cells to 2.0 and 2.0 cells/HPF, respectively. Unexpectedly, tetracycline

also decreased TUNEL significantly to 2.7 cells/HPF. Pre- plus post-treatment with

minocycline and doxycycline similarly decreased TUNEL-positive parenchymal cells to 1.8

and 2.0 cells/HPF, respectively (Figure 5). TUNEL-positive glomerular cells at 6 h after

HS/R were not observed after any treatment.

Minocycline and doxycycline decrease caspase-3 activity after hemorrhagic shock/
resuscitation

In liver homogenates, caspase-3 activity after HS/R with vehicle treatment increased 4.6–

fold over sham (Figure 6A). Tetracycline failed to decrease caspase-3 activity significantly,

whereas post-treatment with minocycline and doxycycline decreased caspase-3 activity to

2.1– and 2.5–fold, respectively. Minocycline and doxycycline pre- plus post-treatment also

decreased caspase-3 activity to 2.4– and 2.2–fold, respectively (Figure 6A).

In kidney homogenates, caspase-3 activity after HS/R with vehicle treatment increased 6.0–

fold over sham (Figure 6B). Tetracycline did not significantly decrease caspase-3 activity

(5.1–fold over sham), whereas post-treatment with minocycline and doxycycline decreased

caspase-3 activity to 3.0– and 2.6–fold, respectively (Figure 6B). Pre- plus post-treatment

with minocycline and doxycycline decreased caspase-3 activity similarly (2.7 and 2.8–fold,

respectively, Figure 6B).
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Survival after hemorrhagic shock/resuscitation

The duration of hemorrhagic shock leading to organ failure and mortality after resuscitation

is species specific. For mice after 3 h of hemorrhage followed by resuscitation, long-term

survival was 100%, although organ damage nonetheless occurred. To assess whether

minocycline and doxycycline would improve survival after HS/R, we lengthened the time of

hemorrhage to 4.5 h. Restoration of blood pressure by blood and fluid resuscitation was

successful after 4.5 h of hemorrhage, and 6 h survival was 100% in all groups. By contrast,

7-day survival after HS/R with vehicle treatment was 38%, which did not improve after

post-treatment with tetracycline (Figure 7). Most deaths occurred between days 1 and 3

postoperatively. Post-treatment with minocycline and doxycycline increased 7-day survival

to 69% and 67%, respectively, which was significant by Kaplan-Meier analysis.

Discussion

Despite recovery of hemodynamics by fluid resuscitation after hemorrhage, major organ

systems may nonetheless progressively dysfunction and fail. In patients that initially survive

HS/R, SIRS and MODS frequently develop when unresuscitated hemorrhage is longer than

1 h (1;2). MODS has a mortality of ∼30% despite aggressive treatment and supportive care

(3). Thus, effective therapy for the adverse sequelae of HS/R is an important unmet medical

need.

Some tetracyclines have therapeutic properties beyond their antimicrobial action. For

example, minocycline mitigates ischemia/reperfusion injury in various organs (9-11;13;20).

Recently, we showed that minocycline administered only during the last phase of

resuscitation also protects against liver injury after HS/R in mice (4). Doxycycline is another

protective tetracycline derivative that decreases injury after myocardial, cerebral and hepatic

hypoxia/ischemia (11;21;22). Here, we extend our earlier study to show that 1) doxycycline

protects against liver and kidney injury after HS/R as effectively as minocycline, 2)

pretreatment with minocycline and doxycycline does not increase protection by post-

treatment alone, and 3) minocycline and doxycycline improve long-term survival after

HS/R. Dosing for minocycline and doxycycline was based on prior studies and the

observation in in vitro models that doxycycline is approximately twice as potent a

cytoprotectant as minocycline (11). However, future studies of the pharmacokinetics and

dosing regimens for maximal therapeutic effect will be needed in preparation for possible

human trials.

In a mouse model of 3 h of hemorrhage to 30 mm Hg followed by sequential resuscitation

with shed blood and half the shed volume of lactated Ringer's solution containing vehicle or

drug, minocycline and doxycycline each substantially decreased liver and kidney injury

assessed at 6 h after resuscitation, whereas tetracycline did not. Specifically, hepatic necrosis

and apoptosis, blood creatinine, and renal apoptosis were all significantly decreased by

minocycline and doxycycline treatment (Figures 2-6). Blood creatinine reflects glomerular

filtration rate, considered the best single index of overall renal function (23;24).

To investigate renal function further, blood urea was also measured. After HS/R, blood urea

increased more than 2-fold (Figure 2C). Doxycycline but not tetracycline or minocycline

Kholmukhamedov et al. Page 7

Shock. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



decreased blood urea after HS/R. Lack of protection against elevated blood urea by

minocycline after HS/R was unexpected, but previous studies show that tetracycline and

minocycline increase blood urea, an effect attributed to decreased renal excretion and a

catabolic effect by these tetracyclines (25;26). We also compared pre- plus post-treatment to

post-treatment alone. Remarkably, pre- plus post-treatment with minocycline and

doxycycline was no more protective than post-treatment alone during the final phase of

resuscitation (Figures 2-6).

Since long-term survival after 3 h of hemorrhage followed by resuscitation was 100%, we

increased the time of hemorrhage to 4.5 h. After the longer time of hemorrhagic shock, 7-

day survival decreased to 38%, which minocycline and doxycycline but not tetracycline

treatment significantly improved to 69% and 67%, respectively (Figure 7). Thus,

minocycline and doxycycline but not tetracycline protected against liver and kidney injury

and significantly improved long-term survival even when administered at the end of

resuscitation. Although our mouse model required a longer time of hemorrhage to produce

mortality than for humans or rats, restoration of blood pressure by resuscitation was

successful after 4.5 h of hemorrhage to mice, and 6-h survival was 100% in all groups.

Rather, mortality did not occur until 1-3 days after resuscitation. Early recovery of

hemodynamics followed by late mortality is characteristic of human MODS after HS/R, and

for this reason our mouse model seems relevant to the human disease.

After HS/R to mice, both necrotic and apoptotic cell death occurred. In the liver,

minocycline and doxycycline protected against both modes of cell death and decreased

histological necrosis and ALT release by ∼60% at 6 h after HS/R compared to vehicle and

tetracycline treatment (Figures 2 and 3). Hepatic parenchymal and nonparenchymal

apoptosis assessed by TUNEL and caspase-3 activity also decreased by ∼60% with

minocycline and doxycycline treatment (Figures 4 and 6). Overall, hepatic necrosis

predominated over apoptosis. Necrosis involved 3.8%of the liver after HS/R with vehicle

treatment, whereas TUNEL representing apoptosis in non-necrotic areas occurred in 1.2 and

1.3% of parenchymal and non-parenchymal cell nuclei, respectively (Figure 4).

In kidneys, apoptotic cell death occurred in tubular cells but not glomeruli. Necrosis by

histology was not evident, at least at 6 h after HS/R (data not shown). Compared to vehicle,

minocycline and doxycycline decreased TUNEL in kidneys after HS/R by an average of

53%(Figure 5). Unexpectedly, tetracycline also significantly decreased renal TUNEL by

37% after HS/R, although tetracycline did not decrease caspase-3 activity or serum

creatinine after HS/R compared to vehicle treatment. In hepatic nonparenchymal cells,

tetracycline also modestly decreased TUNEL (Figure 3B). These results suggest that

tetracycline exerts a weak protective effect that is only evident by TUNEL in some cell

types, perhaps because these cell types are experiencing the mildest injury. Future studies

will be needed to determine the basis for tetracycline protection against TUNEL in certain

cell types.

Based on in vitro studies, several mechanisms have been proposed to explain cytoprotection

by minocycline and doxycycline, including calcium and iron chelation (27;28),

mitochondrial depolarization preventing formation of reactive oxygen species (ROS) and
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MPT onset (27;29;30), inhibition of matrix metalloproteinases (9;10;31;32), inhibition of

mitochondrial release of cytochrome c and caspase-3 activation (33;34), and upregulation of

antiapoptotic proteins (35). Recently, we showed that minocycline and doxycycline

specifically inhibit the electrogenic mitochondrial Ca2+ uniporter (MCU), which also

mediates uptake of Fe2+ into mitochondria (11;13). In particular, uptake of Fe2+ into

mitochondria during hypoxia/ischemia promotes ROS formation after reoxygenation/

reperfusion with consequent onset of the MPT (36). The MPT in turn leads to abrupt

mitochondrial depolarization, uncoupling of oxidative phosphorylation, mitochondrial

swelling with cytochrome c release and both ATP depletion-dependent necrosis and

cytochrome c-activated apoptosis (6;7). In support of this hypothesis, we showed previously

by intravital multiphoton microscopy that hepatocellular mitochondria depolarize after HS/R

prior to loss of cell viability and that minocycline, but not tetracycline, diminishes this

mitochondrial dysfunction (4). Other work also indicates that minocycline and doxycycline

are not protective by virtue of causing mitochondrial depolarization, chelating divalent

cations or inhibiting MMPs, at least in cultured hepatocytes subjected to hypoxia and

ischemia/reperfusion (11).

Importantly, minocycline and doxycycline administered after blood resuscitation were as

efficacious against organ damage and mortality as the drugs administered both before and

after hemorrhage. One implication of this finding is that irreversible liver and kidney

damage does not occur until after fluid resuscitation of hemorrhagic shock. However, future

studies will be needed to determine how long after resuscitation minocycline/doxycycline

can be administered with beneficial effect. Additionally, hemorrhage is often associated with

trauma, and the combination of trauma with another stress such as hemorrhage, burn injury

or sepsis augments onset of SIRS and MODS, leading to increased mortality in a fashion

further modulated by gender and genetic background (2;10;37-39). Again, future studies will

be needed to characterize protection by tetracycline derivatives when hemorrhagic shock is

combined with other stresses and as a function of gender and animal strain. Lastly, future

work is needed to determine the relationship of injury to liver, kidney and possibly other

organs (e.g., heart, brain, lung, intestine) to MODS and mortality after HS/R. In particular,

the liver with its very high content of macrophages may be a key organ promoting systemic

inflammation, MODS and mortality (40;41).

Minocycline and doxycycline are both safe and effective drugs approved for human use by

the FDA. Rarely, hepatotoxicity with minocycline occurs that is associated with prolonged

use (42). Hepatotoxicity after single dosing of minocycline may occur only if a dosage of 50

mg/kg or higher is used (25). By contrast, doxycycline users appear not to have an increased

risk of developing hepatotoxicity (43). Thus in terms of potential clinical application,

minocycline and doxycycline should have a high degree of safety in a rescue treatment

regimen.

In conclusion, our results here suggest that minocycline and doxycycline might be used as

rescue therapy for resuscitated hemorrhage. Doxycycline, which does not adversely affect

blood urea, might be preferable over minocycline for such rescue therapy. Minocycline and

doxycycline are both safe and widely used FDA-approved drugs that therefore could be
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adapted for clinical use in both civilian and military medicine to prevent mortality from

SIRS and MODS in hemorrhagic shock patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HS/R hemorrhagic shock and resuscitation

H&E hematoxylin and eosin

HPF high power field

I/R ischemia/reperfusion

MODS multiple organ dysfunction syndrome

MPT mitochondrial permeability transition

SIRS systemic inflammatory response syndrome

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
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Figure 1. Mean arterial pressure during hemorrhage shock and resuscitation
Mice were bled for ∼5 min to a mean arterial pressure of 30 mmHg. After 3 h, the mice

were resuscitated with 100% of the shed blood followed by half the shed volume of lactated

Ringer's solution, as described in MATERIALS AND METHODS. The data represents all

groups combined, since there was no statistical difference in mean arterial pressure between

groups. Ringer, lactated Ringer's solution.
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Figure 2. Decreased serum alanine transaminase, creatinine and urea after hemorrhagic shock/
resuscitation with minocycline and doxycycline
Mice were subjected to HS/R, as described in MATERIALS AND METHODS. Serum

ALT (A), creatinine (B) and urea (C) were measured at 6 h after HS/R. *p <0.05 vs. vehicle;

n=6 per group. Dox, doxycycline; Min, minocycline; Post, post-treatment; Pre, pre- plus

post-treatment; Tet, tetracycline.
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Figure 3. Protection against histological necrosis in liver by minocycline and doxycycline after
hemorrhagic shock/resuscitation
Representative fields of H&E-stained liver sections are shown for sham operation and for

HS/R after various drug treatments. Bar is 50 μm. Lower right panel quantifies area

percentage of liver necrosis after the various treatments.*p <0.05 vs vehicle; n=6 per group.

Dox, doxycycline; Min, minocycline; ND, none detected; Post, post-treatment; Pre, pre- plus

post-treatment; Tet, tetracycline. A – Sham; B – Vehicle; C – Tetracycline; D – Minocycline

post-treatment; E – Doxycycline post-treatment; F – Minocycline pre- plus post-treatment;

G – Doxycycline pre- plus post-treatment; H – Area of liver necrosis after various

treatments (expressed as percentage). Dashed white lines outline areas of necrosis.
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Figure 4. Protection against TUNEL in liver by minocycline and doxycycline after hemorrhagic
shock/resuscitation
TUNEL positive parenchymal cells (PC, A) and non-parenchymal cells (NPC, B) were

quantified after various treatments at 6 h postoperatively. *p <0.05 vs vehicle, n=6 per

group. Dox, doxycycline; Min, minocycline; Post, post-treatment; Pre, pre- plus post-

treatment; Tet, tetracycline.
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Figure 5. Protection against TUNEL in kidney by minocycline and doxycycline after
hemorrhagic shock/resuscitation
TUNEL positive tubular cells were quantified after various treatments at 6 h postoperatively.

*p <0.05 vs vehicle, n=6 per group. Dox, doxycycline; Min, minocycline; Post, post-

treatment; Pre, pre-treatment; Tet, tetracycline.
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Figure 6. Protection of liver and kidney against caspase-3 activation in liver (A) and kidney (B)
Caspase-3 activity was measured in liver and kidney homogenates at 6 h after HS/R. *p

<0.05 vs vehicle, n=6 per group. Dox, doxycycline; Min, minocycline; Post, post-treatment;

Pre, pre-treatment; Tet, tetracycline.
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Figure 7. Seven-day survival after hemorrhagic shock and resuscitation
Seven-day survival was assessed in mice that underwent 4.5 h of hemorrhage followed by

resuscitation after post-treatments with tetracycline derivatives or vehicle. *p <0.05 vs

vehicle, n≥13 per group.
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