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INTRODUCTION:   
Trauma complicated by hemorrhagic shock (T/HS) on the battlefield is distinct from the civilian arena 

especially with regards to clinical diagnosis and resuscitation protocols. Progress towards development of new 
first-responder resuscitation adjuvants for polytrauma and blast injuries that will maintain tissue viability 
requires that an agent that demonstrates efficacy in animal models that mimic T-HS and resuscitation in the 
civilian setting also work in animal models of T-HS that mimic combat casualties and battlefield management. 
We developed a rat T-HS model in which we demonstrated: 1) 72% mortality at 48 hr, 2) hypovolemic 
circulatory collapse, 3) left ventricular contractile dysfunction, 4) apoptosis of cardiomyocytes, alveolar 
epithelial cells, hepatocytes and leukocytes, 5) organ inflammation, 6) organ-specific alterations in the apoptosis 
transcriptome and 7) increased susceptibility to bacterial infections. Especially notable was the finding that 
apoptosis and inflammation required resuscitation. Remarkably, use of IL-6 (10 ug/kg) as a resuscitation 
adjuvant: 1) reduced mortality 5 fold, 2) prevented hypovolemic circulatory collapse, 3) prevented ventricular 
contractile dysfunction, 4) prevented apoptosis of cardiomyocytes, alveolar epithelial cells, hepatocytes and 
leukocytes, 5) reduced organ inflammation, 6) normalized the apoptosis and inflammation transcriptome in the 
heart, lung and liver and 7) reduced T-HS-mediated increased susceptibility to bacterial infections. Importantly 
from a mechanistic standpoint, results using a pharmacological inhibitor of Stat3 and mice deficient in Stat3β, a 
dominant-negative isoform of Stat3, demonstrated that virtually all of the beneficial effects of IL-6 were 
mediated through Stat3 especially Stat3α, which, in addition to its transcriptional role in the nucleus, recently 
has been demonstrated to support oxidative phosphorylation within mitochondria. Based on these findings (2-
6), we hypothesize that IL-6 administration at the start of resuscitation will be beneficial to rats and swine 
subjected to polytrauma and HS models that more closely mimic battlefield injuries and resuscitation protocols 
and that IL-6 merits consideration as a resuscitation adjuvant for use by medics at the time of Hextend 
administration to soldiers suffering from T-HS.  

We outlined five highly focused Specific Aims to examine this hypothesis:  
Aims 1, 2, and 3. To determine the effects of IL-6 administration at the start of resuscitation on survival, vital 
organ apoptosis, injury, inflammation and mitochondrial dysfunction in two rodent models and one swine 
model that mimic combat casualties and current battlefield fluid resuscitation strategies (Hextend infusion, 14.3 
ml/kg):  

1) Rats subjected to laparotomy and controlled HS (AIM 1),  
2) Rats subjected to femur fracture and T-HS (AIM 2) and 
3) Swine subjected to laparotomy, splenectomy, tissue injury and controlled HS (AIM 3).  

Aim 4. To determine the effects of IL-6 administration on the transcriptome induced by these T-HS models in 
rats and swine. 
Aim 5. To determine if leukocyte apoptosis can serve as a biomarker of vital organ apoptosis and injury in T-
HS patients.   

These studies will establish whether or not the benefits of IL-6 administration will extend to battlefield 
resuscitation protocols for controlled HS in the setting of moderate to severe trauma and will establish the 
foundation for clinical trials of IL-6 in civilian injuries involving trauma and HS that mimic severe combat 
injuries. 
BODY:  

In our original Statement of Work document, we delineated that Tasks in Aims 1 through 5 would be 
performed in Years 1 through 3 as summarized in the Gantt chart below: 
TIMELINE (GANTT CHART) 
 YEAR 1 YEAR 2 YEAR 3 
Specific Aim 1. Effects of IL-6 in rat Lap/HS model 
 Tasks 1A, B, C and D  
Specific Aim 2. Effects of IL-6 in rat FFx/HS model 
 Tasks 2A, B, C and D  
Specific Aim 3. Effects of IL-6 in swine Lap-S-TI/HS model 
 Tasks 3A, B and C 
Specific Aim 4. Effects of IL-6 on rat and swine organ apoptosis and inflammation transcriptomes 
 Task 4A  Task 4B  Task 4C 
Specific Aim 5. Leukocytes as a marker of organ apoptosis in T-HS patients 
 Tasks 5A, B, C and D  



These Tasks and the progress we have made in each are outlined below.  
Specific Aim 1. Determine the effects of IL-6 on survival, organ apoptosis, injury and inflammation and 
mitochondrial dysfunction in rats subjected to Lap/HS model (timeframe: 18 months) 
Task 1A. Optimize “shock load” for Lap/HS model.  
Subtask IA1. Amend animal approval to include swine (timeframe=1 month) 

This was postponed. 
Subtask IA2. Determine survival rate of rats subjected to Lap/HS protocol with shock load=60 min (or 
appropriate; 10 rats; timeframe 1 month). 

In earlier studies performed as part of preliminary studies for this award, we determined that the “shock” 
load necessary to achieve the target mortality of 50% in the first of our proposed new rat T/HS protocols was 60 
min at 35 mm Hg. This protocol includes laparotomy followed by fixed pressure hemorrhagic shock (Rat 
Lap/HS model). In repeat experiments, we started with a 15-minute period to achieve target MAP of 35 mm Hg 
followed by 60 min at target MAP. Since there were no deaths, we proceeded to increase the duration of time at 
target MAP to 75 min, then 90, 120, and 150 and finally 180 min. It was not until using a “shock” load of 150 – 
180 min that 50-70% mortality at 48 hr was observed in a total of 6-10 rats examined. Thus, we identified a 
shock load that allowed us to assess if use of IL-6 as a resuscitation adjuvant provides a survival benefit, as 
outlined below.  

While optimizing the “shock load” for the Rat Lap/HS model, we completed rat studies for a critical 
experiment at the request of our industry partner (Novartis). Novartis is convinced that prevention of kidney 
injury is the most compelling pathway for entry into clinical use of human recombinant IL-6 as a resuscitation 
adjuvant. They have developed a panel of sensitive urine analyte assays to test for kidney injury, which they 
wanted to use to establish if kidney injury occurred in our standard rat T/HS model and to determine whether 
kidney injury could be prevented by use of IL-6 as a resuscitation adjuvant. In this experiment, we subjected 6 
rats each to either our sham protocol or our standard T/HS protocol, as described (1-3) modified per this grant 
proposal. Specifically, rats were subjected to trauma (groin incision and bilateral superficial femoral artery 
cannulation) followed by hemorrhagic shock. Instead of being resuscitated with heparinized shed blood and 
lactated Ringer’s solution, they were resuscitated with Hextend as described in this proposal combined with IL-
6 as a resuscitation adjuvant at four doses (0, 3, 10 or 30 mg/kg). Serum was harvested at 24 and 48 hrs; urine 
was harvested at 4, 12, 18, 24, 36, 42 and 48 hr; and kidneys were harvested at 48. Samples of serum and urine 
were sent to Novartis on February 23 to be examined in their kidney injury panel. These studies were intended 
to answer several important questions: 1) Does kidney injury accompany heart, lung and liver injury in rat 
T/HS? 2) What is the most sensitive and robust urine test to monitor for kidney injury in this setting? 3) Can IL-
6 prevent T/HS-induced kidney injury? 4) If so, what is the optimum dose of IL-6 to use in the rat T/HS studies 
outlined in our proposal?  

We received the results from Novartis on August 2, 2011. Of the 10 urine markers of kidney injury, 7 
demonstrated evidence of substantial increase including GSTYb, NGAL, Kim-1, Cystatin, beta2M, albumin, 
and clusterin, which indicated that the kidney demonstrated clear evidence of injury in this model of T/HS. 
Evidence of injury was maximal by 4 hours. The most sensitive and robust urine marker of kidney injury was 
Kim-1, but most of the 7 indices were nearly equally sensitive. Much to our surprise, however, while there was 
some suggestion of protection by IL-6 against renal injury determined by Kim-1 and albumin levels at an IL-6 
dose of 10 ug/kg, these results were not statistically significant. Neither was there evidence of benefit of IL-6 on 
liver and heart injury. The inability to demonstrate a clear benefit of IL-6 at any of the three doses was at odds 
with all of our earlier publications (1-5). Two major hypotheses for this disparity are: 1) the ability of Hextend 
to adsorb either IL-6 or sIL-6R, and 2) the absence within the Hextend of a factor(s) present within the returned 
shed blood (previously used for resuscitation) that are necessary for the beneficial effect of IL-6. The leading 
candidate for this “missing factor” was sIL-6R.  

To explore the hypothesis that Hextend adsorbs either IL-6 or sIL-6R thereby blunting its effects, we 
examined whether Hextend interferes with the ability of IL-6 alone or in combination with sIL-6R to induce 
nuclear translocation of GFP-Stat3 in a high-throughput fluorescence microscopy assay we developed to 
identify small-molecule Stat3 inhibitors (1). The results of this study indicated that Hextend had no effect on the 
potency of either IL-6 or sIL-6R. 

To explore the hypothesis that shed blood but not Hextend contains a factor(s) such as sIL-6R necessary 
to realize the beneficial effects of IL-6, in the fourth quarter, we examined the collected shed blood for the 
presence of sIL-6R as a function of time of accumulation in our standard T/HS protocol. Our results 
demonstrated that shred blood accumulated sIL-6R over time to concentrations (100 ng/ml) equivalent to those 



of recombinant hIL-6 expected within the circulation of rats receiving the 3 ug/kg dose, the dose we initially 
reported to be of benefit (2). 

This finding strongly suggested that the heparinized shed blood was contributing a factor, most likely 
sIL-6R, that was facilitating the effect of IL-6 and that this factor was absent in Hextend. We designed an 
experiment consisting of 7 groups of rats @4 rats/group to test this hypothesis: 

- Group 1:  Sham 
- Group 2:  Shock with Hextend resuscitation 
- Group 3:  Shock with IL-6 @ 10 µg/kg with Hextend resuscitation 
- Group 4:  Shock with IL-6 and sIL-6Rα both @ 10 µg/kg with Hextend resuscitation 
- Group 5:  Shock with IL-6 @ 10 µg/kg, 

shed blood bolus, and 2X total shed blood 
volume of Ringer’s lactated saline (our 
established resuscitation protocol) 

- Group 6:  Shock with hyper (H)-IL-6 @ 
10 µg/kg with Hextend resuscitation 

- Group 7:  Shock with H-IL-6 @ 1 µg/kg 
with Hextend resuscitation 

Groups 6 and 7 will test the sub-hypothesis that 
H-IL-6, a chimeric protein consisting of human 
IL-6 fused to the human soluble IL-6 receptor 
(sIL-6R) α, will be even more potent that the 
combination of IL-6 and sIL-6Rα. Support for 
this hypothesis was provided in vitro by studies in 
which we performed a dose-response curve 
comparing the potency H-IL-6 vs. IL-6/sIL-6Rα 
(1:1 ratio; Figure 1). H-IL-6 was nearly 7-fold 
more potent that IL-6 + sIL-6R in causing 
nuclear translocation of GFP-Stat3 in murine 
embryonic fibroblasts. 
 Resuscitation-induced apoptosis within 
the heart (cardiomyocytes), lung (alveolar 
epithelial cells), and liver (hepatocytes), as 
determined by TUNEL staining and 
nucleosome ELISA assays, was prevented in 
each group that received both IL-6 and sIL-6R 
(Appendix 1), which includes Groups 4, 5, 6, 
and 7, compared to Group 2. In addition, the 
liver IL-6 mRNA levels, which are increased 
3-fold by T/HS (Group 2 vs. Group 1), return 
to normal when H-IL-6 (1 µg/kg) is combined 
with Hextend (Group 7 vs. Group 2); Figure 
2). Finally, levels of myeloperoxidase (MPO)-
positive cell (neutrophil) infiltration into the lung followed as similar pattern (Appendix 1). These results 
confirm the hypothesis that the “missing factor” when Hextend is used as the major resuscitation fluid instead 
of shed blood is sIL-6R. Furthermore, these findings suggests that hyper (H) IL-6 (1 µg/kg) is fully capable of 
replacing IL-6 when Hextend is used as a resuscitation adjuvant instead of heparinized whole blood (7).  We 
were able to obtain sufficient quantities of hyper-IL-6 from our colleague (Stefen Rose-John) in Germany that 
allowed us to perform survival experiments as outlined below . 
Task 1B. Determine the effect of IL-6 on survival in the rat Lap/HS model.  	
  
Subtask IB1. Randomly assign rats to the Lap/HS/Hex/P or Lap/HS/Hex/IL-6 groups and observe for 72 hr 
and record mortality.  (20 rats; timeframe=2 months) 

While the Novartis experiment was being analyzed by the company in Year 1, we proceeded with an IL-
6 survival study in the Rat Lap/HS model in which the shock load was 180 min at target MAP of 35 mm Hg. 
Eighteen rats were entered into this protocol and randomized to receive either IL-6 (10 ug/kg in 0.1 ml PBS) or 
PBS alone as a resuscitation adjuvant. Randomization was performed in such a way that the animal surgeon was 
blinded to the resuscitation adjuvant each animal received. The PI broke the code on the randomization after 18 

 

 

Figure 1. Percent of maximum stimulated nuclear translocation of GFP-
Stat3 in murine fibroblast cell expressing GFP-Stat3. Assay performed as 
described (1) with increasing concentrations of IL-6 and sIL-6R (left panel) 
or H-IL-6 (right panel). 

 

Figure 2.  Liver IL-6 mRNA levels in the three groups indicated (n=4 per 
group). Pairs of bars marked by a symbol (*, etc.) indicate a significant  
difference (p<0.05). 



rats had been studied. The results demonstrated that while mortality in the IL-6-treated arm (n=10) was 20%, 
mortality in the placebo arm was only 25%, lower than the 50% expected.  

With the findings above strongly suggesting that H-IL-6 can substitute for IL-6 when Hextend is used as 
the resuscitation fluid, we repeated the experiment substituting H-IL-6 at two doses (1 and 10 µg/kg in 0.1 ml 
PBS) for IL-6 (Figure 3). The results 
demonstrate that H-IL-6 at 1 µg/kg 
improved survival from 40% to 75% 
(p=0.027). The improvement in 
survival rate in rats resuscitated with 
H-IL-6 (10 µg/kg) from 40% to 56% 
did not achieve statistical 
significance (p>0.05), and were 
consistent with the findings that the 
optimum anti-apoptotic effect with 
H-IL-6 was achieved more 
consistently within the heart, lung 
and liver at the 1 µg/kg dose. 
Task 1C. Determine the effect of IL-
6 on left ventricular contractile function, apoptosis within the heart, lung, liver, kidney, kidney and 
leukocytes, injury and inflammation within the lung and liver and mitochondrial dysfunction within liver 
and hearts.  

To lay the foundation for the mitochondrial portion of these studies, we performed a preliminary study 
to evaluate the potential acute effect of IL-6 administration on mitochondrial function. Three pairs of rats were 
administered either 10 ug/kg IL-6 (ip) or vehicle (PBS) and one hour later the animals were sacrificed, organs 
(heart, kidney, liver and lung) harvested, and mitochondria were isolated.  The isolated mitochondria were 
assayed for respiration by polarography, for respiratory chain activities by spectrophotometry, and for relative 
mitochondrial reactive oxygen species (ROS) levels by measuring native and total reduced aconitase activities. 
The results of studies on mitochondria isolated from each of the four tissues of IL-6 treated animals were 
unchanged compared to control-treated animals. 

During the past year, we have perfected performing mitochondrial respiration analyses on isolated 
mitochondria from various rodent tissues as well as on mouse embryonic fibroblasts (MEFs). We have also 
performed cellular respiration studies on MEFs that completely lack Stat3 (Stat3Δ), express only the Stat3 α 
isoform (Stat3α), express only the Stat3 β isoform (Stat3β), or express only the Stat3 β isoform that has the last 
7 amino acids deleted (Stat3βΔ7).  Compared to wild type MEFs, Stat3α and Stat3β cells exhibit normal 
respiration, while Stat3Δ and Stat3βΔ7 MEFs exhibit significant mitochondrial respiration defects.  
Mitochondrial electron transport chain enzyme studies demonstrate partial complex I and II deficiencies for 
Stat3Δ and Stat3βΔ7 MEFs compared to wild type, correlating with the observed respirations defects.  
Interestingly, when pretreated with 200 ng/mL of IL-6 and soluble IL-6 receptor for 1 hour, the spare 
respiratory capacity of Stat3Δ MEFs becoming normalized. In addition, the spare respiratory capacity of each of 
the other cells increased by ~20% raising the possibility that improved cell energetics mediated in part through 
Stat3 may be responsible for the anti-apoptotic effect of H-IL-6 (8). 

Task 1D. Determine the effect of Stat3 inhibition with the GQ-ODN T40214 on IL-6-mediated prevention of 
T-HS-induced mortality, left ventricular contractile dysfunction, organ apoptosis, injury and inflammation 
and mitochondrial dysfunction.  

We have developed a better-characterized small-molecule Stat3 inhibitor (1, 9, 10) that we will use 
instead of GQ-ODN T40214.  

Specific Aim 2. To determine the effects of IL-6 administration on survival, vital organ apoptosis, injury and 
inflammation and mitochondrial dysfunction in rats subjected to FFx/HS model (timeframe: 18 months). 

Task 2A. Optimize “shock load” for FF/HS model.  
Subtask 2A2. Determine survival rate of rats subjected to FF/HS protocol. 

Based on the “shock load” determination for the Lap/HS model of 150-180 min, our animal surgeon 
started with 150 min duration of HS. He did 10 rats @ 150 min, proceeded to 180 min then to 210 min but 
could not achieve a mortality rate of animals that completed the protocol of >40%. Two issues arose as he 

 
Figure 3. Rat surival curves following Lap/HS and resuscitation with Hextend without (HS) or 
with H-IL-6 (1 or 10 µg/kg). 



increased the duration of the  “shock load”: one was that there was unacceptable mortality during the shock 
phase, the second was that there was variable amounts of bleeding from the femoral fracture site. We opted 
based on these findings to move from “duration of hypotension” to “percent shed blood return” as a 
measurement of “shock load”. This enabled us to factor in the amount of blood loss from the femur fracture into 
the “total shed blood” determination and to standardize better across animals for this component of blood 
“removal”. When we established a “shock load” of 35% shed blood return, the mortality achieved 50%, the 
lower limit of our target.  
Task 2B. Determine effect of IL-6 on survival in the rat FFx/HS model.   
Subtask IIA1. Randomly assign rats to the FFx/HS/Hex/P or FFx/HS/Hex/IL-6 groups and observe for 72 
hr and record mortality.   

As indicated above, hyper (H) IL-6, 1 µg/kg, reduced mortality from our Lap/HS model from 60% to 
25% (p=0.027), while H-IL-6 at 10 µg/kg decreased mortality only to 44% (p=0.44). To more clearly establish 
an optimal dose of H-IL-6 to use as a resuscitation adjuvant with Hextend before proceeding with pig studies, 
we started a survival study using the a range of H-IL-6 doses that varied roughly in half-log intervals as follows: 
0, 0.3, 1, 3 and 10 µg/kg. We also added a non-resuscitated arm to this study. Thus, this study has 6 arms with 
10 rats to be entered into each arm. Our animal surgeon is blinded to the dose of H-IL-6 each of the rats is 
receiving. To this point, 45 of the 60 rats have been entered into this study. We plan to complete the study by 
the end of December 2013. 
Specific Aim 3. To determine the effects of IL-6 administration on survival, vital organ apoptosis, injury and 
inflammation and mitochondrial dysfunction in swine subjected to laparotomy, splenectomy, tissue injury 
and controlled HS. 

 We are awaiting the results of the H-IL-6 survival study in rats subjected to FFx/HS model to determine 
the optimum dose to use in this study. 

Specific Aim 4. To determine the effects of IL-6 on the T-HS-induced apoptosis and inflammation 
transcriptome within the heart, lung, liver, kidney and leukocytes of rats and swine subjected to T-HS and 
resuscitation protocols (timeframe=12 months; in Year 2). 

Since submission of the proposal in which we presented preliminary data regarding the effect of our 
standard T/HS protocol on the liver inflammation transcriptome and its beneficial modulation by IL-6, we have 
published these findings in PLoS ONE (11). In addition, the PI was invited to give a plenary presentation to the 
34th Annual Conference on Shock (Norfolk, VA; 06/12/11; “Contributions of Abnormal Proteostasis to Cellular 
Dysfunction”). This talk and the data presented therein formed the basis for a peer-reviewed manuscript 
entitled, “Contribution of the Unfolded Protein Response (UPR) to Hepatocyte and Cardiomyocyte Apoptosis 
and its Prevention in Trauma/Hemorrhagic Shock”, provisionally accepted to Science Reports [Appendix 2; 
(12)]. This paper reports the first global transcriptome analysis of the UPR in the liver and heart in T/HS; it 
strongly implicates the non-canonical UPR proteins, heat shock proteins (Hsp) 70 and Hsp40, as modulating 
hepatocyte apoptosis and mediating protection against apoptosis in response to IL-6. This finding opens new 
avenues for intervention in the prevention of apoptosis in this setting such as proteostasis modulators. In 
addition, Stephen Thacker, a talented post-doctoral fellow in the laboratory and first author of this submission, 
submitted 4 abstracts in 2012 to annual national meetings of the Shock Society, the Infectious Diseases Society 
of America, the Pediatric Academic Society, and the Pediatric Infectious Diseases Society describing the UPR 
and it role in alveolar epithelial cell apoptosis in T/HS and its prevention by IL-6. 
Specific Aim 5. To determine if circulating leukocytes can serve as a marker for T-HS-induced apoptosis in 
T-HS patients (timeframe=16 months).  
Task 5A.  Amend IRB protocol (timeframe=4 months). 

This Task was accomplished. 

Task 5B. Isolate peripheral blood leukocytes from T-HS patients upon entry into the standard vs. hypotensive 
resuscitation protocol study at the time of randomization (time 0) and at 60-minute intervals until the end of 
surgery then 1 after the end of surgery and 24 hr after randomization (17 patients; timeframe=10 months).  

This Task was accomplished; see below. 

Task 5C. Perform nucleosome ELISA on leukocyte extracts (timeframe=1 month). 



This Task was accomplished; see below. 

Task 5D. Perform TUNEL of leukocytes (timeframe=1 month). 
Tasks 5B, 5C and 5C were accomplished with the following modifications. Instead of studying only 17 

patients, we examined 41 patients. Also, rather than isolating WBC for ELISA and TUNEL at the time of 
randomization, every hour after randomization, 1 hour after the end of surgery and 24 hours after 
randomization, we opted to drop the hourly examinations during surgery because of the difficulty in 
coordinating blood sampling while the patient was undergoing life-saving surgery. Instead, we collected blood 
for WBC isolation and examinations at the time of randomization, 1 hour after the end of surgery and 24 hour 
after randomization. Our results demonstrated that there was very little difference in leukocyte apoptosis or any 
other clinically relevant parameter between these two groups. Consequently, the two group were pooled 
resulting in the finding [Appendix 3; (13)] that the circulating leukocytes of T/HS subjects who survived to 
hospital discharge without developing any infections had significantly higher nucleosome levels 1-hr post-
operative compared to those who did develop an infection (49.8 mU/mg protein versus 19.8 mU/mg protein, 
p=0.02). This difference persisted when analyzing by specific type of infection.  TUNEL staining revealed that 
72% of apoptotic cells were PMNs. There were no statistically significant correlations between nucleosome 
levels and survival. Thus, our results indicated that in patients with hemorrhagic shock, increased peripheral 
blood PMN apoptosis is associated with reduced risk of developing subsequent infection.  Previous research has 
shown that high levels of apoptosis in circulating neutrophils following shock may have a protective effect by 
preventing neutrophil infiltration and limiting release of harmful oxygen radicals in the tissues.  Thus, 
neutrophil apoptosis may render tissues less susceptible to injury and subsequent infection consistent with 
strategies aimed at benefiting this patient population by limiting PMN number and aberrant function early in the 
resuscitation period. 

As noted, our results did not demonstrate an association between leukocyte apoptosis and survival. 
Consequently, leukocyte apoptosis cannot serve as a robust biomarker for predicting patients who may benefit 
from IL-6 as a resuscitation adjuvant. Given the results above demonstrating the sensitivity of urinary injury 
biomarkers in our rat T/HS model, we have begun to collect the urine of T/HS patients for measurement of 
markers of renal injury to establish the best biomarker of renal injury in this patient population to replace 
leukocyte apoptosis for this purpose. Urine will be collected at the same time points as previously used for 
blood plus 7 days after randomization. 

Thus, all of Aim 5 has been accomplished resulting in a published manuscript (13). We have made good 
progress in Aim 1. It along with Aim 2 will be rapidly completed now that we have established the requirement 
for sIL-6R to achieve benefit from IL-6 when Hextend is used for resuscitation.  

KEY RESEARCH ACCOMPLISHMENTS:    
• We demonstrated that kidney injury and apoptosis accompanies heart, lung and liver injury and 

apoptosis in rat T/HS. Similar to apoptosis in these other organs, kidney apoptosis is prevented when IL-
6 is used a resuscitation adjuvant with heparinized shed blood (Figure 4, bottom panel). 

• Kidney injury was readily detected within the urine 4 hours after the initiating of resuscitation using 7 of 
11 analytes tested by Novartis; 4 of these 7 analytes are available for purchase and use in a Luminex 
bead-based assay system in the Tweardy lab. 

• Results demonstrated that heparinized shed blood accumulated sIL-6R over time to concentrations 
equivalent to those of recombinant hIL-6 expected within the circulation of rats receiving the 3 ug/kg 
dose, the dose we initially reported to be of benefit (2).  

• Recent results have determined that sIL-6R is an essential factor, in addition to IL-6, for prevention of 
apoptosis when IL-6 is used as a resuscitation adjuvant in combination with Hextend indicating that IL-6 
signaling in trans in the predominant pathway through which IL-6 mediates it protective effect. 

• Hyper (H)-IL-6 at 1 µg/kg performed better than H-IL-6 at 10 µg/ml in terms of preventing heart, lung, 
and liver apoptosis and lung inflammation in our standard T/HS protocol. In addition, the lower dose of 
H-IL-6 also performed better than the higher dose at improving survival from our Lap/HS protocol. 

• Leukocyte apoptosis appears not to be sufficiently robust enough biomarker for predicting mortality in 
T/HS patients. 

• However our circulating neutrophil (PMN) apoptosis results indicated that in patients with hemorrhagic 
shock, increased peripheral blood PMN apoptosis is associated with reduced risk of developing 
subsequent infection. 

• In the first global analysis of the UPR transcriptome ever performed, we identified two non-canonical 
UPR modulators, Hsp70 and Hsp40, as potential key modulators of liver and lung apoptosis in T/HS that 
mediate the beneficial effects of IL-6. 



• We have made two novel observations regarding the contribution of ligand-mediated Stat3 activation to 
mitochondrial function. The first is that mitochondrial function is improved through IL-6 trans 
signaling. The second is that Stat3β can substitute for Stat3α to restore mitochondrial function in Stat3-
deficient cells. 

• In addition to its beneficial effects in preventing organ apoptosis, IL-6 trans signaling initiated 
immediately upon resuscitation in our standard T/HS rat modes also reduces mortality from 
Psuedomonas aeruginosa pneumonia through restoration of Surfactant Protein  D levels within the lung 
(14). 
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CONCLUSIONS:   
We have performed a global transcriptome analysis of the UPR in the liver and heart in T/HS that 

strongly implicates Hsp70 and Hsp40 as modulating hepatocyte apoptosis and mediating protection against 
apoptosis in response to IL-6. This finding opens new avenues for intervention in the prevention of apoptosis in 
this setting such as proteostasis modulators.  

We demonstrated in patients with hemorrhagic shock that increased peripheral blood PMN apoptosis is 
associated with reduced risk of developing subsequent infection.  Previous research has shown that high levels 
of apoptosis in circulating neutrophils following shock may have a protective effect by preventing neutrophil 
infiltration and limiting release of harmful oxygen radicals in the tissues.  Thus, neutrophil apoptosis may 
render tissues less susceptible to injury and subsequent infection consistent with strategies aimed at benefiting 
this patient population by limiting PMN number and aberrant function early in the resuscitation period. 

Our findings demonstrate that sIL-6R is an essential factor, in addition to IL-6, for prevention of 
apoptosis when IL-6 is used as a resuscitation adjuvant in combination with Hextend. This requirement can be 
met by either adding sIL-6R to the IL-6 for use as a resuscitation adjuvant or substituting hyper (H) IL-6 for IL-
6 when Hextend is used as the resuscitation fluid. We are collaborate with Stefan Rose-John to commercialize 
H-IL-6 for this purpose. 
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Modulation of the Unfolded Protein
Response During Hepatocyte and
Cardiomyocyte Apoptosis In
Trauma/Hemorrhagic Shock
Stephen A. Thacker1, Prema Robinson2, Adam Abel2 & David J. Tweardy2

1Section of Infectious Diseases, Department of Pediatrics, 2Section of Infectious Diseases, Department of Medicine; Baylor College of
Medicine, Houston, Texas.

Trauma with hemorrhagic shock (T/HS), has been shown to result in liver injury marked by hepatocyte
apoptosis and heart failure marked by cardiomyocyte apoptosis, both of which we have shown to be
prevented by IL-6 administration at resuscitation, and Stat3 largely mediated this. As specific mediators
have not been delineated, we investigated the unfolded protein response (UPR), which, with marked
activation, can lead to apoptosis. Prior studies of hepatic and cardiac injury examined limited repertoires of
UPR elements, making it difficult to assess the role of the UPR in T/HS. This study describes the first global
examination of the UPR transcriptome in the liver and heart following T/HS, demonstrating organ-specific
UPR transcriptome changes. The non-canonical UPR chaperone, Hsp70, was most dysregulated following
T/HS and may contribute to hepatocyte protection via an IL-6-mediated pathway, identifying a potential
new therapeutic strategy to prevent hepatocyte death and organ dysfunction in T/HS.

T
rauma is a leading cause of morbidity and mortality in the United States for those under the age of 45 years,
especially when complicated by hemorrhagic shock1. When trauma with hemorrhagic shock (T/HS) is
accompanied with resuscitation, the end effect is essentially a systemic ischemia and reperfusion injury.

Multiple organ failure is an important maladaptive sequelae contributing to late mortality in those who survive
beyond 24 hrs following severe T/HS and resuscitation2.

Work done by our group, and others, in rodent models of T/HS, has shown that parenchymal cells within
organs such as the liver, a key metabolic and homeostatic organ, and heart, an organ whose dysfunction often
heralds post-traumatic mortality, undergo apoptosis3–7. The pathways leading to parenchymal cell apoptosis in
these organs in T/HS are not fully understood. The classical mechanisms of apoptosis, such as the extrinsic and
intrinsic apoptotic pathways, have been investigated in the liver and heart3,6. However, specific delineation of the
pathways leading from T/HS to cell death and organ dysfunction is incomplete.

Prolonged or severe endoplasmic reticulum (ER) stress has recently been demonstrated to lead to apoptosis
through the unfolded protein response (UPR). The canonical genes involved in ER stress and the UPR were first
delineated in yeast including identification of the ER membrane bound sensors of ER stress8–11. Homologues for
these sensors and their targets have been identified in mammals and their activation can reliably be assessed
transcriptionally. While much of the focus of investigation on the UPR has centered around the three main
signaling molecules inositol-requiring enzyme 1a (IRE1a), Activating Transcription Factor 4 (ATF4), and
protein kinase RNA-like endoplasmic reticulum kinase (PERK), many non-canonical modulators of the UPR
have been identified linking the UPR to pathways ranging from innate immunity to apoptosis. Emerging evidence
has shown that prolonged ER stress and UPR activation leads to apoptosis that is an important mechanism of
disease pathogenesis in a number of genetic disorders, such as lysosomal storage diseases, particularly within the
liver12,13. Examination of the UPR as a potential cause of parenchymal cell apoptosis in metabolic and other
derangements leading to ER stress initially focused on exocrine organs such as the liver14. The UPR and its
contribution to liver disease has been investigated in liver diseases such as steatosis15,16, ischemia/reperfusion
injury17,18 and T/HS19,20. The impact of the ER stress and the UPR on non-exocrine organs such as the heart, has
only recently become a focus21,22. Studies of both the liver and heart are limited, however, since they have focused
on isolated components of the UPR and did not provide direct evidence that would allow one to conclude that
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apoptosis or organ injury resulted from an insufficient adaptive UPR
or that the UPR or components therein were, in fact, maladaptive.

We previously demonstrated that parenchymal cell apoptosis fol-
lowing T/HS in both the liver and heart is prevented by administra-
tion of IL-6, which mediates its effect through the actions of Stat33,6.
In the current studies, we performed UPR transcriptome analysis of
the liver and heart at a global level to identify candidate genes within
the canonical and non-canonical UPR that contribute to apoptosis
following T/HS. By tracking the direction and magnitude of changes
in levels of these candidate genes that occurred following T/HS with
IL-6 resuscitation, with or without Stat3 inhibition, we were able to
clearly identify those genes most implicated in T/HS-induced apop-
tosis and its prevention by IL-6-activated Stat3. In particular, we
demonstrated that Hsp70 and 40 were upregulated in the liver by
T/HS, and that this response was adaptive and insufficient since IL-6
augmented it, thereby preventing apoptosis.

Results
T/HS-induced hepatocyte apoptosis is prevented by IL-6
resuscitation; the IL-6 effect is mediated, in part, by Stat3. To
confirm our previous findings that T/HS induces liver apoptosis,
we measured histone-associated DNA fragments (nucleosomes) in
the livers of rats subjected to our T/HS protocol. Nucleosome levels
were 13.5 times higher than sham (p , 0.001, ANOVA; Table 1). The
nucleosome results were confirmed by TUNEL staining (Table 1),
which also demonstrated that hepatocytes represented the over-
whelming majority of cells undergoing apoptosis (data not shown).

Nucleosome levels in the IL-6-resuscitated rats were decreased 7.1
times compared to those of the T/HS group (p , 0.001) and were
similar to sham levels (Table 1). TUNEL staining confirmed these
results (Table 1). The number of TUNEL-positive nuclei/hpf in the
IL-6 group was decreased 14.2 times compared to the placebo group
(p , 0.001), to levels statistically similar to those of the sham group
(Table 1).

Pretreatment of rats with the G-rich, quartet-forming oligonu-
cleotide Stat3 inhibitor (T40214) was accompanied by a return of
nucleosomes to levels similar to those of the placebo treated group
and 5.9 fold higher that those of the IL-6 treated group (p , 0.001;
Table 1). Similarly, the number of TUNEL-positive nuclei/hpf in
livers of rats from the T/HS-IL6-GQ group was 6 fold higher than
that of the T/HS-IL6-treated group (p , 0.0001); Table 1).
Nucleosome levels and number of TUNEL-positive nuclei/hpf in
livers of rats pre-treated with a NS-ODN before T/HS and IL-6
resuscitation were indistinguishable from those of the IL-6 group
(data not shown). Thus, pharmacological inhibition of Stat3 using
T40214 in rats subjected to severe HS resuscitated with IL-6 com-
pletely blocked IL-6-mediated prevention of liver apoptosis.

Liver UPR transcriptome is significantly altered in T/HS. We
investigated the impact of T/HS on the ER stress response at the
transcriptome level, and then defined the role of this ER stress
response on the observed reversible hepatic apoptosis. Unbiased
hierarchical clustering of our experimental animals based on

intervention group and entity clustering with the UPR transcrip-
tome demonstrated the reproducible nature of the impact of T/HS
on the UPR transcriptome (Figure 1). Of the broad 185-gene UPR-
associated entity list generated via literature review and Ingenuity
Pathway Analysis (IPAH), 113 distinct gene entities were annotated
and expressed across our chips after spot duplicates were removed.
Using this list of 113 genes, 63 (56%) were significantly altered in
one-way ANOVA (p , 0.05) among all three-group comparisons, T/
HS vs. Sham, T/HS-IL6 vs. T/HS, and T/HS-IL6-GQ vs. T/HS-IL6.
When the impact of T/HS was looked at specifically, 31 (27%) of
those gene entities were significantly dysregulated in the T/HS group
when compared to sham, with 55% (17 of 31) significantly upre-
gulated and 45% of gene transcripts downregulated. When asking
the question of potential mediators of the protective effect of IL-6, 17
entities were significantly altered in both group comparisons. Taking
known apoptotic function of these genes into context, we demon-
strated that all UPR-associated genes with known potential

Table 1 | Impact of T/HS without and with IL-6 on markers of apoptosis in the heart and liver

Liver Heart

Intervention Nucleosomea TUNELb Nucleosomea TUNELb

Sham 139 6 67* 0.9 6 0.4** 0{ 1.3 6 0.2{{

T/HS 1874 6 127*{ 27 6 3.6**,{{ 63 6 8D,{ 16.2 6 2D,{{

T/HS-IL6 264 6 36{¥ 1.9 6 0.5{{,¥¥ 4 6 1e,D 8.5 6 0.2ee,DD

T/HS-IL6-GQ 1556 6 241¥ 12.3 6 1.1¥¥ 24 6 5e 16.5 6 1ee

1 *,{,¥,**,{{,¥¥,{,D,e,{{,DD,ee indicate group comparisons with statistical significance of p , 0.05, one-way ANOVA.
aNucleosome data presented as mU/mg total protein.
bTUNEL data presented as number of TUNEL-positive nuclei per high power field.

Figure 1 | Unbiased hierarchical heatmap clustering based on both UPR
entity and experimental intervention of animals confined to 113
UPR-associated gene entities on whole liver preparations. Clustering

performed using Hierarchical analysis using Euclidean similarity measure,

expression data normalized to chip standards for clustering.

Table 1
1

| Impact of T/HS without and with IL-6 on markers of apoptosis in the heart and liver
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pro-apoptotic function were upregulated following T/HS and sub-
sequently normalized with IL-6 (Table 2). The most dysregulated
genes within this intergroup comparison were the chaperones,
Heat Shock Protein 70 (25.6-fold), and Heat Shock Protein 40
(5.9-fold), the UPR transcription factor ATF4 (3.1-fold), and endo-
plasmic oxidoreductin-1-like protein (Ero1l) (9.8-fold) suggesting a
strong impact on the protein folding mechanics both in the
cytoplasm and the endoplasmic reticulum. Indeed, when assessed
by Real-Time PCR (RTPCR), Hsp70 and Hsp40 demonstrated
significantly increased transcript levels in T/HS animals when
compared to Sham, with 5.1 fold (p 5 0.004) and 3.5 fold (p 5

0.001) increase, respectively (Figure 2). Likewise confirming the
findings of the microarray analysis, Hsp70 and Hsp40 were found
to be significantly further increased in animals resuscitated with IL-
6 when compared to T/HS animals that did not receive IL-6 at
resuscitation with 11.2 fold (p 5 0.04) and 4.5 fold (p 5 0.026)
increases, respectively (Figure 2.)

To assess which of these dysregulated genes may be impacted via
IL-6 through Stat3, we incorporated animals pre-treated with a phar-
macologic Stat3 inhibitor (GQ T40214) then resuscitated with IL-6

to animal resuscitated with IL-6 alone. Using this combined inter-
group approach, we found 12 gene entities with significant dysregu-
lation across all three-group comparisons (Table 3). Interestingly, we
find that of the most dysregulated transcripts, the chaperones Hsp70
and Hsp40 demonstrate upregulation in T/HS. In animals in which
hepatocyte apoptosis was prevented by receiving IL-6 at resuscita-
tion, we find that Hsp70 and Hsp40 were further upregulated, sug-
gesting a contribution to prevention of hepatocyte apoptosis. When
Stat3 is pharmacologically inhibited, however, we find downregula-
tion of these chaperones, suggesting IL-6 acts to upregulate Hsp70/40
via a Stat3-dependent mechanism not previously described.

T/HS-induced cardiomyocyte apoptosis is prevented by IL-6 resu-
scitation; the IL-6 effect is mediated, in part, by Stat3. To confirm
our previous findings that T/HS induces cardiomyocyte apoptosis,
we measured histone-associated DNA fragments (nucleosomes) in
the hearts of rats subjected to our T/HS protocol. Nucleosome levels
were significantly increased in comparison to sham in T/HS rats (p ,

0.01, ANOVA; Table 1). The nucleosome results were confirmed
by TUNEL staining with a 12 fold increase in T/HS rats (p , 0.01,

Table 2 | Liver UPR Transcripts Significantly Altered in Both T/HS vs. Sham and T/HS/IL6 vs. T/HS Comparisons

Regulation Fold Change

Gene Symbol UPR Function
Apoptosis
Function T/HSvs Sham

T/HS-IL6
vs T/HS

T/HS vs
Sham

T/HS-IL6
vs T/HS

Hspa1a/Hspa1b (Hsp70) Chaperone Anti up up 25.6 5.5
Hspa1b (Hsp70-1b) Chaperone Anti up up 18.4 5.9
Ero1I Disulfide Bond Formation Anti up down 9.8 23.8
Dnajb1 (Hsp40 Subunit b1) Chaperone Anti up up 5.9 2.7
Atf4 Transcription Factor Anti/Pro up down 3.1 22.0
Casp3 (caspase 3) Apoptosis Signalling Pro up down 1.8 21.7
Eif2s1 (Eif2a) Protein Transtation Anti up down 1.7 21.6
Sels Modulation of ATF6 Uknown up down 1.5 21.3
Eif2ak3 (PERK) UPR Sensory Molecule Anti/Pro up down 1.4 21.3
Psmb3 Proteasome Degradation Anti down up 21.2 1.3
Calr (calreticulin) Chaperone Anti down up 21.2 1.2
Uba1 Ubiquitination Anti down up 21.3 1.2
Psme2 Proteasome Degradation Anti down up 21.3 1.4
Psme1 Proteasome Degradation Anti down up 21.3 1.2
Dyt1 ATPase Anti down up 21.4 1.4
Tmbim6 (Baxinhibitor 1) Apoptosis Signalling Anti down up 21.5 1.3
Ccnd1 Cell Cycle Signalling Anti down up 23.4 2.3

Figure 2 | Q-RT-PCR using TaqManH (Life Technologies) for (A) heat shock protein 70 (Hsp70; Hspa1a) and (B) heat shock protein 40 (Hsp40;
Dnajb1) performed on whole liver samples from Sham (n 5 6), trauma with hemorrhagic shock (T/HS, n 5 4), and T/HS animals resuscitated with
IL-6 (T/HS-IL6, n 5 4). Transcript values reported as relative quantification (RQ) in comparison to a normal rat liver. Values expressed as mean

RQ 6 SEM. ‘‘*’’, ‘‘**’’ indicate group comparisons which are statistically different (p , 0.05) by T-test.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 1187 | DOI: 10.1038/srep01187 3



ANOVA; Table 1), which also demonstrated that cardiomyocytes
represented the overwhelming majority of cells undergoing apopto-
sis (data not shown).

Nucleosome levels in hearts from IL-6 resuscitated rats were
reduced by more than 15 fold compared to placebo treated rats
undergoing T/HS (p , 0.05, ANOVA). TUNEL assays of sections
of rat hearts confirmed these findings with a similar 1.9-fold reduc-
tion (p , 0.05, ANOVA; Table 1).

Pretreatment of rats with a Stat3 inhibitor was accompanied by a
return of nucleosomes to levels similar to those of the placebo treated
group. Nucleosome levels in the hearts of T/HS-IL6-GQ rats
(Table 1) were increased 6-fold compared to hearts from IL-6 resus-
citated rats (p , 0.05, ANOVA; Table 1). Thus, pharmacological
inhibition of Stat3 using T40214 in rats subjected to severe T/HS
resuscitated with IL-6 completely blocked IL-6-mediated prevention
of cardiomyocyte apoptosis.

Heart UPR transcriptome is significantly altered in T/HS. The re-
sults above demonstrate that cardiomyocyte apoptosis caused by T/
HS is largely prevented with administration of IL-6 at time of resusci-
tation (Table 1). We investigated the impact of T/HS on the ER stress
response at the transcriptome level, and then defined the role of
this ER stress response on the observed reversible cardiomyocyte

apoptosis. Using the previously described UPR gene entity list, we
found that of the 113 genes present on the chip, 86 (76%) were
significantly altered in one-way ANOVA (p , 0.05) among all
three-group comparisons, T/HS vs. Sham, T/HS-IL6 vs. T/HS, and
T/HS-IL6-GQ vs. T/HS-IL6. When the impact of T/HS was looked
at specifically, 29 (26%) of those gene entities were significantly
dysregulated when compared to sham, with the majority, 79% (23
of 29) significantly upregulated and 6 gene transcripts downregu-
lated. When asking the question of potential mediators of the
protective effect of IL-6, 16 entities were significantly altered in
both group comparisons (Table 4). The direction of dysregulation
induced by T/HS was reversed by IL-6 in all transcripts identified.
When taking known apoptotic functions of these genes and the
impact of our experimental model into context, we demonstrated
that 4 of the 5 genes with known pro-apoptotic function are up-
regulated following T/HS and subsequently normalized with IL-6
(Table 4). The most dysregulated genes, those genes with . 2 fold
change, within this intergroup comparison were the chaperones,
Hsp70 (10 fold), Hsp40 (3 fold), and Hsp105 (2.5 fold), and the
negative regulator of PERK, phosphoinositide-3-kinase interacting
protein 1 (Pik3ip1) (23.0 fold), suggesting, as in the liver, a strong
impact on the protein folding mechanics both in the cytoplasm and
the endoplasmic reticulum. In contrast to the liver however, the heat

Table 3 | Liver UPR Transcripts Significantly Altered T/HS vs. Sham, T/HS/IL6 vs. T/HS and T/HS/IL6/GQ Comparisons

Regulation Fold Change

Gene Symbol T/HS vs Sham
T/HS-IL6
vs T/HS

T/HS-IL6-GQ
vs T/HS-IL6

T/HS vs
Sham

T/HS-IL6
vs T/HS

T/HS-IL6-GQ
vs T/HS-IL6

Hspa1a/Hspa1b (Hsp70) up up down 25.6 5.5 29.0
Hspa1b (Hsp701b) up up down 18.4 5.9 210.8
Ero1l up down down 9.8 23.8 21.3
Dnajb1 (Hsp40 subunit) up up down 5.9 2.7 23.4
Casp3 (Caspase 3) up down up 1.8 21.7 1.4
Sels up down up 1.5 21.3 1.4
Eif2ak3 (PERK) up down down 1.4 21.3 21.3
Psmb3 down up up 21.2 1.3 1.9
Uba1 down up up 21.3 1.2 1.8
Psme2 down up up 21.3 1.4 2.9
Psme1 down up up 21.3 1.2 2.2
Tmbim6 (Bax inhibitor 1) down up down 21.5 1.3 21.2

Table 4 | Heart UPR Transcripts Significantly Altered in Both T/HS vs. Sham and T/HS/IL6 vs. T/HS Comparisons

Regulation Fold Change

Gene Symbol UPR Function Apoptosis Function T/HS vs Sham IL6 vs T/HS T/HSvs Sham IL6 vs T/HS

Hspa1a/Hspa1b (Hsp 70) Chaperone Anti up down 10 26.4
Hspa1b (Hsp701b) Chaperone Anti up down 7.5 24.9
Cebpb Transcription factor Pro up down 5.1 21.7
Dnaja1 (Hsp40 subunit) Co-chaperone Anti up down 3.1 22.3
Hsph1 (Hsp 105) Chaperone Anti up down 2.5 22.1
Dnajb1 (Hsp40 subunit) Co-chaperone Anti up down 2.2 22
Nfe2l2 Transcription factor Anti up down 2 21.4
Ppp1r15a (GADD34) Transcription factor Pro up down 2 21.4
Xbp1 (X-box-protein 1) Transcription factor Pro up down 1.5 21.2
Tra1 (Hsp90b1) Chaperone (ERAD) Anti up down 1.4 21.3
Calr (calreticulin) Chaperone Anti up down 1.4 21.3
Ddit3 (CHOP) Transcription factor Pro up down 1.4 21.3
Serp1 protects unfolded proteins

from ERAD
Anti up down 1.3 21.2

Sp1 Transcription factor Pro down up 21.2 1.3
Sels modulates ATF6 Unknown down up 21.5 1.3
Pik3ip1 negative regulator of PERK Anti down up 23 1.4

Abbreviation: ERAD, endoplasmic reticulum-associated degradation.
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shock protein chaperones, Hsp70 and Hsp40, were downregulated in
the hearts of IL-6-treated animals, indicating they likely are not
contributing to the apoptotic protection conferred by IL-6. When
adding the comparison of GQ T40214 to IL-6 group, we found 11
gene entities with significant dysregulation across all three group
comparisons, and, of those, 8 suggest potential IL-6 mediated
effect through Stat3 (Table 5).

Discussion
Our findings provide the first-ever global description of the UPR
transcriptome of the heart and liver following T/HS. We demon-
strated that T/HS leads to significant cardiomyocyte and hepatocyte
apoptosis, which is prevented through the Stat3-dependent actions
of IL-6. We examined the UPR transcriptome to identify candidate
gene transcripts responsible for T/HS-induced apoptosis. By utilizing
an expanded repertoire of UPR members, both canonical and non-
canonical, and the reproducible and measurable outcome of IL-6-
preventable apoptosis in our model of T/HS, we were able to identify
potential UPR modulators that significantly impact T/HS-induced
hepatocyte and cardiomyocyte apoptosis.

In the liver, members of the heat shock family of protein folding
chaperones, Hsp70 and Hsp40, emerged as significant potential non-
canonical UPR modulators of hepatocyte apoptosis in our model of
T/HS. This compares with findings in other models of organ injury,
such as work done by Wang et al., which demonstrated that Hsp70
and its induction with geranylgeranylacetone (GGA) can protect
against primary proximal tubule apoptosis and acute kidney damage
in an ischemic injury model27, and work done by Kuboki et al., which
demonstrated in a partial liver I/R model that induction of Hsp70
with sodium arsenite reduced liver injury, as determined by transa-
minase levels and histology28. Besides their role in protein folding
in the cytoplasmic space, heat shock proteins have been linked to
the canonical UPR pathways of the endoplasmic reticulum. One
example is Hsp72, a Hsp 70 family member, which has been shown
to interact with the cytosolic domain of IRE1a, enhancing XBP1
splicing, and attenuating apoptosis in vitro29. Heat shock protein
chaperones have also been shown to prevent CHOP-induced apop-
tosis through the Hsp70-DnaJ chaperone pair inhibiting transloca-
tion of Bax to mitochondria in vitro30.

Our findings provide in vivo data linking the heat shock protein
family to hepatocyte apoptosis possibly via a Stat3-dependent mech-
anism in T/HS. These findings are supported by previous work link-
ing IL-6/Stat3 transcriptional regulation of heat shock protein family
members31. Hsp70 and Hsp40 appear to contribute to an adaptive
and protective process in the liver, demonstrating upregulation in T/
HS and further upregulation in livers of IL-6-resuscitated animals,
correlating with prevention of apoptosis. However, when animals

were pretreated with a Stat3 inhibitor that blocked IL-6’s prevention
of apoptosis, these chaperone transcripts were downregulated. Thus,
these findings suggest that IL-6, via a Stat3-dependent pathway, acts
to superinduce Hsp70 and 40 transcripts in T/HS. These findings are
supported by the work of Masumichi et al32, which demonstrate that
IL-6 is necessary for upregulation of heat shock protein members,
including Hsp70/40, in a model of acetaminophen-induced hepatic
injury.

Interestingly, the canonical members of the UPR, while altered,
were not the most dysregulated transcripts in the liver. CCAAT/-
enhancer-binding protein homologous protein (CHOP), PERK,
alpha subunit of eukaryotic initiation factor 2 (Eif2a), activating
transcription factor 4 (ATF4), and calreticulin were significantly
dysregulated (6 to 21.2 fold change) in T/HS (Supplemental
Table 1). When considering those entities altered . 2-fold and taking
into account known UPR and apoptotic functions of the canonical
UPR members, only the transcriptional profile of ATF4 suggested a
maladaptive contribution to hepatocyte apoptosis. However, this
maladaptive role does not appear to be mediated through Stat3.

The heart demonstrated a distinctly different UPR transcriptional
profile in comparison to the liver. When one considers the nature
and functions of these organs, this is not unexpected. The liver is the
largest glandular mass of tissue in the body and is highly secretory
with both exocrine and endocrine function, whereas the heart, with
myocyte predominance, is largely non-secretory with maintenance
of biophysical function more paramount. The impact of T/HS on the
canonical UPR transcriptome was even less in magnitude in the heart
than in the liver. Significantly dysregulated canonical UPR tran-
scripts included CHOP, PERK, X-box binding protein 1 (XBP1),
Eif2a, and calreticulin (2.5 to 21.2 fold change) with only ATF4 dys-
regulated by more than 2 fold in response to T/HS (Supplemental
Table 2). When taking into account known UPR and apoptotic func-
tion, CHOP, XBP1, and GADD34 exhibit transcriptional profiles
suggestive of an adaptive role in T/HS-induced cardiomyocyte apop-
tosis. Given the fold-change was nominal (1.4 to 2-fold) however,
further investigation is required to determine their true contribution
to T/HS-induced apoptosis.

The protein folding chaperones, Hsp70 and Hsp40, which proved
important modulators of apoptosis in the liver, were upregulated in
the heart following T/HS, but were downregulated in animals in
which IL-6 prevented cardiomyocyte apoptosis, suggesting these
chaperones may play a maladaptive role in T/HS-induced cardio-
myocyte apoptosis. The dichotomous nature of these chaperones’
roles in the liver and heart in T/HS is supported by work in other
models of organ injury. Indeed, previous studies have suggested that
Hsp70 family proteins may serve to augment cardiac inflammation
and contractile dysfunction33,34, and its downregulation in IL-6

Table 5 | Heart UPR Transcripts Significantly Altered Across T/HS vs. Sham, T/HS/IL6 vs. T/HS, and T/HS/IL6/GQ vs. T/HS/IL6
Comparisons

Regulation Fold Change

Gene Symbol T/HS vs Sham T/HS-IL6 vs T/HS
T/HS-IL6-GQ
vs T/HS-IL6 T/HS vs Sham

T/HS-IL6
vs T/HS

T/HS-IL6-GQ vs T/
HS-IL6

Dnaja1 (Hsp40 subunit) up down up 3.1 22.3 2.0
Hsph1 (Hsp105) up down up 2.5 22.1 1.5
Nfe2I2 up down up 2.0 21.4 2.0
Ppp1r15a (GADD34) up down up 2.0 21.4 1.4
Xbp1 (X-box-protein 1) up down up 1.5 21.2 1.8
Tra1 up down up 1.4 21.3 1.2
Calr (calreticulin) up down up 1.4 21.3 1.4
Ddit3 (CHOP) up down up 1.4 21.3 5.5
Sp1 down up up 21.2 1.3 1.6
Sels down up up 21.5 1.3 3.1
Pik3ip1 down up up 23.0 1.4 1.8
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treated animals would support this hypothesis, as we have previously
demonstrated that IL-6 acts to preserve contractile function follow-
ing T/HS3. However, Yao et al., have recently shown that Hsp70
upregulation may contribute to the cardioprotection against ische-
mia/reperfusion injury observed with lipopolysaccharide (LPS)
pretreatment35. Thus, the role of Hsp70 in myocardial ischemia/
reperfusion injury may be specific to the insult and requires further
study to clarify the adaptive versus maladaptive role it may play in
ischemia/reperfusion events such as resuscitated hemorrhagic shock.

In addition to providing a global description of the UPR transcrip-
tome of the heart and liver following T/HS, our findings demonstrate
that IL-6, when utilized as a resuscitation adjuvant, may augment
a physiologic protective role of Hsp70 and Hsp40 via a Stat3-
dependent mechanism, thereby protecting against hepatocyte apop-
tosis. These findings support the concept that modulators of Hsp70
or 40 may offer a therapeutic strategy for prevention of apoptosis and
ultimately hepatic dysfunction following T/HS.

Methods
Rat T/HS protocol. For the rat experiments in this study, 8-week old male
Sprague-Dawley rats (200–250 gm) were used. Rats were subjected to the sham or T/
HS protocols, as described3,6,23 with modifications. Blood was withdrawn into a
heparinized syringe to achieve and then maintain the target MAP at 35 mmHg until
blood pressure compensation failed. Blood was then returned as needed to maintain
the target MAP. The amount of shed blood returned (SBR) defined shock severity as
reflected in the duration of hypotension, and the animals used in this analysis received
50% SBR (SBR50; duration of hypotension, 273 6 24.9 minutes). At the end of the
hypotensive period, rats were resuscitated as described3,6,23 and humanely sacrificed
60 minutes after the start of resuscitation in order to capture the first wave of
transcriptional changes. Where indicated, rats received 10 mg/kg of recombinant
human IL-6 in 0.1 ml PBS at the initiation of the resuscitation or PBS alone. Sham rats
were anesthetized and cannulated for 250 minutes but were not subjected to
hemorrhage or resuscitation. Rat livers and hearts were harvested immediately after
sacrifice and snap frozen in liquid nitrogen for nucleosome and RNA extraction steps.

In vivo pharmacological inhibition of Stat3. To achieve pharmacological inhibition
of Stat3 activity within the rats, the G-rich, quartet-forming oligodeoxynucleotides
(GQ-ODN), T4021424 (2.5 mg ODN/kg) was given by tail vein injection, 24 hours
prior to subjecting them to the SBR50 protocol with IL-6 treatment. The half-life of
T40214 in tissues is $ 48 hours25.

Nucleosome ELISA. Levels of histone-associated DNA fragments (nucleosomes)
were determined in homogenates of snap-frozen liver using an ELISA method (Cell
Death Detection ELISAplus; Roche Diagnostics, Manheim, Germany), as described6,23.
The nucleosome concentration for each liver sample was normalized for total protein
concentration determined by Bradford assay (Bio-Rad Protein Assay, Bio-Rad
Laboratories, Inc., Hercules, CA). The final nucleosome concentration for each liver
sample was the average of duplicate determinations.

Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) staining. TUNEL staining to enzymatically detect the free 39-OH DNA
termini was performed using the ApopTag Plus Peroxidase in situ Apoptosis
Detection Kit from Chemicon International (now Millipore, Billerica, MA). Slides
were rehydrated from xylene to PBS through a series of decreasing concentrations of
ethanol and digested in proteinase K (20 mg/ml) for 3 minutes at 23uC. Endogenous
peroxidases were quenched for 30 minutes in 3% hydrogen peroxide in PBS. TdT
enzyme was diluted in TUNEL solution buffer then used as suggested by the
manufacturer. Slides were counterstained with hematoxyllin. TUNEL positive cells
were assessed microscopically by counting the total nuclei and the number of
TUNEL-positive nuclei in twenty random 10003 fields by an experienced histologist,
blinded to the treatment each rat received. Data is presented as the number of TUNEL
positive cells per high power field (hpf).

RNA isolation and oligonucleotide microarray hybridization. Total RNA was
isolated from 4–5 micron cryotome sections of liver using TRIzolH Reagent
(Invitrogen, Carlsbad, California) single step RNA isolation protocol followed by
purification with RNeasyH Mini Kit (QIAGEN, Hilden, Germany) as instructed by
the manufacturer. Gene expression profiling was performed with the Affymetrix Rat
Array RAE 230A chips following Affymetrix protocols used within the Baylor College
of Medicine Microarray Core Facility.

Microarray analysis. We used GenespringGX (Agilent Technologies Inc., Santa
Clara CA) software package for quality assessment, statistical analysis and
annotation.
Low-level analyses included background correction, quartile normalization and
expression estimation using RMA-based analysis within Genespring. One-way
analysis of variance (ANOVA) with contrasts was used for group comparisons on all

genes and on the list of UPR entities. P-values were adjusted for multiple comparisons
using the Benjamini-Hockberg method. The adjusted p-values represent false
discovery rates (FDR) and are estimates of the proportion of ‘‘significant’’ genes that
are false or spurious ‘‘discoveries’’. We used a FDR 5 5% as cut-off. The genechip
used, RAE 230A, contained 15,923 probe sets representing 13,521 annotated genes or
expressed sequence tags. A UPR gene entity list was created using both Ingenuity
Pathway Analysis (IPAH Redwood City, CA) and the Gene Ontology DatabaseE, with
keywords ‘‘endoplasmic reticulum stress, unfolded protein response’’. Three or more
chips for each organ were hybridized using mRNA isolated from hearts and livers,
respectively for each group comparison: Sham (4), T/HS-PBS (4) and T/HS-IL6 (4)
and T/HS-IL6-GQ (3) groups.

Quantitative (Q) RT-PCR. Two-step Q-RT-PCR was performed using the ABI
Prism 7700 sequence detection system (Perkin-Elmer/Applied Biosystems, Foster
City, CA) as described previously3,26. Briefly, total RNA (1 mg) was reverse transcribed
using reverse transcription reagents (BioRad catalog no. 170-8842; Hercules, CA);
20% of each RT reaction was used in duplicate PCR reactions using TaqManH
Universal Master Mix II, with uracil N-glycosylase (PN 4440038) and specific primer
and probe sets designed by the manufacturer (TaqMan Gene Expression Assay,
Applied Biosystems, Darmstadt, Germany)—Hsp70 (Hspa1a; catalog no.
Rn04224718_u1), Hsp40 (Dnajb1; catalog no. Rn 01426952_g1), and 18S rRNA
(catalog no.Rn03928990_g1). Each PCR amplification run consisted of incubation for
5 min at 95uC, followed by 40 cycles at 95uC for 15 s and 60uC for 1 min. The cycle
threshold of each duplicate determination was normalized by subtraction of the cycle
threshold for its corresponding 18S rRNA (DCT). Each DCT was then calibrated by
subtracting the DCT value for control rat tissue (DDCT). RNA amount was expressed
as relative units calculated as 22 DDCT, as described26.

Statistical analysis. Statistical differences between experimental groups were
analyzed using one-way ANOVA and post-hoc analysis was performed using
Student-Newman-Keuls test. T-test analysis performed using unpaired Student’s
T-test.
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Summary Objective: We aimed to describe the relationship between early peripheral leuko-
cyte apoptosis and incidence of subsequent infection in trauma patients with hemorrhagic
shock (T/HS).
Methods: T/HS patients requiring emergency surgery were prospectively enrolled. Nucleosome
ELISA and TUNEL staining were performed on peripheral blood drawn pre-operatively, post-op-
eratively and at 24 h. Subjects were followed for 30 days or until death or hospital discharge to
record all episodes of infection.
Results: Forty-one subjects were enrolled. Six died within 24 h of surgery and were not in-
cluded in the analysis. Nucleosome levels peaked post-operatively and dropped to baseline
levels at 24 h (p Z 0.03). TUNEL analysis revealed that polymorphonuclear neutrophils (PMNs)
accounted for 72% of apoptotic leukocytes; the remaining apoptotic cells were mainly lympho-
cytes. Increased post-operative leukocyte apoptosis was associated with decreased systemic
inflammatory response syndrome (SIRS) severity. Seventeen of the 35 survivors (48.6%) devel-
oped infections, while 18 (51.4%) did not. Pre-operative and post-operative nucleosome levels
were 2.5 and 3 times higher, respectively, in T/HS patients who did not develop infection com-
pared to those who did. Increased nucleosome levels were associated in particular with pro-
tection against sepsis (pZ0.03) and multiple infections (p Z 0.01).
Conclusion: Peripheral blood PMN apoptosis in the early resuscitative period is associated with
decreased incidence of subsequent infection in T/HS patients.
ª 2012 The British Infection Association. Published by Elsevier Ltd. All rights reserved.
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Introduction Material and methods
Trauma continues to be an enormous public health problem
and is a leading cause of death around the world.1 In the
United States, trauma is the fifth leading cause of death
overall and the number one cause of death for individuals
between the ages of 1 and 45 years.2 With over 170,000
trauma deaths in the US in 2005, more Americans died of in-
juries than from cancers of the breast, colon, prostate,
liver and pancreas combined.3 Historically, the majority
of trauma victims die before reaching the hospital4; how-
ever, more recent epidemiologic studies have shown that
advances in trauma care systems and emergency medical
services have resulted in a significantly larger percentage
of patients who survive to hospital admission.5 Although ex-
sanguination and head injury continue to account for a large
proportion of early trauma deaths, the majority of late
trauma deaths occur as a result of infection and/or multiple
organ failure (MOF).5

The clinical association between late trauma deaths
and the development of MOF and infections has been well
established since the 1970s.6 However, it has primarily
been in the past two decades or so that researchers have
focused their investigations on the body’s immunological
and inflammatory responses to trauma-resuscitation at
a molecular and cellular level in an effort to better under-
stand MOF in this setting and how it predisposes to
infections.

In addition to playing a key role in protection against
acute bacterial infections, polymorphonuclear neutrophils
(PMNs) modulate the innate immune response to non-
infectious tissue insults such as trauma and shock. PMN
apoptosis has been shown to be blunted in patients with
SIRS7 and sepsis8,9 where it is thought to exacerbate tissue
injury.10 Reduced PMN apoptosis has been attributed, at
least in part, to production of pro-inflammatory cytokines
such as G-CSF that prolong PMN survival.11e13 Further stud-
ies are needed to improve our understanding of the impact
of altered PMN apoptosis on outcomes of trauma, particu-
larly infections that complicate MOF.

We previously demonstrated in a rat model of trauma
and hemorrhagic shock that cardiac,14 hepatocyte,15 alveo-
lar epithelial cells16 and PMN apoptosis (Tweardy et al.,
2006, unpublished findings) are increased as a function of
the duration of hypotensive phase and that apoptosis peaks
approximately 4 h following initiation of resuscitation. In
the current study, we examined the hypotheses that in-
creased peripheral PMN apoptosis occurs early in the resus-
citative period in trauma/hemorrhagic shock (T/HS)
patients and is associated with a decreased incidence of in-
fections. Our findings show that peripheral leukocyte apo-
ptosis occurs in T/HS patients, achieves maximum levels
immediately post-operatively and normalizes by 24 h.
PMN were the predominant cell within the leukocyte popu-
lation undergoing apoptosis. In addition, the degree of leu-
kocyte apoptosis was inversely proportional to systemic
inflammatory response syndrome (SIRS) severity and the
risk of infection. These findings support the hypothesis
that neutrophil apoptosis limits early tissue injury thereby
decreasing subsequent susceptibility to infection in hospi-
talized T/HS patients.
Patient description and enrollment

This research was conducted at Ben Taub General Hospital,
a level-one trauma center located in Houston, TX. Trauma
patients arriving consecutively at the Emergency Center
(EC) with a systolic blood pressure less than 90 mm Hg who
required emergent laparotomy or thoracotomy were en-
rolled and brought immediately to the operating room (OR)
where they underwent simultaneous fluid resuscitation and
repair of their injuries. All samples and outcomes data were
collected prospectively as part of a separate, ongoing
randomized controlled clinical trial at our institution
comparing hypotensive resuscitation to standard fluid re-
suscitation for T/HS patients.17 Inclusion criteria for the
study included traumatic injury to the chest and/or abdo-
men requiring emergent laparotomy or thoracotomy and
at least one documented systolic blood pressure less than
90 mm Hg. Exclusion criteria included any of the following:
(1) age >45 years or <14 years; (2) pregnancy; (3) incarcer-
ation; (4) known history of coronary artery disease, renal
disease or cerebrovascular disease; (5) patients in whom
traumatic brain injury could not be definitively ruled out
based upon mechanism of injury and/or negative CT scan
of the head. Patients enrolled in the clinical trial that ful-
filled all the inclusion criteria and did not fulfill any exclu-
sion criterion were enrolled in the study. In just over half
the cases, emergent surgery was initiated before collection
of the pre-operative blood sample could be done. Such pa-
tients were excluded from the study. Patients were fol-
lowed daily for 30 days or until death or hospital
discharge. Patients’ vital signs and all incidences of infec-
tion were recorded.

Venous blood sampling and leukocyte apoptosis
studies

Peripheral venous blood samples were drawn at three time
points: pre-operatively, post-operatively, and at 24 h. Pre-
operative samples were collected either in the EC or in the
OR immediately preceding the start of the case; post-
operative samples were drawn upon transfer from the OR to
the surgical intensive care unit (SICU); and 24-h samples
were drawn at 24 h after admission to the SICU. Timing of
the immediate post-operative blood sample was based
upon our previous finding that peak levels of cell apoptosis
typically occur within 4 h of initiating fluid resuscitation
following hemorrhagic shock in animals.14e16 Five milliliters
of blood was collected in two heparinized tubes. Peripheral
blood leukocytes were harvested by dextran sedimenta-
tion, as previously described,18 and the cell pellets immedi-
ately frozen for protein extraction. Protein was extracted
using lysis buffer (Roche) and quantified using the Bradford
method. Nucleosome ELISA was then performed using
the Cell Death Detection ELISAplus� kit (Roche). In addition
to the nucleosome ELISA assay, cytospins were prepared
from leukocytes isolated from 8 of the post-operative
blood samples and TUNEL stained as described.14 The per-
centage of TUNEL-positive leukocytes, polymorphonuclear
leukocytes (PMN) and mononuclear cells within each



Table 1 Types of infections and criteria for their
diagnosis.
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sample was enumerated microscopically within 20 random
1000� fields by one of the authors (AM) experienced in
blood cell histology.
Pneumonia
1. Infiltrate on chest X-ray
2. Positive sputum culture
3. Fever and/or leukocytosis

Intra-abdominal infection
1. Fluid collection requiring drainage
2. Fluid described as purulent
3. � Positive culture

Bacteremia and sepsis
1. Positive blood cultures
2. Meets �2 SIRS criteria

Urinary tract infection
1. Positive urine culture and/or urinalysis
2. Fever and/or leukocytosis
Clinical data

Vital signs (heart rate, temperature, respiratory rate and
blood pressure) were recorded for the entire study
duration of 30 days or till discharge or death. Clinical
outcomes of mortality and infection were also recorded.
Infection was defined according to the criteria described in
Table 1. Patient had to exhibit all the listed criteria in or-
der to be diagnosed with infection. Culture positivity was
included as one of the criteria for more stringent and accu-
rate diagnosis. The association of peak post-operative nu-
cleosome level with SIRS data collected at three definitive
time points, namely pre-operative, post-operative and
24 h was analyzed for each participating patient in the
study.
Wound infection
1. Erythema and/or wound drainage
2. Fever and/or leukocytosis
3. � Positive wound culture

Patients must exhibit all of the criteria listed for each diagnosis.
Statistical analysis

Statistical analysis was performed using STATA� statistical
software package, version 10.0 (StataCorp, College Station,
TX). Comparisons of continuous, independent variables
were performed using the WilcoxoneManneWhitney test.
Comparisons of continuous, paired variables were per-
formed using the Wilcoxon Signed Rank test.
Results

Peripheral blood leukocyte apoptosis peaks
immediately post-operatively and consists mostly
of neutrophils

Forty-one patients had post-operative blood samples drawn
and were included in the study. The subjects’ baseline
characteristics and intra-operative fluid requirements are
shown in Table 2. The high prevalence of racial minorities
noted in this study roughly reflects the racial breakdown
of penetrating trauma victims treated at our urban, county
hospital. The mean time from presentation to the emer-
gency center to arrival in the OR was 15.6 min. The mean
duration of surgery was 114 min.

Nucleosome levels in study subjects peaked at the post-
operative time point, and then dropped to pre-operative
levels at 24 h (Fig. 1A). The 41% decrease of nucleosome
levels at 24-h vs. the post-operative time point was statis-
tically significant (p Z 0.03); the 1.7-fold increase in
post-operative nucleosome levels vs. pre-operative levels
nearly reached statistical significance (p Z 0.06).

TUNEL analysis was performed on eight consecutive
post-operative peripheral blood samples in order to quan-
tify the percent of leukocytes undergoing apoptosis and to
identify the type of leukocytes undergoing apoptosis (poly-
morphonuclear neutrophils [PMNs] vs. mononuclear cells).
Overall, 9% of all peripheral leukocytes were apoptotic;
PMNs accounted for 72% of the apoptotic cells with
remaining cells consisting of lymphocytes.
Peripheral blood leukocyte apoptosis is inversely
correlated with SIRS criteria during early
resuscitation

Using a linear regression model, we found that post-
operative nucleosome levels were inversely correlated to
heart rate at 24 h (Fig. 1B; correlation coefficient rZ�0.36,
p Z 0.02) and at 48 h (Fig. 1C; r Z �0.39, p Z 0.01). Post-
operative nucleosome levels also were inversely correlated
to temperature at 48 h (Fig. 1D; r Z �0.38, p Z 0.01). No
such correlations were seen when comparing pre-operative
or 24-h nucleosome levels to heart rate or temperature. Re-
spiratory rate was not included in this analysis since the vast
majority of patients were sedated and intubated and many
of these patients had no spontaneous respirations over the
ventilator settings.

Higher peripheral blood PMN apoptosis in the early
resuscitative period is associated with incidence of
subsequent infection

Of the 41 subjects in whom post-operative samples were
obtained, six died within 24 h of surgery. Of the 35
survivors, 17 (48.6%) developed an infection over the next
30 days, three of whom subsequently died. Infections were
defined as listed in Table 1; the incidence of each type of
infection is listed in Table 3. Nine of the 17 subjects who
developed an infection had multiple (�2) infections. The
mean number of infections in those who developed any in-
fection was 1.8 (range 1e5). Eighteen subjects who sur-
vived past the initial 48 h never developed any type of
infection during the next 30 days. Of these patients, one
subsequently died.



Table 2 Patient characteristics (n Z 41).

Demographics

Infection No infection Total

Age (mean � SD) 31.6 � 10.1 33.8 � 8.6 32.5 � 9.3
% Male 92% 94% 93%
Black 47% 54% 51%
Hispanic 53% 42% 46%
Asian 0% 4% 2%

Mechanism
Blunt trauma 0% 4% 2%
Gunshot wound 94% 63% 76%
Stab wound 6% 33% 22%

Presenting vital signs mean � SD
Systolic BP 80 � 20 71.9 � 26.8 75 � 24
Diastolic BP 49 � 20 34.7 � 16.9 40 � 19
Pulse 113 � 18 98.7 � 43 104 � 36

Baseline labs mean � SD
Base deficit �9.2 � 4.7 �13.8 � 7.7 �12.0 � 7.0
Hemoglobin 29.9 � 4.3 31.8 � 7.1 31.1 � 6.2
Glucose 201.8 � 58.5 223 � 99 214 � 84

Injury severity score mean � SD
RTSa 10.2 � 1.8 9.8 � 6.2 10 � 4.6
ISSb 23.8 � 10.8 20.7 � 12.9 22.0 � 12
TRISSc 0.97 � 0.02 0.81 � 0.33 0.88 � 0.27

IV fluids mean � SD
Crystalloid (mL) 3588 � 2039 3350 � 1861 3449 � 1915
Colloid (mL) 912 � 404 458 � 405 646 � 464

Transfusions mean � SD
PRBC’s (mL) 1515 � 1937 2521 � 2725 2100 � 2400
FFP (mL) 383 � 559 516 � 943 460 � 800
Platelets 50 � 140 118 � 943 100 � 210
Total transfusions 1985 � 2419 3115 � 3696 2660 � 3250
Total inputs 6456 � 3803 6963 � 4640 6750 � 4270
a Revised trauma score.
b Injury severity score.
c Trauma-injury severity score.
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There were no statistically significant differences at
baseline between those who developed an infection vs.
those who did not develop any infection with regards to
each of the characteristics shown in Table 2 (p > 0.05 for all
comparisons), with the exception of colloid administration.
Patients who developed infection received more colloid
intra-operatively than those who did not develop infection
(910 ml vs. 530 ml; p Z 0.01). There was no significant dif-
ference between the infected and uninfected patient
groups regarding pre or peri-operative antibiotic use. Also
there was no significant association between the risk of de-
veloping infection and randomization group for the trial de-
termining the impact of hypotensive resuscitation vs.
standard fluid resuscitation.

Of note, subjects who did not develop any infection had
3-fold higher leukocyte nucleosome levels pre-operatively
(40.2 mU/mg; Fig. 2) than those who did develop an infec-
tion (13.6 mU/mg; pZ 0.04). In addition, those who did not
develop infection had 2.5-fold higher leukocyte apoptosis
level post-operatively (49.8 mU/mg; Fig. 2 and Table 4)
compared to those who did develop infection (19.8 mU/
mg, pZ 0.02). Twenty-four-hour leukocyte apoptosis levels
in the two groups were similar (Fig. 2). These results sug-
gest that leukocyte apoptosis is associated with protection
against subsequent infection. The finding of increased leu-
kocyte apoptosis pre-operatively also suggests the possibil-
ity of a genetic component to apoptosis of an individual’s
leukocytes in response to severe trauma.

To determine if increased leukocyte apoptosis is associ-
ated with protection from a particular type of infection or
from more severe infection, we compared post-operative
nucleosome levels within subgroups of T/HS patients who



Figure 1 Peripheral blood leukocyte apoptosis peaks immediately post-operatively (A) and is inversely correlated with heart rate
at 24 and 48 h (B, C) and temperature at 48 h (D) during early resuscitation. In panel A, peripheral blood was collected from pa-
tients at three time pointsdpre-op, post-op and 24 hoursdfor isolation of leukocytes by dextran sedimentation. Cells were lysed
using buffer provided in the Cell Death Detection ELISAplus� kit (Roche) and protein quantified using the Bradford method. Nucle-
osome ELISA was then performed as described by the manufacturer (Roche) and each value normalized to total protein content
with lysate. Data plotted are the median value for each time point (actual value indicated within each bar). Statistical differences
between groups were determined using the Wilcoxon signed rank test; p-values are indicated by asterisks: (*) 0.06 and (**) 0.03. In
panels B and C, post-operative peripheral blood leukocyte nucleosome levels were plotted as a function of heart rate at 24 h (B) or
48 h (C) for each patient. Post-operative nucleosome levels were inversely related to heart rate at 24 h (r Z �0.36, p Z 0.02) and
48 h (r Z �0.39, p Z 0.01; linear regression modeling). In panel D, post-operative peripheral leukocyte nucleosome levels were
plotted as a function of temperature at 48 h for each patient. Post-operative peripheral leukocyte nucleosome levels were in-
versely related to temperature at 48 h (r Z �0.38, p Z 0.01; linear regression modeling).
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developed particular types of infections, had multiple
infections, or had bacteremia/sepsis with those who did
not develop these complications (Table 4). Post-operative
nucleosome levels in patients who did not develop bacter-
emia/sepsis were 4.2 fold higher than in those who did de-
velop bacteremia/sepsis (p Z 0.03), while post-operative
Table 3 Number of patients per infection category.

n

Pneumonia 11
Intra-abdominal abscess 9
Bacteremia and sepsis 5
Urinary tract infection 4
Wound infection 4
Other (empyema) 1
nucleosome levels in patients who did not develop multiple
infections were 4.6-fold higher than in those patients who
did develop multiple infections (p Z 0.01). These findings
suggest that leukocyte apoptosis post-operatively is associ-
ated with protection from bacteremia/sepsis and multiple
infections, in particular. Similar results suggest that higher
% of Total subjects (N Z 35)

31
26
14
11
11
3



Figure 2 Peripheral blood leukocyte nucleosome levels in
patients with and without infection. Peripheral blood was col-
lected from patients at three time pointsdpre-op, post-op and
24 hoursdfor isolation of leukocytes by dextran sedimenta-
tion. Cells were lysed using buffer provided in the Cell Death
Detection ELISAplus� kit (Roche) and protein quantified using
the Bradford method. Nucleosome ELISA was then performed
as described by the manufacturer (Roche) and each value nor-
malized to total protein content with lysate. Patients were fol-
lowed for 30 days, or until death or hospital discharge for
development of infection. Pre-operative, post-operative and
24 h median nucleosome levels of patients who developed in-
fection were compared to patients who did not develop any in-
fection. Statistical differences between groups were
determined using the Wilcoxon signed rank test; p-values are
indicated by asterisks: (*) 0.04, (**) 0.02, and (***) >0.05.
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leukocyte apoptosis pre-operatively is associated with pro-
tection from bacteremia/sepsis (data not shown).

Discussion

In this study, we demonstrated that peripheral leukocyte
apoptosis occurs in T/HS patients, peaks immediately post-
operatively, consists mostly of PMN, is inversely correlated
with heart rate and fever at 24 and 48 h, and is higher pre-
operatively and post-operatively in those destined to not
develop infections, especially multiple infections and
Table 4 Correlation between post-operative nucleosome levels

Infection

n Median nucleosome leve

Any infection 17 19.8
Pneumonia 11 19.8
Abdominal abscess 9 26.1
Sepsis 5 10.2
Urinary tract infection 4 14.2
Wound infection 4 27.4
Multiple infections 9 10.2
a Analysis was performed using the WilcoxoneManneWhitney test.
bacteremia plus sepsis. These results suggest that apoptosis
of peripheral blood leukocytes, in particular PMN, early in
hospitalized T/HS patients may protect patients from sub-
sequent infection perhaps through reducing early PMN-
mediated tissue injury.

Much of the disagreement in the literature over whether
leukocyte apoptosis increases or decreases the risk of
infection following hemorrhagic shock depends upon which
leukocyte population is being examined. Studies involving
lymphocytes have correlated increased levels of apoptosis
within primary lymphoid organs such as the thymus and
spleen with elevated risk of subsequent infection.19e22 This
is presumably due to the direct immunosuppressive effect
of depleting functional lymphocytes within these organs.
Regarding circulating blood lymphocytes, Teodorczyk-
Injeyan et al suggested that injury related immune-
deficiency correlated to increased T cell apoptosis.23 An-
other recent study showed that high injury scores (SOFA)
were linked to elevated circulating lymphocyte apoptosis
markers (sFas, sFas/FAsL ratio) in patients with
bacteremia.24

On the other hand, several studies of neutrophils in
rodents have convincingly shown that increased levels of
PMN apoptosis may actually reduce the severity of sub-
sequent infection25,26 and MOF.10,27 Henrich et al suggest
that trauma-activated PMNs release inflammatory media-
tors and contribute to tissue injury and delayed wound
healing.28

Data from human studies are limited, and much remains
to be learned. A recent study in trauma patients demon-
strated an inverse correlation between degree of late
neutrophil apoptosis and severity of end-organ dysfunction,
however there was no significant difference between septic
and non-septic patients.29 The current study, to our knowl-
edge, is the first to examine the impact of early peripheral
blood PMN apoptosis on infectious outcomes in trauma pa-
tients with hemorrhagic shock. TUNEL staining of periph-
eral blood leukocyte cytospins in our current study
demonstrated that 72% of the apoptotic leukocytes in the
early post-operative period were PMNs. In keeping with
these findings, and based upon other results presented in
this paper, we propose that increased peripheral blood
PMN apoptosis demonstrated early in the course of
trauma-hemorrhagic shock may protect the severely in-
jured trauma patient from developing subsequent infec-
tion, by one or both of two mechanisms. The first
in peripheral blood leukocytes and type of infection.

No infection p-Value

l n Median nucleosome level

18 49.8 0.02a

24 46.8 0.051
26 39.0 0.57
30 42.8 0.03a

31 39.8 0.07
31 39.8 0.19
26 46.8 0.01a
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mechanism is through reducing immune-mediated tissue in-
jury; the second mechanism involves restricted immuno-
suppression associated with clearance of apoptotic PMNs.

It is well established that PMNs play an integral role in
the body’s initial inflammatory response to trauma and are
recruited to sites of injury.6,10 Once sequestered, these
cells possess tremendous potential to induce additional in-
jury to the tissues to which they are recruited. Apoptotic
PMNs within the circulation are removed by macrophages
within the liver and spleen rather than infiltrating into or-
gans and contributing to inflammation and further tissue in-
jury. Preventing tissue injury and necrosis in this manner
may reduce the risk that the organ will become a subse-
quent site of infection as well as the likelihood it will fail.

Tissue injury from infiltrating PMNs is not limited only to
organs that have been directly injured from trauma.
Ischemia-reperfusion injury (which occurs after successful
resuscitation from hemorrhagic shock) also results in the
recruitment of neutrophils to the reperfused organs. In
fact, neutrophil-mediated organ injury following resuscita-
tion from hemorrhage has been demonstrated in liver,
heart, kidney, and intestine.6 Additionally, activated
PMNs stimulate macrophages to release inflammatory cyto-
kines and chemotactic substances which further amplify
the inflammatory response and increase the risk of develop-
ing MOF.30 The presence of large numbers of activated PMNs
has been repeatedly associated with pathogenesis of
SIRS,6,7,27 which itself is associated with increased risk of
MOF and infection.27,30 Patients with SIRS/MOF have been
shown to have delayed PMN apoptosis,7 enhanced PMN ox-
idative burst activity7,10 and increased end-organ seques-
tration.10 It therefore follows that if PMNs could be
removed from the circulation before end-organ infiltration
and therefore without inciting an inflammatory response,
the risk of tissue injury and susceptibility to infection might
be reduced.26,27

An alternative mechanism to explain our findings in-
volves apoptosis-mediated immunosuppression. It is well
established that apoptosis of PMN within tissue is accom-
panied by localized immunosuppression.31,32 Ingestion of
apoptotic cells by macrophages results in the release of
anti-inflammatory mediators, including TGF-b1 and PGE2

33

and suppresses the production of pro-inflammatory cyto-
kines such as IL-8 and TNF-a, as well as other pro-
inflammatory mediators, including TXA2.

32 Clearance of cir-
culating apoptotic PMNs by the liver and spleen may restrict
immunosuppression to these organs thereby sparing other
organs such as the lung, which is among the most common
sites of infection following serious trauma that leads to MOF
and death.

It is clear from the above discussion that neutrophils are
a critical component of the innate host defense and their
apoptosis and removal are essential for efficient resolution
of inflammation. What remains unclear, however, is how
PMN apoptosis is regulated in humans. A recent study
demonstrated delayed spontaneous, as well as microbe-
related apoptosis, of neutrophils in 4 patients with auto-
inflammatory disease, leukocytosis, and single-nucleotide
polymorphisms (SNPs) in two genes encoding proteins that
contribute to the formation of the caspase-1-activating
NALP3 inflammasome complex, NLRP3 (Q705K) and CARD8
(C10X).34 These findings implicate these two genes as part
of the genetic program controlling PMN apoptosis in re-
sponse to stress and infection. A notable finding in our study
was that infected and uninfected patients segregated early
in the pre-operative course and exhibited a significant dif-
ference in pre-operative leukocyte apoptosis following se-
vere injury. This finding suggests that it might be
desirable to intervene early in those individuals with low
pre-operative neutrophil apoptosis in an effort to increase
it. However, such an intervention would need to be selec-
tive for neutrophils and otherwise safe.

A limitation of this study is the relatively small sample
size, which makes it difficult to determine significant
differences between subgroups of infected patients. In
several instances, differences just barely failed to reach
statistical significance, and it is possible that with a larger
sample size, these differences might become statistically
significant. Almost half of the patients in the parent trial
were excluded from this study because surgery was initi-
ated before collection of a pre-operative blood sample.
This could be regarded as a potential limitation of the
study, even though how it may have biased the results is
unclear. Another limitation is the presence of numerous
potential confounders, which could not be controlled for.
Also, multiple comparisons between the infected and non-
infected groups were made for the sake of completeness
and the differences observed in neutrophil apoptosis
between the groups may be due to the increased chance
of a difference between groups emerging in the setting of
multiple comparisons. The significance of identifying 72% of
apoptotic cells as PMNs may have been enhanced if
complete blood counts and differentials were also per-
formed. Clearly, PMNs predominated as the most common
apoptotic cell in the peripheral blood, but in the absence of
peripheral blood leukocyte counts differentials, it is not
possible to determine the absolute number of apoptotic
PMN and lymphocytes.

In conclusion, this study demonstrates that increased
peripheral blood PMN apoptosis in the early post-operative
period is associated with decreased risk of developing
subsequent infection in severely injured trauma patients
requiring emergency laparotomy or thoracotomy. These
findings add additional support to the hypothesis that
strategies aimed at limiting PMN number and function at
an early point in the course of resuscitation period may be
beneficial in this patient population.
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ABSTRACT 20 

 21 

Objectives: To identify novel approaches to improve innate immunity in the lung 22 

following trauma complicated by hemorrhagic shock (T/HS) for prevention of 23 

nosocomial pneumonia. 24 

Methods: We developed a rat model of T/HS followed by Pseudomonas aeruginosa 25 

(PA) pneumonia to assess the effect of alveolar epithelial cell (AEC) apoptosis, and its 26 

prevention by IL-6, on lung surfactant protein (SP)-D protein levels, lung bacterial 27 

burden, and survival from PA pneumonia, as well as to determine whether AEC 28 

apoptosis is a consequence of the unfolded protein response (UPR). Lung UPR 29 

transcriptome analysis was performed on rats subjected to sham, T/HS, and T/HS plus 30 

IL-6 protocols. Group comparisons were performed via Kaplan-Meier or ANOVA. 31 

Results: T/HS decreased lung SP-D by 1.8-fold (p<0.05), increased PA bacterial burden 32 

9-fold (p<0.05), and increased PA pneumonia mortality by 80% (p<0.001). IL-6, when 33 

provided at resuscitation, normalized SP-D levels (p<0.05), decreased PA bacterial 34 

burden by 4.8-fold (p<0.05), and prevented all mortality from PA pneumonia (p<0.001). 35 

The UPR transcriptome was significantly impacted by T/HS; IL-6 treatment normalized 36 

the T/HS-induced UPR transcriptome changes (p<0.05). 37 

Conclusions: Impaired innate lung defense occurs following T/HS and is mediated, in 38 

part, by reduction in SP-D protein levels, which, along with AEC apoptosis, may be 39 

mediated by the UPR, and prevented by use of IL-6 as a resuscitation adjuvant. 40 
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INTRODUCTION 41 

 42 

Nosocomial pneumonia is the most common cause of death in patients suffering trauma 43 

complicated by hemorrhagic shock (T/HS) who survive their initial injuries (1). While 44 

significant strides have been made in identifying the clinical findings and laboratory 45 

parameters associated with onset of pneumonia following traumatic injuries, the 46 

molecular basis for predisposition to pneumonia in T/HS is not fully understood. The 47 

concept of immune paralysis or immunodepression in patients following T/HS has 48 

growing support (2, 3). However, details of how immunodepression develops and its 49 

subsequent impact on the host have not been fully elucidated, particularly with regards 50 

to innate immunity, nor have specific measures emerged to prevent it.   51 

 52 

A key component of innate immune defense in the lung is surfactant protein (SP)-D.  53 

SP-D is a member of the collectin family of proteins, which have a carboxy-terminal 54 

domain with calcium-dependent lectin activity.  This lectin domain mediates the 55 

lectin:pathogen interaction, leading to pathogen aggregation, opsonization and 56 

enhanced pathogen phagocytosis, as well as a direct bactericidal effect (4). SP-D has 57 

been shown to be critical in the innate host defense of the lung protecting against 58 

various inhaled pathogens and allergens (5, 6).  Indeed, SP-D null mice have 59 

demonstrated increased susceptibility to multiple pathogens (7), and SP-D has been 60 

shown to bind and aggregate Pseudomonas aeruginosa, one of the most commonly 61 

encountered pathogens in ventilator-associated pneumonia (VAP) (8-10).    62 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 4 

SP-D, as with other surfactant proteins, is largely produced by type II alveolar epithelial 63 

cells (AECII) (11).  AECII are found within the alveolar space, forming the extensive 64 

alveolar epithelial lining of the lung in conjunction with type I alveolar epithelial cells 65 

(AECI).  AECII constantly produce surfactant proteins, such as SP-D, that are extruded 66 

into the extracellular space in an exocytic fashion to help maintain the surfactant layer, a 67 

key component of innate lung defense.  68 

 69 

Using a rat model of T/HS (12-15), we previously demonstrated that up to 15% of AECII 70 

undergo apoptosis in the acute post-resuscitative phase, and that AECII 71 

injury/apoptosis can be prevented when IL-6 is used as a resuscitative adjuvant through 72 

a Stat3-mediated mechanism (14). In this report, we investigated the hypothesis that 73 

AECII injury/apoptosis contributes to pneumonia susceptibility in T/HS and that this 74 

contribution is mediated, in part, through reductions in SP-D levels. We found that T/HS 75 

decreased lung SP-D levels by almost half, which was associated with a 9-fold increase 76 

in lung bacterial burden and a 80% increase in mortality from PA pneumonia. IL-6, when 77 

provided at resuscitation to T/HS rats, normalized lung SP-D levels, decreased bacterial 78 

burden, and prevented all mortality from PA pneumonia. Analysis of the UPR 79 

transcriptome supports the hypothesis that the UPR contributes to AECII apoptosis 80 

following T/HS and its prevention by IL-6. These findings provide new opportunities for 81 

preventing nosocomial pneumonia in shock/trauma patients including use of IL-6 as a 82 

resuscitation adjuvant or administration of clinically available proteostasis modulators.  83 

 84 

METHODS 85 
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 86 

Rat T/HS protocol. These studies were approved by the Baylor College of Medicine 87 

Institutional Review Board for animal experimentation (Protocol AN-1980) and conform 88 

to National Institutes of Health guidelines for the care and use of laboratory animals. 89 

Adult male Sprague-Dawley rats were obtained from Harlan (Indianapolis, IN).  Rats 90 

were subjected to the sham or T/HS protocols, as described (12-14, 16, 17) with 91 

modifications. Under inhaled isoflurane anesthesia, both superficial femoral arteries 92 

(SFA) were cannulated. The right SFA site was used for continuous blood pressure 93 

monitoring and the left SFA site was used for blood withdrawal and fluid administration. 94 

Animals subjected to T/HS, underwent an initial bleed of 2.25 ml/100g body weight over 95 

10 minutes to achieve a target mean arterial blood pressure (MAP) of 35 mmHg, 96 

maintained for a period of ~3 hrs (mean duration=191± 2.5 minutes) by episodically 97 

withdrawing or returning shed blood. Sham rats were anesthetized and cannulated for a 98 

total of ~4 hrs (a time period encompassing both the hypotensive and resuscitation 99 

phases), but were not subjected to hemorrhage or resuscitation. At the end of the 100 

hypotensive period, rats in the T/HS-PBS groups were resuscitated with our standard 101 

protocol (infusion of the remaining shed blood and two times the total shed blood 102 

volume with Ringer’s lactate over 30 min starting with a 0.1 ml bolus of PBS) or they 103 

received IL-6 (10 µg/kg in 0.1 ml PBS via intra-arterial catheter) at the start of standard 104 

resuscitation (T/HS-IL6). We previously performed dose-response-studies, in which four 105 

doses of IL-6 (1, 3, 10 and 30 µg/kg) were tested, and demonstrated that 10 µg/kg was 106 

the optimum concentration to prevent organ injury (Tweardy et al 2002, unpublished). 107 

To assess the effect of T/HS without or with IL-6 on the UPR transcriptome, 4 rats from 108 
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each group were sacrificed 1 hr after the start of resuscitation while under anesthesia 109 

and their lungs were harvested for RNA isolation and microarray analysis. To assess 110 

the effect of sham or T/HS without or with IL-6 on susceptibility to pneumonia, femoral 111 

wounds were closed surgically and anesthesia was reversed. Animals were given 112 

analgesia, returned to their cages, observed overnight and allowed to ambulate and 113 

feed ad libitum before subjecting them to the PA pneumonia protocol (see below). The 114 

survival rate in rats subjected to the T/HS protocol without or with IL-6 is ~100% at 24 hr 115 

and beyond. 116 

 117 

Bacterial strain and inoculum preparation and quantification. Pseudomonas 118 

aeruginosa (PA) strain ATCC-27853 (PA; a kind gift from Dr. John Alverdy, University of 119 

Chicago, IL) was used in all experiments. The target inoculum size of 3x107 CFU was 120 

determined as optimal in dose-survival experiments (0.03, 0.1, 0.3, and 1 x 109 CFU) in 121 

normal healthy Sprague-Dawley rats based on earlier studies in a rat intra-tracheal 122 

inoculum PA pneumonia model (18, 19). The mortalities observed with each inoculum 123 

were 17%, 20%, 75%, and 100%, respectively. The 17% mortality observed with 3x107 124 

CFU was assessed as optimum based on our earlier results demonstrating increased 125 

susceptibility to intraperitoneal S. aureus infection in mice following T/HS (20). The 126 

target inoculum size (3x107 CFU) was obtained by a broth culture prepared by isolating 127 

a single colony from an agar plate grown at 37oC for 15-17 hrs in trypticase-soy agar 128 

(TSA; Becton, Dickinson and Company. Sparks, MD, USA) and inoculating it into 129 

trypticase-soy broth (TSB; Becton, Dickinson and Company. Sparks, MD, USA). The 130 

broth was incubated at 37oC and the optical density (OD) measured to achieve the OD 131 
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corresponding to the target inoculum size, which was then confirmed by serial dilution 132 

and culture on TSA plates. 133 

 134 

T/HS-pneumonia protocols. Twenty-four hours after being subjected to the sham or 135 

T/HS protocol without or with IL-6, rats were given a sublethal dose of PA (mean 136 

inoculum size 3.1 ± 0.2 x107 CFU) through the transtracheal route. Briefly, a 1 cm 137 

incision in the anterior aspect of the neck was done under 2% isoflurane anesthesia, the 138 

fascia and muscle layers were dissected and the trachea exposed. The bacterial 139 

inoculum in a volume of 0.2 ml of PBS was transtracheally instilled through a 22-gauge 140 

needle inserted into the trachea, followed by 0.5 of air for uniform inoculum distribution. 141 

The incision was surgically closed. Rats were administered analgesia, allowed to 142 

recover in their cages, and observed every 6 hr for 48 hr to quantify survival (survival 143 

protocol; Figure 1) or sacrificed 4 hrs after intratracheal inoculation and lungs harvested 144 

for lung bacterial burden quantification (bacterial burden protocol, Figure 2).  After 145 

sacrifice, lungs from rats subjected to the bacterial burden protocol were collected, 146 

weighed, and homogenized in 2 ml PBS. Serial log dilutions of organ homogenate 147 

(1:10, 1:100, and 1:1000) were made and plated on TSA plates in duplicate. Plates 148 

were incubated at 37oC overnight after which bacterial CFU were counted. Results are 149 

presented as CFU/gm tissue weight. 150 

 151 

Lung protein extraction and protein quantitation. Frozen lungs of rats subjected to 152 

sham or T/HS protocol without or with IL-6 and harvested at 1 hr after end of 153 

resuscitation were cut by cryotome, resuspended in high salt buffer, and sonicated in 154 
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ice 3 times, 10 seconds each, as previously described (12-15). Samples were then 155 

centrifuged 15 minutes at 5,000 RPM and the supernatant collected and evaluated by 156 

Bradford assay for total protein quantification. 157 

 158 

Myeloperoxidase (MPO) staining. Paraformaldehyde-fixed and paraffin-embedded 159 

lung sections were rehydrated from Xylene to PBS through a series of decreasing 160 

concentrations of ethanol and placed in a DAKO autostainer. MPO rabbit polyclonal 161 

antibody (Lab Vision, Corp.) was used at the provided concentration. The horseradish 162 

peroxidase (HRP) system for rabbit antibodies was used as per the manufacturer’s 163 

instructions. Slides were counterstained with hematoxyllin. MPO-positive cells were 164 

assessed microscopically in 20 random 1000x high power fields (hpf) by an experienced 165 

histologist. Data is presented as the number of MPO-positive cells/hpf. 166 

 167 

Immunoblotting. Levels of surfactant protein (SP)-D in high-salt protein extracts of 168 

frozen lungs were assessed by immunoblotting with mouse monoclonal antibody to SP-169 

D (Santa Cruz Biotechnology, Santa Cruz CA). Protein samples—total lung protein (50 170 

µg), recombinant rat SP-D (2.5 µg) and protein standards (SeeBlue® Plus2 Pre-stained 171 

Standards, Invitrogen; 7 µl) were separated by Tris-Glycine SDS-PAGE and transferred 172 

to a PVDF membrane. Recombinant rat SP-D was purified from CHO K1 cells and was 173 

variably glycosylated (21); it was the kind gift of Dr. Erika Crouch, Washington 174 

University, St. Louis, MO). The membrane was incubated overnight with mouse 175 

monoclonal antibody and subsequently incubated with goat anti-mouse antibody 176 

conjugated with horseradish peroxidase (HRP; Zymed, San Francisco, CA) for 1 hour. 177 
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ECL agent (Amersham Biosciences, UK) was used for detection. Densitometry was 178 

performed using ImageJ 1.4g software (National Institutes of Health, Bethesda, MD). 179 

 180 

Microarray Analysis. Gene expression profiling was performed with the Affymetrix Rat 181 

Array RAE 230A genechip following Affymetrix protocols used within the Baylor College 182 

of Medicine Microarray Core Facility. Genechips were hybridized with RNA isolated 183 

from the lungs of rats within each of three groups—sham, T/HS-PBS and T/HS-IL6—184 

one chip for each of four lung RNA samples per group. Total RNA was isolated from 4-5 185 

micron cryotome sections of each lung using TRIzol® Reagent (Invitrogen, Carlsbad, 186 

California) single step RNA isolation protocol followed by purification with RNeasy® Mini 187 

Kit (QIAGEN, Hilden, Germany) as instructed by the manufacturer. We used 188 

GenespringGX (Agilent Technologies Inc, Santa Clara CA) software package for quality 189 

assessment, statistical analysis and annotation.  Low-level analyses included 190 

background correction, quartile normalization and expression estimation using RMA-191 

based analysis within Genespring. One-way analysis of variance (ANOVA) with 192 

contrasts was used for group comparisons on all genes and on the list of UPR entities. 193 

P-values were adjusted for multiple comparisons using the Benjamini-Hockberg 194 

method. The adjusted p-values represent false discovery rates (FDR) and are estimates 195 

of the proportion of “significant” genes that are false or spurious “discoveries”.  We used 196 

a False Discovery Rate (FDR) of 5% as cut-off. RAE 230A genechips each contained 197 

15,923 probe sets representing 13,521 annotated genes or expressed sequence tags.  198 

A UPR gene entity list was created using both Ingenuity Pathway Analysis (IPA® 199 

Redwood City, CA) and the Gene Ontology Database©, with keywords “endoplasmic 200 
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reticulum stress, unfolded protein response”.  201 

 202 

Statistical Analysis. Data are presented as mean ± standard error of the mean (SEM). 203 

Multiple group comparisons of means were done by one-way analysis of variance 204 

(ANOVA) and the Student-Newman-Keuls test. Survival analysis was done by Kaplan-205 

Meier test. 206 

 207 

RESULTS 208 

 209 

T/HS increased mortality and bacterial burden in a model of P. aeruginosa 210 

pneumonia.  211 

 212 

To determine the effect of T/HS on susceptibility to PA pneumonia, we developed a pre-213 

clinical model of T/HS combined with PA pneumonia in rats (Figure 1A). Rats were 214 

subjected to the sham or T/HS protocol followed 24-hr later by transtracheal inoculation 215 

of PA. After inoculation, rats were observed for survival for 72 hrs. Remarkably, survival 216 

in T/HS rats was decreased by 80% compared to sham rat group (p<0.001, Kaplan-217 

Meier analysis; Figure 1B).   218 

 219 

To determine if the cause of increased mortality observed in T/HS rats is due to 220 

increased bacterial burden in the lungs of these animals, we measured bacterial 221 

numbers in the homogenates of lungs of the rats subjected to sham or T/HS protocols 4 222 

hrs after transtracheal inoculation of PA (Figure 2). The PA CFU/gram of lung tissue 223 
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was 9-fold higher in the rats subjected to T/HS protocol compared to sham rats (p<0.05, 224 

ANOVA) strongly suggesting that the increased mortality of T/HS mice following PA 225 

inoculation was due to increased bacterial burden. 226 

 227 

To assess if the increased bacterial burden in T/HS rats is due to a decrease in 228 

infiltrating neutrophils resulting in impaired clearance of bacteria, we performed 229 

myeloperoxidase staining of lung sections 4 hours after inoculation with PA. The 230 

number of MPO-positive cells in the lungs of PA-infected T/HS rats (35 ± 5 cells per 231 

1000x field; mean ± SEM) was identical to the number of MPO-positive cells in the 232 

lungs of PA-infected sham rats (34 ± 4 cells per 1000x field; mean ± SEM). In addition 233 

to there being no difference between groups in the number of MPO-positive cell within 234 

the lung, the distribution of MPO-positive cells within the alveoli and lung interstitium 235 

was similar (data not shown). Thus, the increased bacterial burden in T/HS rats was not 236 

due to differences in the quantity or distribution of PMN recruitment into the lung. 237 

 238 

We previously demonstrated that AECII were the predominant cell type that underwent 239 

apoptosis following T/HS (14). Since AECII produce SP-D, which increases PMN-240 

mediated phagocytosis of bacteria including PA, we assessed SP-D levels in the lungs 241 

of T/HS and sham rats (Figure 3). SP-D levels in the lungs of rats subjected to T/HS 242 

were reduced by 50% compared to lungs of sham rats at 24 hr (p<0.05, ANOVA). Thus, 243 

our data suggest that the increase in bacterial burden in the lungs of T/HS rats is due to 244 

reduced levels of SP-D in the lungs. 245 

 246 
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Administration of IL-6 as a resuscitation adjuvant in T/H rats prevented P. 247 

aeruginosa pneumonia mortality, reduced bacterial lung burden, and normalized 248 

SP-D levels in the lung.  249 

 250 

We previously demonstrated that IL-6 administration as a resuscitation adjuvant 251 

induced activation of Stat3, particularly Stat3α, within lung parenchymal cells resulting 252 

in protection against alveolar epithelial cell apoptosis following T/HS (14). To assess if 253 

this prevention of apoptosis by IL-6 also affected nosocomial pneumonia mortality, rats 254 

were subjected to our T/HS protocol with IL-6 administered as a resuscitation adjuvant, 255 

followed 24 hr later by transtracheal inoculation of PA (Figure 1B).  Impressively, 256 

animals that received IL-6 were completely protected against mortality (p<0.001, 257 

Kaplan-Meier analysis). When we assessed how IL-6 affected bacterial burden (Figure 258 

2B), we found that lung bacterial burden was decreased by 4.8-fold in T/HS-IL6 rats 259 

compared to lung bacterial burden in T/HS-PBS rats (p<0.05, ANOVA) to levels 260 

statistically indistinguishable from sham rats inoculated with PA. 261 

 262 

To determine if lung bacterial burden was reduced in IL-6-treated T/HS rats as a result 263 

of restoration of SP-D levels, we assessed the effect of IL-6 treatment on SP-D levels in 264 

the lung. Densitometry analysis of immunoblots of whole lung homogenates from IL-6-265 

treated T/HS rats (Figure 3) revealed that IL-6 treatment prevented the reduction in 266 

pulmonary SP-D seen in T/HS animals (p<0.05, ANOVA) with SP-D protein levels in the 267 

lungs of IL-6-treated T/HS rats being equivalent to sham animals.  268 

 269 
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The UPR is significantly altered in the lung following T-HS and demonstrated 270 

normalization when IL-6 is used as a resuscitation adjuvant . 271 

 272 

The molecular mechanisms underlying T/HS-induced AECII apoptosis are not 273 

understood. We previously investigated the potential contribution of the classical 274 

intrinsic and extrinsic pathways to lung apoptosis in T/HS and demonstrated that T/HS 275 

altered the expression of many of intrinsic and extrinsic apoptosis pathway-related 276 

genes and that IL-6 treatment normalized expression of the majority of those genes 277 

altered by T/HS through a Stat3-dependent mechanism (14). However, which genes 278 

were critical for apoptosis of AECII and its prevention, if any, were not specifically 279 

delineated in these studies.  280 

 281 

The unfolded protein response (UPR) is a critical homeostatic mechanism for highly 282 

secretory cells such as AECII. Recently, the UPR has been described as a major cause 283 

of apoptosis when secretory cells are exposed to overwhelming or prolonged 284 

endoplasmic reticulum (ER) stress as would occur in T/HS. Since a central feature of 285 

the UPR is activation of several key transcription factors such as DDIT3 (CHOP), ATF4, 286 

ATF6, and XBP1, we investigated the impact of T/HS on the ER stress response at the 287 

transcriptome level by mining oligonucleotide microarray (Affymetrix) data previously 288 

obtained and archived by us from the lungs of 3 groups of rats: Sham, T/HS-PBS, and 289 

T/HS-IL6, sacrificed 1 hr after the end of resuscitation (14). A broad 185-gene UPR-290 

associated entity list was generated following an extensive literature review and with the 291 

help of Ingenuity Pathway Analysis (IPA®). Of the 185-gene UPR set, 113 distinct gene 292 
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entities were annotated and expressed across the chips after spot duplicates were 293 

removed. Importantly, the three experimental groups self organized based on this UPR-294 

associated gene entity list expression (Figure 4).  295 

 296 

In order to determine the effect of the UPR on the observed T/HS-induced lung 297 

apoptosis and its prevention with IL-6, we performed intergroup comparisons of the 298 

transcriptome profiles within these groups. Within the list of 113 genes expressed by all 299 

groups, 65 (57%) were significantly impacted by T/HS when compared to Sham animals 300 

(ANOVA, p<0.05).  When we assessed for IL-6 responsive transcripts that proved 301 

significantly impacted by T/HS, we found that 53 (47%) entities were significantly altered 302 

in both T/HS vs. Sham and T/HS-IL6 vs. T/HS comparator groups. Thirty-two of these 303 

UPR-associated genes demonstrated ≥ 1.5-fold change in T/HS vs. Sham, 14 of which 304 

are considered pro-apoptotic (Table 1). Taking the known apoptotic function of these 305 

genes into context, we demonstrated that 86% (12 of 14) of the UPR-associated genes 306 

with known pro-apoptotic function were up-regulated following T/HS and subsequently 307 

normalized with IL-6. Among the most up-regulated genes within this intergroup 308 

comparison were pro-apoptotic UPR members, eukaryotic translation initiation factor 2-309 

alpha kinase 2 (EIF2AK2; increased 4.7 fold by T/HS), DNA-damage-inducible 310 

transcript 3 (DDIT3; increased 2.5 fold by T/HS; also known as C/EBP-homologous 311 

protein, CHOP). Canonical UPR members, X-box binding protein 1 (XBP1) and 312 

activating transcription factor 4 (ATF4) also were both increased by 1.5 fold by T/HS 313 

when compared to sham (Table 1). In animals in which pulmonary cell apoptosis was 314 

prevented by receiving IL-6 at resuscitation, we find that these potentially pro-apoptotic 315 
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UPR member transcripts (EIF2AK2, DDIT3, XBP1, and ATF4) are reduced to levels 316 

statistically indistinguishable from sham levels, strongly suggesting a contribution to 317 

prevention of pulmonary cell apoptosis (Table 1).  318 
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DISCUSSION 319 

 320 

To investigate the impact of T/HS on the innate host defense of the lung, we developed 321 

a rodent model of secondary Pseudomonas aeruginosa pneumonia following T/HS. We 322 

demonstrated in this model that T/HS increased lung bacterial burden 9-fold and 323 

resulted in an 80% increase in mortality. Neutrophil recruitment to the lung was not 324 

altered in infected T/HS lungs compared to infected sham lung to explain impaired 325 

bacterial clearance; rather, lung SP-D protein levels were decreased by nearly 50%. 326 

Use of IL-6 as a resuscitation adjuvant prevented the decrease in lung SP-D, reduced 327 

lung PA bacterial burden nearly 5-fold and completely prevented PA-mediated mortality. 328 

The UPR transcriptome of the lung was found to be significantly impacted by T/HS and 329 

to be normalized when IL-6 is given as a resuscitative adjuvant. These findings indicate 330 

that there is a maladaptive reduction in innate lung defense in T/HS mediated by a 331 

reduction in SP-D, which accompanies AECII apoptosis and contributes to increased 332 

susceptibility to pneumonia. AECII apoptosis may be mediated by the UPR, which, 333 

along with increased susceptibility to pneumonia, may be prevented by use of IL-6 as a 334 

resuscitative adjuvant.   335 

   336 

AECII are referred to by some authors (22, 23)  as the “Defender of the Alveolus”. They 337 

contribute to the mechanical viability of the alveolus by producing the pulmonary 338 

surfactant layer and are responsible for restoring injured alveolar epithelium. In addition, 339 

they have a unique role in the innate immunity of the lung. AECII have been shown to 340 

contribute to host defense by secreting anti-inflammatory and anti-microbial proteins 341 
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into the alveolar space (22, 24). Most notable of these anti-microbial proteins are the 342 

collectins, SP-A and SP-D. SP-D, in particular, is known to enhance phagocytosis of 343 

Pseudomonas (25, 26). Given our previous findings that AECII was the pulmonary cell 344 

type undergoing the majority of the apoptosis caused by T/HS (14), we hypothesized 345 

that loss of these cells may contribute to impaired innate host defense of the lung 346 

following T/HS. We began to address the role of the AECII in innate host defense by 347 

determining levels of SP-D in the lung of animals in our model of T/HS. SP-D is a good 348 

marker of AECII function as these cells are the predominant source of SP-D production. 349 

SP-D was reduced by nearly 50% in the whole lung of animals undergoing T/HS when 350 

compared to sham, which provides a unifying explanation for our observed findings that 351 

a relative deficiency of SP-D in the lung allows for increased PA growth leading to 352 

increased bacterial burden and increased pneumonia mortality. 353 

 354 

Supporting the hypothesis that decreased SP-D predisposes to pneumonia is a recent 355 

study demonstrating that children with absent SP-D more frequently have pneumonia 356 

(27) and a recent study of acute lung injury caused by intestinal ischemia/reperfusion 357 

injury, which demonstrated a significant reduction of SP-D in the lung by 358 

immunohistochemistry staining (28). Similarly, other investigators have shown that early 359 

in the evolution of acute lung injury, alveolar epithelial cell death leads to decreased 360 

production and increased clearance of SP-D (29, 30).  361 

 362 

We have previously demonstrated the ability of IL-6-stimulated Stat3 to prevent AECII 363 

apoptosis following T/HS (14). The exact mechanism of this protection is not fully 364 
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understood despite prior investigation into the intrinsic and extrinsic cell death pathways 365 

(14). Given the critical role of the UPR in highly secretory cell types such as AECII and 366 

its ability to drive these types of cells into apoptosis, we investigated the impact of T/HS 367 

with and without IL-6 on the UPR. Our investigation into the UPR suggests that this 368 

pathway contributes to the concert of stimuli that leads to cell death within the lung 369 

following T/HS. Previous work has demonstrated that the UPR is activated by trauma 370 

with hemorrhage demonstrating increased expression of ATF6, PERK, IREα, and 371 

CHOP and is associated with increased apoptosis within the liver (31). Utilizing whole 372 

organ transcriptomic analysis, we examined the impact of T/HS on the UPR in the lung 373 

one hour following resuscitation, when apoptosis is maximal (14). We identified several 374 

canonical members of the UPR with pro-apoptotic functions that demonstrate changes 375 

in transcript levels in response to T/HS and IL-6 intervention, which suggest this 376 

pathway may contribute to pro-apoptotic signaling. The most significantly impacted UPR 377 

members across all experimental comparisons were Eif2ak2, ATF4, CHOP (DDIT3), 378 

and XBP-1. ATF4 and XBP-1 have both been shown to be transcriptional activators of 379 

CHOP, which has been shown to be a potent stimulator of apoptosis through its 380 

downstream targets in many models (32-35). Of note, previous work has shown that 381 

CHOP signaling mediates LPS-induced lung injury in a mouse model of sepsis, and 382 

when over-expressed in lung cell lines leads to increased apoptosis (32), suggesting a 383 

role for CHOP in apoptosis of lung epithelial cells in settings of stress including T/HS.  384 

 385 

In addition to 12 of the 14 pro-apoptotic gene transcripts that were increased with T/HS 386 

vs. Sham and normalized with IL-6 (Table 1), a pattern consistent with their contributing 387 
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to lung apoptosis in T/HS and the protective effect of IL-6, there were several anti-388 

apoptotic gene transcripts that were increased with T/HS vs. Sham and also were 389 

normalized with IL-6 (Table 1). These changes likely are a component of the lung’s 390 

efforts to maintain homeostasis; T/HS-induced lung apoptosis and its prevention by IL-6 391 

were accomplished in spite of their modulation.  However, one UPR-related anti-392 

apoptosis gene, Hspb7, a member of the small heat shock protein family (Table 1), was 393 

increased by T/HS vs. Sham and was further increased in the T/HS + IL-6 group while 394 

another UPR-related anti-apoptosis gene, Hspa1b, a member of the heat shock protein 395 

70 family (Table 1), was decreased by T/HS vs. Sham and was increased in the T/HS + 396 

IL-6 group. Modulations in these two anti-apoptosis genes, perhaps like the 12 pro-397 

apoptotic genes discussed above, also may have contributed to T/HS-induced AECII 398 

apoptosis and its prevention by IL-6.  399 

 400 

Our results also indicate that IL-6 provides protection against PA pneumonia following 401 

T/HS. This protection is due, at least in part, to the ability of IL-6-activated Stat3 to 402 

protect AECII against T/HS-induced apoptosis as we previously demonstrated (14). In 403 

this paper, we demonstrate that sparing the AECII from apoptosis maintains SP-D 404 

levels in the lung, which likely contributes to the protection against PA bacterial burden 405 

and mortality observed in our model of post-T/HS PA pneumonia.  406 

 407 

Nosocomial pneumonia including ventilator-associated pneumonia (VAP) is one of the 408 

leading causes of healthcare-associated infection following severe trauma (1) and the 409 

most common cause of death in patients surviving the original traumatic injury. VAP 410 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 20 

following severe trauma is most often due to PA (8, 36, 37) with infection with antibiotic-411 

resistant PA (38, 39) and other Gram-negative bacteria (40) increasing in incidence at 412 

an alarming rate. Our model allows for investigation not only of the mechanisms of 413 

pathogenesis of pneumonia following T/HS, but also allows us to begin to investigate 414 

novel interventions that may prevent PA pneumonia following T/HS. One category of 415 

intervention involves agents that might prevent AECII apoptosis and the resultant SP-D 416 

deficiency, while another category of intervention involves restoration of impaired innate 417 

epithelial cell immunity within the lung. Within the first category is the use of IL-6 as a 418 

resuscitation adjuvant. We have established that IL-6 as a resuscitation adjuvant is of 419 

clear benefit in preventing organ apoptosis and inflammation in rat and porcine models 420 

of T/HS (12-15, 41), as well as in reducing the severity of illness in pre-clinical models of 421 

bloodstream infections (42). In addition to potentially preventing AECII apoptosis and 422 

pneumonia susceptibility in T/HS patients, this intervention also may prevent heart and 423 

liver dysfunction in T/HS by preventing apoptosis of cardiomyocytes (12) and 424 

hepatocytes (13). However, the FDA has not approved IL-6 for this or any other 425 

indication.  An alternative intervention that may be able to prevent AECII apoptosis and 426 

subsequent decrease in SP-D is use of proteostasis modulators such as 427 

geranylgeranylacetone (GGA; teprenone; Selbex®). GGA is an antiulcer drug that has 428 

been used in Japan for over thirty years and has a favorable side effect profile. GGA 429 

induces expression of HSP70 and HSP90; HSP90, in particular, has been shown to 430 

downregulate apoptosis secondary to UPR (43, 44). In fact, when given to rats during 431 

intracerebral hemorrhage, GGA decreased neuronal cell apoptosis and improved 432 

neurological recovery by increasing Stat3 activity (45). In studies underway, we are 433 
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examining the potential benefit of GGA in our rat model of T/HS to determine if it can be 434 

used to prevent apoptosis of AECII, reduction in SP-D, and susceptibility to PA 435 

pneumonia. 436 

 437 

Two potential interventions that may restore lung innate immunity following T/HS-438 

induced AECII apoptosis also are suggested by our findings—one is aerosol 439 

administration of SP-D; the second is inhaled Pam2-ODN, a combination of Toll-like 440 

receptor (TLR) agonists. Surfactant therapy has been used extensively and successfully 441 

in reducing mortality from respiratory distress syndrome of the newborn (46). However, 442 

a significant proportion of infants born at less than 28 weeks' gestation develop neonatal 443 

chronic lung disease. Current surfactant therapies lack SP-D, yet animal models 444 

support a role for SP-D in reducing inflammation and infection in the lung, which 445 

suggests that supplementation of current surfactant therapies with recombinant forms of 446 

SP-D may help offset the risk of development of chronic lung disease. Thus, surfactant 447 

preparations containing SP-D may be available in the future to test in T/HS patients for 448 

the ability to reduce nosocomial pneumonia. Pam2-ODN consists of Pam2CSK4, a 449 

diacylated lipopeptide ligand for TLR2/6, combined with oligonucleotide (ODN) M362, a 450 

ligand for TLR9 (47). Pam2-ODN has been demonstrated to broadly protect mice 451 

against otherwise lethal pneumonias including those caused by Pseudomonas 452 

aeruginosa and Streptococcus pneumonia (47). Thus, an alternative to SP-D is Pam2-453 

ODN inhalation to therapeutically boost residual lung epithelial cell intrinsic defenses 454 

following T/HS and potentially to protect T/HS patients from VAP. 455 

 456 
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TABLES 
 
Table 1. Fold change comparisons (T/HS vs. Sham, T/HS+IL6 vs. T/HS, and T/HS+IL6 
vs. Sham) for mRNA transcript levels with an absolute fold change of 1. 5-fold o r  
g r e a t e r  T/HS vs. Sham comparison (p<0.05, ANOVA). 
_____________________________________________________________________ 
 

        ______________Fold Change______________________ 
Gene Symbol  Apoptotic Role  T/HS vs. Sham T/HS+IL6 vs. T/HS   T/HS+IL6 vs. Sham 

Eif2ak2  pro  4.7      -4.2                1.1                        
Tnf  pro  2.8      -1.7              1.6* 
Ppp1r15a  pro  2.8      -1.3              2.1* 
Ddit3  pro  2.5      -3.6             -1.4 
Casp12  pro  2.4      -2.3              1.0   
Bid  pro  2.1      -1.9              1.1 
Casp3 pro  1.6      -2.1            -1.3 
Casp7 pro  1.6      -1.6              1.0 
Atf4  pro  1.5      -1.4              1.1 
Eif2s1  pro  1.5      -1.2              1.3 
Tp53  pro  1.5      -1.4              1.1 
Xbp1  pro  1.5      -1.2              1.3 
Ccnd1  pro  -1.8       1.2            -1.5* 

__Pik3ip1  pro  -2.3       1.7                 -1.4_______               

Apobec1 anti  3.2      -3.9            -1.2 
Psmb10  anti  2.6      -2.7             1.0 
Psmb9  anti  2.5      -3.3                        -1.3 
Psme2 anti  2.3      -2.3             1.0 
Psmb2  anti 1.9      -1.4             1.4 
Psmb8  anti  1.9      -2.7                       -1.4 
Psma3 anti  1.8      -1.3             1.4 
Psma1  anti  1.8      -1.6                1.1 
Aars anti  1.8      -1.7             1.1 
Psma5  anti  1.7      -1.5              1.1 
Psma7 anti 1.7     -1.5              1.1 
Psme1  anti  1.6      -1.9            -1.2 
Psmb3  anti  1.6      -1.4             1.1 
Psma6  anti  1.5      -1.1               1.4 
Vcp  anti  1.5      -1.3                      1.2 
Hspb7  anti  1.5       2.0             3.0* 

   Hspalb anti  -1.5       2.2             1.5*________ 
__Tor1b  unknown 2.2      -2.3             1.0________ 
*p<0.05; all other T/HS+IL6 vs. Sham comparisons p>0.05. 
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FIGURES 
 

Figure 1. Effect of T-HS on mortality due to PA pneumonia. Panel A depicts the 

sequence of interventions in the rat pneumonia survival protocol. Rats (n=10 per group) 

were subjected to either the sham [triangle], T/HS [square], or T/HS+IL-6 resuscitation 

[circle] protocol over 3 hr followed 24 hr later by transtracheal inoculation of PA, then 

observed 48 hrs for survival. Survival (panel B) of T-HS rats was reduced 80% 

compared to that of sham rats (p<0.001, Kaplan-Meier analysis); reduction in survival by 

T/HS was reversed by administration of IL-6 (p<0.001, Kaplan-Meier analysis). 
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Figure 2. Effect of T-HS on lung bacterial burden in the PA pneumonia. Panel A 

depicts the sequence of interventions in the rat pneumonia bacterial burden protocol. 

Rats (n=6 per group) were subjected to either the sham or T/HS protocol over 3 hr near 

the end of which they either received or did not receive IL-6. Twenty-four hr later, rats 

received a transtracheal inoculation of PA followed by sacrifice 4 hr later. Bacterial CFU 

were counted in lung homogenates. Data are presented as bacteria CFU/gram of lung 

tissue (mean ± SEM). Bars with paired single or double asterisks above (*, **) differ 

significantly (p<0.05, ANOVA). 
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Figure 3. Effect of T-HS on lung surfactant protein-D (SP-D) levels. Rat 

recombinant SP-D (2.5 µg; positive control, PC) or whole lung protein extracts 

(50 µg) from rats (n=3 per group) subjected to sham or T/HS protocol were 

separated by SDS-PAGE and immunoblotted with monoclonal antibodies to SP-

D (panel A); . The band signal intensity was quantitated by densitometry and 

reported as a ratio of signal intensity in sample to signal intensity in positive 

control (PC) times 100. Bars with paired single or double asterisks above (*, **) 

differ significantly (p<0.05, ANOVA). 
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Figure 4. Self-organizing heat map of UPR transcriptomes. Self-organizing 

heat map of UPR-associated gene entity list mRNA levels demonstrates 

clustering of experimental groups (n=4 per group) and relative relatedness based 

on their expression profiles. Levels of relative expression range from bright green 
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(-2-fold) to bright red (+2-fold).  Genes marked with an asterisk (*) represent the 

first twelve pro-apoptotic genes listed in Table 1. 
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