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Abstract

INTRODUCTION—AIthough mitochondrial dysfunction is thought to contribute to the
development of post-traumatic organ failure, current techniques to assess mitochondrial function
in tissues are invasive and clinically impractical. We hypothesized that mitochondrial function in
peripheral blood mononuclear cells (PBMCs) would reflect cellular respiration in other organs
during hemorrhagic shock and resuscitation (HS&R).

METHODS—Using a fixed pressure HS model, Long Evan’s rats were bled to a mean arterial
pressure (MAP) of 40 mmHg. When blood pressure could no longer be sustained without
intermittent fluid infusion (Decompensated HS), Lactated Ringer’s (LR) was incrementally
infused to maintain the MAP at 40 mmHg until 40% of the shed blood volume was returned
(Severe HS). Animals were then resuscitated with 4X total shed volume in LR over 60 minutes
(Resuscitation). Control animals underwent the same surgical procedures, but were not
hemorrhaged. Animals were randomized to Control (n=6), Decompensated HS (n=6), Severe HS
(n=6) or Resuscitation (n=6) groups. Kidney, liver, and heart tissues as well as PBMC’s were
harvested from animals in each group to measure mitochondrial oxygen consumption using high
resolution respirometry. Flow cytometry was used to assess mitochondrial membrane potential
(¥m) in PBMCs. One-way ANOVA and Pearson correlations were performed.
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RESUL TS—Mitochondrial oxygen consumption decreased in all tissues, including PBMC’s,
following Decompensated HS, Severe HS, and Resuscitation. However, the degree of impairment
varied significantly across tissues during HS&R. Of the tissues investigated, PBMC mitochondrial
oxygen consumption and Wm provided the closest correlation to kidney mitochondrial function
during HS (complex I: r =0.65; complex II: r=0.65; complex 1V: r=0.52; p<0.05). This association,
however, disappeared with resuscitation. A weaker association between PBMC and heart
mitochondrial function was observed but no association was noted between PBMC and liver
mitochondrial function.

CONCLUSION—AII tissues including PBMC’s demonstrated significant mitochondrial
dysfunction following HS&R. Although PBMC and kidney mitochondrial function correlated well
during hemorrhagic shock, the variability in mitochondrial response across tissues over the
spectrum of hemorrhagic shock and resuscitation limits the usefulness of using PBMC’s as a
proxy for tissue-specific cellular respiration.

Keywords

Hemorrhagic shock; mitochondrial dysfunction; peripheral blood mononuclear cell; resuscitation;
vital organ

Introduction

Trauma is the third most common cause of mortality in the industrialized world (1), and the
development of multiple organ failure (MOF) following hemorrhagic shock is the leading
cause of post-injury death (2). Severe hemorrhage triggers a cascade of intracellular events
that can result in MOF independent of aggressive resuscitation and the restoration of tissue
oxygen delivery (3). A critical component in this cascade is the development of
mitochondrial dysfunction (4). Following ischemia-reperfusion, impaired mitochondrial
function contributes to cell injury and organ failure by reducing aerobic ATP production and
by increasing the generation of toxic free radical species (5). Mitochondrial dysfunction
following hemorrhagic shock has been demonstrated in a variety of animal models and is
associated with both impaired organ function and poor outcome (4,6). Persistent
mitochondrial dysfunction has also been associated with increased MOF and higher
mortality in severely injured patients (3,5,7).

The early detection and serially assessment of mitochondrial dysfunction in organ systems
could substantially improve goal-directed resuscitative strategies following hemorrhagic
shock. Current strategies to increase oxygen delivery may be beneficial in the earliest phases
of resuscitation, but this approach may be less effective, or even harmful, in later stages if
mitochondrial oxidative phosphorylation is impaired (8). Currently, there is no practical
method available to measure mitochondrial dysfunction within vital organs at the bedside.
While blood lactate, base deficit, and venous oxygen saturation can be used to assess
impaired aerobic metabolism globally, these biomarkers are neither specific for
mitochondrial dysfunction nor informative about the site of cellular injury (9). Although
near infrared spectroscopy and electron paramagnetic resonance have been used to assess
mitochondrial function following hemorrhagic shock (3), practical and technical challenges
have limited their use to research settings (10).

Mitochondrial studies in peripheral blood mononuclear cells (PBMCs) offer pragmatic
alternative approach to measure mitochondrial dysfunction in trauma. PBMC’s can be easily
isolated following standard phlebotomy and provide a readily accessible tissue that can be
repeatedly assayed during the course of resuscitation. In patients with sepsis, reduced
oxygen consumption and lower mitochondrial membrane potential in PBMCs have been
associated with disease severity, immune dysregulation, and decreased survival (11,12). In a
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recent study, we have also observed that mitochondrial function is altered in PBMCs
following hemorrhagic shock and resuscitation in a rodent model (13). Similar to a report by
Belikova et al. (12), we found that PBMCs recovered mitochondrial function when
incubated in serum from control animals with control PBMCs developed depressed function
when incubated with serum collected following severe shock; suggesting a systemic factor
may be responsible for mitochondrial dysfunction in PBMCs. However, the extent to which
mitochondrial dysfunction in PBMCs parallels similar changes in other organ systems is not
clear. We hypothesized that PBMCs could be used as a proxy to detect mitochondrial
dysfunction in vital organs following hemorrhagic shock and early resuscitation.

Materials and Methods

Experimental Protocol

Experiments were approved by the Institutional Animal Care and Use Committee of the
University of Pennsylvania and were performed in adherence to the National Institute of
Health Guidelines on the Use of Laboratory Animals. Male Long-Evans rats (250-300
grams) were housed in a facility with a 12-hour light/dark cycle, constant temperature and
humidity, and access to food and water ad libitum Animals were allowed to acclimate at
least 2 days prior to surgery. The relationship between mitochondrial function in PBMC’s
and other tissues was investigated using a validated decompensated hemorrhagic shock
model (14) in which tissues were sampled at discrete physiologic time points during the
development of hemorrhagic shock. Animals were randomized to one of four experimental
groups: control (n=6), decompensated hemorrhagic shock (DHS) (n=6), severe hemorrhagic
shock (SHS) (n=6) or resuscitation (R) (n=6). All animals were anesthetized using vaporized
isofluorane (1-3.5%) and underwent placement of femoral arterial and venous catheters for
blood pressure measurement, blood withdrawal, and resuscitation (PE50, Braintree
Scientific, Inc.). In order to simulate a clinically relevant scenario in which soft tissue injury
frequently accompanies hemorrhage, a laparotomy was performed while the animal was
under anesthesia. Wounds were infiltrated with 1% lidocaine and surgically closed in layers.
Additional analgesics were not provided. Animals were then placed in a specially designed
rodent restraint device and allowed to emerge fully from anesthesia. Mean arterial pressure
(MAP) and heart rate (HR) were continuously monitored and recorded throughout the
experimental protocol (Digi-Med Signal Analyzers, Louisville, KY, USA). After full
reversal of anesthesia and 30 minutes of hemodynamic stability, awake but restrained
animals were passively bled via the femoral artery to a MAP of 40 mmHg until this pressure
could no longer be maintained without fluid infusion (DHS group). A MAP of 40 mmHg
was subsequently maintained by infusing 0.2 ml increments of Lactated Ringer’s (LR) until
40% of the shed blood volume had been returned (SHS group). Animals were subsequently
resuscitated with 4 times the total shed blood volume in LR over 60 minutes (R group).
Control animals underwent the same anesthetic and surgical procedures, but were not
subjected to hemorrhagic shock or resuscitation. Immediately prior to sacrifice, arterial
blood samples were taken and assayed for pH, pO2, PCO2, lactate, hemoglobin, glucose,
alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen (BUN), creatinine,
and electrolytes (i-STAT, Abbot Point of Care Inc., Princeton, NJ). PBMC were also
immediately isolated. Animals were euthanized at each of the time points (control, DHS,
SHS, or R) and tissues (liver, kidney, and heart) were immediately harvested and processed
for mitochondrial isolation.

Isolation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells were isolated by density gradient centrifugation. Under
sterile conditions, blood samples were diluted 1:1 using a balanced salt solution (BSS: 1
volume of anhydrous D-glucose 0.1 %, CaCl, 50 uM, MgCl, 0.98 mM, KCI 5.4 mM, TRIS
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145 mM and 9 volumes of NaCl 140 mM). Diluted blood samples (2—-4 mL) were layered on
top of 3 mL Ficoll-Paque™ PREMIUM 1.084 (GE Healthcare, Pittsburgh, PA) and
centrifuged at 400 x g for 40 minutes (18 — 20 °C). The white buffy coat was gently
aspirated, mixed with 3 to 4 volumes of BSS, and recentrifuged at 400 x g for 15 minutes.
The PBMC pellet was resuspended in 6-8 mL BSS and centrifuged at 400 x g for an
additional 10 minutes. The PBMC pellet was resuspended in phosphate buffer solution
(PBS) for flow cytometry or in Hanks’ balanced salt solution (pH 7.4) containing 5.5 mM
glucose and 1 mM pyruvate for respirometry. Cell count and viability were performed using
trypan blue exclusion (Countess, Life Technologies, Grand Island, NY) and ranged between
90 and 97%.

Isolation of Tissue Mitochondria

Liver-Kidney Mitochondrial Isolation

Samples of liver and kidney (4-6 g) were excised immediately after euthanasia at each time
point. Samples were weighed and immersed in ice-cold mitochondrial isolation buffer
(MIB) composed of 210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EDTA with
final pH adjusted to 7.2 using KOH and supplemented with 0.5% BSA (fatty acid-free).
Tissue was minced and then homogenized with an additional 10 volumes (wt/vol) of MIB
and 5% BSA using Potter Elvehjem homogenizer with a loose-fitting Teflon pestle.
Mitochondrial isolation was performed using differential centrifugation (15). The
homogenate was centrifuged for 10 minutes at 1000 x g (4°C). The supernatant was
collected and recentrifuged for 10 minutes at 9,600 x g. The pellet was then resuspended in
15 ml MIB without BSA and centrifuged for 10 minutes at 9,600 x g for further
mitochondrial purification. The final mitochondrial pellet was resuspended in MIB and
protein concentration was determined spectrophotometrically using the Biuret method with
BSA as standard (16).

Heart Mitochondrial Isolation

Heart tissue (4—6 g) was minced with scissors into small pieces and homogenized with 10
volumes (wt/vol) of Buffer A composed of 100 mM KCI, 50 mM Tris, 5 mM MgCI2, 1 mM
EDTA (pH adjusted to 7.5 with HCI on the day of use after supplementing 1 mM ATP and
5% BSA\) in a Potter Elvehjem homogenizer with a loose-fitting Teflon pestle. Liquid and
tissue were transferred into a beaker and treated with trypsin for 2 minutes at 4°C with
constant stirring followed by trypsin inhibitor (4mg/g trypsin and trypsin inhibitor, Sigma
Aldrich, St. Louis, MO, USA). The tissue suspension was rehomogenized and then
centrifuged for 10 minutes at 1000 x g (4°C) (low spin). The supernatant was again
centrifuged for 10 minutes at 14000 x g (4°C). The pellet was resuspended in 10 mL of
Buffer B (100 mM KCI, 50 mM Tris, 1 mM MgCl2, 0,2 mM EDTA,; pH adjusted to 7.2 with
HCI on the day of use) and kept on ice. The low spin pellet was resuspended in10 mL of
Buffer A, homogenized and centrifuged for 10 minutes at 1000 x g. The supernatant was
recentrifuged again for 10 minutes at 14,000 x g. The two high spin pellets were combined
in Buffer B, and centrifuged at 9,600 x g for 10 minutes. The final mitochondrial pellet was
suspended in 1 mL MIB. The protein concentration was determined spectrophotometrically
with the Biuret method using BSA as standard (15,16).

Mitochondrial Membrane Potential

After isolation of PBMCs using the Ficoll gradient as described above, we evaluated
mitochondrial function using flow cytometry. In order to normalize measurement of
mitochondrial membrane potential to mitochondrial mass, two-color fluorophore
experiments were performed by simultaneously incubating PBMCs (106 — 108 cells/mL) in
the dark at 37 °C with MitoTracker Green (MTG) to assess mitochondrial mass (140 nM x
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45 min) and tetramethylrhodamine (TMRE) to measure membrane potential (A¥m) (75 nM
x 30 min) (Life Technologies, New York, NY). PBMCs were then washed twice with PBS.
Positive and compensation controls were established for each dye. MTG was excited with a
blue laser and TMRE was excited with a green laser using 515/20 and 585/42 filters
respectively. PBMCs were identified using Forward (FSC) and Side (SSC) scatter. Only
cells that stained positive for MTG, and thus viable, were considered. Data acquisition was
performed using DiVa 6.1.2 software (BD Bioscience, San Jose, CA) and 100,000 events
were recorded per tube. Data analysis was performed using FlowJo software (Tree Star, Inc,
Ashland, Oregon). Data were expressed as a percentage of the cells stained positive for
MTG.

PBMC Oxygen Consumption

Given the inability to isolate an adequate amount of mitochondria from PBMCs in this
model, PBMC oxygen consumption was measured using high-resolution respirometry
(Oxygraph-2k Oroboros Instruments, Innsbruck, Austria) (17). Freshly isolated non-
permeabilized PBMC (106 cells/mL) were suspended in the 2 mL glass chamber (37 C°) in
Hank’s Balanced Salt Solution (HBSS) containing 5.5 mM glucose, 1 mM pyruvate and 10
mM HEPES (pH 7.4). The oxygen solubility factor was set to 0.92 (relative to pure water)
for the HBSS-glucose-pyruvate solution. After PBMC stabilization (3-5 minutes), real-time
oxygen concentration and flux data were collected continuously (DatLab software 4.3,
Oroboros Instruments, Innsbruck, Austria). After the basal respiration rate was recorded,
oligomycin (0.25 pg/ml), a mitochondrial ATP synthase inhibitor, was added to measure
respiration independent of ATP production (proton leak). The maximal capacity of the
electron transport system (i.e. maximal respiratory rate) was assessed by titrating the
protonophore, carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP, 0.75 pM
increments) until no further increase in oxygen consumption was detected. The
mitochondrial respiratory chain was then inhibited by adding rotenone (complex I inhibitor,
0.5 M) and antimycin-A (complex Il inhibitor, 2.5 juM) in order to assess non-
mitochondrial respiration.

Liver-Kidney-Heart Mitochondrial Oxygen Consumption

A standard substrate/inhibitor titration protocol was used for functional analysis of
mitochondrial respiratory chain complexes (17). Individual complex activity directly
impacts overall mitochondrial function and directly correlates with basal and maximal
respiration. Isolated mitochondria (1.5 mg) were resuspended in respiration medium which
includes 110mM mannitol, 0.5mM EGTA, 3mM MgCl,, 20mM taurine 10mM KH,POy,
60mM K lactobionate, 0.3mM DTT, and 0.1% BSA (fatty acid free), adjusted to pH of 7.1
with KOH. Oxygen consumption was measured using high-resolution respirometry
(Oxygraph-2k Oroboros Instruments, Innsbruck, Austria).

Following stabilization (3-5 minutes), real-time oxygen concentration and flux data were
collected continuously (DatLab software 4.3, Oroboros Instruments, Innsbruck, Austria).
After the basal respiration rate was recorded, scomplex | (Cl)-dependent mitochondrial
respiration was induced by adding 10 mM glutamate, 5 mM malate and 1 mM ADP. In
order to determine complex Il (CIl)-dependent respiration, rotenone (0.5 pM), a selective
inhibitor of complex I, was added to the medium followed by 10 mM of succinate.
Antimycin A (5 pM) was then added to inhibit complex Il (CIII) in order to measure non-
mitochondrial respiration; followed by addition of the artificial substrates for complex 1V,
TMPD (0.5 mM) and ascorbate (2 mM). In order to ensure that the respiratory capacity of
complex IV (CIV) was not limited by cytochrome c depletion, respiration was measured
after the addition cytochrome c¢ (10 pM) (17). This protocol was completed within 60 to 70
min.
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Data analysis

Results

SPSS 15.0 software (Armonk, New York) was used for statistical analysis. Each experiment
was performed as an independent assay and results are presented as mean (+ standard
deviation [SD]) unless otherwise stated. Animal groups were compared across the spectrum
of hemorrhagic shock and resuscitation using one-way ANOVA and Pearson’s correlations
(significance: p <0.05).

Physiologic and Laboratory Parameters

Physiologic and laboratory parameters for animals in the control, DHS, SHS, and R groups
are compared in Table 1. As expected, the mean arterial blood pressure (MAP) was
maintained at 40 mmHg in the DHS and SH groups. Although MAP increased following 60
minutes of resuscitation (R groups), it remained lower than the control group (p<0.05)
(Table 1). The DHS and SHS groups exhibited severe metabolic acidosis and increased
BUN and creatinine levels, but normal liver function tests as measured by alanine
aminotransferase and aspartate aminotransferase). With resuscitation (R group), acidosis and
kidney dysfunction improved but remained abnormal compared to control animals.
Resuscitation was also associated with a marked increase in liver enzymes (p<0.05).
Although hyperkalemia and hyponatremia developed in the DHS and SHS groups,
electrolytes normalized with resuscitation. As previously described, this model of
hemorrhagic shock was associated with a significant decrease in hemoglobin in the DHS and
SHS groups that further declined in the R group (18).

PBMC Mitochondrial Dysfunction

PBMC mitochondrial membrane potential (A¥m) decreased sequentially from the control to
R groups (Figure 1). The ATm in the SHS group also trended lower than controls but did not
reach statistical significance. The R group exhibited the lowest ATm. As shown in Table 2,
basal, maximal, and ATP-linked PBMC oxygen consumption were significantly decreased
in the DHS group compared to controls (p<0.05 for all). All measures of PBMC oxygen
consumption improved in the SHS group and were not significantly different from that of
control animals. A substantial decline in PBMC oxygen consumption was noted in the R
group; with lower basal, maximal, and ATP-linked PBMC oxygen consumption rates
compared to both control and DHS animals. The pattern of change in PBMC A¥m
paralleled the changes in PBMC oxygen consumption across the spectrum of hemorrhage
severity from control to DHS, SHS, and R animals

Kidney, Liver and Heart Mitochondrial Dysfunction

Kidney mitochondrial Cl, CllI, and CIV-dependent oxygen consumption decreased
significantly in the DHS group compared to controls and oxygen consumption remained
significantly depressed in the SHS and R groups (p<0.005, Figure 2). The largest decrease in
mitochondrial complex-dependent respiration was noted in CIV.

Unlike kidney mitochondria, complex-dependent oxygen consumption in liver mitochondria
decreased less acutely during hemorrhagic shock. Although liver mitochondrial Cl oxygen
consumption decreased significantly in the DHS group, CII, and CIV-dependent oxygen
consumption became statistically different from controls at the SHS time point (p<0.05,
Figure 3). A subsequent increase in mitochondrial oxygen consumption was observed with
resuscitation, although Cl-dependent respiration remained significantly lower than the
control group.
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In the heart, only CIV-dependent oxygen consumption decreased significantly during
hemorrhagic shock (p<0.05, Figure 4). However, unlike both kidney and liver mitochondria,
in the heart oxygen consumption through all three complexes was significantly depressed
following resuscitation.

Relationship Between PBMC and Tissue Mitochondrial Function

Of the tissues investigated, kidney mitochondrial complex dependent respiration (I, Il and
IV) significantly correlated with both PBMC basal and maximal respirations during
hemorrhagic shock (Figure 5 and 6). At the point of decompensation, kidney mitochondrial
complex I, 11, and 1V significantly correlated with both PBMC basal respiration (r=0.795,
0.841, and 0.669, p<0.05 respectively) and PBMC maximal respiration (r=0.726, r=0.688,
and 0.658, p<0.05 respectively). As the severity of shock increased, the correlation between
kidney and PBMC mitochondrial function persisted. With severe shock, kidney
mitochondrial complex I, 11, and 1V significantly correlated with both PBMC basal
respiration (r=0.653, 0.655, and 0.523 p<0.05 respectively) and PBMC maximal respiration
(r=0.621, r=0.456, and 0.512, p<0.05 respectively). Additionally, kidney complex Il and 1V
dependent respiration were noted to correlate with PBMC A¥m during acute blood loss
(r=0.631; 0.549 respectively, p<0.05). However, with resuscitation, the correlation between
kidney and PBMC mitochondrial function disappeared.

We also observed a weaker relationship between heart mitochondrial complex 11 02
consumption and PBMC Basal and Maximal Respirations, but only following resuscitation
(r=0.451 and r=0.436, p<0.05 respectively, Figure 7). Interestingly, heart mitochondrial
complex IV dependent O2 consumption was correlated with PBMC A¥m following
decompensation (r=0.858, p<0.005), severe hemorrhagic shock (r=0.667, p<0.01) and
following resuscitation (r=0.509, p<0.05).

No significant correlation between liver mitochondrial function (1, Il and 1V) and PBMC
mitochondrial respiration was observed during either hemorrhagic shock or with
resuscitation.

Discussion

Multiple organ failure remains a significant cause of in-hospital morbidity and mortality
following traumatic injury (2,19). Although the underlying cellular events leading to MOF
are incompletely understood, impaired mitochondrial function and the depletion of cellular
energy stores appear to play a central role (3-5). In this study, we investigated the potential
utility of using PBMCs as a proxy for measuring mitochondrial function in more vital
organs such as liver, kidney and heart during hemorrhagic shock and resuscitation. While
significant mitochondrial dysfunction was noted during acute blood loss and resuscitation,
the degree of impairment varied significantly between tissues. Moreover, while PBMC
mitochondrial membrane potential and function appeared to correlate well with kidney
mitochondrial function during hemorrhagic shock, this association dissipated with
resuscitation. Using PBMC’s as a proxy for tissue-specific mitochondrial dysfunction,
therefore, is limited because the mitochondrial response between PBMCs and different vital
organs is not linear following acute blood loss and resuscitation.

Although mitochondrial dysfunction following hemorrhagic shock has been demonstrated in
a number of experimental and clinical studies, current resuscitation strategies do not target
mitochondrial performance (20). Under normal physiologic conditions, mitochondria
provide almost 95% of the body’s energy needs via oxidative phosphorylation; and oxygen
utilization by the mitochondrial electron transport system is tightly coupled to oxygen
availability (21). With severe hemorrhagic shock and reperfusion, however, alterations in
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the mitochondrial electron transport complexes can lead to decreased electron flow,
decreased ATP production and increased generation of damaging free radical oxygen
species (20,22). With prolonged hemorrhagic shock, there is a progression from decreased
oxidative phosphorylation to frank and irreversible, structural damage to the mitochondria
(23,24). Moreover, organ failure from hemorrhagic shock appears to coincide with the
development of bioenergetic failure and mitochondrial dysfunction (4). Recognizing, and
treating, mitochondrial dysfunction before the damage becomes irreversible could
potentially mitigate the development of cellular dysfunction and decrease the incidence of
MOF.

Previous investigators have used near-infrared spectroscopy (NIRS) as a non-invasive
means of assessing tissue mitochondrial function during resuscitation. Not only can NIRS
measure the adequacy of tissue oxygen delivery, it can also be used to assess mitochondrial
oxygen consumption and redox status (25). In an animal model of severe hemorrhagic
shock, Rhee et al noted that despite adequate resuscitation, as measured by the normalization
of blood pressure, cardiac output and tissue oxygen delivery, mitochondrial cytochrome a,a3
oxidation remained significantly decreased in splanchnic and skeletal muscle beds (26). In a
similar experiment, decoupling of the hepatic cytochrome a,a3 redox state from oxygen
delivery was associated with increased early mortality following hemorrhagic shock (27). In
a prospective study of 24 severely injured patients monitored continuously with NIRS,
Cairns et al noted that patients who developed MOF demonstrated a significantly higher
incidence of mitochondrial decoupling early in the course of their resuscitation when
compared to those who did not develop MOF (89% vs 13%, p<0.05) (3). Moreover, severely
injured trauma patients with impaired hepatic mitochondrial redox status were more likely to
develop liver dysfunction despite adequate resuscitation (28). Although promising, NIRS is
technically challenging and not clinically practical. In addition to the potential difficulty in
interpreting spectral overlap between hemoglobin, myoglobin, and mitochondrial
cytochromes, significant artifact from the variability in depth and composition of
subcutaneous tissues among patients as well as increasing tissue edema following trauma
may make accurate measurements challenging (3,10).

Recently, blood samples have been used to assess mitochondrial function in variety of
pathologic states (29-31). In particular, PBMC respiratory function may reflect disease
severity in sepsis (12) and we have noted that PBMC mitochondrial function is dramatically
altered during hemorrhagic shock and resuscitation (13). As such, monitoring PBMC
respiratory capacity may provide a minimally invasive surrogate for end-organ
mitochondrial function. Although we noted a clear correlation between PBMC respiratory
capacity and kidney mitochondrial function (complexes I, 11, and IV) during hemorrhagic
shock in our current experiments, this association was not universally observed in other
tissues and unfortunately dissipated with resuscitation. Given the lack of linear response
throughout the spectrum of shock and resuscitation, as well as the variability in
mitochondrial response between different tissues, we must conclude that PBMCs cannot be
used clinically as a proxy for tissue mitochondrial function during the acute resuscitation of
hemorrhagic shock.

The differences in mitochondrial function observed in our study, however, likely reflects
tissue-specific variability in oxidative capacity and the ability to respond to ischemia-
reperfusion. Although the majority of mammalian cells contain mitochondria, there is
striking diversity across tissue types in terms of mitochondrial protein expression, function,
and capacity for oxidative phosphorylation (32). As such, it is not surprising that the
different organs in our study demonstrated a variable response to hemorrhagic shock and
resuscitation. What is somewhat intriguing, however, is the significant decrease in PBMC
and cardiac mitochondrial function observed following resuscitation. In contrast to both
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liver and kidney, PBMC and cardiac mitochondrial function declined dramatically with
reperfusion. While direct reperfusion injury with the generation of toxic reactive oxygen
species and peroxynitrite may account for the acute changes seen in cardiac mitochondrial
function (32,33), PBMC’s in our model were not subjected to hypoxia and the serum pO2
did not decline during hemorrhagic shock or resuscitation. Although it is unclear how
resuscitation directly impairs PBMC mitochondrial function, the release of nitric oxide and
IL-6 into the circulation upon reperfusion could potentially inhibit mitochondrial function
directly (34,35). Further research is needed to determine if the observed decrease in PBMC
respiratory capacity persists or predicts the later development of MOF.

While this study is the first to explore using PBMC’s as a proxy for mitochondrial function
in more vital tissues, there are several limitations. Most importantly, our controlled model of
decompensated shock does not recapitulate the typical clinical scenario where patients are
frequently bleeding and resuscitated simultaneously. That being said, if we were not able to
appreciate a linear relationship between PBMC respiratory function and tissue mitochondrial
function during controlled blood loss and resuscitation, it is unlikely a strong association
would emerge under less structured circumstances. Secondly, we investigated the effects of
hemorrhagic shock and resuscitation on mitochondrial function over a short duration. While
isolated measurements of PBMC respiratory capacity may not reflect acute changes in tissue
mitochondrial function following hemorrhagic shock, impaired PBMC mitochondrial
function does appear to correlate with disease severity in other disease states such as sepsis
(12). Longer term studies are need to determine if PBMC mitochondrial function following
resuscitation can also be used to predict the development of MOF. Finally, we investigated
mitochondrial function in PBMCs as a whole. It is likely that the composition of PBMCs
(i.e. monocytes, T cells, NK cells, etc.) may shift during hemorrhagic shock and
resuscitation. As such, because different cell types may have different mitochondrial
function, the shift in subgroup populations may impact the results.

Conclusion

Hemorrhagic shock and resuscitation are associated with significant mitochondrial
dysfunction in a variety of tissues including PBMCs. Although PBMCs represent an easily
assessable tissue that could be readily and repeatedly measured during the course of
resuscitation, several issues limit the usefulness of PBMCs as a surrogate for organ
mitochondrial function. In particular, the variability in organ-specific mitochondrial
response to acute blood loss and resuscitation limit the generalizability. In addition, the lack
of linear correlation over the spectrum of shock and resuscitation limits the usefulness of
using PBMC’s as a proxy for tissue-specific mitochondrial function in the acute setting.
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Figure 1. PBMC Mitochondrial Oxygen Consumption and Membrane Potential During

Hemorrhagic Shock and Resuscitation

Basal, maximal and ATP-linked respiration rates were measured in freshly isolated PBMCs
during hemorrhagic shock and following 60 minutes of resuscitation. Basal oxygen
consumption of PBMC’s are also depicted. Data was analyzed using ANOVA with *
representing significance of p<0.005 compared to baseline values. Data is represented as

means + SEM.
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Figure 2. Kidney and PBMC Mitochondrial Oxygen Consumption During Hemorrhagic Shock
and Resuscitation

Isolated kidney mitochondria were assayed for complex I, 11, and IV dependent oxygen
consumption during hemorrhagic shock and following 60 minutes of resuscitation. Basal
oxygen consumption of PBMC’s are also depicted. Data was analyzed using ANOVA with
* representing significance of p<0.005 compared to baseline values. Data is represented as
means + SEM.
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Figure 3. Liver and PBMC Mitochondrial Oxygen Consumption During Hemorrhagic Shock

and Resuscitation

Isolated liver mitochondria were assayed for complex I, 11, and 1V dependent oxygen
consumption during hemorrhagic shock and following 60 minutes of resuscitation. Basal
oxygen consumption of PBMC’s are also depicted. Data was analyzed using ANOVA with
* representing significance of p<0.05 compared to baseline values. Data is represented as

means + SEM.
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Figure 4. Heart and PBMC mitochondrial oxygen consumption During Hemorrhagic Shock and

Resuscitation

Isolated heart mitochondria were assayed for complex I, I, and IV dependent oxygen

consumption during hemorrhagic shock and following 60 minutes of resuscitation. Basal
oxygen consumption of PBMC'’s are also depicted. Data was analyzed using ANOVA with
* representing significance of p<0.05 compared to baseline values. Data is represented as

means + SEM.
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Figure 5. Correlation Between Kidney Mitochondrial Complex Dependent Respiration and
PBMC Mitochondrial Basal Oxygen Consumption

Kidney complex I, 1l and IV dependent respiration rates in freshly isolated PBMCs. Basal
oxygen consumptions was measured during hemorrhagic shock and following 60 minutes of
resuscitation. Correlations between were analyzed using Pearson’s correlations test
(significance: p <0.05).
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Figure 6. Correlation Between Kidney Mitochondrial Complex Dependent Respiration and

PBMC Mitochondrial Maximal Oxygen Consumption

Kidney complex I, 1l and IV dependent respiration rates in freshly isolated PBMCs.
Maximal oxygen consumption was measured during hemorrhagic shock and following 60
minutes of resuscitation. Correlations between were analyzed using Pearson’s correlations

test (significance: p <0.05).
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PBMCs basal and maximal oxygen consumption rates. Correlations between were analyzed
using Pearson’s correlations test (significance: p <0.05).
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