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Summary

Mitochondrial morphology and function are altered in intestinal epithelia during
endotoxemia. However, it is unclear whether mitochondrial abnormalities occur in
lung epithelial cells during acute sepsis or whether mitochondrial dysfunction corre-
sponds with altered epithelial barrier function. Thus, we hypothesized that the intes-
tinal epithelium is more susceptible to mitochondrial injury than the lung epithelium
during acute sepsis and that mitochondrial dysfunction precedes impaired barrier
function. Using a resuscitated feline model of Escherichia coli-induced sepsis, lung
and ileal tissues were harvested after 6 h for histological and mitochondrial ultra-
structural analyses in septic (7 = 6) and time-matched controls (7 = 6). Human lung
epithelial cells (HLEC) and Caco-2 monolayers (17 = 5) were exposed to ‘cytomix’
(TNFo: 40 ng/ml, IL-1B: 20 ng/ml, IFNy: 10 ng/ml) for 24-72 h, and measurements
of transepithelial electrical resistance (TER), epithelial permeability and mitochon-
drial membrane potential (A¥) were taken. Lung epithelial morphology, mitochon-
drial ultrastructure and pulmonary gas exchange were unaltered in septic animals
compared to matching controls. While histologically intact, ileal epithelia demon-
strated marked mitochondrial ultrastructural damage during sepsis. Caco-2 monolayers
treated with cytomix showed a significant decrease in mitochondrial AY within
24 h, which was associated with a progressive reduction in TER and increased epi-
thelial permeability over the subsequent 48 h. In contrast, mitochondrial A¥ and
epithelial barrier functions were preserved in HLEC following cytomix. These find-
ings indicate that intestinal epithelium is more susceptible to mitochondrial damage
and dysfunction than the lung epithelium in the context of sepsis. Early alterations
in mitochondrial function portend subsequent epithelial barrier dysfunction.
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Progressive organ dysfunction in the context of critical ill-
ness, also known as multiple organ dysfunction syndrome
(MODS), most commonly caused by severe infections (sep-
sis), is the leading cause of mortality in critical care units
(Tran et al. 1990; Vincent et al. 2006). A growing body of
data indicates that altered cell metabolism, particularly mito-
chondrial, contributes to cell and organ dysfunction. The
intestinal epithelium is particularly susceptible to mitochon-

drial damage (Hersch er al. 1990; Crouser ef al. 1999) and
impaired barrier function (Fink & Delude 2005) in the con-
text of severe sepsis; however, little is known about the sta-
tus of mitochondria in lung epithelium under these
conditions. Furthermore, it is unclear whether lung epithe-
lium fundamentally differs from intestinal epithelium in
terms of susceptibility to the cytopathic events that charac-
terize severe sepsis and the functional consequences thereof.
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In this regard, recent studies indicate that the barrier func-
tion of epithelial cells is sensitive to alterations in their bio-
energetic status (Unno et al. 1996; Zheng & Cantley 2007).

Based upon human studies showing that intestinal epithe-
lial cells undergo accelerated rates of programmed cell death
during sepsis (Chang ef al. 2005), we hypothesized that the
intestinal epithelium is more susceptible to mitochondrial
damage and dysfunction during severe acute bacterial sepsis
than the lung epithelium and that consequent disruption of
epithelial cell metabolism results in altered epithelial barrier
function. A large animal model was employed for these inves-
tigations as it offers certain advantages over the prototypical
rodent sepsis models, especially in the context of acute lung
injury (ALI). Rodent models of sepsis are limited by the
inability to control for potentially confounding physiological
variables such as shock, hypoxaemia or acidosis, which are
typically optimized in the human condition. In this regard,
the intestinal epithelium is particularly sensitive to changes in
systemic blood pressure and attendant ischaemia/reperfusion
injury (Hotchkiss ez al. 1999). Other advantages of large ani-
mal models include the ability to accurately assess lung gas
exchange (e.g. during mechanical ventilation) and greater
conformity to human anatomy (Ware 2008). An acute gram-
negative bacteremia model [severe Escherichia coli bactere-
mia resulting in severe sepsis (without shock) and eventual
organ failures and death (Schlag ef al. 1992)] was chosen as it
induces consistent dose-dependent pathology, such as is
found in human sepsis, including alterations of the coagula-
tion cascade (Taylor 1999) and lung and intestinal injury
(Carraway et al. 1998; Welty-Wolf et al. 1998). This model
is relevant to human bacteremia in the setting of gram-nega-
tive sepsis wherein the mortality is high, even with optimal
treatment, and death occurs in a delayed fashion (Ziegler
et al. 1991). In vitro analyses of lung and intestinal epithe-
lium were performed in concert using a cocktail of pro-
inflammatory cytokines (i.e. cytomix), which models the
inflammatory milieu of sepsis and is known to alter the func-
tion of epithelial cells (Burke-Gaffney & Hellewell 1997;
Wang et al. 2008).

The results of these investigations are interesting in that
they show the intestinal epithelium to be more sensitive to
ultrastructural damage, particularly mitochondrial, than the
lung epithelium under conditions modelling acute severe
sepsis. Furthermore, in vitro analyses indicate that loss of
epithelial barrier function, as reflected by reduced transepi-
thelial electrical resistance (TER) and increased permeability
to small molecules, was preceded by a reduction in mito-
chondrial energy status, suggesting that mitochondrial per-
formance could influence epithelial barrier function during
acute inflammatory stress.

Materials and methods

Animal preparation

All experiments were approved by The Ohio State University
Institutional Laboratory Animal Care and Use Committee,
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and all care and handling of the animals were in accord with
National Institutes of Health guidelines. The experiments
used an animal preparation that has been described previ-
ously (Crouser et al. 1999, 2002). Briefly, fasted, adult male
cats were anesthetized with intramuscular ketamine hydro-
chloride (25 mg/kg) and intravenous sodium pentobarbital
(10 mg/kg), intubated for mechanical ventilation and had a
femoral artery and vein cannulated to enable continuous
recording of systemic arterial pressure and arterial and
venous blood sampling. Additional intravenous sodium pen-
tobarbital (approximately 1-5 mg/kg) was provided, as
needed, to maintain a proper level of sedation throughout
the experimental time course. A blood gas analyser (ABLS;
Radiometer America, Westlake, OH, USA) and a cooximeter
(OSM3; Radiometer America), calibrated for feline blood,
were used to assess ongoing blood gas and oxygenation sta-
tus, enabling corrective measures as needed. Arterial pCO,
and pO, were maintained within normal limits by adjusting
the F{O, and minute ventilation, as necessary. By adminis-
tering intravenous bicarbonate, as required, arterial pH was
normalized as well. Evaporative fluid loss was replenished
with buffered isotonic saline (5-10 ml/kg/h), and rectal
temperature was monitored and maintained at 39 °C.

Experimental protocol

After a 30-min stabilization period, baseline measurements
were obtained, and animals were randomly assigned to
receive either intravenous Escherichia coli [5.0 x 10% CFU/kg
(in 20 ml), n = 6] or buffered isotonic saline vehicle (control,
n = 6). Bacterial E. coli, serotype O86a:K61, was obtained
from the American Type Culture Collection (33985™;
Manassas, VA, USA), grown up and prepared as detailed
previously (Welty-Wolf et al. 1998). The chosen acute dose
proved to be sublethal for the experimental time period
involved, yet evidence of acute organ injury typical of severe
sepsis was demonstrated in the ileum, liver and heart within
2-4 h post-treatment consistent with that formerly described
(Crouser et al. 1999, 2002, 2002; Joshi et al. 2006). In keep-
ing with the results of Schlag et al. (1992), a dose of
1 x 107 CFU/kg E. coli failed to induce acute organ damage
(data not shown). Approximately half of the E. coli dose was
administered as an intravenous bolus over 1 min with the
remaining half added to the intravenous drip and dispensed
over the succeeding hour. Arterial pCO, (35-40 mm Hg),
PO, (>100 mm Hg) and pH (7.3-7.4), p,O,-to-F,0O, ratio
(600 = 50) and arterial pressure (>90 mm Hg), along with
the relative ileal HbO; content and blood volume, were kept
within normal limits, as detailed elsewhere (Crouser et al.
1999, 2002). At 6 h post-treatment, the experiments were
terminated, and tissue samples were harvested for histologi-
cal and mitochondrial ultrastructural assessments.

Evaluation of ileal oxygen availability

Relative ileal HbO, content and blood volume were mea-
sured at baseline and every 30 min thereafter using in vivo
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reflectance spectrophotometry as reported previously (Crouser
et al. 1999, 2002). A diode-array UV-visible spectrophoto-
meter (model 8452A; Hewlett Packard, Waldbronn, Germany)
equipped with a remote reflectance fibre-optic probe (model
RSA-HP-84F; Labsphere, North Sutton, NH, USA) was
employed. Relative HbO, contents were expressed as a per-
centage of the maximal measurable range in each animal,
established by making similar measurements with the animal
breathing an F;O; of 1.0 at baseline (most oxygenated condi-
tion) and by excising the complete ileal segment at the end of
the experiment (i.e. no further blood flow) and making mea-
surements until tissue oxygen extraction had ended (least
oxygenated condition) (Crouser et al. 1999). Relative
changes in local tissue blood volume were expressed as a per-
centage of the same measurements made at baseline. At least
four determinations of relative HbO, content and blood vol-
ume were made at each time point by making measurements
at randomly selected locations along the ileum.

Light and electron microscopy and evaluation of
mitochondrial injury in the tissues

At 6 h post-treatment, lung and ileal tissue samples (approx-
imately 0.5-2.0 mg) were excised and routinely processed
for light and electron (Phillips CM-12 transmission electron
microscope; Eindhoven, Holland) microscopy evaluation as
discussed elsewhere (Crouser et al. 1999, 2002). For light
microscopy, tissues were formalin-fixed for 72 h, blocked in
paraffin, cut at 4 um, de-paraffinized and then stained with
haematoxylin and eosin. For electron microscopy, tissues
were diced and fixed using 4% paraformaldehyde, 2.5% glu-
taraldehyde and 0.1 M sucrose in 0.1 M phosphate buffer
(pH = 7.4). Specimens were then postfixed in 1% osmium
tetroxide, dehydrated, embedded in Spurr media, cut,
mounted on copper grids and stained with 2% uranyl ace-
tate and Reynolds lead citrate.

Mitochondrial injury was assessed, as previously described
(Crouser et al. 1999, 2002; Joshi et al. 2000), using a scoring
system that is based upon the characteristic ultrastructural
features of mitochondria attendant to the progressive stages
of cellular injury (Trump et al. 1980). For each experiment,
mitochondrial ultrastructure was evaluated at three randomly
selected and widely separated areas for each tissue on each of
two different grids. Two reviewers made the examinations in
a blinded fashion, and the severity of ultrastructural injury
was quantified by determining a composite score (based upon
the scale of 0-3, as shown in Table 1), which represented all
the mitochondria visualized within the high-power micro-
scopy field. Thus, the reported mitochondrial injury score in
each tissue for each experiment was derived from approxi-
mately 20 independent evaluations (i.e. approximately 120
independent evaluations for each tissue per group).

Feline Tumour Necrosis Factor o (TNFa) measurement

Serum from control and E. coli-treated animals was

obtained at baseline and then again at 2, 4 and 6 h post-

Table 1 Mitochondrial injury scoring system based upon the
stages of cellular injury*

Cellular injury Mitochondrial Mitochondrial
stage’ injury score’ characteristics
Stage 1 0.0 Normal appearance

Stage II/1I1 1.0 Swelling of endoplasmic reticulum,

minimal mitochondrial swelling

Stage IV* 2.0 Mild mitochondrial swelling
3.0° Moderate or focal high-amplitude
swelling
4.0 Diffuse high-amplitude swelling

Stage V/VI 5.0 High-amplitude swelling with
mitochondrial flocculent densities

and/or calcifications

*Electron microscopy was used to visualize the extent of mitochon-
drial ultrastructural injury in the lungs and ileum, which was then
quantitatively assessed (Scale of 0-5) based upon the cellular injury
staging system described by Trump ef al. (1980).

fStages and Scores do not directly correlate because indices of cellular
injury other than mitochondrial changes were not taken into consid-
eration during determinations of mitochondrial injury.

Hrreversible cell damage is noted to occur during this stage, and
mitochondrial injury scores >3.0 are predictive of ultimate cell death
(Trump et al. 1980).

treatment. TNFa measurements were made by ELISA utiliz-
ing a mouse monoclonal capture antibody (Clone Mo0199;
Boehringer Mannheim, Indianapolis, IN, USA) and a rabbit
polyclonal detection antibody to human TNFa. This assay is
sensitive to TNFa concentrations 250 pg/ml and is highly
specific for TNFa (Allen et al. 1992). Given that feline
TNFa is known to have 90% homology with human TNFa,
the ELISA specificity remains equally high for accurate
quantification in feline serum samples as well.

Preparation of epithelial cell cultures

Human lungs were collected with approval from The Ohio
State University Institutional Review Board and with patient
consent. Normal, healthy adult donor lungs (7 = 5) were
obtained via open lung biopsy, and then primary human
lung epithelial cells (HLEC) were isolated after enzymatic
dissociation from the trachea, bronchi and bronchioles,
seeded onto collagen-coated, semi-permeable membranes
(0.6 cm?, Millicell-HA; Millipore, Billerica, MA, USA) and
grown at an air-liquid interface, as previously described
(Yamaya et al. 1992; Smith et al. 1996; Bao & Knoell
2006). Human lung epithelial cells were then cultured in a
50:50 mixture of Dulbecco’s Modified Eagle media and
Ham’s F-12 media (D-MEM/F-12; Invitrogen Corp., Carls-
bad, CA, USA), supplemented with 2% Ultroser G
(BioSepra; Villeneuve, La Garenne, France) and multiple
antibiotics [penicillin (100 U/ml), streptomycin (100 pg/ml),
gentamycin (50 pg/ml), fluconazole (2 pg/ml) and ampho-
tericin B (1.25 pg/ml)]. Similarly, Caco-2 cells were cultured
in D-MEM with 20% foetal bovine serum (FBS) supple-
mented with penicillin = (100 U/ml) and streptomycin
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(100 pg/ml) at 37 °C in a 5% CO,-humidified atmosphere.
Forty-eight to 96 h after seeding, the epithelial cells formed
a confluent culture with electrically tight junctions and a
transepithelial resistance >800 Q. The cells were then incu-
bated with ‘cytomix’ (TNFo: 40 ng/ml, IL-1B: 20 ng/ml
and IFNy: 10 ng/ml) (Robbins et al. 1994) for 24-72 h at
37°C in a 5% COj-humidified environment. Human lung
epithelial cells isolated from individual donors were cul-
tured, treated and examined separately; pooling of cells
across donors was never employed.

Determination of cell monolayer resistance and
permeability

Human lung epithelial cells and Caco-2 cell layers, being fed
exclusively from the basolateral aspect, were monitored until
they excluded medium to the apical side. Cytomix was
added to the basolateral side and incubated for the desig-
nated time periods. Barrier function, as reflected by the elec-
trical resistance across the epithelial cell layer (R,), was
measured using a portable ohmmeter (Millipore). Epithelial
barrier integrity was further evaluated by Lucifer yellow
(MW = 457) diffusion. At each time point, Lucifer yellow
(Millipore) was added to the donor (apical) chambers (final
concentration: 0.1 mg/ml) to monitor membrane integrity.
Aliquots (100 pl) were taken from the acceptor (basolateral)
chambers and analysed in a fluorescent plate reader at exci-
tation and emission wavelengths of 425 and 535 nm, respec-
tively (Cytofluor II Fluorescence multiwell plate reader;
PerSeptive Biosystems Inc., Foster City, CA, USA). A thresh-
old value of 20.25%/h of Lucifer yellow flux was used to
denote barriers that were abnormally permeable.

Evaluation of cellular mitochondrial membrane potential

To assess relative changes in mitochondrial membrane
potential (AY) following cytomix treatment, HLEC and
Caco-2 cells were harvested at 24 h post-treatment and
washed with warm PBS. The cells were then resuspended in
1 ml warm PBS at a concentration of 1 x 10° and incubated
with 2 uM JC-1 (Reers et al. 1991) using the MitoProbe™
JC-1 Assay kit (Invitrogen) at 37 °C, 5% CO, for 20 min.
Following a single wash with PBS, cells were resuspended
and analysed by flow cytometry (Becton Dickinson FACS
Calibur; BD Inc., Franklin Lakes, NJ, USA) using a 488 nm
excitation wavelength with 519 nm (FITC-green) and
578 nm (PE-red) emission filters and photographed during
fluorescence microscopy using a standard MF filter (Olym-
pus BX40; Olympus America Inc., Melville, NY, USA). Fifty
micromolar carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), an uncoupler of oxidative phosphorylation, at
37 °C for 5 min served as a positive control.

Assessment of apoptotic epithelial cell death

The presence of active caspase-3 was determined by the
7-amido-4-trifluoromethylcoumarin (AFC) assay using spe-
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cific fluorosubstrates, as detailed previously (Coulter ez al.
2002). For all AFC preparations, 3 x 10° cells were pelleted,
washed with a magnesium sulphate-containing phosphate
buffer and then lysed by multiple freeze-thaw cycles. Lysates
were incubated with either DEVD-AFC [10% glycerol,
50 mM PIPES (pH 7.0), 1 mM EDTA, 1 mM DTT and
20 uM DEVD-AFC (Enzyme Systems Products, Livermore,
CA, USA)] or YVAD-AFC [10% sucrose, 100 mM HEPES
(pH 7.5), 0.1% CHAPS, 10 mM DTT, 20 uM YVAD-AFC
(Enzyme Systems Products)]. The release of free AFC was
determined using a Cytofluor 4000 fluorimeter (PerSeptive
Biosystems Inc., Framingham, MA, USA) employing excita-
tion and emission wavelengths of 400 and 505 nm, respec-
tively.

Statistical analysis

The data were derived from a minimum of five independent
experiments and were expressed as mean = SEM, and statisti-
cal significance was based upon a value of P < 0.05. Sigma-
Plot 10.0 and SYSTAT 12.0 (Systat Software, Inc., Chicago,
IL, USA) software were used to plot the data and carry out
the statistical analyses, respectively. Comparisons of feline
physiological parameters, TNFa levels and ileal mitochon-
drial injury scores were made using one-way analysis of vari-
ance (treatment) with repeated measures (time or replicates).
Lung wet-to-dry ratios, the flow cytometry-derived red-green
fluorescence intensity ratios, bicarbonate administration and
lung mitochondrial injury scores were compared using the
Student’s ¢-test. Relative TER, epithelial permeability and rel-
ative caspase-3 activity measurements were analysed using
two-way ANOVA wherein the P-values of all pairwise compar-
isons were obtained using Tukey’s multiple comparison
method.

Results

Physiological parameters during the experimental
protocol

In accordance with the experimental protocol, resuscitation
was provided to maintain hemodynamic parameters, temper-
ature and blood gas variables within a predetermined nor-
mal range. All physiological
relatively unchanged during the 6-h time period and did not
differ significantly between the two groups (Figure 1). Mean
arterial pressure, p,0,/FO, and ileal oxygenation status
were relatively constant throughout the experiment and did
not vary between E. coli-treated and control groups.

Unlike our previously established LPS model (Crouser
et al. 1999, 2002, 2002; Joshi et al. 2006), only minor
adjustments in minute ventilation, fluid resuscitation and
bicarbonate administration were required through 6 h post-
treatment in this bacteremia model. Positive end-expiratory
pressure was never required, and vasoactive agents were
never employed. There was no significant difference in the
positive inspiratory pressure used (10-15 cm H,O, thus

measurements remained
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Figure 1 (Top) p.Os-to-F{O, ratio and arterial O, content,
(Middle) pH and p,CO, and (Bottom) relative ileal HbO, con-
tent and blood volume of the Escherichia coli-treated and con-
trol groups as measured over time (values are mean = SEM). All
measurements were comparatively stable over the study period,
indicating adequate resuscitation of the E. coli-treated animals
and ample O, availability in the ileal tissues throughout the 6-h
experiment.

avoiding any confounding effects of mechanical injury
related to ventilation itself), the inspiratory FiO, (21%) and
ventilatory frequency required, and the volume of fluid
resuscitation needed over time between the groups. In addi-
tion, minimal supplemental bicarbonate administration was
not different over the 6-h post-treatment period [11.6 = 0.4
and 12.6 = 1.1 mEq (NS), control vs. E. coli-treated, respec-
tively]. However, these conditions did not hold true for
longer experimental time courses. Evaluation much beyond
6 h was not conducted based upon the increasing mortality
rates and enhanced difficulty in maintaining vital function
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Figure 2 Arterial plasma TNFa levels as measured over time in
the control and Escherichia coli -treated groups (values are
mean = SEM). Escherichia coli infusion caused a significant
increase in TNFu levels that peaked at approximately 2 h post-
treatment (*P < 0.01, relative to baseline and time-matched
control group).

status, resulting primarily from vascular leak-induced sys-
temic hypotension and concomitant bicarbonate loss leading
to acidosis, which could not be resolved through the stated
resuscitative methods employed.

Figure 3 Representative light (LM) and electron (EM) photo-
micrographs, respectively, of control (a and b) and E. coli-trea-
ted (c and d) feline lung tissue. No significant difference was
observed in the histological appearance of the alveolar epithe-
lium or the epithelial mitochondrial ultrastructure between the
control and E. coli-treated animals after 6 h. In addition, the
mitochondria (white arrows) appeared intact and did not show
the typical features of cytopathic injury, namely swelling and
loss of cristae. (LM - staining: haematoxylin and eosin; original
magnification: 20x, EM - staining: uranyl acetate and lead
citrate; original magnification: 20,000x).
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Figure 4 Representative light (LM) and electron (EM) photomi-
crographs, respectively, of control (a and b) and Escherichia
coli-treated (c and d) feline ileal tissue. Escherichia coli-treated
specimens (c) demonstrated retraction (black arrow) and occa-
sional loss of villi compared to matching controls (a). In con-
trast to observations in the lungs, dramatic changes in
mitochondrial morphology were evident in the ileum following
E. coli treatment (d), evidenced by mitochondrial swelling with
a loss of well-defined cristae (black arrows). (LM - staining:
haematoxylin and eosin; original magnification: 20x, EM —
staining: uranyl acetate and lead citrate; original magnification:
55,000x).

Arterial TNFo concentrations

Baseline TNFa levels were <200 pg/ml in the controls and
remained low throughout the 6-h study period. As expected,
TNFo levels increased significantly in the E. coli treatment
group and peaked at 2 h post-treatment before returning to
baseline values by 6 h (Figure 2).

Microscopic analyses of feline lung and ileal epithelia
during sepsis

Lung tissue samples harvested 6 h post-treatment and pro-
cessed for light microscopic analysis demonstrated an
increased presence of septal neutrophilia following E. coli
treatment (Figure 3, panels a and c). An average of 50 neu-
trophils per 100x visual field were observed in the lung tis-
sues of the E. coli-treated group ws. <20 per 100x visual
field in corresponding control tissues. Otherwise, no other
differences in the appearance of the lung epithelia were
noted between the groups. Lung wet-to-dry ratios were
5.3+ 0.1 for controls and 6.2 + 0.2 in the E. coli-treated
group (P < 0.05) reflecting mild lung oedema. In addition,
there were no significant ultrastructural alterations of the
lung epithelium, including mitochondria that appeared
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Figure 5 Transepithelial electrical resistance (TER) of human
lung epithelial cells (HLEC) (Top) and Caco-2 (Bottom) mono-
layers exposed to control or cytomix-treated media as measured
over time (values are mean = SEM). Although a transitory drop
in TER was observed in HLEC monolayers 24 h after cytomix
treatment, resistance returned towards control levels thereafter.
Conversely, TER fell progressively over time in Caco-2 mono-
layers, particularly following cytomix treatment (*P < 0.035,
compared to baseline; 'P < 0.05, relative to baseline and corre-
sponding time-matched controls).
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Figure 6 Epithelial permeability to Lucifer yellow of cytomix-
treated human lung epithelial cells (HLEC) and Caco-2 mono-
layers over time (values are mean = SEM). Following cytomix
treatment, epithelial permeability was transiently elevated at

24 h post-treatment in HLEC monolayers compared to match-
ing controls but normalized thereafter. By contrast, Caco-2
monolayers demonstrated a progressive increase in permeability
beginning 48 h after cytomix treatment relative to matching
controls (*P < 0.05, compared to baseline; TP < 0.05, relative to
baseline and corresponding time-matched Caco-2 monolayers).
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Figure 7 (a) Representative fluorescence photomicrographs of
human lung epithelial cells (HLEC) and Caco-2 cells exposed to
the membrane potential-sensitive dye, JC-1, 24 h after cytomix
treatment or in time-matched controls. Orange-red fluorescence
is indicative of cells having a normal elevated mitochondrial
membrane potential (A¥). Human lung epithelial cells appeared
unchanged following cytomix, whereas Caco-2 cells fluoresced
predominantly green, indicative of de-energization, and were
comparable with carbonyl cyanide 3-chlorophenylhydrazone
(CCCP)-treated (positive) cells. (b) Red—green fluorescence
intensity ratio following flow cytometry of HLEC and Caco-2
cells exposed to JC-1 24 h post-treatment with cytomix or in
time-matched controls (values are mean + SEM). Unlike the
HLEC cells, Caco-2 cells demonstrated a significant decrease in
the red-green ratio related to the loss of AY similar to that
observed following CCCP treatment (*'P < 0.01, compared to
matching controls).

unchanged following E. coli treatment (Figure 3, panels b
and d). Mitochondrial injury scores in the lung were
0.60 = 0.09 and 0.65 = 0.12 (NS) at 6 h post-treatment for
the control and E. coli-treated groups, respectively. Histo-
logical analysis of the ileum was notable for retraction of
intestinal villi in the E. coli-treated group; however, the
mucosal layer remained essentially intact (Figure 4, panels a
and c). Furthermore, ultrastructural analyses revealed high-
amplitude mitochondrial swelling in the ileal epithelial cells
of the E. coli-treated group relative to controls (Figure 4,
panels b and d). Specifically, the mitochondrial injury score
in the ileum at baseline was 0.63 = 0.09. However, at 6 h
post-treatment, the corresponding scores were 0.83 = 0.11
(NS) and 3.43 = 0.25 (P < 0.01), respectively, for the con-
trol and E. coli-treated groups.
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Figure 8 Relative caspase-3 activity in control and cytomix-
treated human lung epithelial cells (HLEC) and Caco-2 cells
over time (values are mean = SEM). Although no change in
activity was observed in the HLEC cells over time, a significant
increase in activity was verified in the Caco-2 cells 24 h after
cytomix treatment (*P < 0.05, relative to matching controls)
but not at later time points.

Transepithelial Electrical Resistance (TER) and
permeability changes in response to putative sepsis
mediators (cytomix)

In vitro analyses were performed to detect changes in TER in
both lung (HLEC) and intestinal (Caco-2) epithelial monolay-
ers over time in response to cytomix. TER was significantly
reduced in HLEC monolayers at 24 h post-treatment relative
to matched untreated controls but gradually returned towards
baseline conditions becoming fully restored after 72 h
(Figure 5). In contrast, Caco-2 monolayers demonstrated a
progressive decline in TER over time becoming significant
48 h after cytomix exposure (Figure 5), corresponding with
an ever-increasing permeability to small molecules (Figure 6).

Mitochondrial membrane potential (AV) in HLEC and
Caco-2 epithelial cells following cytomix

Relative changes in mitochondrial AW, as reflected by the
alterations in the red—green fluorescence intensity ratio fol-
lowing exposure to the membrane potential-sensitive dye,
JC-1, were determined in HLEC and Caco-2 epithelial cells
24 h after cytomix. No significant change in mitochondrial
AY was observed in the lung epithelial cells. However, intes-
tinal epithelial cell mitochondrial AY was dramatically
diminished, consistent with a decreased red-green intensity
ratio comparable with that induced by the positive control,
CCCP (Figure 7).

Apoptosis following cytomix treatment

Increased programmed cell death, as reflected by an elevated
caspase-3 activity, was evaluated over time in the HLEC
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and Caco-2 epithelial cells following cytomix treatment. No
significant change in relative caspase-3 activity following
cytomix was observed in the lung epithelial cells within 72 h
post-treatment. However, enhanced apoptosis, indicated by
an increased relative caspase-3 activity, was demonstrated in
the intestinal epithelial cells 24 h after cytomix treatment
but was unchanged from matching untreated controls there-
after (Figure 8).

Discussion

These investigations show for the first time that lung epithe-
lium, compared with intestinal epithelium, is resistant to
mitochondrial injury in the context of acute severe sepsis.
The in vivo studies showed that intestinal epithelial injury,
characterized by altered mitochondrial morphology, is an
early occurrence during severe bacteremic sepsis; however,
the lung epithelium is preserved (Figures 3 and 4). In keep-
ing with preserved lung morphology, pulmonary gas
exchange was unchanged during the acute phase of sepsis
(Figure 1). However, it was unclear from the in vivo investi-
gations whether the relative resistance of the lung epithelium
to sepsis relates to intrinsic cellular properties or is depen-
dent upon other variables, such as differences in regional
blood flow, inflammatory cell activation or the absence of
bacteria (which is present in the intestinal lumen).

The in vitro model provided for a more sustained
exposure to putative sepsis mediators while controlling for
potentially confounding environmental variables, such as
ambient oxygen tension, cytokine concentrations or regional
bacterial populations. Under identical experimental condi-
tions, cultured lung epithelial cells were shown to be more
resistant to pro-inflammatory cytokine-mediated mitochon-
drial dysfunction compared with intestinal epithelial cells.
Although mitochondrial damage can trigger cell death,
changes in mitochondrial function (Figure 7) were not asso-
ciated with significant cell death under our experimental
conditions, as reflected in the relative caspase-3 activity (Fig-
ure 8), but did precede changes in barrier function, as indi-
cated by the decreased TER (Figure 5) and increased
permeability (Figure 6) to small molecules.

Certain organs are known to be highly susceptible to
injury during critical illness. It has long been recognized that
the intestinal epithelium is prone to damage during condi-
tions modelling sepsis, even when controlling for blood flow
(i.e. tissue oxygenation) (Crouser et al. 1999, 2002), and
intestinal epithelial injury is believed to participate in the
propagation of systemic inflammation by promoting the
invasion of microorganisms or the translocation of bacterial
products (Fink & Delude 2005). Likewise, lung epithelial
integrity is thought to influence susceptibility to infection
(i.e. barrier function) (van Kaam et al. 2004) and alveolar
fluid accumulation in the context of ALI (Berthiaume &
Matthay 2007). In keeping with the previous investigations
performed in humans who had died from sepsis (Hotchkiss
et al. 1999), this study demonstrated the ileum to be prone
to acute damage; however, the lung was relatively resistant
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at least during the initial stage of sepsis. Moreover, the mito-
chondrial ultrastructural changes in the liver (not shown)
and ileum (Figure 4), including high-amplitude swelling and
loss of mitochondrial cristae integrity, conform to those
described previously in these tissues in humans (Cowley
et al. 1979; Watanabe et al. 2009) and animals (Crouser
et al. 1999, 2002, 2002; Joshi et al. 2006) during severe sepsis
or acute endotoxemia.

Although sepsis is a significant cause of AL the lung epi-
thelial barrier was shown to resist injury, at least in the
acute phase of severe bacteremic sepsis. Our findings are
consistent with the previous studies, which found lung epi-
thelial cells to be resistant to pro-inflammatory mediators
(e.g. TNFa, IFNY), unless the cells are rendered susceptible
to injury by other factors, such as zinc depletion (Bao &
Knoell 2006) or alcohol exposure (Brown et al. 2001). This
would explain why a minority of patients presenting with
sepsis develop severe ALI (Fein et al. 1983; Pittet et al.
1999; Vincent & Zambon 2006); whereas, the risk of ALI
increases when a second risk factor is present, such as alco-
holism (Moss et al. 1996), zinc depletion (Knoell et al.
2009) or ventilator-induced lung injury (ARDSnetwork,
2000; Frank et al. 2003). Presumably, there are a number of
comorbid conditions contributing to sepsis-induced ALI in
humans that are yet to be identified.

The incidence of intestinal epithelial damage and related
changes in function during sepsis is difficult to determine
because sensitive clinical diagnostic clinical tools are lacking.
However, early postmortem examination of septic humans
demonstrated that the intestinal mucosa is particularly prone
to cytopathic changes (Hotchkiss e al. 1999; Berthiaume &
Matthay 2007). This conforms to the common association
of sepsis with altered gut motility and absorption (Johnston
et al. 1996; Ritz et al. 2000; Overhaus et al. 2004) and sup-
ports the notion that the gut is the ‘motor’ of MODS, relat-
ing to epithelial damage, translocation of bacteria and
bacterial products and the perpetuation of innate immune
responses (Swank & Deitch 1996; Husain & Coopersmith
2003). Moreover, intestinal epithelial damage alters the
capacity to provide nutrient support, thereby contributing to
nutritional deficiencies in the setting of sepsis (Johnston
et al. 1996; Ritz et al. 2000). Thus, further investigations
into the mechanisms of intestinal epithelial injury are war-
ranted.

Changes in intestinal barrier function are preceded by
changes in the mitochondrial energy state (electrochemical
gradient) in vitro. JC-1 is a fluorescent cationic dye that is
rapidly sequestered within energized mitochondria, forming
red-fluorescing aggregates. In contrast, when the mitochon-
dria become de-energized, JC-1 remains in the cytoplasm in
a monomeric form, which fluoresces green. Hence, the ratio
of red to green fluorescence reflects the mitochondrial ener-
gization status (Huang ez al. 2007). Using this sensitive
approach, we observed that cytomix-treated gut epithelial
cells exhibited mitochondrial de-energization within 24 h,
whereas lung epithelial cells did not. Mitochondrial damage
and dysfunction are well documented in various tissues,
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including the intestinal epithelium, in various models of
sepsis (Cowley et al. 1979; Hersch et al. 1990; Crouser
et al. 1999; Watts et al. 2004; Berthiaume & Matthay 2007;
Watanabe et al. 2009). Mitochondrial mechanisms are
believed to explain the high rate of intestinal epithelial apop-
tosis observed during sepsis (Coopersmith et al. 2002) and
are expected to result in reduced ATP-dependent functions,
including the maintenance of tight junctions and ion trans-
port (Santa Cruz et al. 2005). Mitochondrial de-energization
corresponded with subsequent alterations in intestinal epi-
thelial barrier function, as reflected by reduced TER and
increased permeability, such as is observed when epithelial
cells are exposed to metabolic toxins (Santa Cruz et al.
2005). The dramatic increase in permeability to small mole-
cules and reduction in TER observed in the Caco-2 cells
72 h after cytomix in the absence of significant ongoing cell
death could be explained by the disruption of intercellular
tight junctions.

Recent studies indicate that cellular bioenergetics strongly
influences epithelial barrier functions, particularly with
respect to tight junctions. Conditions favouring moderate
levels of ATP depletion, such as sustained hypoxia or inhibi-
tion of glycolysis, are sufficient to promote altered intestinal
epithelial permeability and disruption of tight junctions
(Unno et al. 1996). Mechanistically, Zheng and Cantley
recently demonstrated that epithelial tight junction assembly
and disassembly is tightly regulated by AMP-activated pro-
tein kinase (AMPK). More specifically, the activity of AMPK
is modulated by the cellular ATP/AMP ratio with lower
ratios favouring disassembly of tight junctions (Zheng &
Cantley 2007). Other possible mechanisms linking loss of
epithelial barrier function to mitochondrial dysfunction
include impaired ATP-dependent pump functions (Sugi et al.
2001) or increased mitochondrial oxidant production. With
respect to the latter, oxidant stress is known to elicit remod-
elling of actin filaments leading to loss of barrier function
(Boardman et al. 2004), and epithelial mitochondria are
shown to produce higher levels of oxidants in response to
putative sepsis mediators (Brown et al. 2001). Although
altered ATP flux was not specifically addressed in these stud-
ies, the observed alterations in ultrastructure (in vivo) and
function (in wvitro) of intestinal mitochondria, the primary
and most efficient source of ATP (compared to glycolysis),
would predispose to ATP depletion such as is documented
in other tissues during sepsis (Brealey et al. 2002). These
bioenergetic mechanisms are likely modified by other factors
known to regulate epithelial permeability, such as nitric
oxide (Han et al. 2004), which could explain the observed
transient reduction in HLEC resistance (Figure 5) and corre-
sponding increase in HLEC permeability following cytomix
treatment (Figure 6).

Additional investigations are needed to determine why the
intestinal epithelium is more prone to damage and sustained
dysfunction relative to the lung epithelium during sep-
sis/acute inflammation. Based upon the in vitro investiga-
tions, wherein the concentrations of cytokines, oxygen
tension and other variables were carefully controlled, it is

evident that intestinal epithelial injury is not merely
explained by regional differences in oxygen tension (e.g.
blood flow), inflammatory cell infiltration or the proximity
to bacteria, which are variables that must be considered
in vivo. Possible explanations for the greater sensitivity of
the intestinal epithelium to sepsis and putative sepsis media-
tors (e.g. cytomix) include differences in oxidant/anti-oxi-
dant balance or enhanced sensitivity to the effects of
pro-inflammatory mediators such as [FNy (Sugi et al. 2001)
or TNFa (Fries et al. 2008).

There are several notable study limitations to be recog-
nized. The large animal model, which requires continuous
monitoring and resuscitation to normalize physiological vari-
ables, does not allow us to model subacute lung injury; how-
ever, this was not the goal of the in vivo investigations. We
were primarily interested in determining whether the intesti-
nal mucosa was more susceptible to injury than the lung epi-
thelium in the context of ‘resuscitated’ sepsis, wherein
variables such as blood gases and pH, blood pressure, oxy-
genation and body temperature were optimized, as is the
standard in clinical practice. Maintaining these variables
was part of the study design given that previous studies
showed that ischaemia promotes epithelial barrier dysfunc-
tion (Sun et al. 1998) and mitochondrial damage (Madesh
et al. 2000). Likewise, acidosis promotes mitochondrial
swelling and related cellular de-energization (Kristian et al.
2001). The in vitro model (i.e. cytomix) does not exactly
model conditions of sepsis but provides for reproducible
exposure to the putative pro-inflammatory mediators of sep-
sis, which are known to contribute to cytopathic events. In
particular, cytomix has been used extensively to model epi-
thelial responses during acute inflammation (Han et al.
2004; Bastarache et al. 2007; Wang et al. 2008). Another
potential limitation relates to the comparison of primary
lung epithelial cell (HLEC) responses to those of an immor-
talized human intestinal epithelium cell line (Caco-2). Cul-
tured primary human lung epithelial cells optimally
represent the intact human lung epithelium. In lieu of pri-
mary gut epithelial cells, Caco-2 cells are considered to most
closely approximate primary intestinal epithelium in terms
of in vitro modelling (Sambuy et al. 2005; Shah et al. 2006),
including preclinical pharmaceutical and toxicological test-
ing (Meunier et al. 1995). Furthermore, when comparing the
cytomix-induced responses of HLEC and Caco-2 cells to the
epithelial pathology during gram-negative sepsis, the results
are comparable in that both models show the intestinal epi-
thelium to be more susceptible to injury, with evidence of
early mitochondrial alterations.

In summary, this study confirmed that the intestinal epi-
thelium is prone to injury during gram-negative bacteremia
and that mitochondrial damage is an early manifestation.
Under conditions modelling acute inflammation iz vitro (i.e.
cytomix), reduced mitochondrial transmembrane electro-
chemical gradient (de-energization) corresponded with sub-
sequent impairment of intestinal epithelial barrier function.
In contrast, the lung epithelium was resistant to both mito-
chondrial and barrier dysfunctions under these conditions.
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We speculate that mitochondrial dysfunction (e.g. impaired
ATP production and/or increased ROS formation) may con-
tribute to altered intestinal epithelial barrier function in the
setting of sepsis. To the extent that changes in intestinal epi-
thelial function equate with adverse clinical outcomes (e.g.
bacterial translocation, impaired absorption of nutrients), it
follows that cytoprotective strategies would hold promise
for improving outcomes in sepsis. Indeed, recent studies sug-
gest that interventions designed to protect intestinal epithe-
lial mitochondria are beneficial in the context of sepsis
(Coopersmith et al. 2002; Crouser et al. 2002). Future stud-
ies designed to determine why lung epithelium is relatively
resistant to injury in the context of acute inflammation may
lead to the discovery of novel therapeutic targets.
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