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Abstract
Mitochondrial biogenesis protects metabolism from mitochondrial dysfunction produced by
activation of innate immunity by lipopolysaccharide (LPS) or other bacterial products. Here we tested
the hypothesis in mouse heart that activation of toll-like receptor-4 (TLR4), which induces early-
phase genes that damage mitochondria, also activates mitochondrial biogenesis through induction
of nitric oxide synthase (NOS2). We compared three strains of mice: wild type (Wt) C57BL/6J,
TLR4−/−, and NOS2−/− for cardiac mitochondrial damage and mitochondrial biogenesis by real-time
RT-PCR, Western analysis, immunochemistry, and isoform analysis of myosin heavy chain (MHC)
after sub-lethal heat-killed E. coli (HkEC). After HkEC, Wt mice displayed significant myocardial
mtDNA depletion along with enhanced TLR4 and NOS2 gene and protein expression that normalized
in 72h. HkEC generated less cytokine stress in TLR4−/− and NOS2−/− than Wt mice, and NOS2−/−

mice had mtDNA damage comparable to Wt, both knockout strains failed to restore mtDNA copy
number because of mitochondrial transcriptosome dysfunction. Wt mice also showed the largest β-
MHC isoform switch, but MHC recovery lagged in the NOS2−/− and TLR4−/− strains. The
NOS2−/− mice also unexpectedly revealed the co-dependency of TLR4 expression on NOS2. These
findings demonstrate the decisive participation of NOS2 induction by TLR4 in optimization of
mitochondrial biogenesis and MHC expression after gram negative challenge.
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Introduction
Cardiovascular collapse and microvascular deregulation are two major consequences of severe
sepsis that lead to shock and poor tissue perfusion. Even after resuscitation, nearly half of
patients with severe sepsis die from multiple organ dysfunction syndrome (MODS), the most
common cause of death in the critically ill [1]. Earlier studies have implicated mitochondrial
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dysfunction in the pathogenesis of organ damage and failure in sepsis by mechanisms that are
not yet well understood [2].

The innate immune response provides the initial defense against sepsis; for instance, gram-
negative microbes activate Toll-like receptor-4 (TLR4) by recognition of lipopolysaccharide
(LPS). LPS binds TLR4 in conjunction with LPS-binding protein and CD14 to activate nuclear
factor-κB (NF-κB) and major pro-inflammatory pathways [3–6]. The early phase, mediated
by Toll-IR-1R (TIR) and the MyD88 adaptor protein, promotes gene expression for
inflammatory cytokines such as TNF-α and IL-1β, as well as the inducible nitric oxide synthase
(NOS2) [6,7]. These events generate reactive oxygen and nitrogen species (ROS, RNS) which
inhibit respiration, damage mitochondrial DNA (mtDNA), and decrease mtDNA copy number
[8–10]. The early phase of sepsis is also associated with cardiac depression, thus implicating
TLR4 in the cardiovascular dysfunction [11,12]. Affirmatively, TLR4-deficient mice are
protected from mitochondrial dysfunction and cardiomyocyte impairment [13] and LPS-
induced shock [14].

To counteract microbial challenges, multiple host genes are induced that are needed to maintain
oxidative phosphorylation, mitochondrial DNA transcription and replication, and
mitochondrial biogenesis. Under these conditions, compensatory mitochondrial biogenesis is
driven in part by TLR4-dependent ROS production, consistent with the antipodal effects of
oxidative stress on mitochondria [15]. Thus, mitochondrial ROS production is not only a cause
of oxidative damage, but a signal to activate mitochondrial biogenesis. The molecular program
is regulated at the transcriptional level by the nuclear respiratory factors (NRF-1 and NRF-2),
the PGC-1 family of co-activators, and the mitochondrial transcription factor, Tfam [16,17].
Its failure is presumed to lead to cell dysfunction and delayed organ recovery due to mtDNA
damage and disturbances in oxidative phosphorylation [18,19].

The main source of NO in sepsis is NOS2, and NO overproduction is known to depress
mitochondrial and cardiac function, may impair cardiomyocyte survival, and has been linked
to heart failure and poor clinical outcomes [20–22]. However, NOS2 also confers protective
anti-apoptotic effects [23]; for instance, NOS2 induction by TLR4 is required for functional
rescue and survival of cardiomyocytes after LPS [24]. In other settings, NOS3 and NOS1
protect the cell by initiating mitochondrial biogenesis by activation of guanylate cyclase and
cGMP-dependent PGC-1α expression [25–29]. However, no comparable role for NOS2 in
cardiac protection has been identified.

Because LPS stimulates NO production via TLR4 activation, we tested the hypothesis that
TLR4 and NOS2 interact to provide cardiac mitochondrial protection in mice challenged with
E. coli. We expected that TLR4-dependent NOS2 up regulation would improve the expression
of critical proteins required for transcriptional regulation of mitochondrial biogenesis,
including NRF-1, PGC-1α, and Tfam. Furthermore, we hypothesized that the mitochondrial
response to TLR4 and NOS2 stimulation would be integrated functionally with isoform
switching in the myosin heavy chain (MHC). To investigate these ideas, we evaluated cardiac
mitochondrial damage and quantified mRNA and proteins involved in regulating
mitochondrial biogenesis in wild type and TLR4- and NOS2-deficient mice before and after
acute systemic administration of heat-killed E. coli (HkEC).

Materials and Methods
Animal studies

TLR4−/− mice were generously provided by Dr. S. Akira of Osaka University [30,31] then
speed congenically backcrossed onto a C57BL/6J background. NOS2−/− and Wt C57BL/6J
mice were purchased from Jackson Laboratories (Bar Harbor, ME) and the NOS2 mice bred
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at our institution. For immunofluorescence studies, we used transgenic reporter mice that
express green fluorescent protein (GFP) exclusively in mitochondria (mtGFP-tg), a gift from
Hiroshi Shitara and Hiromichi Yonekawa of Tokyo Metropolitan Institute of Medical Science
[32]. Mice were kept in pathogen-free housing on α-dry bedding and studies were conducted
with 20–25 g males on approved protocols that conform to the NIH Guide for the Care and
Use of Laboratory Animals.

Live bacteria were prepared from lyophilized E. coli (serotype 086a:K61, American Type
Tissue Culture Collection, Rockville, MD) as described [33], carefully heat-inactivated to
avoid disruption, and stored at −80°C until use. These inactivated bacteria (HkEC) were thawed
once and diluted with sterile 0.9% NaCl to a concentration of 1 × 107/ml and 0.5 ml
administered by single intraperitoneal injection to groups of 3 to 6 mice per time point.
Preliminary studies showed that this sub-lethal dose of bacteria produces minimal depression
of peak respiration in isolated cardiac mitochondria and is below the threshold for
cardiomyocyte necrosis in these mouse strains.

Cardiac harvest
Mice injected with HkEC were killed under anesthesia at 0, 6, 24, 48, and 72 hours and the
hearts collected immediately. The hearts were flash frozen in liquid nitrogen for all mRNA
and protein analysis and stored at −80°C until processed. Hearts for immunofluorescence
studies were fresh-fixed in 10% formalin for 24 hours and then stored in 70% ethanol and
phosphate buffered saline until processed as described below.

Real-time PCR and gene expression
Total cardiac RNA was isolated from tissue using Trizol Reagent (Invitrogen, Carlsbad, CA)
and cDNA synthesized using the SUPERSCRIPT Choice System Kit (Invitrogen). Mouse
specific primers and probes [Table 1] were designed using Primer Express (Applied
Biosystems, Branchburg, NJ). Reactions to quantify per sample levels of TNF-α, IL-6,
IL-1β, ICAM-1, NOS2, ND1, and COX1 were carried out on a 7700 Sequence Detector System
(Applied Biosystems) as described [10]. β-MHC and TLR-4 mRNA expression was
determined as described [34] using gene-specific primer pairs [Table 1]. Each sample was
assayed in triplicate and mean values reported. The RNA data were normalized to 18S rRNA
expression levels.

Mitochondrial isolation, respiration, and DNA copy number
Intact mitochondria were isolated from fresh hearts using sucrose density centrifugation [16].
Respiration was measured at 35°C in water-jacketed cuvettes with calibrated polarographic
oxygen electrodes (Diamond General, Ann Arbor, MI) using 0.5 mM ADP and either succinate
(5mM) or malate + glutamate (2.5 mM each) as substrates. MtDNA was isolated from intact
mitochondria [15,34] and the copy number quantified using real-time PCR for cytochrome b
(cyt b) as described [10]. Samples were analyzed in triplicate and the mtDNA copy number
per nanogram total cellular DNA was reported by logarithmic expression relative to known
DNA standards.

Western blot analysis
To prepare cardiac tissue for Western blotting, hearts were divided longitudinally so that atrial
and ventricular tissues were represented in each sample. Proteins were separated by SDS-
PAGE and transferred to PVDF membranes for Western analysis [16,34]. Membranes were
incubated with validated polyclonal or monoclonal antibodies against PGC-1α, NRF1, Tfam,
Pol-γ, CD68, Akt, pAkt, AMPK, and p-AMPK (Santa Cruz Biotechnology, Santa Cruz, CA).
Anti-tubulin or β-actin (1:1000; Sigma) was used as a loading control. After three washes in
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TBST, membranes were incubated in HRP-conjugated goat anti-rabbit or anti-mouse IgG
(Amersham) at 1:2000 or 1:5000 dilutions, respectively. Blots were developed with ECL and
proteins quantified by densitometry of digitized images from the mid-dynamic range and
expressed relative to β-actin or tubulin.

Immunofluorescence microscopy
Four-micron, formalin-fixed, paraffin-embedded cardiac sections were processed for
immunostaining as described [35]. Anti-TLR4 (StressGen) and anti-NOS2 (Upstate) primary
antisera were used at a working dilution of 1:100. Anti-CD68 antibody (Santa Cruz) was used
at 1:50 dilution. Conventional fluorescence images were obtained using a Nikon Microphot-
FXA fluorescence microscope. MtGFP-tg was visualized in green fluorescence and all other
proteins in red fluorescence.

MHC isoform analyses
Samples of the heart were prepared as described by Suliman et al [35]. MHC isoforms were
separated via SDS-PAGE using 4% acrylamide-bis stacking gels and 8% separating gels. Gels
were scanned using QuantityOne Software (Bio-Rad).

Statistics
Group values are expressed as means ± SD. The n values refer to independent samples. Data
analyses were performed using commercial software and Student’s unpaired t-test or ANOVA
followed by Fisher’s post hoc exact test. Regression analyses were performed using Statview
(SAS, Version 5.0.1). A P < 0.05 was considered significant.

Results
TLR4 and NOS2-dependent cardiac cytokine responses to HkEC

The early induction of IL-1β, IL-6, ICAM-1 and TNF-α after HKEC in Wt mice was robust,
but detectable changes in cytokine and chemokine expression had dissipated by 72 h. These
effects were abrogated in TLR-4 −/−mice, and in the iNOS−/− mice, the induction of IL-1β,
IL-6, ICAM-1 and TNF-α was delayed and dampened compared with Wt mice but statistically
significant (Fig. 1). In TLR4−/− mice, the early (6 h) TNF-α response was blocked, but a minor
late TNF-α response was seen that was not present in Wt (Fig. 1A). This suggested that
HkEC activated more than one cardiac cytokine pathway, of which only the earliest is TLR4–
dependent.

Mitochondrial damage and recovery after HkEC challenge
Because contractile cardiac myocytes require ATP continuously, even moderate mitochondrial
damage adversely affects cardiac performance. Real-time PCR confirmed that E. coli challenge
induces mtDNA damage and decreases mtDNA copy number in the murine heart [16]. In Wt
mice, mtDNA copy number fell significantly 24h after HkEC exposure but recovered fully by
72h (Fig. 2A). TLR4−/− mice, consistent with their limited cytokine response, demonstrated
no significant change in mtDNA copy number until 72h, suggesting the late mtDNA damage
is TLR4-independent. Conversely, NOS2−/− mice showed a fall in mtDNA copy number
comparable to Wt but failed to recover at 72 h. This implies that NOS2 induction, although
not crucial to mtDNA damage, is critical to restore mtDNA copy number in sepsis.

Changes in mtDNA function were evaluated by real-time RT-PCR of mRNA expression for
two mtDNA-encoded components of the electron transport chain, COX1 (Complex IV) and
ND1 (Complex I). In Wt mice, exposure to HkEC up regulated COX1 and ND1 gene expression
in both the mtDNA damage and the recovery phases (Fig. 2B, C). COX1 and ND1 mRNA
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expression continued to rise in Wt mice for 72h but did not increase significantly in TLR4−/−

or NOS2−/− mice. This reflected the patterns of mtDNA damage, as mtDNA transcription is
necessary to compensate for loss of mtDNA-encoded proteins. These data imply that cardiac
mtDNA transcription is similarly impaired in TLR4-and NOS-deficient mice. Because TLR4-
dependent NOS2 expression is involved in up-regulation of mitochondrial transcriptosome
proteins (see below), we measured State 3 respiration in isolated cardiac mitochondria from
Wt and NOS2−/− mice and noted comparable functional loss and reversibility after E. coli
challenge (Fig. 2D); however recovery of respiration in the NOS2−/− mice occurs at a lower
mtDNA copy number, indicating the mice still had the reserve to recover from a single limited
insult.

TLR4-dependent NOS2 up-regulation supports mitochondrial transcriptosome expression
in the heart

To understand how TLR4-dependent NOS2 up-regulation activates cardiac mitochondrial
biogenesis we measured two regulatory proteins of the mitochondrial transcriptosome in the
hearts of TLR4−/− and NOS2−/− mice. Figure 3A indicates that HkEC induces the accumulation
of mitochondrial Tfam and Pol-γ protein by 24h in Wt but not TLR4−/− or NOS2−/−mice. These
responses preceded recovery of mtDNA copy number in Wt mice at 72h (Fig. 2A). Moreover,
nuclear protein for the key regulators of mitochondrial biogenesis, NRF-1 and the PGC-1α co-
activator also increased significantly by 24h in Wt but not TLR4−/− or NOS2−/− mice (Fig.
3B).

Among the upstream regulators of NRF-1 and PGC-1α are two pro-survival kinases, Akt and
AMPK. Increased cardiac AMPK and Akt activity in Wt mice 6h after HkEC was demonstrated
by increases in phospho- to total protein by Western blot (data not shown); however, both
TLR4−/−and NOS2−/− mice failed to activate these kinases significantly after HkEC challenge.
Thus, NOS2 is integral to activation of important downstream pro-survival kinases for
mitochondrial biogenesis after TLR4 activation.

Cardiac TLR-4 protein expression after HkEC-induced mitochondrial damage
To localize TLR4 expression in cardiac tissue and evaluate its association with loss of
mitochondrial mass after HkEC, we used COX8 mitochondrial-targeted GFP transgenic
reporter mice (green fluorescence) to visualize cardiac mitochondria and then stained the
sections with anti-TLR4 polyclonal antibody (red fluorescence) as shown in Figure 4A. These
reporter mice show a loss of cardiomyocyte mitochondrial mass at 6 and 24h after HkEC
challenge which recovers by 72h (Fig. 4A, a–e). The GFP reporter is constitutively imported
into mitochondria on a leader sequence for COX8. Because the mitochondria are green at the
time of damage, and mitochondrial turnover is normally slow, the loss of GFP signal in 6 to
24 h reflects the damage and its clearance (mitophagy). And provided the myocyte nucleus is
transcriptionally-competent and the mRNA translated, GFP signal recovery is a measure of
effective mitochondrial biogenesis, including protein importation.

In the control hearts, TLR4 staining is seen at low intensity in vascular endothelium but not in
deep myocardium (Fig. 4A, f). Six hours after HkEC administration, TLR4 localizes to the
plasma membranes of mononuclear cells and the endothelial cells lining intramyocardial
vessels (Fig. 4A, g). By 24 hours, TLR4 expression is extensive and observed primarily at the
sarcolemma (Fig. 4A, h). Furthermore, scattered foci of intense TLR4 staining are noted in
contiguous cardiomyocytes, which is absent in sections from control hearts. Not shown is that
this focal staining is inhibited by pre-incubation with the hTLR4-peptide and not observed with
control antiserum. In the reporter mice, the decrease in mitochondrial fluorescence at 6h (Fig.
4A, b) is accompanied by enhanced TLR4 fluorescence (Fig. 4A, h), which associates
mitochondrial damage with TLR4 expression. Subsequently however, TLR4 is further up
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regulated as mitochondrial mass is restored (Fig. 4A, d–e), connecting TLR4 expression
temporally with mitochondrial biogenesis after gram-negative challenge.

The NOS2 expression pattern in the mitochondrial reporter mice was also checked, and NOS2
was absent or minimally detectable in the vascular walls of controls (Fig. 4B, f). After
HkEC, NOS2 expression substantially increased primarily in the vascular wall—endothelial
and smooth muscle cells, peaking at 24h and reverting to baseline by 72h (Fig. 4B, f–j). Less
prominent but clearly present NOS2 was found in the sarcoplasm at 6, 24 and 48 h. These
increases in NOS2 corresponded temporally to the changes in TLR4 expression. No
appreciable influx of activated macrophages was found to explain the NOS2 signal in Wt hearts
by Western blotting for CD68 (data not shown).

NOS2 promotes cardiac TLR4 expression after HkEC-treatment
To determine if TLR4 up regulation requires NOS2, we measured TLR4 gene expression by
semi-quantitative RT-PCR in Wt and NOS2−/− mice. In Wt mice, TLR4 mRNA increased
within 6h of HkEC, peaked by 24h, and had returned toward baseline by 72h (Fig. 5A).
However, NOS2−/− mice exhibited delayed TLR4 expression, suggesting that NO produced
by vascular NOS2 induction is involved in the rapid and robust up regulation of TLR4 by
HkEC challenge.

To correlate NOS2 gene expression with mitochondrial biogenesis, we compared NOS2
mRNA levels in the mice by real-time RT-PCR. In Wt mice, cardiac NOS2 mRNA increased
almost three-fold by 6h and seven-fold by 24h after HkEC (Fig. 5B). Conversely, NOS2 mRNA
level remained at basal levels in the TLR4−/− mice and was expectedly undetectable in the
NOS2−/− strain. A lack of NOS2 induction in TLR4−/− mice confirms regulation by TLR4,
ostensibly via MyD88 and NF-κB.

HkEC increases β-MHC mRNA in the heart
The fetal-neonatal genes encoding β-MHC are pathological markers for functional myocardial
damage [36]. To establish a MHC isoform switch, adult mice from the three strains were treated
with HkEC and tissues processed for semi-quantitative RT-PCR or silver staining. In Wt mice,
β-MHC mRNA content increased significantly 24h after HkEC administration (P<0.02, Fig.
6A). By comparison, the β-MHC response in NOS2−/− and TLR4−/−mice was diminished
relative to Wt, but both knockout strains maintained a significant isoform switch (P<0.05),
even 24h after HkEC (Fig. 6A). The changes in mRNA levels reflected MHC protein
expression, as shown in Fig. 6B. In Wt hearts, β-MHC protein was strongly up regulated 24h
after HkEC and returned to normal by 72h. In contrast, NOS2−/− and TLR4−/− mice showed
less prominent increases in β-MHC at 24h that persisted after 72h. However, minimal variations
in α-MHC expression were found in these mice after they had received HkEC (Fig. 6B). This
implies that although TLR4-dependent NOS2 expression contributes to cardiac dysfunction in
sepsis, NOS2 is essential to avoid compromising the energy balance.

Discussion
The pathogenesis of cardiac damage by activation of the TLR4-dependent host inflammatory
response involves NF-κB-dependent release of early-phase cardio-depressive cytokines and
excessive production of cellular ROS and RNS [11]. NOS2 is rapidly up-regulated, yet there
is limited evidence that it protects the heart; instead nitrosative damage is thought to impair
oxidative phosphorylation and reduce contractile function [11,37]. Although NO is known to
help regulate energy capacity through mitochondrial biogenesis, which is vital to avoid
apoptosis and necrosis, the impact of inflammatory NOS2 induction has been unknown.
Previously, it was known only that loss of TLR4 activation after LPS-mediated inflammation
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in vivo leads to impaired hepatic mitochondrial biogenesis [10], but no role for NOS2 was
detailed.

Using combined molecular and histological approaches in another organ, the heart, this study
confirms that TLR4 activation by LPS-bearing organisms contributes both to mitochondrial
damage and biogenesis, and extends two important aspects of our understanding of molecular
pathogenesis in the host. First, TLR4-dependent NOS2 expression participates in the activation
of the nuclear transcription factors required for mitochondrial biogenesis. Second, NOS2
promotes TLR4 expression, and the absence of NOS2 delays the recovery of cardiac
mitochondrial mass after mitochondrial damage and prolongs the persistence of the myocyte
fetal β form of MHC relative to the wild type.

It is well known that LPS binding to TLR4 activates NF-κB, signaling, which regulates multiple
downstream pro-inflammatory pathways, but not that several intersect with mitochondrial
biogenesis. The normal heart responds to LPS by increasing pro-survival kinase activity and
mRNA and protein expression for nuclear transcription factors (NRF-1, NRF-2), the
PGC-1α co-activator, and mitochondrial transcriptosome proteins (Tfam, Pol-γ) [16]. These
molecular events help restore mtDNA copy number and mitochondrial gene transcription in a
TLR4-dependent manner [10]. Here in normal mice we confirm that gram negative challenge
depletes cardiac mtDNA, in part through NOS2 up-regulation, and report that the loss of
mtDNA copy number and fall in transcription are quickly reversed by the expression of genes
involved in mitochondrial biogenesis, reflected by the timing of restoration of cardiac
mitochondrial mass in reporter mice. Since this transient injury model produces little or no
cardiac cell death, our interpretation of the reversible fall in the reporter signal is parsimonious.
Moreover, the NOS2−/− mouse data provide the first indication that after activation of innate
immunity the transcriptional program for mitochondrial biogenesis is optimized by NOS2.
Although TLR4 does regulate NOS2 expression via MyD88-dependent NF-κB signaling, we
also found that TLR4 is not fully expressed in NOS2-deficient mice after HkEC for reasons
not elucidated in this study.

NOS2 over-expression protects serum-deprived cardiomyocytes against apoptosis [24], and
protects against cardiac ischemia-reperfusion [38], and the mechanisms appear to involve
NOS2 induction by NF-κB [5,39], as well as TNF-α and certain interleukins [40]. Because
LPS cytokine production lags in NOS2-deficient mice, direct inflammatory damage is limited,
yet as reported by Zhu et al., TLR4-dependent stress survival in cardiomyocytes does require
NOS2 [24]. Moreover, in this study, NOS2-deficient mice challenged with HkEC fail to up-
regulate the transcriptional circuitry for mitochondrial biogenesis and mtDNA fails to recover
within 72 hours. These observations thus extend and provide an explanation for the idea that
NOS2 is essential for survival and functional rescue of cardiac cells from LPS [24,41], and
because TLR4-dependent NOS2 expression requires NF-κB, NOS2 is revealed as a component
of the mitochondrial defense against gram-negative microbes in agreement with the
participation of NO in mitochondrial biogenesis [28,29].

The impairment of cardiac contractility by LPS, e.g. as demonstrated by Baumgarten et al., is
abrogated by inhibition of TLR4 or NOS2 [42]. Accordingly, our new data link together the
detrimental and positive aspects of TLR4-dependent NOS2 expression in vivo because their
activities in tandem lead to both mitochondrial dysfunction and mitochondrial biogenesis. Also,
the clear and specific shift in MHC, an important marker of heart muscle function directly
related to changes in cardiac contractility [43], points logically to a connection between
contractility and mitochondrial biogenesis. The fractional α-MHC decline of the failing heart
[44], and the HkEC induced shift here to the β-MHC isoform imply deteriorating cardiac
performance, which in the TLR4 and NOS2-deficient strains, is reversed only slowly. This
result also offers the intriguing possibility that the innate immune response connects
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mitochondrial biogenesis to the essential expression of contractile proteins, such as titin,
myogenin, and desmin, through a specific molecular program.

In summary, TLR4-dependent NOS2 expression makes an important contribution to the
apparent heterogeneity of oxidative/nitrosative cardiac mitochondrial pathology after E. coli
challenge in vivo in part through its previously unappreciated benefit on the accelerated
restoration of lost cardiac mitochondrial mass. NOS2 up-regulation facilitates the expression
of the major nuclear and mitochondrial transcription factors required for mtDNA replication.
The expression of NOS2 to help reinstate mtDNA copy number and to support mitochondrial
biogenesis would avert energy failure and impairment of cardiac contractility. The key
implication is that strategies to preserve oxidative phosphorylation and maintain mitochondrial
biogenesis could limit cardiac failure as well as help circumvent systemic organ dysfunction
in severe sepsis.
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Figure 1. Cytokine expression in Wt, TLR4−/− and NOS2−/− mice after HkEC.
Hearts of Wt, TLR4−/−, and NOS2−/− mice were collected at 0, 6, 24, and 72 hours after
HkEC. Real-time RT-PCR was performed to determine mRNA levels of A: IL-1β, B: IL-6,
C: ICAM-1, and D: TNF-α in all three strains. †Value statistically different from Wt at 0h.
*Value is statistically different from Wt 0h and other strains at same time (n = 3–5 mice per
point).
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Figure 2. Analysis of mtDNA and mitochondrial gene expression after HkEC
The recovery of mtDNA damage is impaired in TLR4- and NOS2-deficient strains. Real-time
RT-PCR was performed in Wt, TLR4−/−, and NOS2−/− mice 0, 6, 24, and 72 hours after
HkEC exposure. A: MtDNA copy number was determined by amplifying cytochrome b and
the results were plotted logarithmically. Mitochondrial mRNA of B: COX1 and C: ND1 were
quantified and plotted relative to 18S control. †Value is statistically different from 0h Wt.
*Value is statistically different from 0h Wt and the other strains at same times (n = 3–5 mice
per point). D: State 3 respiration in isolated cardiac mitochondria after HkEC challenge in Wt
and NOS2-deficient mice. Peak respiration is depressed in both strains by 24h and recovers by
72h. The Western blot indicates the amount of outer membrane protein, porin, in the
mitochondrial samples. †Value is statistically different from 0h Wt or NOS2−/− respectively.
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Figure 3. Western analysis of proteins of mitochondrial biogenesis
A. Mitochondrial protein content in Wt, TLR4- and NOS2-deficient mice after HkEC
administration. Western blots of cardiac mitochondrial protein were performed using
antibodies to Tfam and DNA polymerase-γ compared with porin. B. Western blots of nuclear
NRF-1 and PGC-1α protein were compared to tubulin control. Representative blots are shown
and densitometry is provided from samples of 3–5 mice per time point for each strain (*
indicates P<0.05 compared with time 0 and with the other two strains).
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Figure 4. Immunofluorescence for COX8, TLR4, and NOS2 in mitochondrial reporter mice
following HkEC exposure
A: Cardiac tissue was harvested, fixed, sliced, and visualized for a–e: COX8 (green
fluorescence), stained for f–j: TLR4 (red fluorescence), and superimposed in panels k–o. B:
Tissue from transgenic mice was also prepared and stained for a–e: COX8 and f–j: NOS2,
which are superimposed in panels k–o.
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Figure 5. Transcriptional co-dependence of TLR4 and NOS2 mRNA after gram-negative challenge
A: Conventional RT-PCR was performed for TLR4 and 18S in wild type and NOS2−/−mice.
B: NOS2 gene expression relative to 18S was quantified by Real-time RT-PCR in Wt,
TLR4−/−, and NOS2−/− mice after HkEC injection. †Value is statistically different from 0h Wt.
*Value is statistically different from 0h Wt and other strains at same time.
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Figure 6. β-MHC isoform expression in cardiac tissue of Wt, TLR4−/− and NOS2−/− mice after
HkEC exposure
Hearts from Wt, TLR4−/−, and NOS2−/− mice were obtained following HkEC exposure. A:
Samples processed by conventional RT-PCR to amplify β-MHC mRNA relative to 18S. B:
Protein expression by silver staining for α-MHC and β-MHC relative to tubulin.
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Table 1
Gene Primers and Probe Sequences

TNF-α FW: ACGGCATGGATCTCAAAGAC
RV: GTGGGTGAGGAGCACGTAGT
Probe: FAM-5′-CTCTTCAAGGGACAAGGCTG-3′-MGB

IL-6 FW: CCGGAGAGGAGACTTCACAG
RV: TCCACGATTTCCCAGAGAAC
Probe: FAM-5′-ACCACTTCACAAGTCGGAGG-3′-MGB

Cyt b Cyt b-s: ACCCTAGTCGAATGAAT
Cyt b-as: TCTGAGTTTAATCCTGT

WT mtDNA Mt1F: AGGGATCCCACTGCACATAG
Mt2R: CTCCTCATGCCCCTATGAAA
Probe: FAM-5-TTTAATTCAAATTTACCCGCTACTCAACTCTACTATCATTTTAA-3′-MGB

Deleted mtDNA Dl1F: TGGCCTACACCCAGAAGATT
Dl2R: TGTTTTCTTAGGGCTTTGAAGG
Probe: VIC-5′-TCATGACCAATGAACACTCTGACCCAACTAATTAC-3′-TAMRA

TLR-4 FW: ACCTGGCTGGTTTACACGTC
RV: CTGCCAGAGACATTGCAGAA

NOS2 FW: CACCTTGGAGTTCACCCAGT
RV: ACCACTCGTACTTGGGATGC

ND1 FW: CACCCCCTTATCAACCTCAA
RV: ATTTGTTTCTGCGAGGGTTG

COX I FW: GGAGCAGTATTCGCCATCAT
RV: GAGCACTTCTCGTTTTGATGC

18S rRNA FW: TCAATCTCGGGTGGCTGAACG
RV: GGACCAGAGCGAAAGCATTTG
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