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Abstract

Objective—We have previously demonstrated that activation of toll-like receptor 4 (TLR4) in
skeletal muscle results in an increased reliance on glucose as an energy source and a concomitant
decrease in fatty acid oxidation under basal conditions. Herein, we examined the effects of
lipopolysaccharide (LPS), the primary ligand for TLR4, on mitochondrial oxygen consumption in
skeletal muscle cell culture and isolated mitochondria.

Materials/ methods—Skeletal muscle cell cultures were exposed to LPS and oxygen
consumption was assessed using a Seahorse Bioscience extracellular flux analyzer. Mice were also
exposed to LPS and oxygen consumption was assessed in mitochondria isolated from skeletal
muscle.
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Results—Acute LPS exposure resulted in significant reductions in cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP)-stimulated maximal respiration (state 3,)) and increased oligomycin
induced state 4 (state 4¢) respiration in C2C12 and human primary myotubes. These findings were
observed in conjunction with increased mRNA of uncoupling protein 3 (UCP3), superoxide
dismutase 2 (SOD2), and pyruvate dehydrogenase activity. The LPS-mediated changes in
substrate oxidation and maximal mitochondrial respiration were prevented in the presence of the
antioxidants N-acetylcysteine and catalase, suggesting a potential role of reactive oxygen species
in mediating these effects. Mitochondria isolated from red gastrocnemius and quadriceps femoris
muscle from mice injected with LPS also demonstrated reduced respiratory control ratio (RCR),
and ADP- and FCCP-stimulated respiration.

Conclusion—LPS exposure in skeletal muscle alters mitochondrial oxygen consumption and
substrate preference, which is absent when antioxidants are present.

Keywords

Skeletal muscle; mitochondrial oxygen consumption; reactive oxygen species; respiration; C2C12
myotubes; human primary myotubes

Introduction

Toll-like receptor 4 (TLR4) is a trans-membrane protein integral to innate immunity [1,2].
Upon activation, TLR4 initiates an inflammatory response through the activation of a variety
of pro- and anti-inflammatory pathways [3]. TLR4 has been implicated in a number of
diseases including type 2 diabetes (T2DM) and cardiovascular disease [4-11]. Mutations
resulting in nonfunctional TLR4 render protection from obesity, insulin resistance, and
cardiovascular disease in rodent models [12,13]. In humans, polymorphisms in the TLR4
gene are associated with reduced incidence of heart disease and diabetes [14,15]. We, and
others have observed increased expression of TLR4 in skeletal muscle from obese and
T2DM humans relative to non-obese, healthy controls [16-18].

There has been growing interest in the role of circulating Lipopolysaccharide (LPS), also
known as endotoxin, in the pathology of metabolic derangements associated with obesity
and T2DM [19-25]. Rodent studies have revealed associations between elevated circulating
LPS and metabolic dysregulation, both at the whole body and tissue level [19]. Specifically,
high fat feeding in rodents elicits modest elevations in circulating LPS, a phenomenon that is
termed metabolic endotoxemia [20]. In humans, a single high fat meal acutely increases
circulating LPS concentrations, while obesity and T2DM are associated with metabolic
endotoxemia [23,24,26,27]. In fact, it appears that blood LPS levels follow a circadian
pattern peaking a couple of hours following a meal [23,26,28]. However with obesity or
following chronic periods of high fat feeding this rhythm may be lost, resulting in
subclinically elevated LPS levels [19,24].

Our group has recently demonstrated that acute activation of TLR4, in skeletal muscle cells,
by LPS results in increased reliance on glucose as an oxidative substrate and a simultaneous
decrease in fatty acid oxidation under non-insulin-stimulated conditions [17]. The

underlying mechanism(s) of TLR4-induced effects on skeletal muscle substrate metabolism
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are not completely understood. However, the preferential utilization of glucose relative to
fatty acids under LPS-stimulated conditions warrants an investigation into mitochondrial
oxygen consumption under the same conditions. Additionally, examining the effects of acute
versus chronic LPS administration on mitochondrial oxygen consumption may provide a
better understanding of how LPS plays a role in the development of metabolic diseases. The
purpose of the current study was to determine the effects of acute and chronic low dose LPS
administration (similar to what is observed with metabolic endotoxemia) on mitochondrial
oxygen consumption in skeletal muscle.

Materials and Methods

Cell culture

C2C12 murine myoblasts were purchased from the American Type Culture Collection
(Manassas, VA) and cultured as previously described [17]. Cultures of human primary
skeletal muscle cells from non-obese donors (Caucasian, healthy, males, BMI1<25kg/m?2, no
evidence of metabolic disease, no family history of diabetes or cardiovascular disease) were
performed as previously described [29]. All samples were obtained from subjects who
provided written informed consent under an approved protocol by the Virginia Polytechnic
Institute and State University Institutional Review Board. Experiments were conducted on
day 4 of differentiation for C2C12 cells and day 7 of differentiation from human primary
cells (first passage), unless otherwise noted. All experiments were conducted three times.

LPS treatment in cell culture studies

C2C12 skeletal muscle cells were treated with 50 pg/mL of LPS from Escherichia coli
0111:B4 (Sigma-Aldrich, St. Louis, MO) for 2, 12, or 24 hours, as described below. We
have previously shown that both low (50pg/mL) and high dose (500ng/mL) concentrations
of LPS result in a substrate preference for the oxidation of glucose over that of fatty acids
following the above specified treatment time course in C2C12 cells [17]. The low dose was
selected for the current work since it is synonymous with LPS levels reported in a state of
metabolic endotoxemia [19].

Antioxidant treatment in cell culture

C2C12 cells were co-treated with either 50pg/mL of LPS with or without the cell-permeable
antioxidants, N-acetyl-L-cysteine (NAC) or Catalase [30-33]. Cells were treated with either
20 mM of NAC (A7250; Sigma-Aldrich, St. Louis MO) or 25 U/mL of Catalase (C1345;
Sigma-Aldrich, St. Louis MO) for 2 hours. Cells were pretreated with Catalase for 30
minutes before the addition of LPS.

Mitochondrial respiration in cell culture

Assessment of mitochondrial respiration in C2C12 skeletal muscle cells was performed
using an XF24 extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA) as
described by Gerencser et. al., with modifications [34]. Briefly, cells were seeded into 20
wells of a XF24 V7 microplate at a density of 5,000 cells per well. Cells were grown to 80%
confluence and differentiated into myotubes. Experiments were conducted in serum free
media containing 25mmol glucose, 110mg/L pyruvate, and 4mM glutamate. Experiments
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consisted of 3-minute mixing, 2-minute wait, and 3-minute measurement cycles. Oxygen
consumption was measured as previously described under basal conditions, in the presence
of the ATP synthase inhibitor, oligomycin (state 4g; 0.5 UM, 04876; Sigma-Aldrich, St.
Louis, MO), and in the presence of Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(state 3,; FCCP; 300 uM, C2920; Sigma-Aldrich, St. Louis, MO) a mitochondrial
uncoupler, to assess maximal respiration [34,35]. Cellular respiratory control ratio (cCRCR)
was calculated as the ratio of FCCP stimulated maximal respiratory rate over oligomycin
induced state 4 respiration. Data are expressed as percent change from baseline values to
account for potential differences in cell number across wells. All experiments were
performed at 37 °C.

Cell Culture Substrate Oxidation and Pyruvate Deydrogenase Activity

Fatty acid oxidation was assessed in cell culture by measuring and summing 14CO,
production and 14C-labeled acid-soluble metabolites from the oxidation of [1-14C]-palmitic
acid (Perkin Elmer, Waltham, MA), respectively, as previously described [17,36]. Briefly,
cells were serum starved for 12 hours and then incubated in 0.5 uCi/ml of [1-14C]-palmitic
acid for 3 hours. Media was then removed and exposed to 45% perchloric acid for 1 hour to
liberate 14CO,, which was trapped in a tube containing 1M NaOH. The NaOH was then
placed into a scintillation vial, 5ml scintillation fluid added, and then placed on a
scintillation counter (LS 4500, Beckman Coulter) and counted for the presence of 14C. Acid
soluble metabolites were determined by collecting the acidified media and measuring 14C
content. Glucose oxidation was assessed by measuring 14CO, production from the oxidation
of 1uCi/ml [U-14C]-glucose (Perkin Elmer, Waltham, MA) in a manner similar to fatty acid
oxidation with the exception that glucose was substituted for BSA-bound palmitic acid.
[1-14C]-pyruvate oxidation was assessed in a similar manner to glucose oxidation with the
exception that pyruvate was substituted for [U-14C]-glucose. Pyruvate oxidation was used to
assess the activity of pyruvate dehydrogenase (PDH), the enzyme that catalyzes the
oxidation of pyruvate resulting in the provision of glucose-derived acetyl CoA to the TCA
cycle [37].

Total RNA extraction and qRT-PCR

Total cellular RNA was extracted using an RNeasy Mini Kit (Qiagen) and DNase |
treatment (Qiagen, Valencia, CA), according to the manufacturer’s instructions. Target gene
expression was normalized to -actin (C2C12 cells) or Cyclophilin B (human primary cells)
rRNA levels, which were assayed by multiplexing with the manufactures 5#VIC-labeled,
primer-limited B-actin or cyclophilin B endogenous control premix. Primers and 5# FAM-
labeled Tagman probes were purchased as pre-validated assays and qRT-PCR was
performed using an ABI 7900HT (Applied Biosystems, Carlsbad, CA). Relative
quantification of target genes was calculated using the 2A — CT method. Derivation of the 2
—ACT equation has been described in Applied Biosystems User Bulletin No. 2 (P/N
4303859).

Mitochondrial DNA copy number

Mitochondrial copy number was assessed according to the method of He et. al., [38]. C2C12
cells were exposed to 50 pg/ml of LPS for 2 hours. Immediately following LPS exposure,
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cells were collected and DNA was extracted using a commercially available kit (Invitrogen,
Carlsbad, CA). TagMan primers and probes were designed using Primer Express version 2.1
and real-time PCR was carried out in an ABI PRISM 7900 sequence detector (Applied
Biosystems, Carlshad, CA). Murine skeletal muscle genomic DNA copy number was
measured at the Uncoupling Protein 2 (UCP2) gene and mitochondrial DNA (mtDNA) copy
number was measured from the cytochrome C oxidase 11 (COX Il) mtDNA gene. mtDNA
copy number was calculated by the absolute value of ACt values between groups (control vs.
LPS). Because amplification occurs exponentially (increasing twofold with each cycle of
PCR), log base 2 of ACt is the copy number for each sample.

Animal studies

Mouse studies were performed under an approved protocol by the Institutional Animal Care
and Use Committee at Virginia Tech. Mice for all studies were maintained on a normal
chow diet and a 12:12-hr light-dark cycle. Two studies were performed in male C57BL/6J
mice. In the first study, 8-wk-old male C57BL/6J mice were injected in the peritoneum with
saline (control, n=6) or LPS (LPS, n=6; 0.01 pg/kg body weight) in the morning following
an overnight fast. LPS from Escherichia coli 0111:B4 was used for all studies (L2630;
Sigma-Aldrich, St. Louis, MO). Animals were sacrificed via CO, asphyxiation/ cervical
dislocation 4-hours post injection and respiration was measured in mitochondria isolated
from the red portion of gastrocnemius muscle. Each mitochondrial sample was run in
triplicate. In the second study, four C57BL/6J mice were sacrificed in the morning as
described above and mitochondria were isolated from the red portion of gastrocnemius
muscle. The mitochondria (5ug each well) from each animal were then directly exposed to
either saline or LPS (50 pg/mL) for 1 hour while mitochondrial respiration was assessed.
Each mitochondrial sample from each animal was run in triplicate (n=4*3=12, control;
n=4*3=12 LPS).

Mitochondrial isolation from red gastrocnemius muscle

Mitochondria were isolated from red gastrocnemius muscle as previously described with
modifications [39]. Freshly dissected muscle was placed in ice-cold buffer 1 for
mitochondrial isolation (IBM1) containing 67mM of sucrose, 50mM Tris/ HCI, 50mM KCI,
10mM EDTA/ Tris, and 0.2% BSA. The fat and connective tissue was removed and the
muscle was minced into very small pieces (<10mg). The tissue was transferred to a cell
strainer, rinsed with PBS/ EDTA, and placed in IMB1/ 0.05% trypsin for digestion for 30
minutes. The sample was then centrifuged at 200g for 3 minutes at 4°C, the supernatant
removed and the pellet was resuspended in IBM1. The sample was homogenized using a
Potter Ehlvejhem glass/ teflon homogenizer (Thomas Scientific, Swedesboro, NJ),
centrifuged at 700g for 10 minutes at 4°C. The supernatant was transferred to a
polypropylene tube and was centrifuged at 8000g for 10 minutes at 4°C. The supernatant
was carefully removed and the pellet suspended in buffer 2 for mitochondrial isolation
(IBM2) containing 250mM Sucrose, 3mM EGTA/ Tris, 10mMTris HCI) and then
centrifuged again at 8000g for 10 minutes at 4°C. Finally, the supernatant was carefully
discarded and the pellet was resuspended in 200uL of IBM2. Protein concentration was
determined using the bicinchoninic acid (BCA) assay.
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Respiration in isolated mitochondria

Statistics

Results

Respirometry measures of isolated mitochondria were performed using an XF24
extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA). Immediately
following mitochondrial isolation, protein was quantified using a Pierce bicinchoninic acid
assay (Thermo Scientific, Rockford, IL) and mitochondria were plated on Seahorse cell
culture plates at a concentration of 5 pg/ well in the presence of 10 mM pyruvate (P5280;
Sigma-Aldrich, St. Louis, MO) and 5 mM malate (P5280; Sigma-Aldrich, St. Louis, MO).
Experiments consisted of 25 second mixing and 4-7 minute measurement cycles. Oxygen
consumption was measured as previously described under state 2 respiration (in the presence
of pyruvate and malate), ADP (5 mM, Sigma-Aldrich, St. Louis, MO) state 3 stimulated
respiration (State 3), oligomycin (2uM) induced state 4 respiration (State 4¢), and
uncoupled, maximal respiration in the presence of FCCP (3 uM) to assess respiratory
capacity (State 3,) [35,40]. Respiratory control ratio (RCR) was calculated as the ratio of
ADP stimulated state 3 and oligomycin induced state 4 respiration. Oligomycin induced
state 4 respiration was used to account for any contaminating ATPase activity that may
prevent the restoration of a low respiration [35,40]. Data are expressed as pmol/min. All
experiments were performed at 37 °C.

Results were analyzed with Graph Pad Prism Software (Version 6). All data was tested for
normality using the Shapiro-Wilk normality test. Data were analyzed using a 2-tailed
Student’s T-test or a 2-way ANOVA with a Tukey post-hoc test for multiple comparisons in
the case of normally distributed data. If it was determined that the data was not normally
distributed, a Mann-Whitney test was conducted in place of a T-test and a Kruskal-Wallis
was used in place of the ANOVA. Results are presented as mean + SD. The level of
significance was set a priori at P<0.05.

Low levels of LPS alter mitochondrial oxygen consumption in C2C12 cells

Two hours of exposure to 50pg/ml of LPS resulted in a significant decline in cRCR in
C2C12 muscle cells (Figure 1A). These changes were a direct result of higher rates of
respiration in the presence of oligomycin (inhibitor of ATP synthesis) and lower rates of
FCCP-stimulated (mitochondrial uncoupler) maximal respiration (Figure 1, B and C).
Chronic treatment (12 and 24 hours) with LPS also resulted in a significant decline in
FCCP-stimulated maximal respiration (Figure 2, A and B), which resulted in a trending
decline in cRCR (Figure 2, C; p=0.1 and D; p=0.08). However, chronic LPS treatment had
no effect on respiration in the presence of oligomycin (Figure 2, E and F).

Pyruvate dehydrogenase activity is increased in C2C12 cells in response to LPS

The activity of pyruvate dehydrogenase was assessed via pyruvate oxidation [37]. Following
a 2 hour treatment with 50 pg/mL of LPS, PDH activity was significantly increased
compared to controls (Figure 3).
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The LPS-induced effects in C2C12 cells are independent of changes to mitochondrial DNA
copy number

Low dose LPS treatment for 2 hours had no effect on mtDNA copy number in C2C12 cells
(Control, 126.946.9 au vs. LPS, 127.1+2.9 au, p=0.9).

LPS treatment results in the up-regulation of antioxidant gene expression

Two-hour LPS treatment at 50pg/ml significantly increased uncoupling protein 3 (UCP3)
and mitochondrial/ manganese superoxide dismutase 2 (SOD2) mRNA levels in C2C12
(Figure 4, A and B, respectively). Additionally, these effects were either attenuated or
completely blocked in the presence of NAC.

The LPS effect on metabolism in C2C12 cells is blocked by antioxidant treatment

To determine if LPS-mediated effects on oxygen consumption could be blocked by
antioxidant treatment, FCCP-stimulated maximal respiration was assessed in C2C12 cells
following 2 hours of exposure to 50 pg/mL of LPS in the presence and absence of NAC and
Catalase. The presence of NAC and Catalase prevented the LPS-induced decline in FCCP-
stimulated maximal respiration (Figure 5, A and B), however had no effects on respiration in
the presence of oligomycin (data not shown). To determine whether the LPS-mediated
effects on substrate metabolism could also be blocked by antioxidant treatment, glucose and
fatty acid oxidation were assessed following 2 hours of exposure to 50 pg/mL of LPS with
and without NAC. The LPS-induced changes in glucose oxidation and fatty acid oxidation
were also blocked in the presence of NAC (Figure 5, C and D).

LPS alters mitochondrial oxygen consumption in human primary skeletal muscle cells

Based on the effects of low levels of LPS on mitochondrial function in C2C12 cells and
mitochondria isolated from mice, we assessed mitochondrial function in human primary
skeletal muscle cells under identical conditions. Two hours of LPS treatment resulted in
lower cRCR, higher rates of respiration in the presence of oligomycin (inhibitor of ATP
synthesis) and lower rates of FCCP-stimulated (mitochondrial uncoupler) maximal
respiration (Figure 6, A-C). Chronic treatment (12 and 24 hours) with LPS also resulted in a
significant decline in FCCP-stimulated maximal respiration (Figure 7, A and B), which also
resulted in a trend for a decline in cRCR (Figure 7, C; p=0.1 and D; p=0.06). However, there
were no significant effects on respiration in the presence of oligomycin (Figure 7, E and F).

Consistent with C2C12 cell experiments under the same conditions, significant increases in
MRNA levels of UCP3 and SOD2 were also observed in human primary muscle cells
(Figure 8, A and B, respectively), and were blocked in the presence of a NAC. Collectively,
these data support our previous work [17], showing that low levels of LPS also affect
skeletal muscle metabolism in human skeletal muscle.

Low levels of LPS alter oxygen consumption in mitochondria isolated from skeletal
muscle

As a follow-up to the C2C12 studies, male C57BL/6J mice were injected i.p., with either
saline or LPS (~0.025ug per mouse), euthanized 4 hours post injection, and mitochondrial
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respiration was assessed in mitochondria isolated from red gastrocnemius skeletal muscle.
Compared to saline controls, LPS resulted in significant declines in RCR, ADP-stimulated
state 3 respiration, and FCCP-stimulated maximal respiration (Figure 9, A—C). No effects on
state 2 or state 4, respiration were observed (Figure 6, D and E). Previous research has
demonstrated that direct LPS exposure to isolated mitochondria results in significant
reductions in state 3 respiration [41,42]. However, these earlier studies were conducted
using very high doses (>100 pg/mL) of LPS. To test whether LPS directly altered
mitochondrial respiration at doses relevant to metabolic endotoxemia, mitochondria were
isolated from red gastrocnemius skeletal obtained from male C57BL/6J mice and treated
with 50 pg/mL of LPS. LPS had no effects on any aspects of mitochondrial oxygen
consumption in isolated mitochondria (Basal, Control, 25.5 + 7.3; N=5; vs. LPS, 17.5 +
7.3pmol/min, p=0.34; State 3, Control, 772.5 + 44.47 vs. LPS 626.0 + 143.3 pmol/min, p=
0.32; State 4¢, Control, 115.3 £ 10.34 vs. LPS, 104.0 £ 12.32 pmol/min, p=0.50; State 3,,,
Control, 558.8 + 46.82 vs. LPS, 510.0 + 153.3 pmol/min, p=0.75; RCR, Control, 6.850 =
0.3971 vs. LPS, 5.704 + 0.7555, p=0.19).

Discussion

The goal of the current study was to gain a better understanding of the effects of acute and
chronic exposure of low dose LPS administration on mitochondrial oxygen consumption in
skeletal muscle. Our group has previously reported that acute LPS exposure in skeletal
muscle results in the preferential oxidation of glucose over that of fatty acids in the basal,
non-insulin stimulated state [17]. Furthermore, recent work highlighting metabolic
endotoxemia in the development of metabolic disease warrants the need to understand the
role of acute versus chronic LPS exposure on mitochondrial function in skeletal muscle [19-
25]. The important observations reported herein are that acute LPS exposure in both C2C12
and human primary myotubes results in increased state 4¢ respiration and reduced state 3,
respiration. Moreover, these effects occur in the context of increased reliance on glucose as
an oxidative substrate for the mitochondria [43]. However, chronic exposure to LPS (12-24
hours) results in reduced state 3, respiration only.

Earlier studies demonstrated that LPS administered to isolated mitochondrial preparations
resulted in inhibition of respiration and declines in respiratory control [41,42,44,45]. More
recent studies conducted in animal models also showed that LPS administration in vivo
results in a decline in mitochondrial respiration and respiratory control as well as declines in
the activity of Complexes | and 111 of the electron transport chain [2,46,47]. However, these
earlier studies were conducted with very high doses of LPS (>100ug) and in some
conditions, direct treatment of mitochondrial preparations, which may have been toxic to the
mitochondria [2]. The current studies demonstrate that much lower doses of LPS, similar to
what is observed in obesity, T2DM, and metabolic endotoxemia, also results in changes in
respiration [19,25].

The mechanisms responsible for the effects of LPS on mitochondrial respiration in our study
are not known; however a number of possibilities exist. First, the acute effects of LPS
exposure may not be mitochondrial dysfunction per se, but rather mitochondria responding
to physiological cues leading to mitochondrial uncoupling, subsequent increases in
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respiration, relieved inhibition of PDH, and ultimately a switch to a more rapidly
metabolized substrate for ATP production (e.g., glucose) [37,48-50]. For example,
increased reactive oxygen species production could result in increased mitochondrial proton
leak and uncoupling through either UCP3 dependent or independent mechanisms [51,52].
Conversely, the LPS induced increase in state 4 respiration could also be increased in
response to an increase in substrate kinetics, as evidenced by the increase in PDH activity;
however the contribution of substrate oxidation to oligomycin resistant respiration compared
to mitochondrial proton leak is low [35]. Future studies are warranted to elucidate the
mechanism(s) underlying the effects of LPS on mitochondrial respiration.

The mechanism(s) for the LPS-mediated increased PDH activity is unknown, however a few
possibilities exist. It is well established that acetyl-CoA, NADH and pyruvate
dehydrogenase kinase 4 (PDK4) are negative regulators of PDH, and that protein
phosphatases (1 and 2) are positive regulators of PDH [37,48-50,53]. The LPS induced -
increased electron transport flux via uncoupling could result in reduced concentrations of
acetyl-CoA and NADH, thus relieving inhibition of PDH. On the other hand, LPS may be
altering the enzyme kinetics of PDK4 or protein phosphatases to increase PDH activity [53].
Future studies will be necessary to discern the precise mechanism(s) by which LPS exposure
increases PDH activity.

It has also been well established in non-muscle cells, that activation of TLR4 via LPS
increases ROS production [30,32,54-57]. Sandstrom et al. reported that contraction-induced
increases in glucose uptake in isolated mouse extensor digitorum longus (EDL) muscle was
reduced by 50% in the presence of the antioxidants NAC and ebselen [33]. We recently
reported that 2 hours of LPS exposure caused a significant increase in basal (non-insulin
stimulated) glucose uptake and lactate production in skeletal muscle cells, suggesting an
increase in glycolytic flux [17]. Herein, we show that the LPS-mediated increase in glucose
oxidation (as well as the reduction in fat oxidation and FCCP stimulated respiration) is
blocked in the presence of the antioxidant NAC. In the same context, increases in SOD2 and
UCP3 gene expression are also blocked in the presence of NAC. It is important to point out
that NAC significantly decreased basal mMRNA expression of SOD2 and UCP3 and this
decrease may be mediated, at least in part, by NF«B for several reasons. NAC is a precursor
of glutathione and has been shown to down regulate NFxB activity [58,59]. In turn, NFkB
has been shown to regulate SOD2 and UCP3 expression either directly or through TNFa
[60,61]. Therefore the reduction in basal gene expression may be in response to a NAC
induced reduction in NFxB. It is not evident in the current work if the effects of NAC on
glucose or pyruvate oxidation are also observed with changes in glucose uptake and lactate
production as demonstrated previously [17]. Nonetheless, based on these observations, it is
plausible that LPS-mediated ROS production in skeletal muscle is the mechanism by which
low levels of LPS modulate mitochondrial substrate preference.

We also present that a more chronic exposure to LPS (12—-24 hours) results in impaired
mitochondrial respiratory capacity with no evidence of mitochondrial proton leak. Under
maximally stimulated conditions, respiration is dependent on multiple factors such as
substrate supply and coordination between the TCA cycle and the electron transport chain
[35,40]. As such, reduced respiration in response to FCCP in the absence of increased state
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44 respiration, is more indicative of impaired mitochondrial respiratory capacity and not
only mild mitochondrial uncoupling [35]. This is supported by data from the isolated
mitochondrial experiments demonstrating significant reductions in RCR, ADP-stimulated,
and FCCP-stimulated respiration in the presence of LPS. These data suggest that prolonged
exposure to LPS is disruptive to mitochondrial function, whereas short-term exposure may
serve a modulatory role in substrate metabolism.

There are some limitations to the current work. Studies were conducted in cell culture and
animal models and therefore it is unknown if similar effects are observed in humans.
Additionally, the underlying mechanisms for the effects of LPS on mitochondrial oxygen
consumption are not entirely understood, although it is suggested that ROS may be involved.
The current data does highlight a novel link between inflammatory pathways and oxygen
consumption in skeletal muscle and may therefore provide additional insight into the
development of metabolic dysfunction in the face of chronic low-grade inflammation as
observed in obesity. Human studies are warranted to better understand the relationship
between feeding and circulating LPS concentrations, and how these fluctuations may pertain
to substrate preference and oxidation.

In conclusion, acute exposure of LPS at levels synonymous with metabolic endotoxemia
cause skeletal muscle to preferentially rely on glucose as an oxidative substrate, which
occurs in the context of uncoupled mitochondrial respiration. Moreover, these effects are
absent in the presence of antioxidants, suggesting these effects are ROS dependent. Data
were also presented to show that more chronic exposure to LPS (12-24h) caused impaired
mitochondrial function in C2C12 cells, which may shed some light on a possible mechanism
by which chronic metabolic endotoxemia causes whole body metabolic dysregulation, as
reported by others [19-21,62,63]. Based on this data set and our previous work, we postulate
that transient increases in LPS elicit physiological cues that modulate substrate metabolism,
and that chronic elevations in LPS are disruptive to normal metabolic function [43].
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Figure 1. Acute TLR4 activation alters mitochondrial oxygen consumption in C2C12 skeletal
muscle cells

C2C12 myotubes were exposed to 50 pg/mL LPS for 2 hours followed by assessment of
mitochondrial respiration using a Seahorse XF24 extracellular flux analyzer. Experiments
were conducted in serum free DMEM with glucose and pyruvate as the substrates under
basal conditions, in the presence of the ATP synthase inhibitor oligomycin (0.5 pM, State
40), and in the presence of the mitochondrial uncoupler, FCCP (300 uM, State 3,) to assess
maximal respiration. Cellular respiratory control ratio (cCRCR) was calculated as FCCP-
stimulated maximal respiration rate/oligomycin-induced state 4 respiration rate. (A) cRCR,
(B) State 40, and (C) State 3,,. Data are presented as means + SD. a, significantly different
from control, p< 0.05.
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Figure 2. Chronic TLR4 activation impairs mitochondrial respiratory capacity in C2C12 cells

Cells were exposed to 50 pg/mL LPS for 12 or 24 hours followed by assessment of

mitochondrial respiration using a Seahorse XF24 extracellular flux analyzer. Experiments
were conducted as described in figure one (A) 12-hour State 3, (B) 24-hour State 3, (C)
12-hour cRCR, (D) 24-hour cRCR, (E) 12-hour State 4,, (F) 24-hour State 4,. Data are

presented as means £ SD. a, significantly different from control, p< 0.05.
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Figure 3. Pyruvate dehydrogenase activity is increased in C2C12 cells following TLR4 activation
14C0, production from the oxidation of [1-14C]-pyruvate was used to assess PDH activity.

C2C12 myotubes were exposed to 50 pg/mL LPS for 2 hours. Immediately following
exposure, pyruvate dehydrogenase activity was assessed. Data are presented as means + SD.
a, significantly different from control, p< 0.05.
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Figure 4. Antioxidant mRNA is up-regulated following LPS exposure and blocked by the
antioxidant NAC in C2C12 cells

C2C12 cells were treated with 50 pg/mL of LPS with and without 20mM NAC for 2 hours.
(A) Uncoupling protein 3 (UCP3) mRNA following LPS exposure in the presence and
absence of NAC. (B) Mitochondrial/ manganese superoxide dismutase 2 (SOD2) mRNA
levels following LPS exposure in the presence and absence of NAC. Data are presented as
means £ SD. a, significantly different from control -NAC, p<0.05. b, significantly different
LPS —-NAC, p<0.05.
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Figure 5. The TLR4 effect on metabolism in C2C12 cells is blocked by antioxidant treatment
C2C12 cells were treated with 50 pg/mL of LPS with and without 20mM NAC or 25 U/mL

Catalase for 2 hours. (A) FCCP-stimulated maximal respiration following acute LPS
exposure with and without NAC. (B) FCCP-stimulated maximal respiration following acute
LPS exposure with and without Catalase. (C) Glucose oxidation following acute LPS
exposure with and without NAC, and (D) fatty acid oxidation following acute LPS exposure
with and without NAC. Data are presented as means = SD. a, significantly different from
control -NAC, p < 0.05. b, significantly different from LPS —NAC, p <0.05.
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Figure 6. Acute TLR4 activation alters mitochondrial function in human primary skeletal
muscle cells

Human primary myotubes were exposed to 50 pg/mL LPS for 2 hours followed by
assessment of mitochondrial respiration using a Seahorse XF24 extracellular flux analyzer.
Experiments were conducted as described in figure one. (A) cRCR, (B) oligomycin-induced
state 4 respiration rate, and (C) FCCP-stimulated maximal respiration. Data are presented as
means £ SD. a, significantly different from control, p < 0.05.
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Figure 7. Chronic TLR4 activation of impairs mitochondrial respiratory capacity in human
primary myotubes
Cells were exposed to 50 pg/mL LPS for 12 or 24 hours followed by assessment of

mitochondrial respiration using a Seahorse XF24 extracellular flux analyzer. Experiments
were conducted as describe in figure one. (A) 12-hour State 3,,, (B) 24-hour State 3, (C) 12-
hour cRCR, (D) 24-hour cRCR, (E) 12-hour State 4,, (F) 24-hour State 4,. Data are
presented as means + SD. a, significantly different from control, p < 0.05.
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Figure 8. Antioxidant mRNA is up-regulated following LPS exposure and blocked by the
antioxidant NAC in human primary myotubes

Human primary myotubes were treated with 50 pg/mL of LPS with and without NAC for 2
hours. (A) Uncoupling protein 3 (UCP3) mRNA following LPS exposure in the presence
and absence of NAC. (B) Mitochondrial/ manganese superoxide dismutase 2 (SOD2)
mRNA levels following LPS exposure in the presence and absence of NAC. Data are
presented as means + SD. a indicates significantly different from control -NAC, p < 0.05. b,
significantly different from LPS -NAC, p <0.05.
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Fi_gure 9. TLR4 activation causes mitochondrial dysfunction in skeletal muscle from C57BL/6J
mice

C57BL/6J mice were injected with LPS at a dose of 1 pg/kg body mass. Four hours post
injection, red gastrocnemius muscle mitochondria were isolated, and oxygen consumption
was measured. Respirometry measures of isolated mitochondria were performed using a
Seahorse XF24 extracellular flux analyzer. Oxygen consumption was measured under basal
conditions, ADP (5 mM) stimulated state 3 respiration, oligomycin (2uM) induced state 4
respiration, and uncoupled respiration in the presence of FCCP (0.3 uM) to assess maximal
respiration. Respiratory control ratio was calculated as the ratio of state 3 respiration to
oligomycin induced state 4 respiration. (A) RCR, (B) ADP-stimulated state 3 respiration,
(C) FCCP-stimulated maximal respiration, (D) basal respiration, and (E) oligomycin
respiration rate. Data are presented as means + SD. a, significantly different from control, p
< 0.05.
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