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Abstract

Sepsis remains a leading cause of mortality in critically ill patients and is characterized

by multi-organ dysfunction. Mitochondrial damage has been proposed to be involved in the
pathophysiology of sepsis. In addition to metabolic impairments resulting from mitochondrial
dysfunction, mitochondrial DNA (mtDNA) causes systemic inflammation as a damage-associated
molecular pattern when it is released to the circulation. Metabolic derangements in skeletal
muscle are a major complication of sepsis and negatively affects clinical outcomes of septic
patients. However, limited knowledge is available about sepsis-induced mitochondrial damage in
skeletal muscle. Here, we show that sepsis induced profound abnormalities in cristae structure,
rupture of the inner and outer membranes and enlargement of the mitochondria in mouse skeletal
muscle in a time-dependent manner, which was associated with increased plasma mtDNA levels.
Farnesyltransferase inhibitor, FTI1-277, prevented sepsis-induced morphological aberrations of the
mitochondria, and blocked the increased plasma mtDNA levels along with improved survival.
These results indicate that protein farnesylation plays a role in sepsis-induced damage of the
mitochondria in mouse skeletal muscle. Our findings suggest that mitochondrial disintegrity in
skeletal muscle may contribute to elevated circulating mtDNA levels in sepsis.
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1. Introduction

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection [1] and remains a leading cause of mortality in critically ill patients.
Multi-organ dysfunction is a major characteristic of sepsis and has been considered to be
a major contributor to mortality of septic patients. However, despite intensive investigation
for many years, the pathophysiology of sepsis and the etiology of multi-organ dysfunction
remain to be clarified.

Mitochondrial dysfunction/disintegrity is a major complication of sepsis and has been
proposed to play an important role in multi-organ dysfunction in sepsis [2,3]. Mitochondrial
dysfunction can result in insufficient energy production, impaired cellular metabolism and
oxidative stress, which, in turn, lead to dysfunction of cells and organs. Moreover, disruption
of mitochondrial integrity induces and/or exacerbates inflammation within the cells and
systemically. When the integrity of the organelles is impaired, mitochondrial DNA (mtDNA)
is released from the mitochondria to the cytosol and extracellular space. Circulating mtDNA
causes systemic inflammatory response by activating toll-like receptor-9 [4,5]. In addition,
mtDNA can induce immune suppression [5,6], as well. Thus, mtDNA functions as a
damage-associated molecular pattern and is considered to play a role in the pathophysiology
of sepsis. Previous studies have shown that circulating mtDNA levels are increased in

septic patients [5,7,8], and that elevated circulating mtDNA levels were associated with
mortality of septic patients [9,10]. However, it remains unclear how mtDNA is released to
the circulation in sepsis.

Mitochondria are compartmentalized by inner and outer membranes. The inner membrane
forms invaginations, called cristae, that extend into the matrix. Cristae contain the electron
transport chain complexes and ATP synthase [11]. On the other hand, mtDNA is localized

in the mitochondrial matrix. Disruption of the membranes leads to leakage of mtDNA,
while loss or distortion of cristae structure is associated with decreased capacity of oxidative
phosphorylation.

Metabolic derangements in skeletal muscle, including muscle wasting and insulin resistance,
are a major complication of sepsis and negatively affects clinical outcomes of septic patients
[12]. Recently, we have shown that deficiency of myostatin, a myokine that negatively
regulates skeletal muscle mass, not only prevents muscle wasting but also improves survival
and bacterial clearance in septic mice [13]. These findings suggest that muscle cachexic
changes may not simply be a complication of sepsis, but actually drive development of the
disease in mice.

Previous studies showed that sepsis increased mitochondrial area in skeletal muscle in
mice [14,15]. On the other hand, an early study reported that sepsis did not significantly
alter mitochondrial area in skeletal muscle in baboons [16]. However, the effect of sepsis
on cristae structure were not examined in previous studies in mice [14,17]. Nor were
time-dependent changes in mitochondrial morphology studied in sepsis.

Protein farnesylation is a posttranslational lipid modification of cysteine residue that is
catalyzed by farnesyltransferase. Farnesyltransferase catalyzes the covalent attachment of
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farnesyl pyrophosphate to cysteine thiols in the CAAX motif located in the carboxyl
terminus, where C represents cysteine, A is any aliphatic acid, and X is any amino acid

in the carboxyl terminus. We have shown that farnesyltransferase inhibitor (FTI) improves
survival and bacterial clearance in septic mice [18]. In addition, we have shown that

FTI prevents burn injury-induced morphological abnormalities of the mitochondria (i.e.,
enlargement, loss of cristae) in mouse skeletal muscle [19]. Here, we studied the effects of
FTI on sepsis-induced alterations in the morphology of the mitochondria and increase in
circulating mtDNA levels in mice.

Materials and methods

2.1. Animals

2.2.

All experiments were carried out in accordance with the animal care guidelines of Kyorin
University and the study protocol was approved by the University’s ethics committee
(approval no. 207). Male CD1 mice at 8 weeks of age (Nippon SLC, Shizuoka, Japan)
were used in this study. All the mice were housed in a pathogen-free animal housing room
with a humidity of 50-60% and temperature of 24-26 °C on a 12-h day/night cycle. Food
and water were provided ad libitum.

Experimental design

Sepsis was induced by cecum ligation and puncture (CLP) as previously described [13,18]
with minor modifications. In brief, mice were anesthetized by inhalation of 4% isoflurane
and maintained under 1.5-2% isoflurane inhalation. Laparotomy was performed by making
a 1.0-cm midline incision in the abdomen to expose the cecum, which was ligated at 1 cm
distal to the ileocecal valve using 4-0 silk suture. The ligated cecum was perforated by one
through-to-through puncture with 18-gauge needle, and the feces were gently extruded. The
abdominal musculature was closed with sutures and followed by closure of the skin with
tissue glue. In sham mice, the cecum was fully exposed and then returned to the abdominal
cavity, but was neither ligated nor punctured. After the skin closure, prewarmed saline (0.04
ml/kg at 36 °C) was injected subcutaneously in the back. Buprenorphine (0.1 mg/kg, SC)
was administered at 30 min prior to the surgery and every 8 h thereafter for 3 days after CLP
or sham surgery for analgesia.

To examine time-dependent changes, soleus (slow-twitch) and gastrocnemius (fast-twitch)
muscles and blood samples were collected prior to and 24, 48 and 72 h, and 7 and 14 days
after CLP under anesthesia with isoflurane.

To evaluate the effects of farnesyltransferase inhibitor (FTI), the mice were treated with
FTI-277 (Sigma Aldrich, Tokyo, Japan, cat# F9803) (5 mg/kg/day, SC) or vehicle (saline)
every 24 h for 3 days, starting at 2 h after CLP or sham surgery. At 2 h after the final
administration of FTI-277 or vehicle, skeletal muscle (soleus and gastrocnemius) and blood
samples were collected under anesthesia with isoflurane. At the end of study, the mice were
euthanized by carbon dioxide asphyxiation.
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2.3. Evaluation of mitochondrial morphology

Mitochondrial morphology was evaluated by transmission electron microscopy as performed
in our previous studies [19,20] with minor modifications. Immediately after soleus and
gastrocnemius muscles were excised, samples were fixed in a 2.5% paraformaldehyde/2.5%
glutaraldehyde solution in 0.1 M sodium cacodylate buffer (pH 7.4) (Electron Microscopy
Sciences, Hatfield, PA, cat# 15960-01). Fixed samples were rinsed with PBS and then
fixed with 1% osmium tetroxide (Sigma-Aldrich, cat# 75632). Then, the samples were
dehydrated in ethanol, then ethanol was replaced with propylene oxide (Fujifilm Wako

Pure Chemical Corporation, Osaka, Japan, cat# W01POS00236). After dehydration, the
samples were embedded in epoxy resin (Sigma-Aldrich, cat# 45345), and then thin sections
(70-80 nm) were prepared and observed under an electron microscope (JEM-1011; JEOL,
Tokyo, Japan). 5 fields of view at 2,500x magnification were randomly captured for each
sample. Image J software Version1.52 (NIH, Bethesda, MD, USA) was used to perform
morphometric analysis of intermyofibrillar mitochondria using the cell counter analysis

plugin.

2.4. Measurement of mtDNA levels in plasma

To obtain plasma, heparinized blood samples were centrifuged at 3,000 rpm for 15 min

at 4 °C immediately after the blood collection. DNA in plasma was extracted using DNA
extraction kit (Ql1Aamp DNA Blood Mini Kit, Qiagen, Tokyo, Japan, cat# 51104). For
evaluation of mtDNA levels, cytochrome c oxidase subunit 3 (COX3) gene and NADH
dehydrogenase subunit 4 (MD4) gene were amplified. 5 pl of the diluted sample DNA was
amplified in 25 pl of PCR reaction mixture containing SYBR Green Master Mix (Life
Technologies, Grand Island, NY, USA, cat# 4309155 and 4306736) and 5 pl of each primer
(the final concentration in the reaction mixture: 200 nM). The amplification was evaluated
by real-time PCR using Mastercycler (QuantStudio® 5 real-time PCR system, Thermo
Fisher Scientific, Fukuoka, Japan). The primers were designed to target COX3 (Forward:

5 -CGTGAAGGAAACTACCCAGG-3’; Reverse: 3’ -CGCTCAGAAGAATCCTGCAA-5")
[21] and ND4 (Forward: 5" -ATTATTATTACCCGATGAGGGAACC-3"; Reverse: 3'-
ATTAAGATGAGGGCAATTAGCAGT-5") [22] (Sigma-Aldrich).

2.5. Statistical analysis

To analyze the effects of CLP at different time points, the data were compared with one-way
ANOVA followed by Bonferroni test for multiple comparison. To analyze the effects of
FTI-277 in septic and sham-operated mice, the data were analyzed by two-way ANOVA
followed by Bonferroni test for multiple comparison. Log rank test was used to compare
survival between the groups in the Kaplan—Meier survival curves. A value of p < 0.05 was
considered statistically significant. All the data were analyzed by using GraphPad Prism 7.0
and are expressed as means £ SEM.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2022 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tsuji et al. Page 5

3. Results

3.1. Sepsis induced morphological aberrations of the mitochondria in skeletal muscle

Transmission electron microscopy revealed that sepsis induced profound morphological
abnormalities of the mitochondria in soleus and gastrocnemius muscles, namely partial

and complete loss of cristae structure, “onion-like” swirling cristae, rupture of the inner
and outer membranes, and enlargement [19,20,23-26] in a time-dependent manner, as
compared with naive mice (Fig. 1 and Supplementary Fig. 1). In naive mice, over 80%

of mitochondrial area was occupied by cristae structure in 92% of the total mitochondria.
We classified loss of cristae into 2 categories: (1) partial loss (less than 80% but over 20%
of area was occupied by cristae); and (2) complete loss (equal to or less than 20% of area
was occupied by cristae) as previously described [25]. Sepsis significantly increased the
number of the mitochondria with partial and complete loss of cristae at 1 and 2 days after
the induction of sepsis in soleus (Fig. 1D) and at 1, 2, 3 and 7 days after sepsis induction

in gastrocnemius (Fig. 1G). The number of the mitochondria with rupture of the membranes
was significantly greater in septic mice at 1 and 2 days after sepsis induction in soleus (Fig.
1E) and at 1, 2 and 7 days after sepsis induction in gastrocnemius compared with naive mice
(Fig. 1H). On the other hand, the number of the mitochondria containing swirling cristae
was increased at 7 and 14 days after sepsis induction in soleus and gastrocnemius (Fig.

1D and G). In all the mitochondria with swirling cristae, partial loss of cristae was also
observed. Densely compacted spots appeared to be increased in the mitochondria in septic
mice, but there was no statistical significance (Supplementary Fig. 2). Total mitochondria
area and average size of the mitochondria were significantly increased at 1, 2 and/or

3 days after sepsis induction, while the number of the mitochondria was significantly
decreased (Fig. 1F and 1, Supplementary Fig. 1). Gigantic mitochondria (>1.2 pm?2) were
observed in septic, but not naive, mice (Supplementary Fig.1). Partial or complete loss of
cristae was observed in all the gigantic mitochondria, while it was observed in normal size
mitochondria, as well.

3.2. Sepsis increased circulating mtDNA levels

mtDNA levels in plasma were evaluated by real-time PCR using primers targeting COX3
and NVD4 genes. Plasma mtDNA levels were markedly increased in septic mice compared
with naive mice, staring at 1 day after sepsis induction (Fig. 2). At 14 days after sepsis
induction, circulating mtDNA levels returned to the basal level observed in naive mice.

3.3. FTI-277 prevented sepsis-induced morphological aberrations of the mitochondria in
skeletal muscle

FTI-277 treatment prevented sepsis-induced morphological alterations of the mitochondria,
namely loss of cristae structure, increases in area and size of the mitochondria, and
decreased number of the mitochondria in soleus and gastrocnemius muscles at 3 days after
sepsis induction, as compared with vehicle alone (Fig. 3 and Supplementary Fig. 3). On the
other hand, FTI-277 did not induce morphological alterations in sham mice. Neither sepsis
nor FTI1-277 significantly altered the number of the mitochondria with swirling cristae or
densely compacted spots at 3 days after sepsis induction (Fig. 3 and Supplementary Fig. 4).
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3.4. FTI-277 prevented sepsis-induced increase in circulating mtDNA levels

Real-time PCR for COX-3and ND4 genes revealed that FTI-277 treatment blocked sepsis-
induced increase in plasma mtDNA levels at 3 days after sepsis induction compared

with vehicle alone (Fig. 4A and B). Consistent with our previous study [18], FTI1-277
significantly improved survival of septic mice (Fig. 4C).

4. Discussion

Here, we show that sepsis induced profound time-dependent morphological aberrations of
the mitochondria in skeletal muscle and marked increase in circulating mtDNA levels in
mice and that FT1-277 treatment prevented these alterations in septic mice.

Sepsis caused loss of cristae, rupture of the outer and inner membranes and emergence of
markedly enlarged mitochondria in mouse skeletal muscle starting at 1 day after sepsis
induction. The maximum effects of sepsis on these morphological abnormalities were
observed at 1 and/or 2 days after sepsis induction. Since the electron transport chain
complexes and ATP synthase reside in cristae [27], one can reasonably speculate that

loss of cristae may be associated with impaired function of the electron transport chain,
namely decreased capacity of oxidative phosphorylation and increased reactive oxygen
generation by the electron transport chain. In addition, rupture of the inner and outer
membranes results in leakage of mtDNA from the mitochondria. Skeletal muscle is the
largest organ in the body and constitutes 30-40% of body weight in healthy adults [28]. It is,
therefore, conceivable that the membrane rupture of the mitochondria in skeletal muscle may
contribute to increased circulating mtDNA in sepsis. On the other hand, the mitochondria
containing “onion-like” swirling cristae increased in number at 7 and 14 days after sepsis
induction, but not in the early stage of sepsis. Of note, swirling cristae was accompanied by
partial loss of cristae in these mitochondria. The emergence of swirling cristae at the late
stage of sepsis is consistent with a previous study in which mitochondrial morphology was
examined at 2 weeks after sepsis induction [25], although they did not study time-dependent
changes. It is reasonable to speculate that swirling cristae may appear in the recovery phase
from mitochondrial damage. However, the biological implication of swirling cristae is not
known.

FTI-277 blocked sepsis-induced morphological aberrations of the mitochondria (i.e., loss of
cristae, enlargement), which paralleled reversal of elevated circulating mtDNA levels and
reduced mortality rate in septic mice. These results are in line with our previous studies

on the effects of FTI1-277 in septic mice [18] and burned mice [19]. We have shown that
FTI1-277: (1) improved survival of septic mice [18]; and (2) prevented burn injury-induced
mitochondrial dysfunction/disintegrity in mouse skeletal muscle [19]. Our data suggest that
protein farnesylation may play an important role in disruption of mitochondrial integrity in
skeletal muscle in septic mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sepsis induced morphological aberrations of the mitochondria in mouse skeletal muscle. (A,
B) Representative micrographs of the mitochondria in soleus (A) and gastrocnemius (B) at
2,500x magnification. Scale bar: 2 um. (C) Representative images of the mitochondria with
normal and aberrant morphology. (D-I) Sepsis increased the numbers of the mitochondria
with partial and complete loss of cristae or swirling cristae (D, G) and those with rupture of
the inner and outer membranes (E, H), and area of the mitochondria (F, 1) in soleus (D-F)
and gastrocnemius (G-I). CLP: cecum ligation and puncture, GC: gastrocnemius. *p < 0.05,

**p < 0.01, ***p < 0.001 vs. naive mice, n = 5 per group.
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Fig. 2.
Sepsis increased circulating mitochondrial DNA levels. Real-time PCR using primers

targeting COX3 (A) and ND4 genes (B) showed significantly increased plasma mtDNA
levels in septic mice compared with naive mice. CLP: cecum ligation and puncture. p < 0.05,
**p < 0.01 vs. naive mice. n = 6 per group.
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Fig. 3.

FTI1-277 treatment prevented sepsis-induced morphological aberrations of the mitochondria
in mouse skeletal muscle. FTI-277 treatment inhibited sepsis-induced loss of cristae and
increases in rupture of the inner and outer membranes, and increase in mitochondrial

area in soleus (A, D-F) and gastrocnemius (B, G-1) at 3 days after sepsis induction by
cecum ligation and puncture (CLP). FTI-277 did not induce morphological changes of

the mitochondria in sham mice. GC: gastrocnemius, SV: vehicle-treated sham mice, SF:
FTI-277-treated sham mice, CV: vehicle-treated CLP mice, CF: FTI-277-treated CLP mice.
*p < 0.05, **p < 0.01, ***p < 0.001 vs. SV, SF and CF, n = 6-8 per group.
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Fig. 4.

FTI-277 treatment inhibited sepsis-induced increase in circulating mtDNA levels and
improved survival of septic mice. (A, B) FTI-277 treatment prevented sepsis-induced
increased mtDNA levels in plasma, as judged by real-time PCR using primers targeting
COX3(A) and ND4(B) genes. *p < 0.05, **p < 0.01. n = 6 per group. (C) FTI-277
improved survival of septic mice. n = 16 per group. CLP: cecum ligation and puncture.
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