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Abstract

Background Sepsis-associated muscle weakness is common in patients of intensive care units (ICUs), and it is closely
associated with poor outcomes. The mechanism of sepsis-induced muscle weakness is unclear. Recent studies have
found that gut microbiota and metabolites are involved in the regulation of skeletal muscle mass and metabolism. This
study aimed to investigate the effects of gut microbiota and metabolites on sepsis-associated muscle weakness.
Methods In a lipopolysaccharide (LPS)-induced inflammation mouse model, mice with different sensitivities to
LPS-induced inflammation were considered as donor mice for the faecal microbiota transplantation (FMT) assay,
and recipient mice were divided into sensitive (Sen) and resistant (Res) groups. Skeletal muscle mass and function,
as well as colonic barrier integrity were tested and gut microbiota and metabolite composition were analysed in both
groups of mice. The effect of intestinal differential metabolite vitamin K1 on LPS-triggered muscle damage was inves-
tigated, and the underlying mechanism was explored.

Results Recipients exhibited varying LPS-triggered muscle damage and intestinal barrier disruption. Tibialis anterior
(TA) muscle of Sen exhibited upregulated expression levels of MuRF-1 (0.825 + 0.063 vs. 0.304 = 0.293, P = 0.0141)
and MAFbx (1.055 = 0.079 vs. 0.456 + 0.3, P = 0.0092). Colonic tight junction proteins ZO-1 (0.550 = 0.087 vs.
0.842 + 0.094, P = 0.0492) and occludin (0.284 = 0.057 vs. 0.664 + 0.191, P = 0.0487) were significantly downreg-
ulated in the Sen group. Metabolomic analysis showed significantly higher vitamin K1 in the faeces (P = 0.0195) and
serum of the Res group (P = 0.0079) than those of the Sen group. After vitamin K1 intervention, muscle
atrophy-related protein expression downregulated (P < 0.05). Meanwhile SIRT1 protein expression were upregulated
(0.320 = 0.035 vs. 0.685 = 0.081, P = 0.0281) and pNF-kB protein expression were downregulated (0.815 =+ 0.295 vs.
0.258 = 0.130, P = 0.0308). PI3K (0.365 + 0.142 vs. 0.763 = 0.013, P = 0.0475), pAKT (0.493 = 0.159 vs.
1.183 + 0.344, P = 0.0254) and pmTOR (0.509 = 0.088 vs. 1.110 = 0.190, P = 0.0368) protein expression levels were
upregulated in TA muscle. Meanwhile, vitamin K1 attenuated serum inflammatory factor levels.

Conclusions Vitamin K1 might ameliorate LPS-triggered skeletal muscle damage by antagonizing NF-kB-mediated in-
flammation through upregulation of SIRT1 and regulating the balance between protein synthesis and catabolism.
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Introduction

Intensive care unit-acquired muscle weakness (ICU-AW) is a
common and life-threatening complication in patients with
critical illness. It is associated with high morbidity and mortal-
ity in ICU.* The morbidity of ICU-AW is 30-50% in patients
with critical illness and even up to 67% in patients with sep-
sis. ICU-AW is an independent risk factor for increased mor-
tality in ICU.? Sepsis-induced muscle weakness is a common
complication of critical illness, it leads to long-term impair-
ment of physical function, and it is associated with loss of
function after hospital discharge, prolonged hospital stay, de-
layed recovery and late death.®> Abundant studies reported
that sepsis enhanced protein degradation and inhibited pro-
tein synthesis, which contributed to impaired muscle func-
tion and death.*> The pathogenesis is complex and not fully
understood.

Many studies recently confirmed that the gut microbiota
and metabolites could be involved in sepsis-associated organ
dysfunction as regulators of upstream immune activity.®”
However, few evidence could be found regarding how the
gut microbiota regulates skeletal muscle mass and metabo-
lism function in sepsis, a major metabolic and immune organ
in the body. To date, the gut microbiota—muscle axis has been
widely proposed. Many in-vitro experiments and preclinical
studies showed a close association between muscle and
the gut microbiota.®® Elevated microbial taxa of Oscillospira
and Ruminococcus and decreased microbial taxa of
Barnesiellaceae and Christensenellaceae have been reported
to be related with muscle damage.’® Compared with
pathogen-free mice, germ-free mice (lacking gut microbiota)
showed reduced skeletal muscle mass and downregulated ex-
pression of genes related to skeletal muscle metabolism and
function. This finding could be reversed by the application of
microbial metabolites.** After faecal microbiota transplanta-
tion from pig donors, germ-free mice could replicate the skel-
etal muscle properties, including muscle development and
lipogenesis ability.*? Multiple gut microbial metabolites have
been proposed to be involved in skeletal muscle metabolism
and inflammation. For instance, Butyrate alleviates muscle at-
rophy induced by diabetic nephropathy through PI3K/Akt/
mTOR signalling.®® Indole-3-propionic acid (IPA) was found
to not only contribute to muscle growth and development,
but also have anti-inflammatory effects, partly associated
with the IPA/miR-26a-2-3p/IL-1p cascade.™® Numerous stud-
ies showed that the gut microbiota plays an important role
in promoting the development of the immune system and
maintaining normal immune function.’® Overall, the gut
microbiota is closely related to skeletal muscle content and
biochemical and metabolic indicators, and it is the major im-
mune regulator in the gut and extra-gut organs.*®'” Based on
these studies, the gut microbiota and metabolites are possi-
bly key factors in the development of sepsis-induced muscle
weakness.

In the present study, the gut microbiota and metabolites
were hypothesized to be associated with the development
of sepsis-induced muscle weakness. 16sDNA sequencing and
metabolic analysis were applied to identify signature differ-
ential substances and determine the role and mechanism of
protection against lipopolysaccharide-triggered skeletal mus-
cle damage.

Methods
Animals and experimental design

All experiments were performed in accordance with the
guidelines of animal experiments and approved by the
Animal Ethics Committee of Southwest Medical University
(No. 20211122-007). This work confirms to the ethical stan-
dards laid down in the 1964 Declaration of Helsinki and its
later amendments. Male specific pathogen-free C57BL/6
mice aged 6—8 weeks (20-22 g) were purchased from Beijing
Hua Fukang Biotechnology. All animals were domesticated
and maintained in the animal facility of Southwest Medical
University in a temperature-controlled environment of
21°C-25°C, with a 12-h light/dark cycle and free access to a
standard laboratory diet and clean water. Data collection
and statistical analysis was conducted blind to group assign-
ment. Mice did not experience unexcepted lethality.

Study 1: 7-day mortality observation experiment

Faeces from C57BL/6J mice (n = 42) were collected before LPS
injection. These mice were selected for intraperitoneal injec-
tion of lipopolysaccharide (LPS, 10 mg/kg, from Escherichia
coli 055:B5, Sigma) to screen mice for susceptibility to
LPS-induced inflammation. These mice were housed in differ-
ent cages randomly. If the mice showed a moribund state
within 24 h and the severity of sepsis is severe, the mice
are sacrificed and defined as the S-sen group. However, the
mice that survived for 7 days and recovered to the active
state were identified as sepsis resistant mice. These mice
were purchased from the same batch.

Study 2: Experiment of faecal microbiota transplantation

Forty mice were randomly divided into four groups by ran-
dom number table method: (1) healthy control group (Ctrl
group, n = 10); (2) antibiotic group (ABX group, n = 10); (3)
FMT from S-res group (Res group, n = 10) and (4) FMT from
S-sen group (Sen group, n = 10). The Ctrl group was under
no treatment. The ABX group was treated daily for 5 days
with compound antibiotics by gavage. The Res group was
given by gavage daily for 5 days with compound antibiotics
and then treated with the faecal lipid of S-res mice, followed
by intraperitoneal injection of 15 mg/kg LPS. The Sen group
was pretreated daily for 5 days with compound antibiotics
by gavage and then treated with the faecal lipid of S-sen
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mice, followed by intraperitoneal injection of 15 mg/kg LPS.
Mice were sacrificed 24 h after intraperitoneal injection of
LPS. Mice were sacrificed and not included in the analysis if
they developed a moribund state and the severity of sepsis
was severe within 24 h.

Study 3: Experiment of vitamin K1 treatment

Thirty mice were selected and randomly divided into three
groups by random number table method: (1) Ctrl group
(n =10), (2) LPS group (n = 10), and (3) vitamin K1 treatment
group (VK1 group, n = 10). The Ctrl group was under no treat-
ment. This group of mice is the Ctrl group of mice in study 2.
The LPS group was injected intraperitoneally with 15 mg/kg
of LPS. The VK1 group was injected intraperitoneally with
15 mg/kg of LPS and then treated with 1 mg/kg BW of vita-
min K1 by gavage. Mice were sacrificed 24 h after intraperito-
neal injection of LPS.

Faecal microbiota transplantation administration

FMT administration was conducted on the basis of a modified
method.*®° In a typical procedure, mice received compound
antibiotics (100 mg/kg vancomycin, 200 mg/kg neomycin sul-
phate, 200 mg/kg metronidazole, and 200 mg/kg ampicillin)
once daily for 5 days to remove the intrinsic intestinal micro-
biota. The faeces of each mouse were collected before
modelling and resuspended with 1 mL PBS (125 mg:1 mL).
The suspension was collected as the transplantation vehicle
by vortex vigorously for 1 min and centrifuging at 800 g for
8 min. The faecal bacterial solution was given to the recipient
mice by gavage of 150 pl each time, once a day for 3 days.

Sepsis severity score

Sepsis severity was assessed before sacrifice using the
following variables: piloerection, alterations in gait, lethargy,
alterations in respiratory rate, lacrimation, loss of grip
strength, decreased body tone, respiratory difficulty after
manipulation, lack of exploratory behaviour, and body
temperature alterations, as described previously.?® Animals
received 1 point for each variable presented. The total score
reflects the severity of the sepsis. Sepsis severity scores of
2—-3 was rated as mild, 4-7 was rated as moderate, and
8-10 was rated as severe. In this study, mice were sacrificed
when the severity of sepsis was assessed as severe.

Histopathology

Gastrocnemius (GA) tissues were collected, washed with PBS,
fixed with 4% paraformaldehyde solution, dehydrated with
ethanol, permeated with xylene, paraffin-embedded,
sectioned, and H&E stained. Subsequently, morphological

evaluation was performed by light microscopy, and the diam-
eter and cross-sectional area (CSA) of the muscle fibres were
recorded to assess the size of the muscle fibres.

Apoptosis detection

Apoptosis of mice GA muscle was detected by TUNEL assay in
accordance with the kit instructions. In-vivo paraffin sections
were cut to 5 pm thick. TUNEL assay was performed using the
TMR (Green) TUNEL Cell Apoptosis Detection Kit (Servicebio,
USA), and nuclei were counterstained with DAPI. Positive
cells were counted in five different areas of each section
and reported as the percentage of TUNEL-positive muscle
cells.

Grip strength measurement

Mice were measured for grip strength before sacrifice. The
procedure for the tests was as described in a previous
study.?* An experienced researcher made the mice grasp a
horizontal metal bar attached to a force sensor and pulled
the mouse’s tail gently backward. The force sensor automat-
ically recorded the peak tension when the mouse’s limbs
were released from the horizontal bar. Three grasping-force
measurements were performed at each timepoint, and their
average values were calculated and recorded. The grasping
force was homogenized with body weight.

Electromyographic measurements

After being anaesthetized with pentobarbital sodium, the
mice were placed on a heating pad in a prone position.
Measurements were performed using an RM6240 system
multichannel physiological signal-acquisition and processing
system. Compound muscle action potential (CMAP) measure-
ments were typically performed to access hindlimbs nerve
functionality. The stimulating electrodes were placed by the
side of the sciatic notch, 1 cm apart from each other. The re-
cording electrodes were positioned on the GA muscle subcu-
taneously, and the reference electrodes were placed on the
Achilles tendon. Finally, the ground electrode was placed at
the tail. CMAP latency and amplitude were measured. CMAP
measurement is a minimally invasive electrophysiologic tech-
nigue commonly used in clinical and experimental settings to
assess neuromuscular nerve conduction. Latency is measured
from the stimulation to the start of CMAP response.
Amplitude is determined by the maximum negative peak to
the maximum positive peak of the bidirectional wave.
Latency was used to evaluate the time from nerve signal to
muscle stimulus, and amplitude described the number of
depolarizing myofibers. The stimulation currents were gradu-
ally increased until the amplitude of the CMAP response
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reached its maximum value. All measurements were re-
peated three times. The mice were measured before they
were sacrificed.

Serum inflammatory factors detection

After 24 h of modelling, the mice were anaesthetized with so-
dium pentobarbital, and their eyes were removed for blood
sampling and centrifuged at 3000 rpm for 10 min. The super-
natant was frozen for examination. The levels of interleukins
(IL-1 and IL-6) and TNF-a. were measured to assess systemic
inflammation by ELISA in accordance with the kit instructions.

Malonic dialdehyde content measurement

GA muscle malonic dialdehyde (MDA) was measured before
sacrfice using the lipid peroxidation MDA assay kit
(Beyotime). In brief, MDA reacted with thiobarbituric acid
(TBA) in higher temperature and acidic environment to form
MDA-TBA adducts. These adducts were fluorometrically mea-
sured. Their maximum absorption at 535 nm was measured
via colorimetric method.

Total superoxide dismutase activity measurement

GA muscle total superoxide dismutase (SOD) activity was
measured before sacrfice in accordance with the total super-
oxide dismutase assay kit with WST-8 (Beyotime, Beijing). In
brief, WST-8 reacted with the superoxide anion (O3)
catalysed by xanthine oxidase to produce water-soluble form-
azan dye. SOD could inhibit this reaction step due to its ability
to catalyse the disproportionation of superoxide anions.
Therefore, SOD activity was negatively correlated with the
amount of formazan dye produced, and the enzymatic activ-
ity of SOD could be calculated by colorimetric analysis of
WST-8 products.

Glutathione reductase measurement

GA muscle glutathione reductase (GR) was reduced to oxi-
dized glutathione to produce reduced glutathione (GSH),
and GSH reacted with the substrate DTNB to produce yellow
TNB and oxidized glutathione. Then, the level of glutathione
reductase activity was calculated by measuring A412.

Western blot analysis

Samples of TA muscle and colonic tissue were collected and
extracted. The tissue was homogenized in lysis buffer by
using a PRO200 Bio-Gen Senes instrument. Total protein

was quantified using a Beyotime BCA protein assay kit, sepa-
rated by SDS-PAGE in a 10% polyacrylamide gel, and trans-
ferred onto nitrocellulose filter membranes. The membranes
were then blocked with 5% skimmed milk powder for 2 h at
room temperature. Subsequently, the membranes were incu-
bated with primary antibodies at 4°C overnight. After being
washed, the membranes were incubated with the corre-
sponding secondary antibodies. Thereafter, the membranes
were visualized by ECL chemiluminescence. Finally, they were
analysed with ImageJ software. Primary antibodies and dilu-
tions were as follows: Anti-MuRF1 (sc-398606, 1:1000) and
anti-MAFbx (sc-166806, 1:1000) from Santa Cruz Biotechnol-
ogy, USA. Anti-ZO1 (AF5145, 1:1000), anti-occludin (DF7504,
1:1000) and GAPDH (#AF7021) from Affinity, China. Anti-SirT1
(#9475, 1:1000), anti-NF-kB (#8242, 1:1000), anti-phospho-
NF-kB (#3033, 1:1000), anti-mTOR (#2983, 1:1000), anti-
phospho- mTOR (#5536, 1:1000),anti-AKT (#4691, 1:1000)
and anti-phospho-AKT (#4060, 1:1000) from Cell Signaling
Technology, USA. Anti-PI3K (AB_10734439) from Proteintech,
USA. Secondary antibodies and dilutions were as follows:
Goat anti-rabbit 1gG antibody (#50001, 1:20000) and Goat
anti-mouse IgG antibody (#43593, 1:20000) from Affinity,
China.

165rDNA sequencing analysis

Fresh faeces were collected after faecal bacterial transplanta-
tion. CTAB/SDS method was used to extract the total genome
DNA in samples. DNA concentration and purity were moni-
tored on 1% agarose gel. In accordance with the concentra-
tion, DNA was diluted to 1 ng/uL with sterile water. The
16SrDNA/18S rDNA/ITS genes in distinct regions were ampli-
fied with specific primers and barcodes. Data were analysed
using QIIME2 software.

Nontargeted metabolomics

UHPLC-MS/MS analyses were performed using a Vanquish
UHPLC system (Thermo Fisher, Germany) coupled with an
Orbitrap Q ExactiveTM HF mass spectrometer (Thermo
Fisher, Germany). Faeces (100 mg) were individually ground
with liquid nitrogen, and the homogenate was resuspended
with prechilled 80% methanol by a vortex. The samples were
incubated on ice for 5 min and then centrifuged at 15 000 g
and 4°C for 20 min. A part of the supernatant was diluted
to the final concentration containing 53% methanol by using
lipid chromatography-mass spectrometry (LC—MS)-grade
water. The samples were subsequently transferred into a
fresh Eppendorf tube and then centrifuged at 15 000 g and
4°C for 20 min. Finally, the supernatant was injected into an
LC—MS/MS system for analysis.

Journal of Cachexia, Sarcopenia and Muscle 2024; 15: 81-97
DOI: 10.1002/jcsm.13379



Vitamin K1 mitigates LPS-induced muscle damage - faecal transplant

85

Targeted metabolomics

Fresh blood was collected from mice in accordance with the
method of eye blood sampling and centrifuged at 3000 rpm
for 15 min. The supernatant was collected in a 1.5 mL centri-
fuge tube. The samples were extracted, nitrogen-blown, and
re-dissolved with the extracted solution in accordance with
the kit instructions [ultra-performance LC-electrospray tan-
dem MS (UPLC-MS/MS)], and then the extracted samples
were detected by UPLC-MS/MS on the machine. When the
samples first entered the liquid-phase system, they were sep-
arated, purified, and concentrated by the column and intro-
duced into the MS system. After ionization in the ion source
of the MS system into the triple quadrupole mass analyser,
the separation was performed in accordance with the mass-
to-charge ratio (m/z) of the ions. Data were collected in mul-
tiple reaction monitoring modes, and the chromatograms
and peak areas of each analyte and internal standard in the
detected samples were recorded. The ratio of vitamin K1 to
the peak area of the corresponding internal standard in the
sample was calculated. The concentration of vitamin K1 in
the sample could be calculated by plotting a standard curve
and fitting a linear equation.

Statistical analysis

All data analyses were performed using GraphPad Prism 8
software by investigators blinded to the group allocation. Re-
sults were expressed as the mean + SD. Statistical analysis
was performed using a two-tailed Student t-test or one-way
ANOVA. The measurement data had a non-normal distribu-
tion, and the non-parametric test was used. P < 0.05 was
considered statistically significant.

Results

Characteristics of sepsis-sensitive and resistant
mice

In the first study, a mouse model of inflammation was estab-
lished by injection of LPS, and the survival rate of mice was
observed. The timepoints for collecting donor mouse faeces
are shown in Figure 1A. The susceptibility of mice to
LPS-induced inflammation significantly differed. If the mice
showed a moribund state within 24 h and the severity of sep-
sis is severe, the mice are sacrificed and defined as the S-sen
group. However, the mice that survived for 7 days and recov-
ered to the active state were identified as S-res group
(Figure 1B).

Measurements of grip strength and CMAP were performed
on mice in the S-sen group within 24 h when they exhibited a

moribund state and sepsis severity was assessed as severe,
subsequently mice were sacrificed to collect GA muscle for
TUNEL staining. However, in S-res mice, mouse grip strength
and CMAP were measured at day 7, subsequently mice were
sacrificed to collect GA muscle for TUNEL staining. The sepsis
severity scores in both groups of mice are shown in Figure 1C.
The sepsis severity scores in the S-sen group were signifi-
cantly higher than in the S-res group (P < 0.05). Apoptosis
was involved in skeletal muscle atrophy.*? Accordingly, TUNEL
staining was applied to identify the apoptotic nuclei in
myofibers. The number of TUNEL-positive nuclei per section
in the S-sen group showed a significant increase compared
with that in the S-res group (P < 0.05, Figure 1D). Next, we
measured the body weight of the mice before sacrifice, and
it was revealed that the weight of the S-sen group mice de-
creased markedly compared with the S-res group mice
(P < 0.01, Figure S1A). Grip strength and EMG of the sciatic
nerve-gastrocnemius complex were performed before sacri-
fice to explore the changes in muscle strength and evaluate
neuromuscular function. The result of the grip strength mea-
surement is presented in Figure 1E. The grip force was lower
in S-sen mice than in S-res mice (P < 0.05). Besides, CMAP
measurements are shown in Figure 1F. Amplitude and la-
tency are depicted by measuring the distance between the
dotted lines. The S-sen group also demonstrated a significant
increase in CMAP latency and a significant decrease in ampli-
tude compared with the S-res group. Abnormalities in CMAP
latency and amplitude usually suggest abnormalities in the
functional state of the neuromuscular junction.

Faecal bacteria transplantation from sepsis-
resistant mice alleviates lipopolysaccharide-
triggered muscle damage and intestinal barrier
disruption

FMT trial was performed to further elucidate that the gut mi-
crobiota plays an essential part in the susceptibility of
LPS-induced inflammation (Figure 2A). According to the sep-
sis severity score before sacrifice, the Sen group exhibited
much more severe sepsis (P < 0.05, Figure 2B). Then, H&E
staining of GA was further performed, and the size of muscle
fibres was observed (Figure 2C). The GA muscle fibre diame-
ter and CSA of the Sen group were significantly smaller than
those of the Res group (P < 0.05, Figure 2C). Next, the effect
of FMT on muscle function was assessed. The Sen mice had
significantly lower grip strength than the Res mice
(P < 0.05, Figure S1C). As shown in Figure 2D, the primary re-
sult was the Sen and Res groups replicated a phenotype sim-
ilar to the donor mice, with greatly increased latency and
decreased amplitude in Sen mice compared with Res mice
(P < 0.05). Increased muscle protein breakdown due to sep-
sis stimulated the expression of muscle-specific E3 ubiquitin
ligases MuRF-1 and MAFbx. Western blot results revealed
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Figure 1 Characteristics of sepsis-sensitive and resistant mice. Mice were selected for intraperitoneal injection of LPS (10 mg/kg) to screen mice for
susceptibility to sepsis. We defined the mice that died within 24 h as the S-sen group, whereas mice that survived for 7 days were defined as the S-res
group. (A) Description of the timeline for collection of donor mouse faeces. (B) Survival was monitored for 7 days. Kaplan—Meier log-rank test was
performed. S-sen n = 6/42, S-res n = 13/42. (C) The score for severity of sepsis in S-sen and S-res. (D) TUNEL staining and quantification of S-sen
and S-ren GA muscle at 10x magnifications are shown (scale bars represent 100 um). Green fluorescence represents positive cells. (E) Comparison
of grip strength of S-sen and S-res. (F) Samples of CMAP recorded in S-sen and S-res. The black marks represent a single stimulus. Comparison of am-
plitude and latency of CMAP in S-sen and S-res in the sciatic nerve -gastrocnemius. Data are means + SEM. P values determined through Student’s t
test. S-sen versus S-res: *P < 0.05, P < 0.01, P < 0.001.

that the expression of MuRF-1 and MAFbx significantly in- collected for the measurement of the tight junction proteins
creased in the Sen group (P < 0.05, Figure 2E). For further ZO-1 and occludin. The relative expression of ZO-1 and
characterization of the effect of LPS on the intestinal barrier  occludin significantly decreased in the Sen mice (P < 0.05,
homeostasis in both groups of mice, mice colon tissues were  Figure 2F).
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Figure 2 Faecal bacteria transplantation from S-res mice alleviates LPS-triggered muscle damage and intestinal barrier disruption. (A) Description of
the steps of FMT experiment. (B) The score for Severity of sepsis in Sen and Res. (C) H&E staining in the GA muscle. Representative histological images
on day 9 postoperatively (400x magnification). Scale bar = 100 um. Comparison of muscle fibre diameter and CSA of muscle fibre in mice from each
group. (D) Western blot analysis of MuRF-1 and MAFbx protein levels in TA tissue in Sen and Res groups. The results were normalized to the expression
of GAPDH. (E) Western blot analysis of ZO-1 and occludin protein levels in colon tissue in Sen and Res groups. The results were normalized to the ex-
pression of GAPDH. Data are means + SEM. P values determined through Student’s t test and ordinary one-way ANOVA. Sen versus Res: *p < 0.05,
"p - 0.01, ™p < 0.001. Sen and Res versus Ctrl: **P < 0.01, ***P < 0.001. Sen versus ABX: °P < 0.05.
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Faecal bacteria transplantation replicates the gut
microbiota composition of donor mice revealed by
165sDNA sequencing technology

Faeces from S-res and S-sen mice before LPS injection were
collected as donor mouse faeces and faeces from Sen and
Res mice before LPS injection were collected as recipient
mouse faeces for 16SDNA sequencing to analyse the
composition of the gut microbiota of donor and recipient
mice. No significant differences were observed in Chaol,
observed_species and shannon index between S-sen and
S-res, or between Sen and Sen mice (P > 0.05, Figure 3A,B).
The samples were constructed based on the OUT
abundance-weighted unifrac distance and subjected to princi-
pal coordinate analysis, and the combination of principal co-
ordinates with the largest contribution was selected to draw
a two-dimensional Principal coordinate analysis (PCoA) plot,
which shows that the two groups of samples are not clearly
distinguished from each other (P > 0.05, Figure 3C). At the
phylum level, similar gut microbiota composition can be ob-
served in donor and recipient mice (Figure 3D).

Differences in gut microbiota composition in
recipient mice revealed by 16sDNA sequencing
technology

Given that the gut microbiota may be an important mediator
of susceptibility to sepsis-induced muscle weakness, the
changes in gut microbiota composition were explored by
analysing 16SrDNA. The 16SrDNA sequencing showed that
FMT treatment did not cause significant differences in o diver-
sity between Sen mice and Res mice (P > 0.05, Figure 4A).
PCoA results also indicated that the overall structural differ-
ences between the two groups of gut microbiota were not
statistically significant (P > 0.05, Figure 4B). Linear discrimi-
nant effect size (LefSe) analysis was directly performed to
identify simultaneous difference in the analysis of all
classification levels and major bacterial biomarkers. The LDA
analysis showed that Ackermanniaceae, Verrucomicrobiales,
Akkermansia, Verrucomicrobiae, and Verrucomicrobiata phyla
were enriched in the Sen group, and Enterococcus and
Enterococcaceae were enriched in the Res group (LDA
score > 4, Figure 4D). PICRUSt2 was used for metagenomic
function prediction on the basis of marker genes to further
explore the difference in intestinal microbial metabolic func-
tion between the two groups of mice. In accordance with
the functional annotations and abundance information of
the samples in the database, the top 35 functions in terms
of abundance and their abundance information in each
sample were selected to draw heatmaps and clustered at
different functional levels. Significant functional differences
were observed between the two groups of mice (Figure S2A).

Differences in gut microbiota composition in
recipient mice revealed by metabolomic analysis

Considering the possible differences in gut microbial meta-
bolic functions of Res and Sen mice, a nontargeted metabolic
analysis was performed. Partial least square-discriminant
analysis (PLS-DA) is a statistical method of supervised discrim-
inant analysis using partial least square regression to model
the relationship between metabolite expression and sample
categories. PLS-DA demonstrated a clear separation of meta-
bolic profiles in the Res and Sen groups (Figure 5A). Further-
more, ranking validation was performed between the two
groups to determine whether the model was overfitted, and
the results showed that it was not (Figure 5B). The screening
of differential metabolites primarily referred to three param-
eters: VIP, FC, and P-value. The threshold values were set as
VIP > 1.0, FC > 1.2 or FC < 0.833, and P-value < 0.05, and
then 178 differential metabolites, including 90 upregulated
metabolites and 88 downregulated ones in the Res group,
were screened in comparison with those in the Sen group
(Figure 5C). Among them, vitamin K1 (FC = 2.12; P = 0.02;
VIP = 1.6), taurine (FC = 1.72; P = 0.03; VIP = 1.5) and
gamma-Tocopherol (FC = 2.19; P = 0.04; VIP = 1.5) were
significantly up-regulated in the Res group compared with
the Sen group (Figures 5D and S2A,B). Subsequently, Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis was
used to further understand the relevant biological mecha-
nisms. Aminoacyl-tRNA biosynthesis, ubiquinone and other
terpenoid-quinone biosynthesis, and metabolic pathways
were significantly enriched in the Res group compared with
the Sen group (Figure 5E). For further validation, serum from
the Sen and Res mice was collected before modelling, and
guantitative analysis of vitamin K1 was performed using
UPLC-MS/MS. Standard curves were plotted using calibrators
(r>10.9500, Figure S2D). The amount of vitamin K1 in mouse
serum was determined (Figure S2E). Significantly higher
levels of vitamin K1 were found in the serum of Res mice
than in the serum of Sen mice (Figure S2F).

Vitamin K1 attenuates lipopolysaccharide-induced
muscle damage and impaired gut barrier

Metabonomic analysis revealed that vitamin K1 was signifi-
cantly enriched in the Res group. Therefore, whether vitamin
K1 could ameliorate LPS-induced muscle damage and im-
paired intestinal barrier was determined. Mice were treated
with intraperitoneal injection of LPS to induce acute inflam-
mation model, followed by vitamin K1 gavage (Figure 6A).
Sepsis severity scores were obtained, and the results showed
that vitamin K1 treatment attenuated sepsis severity
(P < 0.05, Figure 6B). After 24 h of modelling, grasp-force
measurements were performed to assess muscle strength in
mice. The grip strength of mice was also measured before
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sacrificing, and the results suggested that the grip strength of
the VK1 group was significantly higher than that of the LPS
group (P < 0.05, Figure 6C). Similarly, EMG measurements
of the sciatic nerve-gastrocnemius complex revealed that
pretreatment with vitamin K1 decreased latency and
increased amplitude (P < 0.05, Figure S1E,F). Next, the
expression levels of MuRF-1 and Mafbx were assessed, and
the results found that treatment with vitamin K1 inhibited
their expression (P < 0.05, Figure 6D). The ZO-1 and occludin
protein expression levels were also examined to observe the

effect of vitamin K1 on the functional barrier of the intestine.
Sepsis disrupted the functional intestinal barrier and in-
creased permeability. However, vitamin K1 could significantly
improve it (P < 0.05, Figure 6E). The decline in SIRT1 was as-
sociated with increased oxidative and stress and inflamma-
tion, and SIRT1 could inhibit NF-kB-induced inflammation
and downstream inflammatory cytokine synthesis.>®> Com-
pared with the SIRT1 protein level in LPS mice, that in VK1
mice was significantly upregulated, whereas pNF-kB protein
was significantly downregulated (P < 0.05, Figure 6F).
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Phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of
rapamycin (mTOR) signalling is the central pathway control-
ling cell growth, proliferation and metabolism. Muscle
growth or atrophy is closely related to the activity of PI3K/
AKT/mTOR signalling pathway. In this study, the PI3K/AKT/
mTOR  signalling pathway was further determined
(Figure 7A). The relative expression levels of PI3K, pAKT,
and pmTOR proteins were significantly downregulated in
the LPS group compared with the VK1 group (P < 0.05,
Figure 7B-D). The effect of vitamin K1 treatment on the level
of oxidative stress in septic mice was subsequently observed.
SOD and GR were higher and MDA was lower in VK1 mice
than in LPS mice (P < 0.05, Figure 7E). Serum inflammatory
cytokines reflect the state of inflammatory response. Signifi-
cantly lower levels of inflammatory factors (IL-1 and IL-6)
and TNF-o were detected in Res mice than in Sen mice
(P < 0.05, Figure 7F).

Discussion

Gut microbiota dysbiosis reportedly plays a significant role in
sepsis. Moreover, microorganisms and their metabolites are
involved in multiple convergent pathways to regulate the
growth and function of the host muscle.”** How the gut
microbiota influences skeletal muscle mass and function in
sepsis remains elusive. Accordingly, this study demonstrated
the role of gut microbiota and its metabolites in regulating
sepsis-induced muscle weakness.

In this study, the mice of the same genetic background ex-
hibited differences in susceptibility to LPS-induced systemic
inflammation when mice inflammation models were con-
structed using intraperitoneal injections of LPS. This property
could be replicated in other mice by FMT. The FMT assay
highlighted the role of gut microbiota as an upstream suscep-
tibility conductor of LPS-induced muscle damage. Thus, the
composition of gut microbiota and metabolites in Res mice
was considered to be protecting mice from sepsis. The
commensal microbiome is a complex ecosystem. It varies
among individuals, and it is influenced by host genotype
and external environmental factors.”>?® The 16SrDNA se-
guencing results suggested that the gut microbiota composi-
tion of Res and Sen mice was generally similar, although some
differences in specific flora were statistically significant. The
mice were purchased in the same batch and adaptively
housed inside the same cage. Unlike humans, mice have co-
prophagy behaviour, which may result in similar gut microbi-
ota composition.?”

Metabolomics is closer to phenomics, which is an exten-
sion of transcriptomics and proteomics. It reflects the physio-
logical state of an organism more directly and accurately.
Metabolomics suggested that the relative content of vitamin
K1 in the faeces of Res mice was significantly higher than that

in the faeces of Sen mice, and serum quantification was
further verified. Study 3 experiments showed that exogenous
vitamin K1 administration prevented LPS-induced inflamma-
tory response and muscle damage. Overall, these findings
indicated that vitamin K1 is a potentially reliable drug for
LPS-induced muscle damage treatment. A previous study
reported that vitamin K1 and its derivatives could prevent
lipid peroxidation and exert anti-inflammatory effects.?®2°
More importantly, vitamin K supplementation was found to
reduce LPS-induced inflammation in vivo and in vitro.*® Fur-
thermore, vitamin K1 treatment reduced the enhanced ex-
pression of cytokine IL-6 mMRNA in LPS-administered human
macrophages.®*

LPS is a major component of the outer membrane
of gram-negative bacteria. In gram-negative bacterial
infections, LPS is a major mediator of sepsis. LPS binding to
lipopolysaccharide-binding  protein  (LBP) by pattern
recognition receptor (PRR) can trigger the release of pro-
inflammatory factors, leading to a dysregulation of the pro-
and anti-inflammatory balance, which plays an important role
in the development of sepsis.>*> Plasma LPS levels are com-
monly elevated in patients with sepsis or septic shock.>**
LPS-induced biological effects have been observed to be sim-
ilar to those of infectious shock and is an important bacterial
toxin in the pathogenesis of septic shock in humans.3® There-
fore, inhibition of LPS signalling and downstream effectors in
sepsis development is a potentially promising therapeutic
modality. In Study 2, we observed that after faecal microbiota
transplantation, the recipient mice showed different sensitiv-
ities to LPS-induced muscle damage. LPS-induced muscle
damage was mainly manifested as a decrease in mass and
function. H&E staining results suggested that the size of skel-
etal muscle muscle fibres of the mice in the Sen group was
significantly lower than that of the mice in the Res group.
The results showed that the size of skeletal muscle fibres of
the mice in the Res group was significantly lower than that
of the mice in the Sen group. Skeletal muscle is a post mitotic
tissue, and its size is mainly regulated by the protein turnover
processes.>” Studies showed that the main pathway leading
to increased muscle protein catabolism under sepsis catabo-
lism is the ubiquitin-proteasome pathway.® The increased
expression of MuRF-1 and MAFbx in the skeletal muscle of
mice in the Sen group suggested a shift in the protein homeo-
stasis from net synthesis to net degradation in skeletal mus-
cle, which leads to a decrease in the size of muscle fibres.
Meanwhile, MuRF-1 and MAFbx protein expression levels
were significantly downregulated in Res mice relative to Sen
mice. The results of metabolomics analysis suggested that
the levels of vitamin K1 in the faeces and serum of the Res
group were significantly higher than those of mice in the
Sen group. Previous studies showed that vitamin K1 could up-
regulate SIRT1 protein expression levels.

SIRT1 is a deacetylase involved in the regulation of inflam-
matory response, apoptosis, and energy metabolism.*® A key
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Figure 7 Vitamin K1 attenuates LPS-induced muscle damage. (A) Western blot analysis of PI3K, pAKT, AKT, pmTOR and mTOR in TA. (B)Western blot
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role for SIRT1 in balancing the immune-metabolic processes
associated with acute systemic inflammation was also
identified.** SIRT1 can antagonize NF-kB-induced inflamma-
tion. NF-kB is a key switch of the inflammatory response.*°
LPS-induced NF-xB activation plays an important role in the
process of skeletal muscle atrophy.*? In skeletal muscle, stud-
ies demonstrated that LPS could upregulate the expression of
MuRF-1 and MAFbx by increasing NF-kB activity.**** The sig-
nificant up-regulation of SIRT1 expression and the reduced
level of NF-kB protein activation in VK1 mice in the present
study suggest that vitamin K1 may ameliorate LPS-induced
muscle injury by down-regulating MuRF-1 and MAFbx expres-
sion mediated through SIRT1/NF-kB pathway. NF-kB activa-
tion is not only involved in protein degradation, its activation
also plays an important role in inflammation.*® Activated
NF-kB induces the expression of multiple cytokines. The ex-
pression levels of inflammatory factors in the Sen group were
significantly upregulated compared with those in the Res

group. After vitamin K1 intervention was performed, the GR
and SOD levels were significantly upregulated, whereas the
MDA levels were significantly downregulated, suggesting an
inhibitory effect of vitamin K1 on oxidative stress levels.
Oxidative stress is characterized by an excess production of
reactive oxygen species and relative nitrogen species, which
could lead to inflammatory response and organ damage
(Figure 8).%¢47

The results of nontargeted metabolic analysis showed that
the aminoacyl-tRNA biosynthesis is among the top pathway
in the KEGG analysis. Aminoacyl-tRNA synthetases are an
essential family of enzymes that play a key role in protein
synthesis.*® In non-dividing muscle cells, the PI3K/AKT/mTOR
signalling pathway stimulates protein synthesis and inhibits
protein degradation. This can determine muscle atrophy or
growth.*® This is consistent with previous findings that sepsis
and the associated inflammatory damage produced by
endotoxin (LPS) inhibit factors involved in cap-dependent
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translation, namely mTOR, to suppress muscle protein syn-
thesis. Moreover, it has been shown that sepsis does not alter
the number of ribosomes, suggesting impairment of transla-
tion initiation and efficiency, as an increase in the number
of free ribosomal subunits can be observed.® The inhibition
of mTOR kinase activity is partly due to the overproduction
of proinflammatory cytokines, and specific inhibitors of these
cytokines restore muscle protein synthesis.>>> The signifi-
cant decrease in the levels of skeletal muscle inflammatory
factors and the significant upregulation of the PI3K/AKT/
mMTOR pathway after vitamin K1 intervention also suggests
that the amelioration of LPS-induced muscle damage by vita-
min K1 may be due, in part, to the suppression of the levels
of skeletal muscle inflammation, which overcame the LPS-
induced inhibition of the PI3K/AKT/mTOR pathway and re-
stored skeletal muscle protein synthesis (Figure 8). In the
present study, treatment with vitamin K1 resulted in a strong
suppression of inflammation levels and a balance of redox
levels, which indirectly reduced muscle atrophy and
protected the functional intestinal barrier. Previous studies
reported that sepsis could lead to significant mitochondrial
abnormalities resulting in impaired muscle function.®® SIRT1
could notably improve mitochondrial oxidative metabolism
and regulate mitochondrial function under oxidative stress.>*
Overall, these findings indicated that vitamin K1 is a poten-
tially reliable drug for treating sepsis-induced muscle
weakness.

Our study has some limitations. Firstly, our study focused
on the effect of vitamin K1 on LPS-triggered skeletal muscle
damage and did not further analysis other differential metab-
olites and underlying mechanism. This is the next research
we will continue to explore. Secondly, male mice were cho-
sen for study in our study because it has long been noted that
the inflammatory response in females differs significantly
from that in males, in part related to oestrogen. This en-
hanced inflammatory response facilitates response to infec-
tion and sepsis, but is detrimental to the immune response
against self,”® leading to an overall higher rate of autoim-
mune disease in females than in males. In female inflamma-
tion, our findings have some limitations.
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