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Abstract

Background Inflammatory cytokine interleukin-6 (IL-6) plays a pivotal role in skeletal muscle degradation after
intra-abdominal sepsis (IAS), with mechanism remained to be elucidated. Indoleamine 2,3-dioxygenase 1 (IDO-1), a
key enzyme in converting tryptophan into kynurenine, could be activated by IL-6, and kynurenine has been shown
to be involved in muscle degradation. We hypothesized that IL-6 could promote muscle degradation via tryptophan–
IDO-1–kynurenine pathway in IAS patients.
Methods Serum and rectus abdominis (RA) were obtained from IAS or non-IAS patients. Mouse model of IAS-induced
muscle wasting was generated by caecal ligation and puncture (CLP) and lipopolysaccharide (LPS) injection. IL-6
signalling was blocked by anti-mouse IL-6 antibody (IL-6-AB), and the IDO-1 pathway was blocked by navoximod. To elu-
cidate the role of kynurenine in muscle mass and physiology, kynurenine was administered to IASmice treated with IL-6-AB.
Results Compared to non-IAS patients, kynurenine levels in serum (+2.30-fold vs. non-IAS, P < 0.001) and RA
(+3.11-fold vs. non-IAS, P < 0.001) were elevated, whereas tryptophan levels in serum (�53.65% vs. non-IAS,
P < 0.01) and RA (�61.39% vs. non-IAS, P < 0.01) were decreased. Serum IL-6 level of the IAS group was significantly
higher compared to non-IAS patients (+5.82-fold vs. non-IAS, P = 0.01), and muscle cross-sectional area (MCSA) was
markedly reduced compared to non-IAS patients (�27.73% vs. non-IAS, P < 0.01). In animal experiments, IDO-1
expression was up-regulated in the small intestine, colon and blood for CLP or LPS-treated mice, and there was corre-
lation (R2 = 0.66, P < 0.01) between serum and muscle kynurenine concentrations. Navoximod significantly mitigated
IAS-induced skeletal muscle loss according to MCSA analysis (+22.94% vs. CLP, P < 0.05; +23.71% vs. LPS, P < 0.01)
and increased the phosphorylated AKT (+2.15-fold vs. CLP, P < 0.01; +3.44-fold vs. LPS, P < 0.01) and myosin heavy
chain (+3.64-fold vs. CLP, P < 0.01; +2.13-fold vs. LPS, P < 0.01) protein expression in myocytes. In the presence of
anti-IL-6 antibody, a significantly decreased IDO-1 expression was observed in the small intestine, colon and blood in
CLP or LPS mice (all P < 0.01), whereas the decrease of MCSA was alleviated (+37.43% vs. CLP + IgG, P < 0.001;
+30.72% vs. LPS + IgG, P< 0.001). In contrast, additional supplementation of kynurenine decreased the MCSA in sep-
tic mice treated with IL-6-AB (both P < 0.01).
Conclusions This study provided novel insights into the tryptophan–IDO-1–kynurenine-dependent mechanisms that
underlie inflammatory cytokine-induced skeletal muscle catabolism during intra-abdominal sepsis.
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Introduction

Intra-abdominal sepsis (IAS) is a common complication after
abdominal trauma or surgery.1 Up to 70–100% of IAS patients
are accompanied with metabolic disorders, presenting as a
hyper-catabolic status.2 On this subject, skeletal muscle
(SM) wasting and the consequent sarcopenia are the main
problems, which would lead to the rapid loss of SM mass
and strength, with a clinical manifestation of frailty and in-
creased morbidity.3 Although nutrition support could pro-
mote anabolism, it could not counteract the process of catab-
olism and preserve muscle mass in the early phase of critical
illness.4 Therefore, factors other than nutrition deficiency
might play an important role during muscle wasting in IAS.

Interleukin-6 (IL-6) is an inflammatory cytokine that has
been shown to participate in sepsis development5 and is as-
sociated with mortality in severe sepsis.6 IL-6 could trigger
SM degradation by different mechanisms, including elevated
Janus kinase/signal transducer and activator of tran-ions
(JAK/STAT) pathway activity or increased release of other
cytokines.7 Neutralizing antibodies to IL-6 was identified as
a therapeutic target in cancer cachexia8; however, whether
blockage of IL-6 signalling could attenuate the process of
muscle wasting in sepsis has not been determined. The opti-
mal time of IL-6 blocking is also noteworthy, because early in-
tervention with the most appropriate biologic provides the
best opportunity for remission.9

Recent findings suggested that some amino acids could
serve as the signalling molecules to regulate SM metabolism,
rather than simply function as the substrates of muscle pro-
tein synthesis.10 Tryptophan (Trp) is a conditionally essential
amino acid. There are three ways of Trp metabolism, includ-
ing the direct transformation of Trp into aryl hydrocarbon
receptor (AhR) ligands, the 5-hydroxytryptamine (5-HT) pro-
duction pathway and the kynurenine (Kyn) pathway via
indoleamine 2,3-dioxygenase 1 (IDO-1).11

Among them, Trp catabolism through the Kyn pathway
could generate a variety of bioactive metabolites that would
affect the substrate metabolism. An increase in IDO-1 activity
has been associated to an increased mortality in septic
patients,12 and frailty is associated with a marked increase
in the Kyn/Trp ratio.13 Lean body mass in mice treated with
high Kyn diet was significantly reduced,14 which suggested
that IDO-1 inhibition may represent a novel therapeutic
approach for the prevention of sarcopenia. Also, IL-6 could
enable the activation of IDO-1 in inflammatory state.15

Therefore, IDO-1 activation and Kyn accumulation might be
a possible mechanism and therapeutic target of IL-6-induced
SM wasting in IAS.

In the current study, we sought to delineate the role of
IDO-1 and its metabolite Kyn in sepsis-induced muscle
wasting and to explore the relationship between IL-6 and
IDO-1 in sepsis. To address this, we first collected blood and
rectus abdominis (RA) samples from patients undergoing

surgery for IAS and tested the correlation between muscle
wasting and serum IL-6, Trp and Kyn levels. In animal experi-
ments, we used navoximod (NLG-919), a specific antagonist
of IDO-1, and IL-6-neutralizing antibody to confirm that
IDO-1 activation mediates IL-6-induced SM wasting during
sepsis.

Materials and methods

Patients

Twelve IAS and 27 non-IAS patients undergoing laparotomy
were enrolled between November 2019 and June 2020. Inclu-
sion criteria were: (1) age 16–70 years (2) and patients under-
going laparotomy due to abdominal trauma or gastrointesti-
nal (GI) perforation-induced IAS. For controls (non-IAS
group), patients with GI cancer undergoing laparotomy were
enrolled. Patients were excluded if they meet any of follow-
ing conditions: (1) preoperative chemoradiation, (2) with
neuromuscular disease, (3) preoperative fasting ≥ 7 days,
exhibited an unrecoverable state of death or dying, (4) in-
complete data during hospitalization or without the muscle
specimen collection during laparotomy. The diagnosis of IAS
was made according to the Sepsis-3 criteria, which included:
(1) suspected or documented intra-abdominal infection
(IAI), along with (2) evidence of organ dysfunction repre-
sented by an acute increase in the sequential organ failure
assessment (SOFA) score ≥ 2 points due to IAI.16 Informed
consent was obtained, and the protocol was approved by
Ethics Committee of Jinling Hospital.

A midline incision was used for all patients. Prior to
intra-abdominal procedure, ~2 g of the RA was divided into
two parts to be fixed in 4% paraformaldehyde or stored in liq-
uid nitrogen. Blood samples were collected within 2 h prior to
surgery and at Postoperative Days (PODs) 1, 3 and 5. Serum
IL-6, C-reactive protein (CRP) and other serum biochemical
parameters were part of routine perioperative laboratory
tests and were retrieved from the patients’ computerized
medical charts. Serum and muscle Trp and Kyn levels were
determined by high-performance liquid chromatography
(HPLC), and the IDO-1 protein expression in muscle was
analysed by western blot. Outcome assessors were blinded
to the clinical situation of the patients to prevent subjective
bias.

Mice model of intra-abdominal sepsis

All animal experimental protocols were performed in accor-
dance with the guidelines for the animal care. Ten-week-old
wild-type C57BL/6J male mice were housed at 25°C with a
12/12-h light/dark cycle and with ad libitum access to chow
and water.
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Caecal ligation and puncture (CLP) was performed to
induce IAI-related polymicrobial sepsis as described
previously.17 Briefly, after laparotomy under general anaes-
thesia, caecum was ligatured at the distal third with a 4–0 su-
ture and the distal part was perforated twice with a 21-gauge
needle. The sham-operated mice were subjected to laparot-
omy without CLP. To establish a positive control group of
sepsis, one group of mice received intraperitoneal injection
of lipopolysaccharide (LPS) (L2630, St. Louis, MO, USA,
10 mg/kg).

Anti-interleukin-6 antibody and navoximod (NLG-
919) treatment

Anti-mouse IL-6 antibody (IL-6-AB) (clone MP5-20F3) and
mouse IgG1 isotype control purified antibody were purchased
from Bio X Cell (Lebanon, NH, USA). Navoximod (GDC-0919;
previously NLG-919), an orally bioavailable IDO-1/TDO inhibi-
tor, was obtained from MedChemExpress (NJ, USA).

For anti-IL-6 antibody, the two antibodies including clone
MP5-20F3 and mouse IgG1 were injected intraperitoneally
(1 mg/kg) twice at 24-h interval prior to CLP or LPS treatment
and followed by three injections of 1.5-mg/kg body weight
(BW) thereafter at intervals of 24 h each.18 Navoximod was
administered 100 and 200 mg/kg orally before and after
CLP or LPS treatment, respectively.19

Seventy-two hours after CLP or LPS injection, mice were
euthanized by cervical dislocation. The gastrocnemius (GAS)
muscles were carefully removed from both legs and divided
into two; half tissue was put in fixative and embedded by par-
affin for histology and immunofluorescence (IF), and the rest
was snap frozen in liquid nitrogen and stored �80°C until use
for immunoblotting, real-time quantitative PCR (qRT-PCR)
and HPLC experiments.

Histology and fibre size determination

Processing of SM tissue for histological analysis was per-
formed as previously described. For Sirius Red staining, serial
transverse sections of muscle (10 μm) were stained using
commercial kit (Servicebio, China). For laminin staining, 20-
μm sections were fixed for 15 min in 4% PFA and then
blocked in phosphate-buffered saline (PBS) (10-mmol/L
NaPO4 and 150-mmol/L NaCl)/10% bovine serum albumin
(BSA) for 1 h at room temperature (RT). Sections were then
incubated overnight at RT with rabbit anti-laminin antibody
(Sigma-Aldrich) (1:500), washed with PBS/0.025% Triton X-
100 and incubated in an Alexa Fluor-labelled goat anti-
rabbit secondary antibody (Invitrogen, 1:1000). Images
demonstrating fibre-type distribution were obtained using
an FW1000 confocal microscope. Fibre area was measured

in images by Image-Pro Plus software (NIH, Bethesda, MD,
USA, https://imagej.nih.gov/ij/), and 100 muscle cross-
sectional areas (MCSAs) were measured per mouse, muscle
and condition in a blinded fashion.

Real-time quantitative PCR

Total RNA was extracted from GAS muscle using TRIzol re-
agent (Thermo Fisher Scientific Inc., MA, USA) according to
the manufacturer’s instructions. Once isolated, 5 μg of total
RNA was reverse transcribed to yield cDNA. Real-time PCR
was performed on an ABI Prism 7900HT (Applied Biosystems,
Foster City, CA, USA) and analysed by Applied Biosystems
software. Expression levels of each gene were normalized
to an internal control gene (GAPDH mRNA), and the normal-
ized fold change of gene expression level was analysed using
the 2–ΔΔCt method.20 The primer sequences used in the
study were listed as follows: MuRF1, 5#-CCAGGTGA
AGGAGGAACT-3# forward, 5#-TTGGCACTCAAGAGGAAGG-3#
reverse; atrogin-1, 5#-TCAAAGGCCTCACGATCACC-3# for-
ward, 5#-CCTCAATGACGTATCCCCCG-3# reverse; FOXO-1, 5#-
CAAGGATAAGGGCGACAG-3# forward, 5#-TTGAGCATCCACC
AAGAAC-3# reverse; MUSA1, 5#-GGGGAAAAGGAAGTAT
CCAGA-3# forward, 5#-GCCATGCTTAGGATGTCAGC-3# re-
verse; GAPDH, 5#-GCAAGTTCAACGGCACAG-3# forward, 5#-
GCCAGTAGACTCCACGACAT-3# reverse; Myh2, 5#-AGTCCCA
GGTCAACAAGCTG-3# forward, 5#-GCATGACCAAAGGTTTC
ACA-3# reverse; and Myh4, 5#-AGTCCCAGGTCAACAAGCTG-
3# forward, 5#-TTTCTCCTGTCACCTCTCAACA-3# reverse.

Tissue dissection and western blot

Total protein was extracted from tissues using
radioimmunoprecipitation assay buffer (RIPA buffer;
Beyotime, Shanghai, China) and quantified.

The reaction mixture was incubated on ice for 30 min and
centrifuged for 10 min at 10 000 g at 4°C. The supernatant
was collected, and the protein concentration was estimated
using a Pierce BCA protein assay kit (Thermo Fisher Scientific
Inc.). Proteins (30 μg per sample) were separated in 10% so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred onto nitrocellulose (NC)
membranes (Sigma-Aldrich). The membranes were blocked
in 5% skim milk solution in PBS for 40 min at RT and then im-
munoblotted with primary antibody at 4°C overnight. Primary
antibodies included IDO-1 (1:1000, ab211017, reacts with hu-
man), IDO-1 (1:2000, ab106134), AKT (1:2000, ab8805), phos-
phorylated (p)-AKT (1:2000, ab38449), myosin heavy chain
(MyHC) (1:2000, ab11083), MuRF1 (1:2000, ab172479) and
atrogin-1 (1:2000, ab168372) (all from Abcam, USA). GAPDH
(sc-365062, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
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was used as control. The membranes were washed with PBS–
Tween 20 (PBS-T) thrice and then incubated with
fluorescence-conjugated secondary antibodies for 1 h at RT
and visualized with Clinx two-colour chemiluminescence im-
aging system (ChemiScope 6000 Exp, Shanghai, China). The
densitometric analyses of images were performed using
Image-Pro Plus.

Ultra-high-performance liquid chromatography
quantifications

All the serum and muscle samples were analysed by 1290 ul-
tra-high-performance liquid chromatography (UHPLC)
(Agilent Technologies, CA, USA) coupled with Thermo Q
Exactive Focus (Thermo Fisher Scientific Inc.) platform by
Biotree Ltd. (Shanghai, China). Chromatographic conditions
were set as follows: ACQUITY UPLC® BEH C18 column
(2.1 × 100 mm, 1.7 μm, Waters Inc., USA), sample size—
5 μL, column temperature—40°C, mobile phase A—50%
methanol water (containing 0.1% formic acid) and mobile
phase B—10% methanol water (containing 0.1% formic acid).
Mass spectrometry (MS) conditions include electrospray ion-
ization (ESI) source and positive-ion ionization mode. Ion
source temperature is 500°C, ion source voltage is 5000 V,
collision gas is 6 psi, curtain gas is 30 psi, and atomization
gas and auxiliary gas are 50 psi. Multiple-response monitor-
ing (MRM) was used for scanning.

Liquid chromatography–MS (LC–MS) detection was per-
formed for each standard solution. Taking the concentration
of standard solution as abscissa (x) and the area ratio of inter-
nal standard peak as ordinate (y), the linear range was inves-
tigated and the standard curve was drawn. The linear regres-
sion equations of Trp and Kyn were obtained as follows: for
Trp, y = 4494x + 928.7, r = 0.9965; for Kyn,
y = 702.8x + 194.5, r = 0.9997. Then the measurements of

Trp and Kyn on serum and muscle samples were performed
as described above.

Statistics

All experiments were performed independently at least three
times to ensure the accuracy of data. Statistical analysis was
performed using SPSS Version 20.0 (SPSS Inc., an IBM com-
pany, Chicago, IL, USA). The data were expressed as the
mean ± standard error of the mean (SEM). Nonparametric
Mann–Whitney U tests were used to test the difference be-
tween the study groups with P < 0.05 as statistically
significant.

Results

Skeletal muscle wasting and kynurenine
accumulation in patients with intra-abdominal
sepsis

A total of 12 IAS patients and 27 non-IAS patients were en-
rolled. All the outcomes were available for these 39 patients,
and demographics and haematological index of patients were
depicted in Table 1. In the current study, abdominal trauma
and GI perforation were the leading causes for IAS. Patients
who received abdominal surgery for GI cancer were included
as controls (non-IAS group). Compared to non-IAS controls,
serum IL-6 concentrations of the IAS group were significantly
higher prior to laparotomy (Figure 1A). A sustained reduction
of serum albumin and pre-albumin was also observed in IAS
patients (Figure 1B).

Morphometric analysis of RA revealed that MCSA of the
sepsis group patients was markedly reduced compared to
non-septic patients (Figures 1C and S1a). To reduce the im-

Table 1 Demographic characteristic of patients with or without IAS

Non-IAS (n = 27) IAS (n = 12) P value

Male, n (%) 17 (62.9%) 8 (66.6%) 1.000
Age (years) 53.7 ± 14.1 41.1 ± 15.7 0.018
BMI (kg/m2) 21.6 ± 7.4 16.8 ± 5.5 0.038
First-time operation, n (%) 19 (70.3%) 8 (66.6%) 1.000
Operative time > 3 h, n (%) 8 (29.6%) 5 (41.6%) 0.462
Intraoperative blood transfusion, n (%) 4 (14.8%) 3 (25.0%) 0.654
Haematological indexes
Leucocytes (× 109) 7.9 ± 3.4 12.3 ± 4.2 0.027
Haemoglobin (g/L) 107.8 ± 21.3 94.9 ± 20.6 0.216
Platelet (/mm3) 351.4 ± 107.9 279.5 ± 119.5 0.084
C-reactive protein (mg/L) 7.3 ± 2.1 26.9 ± 11.8 0.014

Use of corticosteroids before surgery, n (%) 2 (7.4%) 7 (58.3%) <0.001
Use of insulin before surgery, n (%) 3 (11.1%) 4 (33.3%) 0.095
Serum glucose levels (mmol/L) 5.9 ± 2.4 7.8 ± 3.1 0.073
Mean time from IAS onset to surgery (h) — 21.43 ± 14.84 —

Abbreviations: BMI, body mass index; IAS, intra-abdominal sepsis.
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Figure 1 Comparison of the skeletal muscle wasting and kynurenine (Kyn) accumulation between intra-abdominal sepsis (IAS) and control patients. (A)
Interleukin-6 (IL-6) levels in serum between the non-IAS (n = 27) and IAS (n = 12) patients prior to laparotomy. (B) Sustained reduction of serum al-
bumin and pre-albumin was observed in IAS patients on admission and Postoperative Day 5. (C) Representative laminin staining and associated mor-
phometric analysis of cross-sections from rectus abdominis from IAS patients, compared to controls. Scale bars, 100 μm. Results from morphometric
analysis are depicted as the distribution frequency of fibre size categorized by fibre diameter. (D) Results from real-time quantitative PCR (qRT-PCR)
analysis of muscle atrophy markers Trim63 (MuRF1), atrogin-1 (MAFbx), forkhead box protein O-1 (FOXO-1) and Fbxo30 (MUSA1) in rectus abdominis
between the non-IAS and IAS patients. (E) Concentrations of Kyn and tryptophan (Trp) in serum and rectus abdominis between the non-IAS and IAS
patients. (F) Indoleamine 2,3-dioxygenase 1 (IDO-1) protein expression as determined by western blot in rectus abdominis between non-IAS and IAS
patients. All data are shown as mean ± SEM. P values were determined by two-tailed, unpaired Student’s t test. N.S, not significant. *P < 0.05,
**P < 0.01 and ***P < 0.001.
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Figure 2 The indoleamine 2,3-dioxygenase 1 (IDO-1) expression is up-regulated in the intestine and blood from both caecal ligation and puncture (CLP)
and lipopolysaccharide (LPS) injection mouse models. (A) Images (left) and body weight analysis (right) of intra-abdominal sepsis (IAS) (CLP and LPS
injection) and control (non-IAS) mice (C57BL/6 background). Images were photographed at endpoint at 72 h after CLP or LPS injection. (B) Represen-
tative images of the gastrocnemius muscles between the IAS and non-IAS mice were shown. (C) Representative laminin staining and associated mor-
phometric analysis of cross-sections of gastrocnemius muscles harvested from IAS and non-IAS mice. Scale bars, 100 μm. Morphometric analysis is
depicted as the distribution frequency of fibre size categorized by fibre diameter. (D) IDO-1 protein expression as determined by western blot in
the colon, intestine, blood and muscle from the indicated groups (n = 5 in each group). (E) Measurement of kynurenine (Kyn) production in the serum
and gastrocnemius from C57BL/6 control mice and mice at 72 h after CLP or LPS injection (n = 8 in each group). (F) Pearson correlation of the Kyn
concentration between the serum (x axis) and gastrocnemius (y axis), with R

2
= 0.66 and P value = 0.020. All data are shown as mean ± SEM. P values

were determined by two-tailed, unpaired Student’s t test or one-way analysis of variance (ANOVA). N.S, not significant. *P < 0.05, **P < 0.01 and
***P < 0.001.
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Figure 3 Indoleamine 2,3-dioxygenase 1 (IDO-1) blockage reduced the kynurenine (Kyn) accumulation and mitigated intra-abdominal sepsis (IAS)-in-
duced skeletal muscle loss in mice. (A) Schematic representation of timing of sacrifice, caecal ligation and puncture (CLP) or lipopolysaccharide (LPS)
injection and IDO-1 blocking (with NLG-919). (B) Measurement of Kyn production in the serum and gastrocnemius after the NLG-919 usage for C57BL/6
control mice and mice with CLP or LPS injection (n = 8 in each group) and saline control group was taken for normalization. (C, D) Weight of the gas-
trocnemius after NLG-919 usage and mean MCSA analysis between each group; muscles from navoximod group mice displayed visible increases in
MCSA, though the weight of the gastrocnemius between each group got no statistical difference. Scale bars, 100 μm. (E) Western blot analysis for
phosphorylated AKT (p-AKT), total AKT and myosin heavy chain (MyHC) protein expression in gastrocnemius muscles from control mice, CLP mice
and LPS mice with or without navoximod usage and saline control group was taken for normalization. (F) Western blot analysis for MuRF1 and
atrogin-1 protein expression in gastrocnemius muscles from control mice, CLP mice and LPS mice with or without navoximod usage and saline control
group was taken for normalization. All data are shown as mean ± SEM. P values were determined by two-tailed, unpaired Student’s t test or one-way
analysis of variance (ANOVA). N.S, not significant. *P < 0.05, **P < 0.01 and ***P < 0.001.
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pact of the extracellular matrix (ECM) on the analysis of the
MCSA, the ECM mass was quantified according to the
Picrosirius Red staining, and results showed that there was
very little ECM deposition in each group (Figure S1b).

The mRNA expressions of marker genes for muscle atro-
phy, including Trim63 (MuRF1), atrogin-1 (MAFbx), forkhead
box protein O-1 (FOXO-1) and Fbxo30 (MUSA1), were all
up-regulated in RA in the IAS group (Figure 1D).

In addition, the change of IDO-1/Kyn pathway was also de-
termined. Compared with controls, the concentrations of Kyn
in serum (3.31 ± 0.24 vs. 1.44 ± 0.09 μmol/L, P< 0.001) and RA
(1.43 ± 0.11 vs. 0.46 ± 0.09 μmol/L, P < 0.001) were both ele-
vated, whereas Trp levels in serum (34.84 ± 5.97 vs.
16.16 ± 5.20 μmol/L, P < 0.01) and RA (20.41 ± 3.30 vs.
7.88 ± 1.96 μmol/L, P < 0.01) decreased in IAS patients
(Figure 1E). However, we found no significant difference of
IDO-1 protein expression inmuscle between groups (Figure 1F).

Indoleamine 2,3-dioxygenase 1 expression is up-
regulated in the intestine and serum in mice model
of intra-abdominal sepsis

Seventy-two hours after CLP or LPS injection, the results of
the survival analysis were shown in Figure S2a. Significant
loss of BW and severe myotrophy of the GAS muscle in the
septic mice were observed (Figures 2A,B and S2b), and MCSA
in IAS group was markedly reduced compared to non-IAS
mice (Figures 2C and S2c), and Sirius staining was performed
to rule out effects of the ECM (Figure S2d). Muscle atrophy-
related genes including MuRF1, atrogin-1, FOXO-1 and
MUSA1 were transcriptionally up-regulated (Figure S2e). In
addition, sepsis induced a sharp increase of
pro-inflammatory cytokines including IL-6 and tumour necro-
sis factor-α (TNF-α) (Figure S2e,f).

Immunoblot analysis showed sepsis-induced up-regulation
of IDO-1 protein in the ileum, colon and blood. However,
similar to results in patients, IDO-1 expression in SM was
not affected by CLP or LPS in mouse models (Figures 2D
and S2g). Concentrations of Kyn in serum and GAS muscle
were elevated in sepsis group (Figure 2E), whereas Trp levels
in serum and GAS muscle were decreased significantly
(Figure S2h). There is a correlation (R2 = 0.66, P < 0.01)
between serum and GAS muscle Kyn concentrations
(Figure 2F).

Indoleamine 2,3-dioxygenase 1 blockage mitigated
intra-abdominal sepsis-induced skeletal muscle
loss in mice

We next determined whether blocking IDO-1 activity could
mitigate IAS-induced SM loss and related Myoc genes in IAS
mice. IAS mice were orally administered with saline or

navoximod (NLG-919), a high-potency Trp mimetic as a spe-
cific IDO-1 inhibitor. Forty-eight hours prior to CLP or LPS in-
jection, navoximod was administered orally once every 24 h
at a dose of 100 mg/kg. After CLP or LPS injection, the dose
increased to 200 mg/kg orally once every 24 h, and the mice
were sacrificed 72 h thereafter. Tissues were subsequently
harvested at predetermined endpoint (Figure 3A). Successful
inhibition of the IDO-1 activity by navoximod was confirmed
by HPLC, which revealed reduced Kyn influx in both serum
and GAS muscle (Figure 3B).

Compared to controls (CLP, or LPS group), muscles from
navoximod group displayed increased MCSA (Figure 3C),
whereas GAS muscle mass of the navoximod group was not
significantly different (Figure 3D); this may be due to the re-
striction of a relatively small sample size in the analysis of the
GAS muscle mass. However, in the MCSA analysis, above 100
MCSAs were measured per mouse, and then the difference of
the MCSA between above groups could be analysed in the
background of a large-sample statistics. There was very little
ECM deposition in mice treated with navoximod or
not (Figure S3a).

MyHC is one of the major proteins that decrease during
SM atrophy through a mechanism involving ubiquitin–protea-
some pathway (UPP). In the current study, the decrease in
MyHC level induced by CLP or LPS in GAS muscle was re-
versed by navoximod; also, navoximod increased the relative
p-AKT/AKT level (Figure 3E). Phosphorylated AKT is a key pro-
tein in phosphoinositide 3-kinase (PI3K)–AKT–mammalian
target of rapamycin (mTOR) signalling pathway, which stimu-
lates overall protein synthesis and inhibits protein degrada-
tion in muscle. MuRF1 and atrogin-1 mRNA and protein levels
in IAS mice were decreased in the presence of the navoximod
(Figures 3F and S3b). Expression of Myh4, encoding MyHC2b,
was increased in GAS muscle of CLP and LPS mice that re-
ceived navoximod compared with sham animals; however,
we did not find the difference of the Myh2 expression
(encoding MyHC2a) among the above groups (Figure S3c).

Pretreatment with anti-interleukin-6 antibody
ameliorated intra-abdominal sepsis-induced
indoleamine 2,3-dioxygenase 1 activation and
muscle wasting

Then, we evaluated whether anti-IL-6 antibody can amelio-
rate IAS-induced SM wasting. The treatment protocol was
shown in Figure 4A, and anti-IL-6 group mice were accompa-
nied with a normal or slightly elevated serum IL-6
levels (Figure S4a). Notably, anti-IL-6 group was resistant to
CLP and LPS-induced muscle wasting (Figure 4B,C), which
was confirmed by markedly increased MCSA and greater
weight of the GAS compared with the IAS mice. The sham op-
eration group (sham CLP) and sham LPS group were set as the
negative control group to verify the validity of the IAS model,
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Figure 4 Blocking the interleukin-6 (IL-6) with neutralizing antibody ameliorated intra-abdominal sepsis (IAS)-induced indoleamine 2,3-dioxygenase 1
(IDO-1) activation and muscle wasting. (A) Schematic representation of timing of mouse sacrifice, caecal ligation and puncture (CLP), lipopolysaccha-
ride (LPS) injection and IL-6 blocking (with anti-mouse IL-6 antibody [IL-6-AB]). (B, C) Weight and morphometric analysis of cross-sections of gastroc-
nemius muscles harvested from the CLP or LPS injection mice accompanied with IL-6-AB, homologous IgG or saline using (n = 8 in each group). Scale
bars, 100 μm. (D, E) Western blot analysis for MuRF1, atrogin-1 and myosin heavy chain (MyHC) protein expression in gastrocnemius muscles of each
indicated group (n = 6 in each group). (F) Relative protein level of IDO-1 in the colon, intestine and blood (n = 6 in each group) and kynurenine (Kyn)
levels in muscle of each indicated group (n = 8 in each group). All data are shown as mean ± SEM. P values were determined by two-tailed, unpaired
Student’s t test or one-way analysis of variance (ANOVA). N.S, not significant. *P < 0.05,

**
P < 0.01 and

***
P < 0.001.
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Figure 5 Application of kynurenine (Kyn) could decrease the myosin heavy chain (MyHC) and phosphorylated AKT (p-AKT) expression of the muscle
fibres for septic mice that received anti-mouse interleukin-6 (IL-6) antibody. (A) Kyn was intraperitoneally injected to both caecal ligation and puncture
(CLP) and lipopolysaccharide (LPS) mice treated with anti-IL-6 antibody (IL-6-AB). (B, C) Representative laminin staining images and morphometric anal-
ysis of the cross-sections of gastrocnemius muscles from the indicated groups (n = 7 in each group). Scale bars, 100 μm. (D, E) Western blot of p-AKT,
total AKT and MyHC in gastrocnemius muscles and relative p-AKT/AKT and MyHC protein level analysis in each indicated group (n = 6 in each group);
mice without IL-6-AB and Kyn in the control, CLP and LPS groups were taken for normalization, respectively. Kyn injection could decrease the p-AKT and
MyHC protein expression in gastrocnemius muscle for intra-abdominal sepsis (IAS) mice treated with anti-IL-6 antibody. Mice without IL-6-AB and Kyn
in the control, CLP and LPS groups were taken for normalization, respectively (n = 6 in each group). All data are shown as mean ± SEM. P values were
determined by two-tailed, unpaired Student’s t test or one-way analysis of variance (ANOVA). N.S, not significant. *P < 0.05, **P < 0.01 and
***P < 0.001.
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and results showed that anti-IL-6 has no effect on MCSA and
GAS weight for sham CLP and sham LPS mice (Figure S4b,c).
Expression of the muscle atrophy genes including MuRF1,
atrogin-1, FOXO-1 and MUSA1 was significantly decreased
in the presence of the anti-IL-6 for both CLP and LPS mice
(Figure S4d). Western blotting of muscle protein lysates
showed a decrease in MuRF1 and atrogin-1 protein levels
and an increase in MyHC protein levels (Figure 4D,E) for
CLP and LPS mice that received anti-IL-6 antibody. Expression
of Myh4 was increased in GAS muscle of CLP and LPS mice
that received anti-IL-6 compared with sham animals; how-
ever, we did not find the difference of the Myh2 expression
among the above groups (Figure S4e).

In the presence of anti-IL-6, a significantly decreased IDO-1
expression was observed in the colon, ileum and blood in CLP
or LPS-treated mice, as determined by western blot; however,
the level of IDO-1 in GAS muscle was not be affected (Figure
4F). We also found a significantly decreased Kyn level in the
GAS muscle tissue in anti-IL-6 mice, as determined by HPLC
(Figure 4F).

Kynurenine decreases the myosin heavy chain and
phosphorylated AKT expression of the muscle fibres
during sepsis-mediated muscle wasting

The protocol of intraperitoneal Kyn (20 mg/kg) injection was
shown in Figure 5A. Compared with controls (Figure 5B,C),
Kyn significantly decreased the MCSA in both CLP and LPS
mice treated with anti-IL-6 (relative reduction 29.7%,
P < 0.001, for CLP mice treated with anti-IL-6; relative reduc-
tion 32.3%, P < 0.001, for LPS mice treated with anti-IL-6). To
better define the mechanism by which Kyn decreased muscle
mass, western blot analysis was performed, which focuses on
the expression of MyHC, p-AKT and AKT. IAS mice (CLP and
LPS) treated with anti-IL-6 showed an increased p-AKT/AKT
and MyHC in the GAS muscle, but this increase was attenu-
ated in the presence of the Kyn (Figure 5D,E). Kyn treatment
could also intensify anti-IL-6-induced decrease in MuRF1 and
atrogin-1 mRNA expression (Figure S5a). The expression of
the Myh4 was attenuated in the presence of the Kyn for
IAS mice treated with anti-IL-6, and we still did not find the
difference of the Myh2 expression between the above groups
(Figure S5b).

Discussion

Critical illness myopathy (CIM) induced by progressive muscle
wasting among septic patients is associated with adverse out-
comes such as increased intensive care unit (ICU) and
post-ICU mortality, failure of weaning from mechanical venti-
lation and long-term disability.21 In the current study, we
demonstrated that IL-6-mediated non-SM IDO-1 overexpres-

sion leads to excessive Kyn influx in SM, through aberrant
down-regulation of MyHC and AKT pathway inhibition, which
mediates sepsis-induced muscle wasting. Our studies could
provide a theoretical basis for the design of anti-CIM thera-
pies that target IDO-1 in septic patients.

There are multiple mechanisms contributing to the rapid
muscle wasting in sepsis, including steroids usage, insulin re-
sistance, anorexia, nutrient deficiency and the systematic in-
flammatory response syndrome (SIRS).3 Inflammation was
among those that implicated as the primary diver of SM loss.
For example, mice with LPS-induced inflammation showed in-
creased levels of IL-6 in diaphragm and limb muscles in com-
bination with reduced myofibre size.3,22 Langen et al. also
found that pulmonary inflammation by intra-tracheal instilla-
tion of LPS in mice resulted in a rapid increase in circulating
pro-inflammatory cytokines including IL-6, TNF-α and IL-1β,
which preceded the loss of SM mass.20 Then, using targeted
therapeutics that depletes specific cytokines such as IL-6 or
TNF-α seems to be a promising avenue for the treatment of
muscle wasting. Indeed, several in vivo studies have
highlighted the possibilities that genetic or pharmaceutical
inhibition of IL-6 could attenuate muscle wasting for mice
with tumour or other induced cachexia.23,24 However, studies
examining anti-IL-6 in sepsis-related muscle wasting are lim-
ited. Due to the complicated pathogenesis that may be in-
volved in activating sepsis-induced muscle wasting, early in-
tervention with the most appropriate biologics could offer
the best opportunity for remission.

IL-6 rapidly peaks in within 24 h after sepsis, and early us-
age of anti-IL-6 within 4 h after CLP could improve survival in
sepsis model.18 This made IL-6 a potential target molecule,
particularly when clinical trials of TNF or IL-1 inhibitor failed
to show beneficial outcomes for sepsis.25,26 In the current
study, early application of anti-IL-6 markedly alleviated mus-
cle wasting in septic mice. We also noticed some concerns
that entirely abrogation of IL-6 by gene knockout did not pro-
duce beneficial effects in sepsis models,27 indicating that IL-6
blockade methods and selection of proper timing were of
great significance. In the current study, the IL-6-neutralizing
antibody was injected intraperitoneally 48 h before CLP or
LPS injection, and we observed a generally normal or slightly
elevated serum IL-6 level. Excessive amounts of IL-6 could
trigger the cytokine release syndrome known as ‘cytokine
storm’; however, physiological levels of IL-6 also play a posi-
tive role in pathogen control by activating acute-phase reac-
tions, immune responses and haematopoiesis.28 Then, the
key point is that anti-IL-6-based therapy should alleviate cyto-
kine release syndrome without diminishing the protective
function of the IL-6.

IL-6 has been proven to induce muscle catabolism through
the activation of JAK/STAT pathway, insulin-like growth factor
I (IGF-I) or increased suppressor of cytokine signalling-3
(SOCS3) expression.29 However, effects of elevated IL-6 on
substrates for muscle protein synthesis remained to be fur-
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ther explored. As a pleiotropic cytokine, IL-6 could utilize a
variety of mechanisms to mediate the metabolism of SM,
and it has become clear that IDO-1 may serve as an important
target. IDO-1 was the rate-limiting enzyme in conversion of
Trp into Kyn, and activity of the IDO-1 could be regulated
by the IL-6. Trp as essential aromatic amino acid is not abun-
dant in protein and circulates at very low concentration in
humans.14,30 But a number of Trp derivatives have significant
bioactivity including Kyn, quinolinic acids, serotonin and mel-
atonin. Here, our study focused on Kyn, a main metabolic
product catalysed by IDO-1. Acute endurance exercise was
known to boost the Kyn level in circulation,31 and gut micro-
biota also play a key role in stimulating IDO-1 activity.11 For
sepsis states, cytokine such as IL-6 seems to be a more direct
trigger by enabling the activation of IDO-1.17,32 In our study,
IL-6 blocking by neutralizing antibody could decrease the high
expression of IDO-1 in septic mice and reverse the accumula-
tion of Kyn in SM.

Kyn has been demonstrated to promote SM catabolism in
previous studies. In animals, an increase in Kyn may contrib-
ute to sarcopenia by causing increase of oxidative stress,33

and elevated circulating levels of Kyn were also found to be
associated with frailty.34 Muscle Kyn aminotransferases
(KATs) convert Kyn into kynurenic acid (Kyna),35 and peroxi-
some proliferator-activated receptor-γ coactivator 1α1 (PGC-
1α1) could enhance the expression of KATs, thereby increas-
ing energy efficiency and fatigue resistance by the disposal
of Kyn from the SM.36 The mechanisms have also been ini-
tially revealed, for Kyn could significantly decrease SM ex-
pression of the MyHC and p-AKT. MyHC loss in muscles has
been observed in patients with cachexia and in animal
models, and this typically abundant myofibrillar protein
greatly impacts muscle size and function. Activation of
PI3K–AKT signalling could promote net protein accumulation
by suppressing FOXO transcription factors,37 and the impact
of Kyn on PI3K–AKT signalling pathway has gained support.
In one current study, IDO-1 and Kyn pathway metabolites
could activate PI3K–AKT signalling in the neoplastic colon ep-
ithelium to promote cancer cell proliferation and inhibit
apoptosis,38 whereas we observed opposite effect in the case
of SM wasting.

There is little expression of IDO-1 in SM, so Kyn is more
likely produced elsewhere and then imported into muscle
fibres. For example, in chronic kidney disease (CKD), the
IDO-1 activity was up-regulated and was correlated with
CKD disease severity due to the chronic inflammation.39

However, in early stage of the acute kidney injury (AKI),
the IDO-1 activity was not affected, and concentrations of
Kyn were even lower in patients with late or non-recovery.40

Then in the early critically ill patients, the kidney injury
seems not be responsible for the elevated Kyn concentra-

tion. During IAS, the GI tract was the first involving organ.
The gut mucosal barrier could be destroyed and then in turn
enhance development of the IAS.41 Due to the crucial role of
the gut and the gut flora in metabolizing Trp, we deduced
that intestinal Trp metabolism via IDO-1 was an important
source of Kyn in septic mice, and results of the experiment
confirmed our hypothesis. Considering the pivotal role of
Kyn in sepsis-induced muscle wasting, Kyn was most likely
to mediate the gut–muscle axis. Besides, Kyn significantly
decreased the MCSA in both CLP and LPS mice treated with
anti-IL-6 antibody; this suggested that sepsis-induced in-
creases in muscle Kyn levels may in fact be responsible for
IL-6-induced muscle wasting.

Certain limitations need to be considered when
interpreting our results. First, the sample size of the clinical
cohort was relatively small. Second, only muscle samples
were collected from the patients and Kyn levels were not
dynamically evaluated. Third, blocking of IDO-1 was
achieved using antagonist. Although the effect was con-
firmed by HPLC, it was still not as definite as genetic knock-
out mice. Finally, we did not include in vitro experiment to
validate the effect of Kyn on muscle before commencing
animal experiment.

In conclusion, the present study shows for the first time
the high Kyn level in serum and muscle of the IAS patients.
Our findings in animal models therefore provided an explana-
tion of the role of IDO-1 and its metabolite Kyn in IAS-induced
muscle wasting. Our study highlighted the possibility that ad-
ministering of IL-6-neutralizing antibody could alleviate the
IAS-induced muscle wasting by inhibiting IDO-1 activity and
reducing the influx of the Kyn into SM.
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