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Abstract

Background Muscle weakness is a frequently occurring complication of sepsis, associated with increased morbidity
and mortality. Interestingly, obesity attenuates sepsis-induced muscle wasting and weakness. As the adipokine leptin
is strongly elevated in obesity and has been shown to affect muscle homeostasis in non-septic conditions, we aimed
to investigate whether leptin mediates the protective effect of obesity on sepsis-induced muscle weakness.
Methods In a mouse model of sepsis, we investigated the effects of genetic leptin inactivation in obese mice (leptin-
deficient obese mice vs. diet-induced obese mice) and of leptin supplementation in lean mice (n = 110). We assessed
impact on survival, body weight and composition, markers of muscle wasting and weakness, inflammation, and lipid
metabolism. In human lean and overweight/obese intensive care unit (ICU) patients, we assessed markers of protein
catabolism (n = 1388) and serum leptin (n = 150).
Results Sepsis mortality was highest in leptin-deficient obese mice (53% vs. 23% in diet-induced obese mice and 37%
in lean mice, P= 0.03). Irrespective of leptin, after 5 days of sepsis, lean mice lost double the amount of lean body mass
than obese mice (P < 0.0005). Also, irrespective of leptin, obese mice maintained specific muscle force up to healthy
levels (P = 0.3) whereas lean mice suffered from reduced specific muscle force (72% of healthy controls,
P < 0.0002). As compared with lean septic mice, both obese septic groups had less muscle atrophy, liver amino acid
catabolism, and inflammation with a 50% lower plasma TNFα increase (P < 0.005). Conversely, again mainly irrespec-
tive of leptin, obese mice lost double amount of fat mass than lean mice after 5 days of sepsis (P < 0.0001), showed
signs of increased lipolysis and ketogenesis, and had higher plasma HDL and LDL lipoprotein concentrations
(P ≤ 0.01 for all). Muscle fibre type composition was not altered during sepsis, but a higher atrophy sensitivity of type
IIb fibres compared with IIa and IIx fibres was observed, independent of obesity or leptin. After 5 days of critical illness,
serum leptin was higher (P < 0.0001) and the net waste of nitrogen (P = 0.006) and plasma urea-to-creatinine ratio
(P < 0.0001) was lower in overweight/obese compared with lean ICU human patients.
Conclusions Leptin did not mediate the protective effect of obesity against sepsis-induced muscle wasting and weak-
ness in mice. Instead, obesity—independent of leptin—attenuated inflammation, protein catabolism, and
dyslipidaemia, pathways that may play a role in the observed muscle protection.
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Introduction

Intensive care unit acquired weakness (ICUAW) is a debilitat-
ing complication of critical illness, with no other plausible
aetiology besides the illness itself. It affects both the respira-
tory and peripheral muscles, hampers recovery, and increases
the risk of late death.1 The prevalence of ICUAW is around
40% but varies depending on the population studied. Sepsis,
multiple organ failure, high severity of illness, prolonged ill-
ness, and mechanical ventilation are the most important risk
factors for the development of ICUAW.1,2 Currently, clinical
management is limited to preventive measures avoiding
modifiable risk factors because effective treatments for
ICUAW are still lacking.

Remarkably, obese critically ill patients and obese septic
mice are protected against muscle wasting and weakness as
compared with their lean counterparts, irrespective of
whether they received nutrition or were fasted.3 Large obser-
vational studies also have shown that premorbid obesity, al-
though associated with the development of chronic
comorbidities and premature death in the general popula-
tion, is associated with a lower mortality rate in critically ill
patients.4,5 This phenomenon is called the obesity paradox
of critical illness and is also observed in chronic illnesses like
end-stage renal disease, heart failure, and coronary artery
disease. The mechanisms by which obesity might protect
against muscle wasting and weakness are not clear, but an
increased mobilization of fat from adipose tissue, and subse-
quent increased hepatic fatty acid oxidation and ketogenesis
have shown to play an important role.6,7

Besides its role in fat storage, adipose tissue also produces
a variety of signalling molecules, adipokines, with important
functions in the regulation of appetite, energy expenditure,
glucose and lipid metabolism, and inflammation. Altered pro-
duction of these adipokines in obese patients might be an ad-
ditional mechanism by which excess adipose tissue protects
against ICUAW. Leptin, an adipokine whose expression and
secretion correlates strongly with the total amount of adi-
pose tissue, has a pleiotropic role in the transition from the
fed to fasted state and protects the organism against exces-
sive energy deprivation.8 In animal models of infection
and sepsis, leptin-deficient mice displayed an increased
mortality,9–11 whereas leptin supplementation in septic mice
has shown conflicting results, both improving and worsening
survival.11–13 Importantly, leptin can promote muscle prolifer-
ation and growth while decreasing muscle atrophy, both in an
insulin-dependent and insulin-independent fashion.14–16 The
interaction between obesity, leptin, and sepsis-induced mus-
cle weakness however is currently not well studied. There-
fore, we here investigated whether leptin plays a role in the
protective effect of obesity on muscle wasting and weakness
in a validated mouse model of sepsis-induced muscle weak-
ness. We assessed both the impact of leptin deficiency in
obese mice and leptin supplementation in lean mice in a

mouse model of sepsis. In addition, we assessed serum leptin
levels and net protein breakdown in lean and overweight/
obese critically ill patients.

Methods

Animal study design

Male B6.V-Lepob/ob/JRj (Ob-KO) and male C57BL/6J mice
were purchased at the age of 6 weeks (Janvier). Upon arrival,
C57BL/6J mice were randomized to a high-fat diet (60 KJ%
fat, E15742-34, ssniff) or regular chow (9 KJ% fat, V1535-
000) ad libitum, to generate diet-induced obese mice (Ob-
DIO) and lean mice (Ln), respectively. Leptin-deficient mice
(Ob-KO) received a control diet (10 KJ% fat, E157453) ad
libitum but were calorie-restricted fromWeek 11 to Week 16,
to be weight matched with the Ob-DIO mice (Figure 1A). At
Weeks 17–18 (Figure 1B), Ob-DIO and Ob-KO obese mice
were randomized to either healthy control or sepsis and lean
mice were randomized to healthy control, septic
placebo-treated mice (Ln), or septic leptin-treated mice (Ln-
lep). Ln-lep mice received leptin treatment (1 mg/kg/day), di-
vided in two doses per day.14 Mice randomized to the sepsis
group were anaesthetized, and a catheter was placed in the
left central jugular vein, followed by caecal ligation and punc-
ture (CLP) to induce sepsis. After surgery, mice received intra-
venous fluid resuscitation and after 24 h, standard mixed
parenteral nutrition. Throughout the study, mice received an-
tibiotics and analgesics. Pain/discomfort was assessed twice
daily, and cumulative illness scores were calculated to assess
illness severity. Mice randomized to healthy controls were in-
dividually caged receiving standard chow ad libitum. Mice
were sacrificed 125 h (5 days) after CLP. The Institutional
Ethics Committee for Animal Experimentation of the KU Leu-
ven approved the protocol (Internal Project Number P181-
2016). More details on the set-up can be found in the
Supporting Information.

Body composition analysis and ex vivo muscle force
measurements

Body composition was measured immediately before CLP and
immediately before sacrifice, at 125 h after CLP, with mag-
netic resonance imaging (echoMRI-100H, Whole Body Mag-
netic Resonance Analyser, Zinsser Analytic GmbH). Directly
after euthanasia, the hindlimb m. extensor digitorum longus
(EDL) was carefully dissected to measure muscle force
(300C-LR Dual-Mode muscle lever, Aurora Scientific).3 More
details on the methods can be found in the Supporting
Information.
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Blood and tissue analyses

Blood glucose and ketone concentrations were measured on
whole blood drawn from the tail vein with Accu-Check
(Roche) and StatStrip Xpress 2 (Nova Biomedical), respec-
tively. Plasma urea nitrogen (EIABUN, Invitrogen), free fatty
acids (7010310, Cayman Chemical Company), glycerol
(MAK117, Sigma-Aldrich), LDL and HDL cholesterol (DZ128A-
K and DZ129A-K, Diazyme Laboratories), TNFα (MHSTA50,
R&D Systems), IL-6 (M6000B, R&D Systems), corticosterone
(EIA5186, DRG), and leptin (EZML82K, Millipore) were mea-
sured using commercial assays. From liver and muscle tissue
samples, isolated RNA was reverse-transcribed and relative
gene expression was determined with the 2�ΔΔCt method

with 18S ribosomal RNA (Rn18s) as housekeeping gene (Ap-
plied Biosystems). More details on the methods and an over-
view of the gene expression assays used for markers of
muscle wasting and weakness, inflammation, and lipid me-
tabolism are provided in the Supporting Information. For pro-
tein analysis, western blots were performed on tissue
homogenates with primary antibodies for markers of autoph-
agy LC3B (L7543, Sigma-Aldrich) and p62 (H00008878-M01,
Novus Biologicals), and protein synthesis p70 S6 kinase
(#9202 and #9205, Cell Signaling). For histology purposes,
paraformaldehyde-fixed paraffin embedded muscle (right
tibialis anterior) and liver sections were stained with haema-
toxylin and eosin and scored semi-quantitatively for struc-
tural changes. For muscle fibre type staining, cryosections

Figure 1 Experimental set-up of the study. (A) Diet and weight set-up prior to CLP. Prior to sepsis, diet-induced obese mice (Ob-DIO) and
leptin-deficient obese mice (Ob-KO) were similar in body weight (43.9 ± 4.7 and 44.4 ± 2.8 g, respectively, P = 0.5) but 46% heavier than lean mice
(30.2 ± 1.9 g). Ob-KO mice started with on average 7.2 g more fat mass but less lean mass than Ob-DIO mice (P < 0.0001). (B) Experimental set-up
of the sepsis model.
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of the left tibialis anterior muscle were stained with fibre
type-specific primary antibodies. Whole slides were scanned
with TissueFAXS i PLUS microscope (TissueGnostics, Vienna,
Austria) and analysed with MuscleJ software. More details
on the methods can be found in the Supporting Information.

Assessment of protein breakdown and plasma
leptin in human patients

We performed a post hoc analysis of the EPaNIC study, a
large randomized trial that demonstrated that early paren-
teral nutrition to supplement insufficient enteral nutrition in-
creased morbidity in the intensive care unit (ICU).17 In these
patients (n = 4640), protein breakdown during ICU stay was
assessed by the plasma urea-to-creatinine ratio and by calcu-
lating the net nitrogen loss as the difference in nutritional ni-
trogen intake and the calculated nitrogen loss using
individual plasma and urinary urea concentrations.18 The
study followed the Declaration of Helsinki and had been ap-
proved by the Institutional Review Board of the KU Leuven.
Written informed consent was obtained from the patient or
legal guardian. For the current study, we compared the
urea-to-creatinine ratio and net nitrogen loss in lean and
obese prolonged critically ill patients on ICU Day 5. To ac-
count for selection bias due to baseline differences between
lean and overweight/obese patients, propensity score
matching was performed. From critically ill patients with a
minimum ICU stay of 5 days, and for whom nitrogen balance
data were available (n = 1477), 694 of the 697 patients with a
body mass index (BMI) < 25 (lean patients) were matched to
694 of the 780 patients with a BMI ≥ 25 (overweight/obese
patients) (Supporting Information, Table S2). In addition, in
150 patients of this matched set (81 lean and 69 over-
weight/obese patients), serum leptin concentrations on ad-
mission and on Day 5 of ICU stay were available from an
earlier post hoc analysis.19

Statistical analysis

Data were compared with Kruskal–Wallis and Kaplan–Meier
survival curves were compared using log-rank test. Two-sided
P-values below 0.05 were considered statistically significant.
In mice, additional post hoc each pair Wilcoxon rank-sum
tests were performed to compare each septic group with its
own healthy control group, to compare high leptin conditions
with low leptin conditions, and to compare lean with obese
conditions. No corrections for multiple comparisons were
performed. Association of investigated markers with muscle
wasting and muscle weakness was performed with
Spearman’s rank analysis. For the human data, propensity
scores were estimated using logistic regression with age
and APACHE-II score upon admission as continuous covari-

ates and randomization to early or late parenteral nutrition,
gender, nutritional risk score, history of malignancy, and diag-
nostic category upon admission as categorical covariates
(IBM SPSS Statistics Version 28.0.0.0). After estimation of
the propensity scores, 1:1 nearest neighbour matching was
performed, using a caliper of 0.2, which is the maximum al-
lowable difference between two cases on their estimated
propensity scores, defined in units of standard deviations of
the logit of the estimated propensity score. Data of the
matched patients were compared with Kruskal–Wallis. Data
are presented as median (interquartile range, IQR), as mean
(±standard deviation), or as numbers and percentages. When
presented as box plots, the horizontal line within the box rep-
resents the median, the box the 25th and 75th quantiles, and
the whiskers being drawn to the furthest point within 1.5
times the IQR from the box. Bar graphs and point curves rep-
resent the mean and the error bars represent the standard
deviation. Statistical analyses were performed with JMP Pro
15 (SAS Institute Inc, Cary, NC, USA).

Results

Body composition prior to sepsis and plasma leptin
values

Prior to sepsis, diet-induced obese mice (Ob-DIO) and
leptin-deficient obese mice (Ob-KO) were matched for body
weight (mean ± standard deviation 43.9 ± 4.7 and
44.4 ± 2.8 g, respectively, P = 0.5) but were 46% heavier than
lean mice (30.2 ± 1.9 g). This difference in weight was mainly
explained by a higher fat mass in obese compared with lean
mice (P < 0.0001 for all, Figure 1A). Although similar in total
body weight, Ob-KO mice started with more fat mass but less
lean body mass than Ob-DIO mice (P < 0.0001 for both,
Figure 1A).

In pre-sepsis healthy mice, plasma leptin was undetectable
in Ob-KO mice and higher in Ob-DIO mice than in lean mice
(P < 0.0001, Figure 2A). After 5 days of sepsis, Ob-DIO mice
were not significantly different from their pre-sepsis plasma
values (P = 0.1), whereas plasma leptin values decreased in
lean placebo-treated mice (Ln, P = 0.0007). Septic lean mice
who received exogenous leptin (Ln-Lep) showed increased
plasma leptin values up to those of Ob-DIO, as expected
(Figure 2A).

Effect of obesity vs. leptin on severity of illness,
glucose levels, and inflammation

After 5 days of sepsis, mortality was highest in Ob-KO mice
(P = 0.03 vs. Ob-DIO), but not significantly different in Ln, Ln-
lep, and Ob-DIO mice (Figure 2B). Similarly, severity of illness
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scores in surviving animals were highest in Ob-KO mice
(P = 0.03 vs. Ob-DIO), but not significantly different in Ln, Ln-
lep, and Ob-DIO mice (P > 0.5). Blood glucose was elevated
prior to sepsis in Ob-DIOmice only (P< 0.05, Figure S1). Blood
glucose levels fell during the acute phase of sepsis and rose
thereafter in all septic groups, but rose to higher levels in
obese mice, irrespective of leptin (P < 0.05, Figure S1).

Plasma TNFα, which was elevated in pre-sepsis in healthy
Ob-DIO and Ob-KO mice, increased to a much higher extent

during sepsis in lean mice compared with obese mice, irre-
spective of leptin (P ≤ 0.005, Figure 2C). Plasma IL-6, which
was elevated in pre-sepsis healthy Ob-KO mice, increased in
all septic groups, irrespective of leptin (Figure 2D). Plasma
corticosterone, which was elevated in pre-sepsis healthy
Ob-KO mice, increased in all septic groups after 5 days of ill-
ness, but to a higher extent in the ‘low leptin’ Ln and Ob-KO
mice as compared with the ‘high leptin’ Ln-lep and Ob-DIO
mice (P ≤ 0.01, Figure 2E).

Figure 2 Plasma leptin, mortality, inflammation, body composition, and muscle force. (A) Plasma leptin levels (Kruskal–Wallis P < 0.0001). (B) Survival
curves of septic mice, Ob-DIO vs. Ob-KO: P = 0.03, other groups not statistically different. Lean sepsis placebo n = 11/18, lean sepsis leptin n = 14/22,
Ob-DIO sepsis n = 20/26, Ob-KO sepsis n = 14/30. (C) Plasma TNFα (Kruskal–Wallis P < 0.0001). (D) Plasma Il-6 (Kruskal–Wallis P < 0.0001). (E) Plasma
corticosterone (Kruskal–Wallis P < 0.0001). (F) Loss of total body weight (Kruskal–Wallis P = 0.2), fat mass (Kruskal–Wallis P < 0.0001), and lean body
mass (Kruskal–Wallis P < 0.0001). (G) Specific muscle force of the right extensor digitorum longus (Kruskal–Wallis P = 0.004). (A, C–G) Lean healthy
n = 17, lean sepsis placebo n = 11, lean sepsis leptin n = 14, Ob-DIO healthy n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO sepsis
n = 14. *P < 0.05 between septic mice and healthy controls;

§
P < 0.05 compared with lean healthy mice;

%
P < 0.05 compared with healthy Ob-

DIO mice.
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Effect of obesity vs. leptin on changes in body
composition and muscle force

Over 5 days of illness, all septic groups lost a comparable
amount of body weight (Figure 2F). However, obese mice lost
double the amount of fat mass as compared with lean mice
(P < 0.0001, Figure 2F). This loss in fat mass was more pro-
nounced in Ob-DIO mice as compared with Ob-KO mice
(P = 0.0002) but was not affected by leptin supplementation
in lean mice (P = 0.4). In contrast, lean mice lost double the
amount of lean body mass as compared with obese mice
(P < 0.0005), but this loss was not affected by leptin in lean
or obese mice (P = 0.2, Figure 2F).

Functionally, the specific muscle force of Ob-DIO and
Ob-KO mice was not significantly different from their healthy
controls (98.8% and 116.5%, respectively), whereas Ln and
Ln-Lep mice suffered from reduced specific muscle force
(77.9% and 65.4% of lean healthy controls, respectively,
P ≤ 0.01, Figure 2G).

Effect of obesity vs. leptin on muscle protein
breakdown and inflammation

Muscle mass is determined by a balance between protein
synthesis (anabolism) and protein breakdown (catabolism).
We first investigated whether the more severe loss of lean
body mass in lean mice was due to an increase in protein
breakdown. Plasma urea, as a marker for protein breakdown,
was higher in septic lean mice compared with septic obese
mice, irrespective of leptin (P ≤ 0.002, Figure 3A). Hepatic
gene expression of amino acid catabolic enzymes was higher
in septic lean mice compared with septic Ob-DIO mice (Aass,
Arg1, Got1, Sds) and septic Ob-KO mice (Aass, Oat) (Figure
3B). Additionally, muscle gene expression of atrophy markers
Fbxo32, Trim63, Ubb, and Ubc increased in all septic groups,
but more so in septic lean mice compared with septic
Ob-DIO mice (Trim63, Ubb) and septic Ob-KO mice (Ubc) (Fig-
ure 3C). In contrast, muscle proteasome activity was lower in
septic lean mice compared with healthy control and septic
obese mice (Figure 3D). The autophagosome marker LC3II in-
creased in all septic groups with a higher expression in Ln-lep
compared with Ob-DIO mice (Figure 3E). The protein level of
the autophagy substrate P62 increased in both septic lean
groups and in Ob-DIO mice, but not in the OB-KO mice. Mus-
cle cathepsin activity was elevated in pre-sepsis healthy
Ob-KO mice. Sepsis increased muscle cathepsin activity in
lean and obese mice, irrespective of leptin (Figure 3E).

A major regulator of muscle atrophy is inflammation; for
this reason, we examined changes in a panel of inflammatory
markers. Sepsis induced gene expression of inflammatory
markers Il-1β and Nlrp3 in all groups (Figure 4). However,
gene expression of Tnfα and Il-6 increased in septic lean mice

but did not increase in obese mice or showed an attenuated
rise in Ob-KO mice, respectively.

Effect of obesity vs. leptin on muscle protein
synthesis and proliferation

To evaluate muscle protein synthesis, we quantified muscle
gene expression of the contractile proteins myosin and actin.
Gene expression of Mhc type I was not affected by sepsis,
obesity, or leptin, while gene expression of Mhc type IIa
and IIx increased in lean placebo-treated septic mice only
(Figure 5A). In contrast, gene expression of Mhc type IIb de-
creased after 5 days of sepsis in all groups. Gene expression
of Acta1 was not affected by sepsis, obesity, or leptin (Figure
5B). Additionally, we quantified the ratio of phosphorylation
of p70S6K1 as a marker for mTOR activation. Phosphorylation
of p70s6K1 increased in all septic groups, but to a greater ex-
tent in septic Ob-KO mice and Ln-lep mice (Figure 5C).

Muscle mass accretion secondary to leptin treatment is as-
sociated with increased expression of PCNA and specific myo-
genic markers and decreased myostatin expression.14–16

Sepsis increased gene expression of proliferation marker
Pcna, most pronounced in lean mice compared with obese
mice and with a further rise in Ln-Lep vs. Ln mice (Figure
5D). Sepsis increased gene expression of regeneration
markers Myod1, Myog, and Myf5 in all groups except for
Myf5 in Ob-DIO. Leptin administration in lean mice further in-
creased Myog gene expression, while leptin deficiency in
obese mice decreased Myod1 and increased Myf5 gene ex-
pression. Furthermore, leptin administration decreasedMstn,
an inhibitor of muscle growth, without an effect of sepsis and
obesity. Ketone body supplementation in septic mice was
previously shown to inhibit class IIa HDAC expression, which
are known suppressors of the myogenic MEF2 transcription
factor.6,20 Sepsis increased gene expression of Hdac4 and
Hdac5 and concomitantly decreased gene expression of mus-
cle regeneration inhibitor Mef2c in all groups, most pro-
nounced in lean mice, irrespective of leptin (Figure 5E).

Effect of obesity vs. leptin on muscle fibre size and
typing

To further characterize the atrophy and loss of lean body
mass during sepsis, we determined muscle fibre size and type
in the tibialis anterior muscle (Figure 6A). The tibialis anterior
has a similar fibre type distribution as the EDL, which was
used for muscle force analyses. Prior to sepsis, Ob-KO mice
had a lower average muscle fibre size compared with
Ob-DIO mice (Figure 6B and 6C). After 5 days of sepsis, aver-
age muscle fibre size decreased most pronounced in Ln-lep
and Ob-DIO mice (Figure 6B and 6C).
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Figure 3 Amino acid catabolism and muscle protein breakdown. (A) Blood urea nitrogen (Kruskal–Wallis P < 0.0001). (B) Relative mRNA expression of
enzymes involved in amino acid catabolism in the liver (Kruskal–Wallis P ≤ 0.005). (C) Relative mRNA expression of markers of atrophy in gastrocne-
mius muscle (GNM) (Kruskal–Wallis P< 0.0001). (D) GNM proteasome activity (Kruskal–Wallis P = 0.002). (E) Relative GNM protein expression of LC3II,
P62, and muscle cathepsin activity (Kruskal–Wallis P < 0.0001). Gene and protein expression data are shown relative the median of lean healthy mice.
Lean healthy n = 17, lean sepsis placebo n = 11, lean sepsis leptin n = 14, Ob-DIO healthy n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO
sepsis n = 14. *P < 0.05 between septic mice and healthy controls;

§
P < 0.05 compared with lean healthy mice;

%
P < 0.05 compared with healthy Ob-

DIO mice.
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Fibre type composition was similar in lean and obese
groups, with a predominance of fast glycolytic type IIb fibres
and type IIx fibres, only a small fraction of slower oxidative IIa
fibres, and virtually no slow oxidative type I fibres (Figure 6D).
The average fibre size of type IIb fibres was significantly
smaller in healthy Ob-KO mice compared with healthy
Ob-DIO and lean mice (Figure 6E). With sepsis, the decrease
in fibre size was mainly due to a decrease in type IIb fibres.
Semi-quantitative scoring of muscle histology revealed no
overt morphological differences (Figures 6F and S2).

Effect of obesity vs. leptin on plasma and hepatic
markers of lipid metabolism

The doubling in loss of fat mass observed in obese septic
mice (Figure 2F) was accompanied by a different lipid profile
in obese vs. lean septic mice, largely irrespective of leptin
(Figure 7A and 7B). Plasma free fatty acids and glycerol were
reduced in lean septic mice, irrespective of leptin, whereas
this reduction was blunted or even prevented in obese septic
mice (Figure 7A). Also, the pronounced reduction in plasma
lipoproteins HDL and LDL observed in lean septic mice, again
irrespective of leptin, was blunted in obese septic mice, with
even a small increase in LDL in Ob-DIO mice (Figure 7B).

Plasma ketone levels peaked 24 h after induction of sepsis
but to a higher extent in obese compared with lean septic
mice (P ≤ 0.0002, Figure 7C). Ob-KO peaked even higher than

Ob-DIO mice (P = 0.007). Sepsis decreased hepatic gene ex-
pression of Pparα in all groups. Healthy obese mice displayed
a higher hepatic expression of ketogenic markers Cpt1α and
Acadl compared with lean healthy mice, which remained ele-
vated after 5 days of sepsis in the Ob-KO group only (Figure
7D).

Histologically, all septic groups displayed signs of liver in-
flammation, but the Ob-KO and Ob-DIO mice also showed
signs of liver inflammation in the healthy condition (Figures
7E and S3). The degree of vacuolization, a marker of glycogen
content, decreased in all septic groups. Sinusoidal dilation, a
marker of oedema, increased only in septic lean mice. Lean
mice never showed signs of intrahepatic fat accumulation,
whereas obese mice always did, even more during sepsis
than during health. The highest fat accumulation was ob-
served in septic Ob-KO mice.

Rank correlation analysis of potential regulatory
pathways of muscle wasting and muscle weakness

As leptin did not explain the protection against muscle
wasting and muscle weakness observed in obese mice, we
assessed the impact of the tested regulators and pathways
of muscle wasting and weakness for their explanatory role
by univariate rank correlation analysis.

For each of the regulatory processes of muscle wasting un-
der investigation, protein breakdown, protein synthesis, and

Figure 4 Muscle inflammation. Relative mRNA expression of inflammatory markers IL-1β, Il-6, TNFα, and the inflammasome Nlrp3 in gastrocnemius
muscle (Kruskal–Wallis P ≤ 0.004). Data are shown relative the median of lean healthy mice. Lean healthy n = 17, lean sepsis placebo n = 11, lean sepsis
leptin n = 14, Ob-DIO healthy n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO sepsis n = 14. *P < 0.05 between septic mice and healthy
controls;

§
P < 0.05 compared with lean healthy mice;

%
P < 0.05 compared with healthy Ob-DIO mice.
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Figure 5 Muscle protein synthesis, growth, and regeneration. Relative mRNA expression of myosin isoform (Kruskal–Wallis P ≤ 0.02) (A) and actin
(Kruskal–Wallis P = 0.07) (B) in gastrocnemius muscle (GNM). (C) Phosphorylated P70S6K1 over total P70S6K1 protein expression in GNM (Kruskal–-
Wallis P < 0.0001). (D, E) Relative mRNA expression of markers of muscle growth and regeneration in GNM (Kruskal–Wallis P < 0.0001). Gene expres-
sion data are shown relative the median of lean healthy mice. Lean healthy n = 17, lean sepsis placebo n = 11, lean sepsis leptin n = 14, Ob-DIO healthy
n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO sepsis n = 14. *P< 0.05 between septic mice and healthy controls; §P< 0.05 compared with
lean healthy mice;

%
P < 0.05 compared with healthy Ob-DIO mice.
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Figure 6 Tibialis anterior muscle histology analysis. (A) Tibialis anterior section stained for muscle fibre types and laminin; type I fibres were only spo-
radically present and were omitted in the analyses. (B) Frequency histograms showing the distribution of cross-sectional areas (mm

2
). (C) Average fibre

size area for all fibres (Kruskal–Wallis P = 0.0006). (D) Percentage of fibres expressing myosin heavy chain types IIA, IIB, and IIX proteins (Kruskal–Wallis
P ≥ 0.15). (E) Average fibre size area splitted by fibre type. Type IIa Kruskal–Wallis P = 0.09; type IIx and IIb Kruskal–Wallis P ≤ 0.02. (F) Representative
H&E staining showing no morphological differences between groups. Lean healthy n = 17, lean sepsis placebo n = 11, lean sepsis leptin n = 14, Ob-DIO
healthy n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO sepsis n = 14. *P < 0.05 between septic mice and healthy controls; §P < 0.05 com-
pared with lean healthy mice;

%
P < 0.05 compared with healthy Ob-DIO mice.
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muscle proliferation, we first assessed association with loss in
lean body mass of all investigated markers. For protein break-
down, plasma urea reached highest association (ρ = �0.60,
P < 0.0001), for protein synthesis, none of the parameters

reached a significant association, whereas for muscle prolifer-
ation, the association with Hdac5 gene expression (ρ = �0.43,
P = 0.0007) was most pronounced. The investigated regula-
tors of muscle wasting plasma TNFα (ρ = 0.31, P = 0.01),

Figure 7 Plasma lipid profile and liver histological analysis. (A) Plasma free fatty acids and plasma glycerol (Kruskal–Wallis P < 0.0001). (B) Plasma HDL
and LDL cholesterol (Kruskal–Wallis P < 0.0001). (C) Plasma 3-hydroxybutyrate (3HB). Kruskal–Wallis P ≤ 0.01 at 24 and 84 h; P > 0.05 at other time
points. #P < 0.05 compared with lean septic mice; $P < 0.05 compared with septic Ob-DIO mice. (D) mRNA expression of genes involved in fatty acid
oxidation (Kruskal–Wallis P < 0.0001). (E) Representative H&E stained liver sections. Lean healthy n = 17, lean sepsis placebo n = 11, lean sepsis leptin
n = 14, Ob-DIO healthy n = 22, Ob-DIO sepsis n = 20, Ob-KO healthy n = 12, Ob-KO sepsis n = 14. *P < 0.05 between septic mice and healthy controls;
§P < 0.05 compared with lean healthy mice; %P < 0.05 compared with healthy Ob-DIO mice.
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plasma IL-6 (ρ = 0.39, P = 0.003), and plasma corticosterone
(ρ = 0.35, P = 0.007) associated with lean body mass loss.

To identify potential regulators of muscle weakness
explaining the observed protective effect of obesity, we
assessed markers of inflammation, lipolysis, and ketogenesis
for their explanatory role in a univariate analysis. To correct
for the difference in muscle force in healthy lean and obese
mice, and to correct for the role of muscle mass in muscle
weakness, the specific muscle force for each mouse was
expressed as a ratio of its specific muscle force and the mean
value of its own healthy control group. Univariate analysis in-
dicated a significant association of this corrected muscle
force with decrease in fat mass (indicative of endogenous li-
polysis, ρ =�0.40, P = 0.003), peak plasma 3-hydroxybutyrate
(ρ = 0.37, P = 0.005), plasma LDL cholesterol (ρ = 0.48,
P = 0.0003) and HDL cholesterol (ρ = 0.55, P < 0.0001), and
plasma TNFα (ρ = �0.51, P = 0.0001).

Association of overweight/obesity in human
critically ill patients with markers of protein
catabolism and on leptin concentrations

Lean patients [median BMI (IQR) 22.5 (20.7–23.8) kg/m2]
were matched with overweight/obese patients [median BMI
(IQR) 28.6 (26.7–31.2) kg/m2] for demographics and severity
and type of critical illness (Table S2). Compared with lean pa-
tients, patients who were overweight/obese showed higher
leptin serum concentrations on admission and on Day 5 in
ICU (Figure 8A). On Day 5 in ICU, overweight/obese critically
ill patients showed lower net protein catabolism than lean
critically ill patients as indicated by a reduced net nitrogen
loss (Figure 8B) and by a reduced urea-to-creatinine ratio
(Figure 8C).

Discussion

In this study, we showed that obesity, but not leptin levels,
protected against sepsis-induced muscle wasting and weak-
ness, despite higher mortality of leptin-deficient obese
mice. As compared with lean septic mice, obese mice had
a decreased inflammatory response and showed less signs
of protein breakdown, together with an increased mobiliza-
tion of adipose tissue fat stores, increased ketogenesis, and
higher plasma lipoprotein levels. Muscle fibre type compo-
sition was not altered during sepsis, but a higher atrophy
sensitivity of large fast type IIb fibres compared with IIa
and IIx fibres was observed, independent of obesity or lep-
tin levels. In matched human overweight/obese patients,
we confirmed decreased protein breakdown compared with
lean patients.

Similar to previous studies in septic mice and human criti-
cally ill patients,3,6 we observed a protective effect of obesity
on both the loss of lean body mass and muscle force. Here,
we extend this finding and showed that plasma leptin levels
do not explain this protective effect of obesity. While
leptin-deficient obese mice have a higher mortality than
diet-induced obese mice when confronted with sepsis, the re-
duction in lean body mass loss and maintenance of muscle
force was comparable between the two groups. These data
indicate that leptin is necessary for sepsis survival and might
also contribute to the increased survival observed in
premorbid obese critically ill patients.4,5 While investigation
of the survival disadvantage of ob/ob mice was beyond the
scope of this paper, it is interesting to point out that pre-sep-
tic healthy ob/ob mice had elevated plasma levels of IL-6. In-
terestingly, mice who are stressed prior to an inflammatory
challenge also suffer from a survival disadvantage and this
has recently been linked to IL-6.21 Furthermore, supplemen-
tation of ob/ob mice with leptin normalized IL-6 plasma

Figure 8 Serum leptin and net protein loss in human lean and overweight/obese patients. (A) Serum leptin on admission and Day 5 in ICU in lean
(n = 81) and overweight/obese (n = 69) patients. (B) Nitrogen balance on ICU Day 5 is the calculated net nitrogen loss, and (C) urea-to-creatinine ratio
is the plasma concentration of urea (mg/dL) divided by the plasma concentration of creatinine (mg/dL) on Day 5 in lean (n = 694) and overweight/
obese (n = 694) patients.
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levels and increased survival while leptin supplementation in-
creased mortality in IL-6�/� mice.11,12

During the course of sepsis, irrespective of leptin levels,
lean mice lost more lean body mass than obese mice.
Loss of muscle mass occurs when the rate of proteolysis
exceeds the rate of muscle protein synthesis. The
ubiquitin-proteasome system (UPS) is a major mechanism of
muscle proteolysis. Several markers of the UPS were more
up-regulated in lean septic mice compared with obese septic
mice, irrespective of leptin. In contrast with the other prote-
olysis markers, proteasome activity was lower in septic lean
mice compared with lean healthy control and septic obese
mice. While muscle proteasome activity is typically reported
as being increased in experimental sepsis, these studies in-
vestigated earlier time points.22 Potentially, in the prolonged
phase of sepsis which we investigated, proteasome activity
decreases after an initial acute rise, as is observed in animal
models of cancer cachexia and alloxan-induced diabetes
mellitus.23,24 Autophagy, another major mechanism of prote-
olysis, has a controversial role in muscle wasting disorders as
both excessive as impaired autophagy may lead to profound
muscle wasting.25,26 Additionally, impaired activation of au-
tophagy, as observed in animal models and human biopsies
during critical illness, leads to the accumulation of cellular
damage and reduced muscle quality.26,27 The concomitant in-
crease in LC3II (marker of autophagosome formation) and
P62 protein (a cargo protein normally cleared by autophagy)
confirms this phenotype of insufficient activated autophagy
in muscle of lean and diet-induced obese septic mice.
Leptin-deficient obese septic mice did not show this concom-
itant increase in P62, which might suggest increased autoph-
agic flux, as described earlier in this genotype.28 Such
increase in autophagy would improve the muscle quality dur-
ing sepsis and could have contributed to the more pro-
nounced protection of muscle weakness we observed in
these mice.

Concerning muscle protein synthesis, changes in phos-
phorylation of P70S6K1, as downstream target of mTORC1,
or muscle gene expression of contractile proteins could
not explain the difference in muscle mass loss we observed
between lean and obese septic mice. Similarly, changes in
markers of muscle cell proliferation could not explain the
differences we observed in muscle mass loss. Our findings
are in contrast to the known stimulatory effect of leptin
on muscle mass in healthy mice.14–16 While leptin supple-
mentation did lead to a higher phosphorylation of P70S6K1
and hence mTORC1 activity, higher muscle gene expression
of contractile proteins and lower myostatin gene expression,
and increased the expression of PCNA and MyoG, this did
not translate to an increase in muscle mass. The shorter du-
ration of supplementation, difference in feeding regimen,
concomitant increase in muscle atrophy, and the illness itself
all may have contributed to the lack of leptin effect in our
study.

Based on our findings, we conclude that decreased muscle
breakdown rather than a difference in protein synthesis may
be responsible for the reduced muscle wasting observed in
obese mice during sepsis. A likely strong contributor to the
reduced wasting in obese mice is the lower plasma TNFα in-
crease, a known stimulator of muscle atrophy.29 Also, human
obese patients displayed a blunted inflammatory response in
acute respiratory distress syndrome and septic shock with
lower plasma levels of inflammatory cytokines when com-
pared with lean patients.30,31 In addition to inflammatory cy-
tokines, also glucocorticoids are powerful catabolic
stimulators.32 Plasma corticosterone levels increased in all
septic mice, but were, as expected,8 regulated by leptin
levels, and as such did not explain the observed protection
in obese compared with lean septic mice. The observed
changes in plasma urea and hepatic expression of genes in-
volved in liver amino acid catabolism are a further indication
of reduced urea cycle activity and hence amino acid catabo-
lism in the obese mice. Our observation that overweight/
obese human critically ill patients display reduced net protein
catabolism compared with lean critically ill patients further
strengthens our findings in obese mice. Indeed, in addition
to the earlier observed reduced incidence of ICUAW in obese
patients,3 obese patients also displayed reduced net nitrogen
loss and reduced urea-to-creatinine ratio, both markers of re-
duced protein catabolism.18,33 Increased loss of muscle pro-
tein of lean mice and patients and hence a greater release
of amino acids into the circulation could be the primary
driver of such increased amino acid catabolism. Indeed, a rise
in circulating amino acids stimulates glucagon, by itself the
main regulator of amino acid catabolism.34 In addition, gluca-
gon resistance as observed with obesity35 could have
strengthened this effect.

Morphologically, muscle of lean and obese mice with high
or low leptin levels appeared very similar, although fibre size
was smaller in ob/ob mice, as predicted.14 Interestingly, while
we did not observe a fibre type switch with sepsis, fast glyco-
lytic type IIb fibres displayed a greater sensitivity for the atro-
phic effects of sepsis, compared with the slower type IIx and
IIa fibre types. Specific type II fibre atrophy was also observed
in patients with non-excitable muscle membranes.36 This
could be due to fibre type differences in muscle breakdown
or muscle protein synthesis. Indeed, basal protein synthesis
rate is smallest in fast type IIb fibres, and during food depriva-
tion, fast type IIx/IIb fibres show the strongest decrease in
muscle protein synthesis compared with type I and type IIa.37

Obese mice lost a considerable higher amount of fat mass
than lean mice after 5 days of sepsis, which was accompanied
by increased ketogenesis. As described previously,6 the in-
creased mobilization of fat stores and subsequent ketogene-
sis in obese contributed to the maintenance of muscle force
during sepsis. As the skeletal muscle appears to be
bio-energetically inert for delivered lipids during critical ill-
ness, ketones rather than the released fatty acids are the
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likely effectors.38 Obese septic mice also displayed higher
plasma cholesterol levels, whereas these were strongly sup-
pressed in lean mice. A link between low cholesterol and
the development of ICUAW was recently demonstrated.39 In
addition, higher plasma HDL and LDL cholesterol could also
have protected against excessive inflammation and so indi-
rectly reduced muscle atrophy. Indeed, lipoproteins bind
and neutralize LPS and lipoteichoic acid, and HDL has direct
anti-inflammatory properties.40 Although we cannot exclude
that obese mice had a milder disease course than lean mice
and as such displayed lower inflammatory markers and
higher plasma cholesterol levels, the higher mortality and ill-
ness severity scores observed in the ob/ob mice argue
against a milder disease course in these mice. Nonetheless,
the association between plasma lipoproteins, sepsis, and
obesity remains intriguing and warrants further research.

Our study has some limitations.While our prolongedmouse
model mimics several aspects of human prolonged critical ill-
ness and ICUAW, extrapolation to the human setting has to
be done with caution. Our mice are not mechanically venti-
lated nor completely immobilized. Furthermore, while critical
illness-induced muscle wasting in humans is hallmarked by a
preferential loss of myosin,1 myosin and actin is lost to similar
extents in our mouse model of sepsis. In addition, not all met-
abolic syndrome-related aspects of obesity are similarly pres-
ent in humans and rodents.41 Second, we did not include
sham-operated controls, nor did we administer fluid resuscita-
tion, parenteral nutrition, antibiotics, or pain medication to
healthy mice as it was our aim to study the complete pheno-
type of critical illness, including the complex interplay of dis-
ease and treatment received in the ICU. Third, we used
congenital leptin-deficient obese mice, and pre-existing differ-
ences developed before the initiation of sepsis, such as the dif-
ference in body mass composition could have influenced the
results. Fourth, the study was powered to detect an improved
muscle function; all other secondary parameters that were in-
vestigated have to be considered as hypothesis-generating
and require further investigation.

In conclusion, leptin did not mediate the protective effect
of obesity against sepsis-induced muscle wasting and weak-
ness in mice. Instead, obesity—independent of leptin—atten-
uated inflammation, protein catabolism, and dyslipidaemia,
pathways that may play a role in the observed muscle
protection.
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