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Abstract
To investigate whether exogenous melatonin (MLT) could alleviate skeletal muscle wasting by regulating hypothalamic 
neuropeptides expression. Adult male Sprague Dawley rats were intraperitoneally injected with lipopolysaccharide (LPS) 
(10 mg/kg), followed by MLT (30 mg/kg/day) or saline for 3 days. Hypothalamic tissues and skeletal muscle were obtained 
on day 3. Skeletal muscle wasting was measured by the mRNA expression of two E3 ubiquitin ligases, muscle atrophy 
F-box and muscle ring finger 1 as well as 3-methylhistidine (3-MH) and tyrosine release. Three hypothalamic neuropep-
tides (POMC, AgRP, CART) expression were detected in all groups. POMC expression knockdown was achieved by ARC 
injection of lentiviruses containing shRNA against POMC. Two weeks after ARC viruses injection, rats were i.p. injected 
with LPS (10 mg/kg) followed by MLT (30 mg/kg/day) or saline for 3 days. Brain tissues were harvested for immunostain-
ing. In septic rats, 3-MH, tyrosine release and muscle atrophic gene expression were significantly decreased in MLT treated 
group. POMC and CART expression were lower while AgRP expression was higher in MLT treated group. Furthermore, 
in septic rats treated with MLT, muscle wasting in those with lower expression of neuropeptide POMC did not differ from 
those with normal POMC expression. Exogenous MLT could alleviate skeletal muscle wasting in septic rats by regulating 
hypothalamic neuropeptides.
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Introduction

Melatonin (MLT) is a pineal hormone that maintains normal 
circardian rhythm [1]. MLT and its metabolites modulate a 
variety of molecular signaling pathways including prolifera-
tion, apoptosis, metastasis, inflammation and so on [2–4]. 

Recent studies have shown that MLT may be useful in the 
treatment of sepsis and septic injury due to its antioxida-
tive and anti-inflammatory actions [5]. Further research 
suggested that MLT blocked NF-κB signaling induced by 
LPS through inhibiting the nuclear translocation and DNA-
binding activity of the NF-κB p50 subunit [6]. These results 
indicate a promising therapeutic application for MLT in the 
treatment of sepsis.
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Sepsis is a life-threatening disease triggered by the inva-
sion of microbes and dysregulation of innate immune system 
[7]. Hypercatabolism occurs in the early phase of sepsis and 
can cause major metabolism disorders, among which, high 
protein catabolism and muscle wasting are supposed to be 
the main contributor to morbidity and mortality [8, 9]. Our 
previous research suggested that central regulation, espe-
cially hypothalamic arcuate nucleus (ARC) played a pivotal 
role in muscle wasting of septic animal models [10]. ARC is 
composed of two populations of neurons, POMC and AgRP 
neurons [11]. The former expresses anorexigenic peptides, 
POMC and CART, resulting in negative energy balance. 
The later expresses orexigenic peptides, NPY and AgRP, 
resulting in positive energy balance [12]. In our study, we 
found that increased expression of POMC was associated 
with skeletal muscle wasting in septic rats and that suppres-
sion of POMC expression could significantly alleviate septic 
skeletal muscle wasting [13]. Thus, the regulation of the 
expression of certain hypothalamic neuropeptides might be 
a possible treatment target for alleviating muscle wasting and 
improving prognosis of sepsis.

As mentioned previously, MLT administration was benifi-
cial to septic animal models due to its potent anti-inflam-
matory and antioxidant properties, but whether MLT could 
affect septic skeletal muscle wasting and hypothalamic neu-
ropeptides remains uncertain. In this study, we hypothesized 
that MLT could alleviate skeletal muscle wasting by regulat-
ing certain hypothalamic neuropeptides expression.

Materials and Methods

Animals

Adult male Sprague–Dawley rats (250 ± 20 g) were obtained 
from the Animal Research Center, Jinling Hospital, Nan-
jing, China. The animals were raised under regular lighting 
conditions (12 h:12 h light cycle) in a constant temperature 
environment with free access to tap water and standard rat 
pellet chow. The experimental protocols were approved by 
the Institutional Animal Care and Use Committee of Nanjing 
University and Jinling Hospital.

Study Protocol

All rats were housed at least 7 days to adapt to the envi-
ronment before any experiment. Then a set of rats were 
randomly divided into four groups (n = 6 in each group): 
the MLT (MLT) group, the control (CON) group, the sham 
(sham) group and sham + MLT (sham + MLT) group. All 
rats were i.p. injected with LPS (10 mg/kg, Escherichia Coli 
serotype 055: B5, Sigma, St.Louis, MO, USA) followed by 
MLT (30 mg/kg/day) for 3 days in the MLT group or saline 

(30 ml/kg/day) for 3 days in the CON group; and all rats 
were i.p. injected with saline(10 ml/kg) followed by MLT 
(30 mg/kg/day) for 3 days in the sham + MLT group or saline 
(30 ml/kg/day) for 3 days in the shan group. The selection 
of melatonin dosage 30 mg/kg/day was reference to many 
former publications, which is confirmed to be effective to 
reduced LPS-induced inflammation and metabolic altera-
tions [14–17]. On day 3, the animals were sacrificed with 
an overdose of phenobarbital sodium. Extensor digitorum 
longus (EDL), gastrocnemius and hypothalamic tissue were 
obtained from each rat and kept at − 80 °C until analysis.

Knockdown of hypothamic POMC expression was real-
ized by using a lentiviral method [13]. The lentiviral vec-
tor of shRNA against rat POMC and matched control was 
purchased from GenPharma (GenPharma Co., Ltd Shang-
hai). The sequences of shRNA was CUC​UUC​AAG​AAC​
GCC​AUC​A (5′–3′), whose interfering effect was confirmed 
in vitro. Lentiviruses were produced from HEK293T cells 
through cotransfection of target sequences with their pack-
aging plasmids. Lentiviruses were purified by ultracentrifu-
gation and ~ 1 × 109 particles/site were used for each virus 
injection. The bilateral injections to the ARC were directed 
using an ultra-precise stereotax (Kopf Instruments) to the 
coordinates of 3.3 mm posterior to the bregma, 9.0 mm 
below the surface of the skull, and 0.3 mm lateral to midline. 
Purified lentivirus were injected over 10 min using a 5 μl 
Hamilton syringe attached to a microinfusion pump (World 
recision Instruments, Sarasot a, FL). The needle was left for 
an additional 5 min and then slowly withdrawn.

Another set of rats were first lateral ventricular cathe-
terized. Then all rats were randomly categorized into four 
groups (n = 6 in each group): POMC knockdown and MLT 
treated group (PM group), POMC knockdown and saline 
treated group (PS group), normal POMC expression and 
MLT treated group (VM group), normal POMC expression 
and saline treated group (VS group). The PM and PS groups 
were injected with interfering virus to the ARC, the VM 
and VS groups was injected with control virus. Two weeks 
later, all animals were i.p. injected with LPS (10 mg/kg) 
followed by MLT (30 mg/kg/day) for 3 days in both PM 
and VM groups and saline (30 ml/kg/day) for 3 days in the 
PS and VS group. Then all animals were sacrificed with an 
overdose of phenobarbital sodium. EDL, gastrocnemius and 
hypothalamic tissue were obtained from each rat and kept 
at − 80 °C until analysis.

Measurement of Protein Breakdown Rates in EDL

High performance liquid chromatography(HPLC) was used 
to measure protein breakdown rates, as formerly described, 
fresh EDL muscles were fixed via the tendons to alumin-
ium wire supports at resting length, and preincubated in 
oxygenated medium (95% O2–5% CO2); Krebs–Henseleit 
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bicarbonate buffer (pH7-4) which contains 5 mM glucose, 
0–1 U/ml insulin, 0–1 mM isoleucine, 0–17 mM leucine 
and 0–20 mM valine. After 1 h preincubation, muscles were 
transferred to fresh medium of identical composition and 
incubated for a further 2 h with 0–5 mM cycloheximide. 
The degradation rates of total and myofibrillar proteins were 
measured by the release in the medium of free tyrosine and 
3-methyl-histidine (3-MH) respectively, and expressed as 
nanomoles of tyrosine/3-MH in medium per 2 h/g/muscle. 
Muscle was also homogenized in 0–4 mM perchloric acid 
to determine tissue-free 3-MH and tyrosine. The net gen-
eration of 3-MH was calculated as the amount of 3-MH in 
the medium minus the decrease in tissue free 3-MH before 
and after incubation. Net free tyrosine generation was cal-
culated as the amount of tyrosine released into the medium 
plus the increase in tissue-free tyrosine during incubation. 
Both tyrosine and 3-MH levels in medium or tissue samples 
were measured by high-performance liquid chromatography 
(HPLC).

Measuremnt of Muscle Atrophic Gene, 
Hypothalamic Neuropeptides

Real-time PCR was used to detect gene expression. The total 
RNA was isolated from hypothalamus and gastrocnemius 
muscle using Trizol reagent (Invitrogen, USA) according to 
the manufacturer’s instructions. Gene expression was ana-
lysed using the Rotor-Gene Real-Time Analysis Software 
6.1.Glyceraldehyde phosphate dehydrogenase (GAPDH) 
was used as an internal control gene to normalize the target 
mRNAs, and gene expression was compared among groups 
using the DDCT method. The primer sequences are listed 
in Table 1.

Western Blotting

Animal tissues were homogenized and incubated for 60 min at 
4 °C in lysis buffer and separated by SDS/PAGE for Western 
blot analyses. Primary antibodies included POMC, CART, 
AgRP andβ-actin (Cell Signaling Technology, Inc.). Secondary 
antibody was HRP-conjugated anti-rabbit IgGs (Pierce). The 
densitometric analyses of Western blotting images were per-
formed using Image-Pro Plus software (Media Cybernetics).

Immunofluorescence Analysis

Rats were anaesthetized with isoflurane (4% induction and 
1.5–2% maintenance) and transcardially perfused with 200 ml 
of saline containing heparin (50 i.u./l), followed by 400 ml of 
4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 
7.2). The brains were dissected out and post-fixed by immer-
sion for 1 h at RT in the same fixative. Later, brains were 
cryoprotected with a 30% sucrose solution in 0.1 M PB at 
– 20 °C and brain sections of 6 μm thickness were obtained 
using a freezing-sliding microtome. Sections were washed in 
a PBS solution (0.1 M, pH 7.4) and then stored at 4 °C in a 
freezing solution (30% glycerol and 30% ethylene glycol in 
0.1 M PB at pH 7.4). Fixed brain sections were rinsed in PBS 
with 0.2% TritonX-100, and then blocked for 2 h with 1% BSA 
and 5% normal serum in PBS-Tx. After incubated overnight 
at 4 °C with 1% BSA, 2% normal serum and primary rabbit 
anti-POMC antibodies, and subsequently reacted with FITC-
labeled Goat Anti-Rabbit secondary antibody (Invitrogen). 
The nucleus was stained with DAPI (4,6-diamidino-2-phe-
nylindole). Images were captured using a FW1000 confocal 
microscope.

Hematoxylin–Eosin Staining of EDL

EDL specimens obtained during the rat experiment were 
immediately fixed in 10% paraformaldehyde and incubated 
overnight at room temperature. Next, tissue samples were 
embedded in paraffin and 5-µm sections were cut. Sections 
were deparaffinized in xylene and rehydrated in graded ethanol 
to distilled water and stained with hematoxylin and eosin for 
histological analysis. Morphological changes were observed 
using light microscopy, by an independent pathologist.

Statistical Analysis

The experimental data were expressed as means ± standard 
error (SE). Statistical analyses were performed using SPSS 
for Windows version 23.0 (SPSS Inc., Chicago, IL). The com-
parisons of differences among groups were accomplished by a 
two-way analysis of variance (ANOVA), with treatment (MLT 
and saline) as the main factor, followed by Newman–Keuls 

Table 1   Primers for RT-PCR assay

Gene Primers

MuRF-1 Forward 5′-GGA​CGG​AAA​TGC​TAT​GGA​GA-3′
Reverse 5′-AAC​GAC​CTC​CAG​ACA​TGG​AC-3′

MAFbx Forward 5′-CCA​TCA​GGA​GAA​GTG​GAT​CTA​TGT​T-3′
Reverse 5′-ATG​ACG​TG AAA​CCC​CCT​TCG​-3′

POMC Forward 5′-CCT​CCT​GCT​TCA​GAC​CTC​CA-3′
Reverse 5′-GGC​TGT​TCA​TCT​CCG​TTG​C-3′

AgRP Forward 5′-TGA​AGG​GCA​TCA​GAA​GGT​-3′
Reverse 5′-CAC​AGG​TCG​CAG​CAA​GGT​-3′

CART​ Forward 5′-CCG​AGC​CCT​GGA​CAT​CTA​-3′
Reverse 5′-GGA​ATG​CGT​TTA​CTC​TTG​AGC-3′

GAPDH Forward 5′-GCA​AGT​TCA​ACG​GCA​CAG​-3′
Reverse 5′-GCC​AGT​AGA​CTC​CAC​GAC​AT-3′
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post hoc test. Differences were considered statistically signifi-
cant at P < 0.05.

Results

Effect of Exogenous Melatonin on Skeletal Muscle 
Wasting and Hypothalamic Neuropeptides 
Expression in Septic Rats

EDL Weight and Body Weight Change

Body weight (BW) was recorded at day 0 and day 3. EDL 
weight was measured immediately after the muscle was sep-
arated. EDL weight from the MLT group was significantly 
heavier than that from the CON group (P < 0.01, Fig. 1) and 
body weight decrease was much lower in the MLT group 
than the CON group (P < 0.05, Fig. 1). Also, EDL/BW ratio 
was significantly higher in MLT group than in CON group 
(P < 0.01, Fig. 1). However, there was no significant differ-
ence between sham group and sham + MLT group in EDL 
weight or body weight change (P > 0.05, Fig. 1).

Rate of Skeletal Muscle Protein Breakdown and Muscle 
Atrophic Gene Expression

Skeletal muscle protein breakdown was measured by 3-MH 
and tyrosine release. As expected, in LPS rats, when com-
pared with CON group, there was a significant decrease in 
the rate of total protein proteolysis after MLT administration 
(both P < 0.01, Fig. 2). Significant reduced expression of 
two atrophic gene, MuRF-1 and MAFbx was observed in 
MLT group (P < 0.05 and P < 0.01, Fig. 2). However, MLT 
had no detectable effect on skeletal muscle metabolism in 

saline-injected rats. These results demonstrated that MLT 
could alleviate skeletal muscle wasting in septic rats.

Hematoxylin–Eosin Staining of EDL

HE staining of EDL was performed to further demonstrate 
the effect of MLT on skeletal muscle degradation in septic 
rats. As shown, muscle fiber in MLT group was denser than 
that in CON group, but there was no significant difference 
between sham group and sham + MLT group in muscle fiber 
(Fig. 3).

Hypothalamic Neuropeptides Expression

In both RT-PCR and western blotting analysis, the ano-
rexigenic genes, POMC and CART, expression decreased 
after MLT administration when compared with the CON 
group (P < 0.01 and P < 0.05, Fig. 4). On the contrary, there 
was a significant increase in orexigenic neuropeptide AgRP 
expression in the control group (P < 0.01, Fig. 4).

Analysis of the Correlation Between Skeketal Muscle 
Wasting and Hypothalamic Neuropeptides Expression

For further illustration of the relationship between skeletal 
muscle wasting and hypothalamic neuropetides, a correla-
tion analysis was performed. We chose MuRF-1 expression 
to represent muscle degradation due to that MAFbX gene is 
also involved in the process of muscle synthesis. There was a 
significant correlation between hypothalamic POMC expres-
sion and MuRF-1 expression (r = 0.559, P < 0.05, Fig. 5). 
Also, a negative correlation was found between hypotha-
lamic AgRP expression and MuRF-1 expression (r = -0.731 
P < 0.05, Fig. 5).

Fig. 1   EDL weight and body weight change. a EDL weight, b BW change, c EDL/BW ratio. A significant difference was labeled (*) with P val-
ues < 0.05. EDL extensor digitorum longus, BW body weight
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Effect of Hypothamic POMC Expression Knockdown 
on Skeletal Muscle Wasting in Septic Rats

Hypothalamic POMC Expression

Site-specific RNA interference via a hypothalamic delivery 
of lentiviral shRNA against rat POMC was used to knock 
down POMC expression. By applying POMC immunostain-
ing and mRNA test, it was confirmed that site specific POMC 
knockdown was successful. As a result, in both immunostain-
ing and western blotting analysis, POMC expression was sig-
nificantly less in PM and PS group (Fig. 6).

EDL Weight and Body Weight Change

Body weight (BW) was recorded at day 0 and day 3. EDL weight 
was measured immediately after the muscle was separated. EDL 
weight and EDL/BW ratio were similar in both POMC knock-
down groups with or without MLT treatment. (P > 0.05, Fig. 7). 
While in MLT-treated rats, both EDL weight and EDL/BW ratio 
were significantly lower in the POMC knockdown group than 
the vehicle-treated group (P < 0.05, Fig. 7).

Hematoxylin–Eosin Staining of EDL

Muscle fiber was denser in the VM group than PM group, 
and there was no significant difference between PM group 
and PS group (Fig. 8).

Rate of Skeletal Muscle Protein Breakdown and Muscle 
Atrophic Gene Expression

There were no differences in 3-MH, tyrosine release or 
mRNA expression of MuRF-1 and MAFbx between the 
two POMC knockdown groups with or without MLT treat-
ment (both P > 0.05, Fig. 9). Instead, in the MLT-treated 
rats, increased 3-MH and tyrosine release were observed in 
the POMC knockdown group than in vehicle-treated group. 
Similarly, the mRNA expression of MuRF-1 and MAFbx 
were significantly higher in POMC knockdown group (both 
P < 0.05, Fig. 9). Taken together, these results demonstrated 
that MLT alleviating septic muscle wasting might be associ-
ated with POMC expression.

Discussion

In this study, we first demonstrated that MLT could alle-
viate muscle wasting and regulate certain hypothalamic 
neuropeptides expression in sepsis animal models. Then by 
knockdown a key hypothalamic neuropeptide, POMC, we 
found that MLT’s capacity of alleviating muscle wasting was 
weakened. Taken together, these results indicated that MLT 
could alleviate muscle wasting by regulating the expression 
of POMC.

As potent antioxidants and free radical scavengers, 
MLT and its metabolites are protective against a variety of 

Fig. 2   Rate of skeletal muscle 
protein breakdown and muscle 
atrophic gene expression a, 
b 3-MH and tyrosine release 
in EDL were measured by 
high performance liquid 
chromatography(HPLC); c, d 
muscle atrophic gene expression 
in gastrocnemius were measured 
by Real-time PCR. A significant 
difference was labeled (*) with 
P values < 0.05
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disorders [18–20]. MLT significantly improved median sur-
vival times and survival rates after a lethal dose of LPS [21]. 
MLT reduces pro-inflammatory markers by inhibiting the 
expression of TNF-α, IL-1β and IL-6, thus limits the sever-
ity of inflammatory diseases induced by oral bacteria or LPS 
[22–24]. In human trials, it has been shown that oral sup-
plementation of melatonin, before strenuous exercise, was 
able to reduce plasma pro-inflammatory TNF-α and IL-6, 
and to increase the anti-inflammatory IL-1β cytokine [25]. 
In a number of animal models of septic shock, as well as in 
patients with septic disease, MLT exerts beneficial effects on 
cellular damage and multiorgan failure by acting through a 
variety of mechanisms, like immunomodulation or direct or 
indirect antioxidant activity [26].

Sepsis is defined as life-threatening organ dysfunction 
caused by a dysregulated host response to infection [7]. 
Skeletal muscle tissue comprises 50–60% of body cell mass 
and represents the largest organ affected by exaggerated 

whole-body inflammatory response caused by sepsis [27]. 
As a serious complication of sepsis, skeletal muscle energy 
metabolism is rapidly altered during sepsis. Skeletal muscle 
wasting signifies hypercatabolism and predicts worse prog-
nosis [9]. Muscle wasting contributes to prolonged mechani-
cal ventilation and ICU stay, as well as severe infection and 
mortality [28, 29]. Studies in animal models and patients 
with sepsis have provided evidence that myofibrillar proteins 
are particularly sensitive to the effects of sepsis [30]. Ozkok 
E et al. investigated the effects of MLT on tissue structure, 
energy metabolism in skeletal muscle, and antioxidant level 
in rats with endotoxemia. Results showed that MLT treat-
ment prevented muscle damage by increasing ATP and glu-
tathione levels [14]. Moreover, in our previous researches, 
we demonstrated that hypothalamic inflammation could 
result in skeletal muscle wasting in septic rats [10]. MLT’s 
anti-inflammatory effect, as to reduce hypothalamic inflam-
mation in the present study, might be one of the mechanisms 

Fig. 3   HE staining of EDL. A significant difference was labeled (*) with P values < 0.05. CSA, cross sectional area
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for alleviating septic skeletal muscle wasting. When respira-
tory muscles are affected in sepsis or critically ill patients, it 
could lead to prolonged mechanical ventilation and severe 
pulmonary infection. We speculate that the positive effects 
of MLT on respiratory muscles may also account for less 
multiple organ dysfunction and better prognosis in critically 
ill induced by MLT.

We also demonstrated that exogenous MLT could affect 
certain hypothalamic neuropeptides expression. Recently, 
Bo Gao et al. reported that MLT can attenuate the IL-1β-
induced activation of the NF-κB signaling pathway [31]. 
As in our previous research, it is revealed that hypothalamic 
inflammatory response induced by NF-κB/IL-1β pathway is 
assoicated with the expression of certain neuropeptides in 

septic rats [13]. Thus, hypothalamic NF-κB/IL-1β inflam-
mation pathway might account for MLT’s positive effect 
on neuropeptides expression. On the other hand, MLT may 
regulate hypothalamic neuropeptides through the AMPK 
signaling pathway. Some studies demonstrated that there 
exists a positive feedback regulatory mechanism between 
the activation of AMPK-α1 and ROS, and the anti-oxidant 
agent MLT would possibly normalize the APMK level in 
brain [32–34]. In our previous we found that hypothalamic 
AMPK-induced autophagy ameliorates hypercatabolism in 
septic rats by regulating POMC expression [13]. Therefore, 
AMPK-related pathways may also be one of the mechanisms 
by which melatonin affects the expression of neuropeptide in 
the hypothalamus. Hypothalamic neuropeptides expression 

Fig. 4   Hypothalamic neuro-
peptides expression, a POMC, 
b CART, c AGRP expression 
tested with RT-PCR; A signifi-
cant difference was labeled (*) 
with P values < 0.05, d hypotha-
lamic neuropeptides expression 
measured with Western Blot

Fig. 5   Analysis of the correla-
tion between skeketal muscle 
wasting and hypothalamic 
neuropeptides expression. a 
There was a significant positive 
correlation between hypotha-
lamic POMC expression and 
MuRF-1 expression (r = 0.559, 
P < 0.05). b A negative cor-
relation was found between 
hypothalamic AgRP expression 
and MuRF-1 expression (r = − 
0.731, P < 0.05)
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levels, especially POMC and AgRP were suggested to be 
associated with skeletal muscle wasting [11]. Besides the 
fact that MLT has the potency to get through blood brain 
barrier, in septic animal models, endothelial injury and 

increased capillary permeability would result in increased 
permeability of blood brain barrier [35]. Thus, exogenous 
MLT could work directly on hypothalamus. Taken together, 
MLT alleviated skeletal muscle wasting by regulating certain 

Fig. 6   Hypothalamic neuropeptide expression in immunostaining and 
western blotting in saline or MLT treated rats after ARC injection of 
lentiviruses containing shRNA against POMC. POMC immunostain-
ing (green) across the hypothalamic ARC of rats in experiment. DAPI 

staining (blue) reveals the nucleus of all cells in the sections. PM, 
POMC knockdown and MLT treated group; PS, POMC knockdown 
and saline treated group; VM, normal POMC expression and MLT 
treated group. VS, normal POMC expression and saline treated group
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hypothalamic neuropeptides expression, and hypothalamic 
inflammation pathway might play an important role in the 
process, which needs further confirmation.

To further explore the exact mechanism of MLT allevi-
ating skeletal muscle wasting, we inhibited the expression 
of a key neuropeptide, POMC, after LPS administration 
by using a lentiviral method. Erenow, we also successfully 
inhibited the elevated expression of POMC after LPS treat-
ment using lentiviral method, and found that knockdown of 
POMC effectively ameliorated peripheral muscle wasting 

induced by LPS but hypothalamic NF-κB pathway, inflam-
mation and other hypothalamic neuropeptides caused by 
LPS were unaffected. It indicates that NF-κ B pathway is 
more likely to be the upstream of POMC and the peripheral 
effect on muscle wasting was more likely related to POMC 
alone. Remarkably, in the two knockdown groups of present 
study, skeletal muscle wasting was similar with or without 
MLT treatment. However, in the animals treated with MLT, 
skeletal muscle wasting was significantly mitigated in the 
vehicle-treated group when compared with the knockdown 

Fig. 7   EDL weight and body weight change in saline or MLT treated rats after ARC injection of lentiviruses containing shRNA against POMC. 
a EDL weight, b BW change, c EDL/BW ratio. A significant difference was labeled (*) with P values < 0.05

Fig. 8   HE staining of EDL in 
saline or MLT treated rats after 
ARC injection of lentiviruses 
containing shRNA against 
POMC. A significant differ-
ence was labeled (*) with P 
values < 0.05
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group. This result furtherly indicated that POMC expression 
was essential in the process of exogenous MLT alleviating 
LPS-induced skeletal muscle wasting.

Our study was the first to demonstrate that MLT could 
alleviate skeletal muscle wasting by regulating hypotha-
lamic POMC expression in septic animals models. It is 
well known that hypothalamus is the centre of energy 
metabolism. In recent decades, emerging data have sug-
gested that central regulation may also contributed to 
the metabolic and behavioral actions in critical illness or 
cachexic conditions [36]. Inhibition of hypothalamic TNF 
signaling can partially restore body weight, increase food 
intake and enhanced survival rate in septic animal models 
[37]. Here our study further confirmed the role of hypo-
thalamic regulation in septic muscle wasting. Even though 
the present study was the first to demonstrate the fact, 
which MLT could alleviate septic skeletal muscle wasting 
by regulating hypothalamic POMC expression, there are 
some limitations. Firstly, we only used shRNA method to 
inhibit neuropeptides expression, which was inferior to the 
gene knockout approach, especially the cre-loxp method. 
Secondly, we only chose 72 h to test muscle wasting due to 
LPS-injection method, longer time span using other model 
are warranted to confirm the results. Furtherly, the exact 
molecular mechanism underlying how MLT act on POMC 
and how POMC regulate septic skeletal muscle wasting 
required more research.
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