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Background and Purpose: Muscle protein catabolism in patients with diabetic
nephropathy (DN) results in striking loss of muscle proteins, which increases
morbidity and mortality risks. Evidence shows that short-chain fatty acids (SCFAs)
play an important role in health maintenance and disease development. Recently, the
connection between butyrate (a SCFA) and DN has been revealed, although the
relationship between butyrate and muscle atrophy remains unclear.

Experimental Approach: We studied changes in serum butyrate levels in DN patients
using metabolomic analyses. In db/db mice, protective effects of butyrate on
DN-induced muscle atrophy. were explored. Inhibition of muscle atrophy by butyrate
and the underlying mechanism(s) were studied in C2C12 cells exposed to high
glucose/lipopolysaccharide (HG/LPS).

Key Results: Butyrate levels in DN patients were significantly decreased. In db/db
mice, supplementing normal diet with butyrate improved intestinal barrier function.
Concurrently, butyrate alleviated muscle atrophy, promoted PI3K/Akt/mTOR
signalling, and suppressed oxidative stress and autophagy in skeletal muscle of db/db
mice, and in HG/LPS-exposed C2C12 cells. Further, FFA2 receptors, key components
of SCFA signalling, were decreased in skeletal muscle of db/db mice and in
HG/LPS-exposed C2C12 cells. Overexpression of FFAZ2 receptors activated PI3K/
Akt/mTOR signalling and inhibited oxidative stress and autophagy in HG/LPS-exposed
C2C12 cells. Silencing of FFA2 blocked PI3K/Akt/mTOR signalling that was improved
by butyrate, as well as the suppression of oxidative stress and reduction of autophagy.
Conclusion and Implication: Butyrate exerts protective effects on muscle atrophy
induced by DN by enhancing intestinal barrier function and activating the FFA2
receptor-mediated PI3K/Akt/mTOR pathway.
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1 | INTRODUCTION

Protein-energy wasting is a state of disordered catabolism resulting
from metabolic and nutritional derangements in chronic disease
states. Patients with diabetic nephropathy (DN) and end-stage renal
disease (ESRD) exhibit muscle atrophy that contributes to frailty and
morbidity (Hanna et al., 2020; Obi et al., 2015). Preventing protein-
energy wasting is the most pressing clinical concern in DN. Catabolic
pathways that cause protein wasting include activation of the
ubiquitin-proteasome system (UPS), caspase-3, lysosomes and
myostatin, a negative regulator of skeletal muscle growth (Wang &
Mitch, 2014). Muscle atrophy is a manifestation of protein-energy
wasting. Recently, oxidative stress and autophagy were found to be
strongly associated with muscle atrophy (Abrigo et al., 2018; Wang &
Mitch, 2014). Mounting evidence has shown that the PI3K/Akt/
mTOR pathway is a major factor mediating the regulation of muscle
protein metabolism (Franke et al., 2003; Katso et al., 2001; Wang
et al., 2009; Wang & Mitch, 2014).

Research has shown that short chain fatty acids (SCFAs) play
important roles in health maintenance and disease development. SCFAs
are a subset of fatty acids produced by the gut microbiota during the
fermentation of partially and nondigestible polysaccharides (Tan
et al., 2014). Butyrate is a SCFA and reportedly plays a protective role
against diabetes and kidney disease (Andrade-Oliveira et al., 2015; Xu
et al, 2018). Our previous study found that butyrate alleviated
DN. Furthermore, we conducted both in vivo and in vitro experiments
to shown that butyrate ameliorated renal fibrosis (Du et al., 2020).

Intestinal dysbiosis is a common phenomenon in DN. Uraemia
significantly contributes to dysbiosis and alters the biochemical envi-
ronment of the gut (Anders et al, 2013; Nallu et al., 2017; Vaziri
et al., 2013). This can lead to alteration of tight junction (TJ) proteins
in intestinal epithelial cells, which results in impairment of intestinal
barrier function. In uraemic rats, the colonic epithelial TJ apparatus
was disrupted (Vaziri et al., 2012). These events enable leakage of
noxious contents, including phenols, cresols, and lipopolysaccharide
(LPS), into the intestinal wall and systemic circulation (Nallu
et al., 2017; Vaziri et al.,, 2016). The presence of various toxic biomole-
cules can also aggravate muscle atrophy, along with associated dis-
eases, such as diabetes and DN. Disordered energy metabolism is a
specific characteristic of DN. Mechanisms that may cause muscle
atrophy in a rat model of CKD and db/db mice have been investigated
(Kim et al., 2019; Wang et al., 2019). In the muscles of all models of
diabetes or CKD, levels of mammalian target of rapamycin (mTOR)
markers were decreased. Akt signalling and its downstream signalling
are unique in that it controls both protein synthesis and protein degra-
dation (Sandri, 2013). mTOR is at the centre of several cellular pro-
cesses, such as downstream of Akt signalling. Thus, the development
of a new compound specifically activating the Akt pathway may be
extremely useful for counteracting muscle atrophy.

Another major mechanism resulting in muscle atrophy in DN is
autophagy and lysosomal proteolysis. Importantly, the formation of
autophagosomes is stimulated by decreased levels of PI3K. An increase

in the levels of the PI3K/Akt signalling pathway is critical for autophagy

What is already known

e Skeletal muscle atrophy is a pressing clinical concemn in
diabetic nephropathy, without effective therapeutic
strategies.

* Butyrate is a short chain fatty acid which plays protective

roles against many diseases.

What does this study add

e Serum butyrate levels were correlated with diabetic
nephropathy and diabetic nephropathy-induced muscle
atrophy.

¢ Butyrate ameliorates muscle atrophy via enhancing gut
barrier function and FFA2 receptor-mediated PI3K/Akt/
mTOR signalling.

What is the clinical significance

¢ Addition of butyrate provides a potentially effective
strategy for treating diabetic nephropathy-induced mus-
cle atrophy.

suppression (Sandri, 2013; Wang & Mitch, 2014). Recent studies have
demonstrated that oxidative stress can initiate autophagosome forma-
tion and autophagic degradation by acting as cellular signalling mole-
cules (Glick et al., 2010). However, the effect of butyrate on these
mechanisms and muscle atrophy remains to be established.

To explore the role of butyrate in muscle atrophy caused by DN,
we first assessed the level of butyrate in the blood of DN patients and
healthy people. In a model of diabetes, db/db mice, the effects of die-
tary supplementation with butyrate were compared with those of a
normal diet. Urinary albumin, serum creatinine, blood urea nitrogen
(BUN), and muscle weight were used as indicators of renal function
and skeletal muscle atrophy, respectively. The levels of ZO-1, occludin,
and mucin were determined to show changes in intestinal barrier func-
tion in db/db mice with or without butyrate supplementation.
Malondialdehyde (MDA) and the activity of superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were used
to assess the oxidative stress state, while p62 and LC3-Il were studied
to explore the effect of butyrate on autophagy in skeletal muscle tis-
sue in db/db mice and C2C12 myoblasts. The activation of the PI3K/
Akt/mTOR pathway reflects the state of protein synthesis. To study
the underlying mechanism by which butyrate ameliorates muscle atro-
phy, we focused on the free fatty acid receptor FFA2 (Milligan
et al., 2009), the key molecule in signalling by SCFAs. Recently, SCFAs
ameliorated DN by FFA2 receptor-mediated inhibition of oxidative
stress (Huang et al, 2020) and SCFAs-treated diabetic mice were
protected from nephropathy, but not in the absence of FFA2
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receptors (Li et al., 2020). Interestingly, although butyrate possessed
beneficial effects on promoting glycogen metabolism in liver via FFA2
receptors in DN (Zhang et al., 2019), more recent studies confirmed
that butyrate had no effect on blood glucose with or without FFA2
receptors (Huang et al., 2020; Li et al., 2020). Butyrate was also found
to improve colonic epithelial barrier integrity by binding to FFA2
receptors (Cheng et al., 2018). In the present study, we have explored

the therapeutic value of butyrate in DN-induced muscle atrophy.

2 | METHODS

21 | Human studies

The study was approved by the ethics committee of Shanghai General
Hospital (2019KY014). All donors provided full informed consent. The
clinical variables of the donors are shown in Table 1. All patients
received insulin and there were almost no special co-morbidities for
each patient.

Blood samples (5ml per sample. venous blood) were obtained
from 15 in-patients and 42 healthy people at the Department of
Nephrology and Physical Center, Shanghai General Hospital, Shanghai
Jiao Tong University School of Medicine. Il in-patients were diagnosed
with Type 2 diabetic nephropathy (DN) and nine of them were diag-
nosed with DN-induced protein-energy wasting, by at least three
experienced nephrologists, based on the criteria proposed by the Joint
Committee of Diabetic Nephropathy and the Intemational Society of
Renal Nutrition and Metabolism (ISRNM) (Fougue et al., 2008;
Haneda et al, 2015). The criteria for DN were: Type 2 diabetic

1 and

patients with urinary albumin excretion (UAE) >20 pg min~
2199 pg min~! and for protein-energy wasting: serum albumin < 3.8 g
per 100 ml; BMI<23; reduced muscle mass 5% over 3 months or 10%
over 6 months; unintentional low dietary protein intake <0.80 g kg*
day~* for at least 2 months. All healthy subjects (NC group; Table 1)
came from the medical center and had no criteria of DN or protein-
energy wasting. None of the NC group were receiving prescription
medicines or were self-medicating. Receiver operating characteristic
(ROC) analysis was used to assess the diagnostic ability of a binary
classifier system as its discrimination threshold is varied; in this case
to calculate the cut-off value of butyrate level. We constructed a ROC
curve and calculated the AUC to evaluate the accuracy for butyrate in
the diagnosis of DN-induced protein-energy wasting.

2.2 | Blood sample preparation

Serum was obtained after centrifugation of whole blood and samples
stored at -80°C for no more than 7 days before analysis. Samples
were thawed in an ice-bath to minimize sample degradation. Serum
(25 pl per well) was added to a 96-well plate. Then the plate was
transferred to the Eppendorf epMotion Workstation (Eppendorf Inc.,
Hamburg, Germany). Ice cold methanol (120 pl) with partial internal

standards was automatically added to each sample and vortexed
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vigorously for 5min. The plate was centrifuged at 4000 x g for
30 min (Allegra X-15R, Beckman Coulter, Inc., Indianapaolis, IN, USA).
Then, the plate was returned to the workstation. Supernatant (30 pl)
was transferred to a clean 96-well plate, and freshly prepared deriva-
tive reagents (20 pl) were added to each well. The plate was sealed,
and the derivatization was carried out at 30°C for 60 min. After deriv-
atization, 330-pl ice-cold 50% methanol solution was added to dilute
the sample. The plate was then stored at —20°C for 20 min and cen-
trifuged at 4000 x g at 4°C for 30 min; 135-pl supernatant was trans-
ferred to a new 96-well plate with 10-pl internal standards in each
well. Serial dilutions of the derivatized stock standards were added to
the remaining wells. Finally, the plate was sealed for liquid

chromatography-mass spectrometry (LC-MS) analysis.

23 | Metabolomics analysis
Metabolomics analysis was performed using the Q300 Kit (Metabo-
Profile, Shanghai, China). An ultraperformance liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS/MS) system
(ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA) was
used to quantitate all targeted metabolites in this study (Metabo-Profile
Biotechnology [Shanghai] Co., Ltd). The optimized instrument settings
are briefly described as follows. For HPLC, column: ACQUITY HPLC
BEH C18 1.7 x 10-6 m VanGuard precolumn (2.1 x 5mm) and
ACQUITY HPLC BEH C18 1.7 x 10-6m analytical column
(2.1 x 100 mm), column temp.: 40°C, sample manager temp.: 10°C,
mobile phases: A = water with 0.1% formic acid; and B = acetonitrile/
IPA (70:30), gradient conditions: 0-1 min (5% B), 1-11 min (5%-78%
B), 11-13.5 min (78%-95% B), 13.5-14 min (95%-100% B), 14-16 min
(100% B), 16-16.1 min (100-5%B), 16.1-18 min (5% B), flow rate:
040 ml-min~?, and injection volume: 5.0 pl. For the mass spectrometer,
capillary: 1.5 (ESI+), 2.0 (ESI-) Kv, source temperature: 150°C, deso-
Ivation temperature: 550°C, and desolvation gas flow: 1000 L-h~2.

For data processing, the raw data files generated by UPLC-MS/
MS were processed using the iMAP platform (v1.0; Metabo-Profile,
Shanghai, China) to calculate the concentration of each analyte in the
samples. Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were also performed
with iIMAP (v1.0). VIP Variable importance in projection (VIP) was
obtained based on the OPLS-DA model. Metabolites with VIP = 1 and
P value <0.05 (univariate analyses were based on whether the data
were normally distributed) were regarded as statistically significant
(differentially expressed metabolites: DEMs). The Z score indicates
how many standard deviations an observation is above or below the
mean of the control group. The Vplot that integrates the fold change

and P values was used to show the significantly different metabolites.

24 | Animals

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of Shanghai
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General Hospital (2019DW001). All experimental design and analysis
involving animals, animal tissues, or primary cultures were performed
in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020)
and with the recommendations made by the British Journal of Phar-
macology (Lilley et al., 2020).

Male db/db and db/m mice, 4 weeks old, were purchased from
the Nanjing Institute of Model Animals. All mice were kept at the ani-
mal centre of the Shanghai General Hospital at 22°C under a 12-h
light/12-h dark cycle with free access to water in individually venti-
lated cages with same size and wood shavings as bedding material
(five to six mice per cage). When the mice were 8 weeks old, their
blood glucose levels were randomly measured, and those with
216.7 mM of blood glucose were considered to be diabetic; 45 mice
were marked with an earmark and allocated to nine groups (normal
control [NC], DN model, DN + butyrate (DN + Bu), DN + TUG, DN
+ Bu + Alcohol, LV-CMV, DN + LV-CMV, DN + Bu + LV-CMV, DN
+ Bu + LV-FFA2) in a completely randomized manner using a ran-
domized table (n = 5 per group).

A standard diet was administered to the mice in the NC and DN
groups while those of the DN + Bu group were fed with a butyrate
diet. This diet was prepared by blending the powdered form of buty-
rate (Sigma-Aldrich, MO, USA) with the standard diet using a food
processor, followed by centrifugation at 18 x g, such that the final
proportion of butyrate in the diet was 1% (Medicine, Nanjing, China).
The diet containing butyrate was pelleted and stored in a freezer at
—20°C until use. As in our previous studies (Du et al., 2020), mice fed
the butyrate diet received 1 g-kg~-day ! of butyrate at the normal
rate of caloric intake for a total period of 12 weeks (Dong
et al., 2017). Their blood glucose and LPS levels were recorded on
Mondays 4, 8, 12, 16, and 20 weeks after birth. We assayed the sam-
ples for glucose immediately after taking the blood using a Blood Glu-
cose Test Meter and the LPS content of all samples was assayed after
storing at -80°C, by a fully automated biochemical analyser (Rayto,
Shenzhen, China). Urine was collected on the Monday moming of
week 20 and urinary albumin, serum creatinine and BUN were
detected using a fully automated biochemical analyser (Rayto,
Shenzhen, China). Butyrate levels were also determined, using Gas
(GC/MS). Mice  were
anaesthetized with isoflurane and asphyxiated with CO, at 20 weeks.

chromatography-mass  spectrometry

The hindlimb and gastrocnemius muscles and serum were collected.

2.5 | Cellculture

C2C12 murine myoblast cells (KCB Cat# KCB 2012115YJ, RRID:
CVCL_0188) were cultured in high-glucose Dulbecco's modified
Eagle's medium (DMEM; Gibco, New York, USA) supplemented with
10% foetal bovine serum (FBS; Gibco, New York, USA), 2-mmol L-glu-
tamine, and 1% penicillin-streptomycin (PS) solution (NCM biotech,
Suzhou, China) in a humidified atmosphere containing 5% CO2/95%
air at 37°C. Cells were grown to confluence (approximately 6 days), at
which point the medium was changed to differentiation media
(DM) composed of DMEM plus 2% horse serum (HS) (HyClone, New

York, USA), and 1% PS solution to initiate differentiation. LPS
(Serotype: 0111:B4, Sigma-Aldrich, Munich, Germany) was used to
induce oxidative stress and atrophy models in C2C12 myoblasts
(Baker et al., 2018). After differentiation for 6 days, myotubes were
exposed to one of three conditions (for 24 h): (i) negative control
(NC):: DM; (i) high glucose/LPS (HG/LPS): DM + 30 mM.L~! of
glucose + 100 ng-ml~* LPS; (iii) butyrate (HG/LPS + Bu): DM
+ 30 mM-L™2 of glucose + 100 ng-mI~* LPS + 0.5-mM butyrate.

2.6 | Tissue processing

The colon and ileum were isolated at necropsy and stored at —80°C.
The first one third of the ascending colon was cut for histology, and
the next two thirds was cut and stored at —80°C for other studies.
The gastrocnemius (1/4), isolated from the mice post-mortem, was
fixed in 4% paraformaldehyde, embedded in paraffin, and cut into
5-um thick sections. The remaining gastrocnemius was stored at

—80°C for follow-up studies.

27 | RT-gPCR

TRIzol reagent (Cat# 15596-026, Invitrogen, CA, USA) was used to iso-
late total RNA, and RT-gPCR was performed using the TB Green™ Pre-
mix Ex Taq kits (Cat# RR420B, Takara, Shiga, Japan), according to the
manufacturer's instructions. Primer sequences were checked for speci-
ficity and assay efficiency by performing standard curve analysis, and
the sequences were as follows: IL-6, F: 5'-CTCCCAACAGACCTGTCTA
TAC-3, R: 5-CCATTGCACAACTCTTTTCTCA-3'; TNF-a, F: 5-ATGT
CTCAGCCTCTTCTCATTC-3, R: 5-GCTTGTCACTCGAATTTTGAGA-
3; IL-1p, F: 5'-TGATGAAAGACGGCACACCC-3', R: 5-TGTCCCGAC
CATTGCTGTTT-3'; CRP, F: 5-CCTTCGTATTTCCCGGAGTGTC-3', R:
5'-CTCACATCAGCGTGGGCATAG-3'; GAPDH, F: 5-CTGGAGAAA
CCTGCCAAGTATG-3', R: 5'-GGTGGAAGAATGGGAGTTGCT-3'.

28 | Enzyme-linked immunosorbent assay

Serum levels of IL-6, TNFq, IL-1p, and CRP were determined using
IL-6 Quantikine ELISA Kit (R&D Cat# M6000B, RRID:AB_2877063),
TNF-alpha Quantikine ELISA Kit (R&D Cat# MTAQOB, RRID:
AB_2877064), IL-1 beta/IL-1F2 Quantikine ELISA Kit (R&D Cat#
MLBOOC), and C-Reactive Protein/CRP Quantikine ELISA Kit (R&D
Cat# MCRPOO).

2.9 | Staining of muscle sections

After tissue processing, paraffin-embedded gastrocnemius sections
were deparaffinized with xylene, washed with ethanol and then
washed with water, and stained with haematoxylin and eosin (HE).

Then, six images were taken randomly for each sample, and the
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myofibre cross-sectional area of these images was analysed using
Image J (ImageJ, RRID:SCR_003070).

2.10 | Transmission electron microscopy

The fresh gastrocnemius muscle was sectioned in 40-mm?® blocks,
immersed in fixative solution (0.5% glutaraldehyde, 2% paraformalde-
hyde, 7% saccharose, and 4% polyvinylpyrrolidone in 0.1-M
cacodylate buffer) for 1 h, and rinsed with phosphate-buffered saline
(PBS). These muscle blocks were recut into smaller samples of about
10 mm?® and fixed with another fixative solution (2% osmic acid in
0.1-M cacodylate buffer) for 1 h. Subsequently, the samples were
dehydrated, infiltrated, and embedded in Epon 812 at 60° for 48 h
and cut into 0.1-pm thick longitudinal or transverse sections. These
sections were stained with 1% uranyl acetate and Reynolds's lead cit-
rate. They were observed under a Leica UC7 HT7700 (HITACHI)
microscope to analyse the ultrastructure of mitochondria.

2.11 | Immunohistochemistry

The colon, ileum, and muscle tissue sections were subjected to heat
treatment in a citrate solution for antigen clearance and incubated
with 3% bovine serum albumin (BSA) blocking solution at room tem-
perature for 30 min. Thereafter, the sections were incubated at 4°C
overnight with corresponding primary antibodies (for colon and ileum:
Z0-1, Abcam Cat# ab96587, RRID:AB_10680012 and Occludin,
Santa Cruz Biotechnology Cat# sc-133256, RRID:AB_2156317, all
1:200. For muscle: FFA2, Bioss Cat# bs-13536R, 1:300). After incuba-
tion with goat anti-rabbit secondary antibody (1:200, Servicebio,
Wuhan, China) at room temperature for 1 h, the slides were treated
with DAB using Dako REAL Envision (K5007; Dako; Agilent Technolo-
gies, Inc.), according to the manufacturer's instructions.

2.12 | Immunofluorescence

Immunofluorescence (IF) staining was conducted as we previously
described (Du et al., 2020). Briefly, tissue sections were incubated
with corresponding primary antibodies (for colon and ileum: Muc2,
Santa Cruz Biotechnology Cat# sc-7314, RRID:AB_627970, 1:100) at
4°C overnight, followed by incubation with corresponding anti-mouse
secondary antibodies for 1 h at room temperature.

Regarding cells, C2C12 myoblasts grown on a four-chamber glass
bottom dish (#D35C4-20-1-N; Cellvis, CA, USA) were fixed with 4%
formaldehyde solution for 20 min. After washing with PBS twice, the
cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min,
washed with PBS twice, and incubated with phalloidin (1:200 in PBS)
to visualize the F-actin filaments in myotubes.

For tissue sections and cells, nuclei were stained with Antifade
Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI) for

5 min.
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213 | Alcian blue stain

Alcian blue staining is widely used for mucins (Kameyama
et al., 2015). After dewaxing and hydration, the colon sections were
exposed to Alcian blue stain for 30 min at room temperature. The sec-
tions were then dehydrated and mounted.

214 | Oxidative stress markers

Gastrocnemius (100 mg) preserved at —80°C was treated via ultra-
sonic grinding and centrifuged at 16972xg for 15 min at 4°C to
obtain supernatants. Blood was centrifuged at 4481xg for 20 min
to obtain serum. The activities of SOD, CAT, GSH-Px, and MDA
were determined using detection kits (SOD: AQ001-3-2; CAT:
A007-1; GSH-Px: A005-1-2; MDA: A003-1, Nanjing Jiancheng Bio-
engineering Institute Co., Ltd.) according to the manufacturer's

protocols.

215 | ROS measurements

The intracellular levels of ROS were measured using a Reactive Oxy-
gen Species Assay Kit (Cat# S0033S, Beyotime Biotechnology, China);
2', 7'-dichlorofluorescein-diacetate (DCFH-DA), which is easily oxi-
dized to fluorescent dichlorofluorescein (DCF) by intracellular ROS, is
its principal component and therefore, its levels reflect those of ROS.
Briefly, the cells were seeded in six-well plates as described above,
and after 6 days of differentiation, myotubes were exposed to
corresponding conditions. Following the treatment, the cells were
incubated with DCFH-DA for 20 min at 37°C and then observed
using a fluorescence microscope (Leica) and measured at 488 nm exci-
tation and 525 nm emission by a fluorescence spectrophotometer
(BioTek).

216 | Western blot

The tissues and cell samples were mixed with radio-
immunoprecipitation assay (RIPA) lysis buffer containing phenyl meth-
ane sulfonyl fluoride (PMSF) and phosphatase inhibitors to isolate
proteins. The samples were then centrifuged at 16972xg for 15 min,
and the supernatant was collected for protein quantitation using a
bicinchoninic acid (BCA) assay. Processed proteins were separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride (PVDF) mem-
branes. After blocking with 5% skim milk for 1 h, the membranes were
incubated overnight at 4°C with the following primary antibodies:
ZO-1 (Abcam Cat# ab%6587, RRID:AB_10680012), occluding (Santa
Cruz Biotechnology Cat# sc-133256, RRID:AB_2156317), PI3K (Cell
Signaling Technology Cat# 4257, RRID:AB_659889), p-PI3K (Cell Sig-
naling Technology Cat# 4228, RRID:AB_659940), Akt (Cell Signaling
Technology Cat# 4691, RRID:AB_915783), p-Akt (Cell Signaling
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Technology Cat# 5012, RRID:AB_2224726), mTOR (Cell
Signaling Technology Cat# 2983, RRID:AB_2105622), p-mTOR
(Cell Signaling Technology Cat# 5536, RRID:AB_10691552), p62 (Cell
Signaling Technology Cat# 23214, RRID:AB_2798858), LC3 Il (Cell
Signaling Technology Cat# 3868, RRID:AB_2137707), FFA2 (Bioss
Cat# bs-13536R) (all 1:500); GAPDH (Cell Signaling Technology Cat#
5174, RRID:AB_10622025, 1:1000), and «-tubulin (Proteintech Cat#
11224-1-AP, RRID:AB_2210206, 1:1000). The membranes were then
incubated with goat anti-rabbit (Absin Bioscience Cat# abs20002A,
RRID:AB_2716554, 1:10000) or goat anti-mouse secondary anti-
bodies (Absin Cat# abs20001, RRID:AB_2716555, 1:10000). Band
visualization was performed using an electrochemiluminescence (ECL)
reagent (NCM biotech, China). The blots were quantified using Image)

software.

2.17 | Construction of stabilized FFA2
overexpression C2C12 myoblasts

FFA2 cDNA was amplified using PCR and cloned into the pGMLV-
EF1 lentiviral vector (Genomeditech Inc., China). Stable cell lines that
expressed FFA2 were selected by two rounds of treatment with
15 pg-ml’1 puromycin for 2days. We constructed stable
FFA2-overexpressing cell lines C2C12-FFA2 and their corresponding
stable control cell lines C2C12-pGMLYV vector.

2.18 | siRNA-mediated gene silencing of FFA2

To silence the FFA2 gene, we used a small interfering RNA (siRNA)
that targets FFA2 (Genomeditech Inc., China) and the siRNA negative
control, which does not target any known sequence. Transfection
with 20-nM siRNA duplex was performed using Lipofectamine 3000
reagent (Cat# L3000015, Invitrogen, Life technologies, USA)
according to the manufacturer's protocols. Cells were transfected for
48 h and then stimulated with 30 mM of glucose + 100 ng-ml~t LPS

in the presence or absence of 0.5-mM butyrate for 24 h.

2.19 | Data and statistical analysis

Statistical analysis was performed for studies with five independent
values (n = 5). All data are presented as mean = SD. The distribution
of data was assessed by Kolmogorov-Smirmov test at first. If data
followed a Gaussian distribution, parametric tests (Student's t test for
two groups, or one-way ANOVA for three or more groups) were car-
ried out; for ANOVA, Bonferroni's post hoc test was performed for
data with F at P < 0.05 and no significant variance inhomogeneity. If
data were not normally distributed, non-parametric tests (Mann-
Whitney test for two groups or Kruskal-Wallis test with Dunn's post-
test for three or more groups) were used by GraphPad Prism version
7.00 for Windows (GraphPad Software, RRID:SCR_002798) and SPSS
Statistics 22 (IBM Corp., RRID:SCR_002865). A P value <0.05 was

considered statistically significant. Blinding or randomization was car-

ried out in all the experiments.

220 | Materials

FFA2 receptor agonist TUG-1375 (#HY-112813) and PI3K/Akt/
mTOR pathway inhibitor PI3K-IN-1 (#HY-12068) were purchased
from MedChemExpress (MCE, China).

221 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY (http://www.guidetopharmacology.org) and are permanently
archived in the Concise Guide to PHARMACOLOGY 2021/22
(Alexander, Christopoulos, et al, 2021; Alexander, Fabbro,
et al.,, 2021a, 2021b)

3 | RESULTS

3.1 | Serum butyrate levels are significantly
correlated with DN and DN-induced muscle atrophy

To investigate the butyrate levels of patients with DN, targeted met-
abolomics analyses based on UPLC/MS were applied to investigate
serum samples of 15 in-patients, and 42 healthy subjects. A total of
146 metabolites were identified in serum, 44 metabolites (38 potential
biomarkers) were significantly up-regulated, 32 metabolites (nine
potential biomarkers) were down-regulated, and 70 metabolites
exhibited no change in DN serum (Figure 1a,b). The enrichment analy-
sis found that the butyrate metabolism pathway was the most valu-
able metabolism pathway for further assessments (Figure 1c).
Metabolomics analyses showed that serum butyrate levels decreased
significantly in DN, compared with those in healthy subjects
(Figure 2a). The ROC curve was plotted to evaluate the diagnostic
value of muscle atrophy. The area under the ROC curve (AUC) was
0.815, suggesting a modest accuracy for butyrate in the diagnosis of
muscle atrophy (Figure 2b).

In db/db mice, serum butyrate levels were lower than those of
the NC group, while the diet containing butyrate contributed to a sig-
nificant improvement in serum butyrate levels (Figure 2c). To evaluate
the effect of butyrate on renal function, we investigated several bio-
chemical criteria and found that the levels of serum creatinine, BUN,
and the urinary albumin/creatinine ratio were within normal ranges in
the NC group, while they were increased in the db/db mice. After
supplementation with butyrate, significant reductions in the levels of
serum creatinine, BUN, and the urinary albumin/creatinine ratio were
observed in the butyrate group (Figure 2d-f). However, no obvious
differences were observed in blood glucose levels when db/db mice

received dietary butyrate supplementation (Figure 2g).
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FIGURE 1 Metabolomics analysis. Metabolomics analysis found 146 metabolites in serum of DN patients and healthy people, according to

the volcano plot (a). The metabolites of potential biomarkers with significant up-regulation (38) and down-regulation (?) metabolites are shown in

the heatmap (b). Enrichment analysis for potential pathway is shown (c)

3.2 | Butyrate alleviated inflammation and reduced
LPS levels in db/db mice

Circulating inflammation levels generally increased in patients with
DN, and high levels of CRP predicted all-cause mortality, especially in
patients with hypoalbuminemia. Levels of muscle and circulating pro-
inflammatory cytokines, including IL-6, TNFe, IL-1f and CRP, were
assayed in this study. In db/db mice, all proinflammatory cytokines
increased significantly compared with those in the NC group. How-
ever, the levels of IL-6, TNFa, IL-1p, and CRP were markedly
decreased after administration of the butyrate diet (Figure S1A-H).
Conversely, serum LPS levels were significantly higher in db/db mice
than in the NC group, and supplementation with butyrate inhibited
this increase (Figure S11.J).

3.3 | Butyrate ameliorated skeletal muscle atrophy
To observe the muscle alteration in different groups, we measured
the hindlimb and gastrocnemius muscle mass of mice for compari-

son. The results showed that hindlimb and gastrocnemius muscle

mass were significantly reduced in db/db mice compared with the
NC group, while butyrate treatment blocked this decrease
(Figure 3a-d). In the micro measurement, haematoxylin-eosin
(HE) staining also showed that the cross-sectional area of muscle
fibres in db/db mice was significantly smaller than that in the NC
group, while butyrate treatment alleviated the atrophy (Figure 3ef).
In addition, myotubes incubated with HG/LPS for 48 h displayed an
obvious level of morphological atrophy, with a nearly 50% reduction
in myotube diameter, but no change in myotube number
(Figure 3g-i). Butyrate treatment, along with HG/LPS, markedly
prevented HG/LPS-induced atrophy, with no difference in myotube

number.

3.4 | Butyrate enhanced gut barrier function

To explore the alterations in DN, we stained the ileum and colon with
Alcian blue (Figure 4a)b), a dye known to stain mucin. Mucin expres-
sion in the db/db mice was significantly lower than that in the NC
group. After butyrate treatment, mucin synthesis increased and mucin

expression was elevated in all ileum and colon samples.
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FIGURE 2 Butyrate is significantly correlated with DN and protects renal functions. Butyrate levels were decreased in DN (in-patients,

n = 15), compared with healthy subjects (n = 42) (a). The ROC curve, to evaluate the diagnostic value of muscle atrophy, is shown in (b). Butyrate
levels was also measured in db/db mice, with or without butyrate treatment (n = 5) (c). Butyrate reduced the levels of serum creatinine, BUN, and
urinary albumin/creatinine ratio of db/db mice (n = 5) (d-f). Blood glucose of db/db mice exhibited no obvious changes with butyrate treatment
(n = 5) (g). *P < 0.05, significantly different from NC; *P < 0.05, significantly different as indicated

Alcian blue stained all mucins, which were secreted by goblet
cells. Muc? is the most distinctive and prominent mucin secreted in
the intestinal tract. Thus, we used immunofluorescence techniques
and found that the expression of Muc2 in the ileum and colon was
significantly reduced in the db/db mice. Butyrate treatment signifi-
cantly improved Muc2 levels (Figure 4c,d).

These results indicate that mucins and Muc2 all exhibited signifi-
cant changes in the ileum and colon. However, the overall expression
of mucins and Muc2 in the colon was higher than that in the ileum.
Further, We used colon tissues in further analysis of intestinal TJ pro-
teins. Our immunohistochemistry (IHC) data showed that the levels
of TJ proteins, ZO-1, and occluding, were significantly lower in db/db
mice and butyrate treatment improved them (Figure 4e.f). Immuno-

blot analysis also suggested that the levels of ZO-1 and occludin of

colon in db/db mice were clearly decreased compared with those in
the NC group, and butyrate treatment abolished this reduction
(Figure 4g).

We then explored the effects of damaging the intestinal barrier
on muscle atrophy, in mice with butyrate supplementation (Bu-db/
db mice). An alcohol-containing diet (see Supplementary Informa-
tion) was used to damage the intestinal barrier function of db/db
mice (Lu et al, 2017; Summa et al., 2013). The results showed that
the levels of mucin, ZO-1, and occludin were significantly reduced
after alcohol-containing diet in Bu-db/db mice (Figure S2A,B).
Meanwhile, the alcohol-containing diet also decreased the hindlimb
mass and cross-sectional area of muscle fibres of Bu-db/db mice
(Figure S2C,D). The experiments demonstrated the protective effect

of butyrate on muscle atrophy disappeared after damaging intestinal
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Butyrate prevents DN-induced muscle atrophy. The hindlimb (a,b) and gastrocnemius (c,d) muscle masses were quantified and

displayed. The volume of transverse muscle fibre was evaluated using H&E staining (e,f). C2C12 myoblasts incubated with HG/LPS for 24 h
exhibited an almost 50% reduction in myotube diameter, but there were no changes in myotube numbers (g-i). Data are presented as the mean
+ SD with five independent values per group (n = 5). *P < 0.05, significantly different from NC; *P < 0.05, significantly different as indicated

barrier function by alcohol-containing diet in db/db mice. It indi-
cated that butyrate alleviated DN-induced muscle atrophy by
improving the intestinal barrier function.

3.5 | Butyrate suppressed autophagy and oxidative
stress, and activated the PI3K/Akt/mTOR pathway in
db/db mice and HG/LPS-induced C2C12 myoblasts

Autophagy-lysosomal proteolysis plays an important role in DN-
induced muscle atrophy. During autophagy, double membranes form
around defective organelles or cytoplasmic proteins that are disrupted
or damaged. To evaluate the effect of butyrate on autophagy in mus-
cle atrophy, we observed the formation of autophagosomes and
autolysosomes, using transmission electron microscopy (TEM) in
mouse skeletal muscle tissue (Figure 5a). The results showed that the
number of autophagosomes and autolysosomes in db/db mice was
distinctly higher than that in the NC group. After butyrate treatment,
the number of autophagosomes and autolysosomes was reduced. To
confirm the inhibitory effect of butyrate on autophagy, we used west-
ern blotting to measure the expression of LC3Il and p62 in skeletal

muscle and C2C12 myoblasts. We found that levels of LC3Il were

significantly increased, while p62 expression was decreased both in
skeletal muscle of db/db mice and C2C12 myoblasts incubated with
HG/LPS. However, butyrate treatment reversed the up-regulation of
LC3Il and the down-regulation of p62 (Figure 5b,c).

Previous studies have reported that ROS could induce autophagy.
Thus, we examined the influence of butyrate on oxidative stress. Cat-
alase (CAT),
(MDA), and superoxide dismutase (SOD) are known biomarkers of the

glutathione peroxidase (GSH-Px), malondialdehyde

antioxidant defence system and lipid peroxidation. In our studies, we
found that the levels of CAT, GSH-Px, and SOD were distinctly
decreased in the skeletal muscle of the DN mice, indicating that the
antioxidant defence system was impaired in DN (Figure 5d). The dam-
age also occurred in C2C12 myoblasts incubated with HG/LPS, while
the ROS activity was increased (Figure 5e,f). However, the effects of
the impaired antioxidant defence system was reversed by butyrate
treatment, which also alleviated the ROS activity. Correspondingly,
both in the skeletal muscle of db/db mice and C2C12 myoblasts incu-
bated with HG/LPS, the levels of MDA were significantly improved,
while they were reduced with butyrate treatment (Figure 5d,f).

To further investigate the molecular mechanism underlying buty-
rate's effect on muscle atrophy, we focused on the oxidative stress-
mediated PI3K/Akt/mTOR pathway, the key signalling pathway of
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FIGURE 4 Butyrate treatment enhanced the intestinal barrier function in db/db mice. Mucin stained by Alcian blue (shown by the arrows) in
ileum and colon is shown (a,b). Muc2 expression in the ileum and colon was analysed using immunofluorescence (shown by the arrows) (c,d).
Decreased abundance of colonic ZO-1 and occludin in samples from the db/db mice was reversed by butyrate treatment, as measured by
immunohistochemistry (e,f). Representative western blot of ZO-1 and occluding. Levels were significantly reduced in the db/db mice. Butyrate
treatment significantly improved ZO-1 and occludin expression (g). Data are presented as the mean + SD with five independent values per group
(n = 5). *P < 0.05, significantly different from NC; #P < 0.05, significantly different as indicated

protein synthesis. The western blotting results showed that the
expression of p-PI3K, p-Akt, and p-mTOR was all significantly
decreased in skeletal muscle in the DN group and C2C12 myoblasts
exposed to HG/LPS. However, butyrate treatment reversed these
changes in both tissues from DN mice and and C2C12 cells

(Figure 5g,h).

3.6 | Butyrate inhibited the decrease of FFA2
receptors in db/db mice and HG/LPS-exposed C2C12
myoblasts

Many studies have shown that the FFA2 receptor is a key molecule

involved in butyrate-mediated metabolism. However, there is a
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FIGURE 5 Butyrate suppressed autophagy and oxidative stress and activated the PI3K/Akt/mTOR pathway in db/db mice and HG/LPS-
induced C2C12 myoblasts. Typical autophagosomes (denoted by black arrows) and autolysosomes (denoted by red arrows) in sections of
gastrocnemius were observed under TEM (a). Western blotting analysis indicated LC3Il up-regulation and p62 down-regulation in db/db mice

(b) and HG/LPS-induced C2C12 myoblasts (c), while the expression of LC3Il and p62 followed an
activity of CAT, GSH-Px, SOD, and the level of MDA in muscle (d) and serum (f) are shown in the

opposite trend with butyrate treatment. The
histograms. Intracellular ROS levels were

observed using fluorescence microscopy (e). Western blotting results revealed the activation effect of butyrate on p-PI3K, p-Akt and p-mTOR in
db/db mice (g) and HG/LPS-induced C2C12 myoblasts (h). Data are presented as the mean + SD with five independent values per group (n = 5).

*P < 0.05, significantly different from NC; *P < 0.05, significantly different as indicated
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FIGURE 6 Butyrate promotes the up-regulation of FFA2 receptors. Expression of FFAZ2 protein was assessed in muscle of db/db mice with
or without butyrate treatment using immunohistochemistry (a), immunofluorescence (b), and westem blotting (c). Levels of FFA2 expression of

C2C12 myoblasts were measured in western blots (d). We successfully constructed the stabilized FFA2 overexpression (pGMLV-FFA2) C2C12

myoblasts (e). siRNA 1 (siRNA-FFA2) exerted the best silencing effect on FFAZ2 (f). Data are presented as the mean + SD with five independent
values per group (n = 5). *P < 0.05, significantly different from NC, #P < 0.05, *P < 0.05, significantly different as indicated

paucity of information regarding the roles of FFA2 receptors in muscle
atrophy. Using IHC and IF, we found that the levels of FFA2 receptors
in the skeletal muscle of db/db mice were distinctly decreased, com-
pared with those in the NC group (Figure 6a,b). To obtain further evi-
dence, expression of FFA2 was measured using western blotting.

Compared with the NC group, we observed a marked down-

regulation of FFA2 in the db/db mice and HG/LPS-induced C2C12
myoblasts (Figure éc,d). After butyrate treatment, significant up-
regulation of FFA2 appeared in all experiments.

To further verify the mechanisms by which FFA2 affects
muscle atrophy, we successfully constructed the stabilized,
FFA2-overexpressing (pGMLV-FFA2) C2C12 myoblasts and used
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these cells with siRNA-mediated gene silencing of FFA2 (Figure ée,f).
We used siRNA 1 (siRNA-FFA2) with the best silencing effect in
subsequent experiments.

3.7 | Activation of FFA2 receptors attenuated
atrophy by suppressing oxidative stress and
autophagy, and activating the PI3K/Akt/mTOR
pathway in vivo and in vitro

To confirm the effect of FFA2 receptors on muscle atrophy in vivo,
we constructed models of overexpression of FFA2 in db/db mice by
TUG-1375 (FFAZ2 receptor agonist) (Figure S3A) (Hansen et al,, 2018).
The results showed that the FFA2 receptor agonist significantly
increased myofibre cross-sectional area of db/db mice (Figure S3C).
The FFAZ2 receptor agonist also decreased CAT, GSH-Px, and SOD
activity and increased MDA (Figure S3E). Compared with the DN
group, LC3Il expression was distinctly reduced, while p62 expression
increased in the DN-TUG group (Figure S3G). Furthermore, the FFA2
receptor agonist improved p-PI3K, p-Akt, and p-mTOR expression
(P < 0.05; Figure 3l). These results indicated that activation of FFA2
receptors attenuated muscle atrophy by suppressing oxidative stress
and autophagy and activating the PI3K/Akt/mTOR pathway in vivo.

The TRITC-phalloidin staining results showed that overexpression
of FFA2 reversed the reduction of myotube diameters in HG/LPS-
exposed C2C12 myoblasts, while silencing of FFA2 did not improve
this decrease (Figure 7a,b). Meanwhile, regardless of whether FFA2
expression changed, the number of myotubes remained unchanged
(Figure S4A, B).

To observe the influence of FFA2 receptors on autophagy, we
used westemn blotting to measure the levels of LC3Il and p62. Com-
pared with the HG/LPS group, we found that the LC3Il expression
was distinctly decreased, while p62 expression increased in the
pGMLV-FFA2 group (Figure 7c). However, silencing FFA2 prevented
it from reversing LC3Il up-regulation and pé2 down-regulation
(Figure 7d).

We analysed ROS levels by examining fluorescence and oxidative
stress-related factors, including CAT, GSH-Px, SOD, and MDA in
C2C12 myoblasts. Our studies found that overexpression of FFA2
reduced the strong ROS fluorescence, induced by HG/LPS (Figure 7e),
whereas the staining intensity did not significantly decrease upon
silencing of FFA2, compared with that induced by HG/LPS (Figure 7f).
HG/LPS also resulted in decreased CAT, GSH-Px, and SOD activity
and increased MDA, which were reversed by overexpression of FFA2,
but not by FFA2 silencing (Figure S4C,D).

To evaluate whether the beneficial effect of FFA2 on muscle
atrophy was related to the PI3K/Akt/mTOR pathway in C2C12
myoblasts, we measured the levels of p-PI3K, p-Akt, and p-mTOR.
Overexpression of FFA2 significantly improved p-PI3K, p-AKT, and p-
mTOR expression (Figure 7g). However, the effect disappeared with
FFAZ2 silencing (Figure 7h). This also indicated that FFA2 promoted
activation of the PI3K/Akt/mTOR pathway to alleviate muscle atro-
phy in vitro.

3.8 | Butyrate alleviated muscle atrophy via FFA2
receptors by reducing oxidative stress and activating
the PI3K/Akt/mTOR pathway

According to the experiments described above, both overexpression
of FFA2 receptors and butyrate treatment attenuated HG/LPS-
induced C2C12 myoblast atrophy. To examine whether butyrate
attenuated the atrophy through FFA2 receptors, HG/LPS was used to
treat pGMLV-FFA2 and siRNA-FFA2 C2C12 myoblasts. After TRITC-
phalloidin staining, we observed that the beneficial effect of butyrate
against C2C12 myoblast morphological atrophy disappeared in
siRNA-FFA2 C2C12 myoblasts, which suggested that butyrate could
not alleviate muscle atrophy without expression of FFA2 (Figures 8a
and S5A). In addition, increased ROS fluorescence, MDA levels, and
decreased CAT, GSH-Px, and SOD activity in HG/LPS-induced siRNA-
FFA2 C2C12 myoblasts did not change, with or without butyrate
treatment (Figures 8b and S5B-D). Similarly, butyrate significantly
suppressed the up-regulation of LC3Il and down-regulation of pé62 in
HG/LPS-induced pGMLV-FFA2 C2C12 myoblasts (Figure S5E),
whereas these effects were not reversed in siRNA-FFA2 C2C12 myo-
blasts (Figure 8c). Further studies showed that the ability of butyrate
to activate the PI3K/Akt/mTOR pathway also disappeared in
HG/LPS-induced siRNA-FFA2 C2C12 myoblasts (Figures 8d and S5F).
We also established lentivirus-mediated muscle FFA2 inhibition in
db/db mice with butyrate supplementation (Bu-db/db mice)
(Figure S6A). Consistent with the results from our in vitro experi-
ments, the effect of butyrate on inhibiting muscle atrophy via blocking
oxidative stress and activating the PI3K/Akt/mTOR pathway also dis-
appeared after inhibition of FFA2 expression (Figure S6B-E). These
results indicated that butyrate inhibited the oxidative stress-mediated
PIBK/Akt/mTOR pathway in muscle atrophy, possibly by up-

regulating expression of FFA2.

4 | DISCUSSION

Butyrate is the least abundant SCFA. Previous studies have demon-
strated that it has antioxidant, anti-inflammatory, and immunomodula-
tory effects, regulates intestinal barrier function, and modulates
diabetic-endotoxaemia (Chang et al., 2014; Gao et al., 2009; Gonzalez
et al., 2019; Xu et al., 2018). However, there are few reports on the
protective effect of butyrate against oxidative damage and fibrosis in
DN kidneys (Krokowicz et al., 2014), but no reports of correlations
between butyrate and muscle atrophy in DN. In this study, we have
guantitated metabolites in serum and found a significant decrease of
butyrate in patients with DN and modest accuracy in the diagnosis of
muscle atrophy. The db/db mice have a mutation deletion of the
leptin receptor and are frequently used as models of Type 2 diabetes
(Sun et al., 2018). The underlying genetic background of db/db mice
makes them susceptible to obesity and diabetic complications such as
nephropathy (Azushima et al., 2018). In our experiments, we demon-
strated that loss of renal function and skeletal muscle atrophy can be
reversed by adding butyrate to the diet of db/db mice. Further,
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FIGURE 7 FFA2 regulates atrophy via oxidative stress, autophagy and the PI3K/Akt/mTOR pathway. TRITC-phalloidin staining shows
morphological atrophy of HG/LPS-induced C2C12 myoblasts with silencing of FFA2 expression, which was reversed by FFA2 overexpression
(a,b). Western blotting showed the overexpression of FFA2 also reversed the up-regulation of LC3Il and down-regulation of p62 in HG/LPS-
induced C2C12 myoblasts, while silencing of FFA2 did not (c,d). Fluorescence (e,f) showed the generation of ROS HG/LPS-induced C2C12
myoblasts. FFA2 overexpression (g) promoted p-PI3K, p-Akt, and p-mTOR in HG/LPS-induced C2C12 myoblasts via Western blotting, but
silencing of FFA2 did not (h). Data are presented as the mean + SD with five independent values per group (n = 5). *P < 0.05, #P < 0.05,
significantly different as indicated
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FIGURE 8 Butyrate suppresses muscle atrophy by activating FFAZ2 receptors, and subsequent oxidative stress, the PI3K/Akt/mTOR pathway,
and autophagy. Butyrate no longer inhibited atrophy in HG/LPS-induced C2C12 myoblasts with FFAZ2 silencing, as shown by TRITC-phalloidin
staining (a). Silencing of FFA2 prevented butyrate from decreasing ROS generation (b). Western blotting revealed that LC3Il up-regulation and
p62 down-regulation in HG/LPS-induced C2C12 myoblasts were not reversed by butyrate in the absence of FFA2 (c). Without FFA2, butyrate
could not increase the levels of p-PI3K, p-Akt, and p-mTOR to activate the PI3K/Akt/mTOR pathway (d). Data are presented as the mean = SD
with five independent values per group (n = 5). *P < 0.05, #P < 0.05, *P < 0.05, significantly different as indicated

inflammatory factors in muscles and serum were also markedly
reduced after butyrate treatment in db/db mice. In addition, butyrate
significantly decreased the elevation of serum LPS, which was consis-
tent with enhanced intestinal barrier function after butyrate treatment
in db/db mice. Increased ROS production and decreased antioxidant
enzymes commonly result in oxidative stress, which contributes to
DN-induced muscle atrophy. Our present study also confirmed
decreased production of ROS and of antioxidant enzyme activity,
including CAT, GSH-Px, and SOD, which were reversed after butyrate
treatment in db/db mice. Furthermore, we confirmed that these
effects involved the PI3K/Akt/mTOR pathway (the key pathway
related to protein synthesis), which was activated by butyrate in
db/db mice. In addition, we demonstrated that FFA2 receptors were
critical in regulating oxidative stress, the PI3K/Akt/mTOR pathway,
and autophagy in muscle atrophy of DN, through overexpression or

silencing of FFAZ2.

‘Diabetic-endotoxaemia’ is a new concept according to the
characteristic of low-grade chronic inflammation (elevated inflamma-
tory cytokines and LPS) in Type 2 diabetes (Gomes et al., 2017). As
one of the long-term complications of diabetes, DN is a primary
cause of end-stage renal disease (Dronavalli et al, 2008).
Diabetic-endotoxaemia has also been recognized as a risk factor that
is closely associated with both the onset and the progression of Type
2 diabetes and subsequent DN (Dronavalli et al., 2008). Recently, gut
dysbacteriosis was shown to contribute to gut-leak, which plays a piv-
otal role in the source of this endotoxaemia (Denis et al., 2015).
Numerous studies have confirmed that increased LPS levels contrib-
ute to CKD-induced muscle atrophy, from in vivo or in vitro experi-
ments (Baker et al., 2018; Wang & Mitch, 2014). Thus, we
hypothesized and demonstrated that butyrate ameliorated DN-
induced muscle atrophy by preserving gut integrity, which suppressed

the transposition of LPS from the gut to circulation. Austin et al. found
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that butyrate ameliorated renal failure in CKD rats by improving
mucin expression (Gonzalez et al., 2019), which was similar to our
results in db/db mice. Reduction in serum LPS levels inhibited muscle
atrophy. Therefore, our studies demonstrated that butyrate mitigated
muscle atrophy by enhancing intestinal barrier function.

Mitochondria are a key source of ROS, which are produced by
normal metabolism in the body (Murphy, 2009). Mitochondrial dys-
function (no data provided) and decreased antioxidant enzyme activ-
ities result in elevated ROS production, which leads to oxidative
stress. Furthermore, oxidative stress contributes to the pathogenesis
and development of muscle injury (Ryan et al, 2011), and Wang
et al. (2019) showed that ROS production and oxidative stress also
contributed to CKD-induced muscle atrophy. Some researchers have

observed mitochondrial dysfunction in the skeletal muscle of CKD

Diagram illustrating the processes and mechanisms of this study. GPR43, FFA2 receptor

rats (Enoki et al., 2017). In fact, we also observed morphological
swelling in db/db mice. Mitochondrial dysfunction leads to loss of
mitochondrial mass and reduces the energy production. Oxidative
stress, in turn, damages the mitochondria. Together, these constitute
a vicious cycle, producing more ROS-aggravating muscle atrophy.
However, ROS play a positive role at low, regulated concentrations
under physiological conditions (Di Meo et al., 2016). They participate
in the regulation of many cellular processes, including differentiation,
proliferation, growth, apoptosis, cytoskeletal regulation, migration,
and contraction (Krause, 2007). This delicate balance between
appropriate redox states and oxidative stress is disrupted under
pathological conditions. Oxidative stress is manifested by increased
ROS generation and destruction of many cellular organelles and pro-

teins, which are involved in muscle atrophy. In this study, we
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observed the harmful influence of oxidative stress on muscle atro-
phy in db/db mice.

We also observed increased autophagy and activation of the
PI3K/Akt/mTOR pathway in the muscle of db/db mice and in cell
models. Although the influence of CKD on the activation of
autophagy has not been rigorously evaluated, recent studies have
suggested that autophagy plays a role in exacerbating muscle atrophy
in CKD (Abrigo et al., 2018; Su et al., 2017). In one study, the rate of
proteolysis in isolated muscles decreased when lysosomal functions
were inhibited with weak bases (Wang & Mitch, 2014). Studies have
shown that autophagy is activated by oxidative stress. However, the
mechanisms by which ROS affect DN-induced muscle atrophy by reg-
ulating autophagy remain unclear. Importantly, the formation of
autophagosomes is stimulated by decreased levels of p-PI3K, and
CKD suppresses PI3K/Akt signalling, which also stimulates the
autophagy-lysosome system (Sandri, 2013). ROS suppressed or pro-
moted autophagy via activation of Src/PI3K/Akt or inhibition of the
Akt/mTOR pathway in different models of muscle atrophy (Pal
et al., 2014; Talbert et al., 2013). Therefore, the antioxidant effect of
butyrate suggests that it can suppress oxidative stress and conse-
quently inhibit autophagy mediated by the PI3K/Akt/mTOR pathway,
to protect against muscle atrophy, induced by DN.

Butyrate acts as an extracellular stimulus in the intracellular activi-
ties outlined above, which raises the question about how an extracel-
lular component mediates this intracellular signal transduction.
Interestingly, FFA2 receptors are the primary receptor for SCFAs (Tan
et al, 2014). These receptors are expressed along the entire gastroin-
testinal tract, including cells of both the immune and nervous systems
(Tan et al.,, 2014). Recent studies have shown that SCFAs may regu-
late adipocyte development in adiposity, modulate the development
or differentiation of immune cells, and play an anti-inflammatory role
(Dewulf et al., 2013; Maslowski et al., 2009; Senga et al., 2003;
Voltolini et al., 2012). However, there are no reports regarding FFA2
expression and its regulatory effect on muscle atrophy. Although
FFA2 and FFA3 receptors are activated by the same group of SCFAs,
there is a distinct rank order of potency that has been established for
FFA2 and FFA3 (Hudson et al., 2012). In our experiments, we used
western blot to show that levels of FFA3 were not significantly chan-
ged in our in vitro or in vivo experiments (Figure S7A,B). Current stud-
ies have also shown SCFAs (acetate, propionate, and butyrate) had no
significantly different potency and all were able to stimulate FFA2
receptors in DN mice (Huang et al., 2020). Besides, we performed
enrichment analysis for potential pathway and found the butyrate
metabolism pathway was the most valuable metabolism pathway for
further assessments (Figure 1c). Therefore, we hypothesized that
butyrate reverses DN-induced muscle atrophy by regulating FFA2.
First, we demonstrated that expression of FFA2 in muscle in db/db
mice was significantly lower than those in the NC group. Furthermore,
our study showed that butyrate treatment improved hindlimb and
gastrocnemius mass in db/db mice, which was confirmed by FFA2
receptor-mediated activation of the PI3K/Akt/mTOR pathway, which
was crucial to the up-regulation of autophagy induced by oxidative

stress.. Therefore, FFA2, as the specific receptor of SCFAs, could be
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more useful in promoting butyrate to treat DN-induced muscle atro-
phy. However, the strict molecular mechanism needs further research.

In conclusion, our analysis of the metabolomics showed butyrate
to be the key metabolite (Figure 9). We demonstrated the beneficial
effects of butyrate on intestinal barrier function and muscle atrophy
in db/db mice and HG/LPS-induced C2C12 myoblasts. We were able
to show that butyrate ameliorated DN-induced muscle atrophy by
stimulation and up-regulation of FFA2 receptors. This effect was
mainly achieved by the PI3K/Akt/mTOR pathway, which regulates
the oxidative stress-mediated autophagy in DN-induced muscle atro-
phy. Our studies suggest that butyrate may be clinically useful as a
novel drug to protect against muscle atrophy by enhancing intestinal
barrier function and promoting FFA2 receptor-mediated PI3K/Akt/m-
TOR pathway in DN.
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