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ABSTRACT

Background: The neutral amino acid transporter SLC7A8 (LAT2) has been described as a key regulator of metabolic adaptation.
LAT2 mutations in human populations have been linked to the early onset of age-related hearing loss and cataract growth. As
LAT2 was previously found to be highly expressed in skeletal muscle, here we characterised its role in the regulation of skeletal
muscle amino acid flux and metabolic adaptation to fasting.

Methods: Wild-type (WT) and LAT2 knock-out (LAT2KO) mice were exposed to short- and long-periods of fasting (16 and
48h). The impact of the absence of LAT2 on amino acid content, gene expression, proteolysis activity, muscle tone, and histol-
ogy was measured. To characterise the impact on muscle degradation, we tested LAT2 KO mice in cancer-associated cachexia,
streptozocin-induced Type-1 diabetes, and ageing models.

Results: LAT2KO mice experienced a notable reduction in body weight during fasting (WT:14% and LAT2K0:18%, p=0.02), with
a greater reduction in fat mass (0.5-fold, p =0.013) and a higher relative retention of muscle mass (1.3-fold, p=0.0003) compared
with WT. The absence of LAT2 led to increased intramuscular glutamine (Gln) accumulation (6.3-fold, p <0.0001), accompanied
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by a reduction in skeletal muscle proteolysis during fasting (0.61-fold, p =0.0004) primarily due to decreased proteasomal and au-
tophagic activity (0.45-fold, p=0.016 and 0.7-fold, p=0.002, respectively). Ex vivo incubation of LAT2KO muscle with rapamycin
recovered proteolysis function, demonstrating a mTORCI1-dependent pathway. Decreased proteolysis in LAT2KO animals was
associated with increased mTORC]1 translocation to the lysosome (mMTORC1-Lampl colocalization in fasted LAT2KO muscles
was 1.23-fold, p <0.0001). Of the three muscle loss models tested, differences were observed only during ageing. Young LAT2KO
mice (3 M) exhibited muscle tone and MurF1 expression levels comparable to those of older WT mice (12M) (0.44-fold, p=0.02

and 0.48-fold, p=0.04, respectively).

Conclusion: LAT2 has a critical role in regulating Gln efflux from skeletal muscle. The absence of LAT2 led to elevated intracel-
lular Gln levels, impairing muscle proteolysis by inducing mTORCI recruitment to the lysosome. Further, chronic Gln accumu-

lation and decreased proteolysis were found to induce the early onset of an age-related muscle phenotype.

1 | Introduction

Skeletal muscle, which constitutes 40% of the total human body
weight, is a central component of metabolism, serving as the pri-
mary reservoir of amino acids (AAs) during periods of fasting.
The degradation of muscle tissue under fasting conditions is a
complex process influenced by factors such as fasting duration,
fat reserves, and metabolic activity [1]. The ubiquitin-protea-
some system (UPS) and the autophagy-lysosome pathway are
the two main protein degradation systems involved in muscle
catabolism. The UPS coordinates the targeted degradation of
proteins, which is regulated through mTORC1-ULK1 signalling.
In comparison, autophagy breaks down cellular components for
recycling and is regulated by the mTORC1 and AMPK pathways
[2]. Autophagy and UPS are tightly controlled by a complex sys-
tem of regulatory crosstalk, with reciprocal communication oc-
curring between the two pathways. As proteasomal activation
delays autophagosome fusion with lysosomes, the UPS system
acts as an on/off switch for the autophagy process [3].

Excessive muscle wasting due to increased proteolysis, often ac-
companied by reduced protein synthesis, plays a role in a diverse
array of pathological conditions, ranging from natural ageing to
chronic illnesses such as cancer, metabolic disorders, inflam-
matory diseases (e.g., rheumatoid arthritis), infectious diseases
(e.g., acquired immunodeficiency syndrome), and sepsis [4].

AAs serve not only as building blocks for proteins but also as
direct regulators of the metabolic pathways involved in protein
turnover. Leucine, arginine (Arg), and phenylalanine, amongst
others, exert their signalling effects through mTORC]1 [5]. The
upstream regulation of mTORCI can also be controlled by both
the cytoplasmic and lysosomal AA content. Moreover, mnTORC1
is activated through direct phosphorylation when it is translo-
cated to the lysosomal surface through the amino-acid-sensitive
complex [6]. Additionally, AA sensors such as the sestrin family
of proteins directly regulate mTORCI signalling [7, 8]. Whereas
under the conditions of AA deprivation, AMPX is activated to
suppress mTORC1 activity and enhance autophagy [9, 10].

Solute Carrier Family 7 Member 8 (LAT2 or SLC7AS) is the cat-
alytic subunit 2 of the Na*-independent transporter employed in
the System L transport of large and aromatic neutral AAs [11, 12].
LAT2/4F2hc (SLC7A8/SLC3A2) transports a wide variety of neu-
tral AAs, with the exception of proline, which is a poor substrate
for the alternate exchanger LAT1 (SLC7A5) [13]. LAT2, unlike
LAT1, mediates an efficient efflux of small molecules, including

alanine, cystine, serine (Ser), and GIn. The nonessential AA Gln,
transported by LAT?2, is essential for tissue homeostasis, energy
production, and cellular growth, particularly during nutrient
deprivation [13]. During periods of nutrient deprivation, Gln plays
critical roles by providing energy in the form of ATP and in the bio-
synthesis of glutathione, an antioxidant that helps to maintain the
cellular redox state [13]. Furthermore, it has been demonstrated
that under in vitro conditions, GIn plays a crucial role in inhibiting
cellular autophagy via mTORC1-S6K1 [14].

Increased LAT2-mediated AA uptake is associated with poor
overall survival in different types of cancer. High LAT2 ex-
pression in osteosarcoma [15] and pancreatic cancer cells [16]
decreases antitumour immune response and promotes chemore-
sistance by Gln-dependent mTORC1 activation. Additionally, in
innate lymphoid cells Type 2 (ILC2) LAT2-mediated transport
has been described as a key regulator of metabolic adaptation
[17]. Considering these studies suggesting that LAT2 plays a piv-
otal role in the regulation of AA transport, particularly during
periods of metabolic adaptation, together with the observation
that LAT2 is highly expressed in skeletal muscle, and under
fasting conditions, its expression increases up to 6-fold; here, we
sought to elucidate the role of the LAT2 transporter in regulat-
ing Gln efflux from murine skeletal muscle and how the lack of
LAT?2 alters metabolic responses to fasting.

2 | Methods
2.1 | InVivo Model Systems

LAT2KO mice were generated as described in [18]. Mice housed
in groups of 4-5 with chow diet ad libitum and fasted either
overnight (16h) or for 48h with only water access according
to the approved protocol in Idibell Animal Facility (Spain).
Measurements of autophagic flux by western blot were con-
ducted following an intraperitoneal injection of chloroquine
(100mg/kg) to wild type (WT) and LAT2 knockout (KO) mice
2h prior to dissection [19]. Protein synthesis was measured
by SUnSET protocol injecting puromycin 16h prior to dissec-
tion as described in [20]. Protein was extracted from muscles,
and a western blot was performed. A grip-strength test was
performed for the forelimbs by pulling each mouse’s tail back
whilst ensuring it maintained grip in the grid, with measure-
ments repeated five times per animal. A treadmill assessment
was conducted that involved increasing the treadmill speed.
From a starting speed of 14cm/s, it was increased after 20 min
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and then progressively every 2min to 32cm/s. An initial accli-
mation for 15min daily for 2-3 days was carried out prior to the
assessments. A Type 1 diabetes (T1D) model was induced in WT
and LAT2KO mice by administration of streptozotocin (STZ), a
compound with pancreatic §-cell toxicity, at a single high dose
of 200mg/kg. Then, 7-10 days post-STZ injection, blood glucose
levels were evaluated to determine the induction of the diabetic
phenotype. A cancer cachexia (CA) model was induced by injec-
tion of 1x 10° Lewis lung carcinoma cells or saline into the hind
flanks of WT and LAT2KO mice [21]. Body weight, tumour vol-
ume, and food intake were monitored every week for 3 months
after the inoculations.

2.2 | Proteolysis Ex Vivo

Extensor digitorum longus (EDL) muscles were incubated in
Krebs-Henseleit-Hepes buffer with 25mM of cycloheximide,
and the muscles were studied at 35°C and gassed with 95% O,
and 5% CO, for 2h with or without inhibitors. Muscles were then
weighed and frozen for AA quantification. An aliquot of 2mL
incubation media was used for tyrosine quantification by fluo-
rometric absorbance (Ex: 460nm, Em: 570nm) in a SpectraMax
Spectrofluorometer (Molecular Devices).

2.3 | Measurement of AA Content

Plasma or tissue powder was deproteinized, and an internal
standard was added (2000pM norLeucine). Quantitative anal-
ysis of AAs was performed by chromatographic separation by
cation-exchange chromatography and followed by post-column
derivatization with ninhydrin and UV detection [22]. AA peaks
were identified according to the retention times of the corre-
sponding standards.

2.4 | Biochemistry and Enzyme Activity

Plasma and urine were collected to measure several parameters
by colorimetric commercial assays following the manufacturer’s
instructions. A free fatty acid (FFA) quantitation kit (MAK0044),
ketone body (KB) assay (MAK134), urea assay kit (MAKO006),
ammonia assay kit (MAKS538) and ALT assay kit (MAKO052) were
all obtained from Sigma-Aldrich. Muscle extracts were used to
measure proteasome activity using the following Luminescent
Promega Assays: Proteasome-Glo Chymotrypsin-Like Cell-
Based Assay (G8660), Proteasome-Glo Trypsin-like cell-Based
Assay (G8760) and Cell-Based Proteasome-Glo Assay Caspase
like (G8860).

2.5 | Real-Time PCR and RNA-Seq

RNA from G + S muscles was extracted using Trizol, and cDNA
was synthesised using 1ug of RNA and a First Strand cDNA
Synthesis kit (Roche). Quantitative PCR was performed on the
LightCycler 480 System (Roche) using a Universal Probe Library
and 384-well plates. Primers and probes list in Table S5A. For
RNA library preparation, the TruSeq Stranded RNA Illumina
kit was used, and the library was sequenced in a HiSeq4000

system at Sidra Medicine OMICs Facility. Alignments of reads
in .BAM file format were performed in START. RNA-Seq
reads from G+ S muscles (N=3-5 per genotype and interven-
tion) were aligned to the mm10 mouse genome and mapped to
GRCm38.p6.

2.6 | Western Blot

Total protein was extracted using 1% Triton 100X containing
phosphatase and protease inhibitors. Total membranes were
extracted by ultracentrifugation gradient in a Hepes—-EDTA-su-
crose buffer containing protease inhibitors. Protein content was
quantified by Pierce BCA Protein Assay kit (Thermo Scientific).
Acrylamide gels and PSVF membranes were used for western
blotting. After primary and secondary antibody, see incuba-
tion and dilution details in Table S5B, proteins were detected
by enhanced chemiluminescent reaction Pierce ECL (Thermo
Scientific) and autoradiography or using fluorescence and the
Odyssey instrument (LI-COR).

2.7 | Histology

We stained 10-um thick cryostat sections with haematoxylin
and eosin, modified Gomori trichrome, periodic acid Schiff
technique, reduced nicotinamide adenine dinucleotide dehy-
drogenase-tetrazolium reductase, succinic dehydrogenase and
cytochrome c oxidase as described [23].

2.8 | Immunofluorescence

Formalin-fixed paraffin—embedded sections (5um) were depar-
affinised and submitted to antigen retrieval by microwaving at
95°C for 10min at 80% power in citrate buffer, pH 6 (#C9999,
Sigma). Following blocking and permeabilization (in 1% BSA, 1%
goat serum, and 0.05% Tween20, TBST), primary and secondary
antibody incubations were performed as indicated in Table S5B.
Subsequent sections were mounted using Vectashield H-1000
with DAPI (H-1200-10, Vector Laboratories). High-resolution
imaging was achieved with an LSM 880 confocal microscope
(Carl Zeiss, Germany) and employing Airyscan superresolu-
tion detectors. Images were captured using both 20x and 63x oil
immersion objectives and processed using Imaris Software 9.0
(Bitplane).

2.9 | Mitochondrial Function and Quantification

Saponin-permeabilized muscle fibre bundles were microdis-
sected from WT and LAT2KO gastrocnemius muscle and loaded
onto a high-resolution respirometer (Oroboros Oxygraph-2k).
Titrations and oxygen measurements were carried out in 2mL
of Mi05 medium and normalised to sample weight. qRT-PCR
using 4 mitochondrial genes and 2 genomic genes was done
using DNA extracted from gastrocnemius muscle. To determine
mitochondrial load, mitochondrial gene expression (tRNA, Nd2
and Nd4) was normalised by genomic genes (PPia) (2P where
DCtis Ct o0 icmCt iiochondrias PTIMETs sequence 5'-3": tRNA-
(F: CCCAGCTACTACCATCATTCAAGT+R: GATGGTTTGG-
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FIGURE1 | LAT2expression in skeletal muscle and intramuscular AA content (A) Western blot of 50 ug of total skeletal muscle membranes from
WT mice in non-reducing conditions. T: tibialis, wQ: white quadriceps, rQ: red quadriceps, wG: white gastrocnemius, rG: red gastrocnemius + sole-
us, E: Extensor digitorum longus. (B) Lat2 expression analysis by real time PCR of WT gastrocnemius sample from fed and 16- and 48-h fasted mice,
normalised to GAPDH expression (N =6 per condition). (C) Western blot of 100 ug of total membranes of gastrocnemius (G) + soleus (S) muscle from
WT and LAT2 KO mice in nonreducing conditions (red arrows indicate LAT2/4F2hc heterodimer ~120kDa). (D) AA content of G + S muscles at fed
and 16- and 48-h fasted mice per milligramme of tissue; N=6-12 per condition and genotype, WT (orange), LAT2KO (turquoise). (B-D) Wilcoxon
rank sum test; p values, * <0.05, **<0.01, ***<0.001 and ****<0.0001.

GAGATTGGTTGATGT),Nd2(F:ATCCTCCTGGCCATCGTA- 3 | Results

CT+R: ATCAGAAGTGGAATGGGGCG), Nd4 (F: AGCTCAA-

TCTGCTTACGCCA+R: TGTGAGGCCATGTGCGATTA) and 3.1 | A Lack of LAT2 Triggers Intramuscular Gln

PPia(F:TGCTGTGTCGGTAGCCATTT+R:CCAAAGACCACA- and Ser Accumulation

TGCTTGCC). Pdk2 was used as a genomic control (F: CTCG

CCGTTTACCCATTCCT4+R:TTCAGCAAGTTCTCCCCGTC). Under homeostatic conditions, the LAT2 transporter was
expressed in both white and red muscle fibres of WT mice
(Figure 1A). Under catabolic conditions, in which the mice were

2.10 | Statistical and Analysis Tools fasted for either short (overnight, 16 h) or long (48 h) periods, the
expression of Lat2 increased 4- and 6-fold, respectively, in gas-

Data plots and statistics had been analysed using GraphPad trocnemius and quadriceps muscle compared to those in con-

Prism Software (Version 9). RNASeq raw counts were con- trols fed ad libitum (Fed) (Figure 1B). To assess the importance

verted to cpm and analysed using iDEP2.0 integrated web of LAT?2 in the transport of AAs during fasting, we character-

platform [24]. Raw counts transformation for clustering and ised Slc7a8~/~ (LAT2KO) animals, in which the expression of

PCA was by EdgeR:log2(CPM +c¢) keeping only genes with LAT2 was absent (Figure 1C). Intramuscular AA content was

minimal one count per million (CPM) in at least four samples. analysed in mixed gastrocnemius and soleus (G+S) muscle

Differential expression analysis was performed using DESeq2. (Figure 1D and Table S1), liver (Table S2) and plasma (Table S3)

Genes with an adjusted p value <0.05 and a fold-change > 1.5 samples. Under Fed conditions, two neutral AAs, Gln and Ser,

were considered significant. For downstream analysis, GO bi- and two basic AAs, Arg and lysine (Lys), were present in sig-
ological processes and KEGG databases were utilised for en-  nificantly higher concentrations in LAT2KO muscles compared
richment analysis. with WT group samples, with Gln being the most abundant AA
40f 13 Journal of Cachexia, Sarcopenia and Muscle, 2025
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FIGURE 2 | DEGs and enrichment analysis by RNA-Seq analysis: (A) plot representing number of genes considered differentially expressed
(DEGs) if they had minimum fold change > 1.5 and FDR cutoff of <0.05. (B) Volcano plot representing DEGs comparing LAT2KO versus WT at fed
(fed) and 48 h fasting (left). (A, B) In blue significant up-regulated and in orange significantly down-regulated genes are represented. (C) Significant
biological and KGEGG enrichment terms of 48-h fasted DEGs comparing genotypes are represented. For each term significant differentially ex-

pressed genes is depicted by symbol size and fold enrichment by colour scale.

present in G+S muscle (>4umol/g) (Figure 1D). Following
both 16- and 48-h fasts, LAT2KO mice maintained their levels of
Ser, Lys, and Arg, comparable to levels in the fed group, whereas
these AAs were depleted in WT mice. Following fasting, signifi-
cantly higher levels of GIn were found to be present in LAT2KO
muscle at both time points analysed, at levels significantly
higher (3- and 6-fold, respectively) than those in WT muscle at
the same time points (Figure 1D). Additionally, citrulline (Cit)
was found to have accumulated in Fed LAT2KO muscles, with
the levels maintained following 16 and 48 h of fasting, whereas a
significant Cit decrease was observed in the fasted muscle of WT
animals (Figure 1D and Table S1), liver (Table S2) and plasma
(Table S3) samples.

The authors of previous studies primarily attributed muscle Gln
transport to systems N and A [25]. In mouse skeletal muscle,
we detected the presence of System A (SLC38A1, SLC38A2 and
SLC38A4), System N (SLC38A3), System y*L (SLC7A6), System
ASC (SLC7A10 and SLC7A12), and System L (SLC7A5, SLC7AS,
SLC43A1 and SLC43A2) transporters. Although amongst the
transporters with a putative capacity to compensate for the ab-
sence of LAT2 activity, none were significantly upregulated in
LAT2KO muscle compared to WT muscle (Table S4).

3.2 | Absence of LAT2 Alters Proteostasis
Pathways in Response to Fasting

We next sought to characterise the metabolic impact of the AA
imbalance observed in the absence of LAT2 under catabolic
conditions on gene expression and performed RNA sequencing
(RNA-Seq) on WT and LAT2KO gastrocnemius muscle from fed
and 48-h fasted animals. We observed relatively few differen-
tially expressed genes (DEGs) comparing genotypes with 15 and

214 DEGs present in fed and 48-h fasted animals, respectively
(Figure 2A,B). In comparison, large numbers of DEGs were
identified following fasting with 4809 genes in WT and 5874 in
the LAT2KO group (Figure 2A and Figure S1A). Notably, the
effects of the fasting intervention (48 h vs Fed) were much more
profound, contributing 55.6% to the coefficient of variance in
comparison to genotype, which contributed 4% (Figure S1B,C).
Enrichment analysis of DEGs comparing genotypes determined
the presence of 6 GO biological terms and 1 KEGG module to
be significantly associated following 48 h of fasting (Figure 2C).
Alterations in AA import across plasma membrane regulation
were 26-fold enriched, and responses to starvation were found
enriched over 5-fold. Additionally, the FoxO signalling module
was shown to be enriched by 6-fold, respectively. Together, these
results indicate that fasting has an outsized effect on regulating
gene expression in muscle irrespective of genotype. However,
the absence of LAT2 also led to significant changes in funda-
mental metabolic pathways associated with fasting and regula-
tion of AA balance.

3.3 | LAT2KO Preserves Muscular Mass During
Fasting and Decreases Proteasomal Activity
and Autophagy

Fasting induced significant phenotypic differences in WT and
LAT2KO mice (Figure 3). Significant weight loss, with an 18%
reduction in total body weight, was seen in the LAT2KO group,
compared with a 14% loss in 48-fasted WT mice (Figure 3A and
Figure S2). Prior to fasting, LAT2KO mice showed a trend to
have greater muscle mass and lower body fat than WT mice,
a pattern that was reinforced following fasting (Figure 3B,C).
The extensive white adipose tissue (WAT) loss and comparative
maintenance of muscle mass after long-term fasting observed

50f13

85U8017 SUOWILIOD BAIER1D) 3[qeolidde ay) Aq peusenob ake sajonse YO '8N JO S3|n1 10} AreIq18UIIUO AB]IM UO (SUOHIPUOD-PUR-SWB} WO B 1M ARed 1B UO//SANY) SUOTIPUOD PUe SWB | 8L) 385 *[5Z02/20/8T] U0 AiqIT8uIIUO A8]IM BAUNETED 8P BOJ808Y 3P S311UBD QIOMIISU| 019RPUNS YOHTO-| 019epuNd Aq L¥BET WSII/Z00T OT/I0p/W00"A3| 1M Areiq1joul|Uo//Sd1y WO papeojumoq ‘€ ‘G202 ‘600906TZ6ESET



A) « B) Quadriceps Gastrocnemious
ko 500 s 29 O ™ 15
e 20 ol s ook — |_‘ 0.08
—— ® L F . 2 Bao{ [ | N
=35 * < £ 400 T == o el e 0]
Solaw. M A £15 ) 006 of- 198 =250 B
=0 Fme s 751 o« E S E -1.0S
£ 25 e Bl g — 300 ool & 2200 ®
2 20 2101 g -10g g . H
5} ® 200 a 8 &
> 15 5 S 35 -053
] 2 = 05~ = 100+ -3
@ 10 S 51 $ 100 [y & 3
5 - 8 E 3 50 z
< <
0 0.0
Fed 16h 48h 16h 48h Fed 48h Fed 48h Fed 48h Fed 48h
C) WAT D) Plasma Urine
800~ o o3 * -3 - FFA KB Urea : Ammonium
=) * T okk : * 60 254 W
E o 2 i . 109 % i —
« 600 1 {- o - * 1 o o 2.04
E Lo 8 2 8- 2 0l &
2 @ S 08 N E S 1.5
3 400+ T B S 6 3 %
e 1) o
@ 2 04 1.0
3 -1g 41 § 20 €
B R € o2 2 0.5
< —
0 0 0.0 0 0 0.0
Fed 48h Fed 48h Fed  48h 48h Fed 16h Fed  16h
E) 400 1000 * 600 F) G)
- * 25 1.0
E ¢ | *okk = -
'§ E 300 = . § 2.0 3 o8
2 § 400 § 3 St §
8 5 600 e 315 Q. 06
B ™ b 2=
8 400 2540 @ o4
3 ? 200 5 P g0
& 1001 o E
o ® 200 _8 0.5 4 202
< e
: 0.0 ol
Fed 48h Fed 48h Fed 48h Fed 1 6h Fed 16h 16h
Activity  Caspase-like Trypsin-like Chymotrypsin - Chloq. + Chlog. + Puro.
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in the LAT2KO pointed to altered catabolism where lipolysis
is increased and proteolysis reduced. The increased concentra-
tions of plasma KBs and FFAs, markers of lipolysis, in fasted
LAT2KO animals compared with fasted WT mice aligned with
reduced WAT (Figure 3D). The urea and ammonium content of
urine, markers of proteolysis, were also significantly lower in
the fasted LAT2KO mice (Figure 3D). Subsequently, we mea-
sured ubiquitin-linked proteasome and autophagy activity fol-
lowing a 48-h fast and observed significantly lower levels of
caspase-like and trypsin-like proteasome activity in LAT2KO
compared to those of WT mice following fasting (Figure 3E).
Furthermore, fasted LAT2KO mice displayed a 0.7-fold de-
crease in LC3 in the presence of chloroquine, indicating they

harboured lower autophagic flux levels than WT animals
(Figure 3F). Unexpectedly, muscle protein synthesis during fast-
ing was reduced 40% in LAT2KO mice compared with fasted
WT (Figure 3G).

To further investigate the effects of LAT2 deficiency on mus-
cle phenotype, both muscle morphology and tone were anal-
ysed. Histological analysis of gastrocnemius muscle fibres
did not show any gross differences in the patterns of staining
(Figure S3A), but the cross-sectional area (CSA) of LAT2KO
gastrocnemius muscle exhibited a greater distribution of larger
sized fibres and a higher median size than WT (Figure S3B).
Additionally, we performed a grip-strength test and assessed
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the animal’s overall fitness and time to fatigue during a boost-
speed treadmill workout. LAT2KO mice did not show any
impairment in muscular strength (Figure S3C) but displayed
a significant reduction in performance during the treadmill
workout compared to that of the WT (Figure S3D). As mito-
chondria are the main source of cellular energy and adapt to
meet physiological demands, we analysed both muscle mito-
chondrial function and content. An analysis of mitochondrial
DNA content did not show significant differences between
LAT2KO and WT cells (Figure S3E), and an assessment of
mitochondrial morphology by electron microscopy did not re-
veal any substantial structural differences (data not shown).
In comparison, high-resolution respirometry performed with
fresh muscle fibres revealed significant differences in their mi-
tochondrial respiration rates. Although no differences were ob-
served in the leak state (malate + pyruvate), significantly lower
Complex I activation (ADP + glutamate), Complex II activa-
tion (succinate) and maximal respiration induction rates were
found in LAT2KO compared with WT muscle (Figure S3F).

3.4 | Glutamine Accumulation Inhibits
Fasting-Induced Proteolysis in Skeletal Muscle

To directly quantify the effects of LAT2 deficiency on muscle
proteostasis, we assessed the net proteolysis flux ex vivo by
measuring tyrosine release from EDL muscle after overnight
fasting (16 h). The results showed that proteolysis levels were
reduced to nearly 50% in LAT2KO mice in comparison with
WT animals (Figure 4A). Subsequently, when the AA content
of EDL muscles was measured, only LAT2KO muscles incu-
bated in AA-free media showed a substantial difference in
Gln content, which was determined to be 0.2nmol/g tissue,
whereas Gln was undetectable in WT muscle (Figure 4B). To
determine if intramuscular Gln accumulation drove the in-
hibition of proteolysis, WT and LAT2KO EDL muscles were
incubated in the presence of 1mMGIn. Gln supplementa-
tion reduced proteolysis in WT muscle to a level comparable
to that seen in the LAT2KO muscle (Figure 4A). To further
characterise the Gln-induced inhibition of proteolysis, fasted
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EDL muscles from both genotypes were incubated ex vivo in
the presence of several inhibitors: rapamycin, an mTORC1
inhibitor; concanamycin A, a lysosome/vATPase inhibitor;
bortezomib, a proteasome inhibitor; and wortmannin, a PI3K
inhibitor. The addition of rapamycin to LAT2KO muscle res-
cued the phenotype and led to enhanced rates of proteolysis
in both WT and LAT2KO muscle fibres, indicating that the
inhibition of proteolysis in LAT2KO muscles was mTORC1-
dependent. Concanamycin A and bortezomib were used to
inhibit autophagy (by disrupting lysosomal membranes) and
UPS, respectively. WT muscles incubated with either inhibi-
tor showed a slight decrease in proteolysis, whereas LAT2KO
muscles showed a significant increase in proteolysis in the
presence of both inhibitors, including a 2-fold increase in the
presence of bortezomib. Additionally, PI3K/AKT signalling
was inhibited by wortmannin, and an additional inhibitory
effect was observed in both genotypes that halved proteolysis
activity (Figure 4A).

Coincubation of muscles with Gln and rapamycin did not res-
cue the phenotype of the WT or LAT2KO muscles, further con-
firming that Gln supplementation inhibited proteolysis via an
mTORCI1-independent pathway (Figure 4A). When autophagy
was inhibited in the presence of concanamycin A and exter-
nal Gln, there were no observable changes, regardless of the
genotype. In contrast, a significant increase in proteolysis was
observed for both genotypes when muscles were coincubated
with bortezomib and Gln, with the same effect observed as
when LAT2KO muscles were incubated with bortezomib alone.
Notably, wortmannin together with Gln increased proteolysis
inhibition by Gln in WT muscle but not in the corresponding
LAT2KO muscle (Figure 4A).

Overall, we provide evidence that the accumulation of intramus-
cular Gln due to the absence of the LAT2 transporter inhibits
the two main proteolysis systems, autophagy and UPS, through
the inhibition of mTORCI signalling. Additionally, external Gln
supplementation also inhibited proteolysis through an alternate
mTORCI1-independent pathway (Figure 4A).

3.5 | Increased mTORCI1 Recruitment to
the Lysosome in Fasted LAT2KO Muscles

As mTORCI1 is the central nutrient-dependent regulator of cel-
lular metabolism, we next examined the upstream and down-
stream signalling pathways involved in mTORCI1 regulation in
fed and 48-h fasted muscle. Compared to WT, LAT2KO muscle
exhibited increased Akt phosphorylation and decreased 4EBP1
protein phosphorylation after fasting (Figure 5A-C). In con-
trast, AMPK expression and S6K phosphorylation remained un-
altered in fasted LAT2KO muscles (Figure 5D).

Given the potential activation of mTORC1 through the
lysosomal-Rag/GTPase complex by AAs [6], the localization
of mTORCI1 at lysosomes in fed and fasted muscles was anal-
ysed. Gastrocnemius muscle sections were stained with a nu-
clear marker, and mTORC1 and Lampl antibody labelling was
analysed by confocal microscopy (Figure 5E). No significant
differences were observed in mTORC1-Lysosome colocaliza-
tion between WT and LAT2KO in the fed state (Figure 5F). In

contrast, following a 16-h fast, WT muscles showed a signifi-
cant decrease in the amount of mTORCI localised at the lyso-
some, whereas fasted LAT2KO muscle maintained its levels of
mTORC1-lysosome complex formation, which were similar to
those observed in the fed state (Figure 5F).

3.6 | LAT2KO Phenotype in Chronic Diseases
Associated With Increased Proteolysis

Following the observation of sustained inhibition of proteolysis
in the LAT2KO mice, we explored whether this effect could be
therapeutically advantageous in diseases with impaired pro-
tein homeostasis, including Lewis’ CA, STZ-induced T1D and
ageing-induced sarcopenia. Initial observations of mouse mod-
els for these diseases revealed that Slc7a8 expression in WT
muscle was increased 2-fold in the T1D model and aged groups,
whereas expression was unaltered in the CA model, compared
with young control mice (Figure S4A).

The CA model did not show genotype-dependent differences in
the severity of the disease, as measured by tumour size or mus-
cle mass (Figure S4B). T1D was successfully induced by STZ in-
jection and resulted in a remarkable increase in blood glucose
in both genotypes (Figure S4C). However, no differences in the
loss of muscle mass or mass from other organ systems, includ-
ing the liver and WAT, were observed (Figure S4D). Subsequent
measurement of muscle proteasome activity in both CA and
T1D models was conducted, but no significant differences were
observed between LAT2KO and WT animals (Figure S4E).

LAT2 mutations have been described as contributing to the
early onset of both hearing loss and cataract growth in human
populations [18, 26]. Here, we explored whether LAT2 defi-
ciency results in an early onset of age-related muscle phenotype.
LAT2KO animals showed reduced body weight gain during
their lifespan, mainly attributable to their reduced adiposity
(WAT tissue was not present in aged-LAT2KO mice) compared
to age-matched WT animals (Figure 6A,B). Muscle perfor-
mance during the boost-speed test showed differences between
the young and 12M old WT; however, young LAT2KO mice
performed poorly in the test and had characteristics similar to
those seen in the ageing groups (Figure 6C). Notably, the expres-
sion of Murfl, a marker found in aged muscle, was increased in
young LAT2KO and was present at levels comparable to those
observed in both genotypes in the ageing animals (Figure 6D).
Despite these findings, neither histological analysis nor CSA of
aged muscles revealed any significant differences between the
genotypes (Figure 6E,F).

4 | Discussion

Through a series of experiments combining the LAT2KO model
and dietary intervention, we demonstrated that the LAT2
transporter is critical for the regulation of Gln content in skel-
etal muscles. LAT2 deficiency led to the intracellular accumu-
lation of Gln and inhibited muscle proteolysis during fasting.
Importantly, our study elucidated how Gln-dependent proteol-
ysis inhibition functions through the reduction of both prote-
asomal and autophagic activities in an mTORC1-dependent
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manner. We also observed that LAT2 transporter deficiency
resulted in the manifestation of a premature ageing-related phe-
notype in mouse muscle tissues.

The capacity of AA transporters to promote AA accumulation
depends on the presence of cotransported ions, the electrochem-
ical gradient, and the cellular potential. Systems N and y*L
concentrate Gln up to 5-fold and System A up to 12-fold [27].
In contrast, System L and System ASC function as obligate ex-
changers with a 1:1 stoichiometry. We observed a 3- to 6-fold
increase in intramuscular Gln in the absence of LAT2, indi-
cating that other transporters with a 1:1 stoichiometry present

in the muscle, such as Systems ASC or L, cannot compensate
for the loss of LAT2 and Gln efflux (Figure 1D and Table S4).
The increased basic AA content (Lys and Arg) was intervention
intended (Figure 1D and Table S4). Neutral intramuscular AA
imbalance might affect tertiary transport mediated by the y+L
system, which mediates electroneutral exchange of dibasic AA
in exchange for neutral amino in a Na*-dependent manner [28].

After 48h of fasting, LAT2KO animals retained a greater
amount of muscle mass but exhibited substantial reductions
in body fat compared with WT animals (Figure 3A,B). These
changes were associated with increased lipolysis, as LAT2KO
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animals exhibited elevated levels of FFA and KB in the blood- LAT2KO group (Figure 3C). The Gln released from skeletal

stream (Figure 3C). Muscle proteolysis leads to an increase in
nitrogen waste products such as urea [29]. Concordant with
the muscle preservation observed in fasted LAT2KO mice, the
urea and ammonium contents of urine were increased by fast-
ing in the WT group but were significantly reduced in the fasted

muscle in response to starvation is critical for transorgan meta-
bolic flux, including ureagenesis in the liver and as a precursor
for gluconeogenesis in both the kidneys and liver [30]. However,
the livers of LAT2KO mice and blood Gln content remained un-
changed in Fed and fasted states (Tables S2 and S3). Cit levels,
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which enhance the urea cycle, were significantly higher in
LAT2KO muscles, suggesting that the reduced nitrogen clear-
ance was due to reduced proteolysis rather than an impairment
of the urea cycle (Figure 1D).

In this study, we found a significant reduction in fasting-
induced muscle proteolysis in LAT2KO mice, with evidence of
reduced activity in both the ubiquitin—proteasome and auto-
phagy systems (Figure 3E,F). Moreover, protein synthesis was
also reduced by 40% in fasted LAT2KO muscles (Figure 3G).
Phosphorylation of 4E-BP was decreased, and no differences
were observed in S6K levels, which remained similar to the
fasted WT mice (Figure 5A-D). Our ex vivo measurements of
proteolysis in the presence/absence of several inhibitors and
Gln outlined the complex regulatory crosstalk occurring be-
tween the two major proteolytic pathways (UPS and autoph-
agy) in a context where protein synthesis was inhibited and
AA content controlled. In these settings, we demonstrated
that inhibition of proteolysis in LAT2KO mice is regulated
via a mTORC1-dependent mechanism, whereas external Gln
supplementation inhibited proteolysis by an alternate signal-
ling mechanism (Figure 4A). Gln has been described to reg-
ulate mTORC1-dependent autophagy during AA deprivation
in C2C12 mouse myotubes [31]. Additionally, as described
in [32], increases in the intracellular AA content promote
mTORCI1 migration to the lysosome, driving its activation.
Immunofluorescence staining revealed increased mTORC1
localization at the lysosome in fasted LAT2KO muscles, coin-
cident with increased levels of intracellular Gln (Figure 5E).
The mechanisms by which AAs regulate mTOR-lysosome
interactions and metabolic signalling remain poorly under-
stood. A recent preprint by Kolaczkowski et al. [33] charac-
terised lysosome positioning and mTOR activation by various
AAsin acell model. They observed that some AAs can induce
mTOR activation and others influence lysosome positioning.
In this work, we conclude that LAT2KO intramuscular Gln
accumulation inhibits fasting-mediated proteolysis by steady
mTORC1 activation through its binding to the lysosome.
Moreover, we could not exclude a synergistic effect of other
AAs accumulated in the LAT2KO muscle such as Ser, Lys, or
Arg (Figure 1D) explaining the decrease observed in both pro-
tein degradation and synthesis simultaneously.

LAT?2 expression in skeletal muscle was found to be higher in fast-
twitch (white) fibres than slow-twitch (red) fibres (Figure 1A). The
muscles analysed in this study (EDL, gastrocnemius, and quad-
riceps) are composed of >80% white fibres, which are character-
ised by their low mitochondrial oxidative respiratory (OXPHOS)
capacity, primarily relying on glycolysis for ATP production [34].
Despite having an equivalent load of mitochondrial DNA per cell,
LAT2KO cells exhibited a 20% decrease in OXPHOS compared to
WT (Figure S3F). Limited amounts of Gln-derived metabolites,
such as Cit, ornithine and proline, have been observed in cells
with altered mitochondrial function, negatively impacting cellular
redox and ammonia detoxification. However, in the LAT2KO mice,
these metabolites were present in excess (Table S1). Mitochondrial
functional validation was performed using permeabilized fibres
and substrate titration, allowing us to exclude metabolite-related
limitations as the cause for the observed mitochondrial dysfunc-
tion. Alternatively, a reduction in proteolysis in the LAT2KO may

have inhibited the clearance of damaged mitochondria by autoph-
agy or mitophagy [35].

To understand if the LAT2KO cells accumulated defective or
dysfunctional mitochondria, we analysed their mitochondrial
morphology by electron microscopy. Ultrastructural analysis
of WT and LAT2KO animals did not show any relevant abnor-
malities, except for the presence of tubular aggregates in both
genotypes. No mitochondrial abnormalities in the number or
morphology of mitochondria were seen in the LAT2KO mus-
cles. It is well known that cells modulate their mitochondrial
function in response to excess levels of intracellular AAs, but
the mechanism by which cells respond to toxic levels of AAs
remains unclear [36, 37]. However, the recently discovered
mitochondrial-derived compartments, secondary structures
that selectively sequester mitochondrial transporters in adjacent
vesicles and limit transporter function, are one potential mech-
anism [38].

Persistent mTORCI1 activation and decreased autophagy have
been linked to age-related and progressive diseases [39-41].
Age-related phenotypes, such as the reduced muscle tone and
reduced body weight gain associated with decreased adiposity,
were observed in the LAT2KO mice (Figure 6). Together with
our previous finding that LAT2 mutations cause the early onset
of ageing-related diseases, including hearing loss and cataracts
[18, 26], our evidence suggests that understanding the contri-
bution of Gln accumulation and proteolysis regulation to these
age-related diseases may be of significant clinical interest.

In conclusion, our data demonstrate that LAT2 plays a pivotal role
in controlling Gln efflux in skeletal muscle. The absence of this
transporter results in high intracellular Gln levels and impaired
proteolysis by decreasing the proteasome and autophagy regulated
by mTORCI1 recruitment to the lysosome. Understanding the role
of LAT2 in different cell types and metabolic conditions may have
significant clinical implications for age-related diseases and meta-
bolic disorders. Recent work by [17] described the key role of LAT2
in the activation of ILC2s, as mice lacking this transporter had
significantly reduced numbers of ILC2s and showed attenuated
responses to allergens as a result of compromised mitochondrial
OXPHOS and mTORCI signalling. Additionally, a diet-induced
obesity model in LAT2KO mice showed significantly reduced
lipid accumulation [42]. Together, these findings imply that fur-
ther research on LAT2 is warranted, as it has been largely over-
shadowed by its better-known and better-characterised cousin, the
Slc7a5 (LAT1) L-type alternate transporter. Together, our results
provide new and interesting insights into the pivotal role of the
LAT?2 transporter in governing Gln content in skeletal muscle and
its impact on multiple physiological processes.

5 | Study Limitations

Under conditions of nutrient deprivation, the LAT2KO group
metabolically adapted to compensate for reduced proteolysis
by accelerated lipolysis in WAT. It remains uncertain if this
accelerated lipolysis was a cause or consequence of decreased
autophagic and proteasomal activity in the muscle, and a tissue-
specific model would be needed to address this issue.
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