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Summary 
 

Transporters of the SLC25 mitochondrial carrier superfamily bridge cytoplasmic and mitochondrial 

metabolism by channeling metabolites across mitochondrial membranes and are pivotal for 

metabolic homeostasis. Despite their physiological relevance as gatekeepers of cellular metabolism, 

most of the SLC25 family members remain uncharacterized. During my PhD studies, I investigated 

the function of SLC25A47, an orphan carrier uniquely expressed in hepatocytes.  

We used a murine loss-of-function (LOF) model to unravel the role of this transporter in mitochondrial 

and hepatic homeostasis. Slc25a47hep-/- mice displayed a wide variety of metabolic abnormalities, as 

a result of sustained energy deficiency in the liver originating from impaired mitochondrial respiration 

in this organ. This mitochondrial phenotype was associated with a robust activation of the 

mitochondrial stress response (MSR) in the liver, which in turn, induced the secretion of several 

mitokines, amongst which FGF21 played a preponderant role in the translation of the effects of the 

MSR on systemic physiology. To dissect the FGF21-dependent and -independent physiological 

changes induced by the loss of Slc25a47, we generated a double Slc25a47-Fgf21 LOF mouse 

model, and demonstrated that several aspects of the hypermetabolic state were entirely driven by 

hepatic secretion of FGF21. On the other hand, the metabolic fuel inflexibility induced by loss of 

Slc25a47 could not be rescued by genetic removal of Fgf21. Finally, we challenged Slc25a47hep-/- 

mice with high-fat high-sucrose (HFHS) diet and observed the development of liver fibrosis. 

Collectively, the data presented in this thesis show that SLC25A47 is a novel determinant of hepatic 

metabolism and place this carrier at the center of mitochondrial homeostasis. 

 

 

 

Keywords: Mitochondria; Mitochondrial transporter; SLC25 family; Mitochondrial Stress Response; 
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Riassunto 
 
I trasportatori della superfamiglia di trasportatori mitocondriali SLC25 sono fondamentali per la 

regolazione dell’omeostasi metabolica e connettono il metabolismo citoplasmatico a quello 

mitocondriale regolando lo scambio di metaboliti tra questi due compartimenti intracellulari. 

Nonostante la loro rilevanza fisiologica come guardiani del metabolismo cellulare, molti membri della 

famiglia SLC25 sono ancora poco caratterizzati. 

Durante il mio dottorato ho studiato le funzioni fisiologiche di SLC25A47, un trasportatore orfano 

unicamente espresso negli epatociti. 

Per raggiungere questo obiettivo, e comprendere il ruolo di questo trasportatore nel contesto del 

metabolismo epatico e mitocondriale, abbiamo usato un modello animale (murino) caratterizzato 

dalla delezione epatica di SLC25A47. I topi Slc25a47hep-/- mostrano una grande varietà di anomalie 

metaboliche dovute alla perenne deficienza epatica di energia, che deriva da una compromessa 

respirazione mitocondriale negli epatociti. Nel fegato, questo fenotipo mitocondriale risulta associato 

a una massiccia attivazione della risposta allo stress mitocondriale (MSR) che, a sua volta, induce 

la secrezione di mitochine. Tra le diverse mitochine sovra-regolate nei topi Slc25a47hep-/-, FGF21 

gioca un ruolo fondamentale nel tradurre gli effetti della MSR agli altri organi. Per meglio studiare i 

cambiamenti fisiologici indotti dalla mancanza di Slc25a47, e per capire quali sono quelli dipendenti 

(o indipendenti) da FGF21, abbiamo generato un modello murino con una doppia delezione di 

Slc25a47 e Fgf21. Con questi topi abbiamo quindi dimostrato che molti aspetti dell’iper-metabolismo 

osservato nei topi Slc25a47hep-/- sono, in realtà, completamente dipendenti dalla secrezione di 

FGF21. Al contrario, i topi affetti dalla mancanza di entrambi Slc25a47 e Fgf21, continuano a 

presentare inflessibilità metabolica, dimostrando che quest’ultima è indipendente dalla produzione 

epatica di FGF21 nel contesto del nostro modello animale. Inoltre, abbiamo somministrato ai topi 

Slc25a47hep-/- una dieta ad alto contenuto di grassi e zuccheri (HFHS) e abbiamo osservato che, in 

queste condizioni, i topi sviluppano fibrosi epatica. 

Per concludere, i dati mostrati in questa tesi dimostrano che SLC25A47 è un nuovo regolatore 

decisivo nel contesto del metabolismo epatico e pongono questo trasportatore al centro 

dell’omeostasi mitocondriale.  

 

 

Parole chiave: Mitocondri; Trasportatore mitocondriale; SLC25; MSR; FGF21; Metabolismo 

epatico; Fibrosi 
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1.1  The liver: an integrative managing center 
1.1.1 Hepatic roles in metabolic homeostasis 

The liver is a central organ that performs critical functions for physiological homeostasis, including 

detoxification, digestion, endocrine functions, blood clotting, plasma protein synthesis and energy 

metabolism1. It is a highly structured organ composed of anatomical units named liver lobules2. The 

hepatic tissue is extremely heterogeneous in terms of cell-type composition, with hepatocytes being 

the most abundant cells, representing 70% of the total cell number in the liver. The remaining cell 

types include cholanogiocytes (or biliary epithelial cells), endothelial cells (the interface between 

blood cells and hepatocytes in the sinusoid), Kupffer cells (the resident macrophages) and stellate 

cells (quiescent fibroblasts). Liver tissue is spatially structured, with hepatocytes located in different 

areas performing different metabolic functions. The blood flowing from portal veins and hepatic 

arteries, at the corner of the lobules, towards central veins, generates a gradient of oxygen, nutrients 

and hormones3,4 (Figure 1.1), that causes the liver lobules to show functional variance along the 

portal-central axis, a phenomenon called “liver zonation5”. For instance, some energetically 

demanding processes (such as gluconeogenesis or protein synthesis) are allocated to the portal 

layers (periportal), where oxygen is more abundant, whereas pericentral layers (closer to the central 

vein) are responsible for bile acid synthesis, glycolysis and xenobiotic metabolism (Figure 1.1). 

 

 
Figure 1.1. Structure of the hepatic lobule and metabolic zonation. The liver contains different zones that 
separate distinct metabolic functions. Bile ductules are localized in the periportal zone (left). Blood from portal 
vein travels through the liver sinusoids and reaches the central vein (right). Adapted from6. 
 
 

The liver orchestrates whole-body carbohydrate, lipid, and protein metabolism by responding to 

external cues, storing nutrients and partitioning them to the rest of the body, thus playing a significant 

role in the intermediary metabolism by coordinating the energy demand of peripheral tissues7 (Figure 

1.2). 
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In the context of carbohydrate metabolism, the liver is a prime target of hormone signaling, like insulin 

and glucagon, (Figure 1.2) and contributes to balancing glucose blood levels by regulating 

gluconeogenesis and glycogen synthesis in hepatocytes8. While in the fed state glucose enters 

hepatic cells stimulated by insulin and is used to synthetize glycogen, in the fasted state glycogen is 

hydrolyzed to generate glucose9. The latter process, called glycogenolysis, is the first route by which 

mobilization of glucose from glycogen helps to restore glycemic levels. However, during prolonged 

fasting, glycogen is depleted and hepatocytes, stimulated by glucagon, synthesize glucose de novo 

through gluconeogenesis using lactate, pyruvate, glycerol and amino acids as substrates. The rate 

of gluconeogenesis is determined by the availability of gluconeogenic substrates and the expression 

of gluconeogenic enzymes8. Additionally, hormones, like glucagon and catecholamines, positively 

regulate gluconeogenesis through cyclic adenosyl monophosphate (cAMP)-dependent protein 

kinase A (PKA) activation10. In physiological conditions, hepatic glucose metabolism is tightly 

controlled, and a dysregulation of this pathway is central to the pathogenesis of metabolic disorders, 

including type 2 diabetes (T2D)10. 

 

 
Figure1. 2. Role of liver in controlling the whole-body metabolic homeostasis. FFAs: free fatty acids. 
BAs: bile acids. TGs: triglycerides. BCAAs: branched-chain amino acids. LDL: low density lipoproteins. VLDL: 
very-low density lipoproteins. Created with BioRender.com. 
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In addition to carbohydrates, the liver is the main organ to synthesize fatty acids by de novo 

lipogenesis11,12 (Figure 1.3), which is the metabolic process that generates fatty acids (FAs) from 

excess carbohydrates in the fed state. The newly generated FAs, as well as dietary FAs and non-

esterified FAs (NEFAs) derived from adipose tissue, can be re-esterified into TGs in the liver and 

stored as very-low-density lipoproteins (VLDL).  VLDL-TGs can subsequently leave the liver and 

reach peripheral tissues.   

Additionally, with muscle, the liver is a major site of ß-oxidation (Figure 1.3), that provides energy for 

gluconeogenic processes in the fasted state. During fasting, rising levels of glucagon and 

epinephrine stimulate the hydrolysis of TGs from adipose tissues. As a consequence, TGs-derived 

free fatty acids (FFAs) are released in the blood stream and reach the liver where they can be 

metabolized. The ß-oxidation pathway also generates ketone bodies, which are secreted in the blood 

to reach extrahepatic tissues8 (Figure 1.2).  

Excessive lipid synthesis, defective VLDL assembly, and impaired FA oxidation are the main causes 

of TG accumulation in the liver. This condition is known as hepatic steatosis13 and it is also the 

principal hallmark of hepatic metabolic disorders, like non-alcoholic fatty liver disease (NAFLD)14. 

Another critical, and unique, role of hepatocytes in coordinating lipid metabolism is the synthesis of 

bile acids (BAs). Indeed, BAs are products of cholesterol catabolism that are secreted into the bile 

and stored in the gallbladder together with other bile constituents, including cholesterol, 

phospholipids, glutathione and bilirubin15. Food intake is the main trigger of bile secretion in the 

intestinal tract, where BAs exert a detergent-like activity by forming micelles with dietary lipids and 

fat-soluble vitamins, to facilitate their intestinal absorption. BAs can then return to the liver via the 

portal vein and undergo several enterohepatic cycles a day16. 
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Figure 1.3. Lipid synthesis and lipid catabolism in liver. GLUT-2: glucose transporter 2. GK: glucose 
kinase. G6P: glucose-6-phosphate. F6P: fructose-6-phosphate. PEP: phosphoenolpyruvate. LCFA: long-chain 
fatty acids. CPT I/II: carnitine palmitoyltransferase I/II. HMG-CoA: b-hydroxyl b-methylglutaryl-CoA. ACC: 
Acetyl-CoA carboxylase. FAS: fatty acid synthase. SCD1: steroyl-CoA desaturase 1. GPAT: glycerol-3-
phosphate acyltransferase. DGAT: diacylglycerol O-Acyltransferase. Adapted from13. 
 

Unlike carbohydrates and lipids, amino acids are not stored in the body. The liver plays a pivotal role 

in regulating amino acid metabolism for the entire organism as it is involved in ammonia 

detoxification. Indeed, excessive ammonia is toxic for the organs and requires to be properly 

disposed.  Almost all ammonia produced by deamination is converted into urea in hepatocytes, 

through the urea cycle17, an essential pathway for ammonia and reactive nitrogenous molecule 

detoxification, which also allows the conversion of the carbon skeleton of specific amino acids to 

gluconeogenic substrates18 (Figure 1.2). The liver is the only organ to possess all the enzymes 

necessary for the urea cycle reactions. Particularly, the responsible proteins are restricted to hepatic 

mitochondria19 and defects in urea cycle enzymes or transporters lead to severe pathologies known 

as urea cycle disorders (UCDs)20. Amino acid catabolism starts in the hepatocytes surrounding the 

portal veins, with the exception of branched-chained amino acids (BCCAs) that are initially 

catabolized in the skeletal muscle (Figure 1.2).  

Besides its role in amino acid catabolism, the liver is responsible for ~90% of the circulating protein 

volume1, as it secretes albumin, fibrinogen, lipoproteins, growth factors and most of the α and ß 

globulins. Because of the essential role of the liver in controlling the synthesis of plasma proteins, 

any hepatic dysfunction results in the alteration of their levels, as exemplified by the fact that a 

decreased amount of plasma albumin is a typical hallmark of liver failure21. 

 



 16 

1.1.2 Hepatic metabolic flexibility 

The liver constantly adapts to external cues and rapidly modifies the oxidation of nutrients according 

to their availability. Hepatocytes in general, and hepatic mitochondria in particular, play a central role 

in regulating this process, defined as metabolic flexibility, and allow the organism to switch from fatty 

acid uptake and lipid oxidation during the fasted state to enhanced glucose oxidation during the fed 

state22,23. Consequently, impaired hepatic mitochondrial activity characterizes metabolic inflexibility, 

the loss of adaptive capacity to nutritional transitions, frequently observed in obesity and T2D22. Most 

chronic hepatic diseases correlate with the accumulation of dysfunctional mitochondria responsible 

for several metabolic abnormalities24,25. Depending on its nature and severity, mitochondrial 

dysfunction may induce lipid accumulation, apoptosis, and/or necrosis, causing hepatic cytolysis and 

inflammation26,27. These occurrences can lead to different clinical pathological features, like 

fibrogenesis, lactacidosis, hypoglycemia, elevated serum transaminases, higher conjugated 

bilirubinemia, and hyper-ammonemia28.  

Metabolic disorders, like obesity and insulin resistance, correlate with decreased mitochondrial 

bioenergetics, which can lead to pathological states such as NAFLD29,30. Evidence suggests that 

oxidative metabolism of liver mitochondria undergoes an adaptive program in response to hepatic 

steatosis29–32. This adaptation and remodeling play a major role in the progression to nonalcoholic 

steatohepatitis (NASH)29. Importantly, mitochondrial dysfunction might cause a disruption of cellular 

homeostasis and eventually contribute to the development of chronic liver diseases that can 

culminate in hepatocellular carcinoma (HCC)33. Thus, hepatic mitochondrial fitness is an essential 

hallmark of metabolic flexibility and a better understanding of liver mitochondrial metabolism may 

reveal new approaches to manage metabolic disorders.  

 

1.2  Mitochondria as hubs of intermediary metabolism 
1.2.1 Mitochondrial structure and genome 

Mitochondria are eukaryotic bean-shaped organelles comprised of double and functionally distinct 

membranes (inner mitochondrial membrane-IMM and outer mitochondrial membrane-OMM), 

intermembrane space (IMS) and matrix compartments (Figure 1.4). According to the endosymbiotic 

theory34, mitochondria derive from an alpha-proteobacterium, engulfed by an eukaryotic progenitor 

that survived endocytosis and became incorporated in the cytosol. Consequently, mitochondria still 

present their own genome (mitochondrial DNA, mtDNA), organized into nucleoids in the matrix. 

Interestingly, mtDNA has more sequence resemblance to its prokaryotic precursor than its 

eukaryotic host35. 
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Figure 1.4. Structure of a mitochondrion. Schematic representation (left) and transmission electron 
microscopy image (right) of mitochondrial structure (from36). 

 
Indeed, the mitochondrial genome consists of a circular, double-stranded DNA molecule of 15,000-

17,000 base pairs, encoding 37 genes. Twenty-four genes encode the translational machinery of the 

mtDNA itself (22 tRNAs and 2 rRNAs) and 13 genes represents different electron transport chain 

(ETC) complex subunits37,38. Until 2019, mtDNA inheritance was thought to be exclusively maternal, 

with the paternal mtDNA being actively destroyed after fertilization by autophagy39. However, 

maternal and paternal mtDNA traces have been recently found in individuals with heteroplasmy, a 

condition in which normal and mutant mtDNA molecules coexist in a single cell, opening the 

hypothesis for biparental inheritance of the mtDNA40. 

In mammals, the entire mitochondrial genome is transcribed as one long polycistronic transcript, 

which needs to be processed (i.e. chemically modified) before becoming individual RNA species41. 

The translation of the mitochondrially encoded proteins (mt-translation), then, occurs on a dedicated 

set of mitochondrial ribosomes, called mitoribosomes that are more similar to prokaryote than 

cytoplasmic ribosomes42. Mitoribosomes specifically synthetize some peptide chains of the IMM-

bound respiratory chain proteins and are, therefore, associated with the IMM. For this reason, 

defects in mitochondrial transcription or translation and mt-DNA mutations lead to respiratory 

dysfunction and are the main cause of mitochondrial diseases in humans43–45. For example, 

mutations in the mitochondrial-specific tRNA-modifying enzyme (TMRU) causes reduced 

mitochondrial tRNA levels and is responsible for acute infantile liver failure46. Moreover, recent 

studies show that mutations in mt-DNA are associated with hepatocellular dysfunction, such as 

biliary atresia, a condition resulting in severe bile blockage47. 

Outer membrane (OMM)

Inner membrane (IMM)

Intermembrane space

Mitochondrial matrix
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1.2.2  Mitochondrial metabolic function 

Mitochondria are the hub of intermediary metabolism and are essential to metabolic homeostasis, 

as they are the site of catabolism of 

different metabolic fuels, including 

glucose, fatty acids, and proteins 

(Figure 1.5). These unique organelles 

are best known for harvesting the 

energy of nutrients into adenosine 

triphosphate (ATP) via oxidative 

phosphorylation (OXPHOS), which 

can be responsible for up to 90% of 

ATP molecules in the cell. The 

process happens in the mitochondrial 

matrix, where the tricarboxylic acid 

cycle (TCA, Figure 1.5) enzymes 

generate nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), two electron carriers that, during the 

process of oxidation, donate electrons to the IMM-localized ETC. In the ETC, the electrons pass 

through a series of four protein complexes (I-IV, Figure 1.6). Three of these complexes (I, II, IV) act 

as redox-driven proton pumps and transfer protons to the IMS. The ETC comprises the two-electron 

carrier molecules, ubiquinone (known as coenzyme Q [CoQ] or ubiquinol when in the fully reduced 

state [CoQH2]), and cytochrome c (cyt c), which carry electrons from one IMM-integrated complex 

to another. The proton gradient, commonly called proton motive force, generated by complex I, III, 

and IV drives the rotation of a fifth complex (complex V, also named ATP synthase, Figure 1.6), 

leading to phosphorylation of adenosine diphosphate (ADP) and generation of ATP. The entire 

OXPHOS process requires oxygen, which act as a terminal electron acceptor and is reduced to a 

water molecule by complex IV using the electrons derived from NADH and FADH2.  

The TCA cycle is not the only pathway fueling the ETC with electrons. The mitochondrial fatty acid 

ß-oxidation (FAO) is tightly linked to the OXPHOS, with FAO providing reducing equivalents to the 

OXPHOS complexes (Figure 1.6). In particular, the dehydrogenase steps of FAO produce FADH2 

and NADH molecules, whose electrons are transferred to ubiquinone (through electron transfer 

flavoprotein (ETF) CoQ oxidoreductase, ETF:QO) and OXPHOS complex I, respectively (Figure 

1.6). Interestingly, many studies demonstrated that FAO proteins and OXPHOS complexes 

physically interact48,49 and primary FAO deficiencies show secondary defects in OXPHOS enzyme 

activity50,51.  

Figure 1.5 Mitochondria are the hub of intermediary 
metabolism. Scheme depicting the role of mitochondria in 
intermediary metabolism. TCA: tricarboxylic acid. FAO: fatty acid 
oxidation. BCAAs: branched chain amino acids. ATP: adenosine 
triphosphate. Created with BioRender.com. 
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Because of the OXPHOS process, mitochondria account for about 85% of oxygen consumed by 

cells.  Therefore, despite being the primary source of energy, mitochondria are also the main source 

of reactive oxygen species (ROS) production. ROS species, if not neutralized, are hazardous for the 

cells since their accumulation can damage DNA, proteins and lipids52. Despite the constant 

production of ROS in the mitochondria, the mitochondrial antioxidant defenses (specifically 

thioredoxin, glutaredoxin, glutathione, and manganese superoxide dismutase) prevent oxidative 

damage generated during regular aerobic metabolism53.  

 
Figure 1.6. Scheme depicting oxidative phosphorylation (OXPHOS) in the mitochondria. The energy 
released by stepwise oxidation reactions between NADH (nicotinamide adenine dinucleotide), FADH2 (flavin 
adenine dinucleotide) and ubiquinol (Q) pumps protons (H+) from the mitochondrial matrix to the 
intermembrane space. The energy potential of the proton gradient is used by ATP synthase (complex V) to 
phosphorylate adenosine diphosphate (ADP) to generate adenosine triphosphate (ATP).  Both tricarboxylic 
acid (TCA) cycle and fatty acid ß-oxidation (FAO) generate electron donors for the OXPHOS process. Complex 
II (II, known as succinate dehydrogenase) is the only TCA cycle enzyme to be an IMM-protein and part of the 
electron transport chain. ETF:QO: electron transfer flavoprotein coenzyme Q oxidoreductase. C: cytochrome 
C. I-IV: Complex I-IV. 
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1.2.3 Mitochondrial stress signaling 

Mitochondria are highly dynamic organelles that communicate with the rest of the cell, and with the 

organism, by exchanging different molecules such as ions, metabolites, nucleotides, proteins and 

lipids54. The correct crosstalk between nucleus and mitochondria is essential to coordinate 

transcription, translation, and import of mitochondrial proteins54. Consequently, impairments in 

mitochondrial transport, OXPHOS 

alterations, loss of membrane 

potential, ATP depletion, and 

mitochondrial transcription and 

translation defects disrupt this 

communication equilibrium55. 

These challenges trigger a 

crosstalk between the 

mitochondria, the nucleus and the 

cytosol, activating transcriptional, 

translational and post-translational 

programs to restore mitochondrial 

homeostasis. One of the major 

adaptive pathways is the 

mitochondrial unfolded protein 

response (UPRmt), a highly 

conserved mitonuclear 

communication network crucial to 

maintain mitochondrial 

function56,57. UPRmt has been 

extensively characterized in the 

nematode Caenorhabditis 

elegans, where the response 

starts after cleavage of unfolded 

proteins mediated by the 

mitochondrial protease 

caseinolytic mitochondrial matrix peptidase proteolytic subunit (CLPP). The cleaved peptides, then, 

induce metabolic and transcriptional changes coordinated by the activating transcription factor 

associated with stress-1 (ATFS-1) and various chaperones58. 

In mammals, the UPRmt is far more complicated than its nematode counterpart (Figure 1.7A). 

Transcription of UPRmt genes (Figure 1.7A) is mediated by the activation of JUN by c-Jun N-terminal 

kinase 2 (JNK2), which induces CEBP homologous protein (CHOP) and CCAAT/enhancer-binding 
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Figure 1.7. Mitonuclear communication in mammals. (A) In 
mammals, JUN activation by c-Jun N-terminal kinase 2 (JNK2) 
induces CEBP homologous protein (CHOP) and CCAAT/enhancer-
binding protein-ß (CEBPß), which activate UPRmt genes. 
Proteotoxic stress activates sirtuin 3 (SIRT3) that deacetylates 
forkhead box transcription factor FOXO3A. FOXO3A translocates 
into the nucleus to induce the expression of reactive oxygen species 
(ROS) detoxification and mitophagy genes. Adapted from57. (B) 
Mitochondrial dysfunction stimulates the phosphorylation of eIF2α, 
which induces the transcription of CHOP, activating transcription 
factor 4 and 5 (ATF4 and ATF5). CHOP, ATF4 and ATF5 stimulate 
the transcription of genes that enable recovery from mitochondrial 
insults. Adapted from60 and created with BioRender.com. 
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protein-ß (CEBPß). Proteotoxic stress can activate sirtuin 3 (SIRT3) that deacetylates forkhead box 

transcription factor FOXO3A. As a result, FOXO3A translocates into the nucleus to induce the 

expression of reactive oxygen species (ROS) detoxification and mitophagy genes (Figure 1.7A).  

The mammalian UPRmt is embedded in a broader program named integrated stress response 

(ISR)59, a mechanism by which cells remodel gene expression to adapt to intrinsic and extrinsic 

stressors60. The ISR is an adaptive translation program regulated by four distinct kinases (PKR-like 

ER kinase: PERK; general control nonderepressible 2: GCN2; protein kinase RNA-activated: PKR; 

heme regulator inhibitor of translation: HRI), that respond to different cues61. In more detail, PERK 

is mainly activated by endoplasmic reticulum (ER) and hypoxic stress, GCN2 responds to amino 

acid starvation, glucose deprivation and UV radiation, PKR is activated upon viral infection and HRI 

upon iron deprivation and proteasome inhibition60,61. The responses of the different kinases converge 

on phosphorylation of the Serine 51 (S51) residue of the α-subunit of the eukaryotic translation 

initiation factor 2 (eIF2) complex60. The result is a global reduction in protein synthesis paralleled by 

the induction of the translation of specific proteins. In fact, while global translation is attenuated upon 

activation of the ISR, some mRNAs with upstream open reading frames (uORFs) are selectively 

translated62. The transcription factors (TFs) activating transcription factor 4 (ATF4), 5 (ATF5) and 

CHOP harbor uORFs and are the main mediators of the ISR59,60 (Figure 1.7 B). Even though they 

have been studied explicitly in the context of ER stress responses, these TFs enable mitochondrial 

recovery upon mitochondrial dysfunction, such as OXPHOS impairments, alterations of 

mitochondrial dynamics and proteostasis63,64. 

In particular, both ATF4 and ATF5 play a preponderant role as major regulators of the stress 

response in the mitochondria63,65.  

ATF4 is a basic leucine zipper (bZIP) transcription factor, belonging to the ATF/CREB subfamily, 

that acts by forming homodimers or heterodimers with other TFs (such as CREBPß), repressing or 

transactivating different target genes. Increasing evidence has shown that a plethora of 

mitochondrial defects can induce ATF4, including OXPHOS inhibition, mitophagy defects and 

mitonuclear imbalance66–68. Accordingly, in the liver, the glucose-lowering drug metformin can induce 

the ATF4 pathway via inhibition of complex I activity69, and dysfunction in mitochondrial respiratory 

genes in both cardiac and skeletal muscles induce the ISR through ATF470,71.  

Similar to ATF4, ATF5 belongs to the ATF/CREB subfamily of TFs, but little is known about its 

dimerization partners. ATF5 shares sequence homology with ATF4 and has similar downstream 

regulation effects72. Indeed, ATF5 takes part in the mitochondrial stress response, being the 

transcriptional regulator of many proteases and chaperones, such as Hsp60, Hsp70 and Lonp164.  

ATF5 is highly expressed in the liver but its role in this organ is still poorly characterized. Recently, 

ATF5 has been shown to be the first ISR responder in primary hepatocytes carrying impaired 

mitochondrial dynamics due to a deletion of the mitochondrial fission 1 protein (Fis1)73.  
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While the ISR is beneficial for mitochondrial homeostasis, its chronic upregulation can contribute to 

the development of pathological conditions71. 

 

Role of mitokines in the ISR 

In the context of the ISR, ATF4 and CHOP have been widely described as transcriptional regulators 

of a class of circulating molecules known as mitokines74,75. Indeed, these signaling proteins 

contribute to the mitochondrial stress response (MSR) by inducing metabolic responses in different 

tissues in a non-cell autonomous manner76. For example, mitokines produced by several organs 

(like liver, muscle, white adipose tissue [WAT]) can mediate metabolic adaptation in distal tissues by 

inducing oxidative metabolism, lipolysis, and ketogenesis as a reaction to energy deficiencies 

caused by mitochondrial dysfunction. Fibroblast growth factor 21 (FGF21), growth differentiation 

factor 15 (GDF15) and adrenomedullin 2 (ADM2) are amongst the most studied mitokines known to 

be induced during mitochondrial stress in an ATF4 or CHOP-dependent manner77–79. Ectopic 

expression and exogenous treatment with these mitokines have been described to ameliorate 

several metabolic diseases, including obesity, NAFLD, T2D, and cancer cachexia80–85.  

FGF21 is part of the FGF family, which includes 22 members involved in cell survival, growth, 

differentiation, and tumor formation86. FGF21, together with FGF19 and FGF23, is structurally and 

functionally different from the other FGFs, as its interaction with FGF receptors depends on the 

presence of the beta-glucuronidases Klotho (beta-Klotho) coreceptors87,88. In physiological 

conditions, FGF21 has pleiotropic effects when released by hepatocytes in response to nutritional 

cues, such as fasting, ketogenic diet (KD), and protein restriction89–91. It has multiple roles in 

controlling lipid and glucose metabolism, food intake, insulin sensitivity, glucose clearance and 

beiging of the WAT92. The expression of FGF21 during fasting or feeding with ketogenic diets is 

dependent on peroxisome proliferator-activated receptor alpha (PPARα), which regulates lipid 

oxidation, ketogenesis, and gluconeogenesis93,94. Additionally, the liver signals to the brain through 

FGF21 in order to regulate glucose homeostasis, sugar preference and protein status95–99. 

Importantly, FGF21 administration has been shown to benefit a cluster of obesity-related 

complications, including body weight reduction, improvement of insulin sensitivity, decrease in 

hepatic lipid accumulation, increase in uncoupling protein 1 (UCP1)-independent energy expenditure 

(EE)92,100,101. However, FGF21 is not only a metabolic regulator but it is also considered a hepatic 

stress hormone. As mentioned above, FGF21 is part of the ISR pathway, induced by ATF4 binding 

on the two functional amino acid/carbohydrate response elements (AARE/CARE) in the Fgf21 

promoter78,102. Methionine restriction (MR) can induce a robust hepatic secretion of FGF21 in an 

ATF4-dependent way, leading to a dramatic decrease of body weight and adiposity, paralleled by 

improved glucose and lipid homeostasis103.  Similarly, KD feeding is associated with the induction of 

Fgf21 and the correction of metabolic dysfunction in obese wild type mice, while in FGF21-deficient 

mice KD leads to hepatic steatosis and prevents weight loss104. 
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In terms of energy metabolism, FGF21 has some overlapping roles with GDF15, a peptide hormone 

member of the transforming growth factor beta (TGFß) family. Physiologically, GDF15 is expressed 

at low levels in multiple tissues, but its levels increase during malignant transformations, aging, 

metabolic diseases and inflammation105. GDF15 signals to the brain via the glial cell-derived 

neurotrophic factor (GDNF) family receptor alpha-like (GFRAL)106,107, where it exerts an anorexigenic 

effect; indeed, GDF15 administration induces weight loss through appetite suppression108. 

Additionally, GDF15 has been reported to alleviate hepatic steatosis and inflammation, and to 

improve insulin sensitivity, lipolysis of adipose tissue and muscle atrophy via different 

mechanisms80,109–112. On the contrary, ablation of Gdf15 in murine models fed methionine-choline-

deficient diet (MCD) aggravates the NASH phenotype, leading to increased hepatic steatosis and 

inflammation113. 

Similarly to FGF21, GDF15 is considered a stress factor and, accordingly, its levels increase 

sequentially with the progression of the hepatic metabolic disease, being the highest in advanced 

fibrosis, followed by NASH and NAFLD114.  This is due to the activation of the ISR, which leads to 

GDF15 upregulation in a CHOP-dependent manner114. In particular, GDF15 has a role in mediating 

ISR responses in mitochondrial DNA/ribosome pathologies, during OXPHOS inhibition and ER 

stress113,115,116. 

Finally, ADM2 is an endogenous peptide belonging to the calcitonin gene-related peptide family and 

its expression is induced upon mitochondrial stress caused by OXPHOS inhibition through the ATF4 

pathway77. ADM2 overexpression in vivo ameliorates obesity and insulin resistance by increasing 

thermogenesis in brown adipose tissue (BAT) of high-fat diet fed mice117,118.  

Lastly, mitochondrial-derived peptides, like Humanin, small humanin-like peptide (SHLP) 1-6 and 

mitochondrial ORF of the 12S rRNA type-c (MOTS-c), are synthesized by the mitochondrial genome 

as signaling molecules119. Their role in the context of mitochondrial stress is still understudied but 

recent evidence shows that these peptides promote metabolic homeostasis and ameliorate a variety 

of mitochondrial disorders120–123.  

 

1.3 Mitochondrial membrane transporters 
The stress response pathways ensure the maintenance of mitochondrial homeostasis. Quality 

control mechanisms, as the UPRmt mentioned above, are activated by a plethora of stressors, 

including the loss of proteostasis due to defective translocation of mitochondrial proteins through 

mitochondrial carriers. In this frame, the mitochondrial stress responses establish the proper 

communication network among different cellular compartments, such as nucleus, cytosol, and 

mitochondria.  

Compartmentalization plays a crucial role in metabolic regulation124, allowing spatial separation of 

opposing anabolic and catabolic pathways in distinct organelles. The functionality of 

compartmentalization relies on the expression of specific transporters that fine-tune the channeling 
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of metabolites across subcellular compartments125. Together with enzymes, such carriers define the 

metabolic identity of a cell and dictate its metabolism.  

In the mitochondrial compartment, the OMM has a 1:1 protein-to-phospholipid ratio similar to that of 

the plasma membrane126. Porins (voltage-dependent anion channels) are integrated into the OMM, 

allowing the membrane to be permeable to small molecules (solutes up to 5kDa). Larger proteins 

need to carry an N-terminus signaling sequence, which is recognized by the translocase of the outer 

membrane (TOM), in order to enter the mitochondria127. In contrast, the IMM – similar to the bacterial 

membrane- has a very high protein-to-phospholipid (3:1) ratio, comprising about 20% of the total 

protein content in a mitochondrion and is characterized by a distinct lipid composition that varies 

amongst cell types126,128. Additionally, the IMM is rich in an unusual phospholipid called cardiolipin 

(25.4%), which is not found in the OMM126. Cardiolipin can interact with mitochondrial respiratory 

complexes and carrier proteins, affecting mitochondrial function129. These features make the IMM 

selectively permeable to maintain efficient oxidative phosphorylation and membrane potential130. 

Therefore, the IMM requires the presence of a large number of carriers and channels that control 

the entry and exit of solutes, linking cytosolic and mitochondrial metabolism. Indeed, all major groups 

of nutrients pass through the mitochondria as part of intermediary metabolism, including degradation 

products of lipids, carbohydrates, vitamins, nucleotides and inorganic ions. Many mitochondrial 

transporter families exist in the mitochondria: solute carrier (SLC) 54 (SLC54, also known as 

mitochondrial pyruvate carrier family)131, the mitochondrial ABC transporters132, the sideroflexins 

(SLC56)133 and the SLC25134. 

 

1.3.1 SLC25 family 

The SLC25 family is responsible for most of the transport occurring in the mitochondria. SLC25 

transporters are small transmembrane proteins with a molecular mass of about 30-34kDa and 

display structural features that make them different from any other known transporter family135. All 

SLC25 members have a common 3-fold repeated signature motif: three tandemly repeated 

homologous domains of about 100 amino acids in length with two hydrophobic transmembrane α-

helices connected by a long hydrophilic matrix loop (Figure 1.9). Both N- and C-termini are located 

in the intermembrane space135. Contrary to most nuclear-encoded mitochondrial proteins, the mature 

form of the protein bears the mitochondrial-targeting sequence135. 
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This family comprises 53 nuclear-encoded proteins (Figure 1.10) that are mostly localized in the 

IMM, with few exceptions in peroxisomes136 or OMM137.  SLC25 members can transport a variety of 

anions, nucleotides and metabolites, bridging biochemical processes occurring outside and inside 

the mitochondria134. Due to the plethora of transported molecules, SLC25 proteins are involved and 

control many metabolic processes, such as oxidative phosphorylation, TCA-mediated acetyl-CoA 

oxidation, FAO, amino acid degradation, gluconeogenesis, and urea synthesis from amino acids 

(urea cycle)138 (Figure 1.11).  

According to their solute specificity, SLC25 have been divided into subfamilies, each one 

characterized by distinctive structural features139. The majority of SLC25 members catalyzes an 

antiport (exchange of solutes), but few 

can catalyze uniport (unidirectional 

transport) of molecules.   

Many solutes transported by SLC25 

carriers have been already 

characterized (Figure 1.11). For 

example, uncoupling protein-1 (UCP1 

or SLC25A7) is the  H+ ion carrier140 

and  ADP-ATP carrier protein 1 (AAC1 

or SLC25A4) is a very well-studied 

ATP/ADP transporter141.  Additionally, 

mitochondrial carriers can be 

promiscuous and transport more than 

one solute with different binding 

efficiencies125. For instance, SLC25A1 

can mediate the exchange of citrate, 

but also malate, isocitrate, aconitate 

and phosphoenolpyruvate (PEP)142. 
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Figure 1.10. Solute carrier 25 family in mammals. Branch 
colors represent the functional annotation. Blue: amino acid 
carriers. Red: iron transporters. Light blue: uncoupling proteins 
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Black: unknown. 

Figure 1.9. Structural model of signature motif in SLC25 family of mitochondrial transporters. H1-6 
represent the three-fold tandemly repeated domains of two transmembrane α-helices. Each α-helix in the 
repeat is connected by a long matrix loop. Adapted from138. 
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Similarly, the oxoglutarate carrier SLC25A11 is involved in the transport of oxoglutarate in exchange 

of dicarboxylate (malate) and is an important component of the malate-aspartate shuttle143; however, 

it also contributes to the mitochondrial uptake of glutathione (GSH)144. Despite the fact that some 

SLC25 members have been extensively studied, several remain orphan transporters and their 

function is still uncharacterized138. Nonetheless, mutations and defects in mitochondrial carriers have 

been associated with various metabolic diseases145. To date, mutations in 18 different SLC25 

carriers have been reported to cause pathologies in humans145. These mutations lead to 

accumulation of given solute(s), causing dysfunction in mitochondrial and cellular metabolism. The 

symptomatology is very variable and depends on the nature of the metabolite, its relevance in 

specific tissues, the tissue distribution of the dysfunctional carrier, and the presence in the same 

tissue of other transporters that can compensate the function. For example, mutations in the liver-

specific aspartate/glutamate carrier (AGC2 or SLC25A13) causes neonatal onset of type-II 

citrullinemia and fatty liver, due to a dysfunction of the urea cycle146,147 . 

Figure 1.11. Role of solute carrier 25 family in metabolism. Schematic representation of the human 
SLC25 family members, involved in mitochondrial function and cellular metabolism. In green: OXPHOS 
complexes. In blue: ATP synthase. In red: MPC: mitochondrial pyruvate carrier. Uncharacterized and 
characterized carriers are shown in yellow and purple, respectively. AAC1-4: ADP/ATP carriers. AGC1-2: 
aspartate/glutamate carriers. GC1-2: glutamate carriers. GLYC: glycine carrier. MTFRN11-2: mitoferrins. 
ODC: oxoadipate carrier. CIC: citrate carrier. APC1-4: ATP-Mg/Pi carriers. BAC: basic amino acid carrier. 
CAC: carnitine/acylcarnitine translocase. DIC: dicarboxylate transporter. OGC: oxoglutarate carrier. 
ORC1-2: ornithine transporters. PIC: phospate carrier. SAMC: S-adenosylmethionine carrier. TPC: 
thiamine pyrophosphate carrier. UCP1-2: uncoupling proteins. CS: cytosol. OM: outer mitochondrial 
membrane. IM: inner mitochondrial membrane. MM: mitochondrial matrix. Q: ubiquinone. Pi: phosphate. 
ALA: aminolevulinic acid. Scheme taken from151. 
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By regulating the transport of small molecules across membranes, solute carriers in general play a 

pivotal role in physiology and act as gatekeepers of intermediary metabolism. Some SLC25 

transporters have gained relevance in the context of drug discovery, being considered as promising 

targets for the treatment of cancer or metabolic disorders125. For example, SLC25 members (such 

as SLC25A1, SLC25A8 and SLC25A33) were found to be upregulated in tumors, as consequence 

of the metabolic rewiring happening during carcinogenesis148–151. However, despite their importance, 

many SLC25 transporters are still understudied and their function is poorly understood152. Given the 

potential biomedical relevance of these transporters and their fundamental role in mitochondrial and 

cellular metabolism, there is an urgent need to study orphan SLC25 members and characterize their 

pathophysiological role. 
 

1.4.1 SLC25A47: an orphan mitochondrial carrier 

SLC25A47 is a member of the SLC25 family whose gene was first cloned and identified in 2004 by 

sequencing specific clones downregulated in a patient with HCC, hence being named hepatocellular 

carcinoma downregulated mitochondrial carrier protein (HDMCP)153. In this context, the lower 

expression of Slc25a47 was proposed to help tumor resistance by counteracting apoptosis153. 

However, despite this finding, the link between SLC25A47 and HCC has never been investigated. 

Nevertheless, these initial observations have underscored this carrier as a hallmark of liver identity. 

More recently, SLC25A47 has been reported to act as an uncoupler154, and proposed to function as 

the hepatic-specific uncoupling protein (UCP). Indeed, the mitochondrial membrane potential of 

HEK-293T cells was disrupted upon overexpression of Slc25a47, suggesting possible roles of 

SLC25A47 in mediating uncoupling154. However, these studies failed to demonstrate a direct link 

between SLC25A47 and its putative UCP activity, as Slc25a47-overexpressing mitochondria were 

insensitive to the classical UCP inhibitor guanoside diphosphate (GDP)154. Moreover, SLC25A47 

was furthermore proposed to play a role in the onset of hepatic steatosis154,155 and to be induced 

during NASH progression. However, these results were contradictory and incomplete. 

Despite these few available reports, SLC25A47 is largely understudied, with its structure, function 

or solute specificity still uncharacterized. Given the relevance of this hepatic-specific carrier and its 

possible implications in the development of liver diseases, SLC25A47 represents an interesting and 

novel research target.  

 

Based on this important knowledge gap, my project aimed to provide a full characterization of this 

orphan SLC25 carrier. In particular, we extensively investigated the biological role of SLC25A47 and 

its involvement in liver physiology and metabolism, as well as liver disease. 
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CHAPTER 2  SLC25A47 is a novel 
determinant of hepatic mitochondrial 
function 
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2.1 Slc25a47 is a hepatocyte-specific mitochondrial carrier 
Despite their roles as gatekeepers of metabolic fluxes, mitochondrial carriers have been surprisingly 

understudied125. To better characterize this family of transporters, we analyzed published RNA 

sequencing (RNA-seq) data obtained from three C57BL/6J males and evaluated the tissue 

distribution of all SLC25 family members across twelve metabolic organs (ENA: ERP104395) (Figure 

2.1). 

 
Figure 2.1. Expression and tissue distribution of the SLC25 carriers. Heatmap representing mRNA levels 
(log2 counts per million, CPM) of murine SLC25 family members in different tissues. Average values of three 
7-8-week-old male mice (C57BL/6J) (ENA accession number: ERP104395). SLC25 members are ranked (left 
to right) according to their relative abundance in the liver. 

This analysis revealed that members of the Slc25 family vary greatly in their pattern of expression 

with some members widely expressed across tissues such as the phosphate carrier, Slc25a3 (Figure 

2.1), while others displayed a highly 

restricted pattern of expression, such 

as Slc25a18, a glutamate transporter 

solely expressed in the brain156, or 

Slc25a8, which appeared to be 

particularly enriched in the various 

parts of the intestinal tract (Figure 

2.1). Only one carrier, Slc25a47, was 

strictly confined to the liver, where it 

was as highly expressed as some 

major mitochondrial carriers such as 

the ornithine transporter Slc25a15 

(Figure 2.1). The liver-specific 

expression of Slc25a47 was further 

confirmed by RT-qPCR and 

immunoblotting on different mouse 

tissues, including liver, epidydimal 

WAT (eWAT), kidney, quadriceps, 

Figure 2.2. Slc25a47 expression is hepatic-specific. (A, B) 
Slc25a47 gene expression (A, n=3) and protein levels (B, n=2) in 
different tissues from 14-week-old C57BL/6 mice (L: liver, eWAT; 
epididymal white adipose tissue, K: kidney, Q: quadriceps, S: 
spleen, P: pancreas). VINCULIN was used as a loading control. 
(C) Mus musculus tissue expression profile of Slc25a47 from 
BioGPS portal (GSE10246, from 8-10-week-old male and female 
C57BL/6 mice, n=6).  
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spleen and pancreas (Figure 2.2A, B). Moreover, we interrogated over 29 murine tissues available 

on published datasets (Figure 2.2C) and corroborated the restricted hepatic expression of 

SLC25A47. To gain further insight into the expression of this carrier at the cellular level, we analyzed 

published single-cell RNA-seq (scRNA-seq) data obtained from C57BL/6 mice. These analyses 

revealed that Slc25a47 is uniquely expressed in hepatocytes (Figure 2.3A). Interestingly, the highest 

expression of Slc25a47 was observed in periportal hepatocytes (Figure 2.3B), as confirmed by in 

situ hybridization (RNAscope) in livers of C57BL/6J mice (Figure 2.3C). At the sub-cellular level, 

when we overexpressed Flag-tagged Slc25a47 in cells we observed SLC25A47-FLAG to co-localize 

with the inner mitochondrial membrane protein, Cytochrome c oxidase subunit 4 (COXIV, Figure 

2.3D), underscoring the putative mitochondrial localization of SLC25A47.  

 

 

To better understand the function of SLC25A47, the laboratory in collaboration with Nuria Cirauqui 

(former laboratory member of Prof. Matteo dal Peraro, EPFL), previously performed protein 

sequence alignment between SLC25A47 and its closest homologs, including the carnitine/acyl 

carnitine translocase SLC25A20 and the amino acid carriers SLC25A15 (ornithine transporter 1, 

ORNT1), SLC25A2 (ornithine transporter 2, ORNT2) and SLC25A29 (ornithine and basic amino acid 

Figure 2.3. SLC25A47 is a hepatocyte-specific mitochondrial carrier. (A) Single-cell RNA sequencing 
(scRNA-seq) data of murine liver cell populations (from 3 females and 4 males C57BL/6 mice, 10-15-week-
old) from Tabula Muris (GEO #109774, microfluidic droplet counting), showing Slc25a47 as uniquely 
expressed in hepatocytes. (B) Heatmap representing the mRNA levels of murine SLC25 family members 
across the different hepatic layers. Data was obtained from GSE84498 (CV: central vein, PV: portal vein). 
(C) RNAscope image depicting Slc25a47 mRNA presence and zonation on a C57BL/6J mouse liver section 
(c.v: central vein, p.v: portal vein). Scale bar: 100 μm. (D) FLAG (green) and COXIV (red) 
immunofluorescence staining of HeLa cells overexpressing Empty-FLAG or FLAG-tagged SLC25A47. DAPI 
(blue) was used to stain nuclei. Scale bar: 50 μm. 



 31 

carrier) (Figure 2.4A). The analysis revealed a low sequence similarity (about 30%) between the 

sequences, indicating that SLC25 family is more similar in structure rather than sequence. We then 

obtained SLC25A47 structure by homology modeling with the first structurally characterized SLC25, 

the ADP/ATP carrier157 (SLC25A4, Figure 2.4B, C). The model showed a positively charged core 

that putatively allows the transport of negatively charged solutes (Figure 2.4B). Moreover, one 

portion of the protein sequence of SLC25A47 did not align with the other transporters (Figure 2.4B-

D), highlighting a unique feature of SLC25A47. This region of the protein consists of a 30 amino 

acid-long stretch, defining a loop protruding in the mitochondrial matrix (Fig. 2.4D). Preliminary in 

silico analysis showed a known consensus sequence (R-R-X-S)158 for PKA phosphorylation (Serine 

137, Figure 2.4D) within the unknown loop of this carrier, suggesting that, if verified, PKA-mediated 

phosphorylation can possibly control the opening/closing of the channel. 

 
Figure 2.4. SLC25A47 structure. (A) Protein sequence alignment between SLC25A47 and its closest 
homologs. (B-C) 3-D (B) and 2-D (C) structure of SLC25A47 obtained by homology modeling to SLC25A4, 
depicting the SLC25A47-specific loop (black rectangle). The red arrow indicates the interior of the channel 
observed from the mitochondrial matrix. (D) Protein sequence alignment between the loop region of SLC25A47 
and its closest homologs. The red rectangle shows the protein kinase A (PKA) consensus sequence only in 
SLC25A47. 

Subsequently, in order to investigate the role of SLC25A47 in hepatocytes, we performed gene 

module association determination (G-MAD) analysis using mouse liver data and gene/pathways 
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annotations159. This analysis revealed positive correlations between Slc25a47 and mitochondrial 

metabolic functions, such as mitochondrial protein complexes, TCA cycle, ETC, IMM, peroxisome 

proliferator-activated receptor (PPAR) signaling, lipid catabolism, and fatty acid oxidation (Figure 

2.5). Conversely, Slc25a47 negatively correlated with cell cycle and cholesterol biosynthesis (Figure 

2.5).  

 
Figure 2.5. Slc25a47 correlates with mitochondrial pathways. Gene module association determination (G-
MAD) analysis of Slc25a47 in mouse liver datasets displaying both positive and negative connection scores. 
The threshold of significant gene-module association (0.26) is indicated by the red dashed lines. Known 
modules connected to Slc25a47 from gene associations are shown with red dots, and other modules with 
scores over the threshold are shown as black dots. FA: fatty acid; TCA: tricarboxylic acid; ETC: electron 
transport chain; IMM: inner mitochondrial membrane; PPAR: peroxisome proliferator-activated receptor.  

Two earlier reports proposed that SLC25A47 can act as an uncoupler153,160. To further establish this 

point, we used a Crispr/Cas9 system (Crispr/dCas9) to boost the endogenous expression of 

Slc25a47 in AML12 cells (Figure 2.6A). A moderate, but significant, increase in respiration was found 

upon induction of Slc25a47 transcript levels (Figure 2.6B). In contrast to previous reports, however, 

overexpression of Slc25a47 stimulated coupled (ATP-linked, Figure 2.6C), but not uncoupled 

respiration (Figure 2.6C), and increased ATP levels (Figure 2.6D), suggesting that, in this 

experimental setup, SLC25A47 did not act as an uncoupler.  

 
Figure 2.6. In vitro Crispr-activation of Slc25a47. (A) Slc25a47 mRNA levels in Empty or Slc25a47 
Crispr/dCas9 AML12 cells (n=3). Data are relative to mRNA levels from Empty cells. (B) Oxygen consumption 
rate (OCR) measured in Empty or Slc25a47 Crispr/dCas9 AML12 cells (n=15). FCCP: Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone. (C) Proton leak (calculated by subtracting oligomycin to basal respiration) 
and ATP-linked respiration (obtained after oligomycin injection) in Empty or Slc25a47 Crispr/dCas9 AML12 
cells measured using Seahorse instrument (n=15). (D) Relative ATP levels measured in Empty or Slc2547 
Crispr/dCas9 AML12 cells (n=3). Data are relative to ATP levels from Empty cells.  Error bars represent mean 



 33 

± S.E.M. *p<0.05, **p<0.01 relative to Empty cells, as determined by unpaired Student’s t-test (A, C, D) or two-
way ANOVA and Bonferroni post-hoc correction (B). 

Collectively, our data reveal that SLC25A47 is an inner mitochondrial membrane transporter highly 

and exclusively expressed in hepatocytes, playing a putative critical role in hepatocytes, yet different 

from uncoupling. 

 

2.2 Slc25a47-deficient mice display hepatic metabolic dysregulation 
To better understand the role of SLC25A47 in hepatic metabolism, we crossed C57BL/6 Slc25a47-

floxed mice (Slc25a47lox/lox) with albumin (Alb) Cre mice (JAX stock #003574) to generate a new 

mouse line carrying a 

somatic deletion of 

Slc25a47 in hepatocytes 

(Slc25a47hep-/-).  RT-

qPCR (Figure 2.7A), 

immunoblotting (Figure 

2.7B), and RNAscope 

(Figure 2.7C) analyses 

confirmed deletion of the 

carrier in Slc25a47hep-/- 

livers. 8-week-old 

Slc25a47hep-/- male mice 

(fed a regular Chow diet) 

were distinctively 

shorter and lighter than 

their wild-type 

littermates (Figure 2.8A-

C), suggesting that 

hepatic deletion of this 

transporter has a broad impact on whole-body physiology.  Moreover, 8-week-old Slc25a47hep-/- male 

mice displayed a reduced liver to body weight ratio both in the fed and fasted state (Figure 2.8D). 

Furthermore, alanine transaminase (ALAT) and aspartate aminotransferase (ASAT) plasma levels 

were elevated, indicative of hepatic damage, which was more pronounced in the fasted state than 

when animals were fed ad libitum (Figure 2.8E-F).  

 

Figure 2.7. Slc25a47hep-/- mice validation. (A) Relative Slc25a47 mRNA level 
in different tissues from Slc25a47hep+/+ and Slc25a47hep-/- mice (9-week-old, n=8 
for liver, n=3 for other tissues). (B) Immunoblot validating the deletion of 
SLC25A47 in hepatic mitochondria from Slc25a47hep-/- mice (9-week-old mice, 
n=4). HSP90 is used as a mitochondrial loading control. (C) RNAscope images 
depicting Slc25a47 mRNA presence (red) only in the livers from Slc25a47hep+/+ 
mice. Nuclei are stained with DAPI (blue). Scale bar: 50 μm. Error bars 
represent mean ± S.E.M. ****p<0.0001 relative to Slc25a47hep+/+mice, as 
determined by unpaired Student’s t-test. 
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Figure 2.8. Deletion of Slc25a47 is detrimental to hepatic function. (A) Representative pictures of 
Slc25a47hep+/+ and Slc25a47hep-/- mice. Ruler represents 5 cm marks. (B) Body weight of 8-week-old 
Slc25a47hep+/+ (n=9) and Slc25a47hep-/- (n=8) mice. (C) Length (cm) of 8-week-old Slc25a47hep+/+ and 
Slc25a47hep-/- mice (n=9) measured from the nose to the tip of the tail. (D)  Liver weight normalized to body 
weight in fed and fasted Slc25a47hep+/+ and Slc25a47hep-/- mice (n=9). (E-F) Circulating plasma levels of hepatic 
markers alanine aminotransferase (ALAT, E) and aspartate transaminase (ASAT, F) in fed and fasted 
Slc25a47hep+/+ and Slc25a47hep-/- mice (n=7-8). Error bars represent mean ± S.E.M. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 relative to Slc25a47hep+/+mice, as determined by unpaired Student’s t-test. 

 

Of note, during fasting the livers of these Slc25a47hep-/- mice were paler suggestive of lipid 

accumulation (Figure 2.9A). Accordingly, light microscopy (Figure 2.9A), electron microscopy (EM) 

(Figure 2.9B), and biochemical analyses (Figure 2.9C-E) revealed abnormal lipid and cholesterol 

accumulation in the liver of both fed and fasted Slc25a47hep-/- mice, consistent with GMAD analysis 

(Figure 2.5). Moreover, in the fed state, EM images and biochemical quantification revealed a 

depletion of glycogen stores (Figure 2.9F-G) in Slc25a47hep-/- livers suggestive of dysregulated 

glucose management in hepatocytes. This observation prompted us to further assess the role of 

SLC25A47 in the regulation of glucose homeostasis. We found that fasted Slc25a47hep-/- mice were 

markedly hypoglycemic (Figure 2.9H). Interestingly, Slc25a47hep-/- mice displayed increased levels 

of circulating lactic acid in both fed and fasted state compared to their control littermates (Figure 

2.9I). To investigate whether the hypoglycemic phenotype could arise from an impairment in de novo 

glucose production, we subjected the mice to a pyruvate tolerance test (PTT). Glycemic excursion 

in response to pyruvate was significantly compromised in the Slc25a47hep-/- mice (Figure 2.9J). In 

sum, Slc25a47hep-/- mice display a wide range of metabolic alterations ranging from altered 

gluconeogenesis and liver lipid metabolism to decreased glycogen storage. 
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Figure 2.9. Hepatic deletion of Slc25a47 leads to a wide range of metabolic alterations. (A) 
Representative pictures of livers and their staining with hematoxylin/eosin (H&E) and oil red O (ORO) to 
visualize tissue structure and neutral lipids, respectively, from fasted Slc25a47hep+/+ and Slc25a47hep-/- mice. 
Scale bar: 20 μm. (B) Representative pictures of livers from fasted Slc25a47hep+/+ and Slc25a47hep-/- mice taken 
by transmission electron microscopy (EM). Magnifications (right panels) are delineated by the red square. LD: 
lipid droplet; ER: endoplasmic reticulum; N: nucleus; M: mitochondria. Scale bar: 5 μm. (C) Quantification of 
triglyceride (TG) content in hepatic lipid extracts from fed or fasted 8-week-old Slc25a47hep+/+ and Slc25a47hep-

/- (n=8-9) mice. (D) Hepatic cholesterol levels in 8-week-old fasted Slc25a47hep+/+ (n=9) and Slc25a47hep-/- (n=7) 
mice. (E) Lipid density in hepatocytes from fasted Slc25a47hep+/+ and Slc25a47hep-/- mice obtained by lipid 
droplet number per hepatocyte area on EM pictures (average of 30 hepatocytes in 2 biological replicates per 
genotype). (F) Representative pictures of livers from fed Slc25a47hep+/+and Slc25a47hep-/- mice taken by EM. 
The red square shows a magnification (right panels) to depict glycogen content (black dots) in a single 
hepatocyte. (G) Quantification of glycogen content in extracts from control (n=3) and Slc25a47-deficient (n=4) 
livers (from 8-week-old mice). (H) Blood glucose levels in fasted 12-week-old Slc25a47hep+/+ and Slc25a47hep-

/- mice (n=8). (I) Circulating lactic acid measured in the plasma of 8-week-old fed and fasted Slc25a47hep+/+ 
and Slc25a47hep-/- mice (n=7). (J) Blood glucose levels over time measured during pyruvate tolerance test 
(PTT) in 10-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice (n=8). Error bars represent mean ± S.E.M. 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 relative to Slc25a47hep+/+ mice, as determined by unpaired 
Student’s t-test (C, D, E, G, H, I) or two-way ANOVA and Bonferroni post-hoc correction (J). 
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2.3 Hepatic Slc25a47 deficiency leads to impaired mitochondrial 
respiration 

We next interrogated if a chronic energy deficiency in Slc25a47hep-/- hepatocytes due to mitochondrial 

dysfunction could underlie the broad and diverse metabolic phenotypes described above. In line with 

this assumption, ATP levels were strongly diminished in the livers of 8-week-old Slc25a47hep-/- male 

mice (Figure 2.10A) suggesting impaired OXPHOS. To assess the role of SLC25A47 in regulating 

mitochondrial function, we performed high-resolution respirometry assays on liver lysates and 

isolated mitochondria from fed and fasted Slc25a47hep-/- mice and their control littermates. We used 

a combination of drugs and substrates to assess leaked and coupled, complex I- and complex II-

driven respiration. Compared to Slc25a47hep+/+ mice, liver and mitochondrial extracts from fed and 

fasted Slc25a47hep-/- mice respired significantly less, even in the presence of the complex I inhibitor, 

Rotenone (ROT) (Figure 2.10B-E). Importantly, the defect in respiration did not appear to be 

restricted to any given complex or limited to coupled or uncoupled respiration. In line with our cellular 

data (Figure 2.6B, C), addition of the chemical uncoupling agent FCCP failed to rescue the 

respiratory phenotype observed in mitochondria isolated from Slc25a47hep-/- livers, confirming that 

SLC25A47 do not show uncoupling function. We then extended these results by assessing the fatty 

acid oxidation potential of Slc25a47hep-/- mitochondria and found that palmitoyl- and octanoyl-

carnitine (C-POM)-driven respiration was also severely impaired in mitochondria extracted from 

Slc25a47hep-/- livers (Figure 2.10F). Taken together, our results demonstrate that Slc25a47hep-/- livers 

suffer from a shortage of cellular ATP as a consequence of impaired respiration most likely arising 

from a global mitochondrial defect. SLC25A47 seems thus essentially required for proper 

mitochondrial respiration in the liver.   
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Figure 2.10. Slc25a47hep-/- mice display hepatic mitochondrial dysfunction. (A) Relative ATP levels 
assessed in whole liver lysate from fed and fasted 8-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice and 
normalized to Slc25a47hep+/+ ATP content (n=5-6). (B) Time course (left) and bar graph quantification (right) 
representing OCR of freshly isolated mitochondria from livers of fed 8-week-old Slc25a47hep+/+ and 
Slc25a47hep-/- mice (n=5). PMG: Pyruvate, Malate, Glutamate; SUC: Succinate, ROT: Rotenone, OLIGO: 
Oligomycin.  (C) Time course oxygen consumption rate (OCR) of liver homogenate from fasted 9-week-old 
Slc25a47hep+/+ and Slc25a47hep-/- mice normalized on mtDNA content (16S) (left) or citrate synthase (CS) (right) 
(n=8). (D, E) Time course (D) and bar graph quantification (E) representing OCR of freshly isolated 
mitochondria from livers of fasted 8-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice (n=8). CI (with ADP): 
Complex I substrates (PMG) in the presence of ADP. State3ADP corresponds to ADP-stimulated respiration 
obtained with PMG, Succinate, Rotenone, and ADP.  (F) Time course and bar graphs representing OCR of 
freshly isolated mitochondria from livers of fasted 8-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice (n=8). C-
POM: palmitoyl- and octanoyl-carnitine with malate. FAO: Fatty acid oxidation substrates (C-POM) were added 
in the presence of ADP. Error bars represent mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 
relative to Slc25a47hep+/+ mice, as determined by unpaired Student’s t-test (A, E and bar graphs in B, F) or 
two-way ANOVA and Bonferroni post-hoc correction (B, C, D, F). 
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2.4 Slc25a47 deficiency leads to a strong induction of the 
mitochondrial stress response 
We then performed RNA-seq analysis on livers from fasted and ad libitum fed 9-week-old 

Slc25a47hep-/- and Slc25a47hep+/+ mice in order to investigate the molecular responses triggered by 

SLC25A47 LOF. Principal component analysis (PCA) revealed a marked separation between the 

two genotypes suggesting robust transcriptional changes induced upon loss of hepatic Slc25a47 

(Figure 2.11A). Gene set enrichment analysis (GSEA) indicated that the mitochondrial stress 

response (MSR) was the most significantly enriched signature in our dataset in both fed and fasted 

state (Figure 2.11B, C). The MSR is a highly conserved pathway triggered by various mitochondrial 

stressors that activates a wide range of factors to restore normal mitochondrial functions54. 

Accordingly, the transcriptome of Slc25a47hep-/- livers was characterized by a strong upregulation of 

mitochondrial stress markers, including TFs (Atf3, Atf4, Atf5, Ddit3 or Chop), enzymes (Asns, Pck2) 

and transporters (Slc1a4, Slc1a5) (Figure 2.11D, E).  

 

 
Figure 2.11. Loss of hepatic SLC25A47 triggers the mitochondrial stress response. (A) Principal 
component analysis (PCA) performed on RNA-seq data of livers from fed and fasted 9-week-old Slc25a47hep+/+ 

(WT) and Slc25a47hep-/- (KO) mice (n=4). (B-C) Gene Set Enrichment Analysis (GSEA) from RNA-seq data, 
showing mitochondrial stress response as the most enriched pathway in KO compared to WT livers in both 
fasted (B) and (C) fed state. *qvalue<0.05, **qvalue<0.01. NES: normalized enrichment score. (D-E) Volcano 
plots representing all the significantly downregulated (blue) and upregulated (red) genes in the liver from fasted 
(D) or fed (E) 9-week-old KO mice compared to controls. The displayed names represent mitochondrial stress 
genes. Mitokine genes are highlighted in bold. FC: fold change. 
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The MSR encompasses and overlaps with the UPRmt, activated to restore protein homeostasis upon 

mitochondrial protein misfolding58,161. RNA and protein levels of the prototypical UPRmt mediators, 

such as mitochondrial heat shock proteins (Hspa9, Hspd1, Hspa1a) and proteases (Yme1l1, Lonp1) 

were robustly induced in Slc25a47hep-/- livers in both fasted and fed state (Figure 2.12A, B). In addition 

to cell-autonomous communication from mitochondria to the nucleus, mitochondrial stress is also 

typified by the expression, and secretion, of non-cell-autonomous factors that mediate inter-tissue 

communication to integrate the cellular mitochondrial stress response within a global metabolic 

reprogramming of the organism54,57,162. These factors are referred to as mitokines and were first 

described in invertebrates163,164. In mammals, FGF21165–167, GDF1580 and ADM2117,118 are the best 

characterized. All three mitokines were strongly induced in the livers of Slc25a47hep-/- mice (Figure 

2.11D, E) but FGF21 seemed to be the main secreted factor, as evidenced by its plasma levels in 

both fasted and fed conditions (Figure 2.12C). Collectively, our data demonstrate that Slc25a47 LOF 

has a profound impact on mitochondrial homeostasis and leads to potent and chronic activation of 

the MSR. This results in the hepatic secretion of mitokines, that communicate the MSR to distant 

tissues with potential effects on whole-body physiology.  

 

 
Figure 2.12. Loss of hepatic SLC25A47 triggers the mitochondrial stress response. (A-B) Relative gene 
expression (A, n=6-10) and immunoblot (B, n=4) of prototypical mitochondrial unfolded protein response 
(UPRmt) mediators from livers of fasted and fed 8-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice.  (C) Plasma 
quantification of FGF21, GDF15 and ADM2 mitokines in fasted and fed 8-week-old Slc25a47hep+/+ (n=8) and 
Slc25a47hep-/- (n=7) mice. n.d: not detected.  Error bars represent mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 
and ****p<0.0001 relative to Slc25a47hep+/+ mice, as determined by unpaired Student’s t-test. 
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2.5 Partial ablation of Slc25a47 is sufficient to trigger mitochondrial 
dysfunction 
To study whether a modulation of Slc25a47 expression could lead to the metabolic alterations 

observed in Slc25a47hep-/- mice, we took advantage of the Slc25a47 heterozygous (Slc25a47hep+/-) 

mice, which carry a single allele of the gene. These mice showed a partial (~50%) reduction in 

Slc25a47 mRNA levels (Figure 2.13A), without displaying differences in body weight, stature or liver 

over body weight ratio compared to control littermates (Figure 2.13B-D). Nevertheless, as 

Slc25a47hep-/- mice (Figure 2.9), Slc25a47hep+/- mice showed reduced hepatic de novo glucose 

production (Figure 2.13E) and increased plasma lactic acid levels (Figure 2.13F). Moreover, 

heterozygous livers presented reduced mitochondrial respiration (Figure 2.13G) and decreased ATP 

content compared to controls. Interestingly, Slc25a47hep+/- mice showed a mild induction of the 

prototypical UPRmt genes and a significant increase of FGF21 levels (Figure 2.13J).  

 

 
Figure 2.13. Slc25a47 heterozygous mice. (A) Relative hepatic levels of Slc25a47 in 8-week-old fasted 
Slc25a47hep+/+ and heterozygous Slc25a47hep+/- mice (n=6). (B-D) Body weight (B), length (C) and liver over 
body weight ratio (D) of 8-week-old fasted Slc25a47hep+/+ and Slc25a47hep+/- mice (n=7-8). (E) Blood glucose 
levels during pyruvate tolerance test (PTT) in Slc25a47hep+/+ and Slc25a47hep+/- mice (n=8). (F) Plasma lactate 
levels in fasted and fed 8-week-old Slc25a47hep+/+ and Slc25a47hep+/- mice (n=6). (G) Oxygen consumption rate 
(OCR) in freshly isolated mitochondria from livers of mice described in panel A (n=6). (H) Relative hepatic ATP 
levels in mice described in panel A (n=4-6). (I) Relative hepatic mRNA levels of prototypical UPRmt markers in 
fasted mice (n=6). (J) Relative hepatic mRNA levels (left) and plasma levels of FGF21 in mice described in 
panel A (n=4-6). Error bars represent mean ± S.E.M. *p<0.05, **p<0.01 relative to Slc25a47hep+/+ mice, as 
determined by unpaired Student’s t-test (A-D, F, H-J) or two-way ANOVA and Bonferroni post-hoc correction 
(E, G). 
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2.6 FGF21-dependent systemic phenotypes upon loss of Slc25a47 
Because FGF21 plasma levels were very high in the Slc25a47hep-/- and Slc25a47hep+/- mice, we 

examined the molecular link between the loss of this carrier and the induction of this mitokine. We 

first performed an in silico analysis of the murine Fgf21 promoter region and found putative binding 

sites for over 30 transcription factors (top 10 TFs depicted in Figure 2.14A).  We then reused our 

RNA-seq data, from Slc25a47hep-/- mice (Figure 2.11), to perform correlation analyses between these 

transcription factors and Fgf21 mRNA levels. We found that the stress-induced proteins ATF4 and 

ATF5 strongly correlated with Fgf21, suggesting a causative link between these transcription factors 

and the induction of this mitokine (Figure 2.14B). This was confirmed by chromatin 

immunoprecipitation (ChIP) assays, which revealed a robust recruitment of both ATF4 and ATF5 to 

the Fgf21 promoter specifically in Slc25a47hep-/- livers (Figure 2.14C).  

 

 
Figure 2.14. Fgf21 upregulation in Slc25a47hep-/- mice is mediated by ATF4 and ATF5. (A) 10 most 
statistically significant transcription factors (TF) binding the Fgf21 promoter obtained through motif 
enrichment analysis. (B) Pearson’s correlation analysis between transcription factors (TFs) and Fgf21 
obtained using RNAseq data from livers of both fed and fasted Slc25a47hep+/+ and Slc25a47hep-/- mice. (C) 
Chromatin immunoprecipitation (ChIP) for ATF4 and ATF5 followed by qPCR on two binding sites (Fgf21_1 
and Fgf21_2) on the Fgf21 promoter, showing increased binding for both TFs in Slc25a47hep-/- compared to 
control mice. IgG was used as negative control for the ChIP. Error bars represent mean ± S.E.M. *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001 relative to Slc25a47hep+/+ mice, as determined by one-way ANOVA. 

 

We, thus, concluded that the mitochondrial stress triggered by the loss of SLC25A47 led to an 

induction of Fgf21 mediated by the stress-related factors ATF4 and ATF5. FGF21 mediates a 

multitude of metabolic actions, ranging from the regulation of food intake to the control of lipid and 

glucose homeostasis, and beiging of white adipose tissue (WAT) and its chronic upregulation is 

known to induce a profound and persistent hypermetabolic state166,168.  

To investigate the contribution of FGF21 on the metabolic phenotypes observed in Slc25a47hep-/- 

mice, we generated a new mouse line in which both Slc25a47 and Fgf21 were genetically ablated 

in hepatocytes of C57BL/6 mice (Slc25a47-Fgf21hep-/-, Figure 2.15 A, B) and conducted complete 

metabolic phenotyping of these animals (Figure 2.16, 2.17). 
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Figure 2.15. Validation of Slc25a47-Fgf21hep-/- mice. (A) Relative mRNA levels of Slc25a47 in livers from 
control (Ctrl), Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice (n=3-5). (B) Relative hepatic mRNA (left) 
and plasma protein (right) levels of FGF21 from fasted Ctrl, Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- 
mice. Error bars represent mean ± S.E.M. **p<0.01, ***p<0.001 and ****p<0.0001 relative to Ctrl mice, as 
determined by one-way ANOVA and Tukey’s multiple comparison test. 

 

Most of the morphological and systemic phenotypes of Slc25a47hep-/- mice were fully rescued in 

double-mutant mice. In particular, body length (Figure 2.16A, B) and body weight (Figure 2.16C) 

were normal in 8-week-old control and Slc25a47-Fgf21hep-/- animals, while abnormally reduced in 

Slc25a47hep-/- mice. Similarly, food intake was markedly increased in Slc25a47hep-/- animals while 

completely normalized upon double ablation of Slc25a47 and Fgf21 (Figure 2.16D).  

 

 
Figure 2.16. FGF21-dependent phenotypes in Slc25a47hep-/- mice. (A) Representative pictures of Ctrl, 
Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice. The ruler shows 4 cm marks. (B, C) Length (measured 
from the nose to the tip of the tail) (B) and body weight (C) of 8-week-old Ctrl, Slc25a47hep-/-, Fgf21hep-/- and 
Slc25a47-Fgf21hep-/- mice (n=3-10) (D) Cumulative food intake over time (24h) measured in 17-week-old mice 
(n=8). The grey rectangle represents the dark/night phase. Error bars represent mean ± S.E.M. **p<0.01, 
***p<0.001 and ****p<0.0001 relative to Ctrl mice, as determined by one-way ANOVA and Tukey’s multiple 
comparison test (B, C) or two-way ANOVA and Bonferroni post-hoc correction (D). Asterisks in panel D 
represent only Slc25a47hep-/- versus Ctrl.   

 
The combination of reduced body weight and increased food intake in Slc25a47hep-/- mice prompted 

us to investigate energy homeostasis in these animals. Consistent with the physiological role of 

FGF21, Slc25a47hep-/- mice presented a profound beiging of subcutaneous WAT (scWAT, Figure 

2.17A), which involved the activation of brown-fat specific genes in white adipocytes (Figure 2.17B). 
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This phenomenon was associated with a strong increase in energy expenditure (EE) both during the 

day and night (Figure 2.17C) which was not linked to increased activity (Figure 2.17D). In contrast, 

scWAT beiging and EE were normal in Slc25a47-Fgf21hep-/- animals (Figure 2.17 A-D). Altogether, 

these results support a model in which the profound hepatic mitochondrial stress induced in 

Slc25a47hep-/- livers triggers an FGF21-driven hypermetabolic phenotype in Slc25a47hep-/- mice.  

 

 
Figure 2.17. FGF21 drives the hypermetabolic phenotype in Slc25a47hep-/- mice. (A) Representative 
pictures of subcutaneous white adipose tissue (scWAT) stained with H&E to visualize the tissue structure in 
8-week-old fasted Ctrl, Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice. Scale bar: 20 μm. (B) Relative 
gene expression of beiging markers in scWAT of mice described in panel A (n=5). (C) Energy expenditure 
(EE) measured in 13-week-old mice (n=8). The grey rectangle represents the dark/night phase. The bar graph 
shows the average EE during the light (DAY) or dark (NIGHT) phase. (E) Total locomotor activity (obtained as 
a sum of XT and YT counts) in 13-week-old mice measured in the TSE System (n=8). Error bars represent 
mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001, as determined by one-way ANOVA and 
Tukey’s multiple comparison test (B, bar graph in C) or two-way ANOVA and Bonferroni post-hoc correction 
(C, D). Asteriks in C represent only Slc25a47hep-/- versus Ctrl.  

 

2.7 FGF21-independent hepatic phenotypes upon loss of Slc25a47 
Contrary to what we observed at the systemic level, the liver-specific phenotypes of Slc25a47hep-/- 

animals remained after the genetic deletion of Fgf21. In particular, 8-week-old male single 

Slc25a47hep-/- and double Slc25a47-Fgf21hep-/- mice were similarly affected by a strong decrease in 

the liver to body weight ratio (Figure 2.18A-B) and displayed comparable changes in histological 

representations, liver triglyceride (TG) (Figure 2.18A, C) and ALAT/ASAT (Figure 2.18D) levels upon 

fasting.  
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Figure 2.18. Slc25a47-Fgf21hep-/- mice present FGF21-independent phenotypes. (A) Representative 
pictures of livers and their staining with hematoxylin and eosin (H&E) and Oil Red O (ORO) from Ctrl, 
Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice. Scale bar 20 μm.  (B)  Liver weight normalized on 
body weight in fasted 8-week-old Ctrl (n=8), Slc25a47hep-/- (n=9), Fgf21hep-/- (n=9) and Slc25a47-Fgf21hep-/- 
(n=7) mice. (C) Hepatic triglyceride (TG) content in mice described in panel B (n=4). (D) Circulating plasma 
levels of ALAT and ASAT in 22-week-old fasted mice (n=6). Error bars represent mean ± S.E.M. *p<0.05, 
**p<0.01 and ***p<0.001 as determined by one-way ANOVA and Tukey’s multiple comparison test (B-D). 

 

All phenotypes associated with glucose homeostasis were also independent of FGF21 expression 

and its induction of scWAT beiging. Indeed, single Slc25a47hep-/- and double Slc25a47-Fgf21hep-/- 

mice displayed similar improved glucose clearance rates during oral glucose tolerance test (OGTT, 

Figure 2.19A). Accelerated glucose clearance can be indicative of increased insulin sensitivity or 

increased glucose consumption through enhanced glycolytic fluxes in metabolically active organs. 

To distinguish between these two possibilities, we subjected our transgenic animals to an insulin 

tolerance test (ITT) after mild (6-hour) fasting. Before insulin injection, single Slc25a47hep-/- and 

double Slc25a47-Fgf21hep-/- mice were already strikingly hypoglycemic (Figure 2.19B-C) but 

responded similarly to the actions of insulin (Figure 2.19B) demonstrating normal insulin signaling in 

Slc25a47-deficient animals. We then explored whether the impaired mitochondrial activity in 

SLC25A47-depleted livers forces hepatocytes to rely more on glycolytic metabolism. In line with this 

hypothesis, hepatic ATP levels were robustly reduced in both single Slc25a47hep-/- and double 

Slc25a47-Fgf21hep-/- mice (Figure 2.19D). Moreover, genetic ablation of Fgf21 in Slc25a47hep-/- mice 

failed to rescue the defects in mitochondrial respiration (Figure 2.19E). Both mouse lines also 

displayed elevated plasma lactate levels during OGTT (Figure 2.19F). Additionally, glycemic 

excursion after oral pyruvate administration (PTT, Figure 2.19G) was no longer observed in both 

single Slc25a47hep-/- and double Slc25a47-Fgf21hep-/- mice suggesting that ATP depletion in the liver 

of SLC25A47-deficient mice impairs normal gluconeogenesis, a hypothesis in line with the fasting-

induced hypoglycemia observed in both Slc25a47hep-/- and Slc25a47-Fgf21hep-/- mice. Collectively, 

these data demonstrate that deletion of Slc25a47 has a broad metabolic impact not only in the liver, 

but also on the whole organism. While several of the hypermetabolic phenotypes could be attributed 
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to chronic FGF21 signaling, those involved in glycemic control remain defective, even after removal 

of FGF21.  

 

 
Figure 2.19. Slc25a47-Fgf21hep-/- mice present FGF21-independent phenotypes. (A-B) Blood glucose 
levels measured during an oral glucose tolerance test (OGTT) (A) and insulin tolerance test (ITT) (B) in 12- 
and 15-week-old Ctrl, Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice, respectively (n=8).  (C) Blood 
glucose levels measured after 6 hours fasting (7am-1pm) in Ctrl, Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-
Fgf21hep-/- mice (n=7-8). (D)  Relative ATP levels in whole liver lysate from fasted 22-week-old Ctrl (n=7), 
Slc25a47hep-/- (n=6), Fgf21hep-/- (n=7) and Slc25a47-Fgf21hep-/- (n=7) mice.  (E) Time course (left) and bar graphs 
(right) representing OCR of freshly isolated hepatic mitochondria from 22-week-old fasted Ctrl (n=6), 
Slc25a47hep-/- (n=5), Fgf21hep-/- (n=6), and Slc25a47-Fgf21hep-/-(n=5) mice. (F) Blood lactate levels measured 
during OGTT in Ctrl, Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice, respectively (n=6). (G) Blood 
glucose levels measured during pyruvate tolerance test (PTT) in 20-week-old Ctrl, Slc25a47hep-/-, Fgf21hep-/- 
and Slc25a47-Fgf21hep-/- mice (n=8). AUC: area under the curve. Error bars represent mean ± S.E.M. For bar 
graphs in C, D, E, F, G: *p<0.05, **p<0.01 and ***p<0.001 as determined by one-way ANOVA and Tukey’s 
multiple comparison test. For time course graphs in A, B, E, F, G: *p<0.05, **p<0.01and ***p<0.001 for 
Slc25a47hep-/- vs Ctrl; &p<0.05, &&p<0.01and &&&p<0.001 for Slc25a47-Fgf21hep-/- vs Ctrl as determined by 
two-way ANOVA and Bonferroni post-hoc correction. 

 
2.8 Disruption of SLC25A47 in hepatocytes predisposes to liver 
fibrosis 
To gain insights into the mechanism leading to liver injury in Slc25a47hep-/- mice (Figure 2.8E-F), we 

performed cell type enrichment analysis on our RNA-seq data (Figure 2.20A). This analysis revealed 
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the presence of numerous inflammatory cells in the liver of knock-out animals (KO) along with an 

up-regulation of hepatic stellate cells (Figure 2.16A) suggesting a possible link between SLC25A47 

LOF and hepatic fibrosis. To confirm this observation, we performed Sirius red staining and qRT-

PCR on livers of young (8 weeks), mid-aged (32 weeks), and old (80 weeks) Slc25a47hep-/- mice and 

control littermates (Figure 2.20B-D, Chow diet). Chronic loss of SLC25A47 was sufficient to trigger 

age-dependent collagen deposition and induce signs of inflammation, as shown by Sirius Red 

staining and gene expression analysis (Figure 2.20B-D). 

 

 
Figure 2.20. Chronic deletion of SLC25A47 leads to a fibrotic phenotype. (A) Cell type enrichment 
analysis from 8-week-old Slc25a47-deficient (KO) and Slc25a47hep+/+ (WT) livers. *qvalue<0.05, 
**qvalue<0.01, ***qvalue<0.001. (B) Representative pictures of livers stained with Sirius red to visualize 
hepatic fibrosis (collagen – in red) from fasted 8-week, 32-week and 80-week-old Slc25a47hep+/+ and 
Slc25a47hep-/- mice (Chow Diet). The arrows indicate collagen deposition. Scale bar: 50 μm. (C-D) Relative 
hepatic mRNA levels of genes related to fibrosis and inflammation in 32- (C) and 80-week old (D) 
Slc25a47hep+/+ and Slc25a47hep-/- mice (Chow Diet, n=6-10). Error bars represent mean ± S.E.M. *p<0.05, 
**p<0.01 and ****p<0.0001 relative to Slc25a47hep+/+ mice, as determined by unpaired Student’s t-test. 

 

We then challenged the knock-out animals with a pro-fibrotic, high-fat high-sucrose (HFHS) diet to 

further exacerbate the metabolic pressure in the liver. Slc25a47hep-/- livers were much more inflamed 

than controls and displayed fibrosis, as shown by histological staining and gene expression levels 

for collagen deposition and immune cells infiltration markers (Figure 2.21A-B). These molecular and 

histological markers indicate that Slc25a47hep-/- mice are predisposed to develop non-alcoholic 
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steatohepatitis (NASH) and hepatic fibrosis. Interestingly, Slc25a47 hepatic deletion protected the 

mice against obesity (Figure 2.21C) and diabetes (Figure 2.21D-F) in accordance with their 

increased energy expenditure (Figure 2.17C) and improved glycemic profile (Figure 2.19) observed 

in normal Chow diet.  

 

 
Figure 2.21. Disruption of SLC25A47 in hepatocytes predisposes to liver fibrosis. (A)  Representative 
images of hepatic tissue stained for F4/80 and CD45 positive cells, Masson’s trichrome, and Sirius red in high-
fat high-sucrose (HFHS) diet fed Slc25a47hep+/+ and Slc25a47hep-/- 22-week-old mice. Scale bar: 50 μm. Arrows 
indicate F4/80 and CD45 positive cells. (B) Relative hepatic mRNA levels of genes related to fibrosis and 
inflammation from 22-week-old HFHS diet fed Slc25a47hep+/+ and Slc25a47hep-/- mice (n=6-8). (C) Body weight 
measurement curve during HFHS diet feeding in Slc25a47hep+/+ (n=10) and Slc25a47hep-/- (n=9) mice. HFHS 
diet started at week 1. (D, E, F) Blood glucose levels during oral glucose tolerance test (OGTT, D), insulin 
tolerance test (ITT, E) and pyruvate tolerance test (PTT, F) in 12-, 15-, 20-week-old Slc25a47hep+/+ and 
Slc25a47hep-/- mice (n=8), respectively. Error bars represent mean ± S.E.M. *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001, as determined by unpaired Student’s t-test (B) or two-way ANOVA and Bonferroni post-hoc 
correction (C-F). 
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CHAPTER 3  Experimental 
procedures 
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Animal studies.  C57BL/6 Slc25a47tm1a(EUCOMM)Hmgu were obtained from the European Mouse Mutant 

Cell Repository (EuMMCR); in this model, a LoxP- and FRT-flanked neomycin resistance cassette 

is inserted upstream of exon 5 of Slc25a47. LoxP sites are inserted upstream of exon 5 and 

downstream of exon 6, thus flanking exons 5 and 6. Slc25a47tm1a(EUCOMM)Hmgu were crossed with 

CMV-Flp mice (The Jackson Laboratories, JAX stock #012930) to remove the neomycin cassette 

leaving exons 5 and 6 floxed (Slc25a47tm1c(EUCOMM)Hmgu, also referred to as Slc25a47flox/flox mice). 

These 2 exons encode most of the protein (209/310 amino acids). Slc25a47tm1c(EUCOMM)Hmgu mice 

were then crossed with an Alb-Cre recombinase mouse line (The Jackson Laboratories, JAX stock 

#003574) to generate Slc25a47hep–/– mice harboring a hepatocyte-specific deletion of Slc25a47 (Fig. 

3.1A). Slc25a47-Fgf21hep–/– animals were obtained by crossing Slc25a47hep–/– with Fgf21flox/flox mice 

(The Jackson Laboratories, JAX stock #022361; Fig. 3.1B). Mice were housed with ad libitum access 

to water and food (chow diet, Safe 150 or high-fat high-sucrose diet, Envigo TD.08811) and kept 

under a 12-hour dark/12-hour light cycle (7 pm/7 am) with a temperature of 22°C±1°C and a humidity 

of 60%±20%. Only male mice were used in this study. For fasting protocols, mice were fasted 

overnight (from 6 pm until 9am) before euthanizing. For fed experiments, food was removed at 7am 

(beginning of the light phase) and mice were euthanized 2 hours later (9 am). For fed electron 

microscopy (EM) analysis, food was not removed. For the high-fat high-sucrose (HFHS) diet study, 

8-week-old mice were fed HFHS diet for 14 weeks. 

 
Figure 3.1. Animal models used in the study. (A) Gene targeting and conditional deletion of exons 5 and 6 
of the Slc25a47 gene to generate Slc25a47hep+/+ and Slc25a47hep–/– mice. (B) PCR genotyping results for 
control (Ctrl), Slc25a47hep-/-, Fgf21hep-/- and Slc25a47-Fgf21hep-/- mice. The PCR bands show the DNA 
amplification of Cre (320bp, internal control: 250bp), Slc25a47 (Wild-type: 323bp, Floxed (loxP): 270bp), Fgf21 
(Wild-type: 179bp, loxP: 352bp).   

 

Tolerance Tests 

For Pyruvate Tolerance Test (PTT) and Insulin Tolerance Test (ITT), food was removed from 8 am 

until 2 pm (6-hour mild fasting) and mice were single-caged before oral gavage of 2g/Kg sodium 

pyruvate or to intraperitoneal injection of 0.5 IU insulin/Kg, respectively. For Oral Glucose Tolerance 

Test (OGTT), mice were fasted overnight as described above and single-caged before the 
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experiment; 2g/Kg of glucose were administered by oral gavage. In all the tolerance tests, glucose 

levels were measured with a glucometer at time: 0 (i.e before injection/gavage) and 15, 30, 45, 60, 

90 minutes after injection/gavage. For OGTT, glycemia levels were also measured 120 minutes after 

gavage and additional blood was collected with a capillary tube at time 0, 15, 30, 60 minutes.  

Indirect calorimetry 

The indirect calorimetry experiment was performed using the Promethion System (Sable Systems 

International). Each mouse was individually placed in a cage with normal bedding and free access 

to food and water during the test, which lasted approximately 48 hours (24 hours of acclimation and 

24 hours of measurement in normal feeding conditions). The system was set to have 12/12 hours 

light/dark cycle. Data were normalized on metabolic body mass (body weight, BW0.75). 

Food intake recording 

Food intake was recorded at regular intervals (20 minutes) using a TSE PhenoMaster system (TSE 

Systems GmbH, Germany). Each mouse was placed individually in a cage with normal bedding and 

free access to food and water during the test, which lasted approximately 48 hours (24 hours of 

acclimation and 24 hours of measurement in normal feeding conditions). The system was set to have 

12/12 hours light/dark cycle.  

Study approval  

All animal procedures were approved by the Swiss authorities (Canton of Vaud, animal protocols 

#3221, #3221.1) and performed in accordance with our institutional guidelines.  

 

Cell culture. HeLa cell lines were obtained from American Type Culture Collection (ATCC) and 

cultured in DMEM with glucose (4.5 g/l), 10% fetal bovine serum (FBS), and penicillin-streptomycin 

(10 mg/ml) under standard conditions (37°C, 5% CO2, humidified incubator).  

For immunostaining, 30’000 cells/well were plated on a glass coverslip in a 12 well plate. After 24h 

cells were transfected using JetPEI® DNA transfection reagent (Polyplus transfection) with pCMV6-

mSlc25a47mycDDK (Origene, MC212109) or pCMV6-empty-flag plasmids. 24h after, cells were 

fixed with 1X Formal-Fixx (Thermo Scientific) for 15min. After 15min of permeabilization with 0.5% 

Triton X-100, cells were blocked in Phosphate-Buffered Saline (PBS) supplemented with 3% FBS 

for 1h and immunostained overnight at 4 °C with anti-FLAG (Sigma, F7425) and anti-CoxIV (Abcam, 

ab33985) antibodies (1:250). The secondary antibody was coupled to an Alexa-488 or Alexa-568 

fluorochrome (Thermo Scientific) and nuclei were stained with DAPI (Invitrogen, D1306). After 

washing in PBS, cell slides were mounted with DAKO mounting medium (DAKO, S3023) and 

analyzed with Zeiss LSM 700 confocal microscope (Carl Zeiss MicroImaging) equipped with a Plan-

Apochromat 63x/1.40 oil immersion objective lens using 488nm and 555nm lasers.  

Generation of Slc25a47 overexpressing cells 

Endogenous overexpression of Slc25a47 was obtained through CRISPR/dCas9-VP64 activation 

system169. Slc25a47 single-guide (sg)RNA sequence (GCCACACTCACATGCCCCACA) was 



 51 

cloned into (lenti SAM v2, Addgene #75112) using BsmBI restriction sites and used for lentiviral 

particles production as follows:  HEK293 T cells were grown in DMEM supplemented with 10% FBS 

and 1% penicillin/streptomycin (in 37°C, 5% CO2, humidified incubator) and seeded at 50-80% 

confluency. Cells were then transfected with Slc25a47 or Empty control (lenti SAM v2) together with 

psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) plasmids, using TransIT-X2 

transfection reagent (Mirusbio, #MIR6000) following the manufacturer’s instructions. The medium 

was changed 24 hours after transfection and the virus-containing supernatant was collected and 

filtered (0.45 µm filter, Millipore) 48-hours post-transfection. Target AML12 cells were infected in 

lentiviral particles-containing medium supplemented with hexadimethrine bromide (10 µg/ml 

Polybrene, Sigma #H9268). 48 hours post-infection, the medium was replaced and cells were 

selected by adding 2.5 µg/ml blasticidin (Sigma, #15205) in culture medium (DMEM/F12 Ham 

mixture with 10% FBS, 400 μl of gentamicin solution (50 mg/ml, Sigma), 100mM dexamethasone 

and insulin, transferrin and selenium supplement, Roche). Cells were kept in culture for one week 

and the surviving colonies were expanded and screened by qRT-PCR as described below. 

 

Western Blotting. Liver tissues or mitochondrial pellets were homogenized with RIPA buffer (50mM 

Tris-HCl pH7.4, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 2 mM EDTA and 

50 mM NaF) supplemented with 1 mM PMSF and protease and phosphatase inhibitor cocktails 

(Roche). Before running SDS-PAGE, whole liver protein lysates were boiled for 5 min 95°C. The 

following antibodies were used for immunoblotting: SLC25A47 (custom antibody manufactured by 

YenZym Antibodies LCC; Novus Biologicals, #NB100-57843), HSP70 (Abcam, #ab2787), 

VINCULIN (Abcam, #ab129002), HSP90 (BD Biosciences #610418), YME1L1 (Cusabio, 

#PA026267GA01HU), HSPA9 (Antibodies online, #ABIN361739), LONP1 (Sigma, #HPA002192) 

and GAPDH (Santa Cruz Biotechnology, #sc-365062).  

 

Chromatin immunoprecipitation (ChIP)-PCR. ChIP analysis was performed as previously 

described170. ChIPed DNA was purified using the PCR clean-up extraction kit (Macherey-Nagel), 

after which qPCR was performed as described below (“mRNA analysis”). ChIP data were normalized 

to the input (Fold differences=2 - (Ct-sample - Ct-input)). ChIP primer sequences (from171) were used to 

amplify the distal (Fgf21_1; -1060/-981) and the proximal (Fgf21_2; -168/-81) ATF4/5 binding sites 

within the mouse FGF21 promoter. Primers are listed in the Table 3.1. For ATF4 and ATF5 ChIP 

assays ATF4 (Cell Signaling #11815S) and ATF5 (Abcam #ab184923) antibodies were used. IgG 

antibody (Cell Signaling #2729) was used as negative control. 

 

mRNA analysis. RNA was extracted from the tissues of the mice using TRIZOL (Invitrogen) and 

purified with the RNeasy MinElute cleanup kit (Qiagen) following the manufacturer’s instructions. For 

quantitative reverse transcription (RT) qPCR, cDNA was generated using the QuantiTect® Reverse 
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Transcription Kit (Qiagen) and analyzed by RT-qPCR (SYBR Green chemistry) using a LightCycler® 

480 Real-Time PCR System (Roche) and the primers listed in Table 3.1. qPCR results were 

presented relative to the mean of 36b4 or B2m (ΔΔCt method). 

 

Mitochondria isolation. Mitochondria were isolated from livers or cells as previously described172. 

Pellets of mitochondria were resuspended in RIPA buffer for Western Blot (refer to Western Blot 

section) or MiR05 for respiration assays (see below).  

 

Mitochondria function assessment. Oxygen consumption rate (OCR) was assessed in freshly 

isolated intact mitochondria or whole liver homogenate in Respiration Medium (MiR 05-kit, Oroboros 

Instruments) by High-Resolution Respirometry (Oxygraph 2k, Oroboros Instruments) following 

manufactures’ instructions. Whole liver lysates were normalized on 16S content or citrate synthase 

(CS) activity, while intact isolated mitochondria were normalized on (outer membrane) mitochondrial 

protein levels before performing the assay. For the respirometry assay compounds were added into 

the 2ml-chamber. Compounds used: Pyruvate (5mM, Sigma), Malate (2mM, Sigma), Glutamate 

(10mM, Sigma), Succinate (10mM, Sigma), Complex I-inhibitor Rotenone (0.1 μM, Sigma) and 

ADP+Mg2+ (1.25mM, Sigma) for State3ADP respiration; FCCP (titration of 1μl each from 1mM stock, 

Sigma) for maximal respiration, Oligomcyin (2 μg/ml Millipore) for uncoupled respiration. For fatty 

acid oxidation (FAO) assay, palmitoyl-carnitine (50μM, Sigma) and octanoyl-Carnitine (0.2mM, 

Tocris bioscience) were used in the presence of ADP. Malate was added to sustain fatty acid 

degradation avoiding acetyl-CoA accumulation. At the end of the protocol run, 2.5 μM Antimycin A 

was used to assess non-mitochondrial respiration. All the represented values were Antimycin A 

subtracted. For Slc25a47-CRISPR/dcas9 cells, OCR was measured in XFe96 Microplates 

(Seahorse Bioscience). Briefly, cells were seeded at a density of 20 000 cells/well and further 

transfected for 24 hours with lentiMPH v2 plasmid (Addgene #89308) using TransIT-X2 transfection 

reagent (as previously described). On the day of the assay, cells were washed once with complete 

medium and then incubated with Seahorse XF base medium (Agilent) pH 7.4 supplemented with 

4.5g/l glucose and 2mM glutamine in 0% CO2, 37°C incubator for 1 hour. The compounds used to 

determine OCR included Oligomicyn (1 μg/ml) and FCCP (5μM). The OCR values were normalized 

on protein concentration at the end of the experiment.  

Citrate synthase activity was determined in a 96 well-plate using 50μg of liver protein by adding 

2mg/ml DTNB (5,5-dithio-bis-2-nitrobenzoic acid, Sigma) and 15mM acetyl-CoA (Sigma). 

Background absorbance at 412nm was assessed using a spectrophotometer for 5 consecutive reads 

before addition of 10mM oxaloacetate (Sigma). The reaction was measured by following the 

absorbance (412nm) at 10s intervals 25 times. For mtDNA content, genomic DNA was extracted 

from liver tissues using NucleoSpin Tissue (Macherey-Nagel), and RT-qPCR was performed for the 

expression analysis of 16s (mitochondrial) normalized to Hk2 (nuclear gene). ATP levels were 
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measured using ATP assay kit (Abcam) or Cell Titer Glo (Promega) using ATP standard curve, 

according to manufacturer’s instructions.  

 

Lipid analysis, glycogen quantification and plasma parameters. Hepatic lipids were extracted 

according to the Bligh & Dyer protocol173. Triglyceride and cholesterol contents in hepatic lipid 

fraction was quantified using enzymatic assays (Roche). For glycogen isolation, 10 mg of liver tissue 

were homogenized in cold distilled water. The homogenate was divided into two tubes of equal 

volumes: one tube was boiled for 5min and then centrifuged for 5 min at 13’000g, RT. The 

supernatant was collected and quantified (diluted 1:50) using the Glycogen assay kit (Merck). The 

second tube was used for protein quantification (BioRad, #5000116). Total glycogen was normalized 

on total protein levels. ASAT and ALAT plasma parameters were measured on 2 times diluted 

samples (1:1 ratio of plasma to diluent) using Dimension®Xpand Plus (Siemens Healthcare 

Diagnostics AG, Dudingen, Switzerland). The biochemical tests were performed using 

Transaminase ASAT (Siemens Healthcare, DF41A), transaminase ALAT (Siemens Healthcare, 

DF143) kits according to manufacturer’s instructions. Circulating lactate (1:100 plasma dilution) was 

measured using Lactate Glo (Promega), following manufacturer’s instructions. Plasma FGF21, 

ADM2 and GDF15 levels were measured, according to manufacturer’s instruction, with RAT/MOUSE 

FGF21 Elisa kit (Millipore), Mouse ADM2 Elisa kit (Cusabio) and Quantikine ELISA Mouse/Rat 

GDF15 (R&D Systems), respectively. 

 

Immunohistochemistry, electron microscopy analysis and RNAscope. Liver tissue was fixed 

overnight in phosphate-buffered 10% formalin and embedded in paraffin, sectioned in 4 μm and 

stained for hematoxylin/eosin (H&E), Masson’s trichrome and Sirius red. Liver pieces were frozen 

while embedded in optimum cutting temperature (OCT) and later cut into 8-μm-thick serial 

cryosections for oil red O staining to visualize neutral lipids. For immunohistochemistry, detection of 

leukocytes (rat α-CD45, Thermo Fisher #14045182, diluted 1:200) and macrophages (rat α-F4/80, 

Thermo Fisher #MA191124, diluted 1:50) was performed using the fully automated Ventana 

Discovery ULTRA (Roche Diagnostics, Rotkreuz, Switzerland). All steps were performed on the 

equipment with Ventana solutions. Briefly, dewaxed and rehydrated paraffin sections were not 

pretreated for F4/80 or pretreated with heat using standard condition (40 minutes) CC1 solution for 

CD45. The primary antibodies were incubated 1 hour at 37°C. After incubation with rat Immpress 

HRP (Ready to use, Vector laboratories Laboratories), chromogenic revelation was performed with 

ChromoMap DAB kit (Roche Diagnostics, Rotkreuz, Switzerland). Sections were counterstained with 

Harris hematoxylin and permanently mounted. For electron microscopy (EM), adult mice (8-week-

old, males) were euthanized with an overdose of inhalation anesthetic (isoflurane) and perfused, via 

the heart, with a solution of 2.5 % glutaraldehyde and 2.0 % paraformaldehyde in 0.1M phosphate 

buffer (pH 7.4). One hour after the perfusion, the livers were removed, and sectioned at a thickness 
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of 80 µm using a vibratome (VT1200, Leica Microsystems). Liver slices were then post-fixed in 

potassium ferrocyanide (1.5%) and osmium (2%), then stained with thiocarbohydrazide (1%) 

followed by osmium tetroxide (2%). This was followed by further staining with uranyl acetate (1%) 

overnight, washing in distilled water at 50°C, and then with lead aspartate (pH 5.0), at the same 

temperature. The sections were finally dehydrated in increasing concentrations of alcohol and then 

embedded in Durcupan resin and hardened at 65 °C for 24 h between glass slides. For transmission 

EM (TEM), regions of interest were cut away from the rest of the slices, and mounted on a blank 

resin block. Sections were cut, using an ultramicrotome, and imaged in a transmission electron 

microscope operating at 80 kV (Tecnai Spirit, FEI Company). Serial imaging of entire cells was 

carried out using block face scanning EM. Regions of interest were trimmed from the rest of the 

section using a razor blade, glued to an aluminium stub and mounted inside a scanning electron 

microscope (Zeiss Merlin, Zeiss NTS). Serial sections were cut from the face using an 

ultramicrotome mounted inside the microscope (Gatan, 3View) and the block face imaged after every 

cut using a beam voltage of 1.7 kV and pixel size of 6 nm with a dwell time of 1 microsecond. Series 

of images were aligned in the FIJI imaging software (www.fiji.sc). The analysis of lipid droplets was 

made on single TEM images. The analysis of density of lipid droplets was carried out using the 

TrakEM2 plugin operating in the FIJI software. 

RNAscope Multiplex Fluorescent V2 assay (Bio-techne, #323100) was performed according to 

manufacturer's protocol on 4 um paraffin sections, hybridized with the probes Mm-Slc25a47-C1 (Bio-

techne, #558371), Mm-Ppib-C1 (Bio-techne, #313911) as positive control and DapB-C1 (Bio-techne, 

#310043) as negative control at 40°C for 2 hours and revealed with TSA Oapl570 (Akoya 

Biosciences, # FP1488001KT, 1:1500). Tissues were counterstained with DAPI and mounted with 

FluoromountG (ThermoFisher). 

 

Bioinformatic analysis.  Mus musculus Slc25 family of transporters expression profiles were 

obtained from174 (ArrayExpress, E-MTAB-6081). All heatmaps were generated using Morpheus 

(https://software.broadinstitute.org/morpheus). G-MAD was performed as described159. Sc25a47 

expression in different Mus musculus tissues was obtained from BioGPS (GEO #GSE10246). For 

transcriptome analysis, RNA from mouse livers (Slc25a47hep+/+ n=4, Slc25a47hep-/- n=4) was isolated 

as described in the dedicated section. RNA sequencing (RNA-seq) was performed using single end 

126 cycles on a HiSeq 2500, in high output mode, with v4 kits from Illumina. FastQC was used to 

verify the quality of the mapping175. No low-quality reads were present and no trimming was needed. 

Alignment was performed against mouse genome (CRCm38 mm10 primary assembly and Ensembl 

release 95 annotation) using STAR176 (version 2.73a). The obtained STAR gene-counts for each 

alignment were analyzed for differentially expressed genes using the R package edgeR (version 

3.24.3) using a generalized-linear model. A threshold of 0.5 or 1 log2 fold change and Benjamini-

Hochberg adjusted P value larger than 0.05 were considered when identifying the differentially 
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expressed genes. Gene set enrichment analysis (GSEA) was performed using the clusterProfiler R 

package (version 3.10.1). In particular, the gene sets belonging to KEGG database were obtained 

from msigdbr R package (version 7.2.1). Additionally, we included one custom gene set 

(“Mitochondrial Stress Response”), based on previously published OMICs data63. Genes were 

ranked based on the fold change between Slc25a47hep-/- and Slc25a47hep+/+. The gene sets with 

absolute normalized enrichment score (NES) more than 1 and Qvalue (FDR) less than 0.05 were 

considered as significantly enriched. For the transcription factor (TF) motifs analysis, the top TFs of 

Fgf21 were obtained using the promoter sequence of Fgf21 ± 2kb region around the transcription 

starting site (TSS); then, TF motifs were extracted from the MotifDb R package (version 1.36.0). 

Based on these datasets, we performed the enrichment analysis of TF motifs by R PWMenrich 

package (version 4.30.0). The TF motifs with a P value lower than 0.05 were selected. For correlation 

analysis between TFs and Fgf21, we calculated the Pearson correlation coefficient (using R) on the 

gene expression (RNAseq data) of the given genes, in both Slc25a47hep-/- and Slc25a47hep+/+ mice 

under fed and fasted conditions. The cell type enrichment analysis was calculated by clusterProfiler 

R package (version 3.10.1)11. The gene makers for 29 types of cell in liver were obtained from two 

single cell RNA-seq analysis studies177,178. Genes were ranked based on the fold change in each 

comparison, and then applied to the cell type enrichment analysis.  

The RNAseq data discussed in this publication have been deposited in NCBI's Gene Expression 

Omnibus179 and are accessible through GEO Series accession number GSE195479 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195479). 

All the plots were generated using ggplot2. For scRNA-seq analysis, data were obtained from Tabula 

Muris180. The liver droplet dataset was downloaded and analyzed according to the instructions in the 

Tabula Muris vignettes Github repository (https://github.com/czbiohub/tabula-muris-vignettes) and 

visualized using Seurat package181 (v4.0.4).  

 

Homology modeling. The mitochondrial ADP/ATP carrier (AAC or SLC25A4, PDB ID 1OKC) was 

the first SLC25 structurally characterized. The HHPred server (doi: 10.1093/nar/gki408) identified 

this carrier as the best hit for performing homology modeling of the SLC25A47 protein, with E-values 

of 4.3x10-55. Using the sequence alignment provided by the HHPred server, structural models for the 

SLC25A47 protein were created with the Modeller program, version 9.13 (doi: 

10.1002/0471250953.bi0506s15). 100 models were created for each conformation (template), using 

the default optimization and refinement protocol, and for each conformation, the model with the 

lowest DOPE score was selected.   

 

Statistics. Data were represented and analyzed using GraphPad Prism (v9.2.0). Plots are 

expressed as means ± S.E.M. Comparison of differences between two groups was assessed using 

unpaired two-tailed Student’s t-tests. Multiple group comparisons were assessed by one-way or two-
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way ANOVA with Bonferroni posthoc correction or Tukey’s multiple comparison test. Differences 

below p < 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 

0.0001). The statistical methods used and the corresponding p values for the data shown in each 

figure panel are included in the figure legends. 

 

Illustrations. As specified in figure legends, some of the illustrations presented in this thesis were 

created with BioRender (Biorender.com).  

 

 

Table 3.1. List of Primers 
Gene Forward (5’ to 3’ sequence) Reverse (5’ to 3’ sequence) 

36b4 AGATTCGGGATATGCTGTTGG AAAGCCTGGAAGAAGGAGGTC 

B2m TTCTGGTGCTTGTCTCACTG TATGTTCGGCTTCCCATTCT 

Slc25a47 GCCACTGCACTGTTTAGTCAC ACTCGCAGAGCATAGCATAGG 

Hspa9 AATGAGAGCGCTCCTTGCTG CTGTTCCCCAGTGCCAGAAC 

Hspd1 TCTTCAGGTTGTGGCAGTCA CCCCTCTTCTCCAAACACTG 

Hspa1a AGCAGCGTGAGGAGTACCAG CGGTAGGGCTAGAGAAACAGG 

Yme1l1 CGGTAGACCCTGTCCAGATG TTCAACCACTTCCTGTAACTCTTG 

Lonp1 ATGACCGTCCCGGATGTGT CCTCCACGATCTTGATAAAGCG 

Ucp1 GGCCCTTGTAAACAACAAAATAC GGCAACAAGAGCTGACAGTAAAT 

Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG 

Dio2 CAGTGTGGTGCACGTCTCCAATC GGAAGGAATCTTAGCTGGGG 

Cox7a1 GCTCTGGTCCGGTCTTTTAGC GTACTGGGAGGTCATTGTCGG 

Ccl2 CAGATGCAGTTAACGCCCCA TGAGCTTGGTGACAAAAACTACAG 

Ccl3 CCAGCCAGGTGTCATTTTCCTGA GCTCAAGCCCCTGCTCTAC 

Mmp3 ACATGGAGACTTTGTCCCTTTTG TTGGCTGAGTGGTAGAGTCCC 

Mmp13 CTTCTTCTTGTTGAGCTGGACTC CTGTGGAGGTCACTGTAGACT 

Col1a1 TAAGGGTCCCCAATGGTGAGA GGGTCCCTCGACTCCTACAT 

Reln GCTTGCGCATGCTAGTAACAC CCAGTCTCATGAAGAACTGCAC 

Tnfa CCAAGGCGCCACATCTCCCT GCTTTCTGTGCTCATGGTGT 

Tgfb1 CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC 

F4/80 AGATGGAACCAAACTCCAGG TGCTCTTTTCAAAACATGTGG 

Cd45 ATGGTCCTCTGAATAAAGCCCA TCAGCACTATTGGTAGGCTCC 

Fgf21_1 (Fgf21 -

1060/-981) - 

ChIP 

GCTTAGCATTCGGGCCTTG GCAGGACGCTGTCTGGTG 
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Fgf21_2 (Fgf21 -

168/-81) - ChIP 
TTCAGACCCCTGTTGGAAAG CACACTTGGCAGGAACCTGAAT 

16S (gDNA) CCGCAAGGGAAAGATGAAAGAC TCGTTTGGTTTCGGGGTTTC 

Hk2 (gDNA) GCCAGCCTCTCCTGATTTTAGTGT GGGAACACAAAAGACCTCTTCTGG 

Cre (gDNA) GAACCTGATGGACATGTTCAGG 
AGTGCGTTCGAACGCTAGAGCCTG

T 

Fgf21 (gDNA) GAAACAAAGCTTCAAAATAGGG AGTAGGGGTCAGACGTGGTG 

Slc25a47 

(gDNA)- Wild 

type 

CCGTGAAACCCTGCAGAGCC CACCACAGATTGTTCTGTGAAGA 

Slc25a47 

(gDNA)- loxP 
TACGAAGTTATGGTCTGAGCTCGC CACCACAGATTGTTCTGTGAAGA 
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CHAPTER 4 Discussion and 
perspectives 
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4.1. Discussion 
The work presented in this thesis intended to elucidate the role of SLC25A47 in hepatic metabolism.  

This thesis demonstrates that SLC25A47 is abundantly and uniquely expressed in hepatocytes, 

being the second most expressed SLC25 member in the liver. This finding highlights the importance 

of SLC25A47 in the context of liver physiology and suggests that this carrier could be involved in 

hepatocyte-specific mitochondrial function. To study how SLC25A47 contributes to hepatic 

metabolism, we investigated the loss of this carrier by generating novel hepatocyte-specific LOF 

murine lines (Slc25a47hep-/-, Slc25a47hep+/- mice). My work significantly helped to characterize the 

role of SLC25A47 in hepatic physiology and showed that the loss of this orphan carrier is detrimental 

for mitochondrial homeostasis. Slc25a47 knockout livers suffered from energy deficiencies, caused 

by defective oxidative phosphorylation. Indeed, Slc25a47-deficient mitochondria showed a global 

respiration impairment, exemplified by their inability to oxidize both TCA cycle derivatives and fatty-

acyl substrates. These OXPHOS impairments led to mitochondrial dysfunction, causing the 

mitochondria to be metabolically inflexible and unable to further switch from glucose metabolism in 

fed state to fatty acid oxidation in the fasted state.  

The chronic energy deficit also led to impaired gluconeogenesis and faster depletion of the glycogen 

stores in the fed state. Overall, these phenotypes underlie the observed hypoglycemia, even after 

mild fasting or HFHS feeding. Moreover, Slc25a47hep-/- mice suffered from liver damage 

preponderantly in the fasted state suggesting that Slc25a47-deficient hepatocytes fail to cope with 

the additional metabolic pressure induced by fasting. While our study used a design based on a 

liver-specific ablation of Slc25a47 which maximizes the negative effects on hepatic homeostasis, a 

milder inhibition of SLC25A47 could prove interesting from a therapeutic perspective, as 

demonstrated by our preliminary analysis of heterozygous mice (Figure 2.13). Our data show that 

one of the main consequences of SLC25A47 downregulation is an inhibition of the hepatic ETC, 

which results in impaired gluconeogenesis. This way of action is reminiscent of the mechanism of 

metformin, the most frequently prescribed antidiabetic treatment, which reduces hepatic 

gluconeogenesis through moderate inhibition of complex I182. Theoretically, a mild inhibition of 

SLC25A47 could hamper the ETC specifically in hepatocytes and lower glycemia by blunting de 

novo glucose production.  

 

Our data show that SLC25A47 is essential to maintain hepatic mitochondrial homeostasis and 

proper ETC function, as its loss results in the activation of a profound and persistent MSR. 

Mitochondrial stress induces mitochondrial quality control mechanisms that are essential to maintain 

mitochondrial function. Retrograde signals from the mitochondria to the nucleus have been well-

documented in multiple species54 and involve the induction of TFs including ATF457,183,184, ATF564, 

CHOP185,186, and C/EBPβ185,186. Alongside these cell-autonomous effectors, non-cell-autonomous 

factors are also secreted enabling the MSR to rewire organismal metabolic homeostasis111,187–189. 
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Accordingly, in this study, we demonstrated that FGF21 is a key hepatic mitokine that modulates 

systemic energy metabolism in Slc25a47hep-/- mice. Persistent activation of the ATF family of 

transcription factors most likely contributes to the striking induction of plasma FGF21 levels in 

Slc25a47hep-/- mice89. We showed that the induction of FGF21 mediates a profound hypermetabolic 

state in our mouse model driving the systemic, but not the hepatic, phenotypes, such as increased 

scWAT beiging, energy expenditure, hyperphagia, and blunted growth.   

 

The MSR is normally activated by mitonuclear protein imbalance, such as seen with defects in 

mitochondrial DNA replication190,191, in the ETC57,163, in mitoribosomal translation161,162 or upon 

mitochondrial biogenesis192,193. Here we linked the activation of the MSR with the loss of a 

mitochondrial carrier. Involvement of mitochondrial carriers in mitochondrial stress, however, is not 

unprecedented as an early study attempting to define the MSR in Arabidopsis thaliana already 

reported that the Slc25 family was over-represented amongst stress-responsive genes194. While this 

study suggested that mitochondrial stress resolution involves a rewiring of metabolite trafficking 

across mitochondrial membranes194, we extend this finding by suggesting that the depletion, or the 

accumulation, of given metabolites, can be the trigger of mitochondrial stress. In fact, the research 

carried out in this thesis suggests that SLC25A47 controls the levels of a mitochondrial metabolite, 

the nature of which is currently unknown and requires further investigation given its potential impact 

on hepatocyte mitochondrial function, liver fibrosis and organismal health.  

 

Finally, it is important to emphasize that, while SLC25A47 LOF improves the metabolic profile of 

mice on an obesogenic, diabetogenic diet, this is achieved at the expense of liver health and integrity 

as exemplified by the fibrotic phenotype induced progressively upon ageing or acutely under the 

metabolic pressure of an HFHS diet. Fibrosis is a common pathological feature of most end-stage 

organ diseases and growing evidence indicates that mitochondrial dysfunction contributes to the 

development and progression of fibrosis in a number of organs (reviewed in195). In the liver, fibrosis 

is driven by NASH, and drives the evolution of NASH to cirrhosis and in some cases to HCC. Our 

observation features SLC25A47 and the putative solute it carries, as potential new therapeutic 

targets in the fight against advanced stages of metabolic disorders.  

 

4.2. Perspectives 
4.2.1 SLC25A47 structure 

SLC25A47 is an orphan SLC25 member, whose transported solute is still unknown. Despite the low 

sequence similarity with its closed homologs, SLC25A47 phylogenetically clusters together with 

known amino acids carriers (SLC25A15, SLC25A2, SLC25A20, SLC25A29), suggesting that its 

function could be related to amino acid metabolism.  
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To address this point, we performed homology modeling between SLC25A47 and SLC25A4157 and 

analyzed SLC25A47 structure to predict possible transported molecules. The analysis showed a 

positively charged core that putatively allows the transport of negatively charged solutes. 

Nevertheless, this model is biased towards SLC25A4 structure and transport (ATP/ADP), rendering 

difficult to infer any metabolite specificity for SLC25A47.  

To date, the most successful strategy employed to identify substrate specificity of solute carriers with 

unknown function, consists in reconstitution of recombinant protein into liposomes followed by 

radioactive transport assays, herein referred to as the “expression–purification-reconstitution-assay” 

(EPRA) method196. Unfortunately, the reconstitution of SLC25A47 in liposomes proved to be 

technically challenging due to the high content of cysteine residues in this transporter (4.5% 

compared to the ~2.2% of average cysteine content in proteins197), resulting in disulfide bond 

formation and compromised native protein folding. In this context, further investigations are currently 

ongoing to solve the issue and determine the nature of the carried metabolite. 

 

Moreover, additional efforts will be needed to investigate the structure of the carrier and find amino 

acid sites of possible regulation. Indeed, our preliminary structural data showed that SLC25A47 

possess a unique mitochondrial loop, which carries a putative PKA phosphorylation site. Further 

analysis will focus on demonstrating that this residue is indeed phosphorylated in vivo, and will try 

to discern its physiological role.  

Of note, Slc25a47hep-/- mice phenotype was strongly exacerbated by fasting condition, probably due 

to the reliance of hepatocytes to their mitochondria in the fasted state. We could, therefore, speculate 

that SLC25A47 is regulated by fasting-induced stimuli and hormones. Indeed, fasting increases the 

secretion of pancreatic glucagon, which in turns promotes a signaling cascade resulting in increased 

cAMP production. cAMP activates PKA, resulting in the phosphorylation of the TF cAMP response 

element-binding protein (CREB) and the activation of genes involved in the fasted state metabolism 

(like peroxisome proliferator-activated receptor γ coativator-1 (PGC1α), phosphoenolpyruvate 

carboxykinase (PEPCK) and glucose-6-phosphatase (G6PC)). In this context, and given the 

presence of putative PKA sites on SLC25A47, we hypothesize that the fasting response might 

control the carrier function at the post-translational level, and future efforts will attempt to 

demonstrate this link. 

 

4.2.2 SLC25A47 function 

Inhibition of OXPHOS is proven to be beneficial for glucose homeostasis69,198,199, by boosting 

glycolysis and reducing hepatic gluconeogenesis200. Accordingly, our preliminary studies in 

Slc25a47hep+/- mice showed that a partial reduction in hepatocyte-specific Slc25a47 does not cause 

adverse systemic effects, but reduces hepatic de novo glucose production and increases circulating 

lactate levels. Similar to the well-known action of Metformin, Slc25a47hep+/- mice display impaired 
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OXPHOS respiration accompanied by reduced hepatic ATP content201. These observations pose 

SLC25A47 at the center of hepatic metabolism and could open to possible new therapeutic 

strategies to treat metabolic diseases.  

Interestingly, Slc25a47hep+/- mice showed a mild induction of the prototypical UPRmt genes. Boosting 

mitochondrial quality control mechanisms has already been proven beneficial in a multitude of 

organs, including liver92,193,202,203. Indeed, eliciting the UPRmt pathways ameliorates NAFLD in 

Western diet fed mice204 and protects the liver upon acute injury205. Given these preliminary positive 

results, future research should determine the potential therapeutic benefit of SLC25A47 inhibition, 

by taking advantage of in vivo acute deletion models, for example by transducing Slc25a47lox/lox mice 

with AAV8-Cre particles or using Tamoxifen inducible Cre lines.  

 

However, SLC25A47 downregulation needs to be carefully assessed. SLC25A47 was firstly 

discovered as the hepatocellular carcinoma downregulated carrier protein HDCMP, but despite this 

evocative nomenclature, the link between this unique mitochondrial carrier and the progression to 

hepatic carcinogenesis has never been studied. To date, the loss of very few members of the SLC25 

family is reported to be directly linked to cancer development206.  Importantly, the reprogramming of 

cellular metabolism is a key feature of tumorigenesis and mitochondrial carriers play a preponderant 

role in controlling tumor cells nutrients206. In particular, cancer cells display increased glucose 

consumption, which is metabolized by aerobic glycolysis rather than OXPHOS. This phenomenon, 

named Warburg effect207, causes the tumor cells to accumulate lactate, which in turns acidifies the 

extracellular microenvironment favoring metastasis and immunosuppression. The loss of SLC25A47 

leads to similar metabolic rewiring, suggesting that its physiological role is crucial for metabolic 

pathways that are normally futile in cancer cells. In this frame, future studies are warranted to 

establish the link between HCC and Slc25a47 LOF, evaluating spontaneous tumor formation in aged 

Slc25a47hep-/- mice. Accordingly, our data demonstrate that chronic loss of SLC25A7 predisposes to 

liver fibrosis. Given the importance of fibrosis in the evolution of hepatic diseases (from NAFLD to 

HCC), our data support SLC25A47 as a potential target for therapeutic intervention, whose 

application remains to be tested, but is an example of how a better understanding of mitochondrial 

carriers could be leveraged to treat metabolic disorders138. 

 

To conclude, my work on SLC25A47 helped to fill a gap in the current field of SLC25 carriers. 

Although our knowledge about this novel mitochondrial carrier is still incomplete, I believe that my 

thesis lays the foundations for exciting new future research. 
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! SLC25A47 is a liver-specific transporter required to maintain mito-
chondrial homeostasis in hepatocytes.

! Slc25a47hep-/- mice display impaired mitochondrial respiration,
which leads to energy deficiency and fibrosis in hepatocytes.

! Slc25a47hep-/- mice display a robust activation of the mitochondrial
stress response (MSR) in hepatocytes associated with the secretion
of the mitokine FGF21.

! FGF21 drives a hypermetabolic phenotype in Slc25a47hep-/- mice.
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Lay summary
Herein, we report the importance
of a locus containing a liver-
specific gene coding for a mito-
chondrial transport protein called
SLC25A47. Mitochondria are the
powerhouses of cells. They are
crucial for metabolism and energy
generation. We show that mice
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Slc25a47 locus is a novel determinant of hepatic mitochondrial
function implicated in liver fibrosis

Nadia Bresciani1,#, Hadrien Demagny1,#, Vera Lemos1, Francesca Pontanari1,$, Xiaoxu Li2,$,
Yu Sun1, Hao Li1,2, Alessia Perino1, Johan Auwerx2, Kristina Schoonjans1,*

1Laboratory of Metabolic Signaling, Institute of Bioengineering, School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne, CH-1015
Lausanne, Switzerland; 2Laboratory of Integrative Systems Physiology, Institute of Bioengineering, School of Life Sciences, Ecole Polytechnique

Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

Background & Aims: Transporters of the SLC25 mitochondrial
carrier superfamily bridge cytoplasmic and mitochondrial
metabolism by channeling metabolites across mitochondrial
membranes and are pivotal for metabolic homeostasis. Despite
their physiological relevance as gatekeepers of cellular meta-
bolism, most of the SLC25 family members remain uncharac-
terized. We undertook a comprehensive tissue distribution
analysis of all Slc25 family members across metabolic organs and
identified SLC25A47 as a liver-specific mitochondrial carrier.
Methods: We used a murine loss-of-function model to unravel
the role of this transporter in mitochondrial and hepatic ho-
meostasis. We performed extensive metabolic phenotyping and
molecular characterization of newly generated Slc25a47hep-/- and
Slc25a47-Fgf21hep-/- mice.
Results: Slc25a47hep-/- mice displayed a wide variety of metabolic
abnormalities, as a result of sustained energy deficiency in the
liver originating from impaired mitochondrial respiration. This
mitochondrial phenotype was associated with an activation of
the mitochondrial stress response (MSR) in the liver, and the
development of fibrosis, which was exacerbated upon feeding a
high-fat high-sucrose diet. The MSR induced the secretion of
several mitokines, amongst which FGF21 played a preponderant
role on systemic physiology. To dissect the FGF21-dependent and
-independent physiological changes induced in Slc25a47hep-/-

mice, we generated a double Slc25a47-Fgf21hep-/- mouse model
and demonstrated that several aspects of the hypermetabolic
state were driven by hepatic secretion of FGF21. On the other
hand, the metabolic fuel inflexibility observed in Slc25a47hep-/-

mice could not be rescued with the genetic removal of Fgf21.
Conclusion: Collectively, our data place the Slc25a47 locus at the
center of mitochondrial homeostasis, which upon dysfunction
triggers robust liver-specific and systemic adaptive stress re-
sponses. The prominent role of the Slc25a47 locus in hepatic

fibrosis identifies this carrier, or its transported metabolite, as a
potential target for therapeutic intervention.
Lay summary: Herein, we report the importance of a locus
containing a liver-specific gene coding for a mitochondrial
transport protein called SLC25A47. Mitochondria are the pow-
erhouses of cells. They are crucial for metabolism and energy
generation. We show that mice with genetic disruption of the
Slc25a47 locus cannot maintain mitochondrial homeostasis
(balance), leading to wide-ranging problems in the liver that
have far-reaching physiological consequences.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Introduction
Compartmentalization plays a key role in metabolic regulation,
enabling spatial separation of opposing anabolic and catabolic
pathways in distinct organelles.1 The functionality of compart-
mentalization relies on the expression of specific transporters
that fine-tune the channeling of metabolites across subcellular
compartments. Together with enzymes, such carriers define the
metabolic identity of the cell and establish what a cell can and
cannot do in terms of metabolism. Of all organelles, mitochon-
dria are noticeable for their fundamental role in intermediary
metabolism. All major types of nutrients pass through mito-
chondria as part of intermediary metabolism, including the
degradation products of fats, sugars, proteins, as well as nucle-
otides, vitamins, and inorganic ions. Mitochondria are enveloped
by a double membrane, of which the outer is relatively perme-
able to solutes due the presence of voltage-dependent anion
channels. The inner mitochondrial membrane, however, is
comparatively impermeable to maintain efficient oxidative
phosphorylation.2 To overcome this physical barrier, members of
the mitochondrial inner membrane SLC25 (solute carrier family
25) family facilitate the transport of molecules involved in a
variety of processes including metabolic cycles, oxidative phos-
phorylation, DNA maintenance, and iron metabolism.3

Metabolic flexibility encompasses the ability to rapidly
modify the oxidation of nutrients according to their availability.
The liver in general, and hepatic mitochondria in particular, play
a central role in this process, allowing the organism to switch
from fatty acid oxidation during the fasted state to enhanced
glucose metabolism during the fed state.4 Consequently,
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impaired mitochondrial activity in the liver characterizes meta-
bolic inflexibility, i.e. the inability to adapt to nutritional transi-
tions frequently observed in obesity and type 2 diabetes.4 Thus,
hepatic mitochondrial fitness is an important hallmark of
metabolic flexibility and a better understanding of liver mito-
chondrial metabolism may reveal new approaches to manage
metabolic disorders. While the role of mitochondrial enzymes in
supporting hepatic metabolism has been well characterized,5 the
regulatory function of mitochondrial carriers has been largely
understudied. To fill this gap, we sought to determine the
expression, distribution, and function of mitochondrial trans-
porters in the liver. In this study, we report the critical role of the
Slc25a47 locus, containing a poorly characterized liver-specific
mitochondrial carrier, in hepatic and whole-body meta-
bolic homeostasis.

Materials and methods
Animal studies
C57BL/6 Slc25a47tm1a(EUCOMM)Hmgu mice were obtained from
the European Mouse Mutant Cell Repository (EuMMCR); in this
model, a LoxP- and FRT-flanked LacZ/neomycin resistance
cassette was inserted upstream of exon 5 of Slc25a47. LoxP sites
were inserted upstream of exon 5 and downstream of exon 6,
thus flanking exons 5 and 6. Slc25a47tm1a(EUCOMM)Hmgu mice
were initially crossed with CMV-Flp mice (The Jackson Labo-
ratories, JAX#012930) to remove the LacZ/neomycin cassette
leaving exons 5 and 6 floxed (Slc25a47tm1c(EUCOMM)Hmgu, also
referred to as Slc25a47flox/flox mice). These 2 exons encode
most of the protein (209/310 amino acids). Slc25a47tm1c(EU-

COMM)Hmgu mice were then crossed with an Alb-Cre recombi-
nase mouse line (The Jackson Laboratories, JAX stock #003574)
to generate Slc25a47hep–/– mice harboring a hepatocyte-specific
deletion of Slc25a47. Slc25a47-Fgf21hep–/– animals were ob-
tained by crossing Slc25a47hep–/– with Fgf21flox/flox mice (The
Jackson Laboratories, JAX stock #022361). Mice were housed
with ad libitum access to water and food (normal chow, Safe
150 or high-fat high-sucrose [HFHS] diet, Envigo TD.08811) and
kept under a 12-hour dark/12-hour light cycle (7pm/7am) with
a temperature of 22!C±1!C and a humidity of 60%±20%. Only
male mice were used in this study. For fasting protocols, mice
were fasted overnight before euthanizing (from 6pm to 9am).
For fed experiments, food was removed at 7am (beginning of
the light phase) and mice were euthanized 2 hours later (9am).
For fed electron microscopy (EM) analysis, food was not
removed. For the HFHS diet study, 8-week-old mice were fed a
HFHS diet for 14 weeks.

Tolerance tests
For the pyruvate tolerance test (PTT) and the insulin tolerance
test (ITT), food was removed from 8am until 2pm (6-hour mild
fasting) and mice were single-caged before oral gavage of 2 g/kg
sodium pyruvate or intraperitoneal injection of 0.5 IU insulin/kg,
respectively. For the oral glucose tolerance test (OGTT), mice
were fasted (following fasting protocol) and single-caged before
the experiment; 2 g/kg of glucose was administered by oral
gavage. In all the tolerance tests, glucose levels were measured
with a glucometer at time: 0 (i.e. before injection/gavage) and 15,
30, 45, 60, 90 minutes after injection/gavage. For OGTT, glycemia
levels were also measured 120 minutes after gavage and addi-
tional blood was collected with a capillary tube at time 0, 15, 30,
60 minutes.

Indirect calorimetry
The indirect calorimetry experiment was performed using the
Promethion System (Sable Systems International). Each mouse
was individually placed in a cage with normal bedding and free
access to food and water during the test, which lasted approxi-
mately 48 hours (24 hours of acclimation and 24 hours of
measurement in normal feeding conditions). The system was set
to a 12/12-hour light/dark cycle. Data were normalized on
metabolic body mass (body weight, BW0.75).

Food intake recording
Food intake was recorded at regular intervals (20 minutes) using
a TSE PhenoMaster system (TSE Systems GmbH, Germany). Each
mouse was placed individually in a cage with normal bedding
and free access to food and water during the test, which lasted
approximately 48 hours (24 hours of acclimation and 24 hours of
measurement in normal feeding conditions). The system was set
to a 12/12-hour light/dark cycle.

Study approval
All animal procedures were approved by the Swiss authorities
(Canton of Vaud, animal protocols #3221, #3221.1) and per-
formed in accordance with our institutional guidelines.

Western blotting
Liver tissues or mitochondrial pellets were homogenized with
RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40, 2 mM EDTA and 50 mM NaF)
supplemented with 1 mM PMSF and protease and phosphatase
inhibitor cocktails (Roche). Before running SDS-PAGE, whole liver
protein lysates were boiled for 5 min at 95!C. For mitochondrial
protein immunoblot, lysates were not boiled. The following an-
tibodies were used for immunoblotting: SLC25A47 (custom
antibody manufactured by YenZym Antibodies LCC; Novus Bi-
ologicals, #NB100-57843), HSP70 (Abcam, #ab2787), VINCULIN
(Abcam, #ab129002), HSP90 (BD Biosciences #610418), YME1L1
(Cusabio, #PA026267GA01HU), HSPA9 (Antibodies online,
#ABIN361739), LONP1 (Sigma, #HPA002192) and GAPDH (Santa
Cruz Biotechnology, #sc-365062). VINCULIN (Fig. 1B, S4D) and
GAPDH (Fig. 4E) served as protein loading control; HSP90
(Fig. 2B) as mitochondrial protein loading control. All antibodies
are listed in Table S2 and in the supplementary CTAT table.

mRNA analysis
RNA was extracted from the tissues of the mice using TRIZOL
(Invitrogen) and purified with the RNeasy MinElute cleanup kit
(Qiagen) following the manufacturer’s instructions. For quanti-
tative reverse transcription PCR (RT-qPCR), cDNA was generated
using the QuantiTect® Reverse Transcription Kit (Qiagen) and
analyzed by RT-qPCR (SYBR Green chemistry) using a Light-
Cycler® 480 Real-Time PCR System (Roche) and the primers lis-
ted in Table S1 and the supplementary CTAT table. Results were
normalized to the mean of 36b4 or B2m (DDCt method).

Mitochondria isolation
Mitochondria were isolated from livers or cells as previously
described.6 Pellets of mitochondria were resuspended with RIPA
buffer for Western Blot (refer to Western Blotting section) or
MiR05 for respiration assays (see below).
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Mitochondria functional assessment
Oxygen consumption rate (OCR) was assessed in freshly isolated
intact mitochondria or whole liver homogenate in respiration
medium (MiR 05-kit, Oroboros Instruments) by high-resolution
respirometry (Oxygraph 2k, Oroboros Instruments) following
manufacturers’ instructions. Whole liver lysates were normal-
ized on 16 S content or citrate synthase activity, while intact
isolated mitochondria were normalized on (outer membrane)
mitochondrial protein levels before performing the assay. For the
respirometry assay compounds were added into the 2 ml-
chamber. Compounds used: pyruvate (5 mM, Sigma), malate
(2 mM, Sigma), glutamate (10 mM, Sigma), succinate (10 mM,

Sigma), complex I-inhibitor rotenone (0.1 lM, Sigma) and
ADP+Mg2+ (1.25 mM, Sigma) for complex II respiration, FCCP
(titration of 1 ll each from 1 mM stock, Sigma) for maximal
respiration, and oligomcyin (2 lg/ml Millipore) for uncoupled
respiration. For fatty acid oxidation assay, palmitoyl-carnitine
(50 lM, Sigma) and octanoyl-carnitine (0.2 mM, Tocris biosci-
ence) were used in the presence of ADP. Malate was added to
sustain fatty acid degradation and avoid acetyl-CoA accumula-
tion. At the end of the protocol run, 2.5 lM Antimycin Awas used
to assess non-mitochondrial respiration. All the represented
values were Antimycin A subtracted. To determine mitochondrial
DNA content, genomic DNA was extracted from liver tissues
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Fig. 1. SLC25A47 is a hepatocyte-specific mitochondrial carrier. (A) Heatmap representing mRNA levels (log2 CPM) of murine SLC25 carriers in different tissues.
Average of 3 male mice (C57BL/6 J, 7/8-week-old). ENA: #ERP104395. SLC25s are ranked (top to bottom) according to their relative abundance in the liver. (B)
Slc25a47 gene expression (n = 3) and protein levels (n = 2) in different tissues from 14-week-old C57BL/6 mice (L, liver; eWAT, epididymal white adipose tissue; K,
kidney; Q, quadriceps; S, spleen; P, pancreas). (C) Single-cell RNA sequencing data of murine liver cell populations (3 female and 4 male C57BL/6 mice, 10-15-
week-old) from Tabula Muris (GEO #109774, microfluidic droplet counting). (D) Heatmap representing the mRNA levels of murine SLC25 carriers across
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using NucleoSpin Tissue (Macherey-Nagel), and RT-qPCR was
performed for the expression analysis of 16 s (mitochondrial)
normalized to Hk2 (nuclear gene). Citrate synthase activity was
determined in a 96 well-plate using 50 lg of liver protein by
adding 2 mg/ml DTNB (5,5-dithio-bis-2-nitrobenzoic acid,
Sigma) and 15 mM acetyl-CoA (Sigma). Background absorbance
at 412 nm was assessed using a spectrophotometer for 5
consecutive reads before addition of 10 mM oxaloacetate
(Sigma). The reaction was measured by following the absorbance
(412 nm) at 10 s intervals 25 times. ATP levels were measured
using ATP assay kit (Abcam, for Fig. 3A) or Cell Titer Glo
(Promega, for Fig. 6F, S1F) using ATP standard curve, according to
the manufacturer’s instructions.

Statistical analysis
Data were represented and analyzed using GraphPad Prism
(v9.2.0). Plots are expressed as means ± SEM. Comparison of
differences between 2 groups was assessed using unpaired 2-
tailed Student’s t tests. Multiple group comparisons were
assessed by one-way or two-way ANOVA with Bonferroni post
hoc correction or Tukey’s multiple comparison test. Differences
below p <0.05 were considered statistically significant (*p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001). Statistical methods and
corresponding p values for the data shown in each figure are
described in their respective legends.

Detailed methods, bioinformatic analysis and additional as-
says are described in the supplementary methods section.
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Results
SLC25A47 is a hepatocyte-specific mitochondrial carrier
Despite their roles as gatekeepers of metabolic fluxes, mito-
chondrial carriers have been understudied.7 To better charac-
terize this family of transporters, we analyzed published RNA
sequencing (RNA-seq) data8 and undertook a comprehensive
tissue distribution analysis of all SLC25 family members across
12 metabolic organs (Fig. 1A). This analysis revealed that mem-
bers of the Slc25 family vary greatly in their tissue distribution
with some members widely expressed across tissues such as the
phosphate carrier, Slc25a3 (Fig. 1A), while others displayed a
highly restricted pattern of expression such as Slc25a18, a
glutamate transporter9 solely expressed in the brain (Fig. 1A).
Only one carrier, Slc25a47, was strictly confined to the liver,
where its expression levels were as high as some major mito-
chondrial carriers such as the ornithine transporter (Slc25a15,
Fig. 1A). The liver-specific expression of Slc25a47 was further
confirmed when we interrogated over 29 murine tissues avail-
able on published datasets10 (Fig. S1A). RT-qPCR and immuno-
blotting on different mouse tissues corroborated the restricted
hepatic expression of SLC25A47 (Fig. 1B).

To gain further insight into the expression of this carrier at the
cellular level, we analyzed published single-cell RNA-seq
(scRNA-seq) data.11,12 These analyses revealed that Slc25a47 is
uniquely expressed in hepatocytes (Fig. 1C) with the highest
expression in periportal hepatocytes (Fig. 1D), a result confirmed
by in situ hybridization (Fig. S1B). At the subcellular level, ectopic
overexpression of SLC25A47-FLAG in HeLa cells revealed co-
localization with the inner mitochondrial membrane protein,
cytochrome c oxidase subunit 4 (Fig. 1E), confirming the putative
mitochondrial localization of SLC25A47. To identify the metabolic
pathways associated with Slc25a47, we performed gene module
association determination (G-MAD) analysis using mouse liver
data and gene/pathways annotations.13 This analysis showed
positive correlations between Slc25a47 and the mitochondrial
compartment, such as mitochondrial protein complexes, tricar-
boxylic acid cycle, electron transport chain (ETC), inner mito-
chondrial membrane, peroxisome proliferator-activated receptor
(PPAR) signaling, lipid catabolism, and fatty acid oxidation
(Fig. 1F). Conversely, Slc25a47 negatively correlated with genes
involved in cellular proliferation and cholesterol biosynthesis
(Fig. 1F). SLC25A47 has been reported to act as an uncoupler.14,15
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Fig. 3. Genetic disruption of the Slc25a47 locus causes hepatic mitochondrial dysfunction. (A) Relative hepatic ATP levels from fed and fasted 8-week-old
Slc25a47hep+/+ and Slc25a47hep-/- mice (n = 5-6). (B) Scheme representing the procedure to assess OCR. (C-F) Time course (C, E) and bar graph (D, F) representing
OCR of freshly isolated mitochondria from fed (C, D) and fasted (E, F) 8-week-old Slc25a47hep+/+ and Slc25a47hep-/- mice (n = 5-8). CI-CII (with ADP): Complex I
(pyruvate, malate, glutamate) and Complex II (pyruvate, malate, glutamate, succinate, rotenone) substrates in the presence of ADP. (G) OCR of freshly isolated liver
mitochondria from mice described in panel E (n = 8). FAO: fatty acid oxidation substrates (C-POM) in the presence of ADP. Error bars represent mean ± SEM. *p
<0.05, **p <0.01, ***p <0.001 and ****p <0.0001 relative to Slc25a47hep+/+ mice, as determined by unpaired Student’s t test (A, D, F, AUC in G) or two-way ANOVA
and Bonferroni post hoc correction (C, E, G). C-POM, palmitoyl- and octanoyl-carnitine with malate; OCR, oxygen consumption rate.
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To address this point, we used a Crispr/Cas9 system to boost the
endogenous expression of Slc25a47 in AML12 cells (Fig. S1C). A
moderate, but significant, increase in respiration was observed
upon induction of Slc25a47 transcript levels (Fig. S1D-E). In
contrast to previous reports, induction of Slc25a47 stimulated
coupled, but not uncoupled respiration (Fig. S1E), and increased
ATP levels (Fig. S1F), suggesting that, in this experimental setup,
SLC25A47 did not act as an uncoupler. Collectively, our data
reveal that SLC25A47 is an inner mitochondrial membrane
transporter highly and exclusively expressed in hepatocytes,
suggesting an important role in hepatic metabolism.

Slc25a47-deficient mice display hepatic
metabolic dysregulation
To understand the role of SLC25A47 in hepatic metabolism, we
generated a mouse line carrying an hepatocyte-specific somatic
deletion in the Slc25a47 locus (Slc25a47hep-/-) (Fig. S2A, B). RT-
qPCR (Fig. 2A), immunoblotting (Fig. 2B), and RNAscope
(Fig. S2C) analyses confirmed deletion of the carrier in
Slc25a47hep-/- livers. Slc25a47hep-/- mice were distinctively
shorter and lighter than their wild-type littermates (Fig. 2C-E),
suggesting a broad impact on physiology. We noticed that 8-
week-old Slc25a47hep-/- male mice displayed a reduced liver to
body weight ratio both in the fed (Fig. 2F) and fasted state
(Fig. S2D). Furthermore, plasma levels of aspartate aminotrans-
ferase and alanine aminotransferase were elevated, indicative of
hepatic damage, which was more pronounced in the fasted state
(Fig. S2E-F) than when animals were fed ad libitum (Fig. 2G). The
livers of these Slc25a47hep-/- mice were also paler, which is
suggestive of lipid accumulation (Fig. 2H). Accordingly, light
microscopy (Fig. 2H; S2G), EM (Fig. 2I; S2H-I), and biochemical
analyses (Fig. 2J; S2J-K) revealed abnormal lipid and cholesterol
accumulation in the liver of fed and fasted Slc25a47hep-/- mice,
consistent with G-MAD analysis (Fig. 1F). In the fed state, EM
subcellular imaging and enzymatic assessment revealed sub-
stantial depletion of glycogen stores (Fig. 2I, K) in Slc25a47hep-/-

livers suggestive of dysregulated glucose management in hepa-
tocytes. This observation prompted us to further assess the role
of the Slc25a47 locus in glucose homeostasis. We found that
fasted Slc25a47hep-/- mice were markedly hypoglycemic (Fig. 2L)
and had increased plasma lactate levels (Fig. S2L; 2M). To
investigate whether this phenotype could arise from an impair-
ment in de novo glucose production, we subjected the mice to a
PTT. Glycemic excursion in response to pyruvate during PTT was
significantly compromised in the Slc25a47hep-/- mice (Fig. 2N). In
sum, Slc25a47hep-/- mice display a wide range of metabolic al-
terations ranging from altered gluconeogenesis and liver lipid
metabolism to decreased glycogen storage.

Hepatic Slc25a47 deficiency leads to impaired respiration
We next interrogated if a chronic energy deficiency in
Slc25a47hep-/- hepatocytes due to mitochondrial dysfunction
could underlie the broad and diverse metabolic phenotypes
observed. In line with this assumption, ATP levels were strongly
diminished in the livers of fed and fasted 8-week-old Slc25a47-
hep-/- male mice (Fig. 3A) suggesting impaired oxidative phos-
phorylation. To assess the role of the Slc25a47 locus in
mitochondrial function, we performed high-resolution respi-
rometry assays on liver lysates and isolated mitochondria from
fed and fasted Slc25a47hep-/- males. We used a combination of
drugs and substrates to assess different respiration states

(Fig. 3B). Compared to fed or fasted Slc25a47hep+/+ livers, mito-
chondria isolated from Slc25a47hep-/- livers respired significantly
less, even in the presence of the complex I inhibitor, rotenone
(Fig. 3C-F; S3A). The defect in respiration did not appear to be
restricted to any given complex or limited to coupled or
uncoupled respiration. In line with our cellular data (Fig. S1C-F),
addition of the chemical uncoupling agent FCCP failed to rescue
the respiratory phenotype observed in mitochondria isolated
from Slc25a47hep-/- livers. We then extended these results by
assessing the fatty acid oxidation potential of Slc25a47hep-/-

mitochondria and found that palmitoyl- and octanoyl-carnitine-
driven respiration was also severely impaired in mitochondria
extracted from Slc25a47hep-/- livers (Fig. 3G). Taken together, our
results demonstrate that Slc25a47hep-/- livers suffer from a
shortage of cellular ATP as a consequence of impaired respiration
most likely arising from a global mitochondrial defect.

Slc25a47 deficiency leads to a strong induction of the
mitochondrial stress response
We then performed RNA-seq analysis on livers from fasted 9-
week-old male Slc25a47hep-/- and Slc25a47hep+/+ mice. Principal
component analysis revealed a strong separation between the 2
genotypes suggesting robust transcriptional changes induced by
loss of Slc25a47 (Fig. 4A). Gene set enrichment analysis indicated
that the mitochondrial stress response (MSR) was the most
significantly enriched signature (Fig. 4B). The MSR is a highly
conserved pathway triggered by various mitochondrial stressors
that activate a wide range of factors to restore normal mito-
chondrial function.16 Accordingly, the transcriptome of
Slc25a47hep-/- livers was characterized by a strong upregulation
of mitochondrial stress markers (Fig. 4C). The MSR encompasses
and overlaps with the mitochondrial unfolded protein response
(UPRmt), activated to restore protein homeostasis upon mito-
chondrial protein misfolding.16–18 RNA and protein levels of the
prototypical UPRmt19 mediators, such as mitochondrial heat
shock proteins (Hspa9, Hspd1, Hspa1a) and proteases (Yme1l1,
Lonp1) were robustly induced in Slc25a47hep-/- livers (Fig. 4D-E).
RNA-seq (Fig. S4A-B), qRT-PCR (Fig. S4C), and immunoblotting
(Fig. S4D) analyses confirmed that activation of the MSR was also
observed in fed animals. Mitochondrial stress does not only
involve cell-autonomous communication from mitochondria to
the nucleus, but is also typified by the expression, and secretion,
of non-cell-autonomous factors that mediate inter-tissue
communication to integrate the cellular mitochondrial stress
response within a global metabolic reprogramming of the or-
ganism.16,20,21 These factors are referred to as mitokines and
were first described in invertebrates.22,23 In mammals, fibroblast
growth factor 21 (FGF21),24–27 growth differentiation factor 1528

and adrenomedullin 229,30 are the best characterized. All 3
mitokines were strongly induced in the livers of Slc25a47hep-/-

mice (Fig. 4C; S4B) but FGF21 seemed to be the main secreted
factor, as demonstrated by its plasma levels in both fasted
(Fig. 4F) and fed (Fig. S4E) conditions.

FGF21-dependent systemic phenotypes upon loss of Slc25a47
Because FGF21 levels were high in Slc25a47hep-/- plasma, we
examined the molecular link between its induction and the ge-
netic disruption of the Slc25a47 locus. An in silico analysis of the
murine Fgf21 promoter region found putative binding sites for
over 30 transcription factors (Fig. S5A). Correlation analyses be-
tween their mRNA expression levels and Fgf21 indicated that the
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stress-induced proteins activating transcription factor (ATF)4
and ATF5 are strongly correlated with Fgf21, suggesting a caus-
ative link between these transcription factors and the induction
of this mitokine (Fig. 5A). This was confirmed by chromatin
immunoprecipitation assays, which showed robust recruitment
of both ATF4 and ATF5 to the Fgf21 promoter specifically in
Slc25a47hep-/- livers (Fig. 5B). Genetic recombination within the
Slc25a47 locus thus leads to an induction of the ATF-FGF21
stress pathway.

FGF21 mediates a multitude of metabolic actions,31,32 and its
chronic upregulation is known to induce a profound and
persistent hypermetabolic state.33,34 We hence generated a new
mouse line in which both Slc25a47 and Fgf21 were genetically
ablated in hepatocytes (Slc25a47-Fgf21hep-/-); we then pheno-
typed these mice (Fig. S5B-D). Most of the morphological and
systemic phenotypes of Slc25a47hep-/- mice were fully rescued in
double-mutant mice. In particular, body weight (Fig. 5C) and
body length (Fig. 5D; S5E) were normal in 8-week-old male
control and Slc25a47-Fgf21hep-/- animals but were abnormally
reduced in Slc25a47hep-/- mice. Food intake (Fig. 5E) on the other
hand was markedly increased in Slc25a47hep-/- animals but
normalized upon double ablation of Slc25a47 and Fgf21.
Slc25a47hep-/- mice showed marked beiging of subcutaneous
white adipose tissue (scWAT, Fig. 5F-G) associated with a strong
increase in energy expenditure both during the day and night
(Fig. 5H) which was not linked to increased movement activity

(Fig. S5F). In contrast, scWAT beiging and energy expenditure
were normal in Slc25a47-Fgf21hep-/- animals (Fig. 5F-H). Alto-
gether, these results support a model in which the hepatic
mitochondrial stress induced in Slc25a47hep-/- livers triggers an
FGF21-driven hypermetabolic phenotype in Slc25a47hep-/- mice.

FGF21-independent hepatic phenotypes upon loss of Slc25a47
Contrary to what we observed at the systemic level, the liver-
specific phenotypes of Slc25a47hep-/- animals remained after
the genetic deletion of Fgf21. In particular, 8-week-old male
single Slc25a47hep-/- and double Slc25a47-Fgf21hep-/- mice were
similarly affected by a decrease in the liver to body weight ratio
(Fig. 6A) and displayed comparable changes in liver tri-
glycerides (Fig. 6B; S6A) and alanine aminotransferase/aspar-
tate aminotransferase (Fig. 6C) levels upon fasting. All
phenotypes associated with glucose homeostasis were also in-
dependent of FGF21 expression and its induction of scWAT
beiging. Indeed, single Slc25a47hep-/- and double Slc25a47-
Fgf21hep-/- mice displayed similarly improved glucose clear-
ance rates during OGTT (Fig. 6D). ITT after mild (6-hour) fasting
of the experimental cohorts indicated that, prior to insulin in-
jection, single Slc25a47hep-/- and double Slc25a47-Fgf21hep-/-

mice were already hypoglycemic (Fig. 6E; S6D) but responded
similarly to the actions of insulin (Fig. S6B), suggesting normal
insulin signaling in Slc25a47-deficient animals. We then
explored whether the impaired mitochondrial activity in
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SLC25A47-depleted livers forces hepatocytes to rely more on
glycolytic metabolism. In line with this hypothesis, ATP levels
were robustly reduced in both single Slc25a47hep-/- and double
Slc25a47-Fgf21hep-/- livers (Fig. 6F). Moreover, ablation of Fgf21
in Slc25a47hep-/- mice failed to rescue the defects in respiration
(Fig. 6G-H). Both mouse lines also displayed elevated plasma
lactate levels during OGTT (Fig. S6C). Additionally, the glycemic
excursion after oral pyruvate administration (PTT, Fig. 6I) was
no longer observed in single Slc25a47hep-/- and double Slc25a47-
Fgf21hep-/- mice, suggesting that ATP depletion in the liver of
Slc25a47hep-/- mice impairs normal gluconeogenesis, a hypoth-
esis in line with the fasting-induced hypoglycemia observed in
both Slc25a47hep-/- and Slc25a47-Fgf21hep-/- mice (Fig. S6D).
Collectively, these data demonstrate that deletion of Slc25a47
has a broad metabolic impact not only in the liver, but also on
the whole organism. While several of the hypermetabolic
phenotypes could be attributed to chronic FGF21 signaling,
those involved in glycemic control remain defective, even after
removal of FGF21.

Slc25a47hep-/- mice develop liver fibrosis
To gain insights into the mechanism leading to liver injury in
Slc25a47hep-/- mice (Fig. 2G; S2E-F), we performed in silico cell
type enrichment analysis with our RNA-seq data (Fig. 7A). More
inflammatory cells were present in Slc25a47hep-/- livers along
with an upregulation of stellate cells (Fig. 7A) suggesting a pre-
disposition to fibrosis. We hence performed Sirius Red staining
on livers of young (8 weeks), mid-aged (32 weeks), and old (80
weeks) Slc25a47hep-/- mice and control littermates. Collagen
deposition was significantly increased upon aging in Slc25a47-
hep-/- livers, as shown by Sirius Red staining (Fig. S7A). We then
challenged Slc25a47hep-/- animals with a HFHS diet to further
exacerbate the metabolic pressure in the liver. While Slc25a47-
hep-/- mice were significantly protected against HFHS-induced
obesity (Fig. S7B) and diabetes (Fig. 7D-F, S7C) as a result of
their increased energy expenditure (Fig. 5H) and improved gly-
cemic profile (Fig. 6), their livers were much more inflamed than
control littermates and displayed fibrosis (Fig. 7B-C; S7D). These
molecular and histological markers indicate that Slc25a47hep-/-
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8 Journal of Hepatology 2022 vol. - j 1–12

Research Article Experimental and Translational Hepatology



mice are predisposed to develop non-alcoholic steatohepatitis
and liver fibrosis.

Discussion
The liver is one of the first organs to respond to dietary factors35

and its mitochondria demonstrate high metabolic flexibility to
coordinate the changes in bioenergetic demand.36 We observed
that loss-of-function of the Slc25a47 locus impaired hepatocyte
mitochondrial function and, in turn, rendered Slc25a47hep-/- mice
metabolically inflexible as demonstrated by their blunted ability
to switch to lipid oxidation in the fasted state. The chronic en-
ergy deficit also led to impaired gluconeogenesis and faster
depletion of the glycogen stores in the fed state. Overall, these
phenotypes underlie the observed hypoglycemia, even after mild
fasting. Moreover, Slc25a47hep-/- mice suffered from liver damage
preponderantly in the fasted state suggesting that Slc25a47-
deficient hepatocytes fail to cope with the additional metabolic
pressure induced by fasting or HFHS feeding. While our study
used a design based on a genetic and liver-specific recombina-
tion of the Slc25a47 locus which, surely, maximizes the negative

effects on hepatic homeostasis, a milder inhibition of SLC25A47
could prove interesting from a therapeutic perspective. Our data
show that one of the main consequences of SLC25A47 down-
regulation is an inhibition of the hepatic ETC, which results in
impaired gluconeogenesis. This mechanism of action is remi-
niscent of that of metformin, the most frequently prescribed
antidiabetic treatment,37 which reduces hepatic gluconeogenesis
through moderate inhibition of complex I.37 Theoretically, a mild
inhibition of SLC25A47 could hamper the ETC specifically in
hepatocytes and lower glycemia by blunting de novo glucose
production. In line with this hypothesis, we observed that het-
erozygous Slc25a47hep+/- mice did not show signs of liver damage
or metabolic stress but secreted less glucose in response to py-
ruvate (Fig. S2M). This putative therapeutic application remains
to be tested under several conditions of metabolic pressure, but
is an example of how a better understanding of mitochondrial
carriers, and of their specific tissue distribution, could be lever-
aged to treat metabolic disorders.3 It should be noted, however,
that SLC25A47 was first identified as a gene downregulated
during hepatocellular carcinoma development.15 This finding
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calls for a cautious monitoring of SLC25A47 inhibition with re-
gard to cancer progression.

Our data show that the Slc25a47 locus is essential to maintain
hepatic mitochondrial homeostasis as its disruption results in
the activation of a profound and persistent MSR. Mitochondrial
stress induces mitochondrial quality control mechanisms that
are essential to maintain mitochondrial function.16 Retrograde
signals from the mitochondria to the nucleus have been well-
documented in multiple species38,39 and involve the induction
of transcription factors, including ATF4,39–41 ATF542 CHOP (C/EBP
homologous protein43,44), and C/EBPb.43,44 Alongside these cell-
autonomous effectors, non-cell-autonomous factors are also
secreted, enabling the MSR to rewire organismal metabolic ho-
meostasis.16,20–22,24,45 In this study, we demonstrated that FGF21
is a key hepatic mitokine that modulates systemic energy
metabolism in Slc25a47hep-/- mice. Persistent activation of the

ATF family most likely contributes to the marked increase of
plasma FGF21 levels in Slc25a47hep-/- mice.46 We demonstrated
that this induction mediates a profound hypermetabolic state,
driving increased scWAT beiging, energy expenditure, hyper-
phagia, and blunted growth, the latter most likely resulting from
the chronic hypermetabolism observed in Slc25a47hep-/- mice.

The MSR is normally activated by defects in mitonuclear
protein imbalance, such as seen with defects in mtDNA replica-
tion,45,47,48 in the ETC,22,39 in mito-ribosomal translation18,21 or
upon mitochondrial biogenesis.17,49 Here we linked the activa-
tion of the MSR with the loss of a mitochondrial carrier.
Involvement of mitochondrial carriers in mitochondrial stress,
however, is not unprecedented, as an early study attempting to
define the MSR in Arabidopsis thaliana already reported that the
SLC25 family was over-represented amongst stress-responsive
genes.50 While this study suggests that mitochondrial stress
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resolution involves a rewiring of metabolite trafficking across
mitochondrial membranes,50 it will be interesting to determine
to what extent depletion or accumulation of given metabolites
can trigger mitochondrial stress. Our work suggests that
SLC25A47 controls the levels of a mitochondrial metabolite, the
nature of which is currently unknown and requires further
investigation given its potential impact on hepatocyte mito-
chondrial function, liver fibrosis, and organismal health.

While genetic disruption of the Slc25a47 locus improves the
metabolic profile of mice on an obesogenic, diabetogenic diet,
this is achieved at the expense of liver health and integrity, as
exemplified by the pronounced fibrotic phenotype induced
progressively upon aging or acutely under the metabolic pres-
sure of an HFHS diet. Fibrosis is a common pathological feature of
most end-stage organ diseases and growing evidence indicates
that mitochondrial dysfunction contributes to the development
and progression of fibrosis in a number of organs (reviewed in51).
Our observations indicate that SLC25A47 could be a promising
target to mitigate this process in the liver. Further studies will be
needed to further explore in-depth its role in liver fibrogenesis.

Abbreviations
ATF, activating transcription factor; EM, electron microscopy;
ETC, electron transport chain; FC, fold change; FGF21, fibroblast
growth factor 21; HFHS, high-fat high-sucrose, ITT, insulin
tolerance test; MSR, mitochondrial stress response; OCR, oxygen
consumption rate; OGTT, oral glucose tolerance test; PTT, pyru-
vate tolerance test; RT-qPCR, reverse-transcription quantitative
PCR; scWAT: subcutaneous white adipose tissue; UPRmt, mito-
chondrial unfolded protein response.

Financial support
This work was supported by the Ecole Polytechnique Fédérale de
Lausanne (EPFL to K.S. & J.A.), and grants from the Swiss National
Science Foundation, Switzerland (SNSF 31003 A_166695 to K.S.,
SNSF 31003A-179435 to J.A.), the European Research Council
(ERC-AdG-787702 to J.A.), the Swiss Cancer League (KFS-4226-
08-2017 to K.S.), and the Global Research Laboratory (GRL) Na-
tional Research Foundation of Korea (NRF 2017K1A1A2013124 to
J.A.). H.D. received funding from the European Union’s Horizon
2020 research and innovation program under the Marie Skło-
dowska-Curie grant agreement No 846001.

Conflict of interest
The authors declare no conflicts of interest that pertain to
this work.

Please refer to the accompanying ICMJE disclosure forms for
further details.

Authors’ contributions
K.S. conceived, designed, and supervised the project. N.B., H.D.,
V.L., F.P. and A.P. performed animal experiments. N.B. performed
in vitro experiments. X.L. analyzed the RNA-seq data. H.L.
analyzed the scRNA-seq data. Y.S. performed ChIP experiments.
J.A. provided expertise and funding. N.B., H.D., and K.S. wrote
the manuscript.

Data availability statement
The data associated with this paper are available upon request to
the corresponding author. Reagents, antibodies and resources are

listed in the material and methods section, supplementary ma-
terials and methods and in the CTAT table.

Acknowledgments
We thank the Schoonjans and Auwerx lab members, in particular
Sabrina Bichet, Thibaud Clerc, Jéromine Imbach, Kim Borany,
Fabiana Fraga, Marie Janod, Carla Mendes Ferreira, Penelope
Stefanelli, as well as the EPFL-SV animal facility (UDP), the his-
tology facility (HCF) and the electron microscopy facility (BioEM)
for technical assistance. We thank Maroun Bou Sleiman for his
assistance with the graphical abstract.

Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jhep.2022.05.040.

References
Author names in bold designate shared co-first authorship

[1] Hinzpeter F, Gerland U, Tostevin F. Optimal compartmentalization stra-
tegies for metabolic microcompartments. Biophys J 2017;112:767–779.

[2] Pfaff E, Klingenberg M, Ritt E, Vogell W. Correlation of the unspecific
permeable mitochondrial space with the "intermembrane space". Eur J
Biochem 1968;5:222–232.

[3] Palmieri F. The mitochondrial transporter family SLC25: identification,
properties and physiopathology. Mol Aspects Med 2013;34:465–484.

[4] Galgani JE, Moro C, Ravussin E. Metabolic flexibility and insulin resistance.
Am J Physiol Endocrinol Metab 2008;295:E1009–E1017.

[5] Schimke RT, Doyle D. Control of enzyme levels in animal tissues. Annu Rev
Biochem 1970;39:929–976.

[6] Frezza C, Cipolat S, Scorrano L. Organelle isolation: functional mito-
chondria from mouse liver, muscle and cultured fibroblasts. Nat Protoc
2007;2:287–295.

[7] Gutierrez-Aguilar M, Baines CP. Physiological and pathological roles of
mitochondrial SLC25 carriers. Biochem J 2013;454:371–386.

[8] Sollner JF, Leparc G, Hildebrandt T, Klein H, Thomas L, Stupka E, et al. An
RNA-Seq atlas of gene expression in mouse and rat normal tissues. Sci
Data 2017;4:170185.

[9] Fiermonte G, Palmieri L, Todisco S, Agrimi G, Palmieri F, Walker JE.
Identification of the mitochondrial glutamate transporter. Bacterial
expression, reconstitution, functional characterization, and tissue distri-
bution of two human isoforms. J Biol Chem 2002;277:19289–19294.

[10] Su AI, Cooke MP, Ching KA, Hakak Y, Walker JR, Wiltshire T, Orth AP,
et al. Large-scale analysis of the human and mouse transcriptomes. Proc
Natl Acad Sci U S A 2002;99:4465–4470.

[11] Tabula Muris C, Overall c, Logistical c, Organ c, processing Library p,
sequencing, et al. Single-cell transcriptomics of 20 mouse organs creates a
Tabula Muris. Nature 2018;562:367–372.

[12] Halpern KB, Shenhav R, Matcovitch-Natan O, Toth B, Lemze D, Golan M,
et al. Single-cell spatial reconstruction reveals global division of labour in
the mammalian liver. Nature 2017;542:352–356.

[13] Li H, Rukina D, David FPA, Li TY, Oh CM, Gao AW, et al. Identifying gene
function and module connections by the integration of multispecies
expression compendia. Genome Res 2019;29:2034–2045.

[14] Jin X, Yang YD, Chen K, Lv ZY, Zheng L, Liu YP, et al. HDMCP uncouples
yeast mitochondrial respiration and alleviates steatosis in L02 and hepG2
cells by decreasing ATP and H2O2 levels: a novel mechanism for NAFLD.
J Hepatol 2009;50:1019–1028.

[15] Tan MG, Ooi LL, Aw SE, Hui KM. Cloning and identification of hepatocel-
lular carcinoma down-regulated mitochondrial carrier protein, a novel
liver-specific uncoupling protein. J Biol Chem 2004;279:45235–45244.

[16] Mottis A, Herzig S, Auwerx J. Mitocellular communication: shaping
health and disease. Science 2019;366:827–832.

[17] Mouchiroud L, Houtkooper RH, Moullan N, Katsyuba E, Ryu D, Canto C,
et al. The NAD(+)/Sirtuin pathway modulates longevity through activation
of mitochondrial UPR and FOXO signaling. Cell 2013;154:430–441.

[18] Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G,
et al. Mitonuclear protein imbalance as a conserved longevity mechanism.
Nature 2013;497:451–457.

Journal of Hepatology 2022 vol. - j 1–12 11



[19] Jovaisaite V, Mouchiroud L, Auwerx J. The mitochondrial unfolded pro-
tein response, a conserved stress response pathway with implications in
health and disease. J Exp Biol 2014;217:137–143.

[20] Quiros PM, Mottis A, Auwerx J. Mitonuclear communication in homeo-
stasis and stress. Nat Rev Mol Cell Biol 2016;17:213–226.

[21] Kang SG, Choi MJ, Jung SB, Chung HK, Chang JY, Kim JT, et al. Differential
roles of GDF15 and FGF21 in systemic metabolic adaptation to the mito-
chondrial integrated stress response. iScience 2021;24:102181.

[22] Durieux J, Wolff S, Dillin A. The cell-non-autonomous nature of electron
transport chain-mediated longevity. Cell 2011;144:79–91.

[23] Copeland JM, Cho J, Lo Jr T, Hur JH, Bahadorani S, Arabyan T, et al.
Extension of Drosophila life span by RNAi of the mitochondrial respira-
tory chain. Curr Biol 2009;19:1591–1598.

[24] Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, et al. Autophagy
deficiency leads to protection from obesity and insulin resistance by
inducing Fgf21 as a mitokine. Nat Med 2013;19:83–92.

[25] Chau MD, Gao J, Yang Q, Wu Z, Gromada J. Fibroblast growth factor 21
regulates energy metabolism by activating the AMPK-SIRT1-PGC-1alpha
pathway. Proc Natl Acad Sci U S A 2010;107:12553–12558.

[26] Tyynismaa H, Carroll CJ, Raimundo N, Ahola-Erkkila S, Wenz T,
Ruhanen H, et al. Mitochondrial myopathy induces a starvation-like
response. Hum Mol Genet 2010;19:3948–3958.

[27] Kliewer SA, Mangelsdorf DJ. A dozen years of discovery: insights into the
Physiology and pharmacology of FGF21. Cell Metab 2019;29:246–253.

[28] Chung HK, Ryu D, Kim KS, Chang JY, Kim YK, Yi HS, et al. Growth dif-
ferentiation factor 15 is a myomitokine governing systemic energy ho-
meostasis. J Cell Biol 2017;216:149–165.

[29] Lv Y, Zhang SY, Liang X, Zhang H, Xu Z, Liu B, et al. Adrenomedullin 2
enhances beiging in white adipose tissue directly in an adipocyte-
autonomous manner and indirectly through activation of M2 macro-
phages. J Biol Chem 2016;291:23390–23402.

[30] Zhang SY, Lv Y, Zhang H, Gao S, Wang T, Feng J, et al. Adrenomedullin 2
improves early obesity-induced adipose insulin resistance by inhibiting
the class II MHC in adipocytes. Diabetes 2016;65:2342–2355.

[31] Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R,
Galbreath EJ, et al. FGF-21 as a novel metabolic regulator. J Clin Invest
2005;115:1627–1635.

[32] Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast
growth factor 21 reverses hepatic steatosis, increases energy expenditure,
and improves insulin sensitivity in diet-induced obese mice. Diabetes
2009;58:250–259.

[33] Inagaki T, Lin VY, Goetz R, Mohammadi M, Mangelsdorf DJ, Kliewer SA.
Inhibition of growth hormone signaling by the fasting-induced hormone
FGF21. Cell Metab 2008;8:77–83.

[34] Owen BM, Ding X, Morgan DA, Coate KC, Bookout AL, Rahmouni K, et al.
FGF21 acts centrally to induce sympathetic nerve activity, energy
expenditure, and weight loss. Cell Metab 2014;20:670–677.

[35] Kraegen EW, Clark PW, Jenkins AB, Daley EA, Chisholm DJ, Storlien LH.
Development of muscle insulin resistance after liver insulin resistance in
high-fat–fed rats. Diabetes 1991;40:1397–1403.

[36] Koliaki C, Roden M. Alterations of mitochondrial function and insulin
sensitivity in human obesity and diabetes mellitus. Annu Rev Nutr
2016;36:337–367.

[37] Pernicova I, Korbonits M. Metformin–mode of action and clinical im-
plications for diabetes and cancer. Nat Rev Endocrinol 2014;10:
143–156.

[38] Cagin U, Enriquez JA. The complex crosstalk between mitochondria and
the nucleus: what goes in between? Int J Biochem Cell Biol
2015;63:10–15.

[39] Quiros PM, Prado MA, Zamboni N, D’Amico D, Williams RW, Finley D,
et al. Multi-omics analysis identifies ATF4 as a key regulator of the
mitochondrial stress response in mammals. J Cell Biol
2017;216:2027–2045.

[40] Bao XR, Ong S-E, Goldberger O, Peng J, Sharma R, Thompson DA, et al.
Mitochondrial dysfunction remodels one-carbon metabolism in human
cells. elife 2016;5:e10575.

[41] Münch C, Harper JW. Mitochondrial unfolded protein response con-
trols matrix pre-RNA processing and translation. Nature 2016;534:
710–713.

[42] Fiorese CJ, Schulz AM, Lin Y-F, Rosin N, Pellegrino MW, Haynes CM. The
transcription factor ATF5 mediates a mammalian mitochondrial UPR. Curr
Biol 2016;26:2037–2043.

[43] Aldridge JE, Horibe T, Hoogenraad NJ. Discovery of genes activated by the
mitochondrial unfolded protein response (mtUPR) and cognate promoter
elements. PloS one 2007;2:e874.

[44] Zhao Q, Wang J, Levichkin IV, Stasinopoulos S, Ryan MT, Hoogenraad NJ.
A mitochondrial specific stress response in mammalian cells. EMBO J
2002;21:4411–4419.

[45] Forsstrom S, Jackson CB, Carroll CJ, Kuronen M, Pirinen E, Pradhan S,
et al. Fibroblast growth factor 21 drives dynamics of local and systemic
stress responses in mitochondrial myopathy with mtDNA deletions. Cell
Metab 2019;30:1040–1054 e1047.

[46] De Sousa-Coelho AL, Marrero PF, Haro D. Activating transcription factor 4-
dependent induction of FGF21 during amino acid deprivation. Biochem J
2012;443:165–171.

[47] Martinus RD, Garth GP, Webster TL, Cartwright P, Naylor DJ, Hoj PB, et al.
Selective induction of mitochondrial chaperones in response to loss of the
mitochondrial genome. Eur J Biochem 1996;240:98–103.

[48] Khan NA, Nikkanen J, Yatsuga S, Jackson C, Wang L, Pradhan S, et al.
mTORC1 regulates mitochondrial integrated stress response and
mitochondrial myopathy progression. Cell Metab 2017;26:419–
428 e415.

[49] Zhang H, Ryu D, Wu Y, Gariani K, Wang X, Luan P, et al. NAD(+) repletion
improves mitochondrial and stem cell function and enhances life span in
mice. Science 2016;352:1436–1443.

[50] Van Aken O, Zhang B, Carrie C, Uggalla V, Paynter E, Giraud E, et al.
Defining the mitochondrial stress response in Arabidopsis thaliana. Mol
Plant 2009;2:1310–1324.

[51] Li X, Zhang W, Cao Q, Wang Z, Zhao M, Xu L, et al. Mitochondrial
dysfunction in fibrotic diseases. Cell Death Discov 2020;6:80.

12 Journal of Hepatology 2022 vol. - j 1–12

Research Article Experimental and Translational Hepatology



LETTERS
https://doi.org/10.1038/s42255-021-00398-4

1Institute of Bioengineering, Faculty of Life Sciences, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland. 2University of Bordeaux, INSERM, 
Neurocentre Magendie, U1215, F-3300, Bordeaux, France. 3Department of Cellular and Molecular Physiology,  Yale University School of Medicine, New 
Haven, CT, USA. 4Department of Molecular Pharmacology and Therapeutics, Columbia University Irving Medical Center, New York, NY, USA. 5Brain Mind 
Institute, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland. 6Department of Pharmaceutical Sciences, University of Perugia, Perugia, Italy. 
7TES Pharma S.r.l., Perugia, Italy. 8Metabolomics Platform, Faculty of Biology and Medicine, University of Lausanne, Lausanne, Switzerland. 9Bertarelli 
Platform for Gene Therapy, Ecole Polytechnique Fédérale de Lausanne, Geneva, Switzerland. 10Present address: Departamento de Fisiología de la Nutrición, 
Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, México D.F., Mexico. ᅒe-mail: kristina.schoonjans@epfl.ch

Bile acids (BAs) are signalling molecules that mediate vari-
ous cellular responses in both physiological and pathological 
processes. Several studies report that BAs can be detected in 
the brain1, yet their physiological role in the central nervous 
system is still largely unknown. Here we show that postpran-
dial BAs can reach the brain and activate a negative-feedback 
loop controlling satiety in response to physiological feeding 
via TGR5, a G-protein-coupled receptor activated by mul-
tiple conjugated and unconjugated BAs2 and an established 
regulator of peripheral metabolism3–8. Notably, peripheral 
or central administration of a BA mix or a TGR5-specific BA 
mimetic (INT-777) exerted an anorexigenic effect in wild-type 
mice, while whole-body, neuron-specific or agouti-related 
peptide neuronal TGR5 deletion caused a significant increase 
in food intake. Accordingly, orexigenic peptide expression 
and secretion were reduced after short-term TGR5 activa-
tion. In vitro studies demonstrated that activation of the 
Rho–ROCK–actin-remodelling pathway decreases orexigenic 
agouti-related peptide/neuropeptide Y (AgRP/NPY) release 
in a TGR5-dependent manner. Taken together, these data 
identify a signalling cascade by which BAs exert acute effects 
at the transition between fasting and feeding and prime the 
switch towards satiety, unveiling a previously unrecognized 
role of physiological feedback mediated by BAs in the central 
nervous system.

Primary BAs are synthesized in the liver from cholesterol and 
chemically transformed into secondary BAs by the gut microbiota8. 
After feeding, circulating BA levels can reach micromolar concen-
trations through enterohepatic recirculation and spillover in the 
systemic circulation9. The presence of BAs in the brain has been 
reported under both physiological and pathological conditions in 
rodents and humans1,10–12. Although some of the cholesterol and 
BA biosynthetic enzymes are expressed in different regions of the 
brain13, these proteins seem to be involved in cholesterol clearance 
rather than in BA production14. Brain BAs strongly correlate with 
circulating levels and are believed to reach the central nervous 
system (CNS) through passive diffusion10. Despite this evidence, 
a physiological role of BAs in the CNS has not been reported.  

The recent finding that the main non-genomic BA signalling medi-
ator TGR5 (Gpbar1) is expressed in the CNS15,16 led us to hypoth-
esize that BAs may exert dedicated CNS functions.

Interestingly, we observed that BAs can reach the hypothalamus, 
the main central regulator of energy homeostasis, after physiologi-
cal feeding. The hypothalamic concentration of several endog-
enous BAs, mainly the tauro-conjugated species, was transiently 
increased following food intake at the beginning of the dark phase 
(Fig. 1a). Oral administration of a BA mix effectively reduced 24-h 
food intake (Fig. 1b) suggesting that the feeding-mediated increase 
in BAs in the CNS may trigger satiety during the fasting–feeding 
transition through the activation of a BA receptor. Time-course 
and dose-response studies confirmed that orally administered 
BAs can rapidly reach the hypothalamus (Extended Data Fig. 1a) 
and suppress food intake in wild-type mice (Extended Data Fig. 
1b). Based on these rapid responses, we reasoned that the anorexi-
genic phenotype could be mediated by TGR5. Brain expression  
profiling with RNAscope imaging revealed that endogenous Gpbar1 
mRNA is expressed in different brain regions, including the arcuate 
nucleus (ARC; Fig. 1c). ARC-enriched hypothalamic punches cou-
pled with quantitative PCR with reverse transcription (RT–qPCR) 
analysis confirmed that Gpbar1 is expressed in this brain region, 
which is critical for the control of food consumption (Extended 
Data Fig. 1c).

We next gavaged the TGR5-specific semi-synthetic BA INT-
777 (refs. 4,17) to investigate whether the BA-mediated anorexigenic 
effect is TGR5 dependent. Time-course and dose-response experi-
ments confirmed that, like endogenous BAs, INT-777 rapidly accu-
mulated in the hypothalamus (Fig. 1d) and reduced food intake at 
doses ranging from 10 to 100 mg kg−1 (Fig. 1e). At the highest dose, 
INT-777 reached the hypothalamus at concentrations comparable to 
those of the endogenous postprandial BAs (Fig. 1a), recapitulating 
the central physiological concentrations required for BA-mediated 
feedback regulation of feeding behaviour. Of note, intracerebro-
ventricular (i.c.v.) administration of INT-777 to wild-type mice 
also caused a rapid and significant anorexigenic response after the 
first injection (Extended Data Fig. 1d,e) but receded over time, and  
only a trend towards reduced food intake remained (Extended Data 
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Fig. 1f). These data indicate that an acute preprandial stimulation 
of TGR5 is sufficient to reduce food consumption during the physi-
ological feeding state but that repetitive TGR5 activation in mice fed 
a chow diet only marginally affects food intake, without impacting 
body weight (Extended Data Fig. 1g).

Among the different neuronal populations involved in the 
regulation of feeding, the orexigenic AgRP/NPY neurons, pro-
moting hunger signalling, and the anorexigenic proopiomelano-
cortin (POMC)/cocaine-regulated and amphetamine-regulated 
transcript-expressing neurons, coordinating satiety, are known to 
play a key role18. These neurons are located in the ARC in prox-
imity to a fenestrated blood–brain barrier that allows a facilitated 
exchange with the blood. Analysis of the neuropeptide expression 
in the ARC showed that Agrp and Npy mRNA levels were reduced 
in wild-type mice after 1 h of either oral or i.c.v. administration of 
the TGR5 agonist (Fig. 1f), while Pomc levels remained unaffected 
(Fig. 1g).

Phenotyping of 8-week-old TGR5 wild-type (Gpbar1+/+) and 
knockout (Gpbar1−/−) mice revealed that whole-body TGR5 dele-
tion triggered a significant increase in cumulative food intake  
(Fig. 2a), with an increment in food consumption starting dur-
ing the night period (Fig. 2b), which coincides with the active and 
physiological feeding cycle. While wild-type mice showed blunted 
Agrp and Npy mRNA levels in response to feeding, Gpbar1−/− mice 
failed to suppress the expression of these orexigenic neuropeptides  
(Fig. 2c). On the contrary, the expression of the anorexigenic  

peptide Pomc was unaffected (Fig. 2d). These data suggest that 
TGR5 may coordinate satiety in the fed state through the inhibi-
tion of AgRP/NPY rather than stimulation of POMC neurons, with-
out affecting the number of AgRP/NPY neurons (Extended Data  
Fig. 2a). Of note, the increase in food intake did not alter body 
weight nor fat and lean mass in Gpbar1−/− mice compared to their 
controls (Extended Data Fig. 2b,c).

To analyse the distribution of TGR5 in different cell types 
in the brain, we used a reporter mouse model (TGR5:GFP), that 
co-expresses TGR5 and green fluorescent protein (GFP) under the 
control of the mouse Gpbar1 regulatory gene locus (Fig. 2e and 
Extended Data Fig. 2d). Immunofluorescence analysis using anti-
bodies against GFP and the neuronal marker NeuN confirmed 
that TGR5 is present in hypothalamic neurons (Fig. 2e), as well 
as in other brain cells, as previously reported16, including glia and 
astrocytes. To verify the importance of neuronal TGR5 in control-
ling food intake, we generated mice with a targeted deletion of 
Gpbar1 in neurons (SynCre;Gpbar1fl/fl). In line with the expression 
of Gpbar1 in multiple cell types of the ARC, a substantial, but not 
complete, reduction in Gpbar1 mRNA levels was observed in the 
ARC of SynCre;Gpbar1fl/fl mice (Extended Data Fig. 2e). Consistently 
with the findings observed in the whole-body Gpbar1−/− mice, 
SynCre;Gpbar1fl/fl mice displayed no apparent changes in body 
weight and composition (Extended Data Fig. 2f,g); however, a 
marked increase in cumulative food intake (Fig. 2f and Extended  
Data Fig. 2h) and in the expression of orexigenic (Fig. 2g) but not 
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anorexigenic (Extended Data Fig. 2i) genes was observed. Moreover, 
preprandial oral administration of INT-777 decreased cumulative food 
intake in Gpbar1fl/fl and Gpbar1+/+ mice (Extended Data Fig. 2j–m),  
but not in whole-body Gpbar1−/− (Extended Data Fig. 2l,m) and 
neuron-restricted SynCre;Gpbar1fl/fl mice (Extended Data Fig. 2j,k), 
confirming that the modulation of AgRP/NPY expression involved 
in controlling eating behaviour is driven by neuron-specific TGR5.

To determine which neuronal population in the ARC is respon-
sible for conferring the food intake phenotype, we generated AgRP 
(AgRPCre;Gpbar1fl/fl) and POMC (PomcCre;Gpbar1fl/fl) neuron-specific 
Gpbar1 mutant mouse models and confirmed that Gpbar1 expres-
sion was reduced by half in the ARC of both strains (Fig. 3a and 
Extended Data Fig. 3a). AgRPCre;Gpbar1fl/fl but not PomcCre;Gpbar1fl/

fl mice displayed a significant increase in food intake during the 
night phase compared to their controls (Gpbar1fl/fl mice; Fig. 3b and 
Extended Data Fig. 3b). Moreover, oral administration of INT-777 
exerted an anorexigenic action in the PomcCre;Gpbar1fl/fl mice (Fig. 
3c), as well as in Gpbar1fl/fl controls (Fig. 3c,d), while this effect was 
significantly blunted in AgRPCre;Gpbar1fl/fl mice (Fig. 3d), indicat-
ing that TGR5 signalling in AgRP/NPY neurons, but not in POMC 
neurons, is important for the control of food intake. Similarly to our 
previous findings, deletion of TGR5 in both AgRP/NPY and POMC 
neurons did not affect body weight and composition (Extended 
Data Fig. 3c–f). Co-staining experiments using Agrp RNAscope 

probes and GFP immunofluorescence in TGR5:GFP mice con-
firmed that Gpbar1 is expressed in AgRP/NPY neurons (Fig. 3e). 
Immunofluorescence experiments showed that INT-777-mediated 
TGR5 activation in fasted animals significantly decreased the per-
centage of Fos-positive AgRP/NPY neurons (Fig. 3f,g), mimicking 
the fed state (Extended Data Fig. 3g,h). Altogether, these data sug-
gest that TGR5 suppresses food intake through inhibition of hypo-
thalamic AgRP/NPY neurons.

Because TGR5 mediates acute signalling responses, we reasoned 
that, in addition to its effect on orexigenic gene expression, this 
receptor could also be involved in blocking neuropeptide secretion. 
To test this hypothesis, we conducted ex vivo experiments on hypo-
thalamic explants. After fasting, TGR5 activation with INT-777 
acutely blunted the release of the orexigenic neuropeptides AgRP 
and NPY in Gpbar1+/+, but not in Gpbar1−/−, explants (Fig. 4a,b).  
Importantly, TGR5 stimulation did not affect the secretion of 
gamma-aminobutyric acid (GABA), a fast-acting small-molecule 
transmitter that is also released from AgRP/NPY neurons18 
(Extended Data Fig. 4a,b). In contrast to AgRP and NPY neuropep-
tides, which are stored in large dense-core vesicles (DCVs), GABA is 
quickly released from small clear synaptic vesicles, which are docked 
closely to the plasma membrane in axon terminals19. The distinct 
processing and secretion mode could account for the observed dif-
ference in neuropeptide release. In addition, TGR5 stimulation did 
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not affect POMC-derived alpha-melanocyte-stimulating hormone 
(αMSH) secretion (Extended Data Fig. 4c). These results confirm 
that the physiological anorexigenic effect of BA–TGR5 signalling 
during the postprandial state is achieved through the selective 
reduction of AgRP/NPY secretion.

To further explore the molecular mechanism of the observed 
phenotype, we conducted a series of experiments in the mouse 
embryonic hypothalamic cell line N41 (mHypoE-N41), an AgRP/
NPY-positive cell line that also expresses Gpbar1 (Extended Data 
Fig. 4d). In line with the results obtained in vivo and ex vivo, 
INT-777 treatment rapidly decreased Agrp and Npy expression 
in mHypoE-N41 cells (Extended Data Fig. 4e) and transiently 
blocked AgRP release (Extended Data Fig. 4f). This effect was 
TGR5-dependent because it was lost after silencing of the receptor 

(Extended Data Fig. 4g). Previous evidence has shown that, in the 
early stages of DCV mobilization, the cortical actin filaments rep-
resent a primary physical barrier between the secretory vesicles and 
the plasma membrane and that rearrangements of the actin network 
are established mechanisms to restrict peptide secretion in different 
cell types, including neurons20. Actin depolymerization and stabili-
zation can be modulated by the Rho–ROCK signalling pathway21,22. 
Specifically, activation of ROCK promotes actin fibre stabilization 
and thus blocks DCV exocytosis23,24. To test the hypothesis that 
TGR5 could transiently modulate neuropeptide secretion through 
the Rho–ROCK–actin axis, we evaluated AgRP and NPY secretion 
after INT-777 treatment and concomitant ROCK inhibition with 
thiazovivin. Inhibition of ROCK abrogated the TGR5-dependent 
block of AgRP and NPY secretion (Fig. 4c,d). Moreover, short-term 
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TGR5 stimulation with INT-777 or BA mix, modulated the cell 
cytoskeleton, favouring the stabilization and polymerization of 
cortical actin fibres (Fig. 4e). In line with these findings, TGR5 
activation triggered transient phosphorylation of the two canoni-
cal ROCK targets, myosin light chain (MLC) and COFILIN, while 
concomitant thiazovivin treatment counteracted this process  
(Fig. 4f and Extended Data Fig. 4h,i). In addition to INT-777, 
short stimulation with BA mix induced COFILIN phosphoryla-
tion in vitro (Extended Data Fig. 4j), indicating that BAs can also 
induce ROCK signalling. In line with our previous observations, 
the release of NPY-containing granules in mHypoE-N41 cells was 
markedly reduced after acute TGR5 activation with INT-777 or BA 
mix (Fig. 4g), as reflected by the increase in intracellular accumu-
lation of fluorescent NPY-mCherry vesicles (Fig. 4h). Altogether, 
these results show that TGR5 activation decreases the mRNA abun-
dance and transiently blocks the release of orexigenic neuropeptides 
in AgRP/NPY-expressing neurons, contributing to the inhibition of 
food intake after physiological feeding.

BAs have been established as versatile signalling molecules 
mediating the communication between the enterohepatic and 
peripheral metabolic organs, wherein circulating BAs coordinate 
adaptation to nutritional and physiological cues8. While growing 
evidence supports the presence of BAs and their transporters in 
the brain, little is known about their central actions. Our current 
studies reveal that a multitude of BA species can reach the hypo-
thalamus shortly after feeding and trigger a molecular response in 
the hypothalamic AgRP/NPY neurons, leading to a TGR5-mediated 
repression of food intake during the physiological fasting–feed-
ing transition. The anorexigenic action of BAs is furthermore  
supported by oral or i.c.v. administration of INT-777, a BA  
derivative with selective TGR5 agonistic properties, indicating that 
neuronal TGR5 activation is essential in this process. In line with 
the rapid non-genomic actions of G-protein-coupled-receptor sig-
nalling, our findings support a model in which TGR5 activation by 
BAs represses appetite via a dual mechanism, involving an acute 
inhibition of AgRP/NPY vesicle release, followed by a repression of 
Agrp/Npy transcript levels within the first hour after BA exposure. 
While the latter mechanism likely engages similar signalling trans-
duction pathways as those by which leptin and insulin inhibit the 
expression of these neuropeptides25, the early repressive actions of 
BAs on Rho–ROCK–actin-dependent AgRP/NPY exocytosis rep-
resent an unanticipated pathway by which BAs initiate repression 
of appetite.

While our findings demonstrate that BAs transiently accumulate 
in the hypothalamus to coordinate satiety during the homeostatic 
fasting–feeding transition, they also consolidate that the BA–TGR5 
pathway is not essentially required to maintain energy balance dur-
ing normal chow feeding, as reported earlier4. This is not surpris-
ing, as homeostasis pertains to a self-regulating process in which 
systems tend to maintain stability. Homeostatic circuits, however, 
can be compromised or damaged by disease or chronic high-fat-diet 

feeding, and it is possible that distinct TGR5-triggered circuits may 
prevail in these pathophysiological settings. Further studies are 
needed to explore this possibility.

Unlike its function in the CNS, the role of TGR5 in peripheral 
metabolism has been widely studied. Activation of this recep-
tor exerts beneficial metabolic effects such as the induction of 
the thermogenic programme in brown3 and white7 adipose tissue 
to confer protection against diet-induced obesity3,4,7 and drives 
anti-inflammatory processes preventing the development of ath-
erosclerosis5 and insulin resistance6. In addition, TGR5 signalling 
regulates glucose homeostasis4,26 by controlling the secretion of gut 
hormones, including glucagon-like peptide-1. Besides its incretin 
effect, glucagon-like peptide-1 also signals to neurons via the sys-
temic circulation27,28 or through activation of vagal nerve afferents 
to the intestine and reduces food intake29. While our findings sup-
port a role for the CNS in mediating BA-induced satiety, we cannot 
exclude the possibility that TGR5 expressed in peripheral neurons 
could also contribute to the anorexigenic actions of BAs. Indeed, we 
observed that synapsin-directed recombination of the Gpbar1 locus 
in both peripheral and central neurons leads to a significant rise in 
spontaneous feeding. Consistently, a recent study showed that BAs 
synergistically act with the gut peptide cholecystokinin to reduce 
appetite through activation of TGR5 and cholecystokinin-A recep-
tors in the nodose ganglia neurons, an effect abolished by vagot-
omy30. These data, together with ours, indicate that TGR5 signalling 
primes the satiety signal after feeding via both direct and indirect 
actions in the gut–brain axis of mice. Whether these findings will 
translate to humans remains to be investigated.

Methods
Animal studies. Generation of mouse models and tissue collection. !e whole-body 
Gpbar1−/− and the NPY:GFP mouse models have been described previously4,31. 
Mice carrying "oxed alleles for the Gpbar1 gene were crossed with di#erent Cre 
lines (purchased from Jackson Laboratory) to achieve selective deletion of Gpbar1 
in all neurons (Synapsin1-Cre, Tg(Syn1-cre)671Jxm; JAX stock no. 003966)32, in 
AgRP neurons (Agrp-IRES-Cre (Agrptm1(cre)Lowl/J); JAX stock no. 012899)33 or in 
POMC neurons (Pomc1-Cre (Tg(Pomc1-cre)16Lowl/J; JAX stock no. 005965)34. 
Male mice 8- to 15-weeks old were used in the study, and the di#erent lines 
were validated by analysis of Gpbar1 mRNA expression in the brain regions of 
interest. Mice were housed with ad libitum access to water and food (chow diet 
DS-SAFE150) and kept under a 12-h dark/12-h light cycle with a temperature of 
22 °C ± 1 °C and a humidity of 60% ± 20%. Body weight was monitored weekly over 
an 8-week period. Body composition was analysed by non-invasive monitoring 
of fat and lean mass using EchoMRI (Echo Medical Systems), as previously 
described35. Mice were euthanized in the morning a$er an overnight fast (12–16 h), 
in the fed state (09:00–10:00) or a$er physiological feeding at the onset of the 
dark phase for the indicated time points a$er a 12-h light-phase fasting. For 
biochemical analysis, tissues were collected and "ash frozen in isopentane and dry 
ice and stored at −80 °C. For histological analysis, mice were anaesthetized and 
transcardially perfused with 0.9% saline with heparin (10 mg l−1; Sigma-Aldrich, 
H3393), followed by %xative solution (4% paraformaldehyde in 0.1 M phosphate 
bu#er). Brains were collected, post-%xed overnight, then cryo-protected with a 30% 
sucrose solution in PBS at 4 °C and frozen.

To evaluate the expression and localization of Gpbar1 in the brain, we used a 
transgenic mouse reporter model (TGR5:GFP), that co-expresses human GPBAR1 

Fig. 4 | TGR5 regulates orexigenic neuropeptide secretion though transient activation of the Rho–ROCK signalling pathway. a,b, AgRP (a) or NPY (b) 
release in hypothalamic explants from TGR5 wild-type (Gpbar1+/+) and germline TGR5 knockout (Gpbar1−/−) mice after starvation or 10- and 30-min 
stimulation with TGR5 agonist INT-777 or vehicle. n!=!4 (Gpbar1−/−, 10 and 30!min), n!=!6 (Gpbar1+/+, 10 and 30!min) and n!=!8 (fasting; a) animals; n!=!4 
(Gpbar1+/+ and Gpbar1−/−, 10 and 30!min) and n!=!8 (fasting; b) animals. c,d, AgRP (c) or NPY (d) release after starvation followed by short-term (5, 10 and 
30!min) stimulation with TGR5 agonist INT-777, vehicle or preincubation (30!min) with specific ROCK inhibitor (10!μM thiazovivin) followed by INT-777 
stimulation in mouse embryonic hypothalamic N41 cell line (mHypoE-N41). n!=!4 (c) and n!=!3 (d) samples. e, Representative images of phalloidin staining 
to detect actin fibres (green) and DAPI staining to detect nuclei (blue) after 10!min of stimulation with INT-777, BA mix or vehicle in mHypoE-N41 cells. 
Scale bar, 10!μm; digital zoom. n!=!4 samples. f, Representative western blot of phosphorylated or total ROCK signalling targets (MLC and COFILIN) from 
the cells described in c, β-ACTIN was used as loading control. n!=!4 samples. g,h, Representative images (g) or quantification of fluorescence intensity 
(h) of NPY vesicles (red), phalloidin staining to detect actin fibres (green) and DAPI staining to detect nuclei (blue) after 10!min of stimulation with INT-
777, BA mix or vehicle in mHypoE-N41-transfected cells. Scale bars, 10!μm; digital zoom. n!=!8 samples. Results represent the mean!±!s.e.m. n represents 
biologically independent replicates. One-way ANOVA followed by Bonferroni post hoc correction versus Gpbar1+/+ vehicle (a and b) or vehicle (c, d and h) 
groups was used for statistical analysis. Exact P values are indicated.
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and the enhanced green fluorescent protein (Gfp) linked by the foot-and-mouth 
disease virus (F2a) cleaving peptide sequence under the control of the endogenous 
Gpbar1 mouse promoter.

Food intake recording and oral administration of TGR5 agonist. Food intake 
was recorded at regular intervals by means of a TSE PhenoMaster system (TSE 
Systems). Each mouse was placed individually in a cage with normal bedding and 
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free access to food and water during the acclimatization (48 h) and the test (30 min, 
1 h or 24 h) periods. The system was set to have a 12-h/12-h light–dark cycle. The 
oral administration of INT-777 (TES Pharma; 1 mg kg−1, 10 mg kg−1 or 100 mg kg−1 
in 2% CMC solution), BA mix (a crude bile extract containing the sodium salt of 
taurocholic, glycocholic, deoxycholic and cholic acids; Sigma, S9875; 1 mg kg−1, 
10 mg kg−1 or 100 mg kg−1 in 2% CMC) or vehicle (CMC 2% final solution) was 
performed through gavage 30 min before the start of the dark phase.

Oral administration of TGR5 agonists. Mice of the indicated genotypes were  
fasted overnight (12–15 h) and gavaged with vehicle, the selective TGR5 agonist 
INT-777 (TES Pharma; 100 mg kg−1 in 2% CMC) or BA mix (Sigma, S9875, 10 μg 
ml−1 in DMSO).

Stereotaxic administration. TGR5 agonist INT-777 (30 μM) or vehicle (DMSO) was 
administered by i.c.v. injection in the third ventricle. For the stereotaxic injections, 
mice were anaesthetized by intraperitoneal injection of xylazine (5–10 mg kg−1) 
plus ketamine (80–100 mg kg−1) followed by the placement on stereotaxic frame on 
a heating pad and with eye gel cover (Viscotears). Before intracerebral injection, 
the region was disinfected with Betadine. After scalp shaving, a local anaesthesia 
was performed with 20 μl of a lidocaine (6 mg kg−1) and bupivacaine (2.5 mg 
kg−1) mixture. A 1-cm skin incision was performed, by piercing the skull with a 
suitable drilling machine (Dremel), mounted on the arm of the stereotaxic frame. 
Stereotaxic coordinates were determined using Paxinos and Franklin’s mouse 
brain atlas36, according to bregma: anteroposterior (AP) −1.46 mm; dorsoventral 
(DV) −5.6 mm; lateral (ML) 0 mm. The speed of injection was 0.2 μl min−1 via an 
automatic injector and the injected volume was 2 μl. After injection, a suture of the 
skin was performed with 6–0 bioresorbable thread, and the skin was disinfected. 
The mice were euthanized 1 h after i.c.v. injection and the brains were collected and 
flash frozen in isopentane and dry ice for further analysis.

Chronic intracerebroventricular administration of TGR5 agonists. Male C57BL/6J 
mice (Janvier, France) were anaesthetized using isoflurane. Subcutaneous 
buprenorphine (0.1 mg kg−1) and lidocaine at the level of the skull (0.1 ml at 0.5%) 
were injected before surgery to reduce discomfort. Unconscious mice were placed 
on a stereotaxic frame (David Kopf Instruments), and an incision was made in 
the skin to expose the skull after fur removal and asepsis with an iodine solution 
(Betadine). A burr hole for the stainless-steel guide cannula (C313GS-5/SPC, G22; 
Plastics One) was drilled on the skull (AP: −0.5; ML: −1.2; DV: −2.1). Following 
surgery, all mice received saline solution subcutaneously and meloxicam (5 mg 
kg−1) for 2 d. Animals were housed individually, and body weight was monitored 
daily for 1 week to assess recovery. All i.c.v. treatments were performed with a 
28-gauge cannula, which was fitted into the guide cannula and connected by a 
polyethylene tube to a micro syringe. Correct cannula placement was assessed 
in vivo by i.c.v. infusion of NPY (Phoenix Pharmaceuticals) in free-fed mice, as 
described previously37. Mice that consumed >0.5 g of food after 2 h of injection 
were included in the study. All infusions were carried out in free-fed mice, and 
compounds were administered just before the dark phase. INT-777 (5 µg in 1 µl 
60% DMSO–40% aCSF) injections were performed daily for 1 week. Body weight 
was measured before and 24 h after the i.c.v. administrations; food intake was 
measured daily after 1, 2, 4 and 24 h from the i.c.v. administrations.

Ethical approval. These experiments were authorized by the Veterinary Office of 
the Canton of Vaud, Switzerland (authorization nos. 3143 and 3143.1), the  
French Ministry of Agriculture and Fisheries and the Ethical Committee of the 
University of Bordeaux for Animal Experimentation (authorization no. 13394) 
and by the Yale University Institutional Animal Care and Use Committee 
(authorization no. 10670).

RNAscope. RNAscope Multiplex Fluorescent V2 assay (Bio-Techne, 323110) was 
performed according to manufacturer’s instruction on 4-μm paraffin sections, 
hybridized with the probes Mm-Gpbar1-C1 (Bio-Techne, 318451), Mm-Agrp-C2 
(Bio-Techne, 400711-C2) and Mm-Ppib-C1 (Bio-Techne, 313911) as positive 
control and DapB-C1 (Bio-Techne, 310043) as negative control at 40 °C for 2 h 
and revealed with TSA Plus Cy3 (Perkin Elmer, NEL744E001KT). Tissues were 
counterstained with DAPI and mounted with Fluoromount-G (Bioconcept, 
100.01). When indicated, sections were incubated overnight at 4 °C with a goat 
anti-GFP primary antibody (Abcam, ab6673; 1:200 dilution). After incubation with 
a donkey anti-goat Alexa Fluor 488 secondary antibody (Thermo Fisher, A11055; 
1:1,000 dilution), tissues were counterstained with DAPI and mounted with 
Fluoromount-G (BioConcept, 100.01). The imaging was performed with an LSM 
700 confocal microscope (Carl Zeiss).

Fluorescence in situ hybridization. Brain coronal sections (30 µm) were cut 
with a CM1950 cryostat (Leica), collected, and stored in an antifreeze solution 
(30% ethylene glycol and 30% glycerol in KPBS) at −20 °C until analysis. 
Fluorescence in situ hybridization with digoxigenin-labelled riboprobe against 
mouse AgRP (AgRP-DIG; Allen Brain Atlas, RP_051027_01_B05) was performed 
as previously described38. Briefly, free-floating sections were treated with 0.2 M 
HCl and then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine 

at pH 8.0 for 10 min. Between all steps, sections were rinsed in PBS with 0.01% 
diethylpyrocarbonate. After hybridization with AgRP-DIG (1:1,000 dilution) 
overnight at 70 °C, sections were washed at 65 °C with increased stringency buffers 
and incubated for 30 min in 3% H2O2 PBS, for 1 h in blocking buffer (Akoya 
Biosciences, FP1012), for 2 h in anti-digoxigenin-POD (Sigma, 11207733910; 
1:1,000 dilution) and for 30 min in TSA plus Cy3 system (Akoya Biosciences, TS-
000202; 1:100 dilution). Between all steps, sections were rinsed in TNT (100 mM 
Tris-HCl, 150 mM NaCl and 0.05% Tween20). Slices were counterstained with 
DAPI and mounted on gelatinized slides and cover-slipped with Prolong. Images 
were acquired on a Leica DM6000 CFS TCS SP8 confocal microscope using 
a ×20/0.75 objective (Leica HC HPL Apo CS2). An engineer of the Bordeaux 
Imaging Center designed a toolset within ImageJ to automatize the quantification 
of AgRP-positive cells within the volume of the ARC. Analyses were performed 
by an experimenter who was blinded to the experimental group on 3–4 ARC 
(Gpbar1+/+ n = 4 and Gpbar1–/– n = 3) from 2–4 sections per animal. The number of 
AgRP-positive cells per mm3 of ARC tissue was then calculated.

Immunofluorescence. Brains from NPY:GFP mice31 were collected, post-fixed 
overnight and sectioned (50 μm) using a vibratome. Brain sections were processed 
for immunofluorescence staining using anti-GFP antibody (Abcam, ab13970; 
1:5,000 dilution) and/or anti-Fos antibody (Santa Cruz, sc-52; 1:2,000 dilution). 
After overnight incubation and washes, sections were incubated with a secondary 
antibody (Alexa Fluor 488-coupled goat anti-chicken, 1:500 dilution; Life 
Technologies; A11039) or with biotinylated goat anti-rabbit immunoglobulin 
G (Vector Laboratories, BA-1000; 1:200 dilution) and then further incubated 
with streptavidin-conjugated Alexa Fluor 594 (Life technologies, S32356; 1:2,000 
dilution) for 2 h at room temperature (RT). Sections were then cover-slipped 
with VectaShield antifade mounting medium (Vector Laboratories, H-1000), and 
fluorescence images were captured with a fluorescence microscope (KEYENCE, 
BZ-X710).

Hypothalamic explants. Whole brain from overnight fasted (fasting condition) 
or fed (fed condition) mice was dissected in the morning and placed into a cutting 
solution (2.5 mM KCl, 6 mM MgCl2, 1 mM CaCl2, 1.25 mM NaH2PO4, 26 mM 
NaHCO3, 10 mM glucose and 250 mM sucrose). A 2-mm thick slice (at bregma 
levels from approximately −0.4 mm to −2.65 mm) of mediobasal forebrain 
including the paraventricular nucleus and ARC was prepared using a vibratome 
(Leica Microsystems, VT100S), and the hypothalamus was cut from the rest of the 
brain in the cooled cutting solution and immediately transferred to RT in a 96-well 
plate. For fed conditions, hypothalami were incubated for 1 h at 37 °C with 95% 
O2 and 5% CO2 in aCSF (124 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 
1.23 mM NaH2PO4, 26 mM NaHCO3 and 10 mM glucose). After equilibration, 
hypothalami were incubated for 45 min in aCSF (15 mM glucose, basal) and 
then for 10 and 30 min in a high-glucose (15 mM glucose) aCSF with either INT-
777 (30 μM) or vehicle (DMSO). For the fasting conditions, hypothalami were 
incubated at 37 °C with low-glucose (6 mM glucose) aCSF. After 1 h of equilibration 
with 95% O2 and 5% CO2, hypothalami were incubated for 45 min in low-glucose 
aCSF (basal) and then for 10 and 30 min in low-glucose aCSF with either INT-777 
(30 μM) or vehicle. Tissue viability was verified by exposure to 56 mM KCl for 
45 min. At the end of each stimulation, supernatants were collected and frozen 
immediately in liquid nitrogen.

Cell culture, transfection and stimulation. The mouse embryonic hypothalamic 
mHypoE-N41 (Tebu-bio, CLU121-A) cells were cultured in complete medium 
(DMEM containing glucose (4.5 g l−1), 10% FBS and penicillin–streptomycin 
(10 mg ml−1). Cells were tested for mycoplasma using MycoProbe (R&D Systems, 
CUL001B), following the manufacturer’s instructions.

Transfection of the cells was performed with the jetPEI reagent (Polyplus 
transfection, 101-10N), according to the manufacturer’s instructions. For the 
silencing of TGR5, cells were transfected with 2.5 μg of DNA (sh-Gpbar1 or control 
(sh-Ctrl)) plasmids. For the vesicle tracking experiment, cells were transfected with 
2.5 μg DNA of a NPY-mCherry plasmid (Addgene, 67156).

For acute stimulation of the TGR5 signalling pathway, mHypoE-N41 cells were 
starved for 4 h with low-glucose DMEM (1 g l−1) FBS-free medium with 0.1% free 
fatty acid–free BSA, followed by treatment with INT-777 (30 μM), BA mix (10 μg 
ml−1) or vehicle (DMSO or ethanol) for 5, 10, 15, 30 or 60 min.

Neuropeptide release measurements. Detection of AgRP, NPY and GABA 
neuropeptides from mHypoE-N41 cell or hypothalamic explant supernatants 
was performed using ready-to-use ELISA kits (LSBio; LS-F32623-1, LS-F5409 
and LS-F4121-1, respectively), according to the manufacturer’s instructions. 
Alpha-melanocyte-stimulating hormone detection was performed by 
radioimmunoassay (Phoenix Pharmaceuticals, RK-043-01), according to the 
manufacturer’s instructions.

Immunocytochemistry. mHypoE-N41 cells were rinsed with 1× ice-cold PBS 
and fixed with 4% paraformaldehyde for 15 min at RT. After three washes, the 
cells were permeabilized with 0.1% Triton X-100 for 15 min at RT. Blocking and 
antibody incubation were performed in 3% BSA. Blocking was performed for 1 h 
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at RT, and phospho-COFILIN Ser3 (Cell Signaling, 3311; 1:200 dilution) primary 
antibody was incubated overnight at 4 °C. Three washes were performed before 
incubation with secondary anti-rabbit Alexa Fluor 647 (Jackson Immunoresearch, 
711-605-152; 1:1,000 dilution) antibody and phalloidin-conjugated Alexa Fluor 
488 Phalloidin (Thermo Fisher Scientific, A12379; 1:200 dilution) for 1 h at RT. 
Cells were washed, incubated with DAPI for 10 min and mounted. The imaging 
was performed with an LSM 700 confocal microscope (Carl Zeiss).

Quantitative real-time PCR. RNA was extracted from ARC brain punches, 
tissues or mHypoE-N41 cells using the RNAqueous Kit (Thermo Fisher Scientific, 
AM1912) and was transcribed to complementary DNA using QuantiTect Reverse 
Transcription Kit (Qiagen, 205311), following manufacturers’ instructions. 
Expression of selected genes was analysed using the LightCycler 480 System 
(Roche) and SYBR Green chemistry. The oligonucleotide sequences used are listed 
in the Supplementary Table 2. All qPCR results were presented relative to the mean 
of 36b4 and B2m housekeeping genes (DDCt method). The average of at least three 
technical repeats was used for each biological data point.

Western blotting. Samples were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.4), 
150 mM KCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, protease 
and phosphatase inhibitors). Proteins were separated by SDS–PAGE and transferred 
onto nitrocellulose membranes. Blocking and antibody incubations were performed 
in 5% BSA. Myosin light chain 2 (MLC2; 3672; 1:1,000 dilution), phospho-MLC2 
(Ser19; 3671; 1:1,000 dilution), COFILIN (5175; 1:1,000 dilution) and phospho- 
COFILIN (3311; 1:1,000 dilution) antibodies were purchased from Cell Signaling; 
beta-ACTIN (Sigma-Aldrich, A5441; 1:1,000 dilution) antibody detection was used 
as the loading control. Antibody detection reactions were developed by enhanced 
chemiluminescence (Advansta) and imaged using the c300 imaging system (Azure 
Biosystems). Quantification was performed using ImageJ software.

BA quantification. BAs and INT-777 were profiled by stable isotope dilution 
mass spectrometry assay at the Metabolomics Platform of University of Lausanne. 
Standard solutions for calibration and samples were prepared as described 
previously39. Briefly, calibrators were prepared by serial dilutions with stripped 
serum (C0–C7). The internal standard mixture contained 13 deuterium-labelled 
BAs. For sample preparation, the frozen hypothalamus was homogenized in tissue 
homogenizer (Precellys) by the addition of MeOH:H2O (2:1 ratio) with 0.1% 
formic acid (300 μl) and ceramic beads (for 2 × 20 s at 10,000 r.p.m.). Homogenized 
extracts were centrifuged for 15 min at 14,000g at 4 °C, and the supernatants were 
further processed using solid-phase extraction, as described previously39. For 
analyses with liquid chromatography–high-resolution mass spectrometry, BA 
quantification was performed on a Vanquish Horizon (Thermo Fisher Scientific) 
ultra-high performance liquid chromatography system coupled to a Q-Exactive 
Focus mass spectrometer interfaced with a HESI source operating in negative 
ionization mode. Chromatographic separation was carried out using an Acquity 
UPLC HSS T3 1.8-µm 2.1 × 100 mm column. The mobile phase was composed of 
A = 5 mM ammonium acetate and 0.1% formic acid in H2O and B = 0.1% formic 
acid in acetonitrile. Gradient elution was set as described in Supplementary Table 
1. The flow rate was 350 µl min−1, the column temperature was 30 °C, and the 
injection volume was 20 µl. Mass spectrometry parameters were set to: full scan in 
narrow mass range of m/z 370–522, mass resolving power of 70,000 full width at 
half maximum, and an automatic gain control target of 5e5. Data were processed 
as described previously39. BA concentrations were reported to the protein 
concentration.

Statistics. Differences between two groups were assessed using two-tailed 
t-tests. Differences between more than two groups were assessed using ANOVA. 
To compare the interaction between two factors, two-way ANOVA post hoc 
corrections were performed. ANOVA, assessed by Bonferroni’s post hoc 
correction, was used when comparing more than two groups. GraphPad Prism 
9 was used for all statistical analyses. The studies were either replicated or the 
results were confirmed by using different approaches (RT–qPCR, western blot 
and immunohistochemistry) yielding similar results. All P values ≤ 0.05 were 
considered significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All the datasets generated during the current study are available upon request to the 
corresponding author. Source data are provided with this paper.
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