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As with all knowledge, once you knew it, you couldn't imagine how it was                     

that you hadn't known it before. 

Margaret Atwood, The Year of the Flood 

 

2. Abstract 

a. English 

The soaring global prevalence of metabolic disease including obesity, type 2 diabetes 

mellitus and NAFLD warrants the search for novel pharmacological targets. Across species, 

decreased function of the transmembrane carboxylate transporter mINDY (I’m not dead yet) 

confers a metabolic phenotype akin to caloric restriction, including protection against diet-

induced obesity, insulin resistance, and hepatic steatosis. However, the underlying 

mechanism is not fully understood. Based on mINDY’s high expression levels in mammalian 

livers, we examined to what extent liver-specific deletion of mINDY contributes to the 

protective phenotype observed in the whole-body mINDY knockout (INKO) model.  

We were the first to establish a liver-specific conditional mINDY knockout (LINKO) mouse. 

We performed comprehensive metabolic phenotyping, including body composition, glucose 

disposal, gas exchange and insulin sensitivity over 16 weeks across three dietary regimens 

of differing caloric density: Normal chow diet (NCD), high-fat diet (HFD) and high-fat diet with 

sucrose-enriched water (HFD+S). We assessed capacity for glucose production in LINKO 

primary hepatocytes and screened for gene expression changes in LINKO liver samples.  

When compared to WT controls, LINKO mice did not show differences in body weight and 

length, body composition and response to intraperitoneal glucose tolerance tests. In 

hyperinsulinemic-euglycemic clamps, glucose infusion rates did not differ between the 

groups; however, we observed suppressed glycolysis and increases in clamp glucose 

clearance and glycogen synthesis in HFD-fed LINKO mice, relative to WT controls. 

Respirometry yielded conflicting results, with LINKO mice in the HFD cohort showing slightly 

increased energy expenditure relative to WT controls, but the opposite effect occurring in the 

HFD+S-cohort. Respiratory exchange ratio was significantly elevated in HFD-fed LINKO 

homozygotes compared to WT controls, indicating a shift towards carbohydrate catabolism. 

LINKO primary hepatocytes showed increased capacity for glucose production compared to 
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WT controls. Lastly, LINKO livers showed increased expression of genes implicated in 

mitochondrial function and unfolded protein response, but no differences in genes related to 

lipid or glucose metabolism and inflammation. 

Our data show that liver-specific deletion of mINDY improved whole body glucose clearance 

and energy expenditure in HFD-fed mice, but did not reduce body weight. Thus, the LINKO 

model did not fully replicate the phenotype seen previously in the INKO model. These data 

suggest that other organs than the liver also contribute to that phenotype; more studies in 

different organ systems are needed for a comprehensive understanding of mINDY’s role in 

metabolism and in order to pave the way towards novel treatments of metabolic disease.  

b. German 

Die global steigende Prävalenz metabolischer Erkrankungen, darunter das metabolische 

Syndrom, Diabetes mellitus Typ 2 und die nichtalkoholische Fettleberkrankheit, vermittelt 

einen Bedarf nach neuen und effektiveren pharmakologischen Ansatzpunkten. In 

verschiedenen Tiermodellen wurde eine verringerte Funktion des Transmembran-

Carboxylat-Transportproteins mINDY (Säugetierhomolog, „I’m not dead yet“) mit einem der 

kalorischen Restriktion ähnelnden metabolischen Phänotypen assoziiert, charakterisiert 

durch Schutz gegen diätbedingte Fettleibigkeit, Insulinresistenz und hepatische Steatose. 

INDYs Substratpräferenz für Citrat sowie die hohe Expressionsdichte in murinen 

Hepatozyten legen nahe, dass INDY’s Einfluss auf die Energiehomöostase auf einer 

Schlüsselrolle im Intermediärstoffwechsel beruhen könnte. Wir untersuchten daher, ob die 

Abwesenheit von mINDY in der Leber einen ähnlich ausgeprägten metabolischen 

Phänotypen wie das Ganzkörperknockoutmodell erzeugen kann.  

Erstmals etablierten wir eine leberspezifische konditionelle mINDY Knockout- (LINKO-) Maus 

und charakterisierten umfassend deren Stoffwechsel. Wir bestimmten Körpermaße und -

zusammensetzung, Glukosetoleranz, Gasaustausch sowie Insulinsensitivität über einen 16-

wöchigen Zeitraum unter drei Diätinterventionen unterschiedlicher kalorischer Dichte: 

Normal chow diet (NCD), Hochfettdiät (HFD) und Hochfettdiät mit Sucrose-angereichertem 

Trinkwasser (HFD+S). Zudem bestimmten wir die Kapazität für glukagonstimulierte 

Glukoseproduktion in LINKO-Primärhepatozyten und führten ein Screening auf genetische 

Expressionsänderungen in LINKO-Leberproben durch.  
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LINKO-Mäuse und Wildtyp-Kontrollen unterschieden sich nicht in Körpermaßen, 

Körperzusammensetzung und Glukosetoleranz. Im hyperinsulinämisch-euglykämischen 

Clamp zeigte sich kein Unterschied in den Glukoseinfusionsraten; LINKO-Mäuse in der HFD-

Kohorte wiesen aber relativ zu Wildtyp-Mäusen eine gesteigerte Glukose-Clearance und 

Glykogensynthese sowie eine verringerte Glykolyse auf. Respirometrisch zeigte sich ein 

gesteigerter Energieverbrauch in LINKO-Mäusen auf HFD, aber der gegenteilige Trend in 

den Mäusen der HFD+S-Kohorte. Das Gasaustauschverhältnis war in LINKO-Mäusen der 

HFD-Kohorte geringfügig, aber signifikant erhöht, was auf eine erhöhte Neigung zum 

Katabolismus von Kohlenhydraten hindeutet. LINKO-Primärhepatozyten zeigten im 

Vergleich mit Wildtyp-Kontrollen eine gesteigerte Kapazität zur Produktion von Glukose 

unter Stimulation durch Glukagon. Zuletzt wiesen LINKO-Leberproben eine gesteigerte 

Expression von Genen der mitochondrialen Funktion und ER-Stressantwort auf, jedoch 

keine Expressionsunterschiede in Genen des Fett-, sowie Glukosestoffwechsels oder der 

Inflammation.  

Zusammenfassend zeigten sich im LINKO-Mausmodell zwar leichte metabolische Effekte, 

diese waren jedoch deutlich schwächer ausgeprägt als die Befunde im mINDY-

Ganzkörperknockoutmodell. Da neuere Studien durch interventionelle Methoden der 

leberspezifischen Inhibition von mINDY jedoch stärkere Phänotypen erzeugen konnten, stellt 

der Transporter weiterhin einen vielversprechenden pharmakologischen Ansatzpunkt dar. 

Weitere Studien in verschiedenen Organsystemen sind notwendig, um ein besseres 

Verständnis der Rolle des Citrat-Transporters im Energiehaushalt zu ermöglichen und einen 

möglichen neuen therapeutischen Ansatz metabolischer Erkrankungen weiter zu 

erschließen.   
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3. Introduction 

a. Diabetes mellitus 

Diabetes mellitus (DM) is a group of metabolic disorders characterized by hyperglycemia 

induced by insulin resistance and/or deficiency; in type II diabetes mellitus (T2DM), insulin 

resistance accompanied by a relative insulin deficit is the predominant causative factor.1 A 

range of potentially severe complications are associated with T2DM, including non-alcoholic 

steatohepatitis (NASH), angiopathy and cardiovascular disease, nephropathy, retinopathy, 

neuropathy and others.2 Despite the onset of T2DM being delayed or even prevented 

through reduced caloric intake or increased physical activity, its global health burden is 

significant: In 2014, T2DM affected nearly every tenth adult (8.5%) worldwide, and DM and 

elevated blood glucose together caused 3.7 million deaths.3 With a fast-growing T2DM 

pandemic affecting especially low- and middle-income countries, new insights into 

pathophysiological and protective factors of T2DM are needed in order to capacitate better 

strategies of prevention and clinical treatment.1,3,4 

In the complex pathophysiology of T2DM, insulin resistance plays a central role.1 This 

suppression of insulin signalling in response to physiological stimuli has been linked to 

disturbances of intracellular energy homeostasis. Several specific ectopic lipid species are 

thought to act as inhibitors of intracellular insulin signalling: Increased levels of intracellular 

diacylglycerol (DAG) activate novel protein kinases C (nPKC), which in turn inactivate the 

insulin receptor substrates 1 and 2 (IRS1/2) and thus suppress insulin signalling.5,6 

Ceramides represent another intracellular lipid species thought to impede the insulin 

signalling pathway. The proposed mechanism is the prevention of Akt2-activation by 

IRS1/2.7 

In a context where abundancy of certain intracellular lipid species plays a central role in the 

pathogenesis of insulin resistance and hence T2DM, the nutritional dimension of the disease 

should be highlighted. In accordance with the hypotheses proposed above, lowered calorie 

intake leads to a catabolic metabolic state, which in turn mediates lipolysis and lipid oxidation 

instead of de-novo lipogenesis. Nutritional restriction and physical activity can reverse insulin 

resistance, but show limited effectiveness in real-world settings.8–11 
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b. Research directions for novel treatment options 

With ample evidence supporting the role of lifestyle factors in the etiology of T2DM, a relevant 

genetic susceptibility has been suggested by family studies indicating heritability between 

20% and 80% as well as a high concordance rate between monozygotic twins of about 

70%.12–15 Indeed, more recent genomic studies in large cohorts have identified a growing 

number of common genetic loci associated with T2DM.16–18 However, their cumulative 

contribution to this risk tends to be limited to around 10%.19,20 While striving for a 

comprehensive genetic understanding of a disease of T2DM’s global dimensions is 

important, it has so far – while indeed providing new pathophysiological insights – not yielded 

effective treatment strategies.21  

Pharmacological approaches to the treatment of T2DM have hence built their antidiabetic 

properties on intervention with key regulators of glucose metabolism and thus, energy 

homeostasis. While some were developed based on accidental findings (biguanides, 

sulfonylureas), others were designed specifically to target known physiological pathways, 

such as enhance insulin secretion (Glinides), curb glucose (re-) absorption (SGLT-2 

inhibitors, AGIs) or promote the incretin system (GLP-1 receptor agonists, DPP-4 

inhibitors).22 Considering their varying profiles of effectiveness and unwanted drug effects as 

well as a growing group of genetic polymorphisms known to affect their therapeutic outcomes 

in the individual, research towards novel pharmacological strategies targeting energy 

homeostasis is still warranted.23 

c. A new target: INDY (I’m Not Dead Yet) 

Since its initial characterization in the fruit fly, the INDY gene has been subject to growing 

interest in metabolic research, having been associated with strong beneficial effects on the 

metabolic and aging phenotype in several animal models when downregulated.24 

The INDY gene encodes a Na+-dependent carboxylate-transporter, orthologues of which are 

found in prokaryotes, non-vertebrate and vertebrate eukaryotes.25 The most notable effects 

of INDY’s orthologues observed throughout different animal models are decreased body 

size, body weight and relative fat mass, as well as increased insulin sensitivity and 

significantly extended life span, together building a beneficial metabolic phenotype similar to 

that of caloric restriction.24,26–29 
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i. The SLC13 transporter family 

 
The mammalian INDY orthologue SLC13A5 (mINDY) is classified into the SLC13A family of 

Na+-sulfate/carboxylate cotransporters. This family comprises five members with high 

structural homology that all mediate Na+-coupled anion uptake but differ in substrate 

specificity and sites of expression (Table 1). They can be divided into two functionally distinct 

groups: The Na+-dependent sulfate transporters SLC13A1 and SLC13A4 (NaS1 and NaS2 

resp.) that transport mainly sulfate, selenite and thiosulfate and the Na+-dependent 

carboxylate transporters SLC13A2, A3 and A5 (NaC1, NaC3 and NaCT, resp.) specific for 

carboxylates of different valences with functional roles as Krebs-cycle intermediates.25 

SLC13A5 is the newest-found member of the SLC13 family and the first transmembrane 

carrier with specificity for citrate. 

 

Table 1: The SLC13 family of Na+-sulfate/carboxylate cotransporters (adapted from Hediger 

et al., 2013).25 

Gene 
name 

Protein 
name 

Aliases Substrates Expression sites 

SLC13A1 NaS1 
Na-sulfate, 
NaSi-1 

Sulfate, selenate, 
thiosulfate 

Kidney 

SLC13A2 NaC1 
SDCT1, 
NaDC-2, 
NaDC1 

Succinate, citrate, 
α-ketoglutarate 

Kidney, intestine 

SLC13A3 NaC3 
NaDC3, 
NaC3, 
SDCT2 

Succinate, citrate, 
α-ketoglutarate, 
NALA, glutarate 
and its derivatives 

Kidney, liver, pancreas, 
brain, placenta 

SLC13A4 NaS2 SUT1 
Sulfate, oxyanions 
selenium and 
chromium 

Placenta, tonsillae, testes, 
heart 

SLC13A5 NaC2 
NaCT, 
INDY 

Citrate, succinate, 
pyruvate 

Liver, brain, testes 
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ii. Genetic architecture 

 
Following INDY’s initial characterization in D. melanogaster, mammalian orthologues in rat, 

human and mouse were identified in 2002, 2002 and 2004 respectively.30–32 The SLC13A5 

genetic sequence is highly conserved in mammals: In rodents, the gene is ~23 kb long and 

comprises 12 exons. The cDNA length is 3.254 bp containing an open reading frame of 1.719 

bp. Human SLC13A5 is larger counting ~30 kb, but also comprises 12 exons. CDNA and 

open reading frame are slightly shorter than in rodents, with 3.207 and 1.707 bp respectively, 

accounting for a shorter gene product in humans.30–32 Several splice variants of differing 

transport functionality have been described, but their physiological roles have not been 

studied in detail.33,34 

iii. Protein structure 
 

A comparison between the amino acid sequences of mouse, rat and human mINDY showed 

a high level of identity: Mouse mINDY was 86% and 74% identical with the rat and human 

orthologues, respectively. Taking into account conserved amino acid exchanges as well, 

mouse mINDY shares 93% and 85% of its primary structure with rat and human mINDY, 

respectively.32 Examining sequence homology within the SLC13A family by comparing 

mouse mINDY with NaC1, NaC3, NaS1 and NaS2 revealed much lower levels of identity:  

mINDY was 50% and 44% identical with NaC1 and NaC3 respectively, and 40% and 39% 

identical with NaS1 and NaS2. Analysis of identity within the rat SLC13 family showed similar 

results. A comparison of mouse and rat mINDY with their Drosophila orthologue revealed 

33% and 34% identity, respectively.30,32 All five family members, however, share a highly 

conserved sequence motif as well as a number of consensus phosphorylation and 

myristoylation sites of yet unclear functional role.35 

The first high-resolution structural data on INDY was derived from X-ray-crystallography of 

the prokaryotic VcINDY (Vibrio cholerae INDY), co-crystallized with Na+, Li+ and citrate.36 The 

transporter occurs as a homodimer, each protomer being built up of 11 transmembrane α-

helices. The amino terminus lies in the cytosol, whereas the carboxy terminus points into the 

extracellular space (Figure 1).36,37  
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Two intramembrane hairpin motifs (HPin between helices 4 and 5 and HPout between helices 

9 and 10) have been shown to be highly conserved within the SLC13 families of several 

species, including Vibrio cholerae, fly, mouse, rat and human. They are thought to play a key 

role in transport mechanics (Figure 2A).36 In the crystal structure, the protein shows an 

inward-facing conformation with citrate and Na+ binding on the cytosolic side. The proposed 

Na+ binding sites lie within the hydrophilic dimer basin. A citrate binding site with strong net 

positive charge lies centrally in between the two Na+- binding sites and is framed by several 

amino acid residues (Figure 2B-D).36 The proposed binding mechanism follows an induced-

fit model, stating that binding of Na+ in the first place alters the binding site and enables 

citrate to bind. Additionally, a change in secondary conformation was hypothesized, 

suggesting a shift between two conformational states during the transport process.38  

A homology model of the human mINDY orthologue was created recently using an in-silico-

approach, based on the known crystal structure of VcINDY. Here too, two conformational 

states (NaCTinward and NaCToutward) were modelled, suggesting changes in secondary 

structure during the transport process. Two helical hairpin-motifs gate the substrate-binding 

site on each side of the channel. Conformational changes between these central hairpin 

motifs and their highly conserved residues modulate affinity for citrate, enabling substrate 

binding and release depending on the present secondary structure confirmation. 

Figure 1: Transmembrane topology of VcINDY. The two halves of the protein, 

transmembrane domains 2–6 and transmembrane domains 7–11, are related by a repeat in 

amino acid sequence, resulting in an inverted two-fold symmetry (adapted from Mancusso 

et al., 2012 under Springer Nature license no. 4825450278300).36 
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Interestingly, the possibility for allosteric inhibition was suggested based on two residues that 

are located outside of the citrate binding site, but influence transport activity.34 

iv. Expression 

 

mINDY expression levels in rodents and humans are highest in the liver, where it occurs in 

the sinusoidal membrane of hepatocytes as shown by immune staining in human and rat 

livers.31,37,39 Moderate expression levels were also detected in testes and the central nervous 

system: In situ hybridization in mouse brain showed expression of mINDY in the cerebral 

cortex, hippocampus, olfactory bulb and cerebellum, where it is expressed in neurons and, 

A 

D C 

B 

Figure 2: INDY citrate binding site. A: Amino acid sequence alignment of VcINDY and its 

homologues, showing the two SNT carboxylate-binding motifs. B: Structure of the Na1-

binding site (Na1) formed by the tip of HPin and the L5ab loop. A second, putative Na1-binding 

site (Na2), is suggested to be located between the tip of HPout and the L10ab loop. C: 

Structure of the substrate-binding site with a citrate bound, showing the coordination of the 

substrate analogue. Hydrogen bonds are indicated by dashed lines. D: Coordination of the 

Na1 ion at the Na1 site. Both side chains of amino acid residues and backbone carboxyl 

oxygen atoms are involved in the Na1 coordination (adapted from Mancusso et al., 2012 

under Springer Nature license no. 4825450278300).36 
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potentially, in glial cells.25,30,40,41 Low expression levels were seen in mouse kidney, brown 

adipose tissue (BAT), skeletal muscle and pancreas.27 These data are in accordance with 

initial findings in D. melanogaster, where INDY expression was highest in fat body, midgut 

and oenocytes, all three known to be sites of liver-like functions such as intermediary 

metabolism, absorption and metabolic storage.24 

v. Substrate specificity and transport kinetics 

 
The transport characteristics of rat, mouse and human mINDY have been studied in human 

retinal pigment epithelium (HRPE-) and human embryonic kidney (HEK-293) cell lines. 

Additionally, mouse and rat mINDY were expressed in X. laevis oocytes for voltage clamp 

studies, together portraying mINDY as a high-affinity and high-capacity transporter of 

cytosolic citrate into the cytoplasm.27,30–32 

Transport function for citrate, succinate and pyruvate was evaluated in rat mINDY: Citrate 

uptake was, relative to the control, increased 90-fold. Succinate and pyruvate uptake were 

increased 7-fold and 3-fold respectively, indicating high affinity of mINDY toward citrate.31 

Mouse mINDY showed a similar trend, with citrate and succinate uptake being 20-fold and 8-

fold higher than in controls.32 Lastly, the expression of mouse mINDY in human HEK293-

cells showed a similar ratio between the two substrates at physiological concentrations, and 

a ~8.5-fold higher uptake capacity for citrate than for succinate.27 These results are 

somewhat surprising when taking into account that NaDC1 and NaDC3 both have succinate 

as their preferred substrate, despite their high structural homology.42 

Competitive inhibition studies using several tri- and dicarboxylates assessed mINDY’s 

substrate affinity: At supraphysiological concentrations, citrate and succinate competed most 

potently with [14C] - labeled citrate for uptake into the cell, marking a 6-fold higher affinity of 

mINDY for citrate relative to succinate. At physiological substrate concentrations, this 

difference was more pronounced, with citrate being almost 50-fold more potent than 

succinate at competing against labeled citrate.30 Taken together, these data show a strong 

substrate preference of mINDY for citrate, distinguishing it functionally from NaDC1 and 

NaDC3.  
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The citrate transport via mINDY is strongly dependent on Na+ in the pericellular fluid: When 

Na+Cl- in the uptake medium was replaced by other solutes, uptake of citrate ceased almost 

completely.30 This finding supports the later-proposed transport mechanism (see 3.c.iii), 

according to which the presence of Na+ ions is a necessary condition for structural changes 

that allow for the binding of a substrate molecule.36 The transport of citrate was also shown 

to be electrogenic, with a Na+ : citrate stoichiometry of 4 : 1. With citrate occurring mostly in 

its tervalent form at a physiological pH, each transport event will bring one net positive charge 

into the cell.30 Transport rates were highest at a pH between 7.0 and 7.5, which is close to 

physiological blood pH levels.30,32 

vi. INDY modulates energy homeostasis 

 
INDY’s role in mammalian metabolism was investigated comprehensively in one study. A 

whole-body mINDY knockout (INKO) mouse model was created using the Cre-loxP system 

in a C57Bl/6J background, and its metabolic phenotype was characterized.27  

Firstly, body weight and body length were seen to be significantly decreased in INKO mice 

that were fed a normal chow diet, relative to WT controls. Additionally, INKO mice showed 

increased basal energy expenditure that was independent of locomotor activity, even though 

the latter was also increased. These findings reflect the initial findings in D. melanogaster in 

that they resembled a fasted phenotype.24,43 INKO mice were also protected from obesity 

caused by high-calorie diet and aging, as shown by a strong reduction in body weight and 

body fat content as well as increased plasma markers for hepatic lipid oxidation relative to 

controls, the effect size increasing with age.27  

Fittingly, hepatic steatosis was reduced in INKO mice on HFD as compared to wildtype 

controls: electron and light microscopy showed a marked decrease in density of intracellular 

lipid droplets. Also, triglyceride content and, more markedly, DAG content were decreased 

in liver tissue by 20% and 40%, respectively, with PKCε being reduced in the cytoplasmic 

membrane.27 These observations go in accordance with the DAG hypothesis (see 3.a) and 

may therefore cause a protection of INKO mice against insulin resistance and, subsequently, 

T2DM. Supportive of these molecular findings, increased insulin sensitivity and peripheral 

glucose uptake as well as decreased basal and clamp hepatic glucose output in INKO mice 
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were observed in HE-clamp experiments. With increasing age, these effects became more 

pronounced.27  

The knockout of mINDY accounted for further changes in hepatocyte subcellular anatomy as 

well as intracellular signaling: Electron microscopy of liver cells revealed a strong increase 

in mitochondrial density. A hepatic gene set enrichment analysis revealed an upregulation 

especially in genes that are involved in mitochondrial regulation and the electron transport 

chain (ETC). Following analysis of key genes from this finding revealed an intracellular 

increase of the regulatory protein phospho-AMP-activated protein kinase (pAMPK) and its 

two downstream targets, peroxisome proliferator-activated receptor-γ coactivator 1α 

(PGPARGC1A) and serine-phosphorylated acetyl coenzyme A carboxylase 2 (ACC2). 

PPARGC1A accounts for the upregulation of mitochondrial biogenesis and ACC2 is normally 

responsible for the initiation of de-novo-lipogenesis, but is inhibited via serine-

phosphorylation by p-AMPK.27 INKO hepatocytes hence show characteristics of a catabolic 

metabolism despite identical feeding conditions.  

vii. Regulation and pathophysiology 

 
To date, regulatory factors for mINDY expression and activity are only partly understood. 

Experiments in rat primary hepatocytes have found the transporter to be regulated by 

glucagon signaling. In the presence of glucagon, mINDY expression and transport activity 

increased. A downstream effector of the glucagon receptor and PGC-1α signaling, cAMP 

responsive element binding protein (CREBP), was found to bind specifically to a CREBP-

binding site within INDY’s promoter sequence. Inactivation of CREBP abolished mINDY 

induction. Surprisingly, mINDY was upregulated in fasted as well as in artificially induced 

diabetic rats, suggesting yet unknown regulatory elements.44 

Another putative regulatory mechanism accesses interleukin-6 (IL6) signaling: mINDY 

expression levels in liver probes correlated positively with whole body fat content and hepatic 

steatosis in a study on obese, insulin resistant patients with NAFLD. A study with rhesus 

monkeys supported this finding by showing an increase in mINDY expression after a two-

year long HFD+S intervention. In the same study, IL6 was found to stimulate mINDY 

expression through the IL6-Stat3 signaling pathway in human primary hepatocytes, leading 
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to increased citrate uptake and hepatic lipogenesis – an effect that was abolished in the 

absence of mINDY.45 The pro-inflammatory cytokine IL6 is secreted by adipose tissue 

macrophages as part of the low-grade inflammatory response to increased body fat 

content.46 Projecting these results to the pathogenesis of obesity and consequent insulin 

resistance, mINDY might be one actor in a vicious cycle: Increased body fat leads to 

stimulation of mINDY-expression via IL6 signaling, which in turn mediates increased citrate 

uptake into cells, resulting in further accumulation of lipids. However, a full picture of mINDY’s 

role in the pathophysiology of metabolic disease does not exist yet. 

d. Scientific question 

Research on the INKO model has shown that restricted transport of mINDY’s substrates, 

most notably of the intermediary metabolite citrate, into cells of all tissues is associated with 

a protective metabolic phenotype akin to caloric restriction. In line with hypotheses linking 

T2DM to the intracellular abundance of energy substrates, the INKO model has therefore 

opened a new field of questions regarding mINDY’s possible consequences for future 

strategies to counter T2DM and associated metabolic conditions. The liver being a central 

organ of mammalian intermediary metabolism as well as one of mINDY’s main sites of 

expression, this work was conducted to answer the question to what extent suppression of 

mINDY in the liver alone can reproduce the INKO model’s metabolic phenotype. Further, we 

asked whether metabolic effects of a liver-specific suppression of mINDY are especially 

pronounced under adipogenic stress, as seen in the INKO model. Finally, we attempted to 

elucidate the contradictory interplay between mINDY and hepatic glucose production, as well 

as liver-specific effects of our model on mRNA expression. 
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4. Materials and Methods 

a. Mice 

i. Animal Rights 

We conducted all procedures of animal care and testing in accordance with institutional 

guidelines at Charité University School of Medicine, Berlin, as well as national (TierSchVersV 

01.08.2013, BGBl. I S. 3125, 3126) and international (Directive 2010/63/EU on the protection 

of animals used for scientific purposes with effect from 1 January 2013) guidelines. All 

experimental protocols were approved by the ethics committee at Charité University School 

Berlin prior to their execution.  

ii. Transgenic mice 

To establish a liver-specific conditional knockout model using the Cre-loxP system, mINDY-

floxed C57Bl/6J mice were created as described previously,27 and mated with transgenic 

mice from the same background carrying Cre-recombinase under the control of the albumin 

promoter (B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J, the Jackson Laboratory). 

Mice were genotyped at the beginning of week 3. Tissue from ear punching was lysed using 

a proteinase K-based tissue lysis buffer. DNA was precipitated from lysates following 

standard protocols for isopropanol precipitation and ethanol wash. DNA yield was assessed 

through peak absorbance at 260nm in a NanoDrop 2000 spectrophotometer (ThermoFisher 

Scientific, CAT ND-2000). DNA samples were stored at -20°C. 

For PCR, we used GoTaq DNA polymerase and chemicals by Promega Corp. (CAT M3001, 

CAT C1141, CAT A3511 and CAT P1193). DNA templates were added at <0.2 µg DNA / 25 

µl reaction buffer. Standard protocols were used for PCR, with annealing temperatures of 

49.5°C for mINDY WT and floxed, and 51.7°C for Cre and IPC. Primers for PCR of the loxP-

sites were 5’-GAGCTGACTGTACAGGAATC-3’ (forward) and 5’-

TTACCAACCACCTCGCTAGT-3’ (reverse), with amplicon lengths of 301 bp for wildtype and 

371 bp for floxed mINDY gene. 

Primers used for Cre recombinase detection were 5'-GCGGTCTGGCAGTAAAAACTATC-3' 

(forward) and 5'-GTCAAACAGCATTGCTGTCACTT -3' (reverse), creating a 100bp 

amplicon, and 5'-CTAGGCCACAGAATTGAAAGATCT-3' (forward) and 5'-
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GTAGGTGGAAATTCTAGCATCATCC-3' (reverse) for internal positive control, creating a 

324 bp amplicon. Gel electrophoresis was carried out in TAE-buffer using 2% and 3% (w/v) 

agarose gels stained with SYBR Safe (Invitrogen, CAT S33102) for loxP, and for Cre and 

IPC detection, respectively. Gels were loaded with 100bp DNA ladder (Invitrogen, CAT 

15628019) and DNA templates from one known positive control, one known negative control 

and one sample of buffer without DNA template. 

iii. Housing and Diets 

Mice were held on a 12-hour light/dark cycle (lights on 07:00 - 19:00). Temperature and 

relative humidity were controlled at 22 ± 1 °C) and 50 - 70 %, respectively. Littermates were 

housed together where possible in individually ventilated cages with ad libitum supply of food 

and water. Mice were identified by ear punch numbering. 

Figure 3: A: LINKO mice breeding strategy. B: Gel electrophoresis for Abumin-Cre and 

LoxP PCR gel electrophoresis (exemplary). BC: Buffer control (no DNA template). Bp: Base 

pairs. Cre: Albumin Cre recombinase. LoxP: mINDY floxed. HET: mINDY heterozygous. IPC: 

Internal positive control. KO: mINDY conditional knockout. PC: Known positive control. NC: 

Known negative control. INDY: mINDY non-floxed. WT: mINDY wildtype. 

A B 
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After weaning, mice were fed on normal chow diet containing 15% kcal from fat, 24% kcal 

from protein, and 61% kcal from carbohydrates at a physiological fuel value of 3386 kcal/kg 

(1320M, Altromin) until they reached 28 ± 3 days of age, and then cluster-randomized into 

three diet groups: normal chow diet + water (NCD); high fat diet + water (HFD), or high fat 

diet + water with 5% saccharose w/v (HFD+S). The high fat diet contained 60% kcal from 

fat, 20% protein and 20% carbohydrates at a physiological fuel value of 5150 kcal/kg 

(E15742-30, Ssniff Spezialdiäten, Germany). For all mice receiving HFD or HFD+S, the diet 

intervention was introduced over 3 days through a balanced mixture of HFD and NCD pellets. 

b. Metabolic phenotyping 

All experiments were carried out in age-matched males. Body weight (BW) was measured 

weekly, starting at day 21 ± 3. At weeks 3, 9 and 15, mice underwent NMR spectroscopy to 

determine body composition. Functional metabolic phenotyping was initiated at week 12 by 

the assessment of glucose tolerance through an intraperitoneal glucose tolerance test 

(ipGTT). At week 14, mice underwent indirect calorimetry (IC) in respiration chambers. At 

week 16, insulin sensitivity was assessed using hyperinsulinemic-euglycemic clamp (HE-

clamp). Mice were sacrificed immediately after the HE-clamp or, if not having undergone HE-

clamp, at week 16, and organs harvested for analysis. A random subset was maintained for 

continued body weight and body composition measurements through week 20. 

Figure 4: Metabolic phenotyping schedule. Mice were cluster-randomized into one of three 

diet groups of differing adipogenic stress and underwent a 16-week-long schedule of 

metabolic phenotyping. HEC: Hyperinsulinemic-euglycemic clamp. HET: mINDY liver-

specific conditional knockout heterozygous. HFD: High fat diet. HFD+S: High fat diet + 5% 

sucrose. IC: Indirect calorimetry. IpGTT: Intraperitoneal glucose tolerance test. KO: mINDY 

liver-specific conditional knockout homozygous. WT: mINDY wildtype homozygous. 
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i. Body weight, size and composition 

Body weight was measured weekly using a benchtop scale with two decimal places 

accuracy. Animal size was determined as the linear distance between nose and tail root in 

prone position with 1 mm accuracy after mice were euthanized at week 16. Body composition 

was monitored using a benchtop time-domain 1H-nuclear magnetic resonance (TD-1H-NMR) 

spectrometer (MiniSpec LF50, Bruker BioSpin, Billerica, USA). The manufacturer’s software 

was used for data collection. The spectrometer was calibrated according to the 

manufacturer’s instructions and checked daily for proper calibration. For outlier detection, 

maximal mahalanobis distance was set at 0.77 for fat mass, 1.203 for free fluid mass and 

0.422 for lean mass. Outliers were excluded from the analysis. To minimize metabolic strain, 

mice were not fasted prior to measurements. Each NMR recording was preceded by a 

measurement of BW. 

ii. Intraperitoneal glucose tolerance test 

For 16h prior to the ipGTT (18:00 to 10:00), mice were housed individually and fasted of their 

respective diet, with water ad libitum. Water and nesting materials were removed from the 

cages for the duration of the ipGTT, and the experiment was carried out in silence in a 

dedicated room separate from the breeding facility. BW was measured and intraperitoneal 

injections prepared for a final concentration of 1 g/kg, using a 10% stock solution of D-

glucose (Sigma Aldrich, St Louis, MO). After mice were fixed using standard plexiglas mouse 

restrainers (diameter: 34mm, LabArt UG & Co. KG), blood samples of <5µL were collected 

from the tail vein and blood glucose was measured using a glucometer kit (Bayer Contour 

XT) at baseline (0 min) and at 15, 30, 60 and 120 min. For plasma insulin measurements, 

we collected blood samples of 30µL at each time point in heparinized capillaries (Servoprax 

Cat# 537-1010013), centrifuged them for 500 RCF for 5 minutes at 4°C, and analyzed them 

using a mouse insulin ELISA (Crystal Chem, Cat# 90080). Homeostasis model assessment 

of insulin resistance (HOMA-IR) was calculated from fasted baseline plasma glucose and 

insulin levels as described elsewhere.47 
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iii. Indirect calorimetry 

We measured energy expenditure, respiratory exchange ratio and locomotion using 

computer-controlled, open-circuit respiration chambers (PhenoMaster / LabMaster, TSE 

Systems, Bad Homburg, Germany). Mice were single-housed in light- and sound-proof 

respiration chambers under their standard environmental and dietary conditions (see Fehler! 

Verweisquelle konnte nicht gefunden werden.). An acclimatization period of 48h was 

followed by a continuous measurement over 24h. All recordings were preceded by 

measuring body weights and body composition through 1H-NMR. Calibrations according to 

the manufacturer’s instructions were carried out before each cohort measurement. Data 

were recorded using the PhenoMaster software (TSE Systems, Bad Homburg, Germany). 

Locomotion was recorded by a three-dimensional array of infrared light beams, in which 

horizontal locomotor activity was approximated by the total amount of beam breaks in the X 

and Y plane. Caloric intake was approximated by continuous weight measurements of food 

and water consumed by the animals. Energy expenditure was measured continuously in 

terms of gas exchange, recorded every 5 min, calculated through abbreviated Weir formula 

under omission of protein metabolism, and expressed as kcal/h per cage.48 Resting energy 

expenditure was approximated through the lowest EE measurement during resting period. 

The contribution of covariates was analyzed statistically a posteriori by including them in a 

mathematical model (see 5.e).49  

iv. Hyperinsulinemic-euglycemic clamp 

One week prior to the HE-clamp, mice were implanted with a silicone catheter (diameter 

0.012 in, wall thickness 0.006 in, Dow Corning Corporation, CAT 2415496) in the right jugular 

vein under deep isoflurane anesthesia. Immediately after surgery, mice were injected 

subcutaneously with 0.5 ml of 20% D-glucose solution and 0.5 ml isotonic NaCl solution 

and placed under a red light for one hour to dampen effects of energy, fluid and heat loss. 

Analgesia with Metamizole was given from one day before surgery until the end of the 

recovery period one week after surgery. Mice were fasted overnight (16h) before the HE-

clamp. They were placed into plexiglas mouse restrainers (diameter: 34mm, LabArt UG & 

Co. KG) and shielded from their visible light spectrum using a cover of red plexiglas. The 
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tail tip was cut for blood sampling and covered with a sterile gauze 2h prior to the 

experiment.  

A continuous infusion of 0.05 µCi/min [3-3H]-D-glucose (PerkinElmer) over 120 min into 

the i. v. catheter for determination of basal glucose metabolism was followed by a priming 

bolus infusion of 21 mU/kg insulin and 0.72µCi/min [3-3H]-D-glucose over 3 min, a 

continuous infusion of 3 mU/kg/min insulin (NovoNordisk), and a variable infusion of 20%-

D-glucose over 140 min in order to maintain blood glucose around 120 mg/dL. To assess 

total glucose uptake and suppression of hepatic glucose output, these infusions were 

accompanied by a continuous infusion of 0.1 µCi/min [3-3H]-D-glucose. To counter blood 

loss, artificial plasma was continuously infused at a rate of 4.2 µl/min as described 

elsewhere.50 Upon reaching steady state at 85min, mice received a bolus infusion of 10 

µCi 2-deoxy-D-[1-14C]-glucose (2-DG) to assess insulin-mediated organ-specific glucose 

uptake. Blood samples were taken at 0, 30, 50, 65, 80, 100, 110, 120, 130, and 140 min.  

 

  

Figure 5: Schematic representation of the HE-clamp procedure 
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After completion of the clamp infusions, mice were sacrificed by cervical dislocation and 

organs (skeletal muscle, abdominal adipose tissue, brown adipose tissue, heart, liver and 

blood) were swiftly collected and flash-frozen in liquid nitrogen within 3 min. Plasma [3H]-

D-glucose was measured by dry scintillation counting of ZnSO4-Ba(OH)2-deproteinized 

serum. Blood glucose concentration was measured using a glucose oxidase analyzer 

(Beckman Coulter Inc.). Plasma insulin concentrations were measured using a mouse 

insulin ELISA Kit (Crystal Chem, Cat# 90080). Plasma free fatty acid concentrations were 

measured using an acyl-CoA oxidase–based colorimetric kit (Wako Chemicals USA, Inc).  

c. Glucose production in LINKO primary hepatocytes 

12-week-old LINKO mice on HFD were deeply anesthetized by intraperitoneal injection of 

Ketamin 200mg/kg (Pfizer Inc., PZN 3151811) / Xylazine 30mL/kg (Bayer AG, PZN 

1320422), and absence of reflexes was confirmed. The abdomen was sterilized with 70% 

ethanol and incised from the suprapubic abdominal wall bilaterally extending towards the rib 

cage. A peripheral venous cannula (Braun GmbH, CAT 4268113B) was placed into the 

inferior Vena cava. Retrograde perfusion with 20 ml clearance buffer at 4 °C was initiated at 

4 ml/min flow rate using a peristaltic pump, and the hepatic portal vein was cut open for blood 

drainage. Perfusion was continued with 50 ml digestion buffer at the same flow rate. Liver 

lobes were transferred into tissue culture and disrupted in standard medium at 4°C using cell 

scrapers. The resulting suspension was passed through a 70µm cell strainer (Corning CAT 

352350) and remaining tissue debris was filtered out by centrifugation in a density separation 

gradient solution (Biochrom CAT L6145). After 3 washing steps, cells were resuspended in 

standard medium. Following Trypan blue staining, viable cells were counted in a 

hemocytometer. Cell yields with >80% viability were cultivated in standard medium in 

monolayers at a density of 300.000 cells / well in collagen I-coated 12-well-plates (Sigma-

Aldrich, CAT C3867). Cells were maintained in a humidified atmosphere at 37°C and 5% 

CO2 and underwent medium changes every 48 h.  

To stimulate glucose production through glucose starvation, 24- to 48-hour-old cells at ~80% 

confluency were washed with PBS and incubated with DMEM-O for 60 minutes. After 

another wash with PBS, cells were incubated for 3 h with 1 ml/well DMEM-O or one of three 

glucose production media, each containing different combinations of the catabolic hormone 
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glucagon (Sigma, CAT G2044) and gluconeogenesis substrates Na+-glutamate (Sigma, CAT 

144660) and Na+-pyruvate (Sigma, CAT P5280).  

After incubation, supernatants were aspirated, cleared of cellular debris by centrifugation, 

and stored at -80°C until analysis. Cells were immersed in TRIzol 500µL / well, disrupted 

using a cell scraper and frozen at -80 °C until protein measurement. Cell lysates were 

analyzed for protein content using a BCA protein assay (Pierce, CAT 23227) with a bovine 

serum albumin (BSA) standard and colorimetry at wavelength 562 nm. Supernatants were 

analyzed for glucose concentration using a glucose assay (Abcam, CAT ab65333) with a 

glucose standard curve and colorimetry at wavelength 570 nm. Glucose concentration was 

normalized to protein count per well. The experiment was carried out in biological triplicates, 

and cell stimulation as well as glucose and protein assay measurements were carried out in 

technical triplicates. 

 

Table 2: Media and Buffers used for primary hepatocyte culture and experiments 

Medium / Buffer Contents 

Clearance 

buffer 

EBSS w/o CaCl2 w/o MgCl2 (Sigma-Aldrich, CAT E6267) + 10% EGTA 

50mM (Alfa Aesar, CAT 67-42-5) 

Digestion buffer HBSS (Gibco, CAT 14025092) + Collagenase I 0.3 mg/ml (Sigma-

Aldrich, CAT C5894) 

Standard 

Medium 

DMEM (Gibco, CAT 11965118) + 10% FBS (Corning, CAT 35011CV) 

+ 1% Penicillin / Streptomycin 10000 U/mL (Gibco, CAT 15140163). 

DMEM-O DMEM w/o glucose, w/o phenol red, w/o pyruvate, w/o L-glutamine, 

w/o bicarbonate (Sigma, CAT 5030) + 3.7 g/L sodium bicarbonate. 

GG DMEM-O + glucagon 100nM + glutamate 10mM 

GP DMEM-O + glucagon 100nM + pyruvate 10mM 

GGP DMEM-O + glucagon 100nM + pyruvate 10mM + glutamate 10mM 
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d. Gene expression in LINKO liver samples 

For gene expression analyses, we extracted RNA from samples using the phenol-CHCl3 

extraction method51,52 and performed RealTime quantitative PCR (qPCR). Liver samples 

from HFD-fed LINKO mice were transferred to liquid nitrogen immediately after harvest and 

stored at -80°C. For tissue disruption and denaturation, 50-100 µg organ pieces were cut 

under liquid nitrogen, placed in tubes containing 500 µl of TRIzol reagent and 500 µg of 

zirconium oxide beads (MP Biomedicals, CAT 116540438), and homogenized at -20°C in a 

bead mill homogenizer (Analytik Jena AG, CAT AJ 845-00007-2). For RNA extraction, we 

followed standard protocols for phenol-CHCl3 phase separation and alcohol precipitation. 

Samples were resuspended in nuclease-free water and measured for nucleic acid quantity 

and purity using peak absorbance at 260 nm wavelength and the A260/A280 ratio in a 

Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, CAT ND-2000). For DNase 

digest and reverse transcription, we used established kits (Thermo Scientific, CAT EN0521 

and K1622, respectively) and strictly followed the manufacturer’s protocols. Samples were 

stored at -20°C for maximally two weeks before qPCR. For qPCR, we used Power SYBR 

Green PCR Master Mix (Applied Biosystems, CAT 4367659). Master mixes were prepared 

for every gene. Each reaction included 10 ng of cDNA template in a 96 Multiply PCR Plate 

(Sarstedt, CAT 72.1979.102), and was run on a standard protocol for SYBR green 

(denaturation: 94°C, annealing: 60°C) in a 7300 Real Time PCR System (Applied 

Biosystems). Reactions were measured in technical triplicates, controlled for cross-

contamination by including buffer controls and normalized to two reference genes, GAPDH 

and HPRT. 
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Table 3: RealTime-qPCR primers 

Gene Sense Antisense 

GAPDH CTCCACTCACGGCAAATTCA ATGGGCTTCCCGTTGATGA 

HPRT CACAGGACTAGAACACCTGC GCTGGTGAAAAGGACCTCT 

ACACA GCCATTGGTATTGGGGCTTAC CCCGACCAAGGACTTTGTTG 

ACADM AGGGTTTAGTTTTGAGTTGACGG CCCCGCTTTTGTCATATTCCG 

ACOX AGCTCCGATCAGCCAGACAT TTCTTGAAACAGAGCCCAGAATG 

CPT1A TTGCACGAGGGAAAATAAGC CCAACGTCACGAAGAACGC 

CREB1 AGCAGCTCATGCAACATCATC AGTCCTTACAGGAAGACTGAACT 

DDIT3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT 

DNAJ B9 CTCCACAGTCAGTTTTCGTCTT GGCCTTTTTGATTTGTCGCTC 

FASN GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG 

G6PC CAGGAGGACTACCGGACTTAC TCAACTGAAACCAAAGTGGGAA 

GCK AGGAGGCCAGTGTAAAGATGT CTCCCAGGTCTAAGGAGAGAAA 

HSPA5 ACTTGGGGACCACCTATTCCT ATCGCCAATCAGACGCTCC 

IL1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

IL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

NRF1 GACAAGATCATCAACCTGCCTGTAG GCTCACTTCCTCCGGTCCTTTG 

PC CTGAAGTTCCAAACAGTTCGAGG CGCACGAAACACTCGGATG 

PCK1 AGCATTCAACGCCAGGTTC CGAGTCTGTCAGTTCAATACCAA 

PPARA AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA 

PPARG GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA 

PPARGC1A GAAAGGGCCAAACAGAGAGA ACTGCCTATGAGCACTTCAC 

SAA3 AGAGAGGCTGTTCAGAAGTTCA AGCAGGTCGGAAGTGGTTG 

SIRT1 GCTGACGACTTCGACGACG TCGGTCAACAGGAGGTTGTCT 

SLC13A3 GGAAGGCCGATGCCTCTATG GGAAGTTGGTGTCGAGGAAGT 

SLC13A5 GGCACCACACTTCTACAATG GGGGTGTTGAAGGTCTCAAAC 

SLC25A20 GACGAGCCGAAACCCATCAG AGTCGGACCTTGACCGTGT 

SREBF1 GATGTGCGAACTGGACACAG CATAGGGGGCGTCAAACAG 

TFAM ATTCCGAAGTGTTTTTCCAGCA TCTGAAAGTTTTGCATCTGGGT 

TNF GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG 

XBP1 AGCAGCAAGTGGTGGATTTG GAGTTTTCTCCCGTAAAAGCTGA 
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e. Statistics 

Data were collected and pooled in Microsoft Office Excel 2013 (Microsoft Corp., USA). 

Statistical analyses and graphing were carried out using SPSS Statistics Version 25 (IBM 

Corp., USA). Unless otherwise indicated, individual data points were pooled by genotype. 

Missing data points were excluded from the analysis. Error bars indicate one standard 

deviation. Outliers are displayed as circles and were not excluded from the analysis. 

Parametric assumptions: Normality of residuals was tested by calculating a univariate 

linear regression with genotype as independent variable, plotting the regression 

standardized residuals in a probability-probability-plot, and assessing the distribution around 

the interpolation line. Mean, median, standard deviation, skewness and kurtosis were also 

assessed for every dataset. Homoscedasticity was assessed using a scatterplot of 

standardized residuals against standardized predicted values, and Levene statistic. 

Analysis of variance: Where appropriate, statistical significance of variance between 

groups was assessed using single-factor analysis of variance (ANOVA) with correction for 

multiple testing using the Holm-Sidak method. Where assumptions of normality or 

homoscedasticity were violated, Kruskal-Wallis-test or Welch statistic were used, 

respectively. In all longitudinal datasets (i.e., BW, BC, EE and RER during indirect 

calorimetry, glucose and insulin excursions during ipGTT, blood glucose concentration and 

glucose infusion rate during HE-clamp), generalized estimated equations (GEEs) were fitted 

to the unweighted data. Logarithmic or linear link functions were used, respectively, 

depending on whether the data violated assumptions of normality and homoscedasticity or 

not. Model effects were analyzed using Type III Wald χ2 statistics. For hypothesis tests 

regarding the independent variable and covariates, type I Wald χ2 statistic was used. 

Goodness of fit was evaluated according to the log quasi-likelihood function, and the best fit 

selected for analysis. IpGTT results were also analyzed by calculating the area under the 

curve (AUC) under the assumption of a 1-compartment model, using the log-linear 

trapezoidal method for glucose, and the linear trapezoidal method for insulin curves.49 For 

all variance analyses, significance was set at α = 0.05. 
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5. Results 

a. Metabolic phenotyping 

i. Body weight and size 

Over 20 weeks, no differences in body weight could be seen between LINKO homozygotes 

and WT controls in all diet groups, using a GEE model with linear link function. However, 

LINKO heterozygotes showed a slight, but statistically significant attenuation of DIO in the 

HFD group. In the HFD+S group, this was contradicted by a near significant, more 

pronounced DIO phenotype (Figure 6A-C, Table 4). Of note, both the HFD and the HFD+S 

intervention induced DIO, but the HFD was more effective than the HFD+S (Figure 6D, 

Table 4). A body length measurement at week 16 yielded no difference between the 

genotypes using one-way ANOVA and Holm-Sidak correction. (Figure 6E). 

Figure 6: Body weight over time under different levels of adipogenic diet. A: NCD. B: HFD. 

C: HFD+S. WT: n = 7-8, 15-29, and 8-14; KO: n = 14-15 ,14-23, and 11-15 for NCD, HFD, 

and HFD+S, respectively. D: Comparison of body weights between diets in WT mice. E: 

Body length from nose to tail root at week 16. WT: n = 4 and 11, KO: n = 8 and 10 for NCD 

and HFD, respectively.  
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Table 4: Body weight over time: GEE parameter estimates. Linear link function. WT is 

expressed through the intercept, KO and HET are expressed as deviations from the 

intercept. This applies to all following GEE models. B: parameter vector. SE: Standard error. 

CI: Confidence interval. Df: Degrees of freedom. 

 
Parameter B SE 

95% Wald CI Hypothesis Test 

Lower Bound Upper Bound Wald χ2 df P 

NCD Intercept 3.206 0.0201 3.167 3.246 25472.375 1 0.000 

  KO -0.014 0.0265 -0.066 0.038 0.273 1 0.601 

  HET -0.015 0.0348 -0.084 0.053 0.198 1 0.656 

  Scale 0.077  

HFD Intercept 3.451 0.0274 3.397 3.505 15825.067 1 0.000 

  KO 0.008 0.0388 -0.068 0.084 0.040 1 0.841 

  HET -0.114 0.0440 -0.200 -0.028 6.688 1 0.010 

  Scale 0.096  

HFD+S Intercept 3.370 0.0209 3.329 3.411 25994.392 1 0.000 

  KO 0.046 0.0331 -0.019 0.111 1.910 1 0.167 

  HET 0.064 0.0361 -0.007 0.135 3.120 1 0.077 

  Scale 0.090  
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ii. Body composition 

All mice developed an increasing fat proportion and a decreasing lean mass proportion over 

time, with stable free fluid percentage. We observed no differences over time in compartment 

shifts between the genotypes, using GEEs with logarithmic link functions (Figure 7, Table 

5). Of note, the HFD+S intervention did not create a stronger compositional shift towards the 

body fat compartment than HFD alone. Therefore, the measurement during week 20 was 

not carried out in that group. 

Figure 7: Body composition over time. WT: n = 7-8, 11-13, and 17-21; HET: n = 6-7, 9-14, 

and 13-17; KO: n = 12-15 ,10-14, and 10-15 for NCD, HFD, and HFD+S, respectively. 
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Table 5: Body composition over time: GEE parameter estimates. Logarithmic link function. 

  
Component 

  

Parameter B Std. Error 

95% Wald CI Hypothesis Test 

Diet Lower  Upper  Wald χ2 df P 

Lean mass NCD Intercept 4.294 0.0094 4.275 4.312 207427.974 1 0.000 

  KO 0.007 0.0108 -0.014 0.028 0.418 1 0.518 

  HET -0.004 0.0111 -0.026 0.017 0.154 1 0.695 

  Scale 0.003  

HFD Intercept 4.101 0.0255 4.051 4.150 25929.647 1 0.000 

  KO -0.001 0.0395 -0.078 0.076 0.001 1 0.980 

  HET 0.023 0.0369 -0.049 0.096 0.404 1 0.525 

  Scale 0.049  

HFD+S Intercept 4.187 0.0185 4.150 4.223 51316.949 1 0.000 

  KO 0.001 0.0254 -0.049 0.050 0.001 1 0.980 

  HET -0.016 0.0274 -0.070 0.037 0.362 1 0.548 

  Scale 0.030  

Fat mass NCD Intercept 2.413 0.0490 2.317 2.509 2428.993 1 0.000 

  KO 0.047 0.0618 -0.074 0.168 0.578 1 0.447 

  HET 0.101 0.0635 -0.023 0.226 2.536 1 0.111 

  Scale 0.125  

HFD Intercept 2.984 0.0403 2.905 3.063 5475.738 1 0.000 

  KO -0.021 0.0750 -0.168 0.126 0.079 1 0.779 

  HET -0.064 0.0781 -0.217 0.089 0.670 1 0.413 

  Scale 0.279  

HFD+S Intercept 2.739 0.0548 2.631 2.846 2495.589 1 0.000 

  KO 0.042 0.0765 -0.108 0.192 0.303 1 0.582 

  HET 0.037 0.0751 -0.110 0.184 0.247 1 0.619 

  Scale 0.314  

Free fluid NCD Intercept 2.081 0.0227 2.037 2.126 8393.304 1 0.000 

  KO 0.003 0.0256 -0.047 0.053 0.016 1 0.899 

  HET -0.015 0.0308 -0.075 0.046 0.232 1 0.630 

  Scale 0.013  

HFD Intercept 2.113 0.0248 2.065 2.162 7249.276 1 0.000 

  KO -0.023 0.0286 -0.079 0.033 0.655 1 0.418 

  HET -0.010 0.0276 -0.064 0.044 0.128 1 0.721 

  Scale 0.016  

HFD+S Intercept 2.090 0.0149 2.061 2.119 19559.957 1 0.000 

  KO 0.040 0.0239 -0.007 0.087 2.777 1 0.096 

  HET 0.009 0.0215 -0.033 0.051 0.184 1 0.668 

  Scale 0.018  
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S 

iii. Intraperitoneal glucose tolerance test 

In ipGTTs, LINKO mice showed no differing blood glucose and plasma insulin excursions 

relative to WT controls, using GEE models with logarithmic link functions including baseline 

glucose and baseline insulin concentration as covariates (Figure 8A-B, Table 6), as well as 

using baseline-adjusted AUC (Figure 8C-D, statistics not shown). Insulin resistance as 

approximated by HOMA-IR similarly did not differ between the groups using one-way 

ANOVA and Holm-Sidak correction (Figure 8E, Table 7).  

Figure 8: IpGTT: Glucose and insulin response. A1-3: Absolute blood glucose concentration 

in NCD, HFD and HFD+S. B1-3: Absolute plasma insulin concentrations in NCD, HFD and 

HFD+S. C and D: Baseline-adjusted AUC for blood glucose and plasma insulin, respectively. 

E: HOMA-IR in NCD, HFD and HFD+S. WT: n = 8, 13, and 21; HET: n = 7, 10, and 19; KO: 

n = 15, 12, and 15 for NCD, HFD, and HFD+S, respectively. 
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Table 6: IpGTT: GEE parameter estimates for plasma glucose and insulin response. 

Logarithmic link function. Glc: Blood glucose level. Ins: Plasma insulin level. 

    

Parameter B SE 

95% Wald CI Hypothesis Test 

Parameter Diet Lower  Upper  Wald χ2 df P 

Glucose NCD Intercept 5.094 0.1862 4.730 5.459 748.678 1 0.000 

    KO -0.016 0.0316 -0.078 0.046 0.254 1 0.614 

    HET -0.029 0.0341 -0.095 0.038 0.700 1 0.403 

    Glc-Baseline [mg/dl] 0.000 0.0024 -0.004 0.005 0.023 1 0.879 

    Scale 0.175  

  HFD Intercept 4.815 0.0834 4.651 4.978 3331.467 1 0.000 

    KO 0.009 0.0413 -0.072 0.090 0.043 1 0.835 

    HET -0.005 0.0415 -0.086 0.076 0.014 1 0.907 

    Glc-Baseline [mg/dl] 0.005 0.0004 0.004 0.006 135.880 1 0.000 

    Scale 0.116  

  HFD+S Intercept 4.971 0.0483 4.876 5.065 10604.372 1 0.000 

    KO 0.044 0.0229 -0.001 0.089 3.714 1 0.054 

    HET 0.020 0.0253 -0.029 0.070 0.641 1 0.423 

    Glc-Baseline [mg/dl] 0.004 0.0004 0.003 0.004 71.905 1 0.000 

    Scale 0.117  

Insulin NCD Intercept -1.011 0.1436 -1.292 -0.729 49.548 1 0.000 

    KO 0.031 0.1153 -0.195 0.256 0.070 1 0.791 

    HET -0.238 0.1635 -0.559 0.082 2.123 1 0.145 

    Ins-Baseline [ng/ml] 1.217 0.4131 0.407 2.027 8.678 1 0.003 

    Scale 0.200  

  HFD Intercept -0.637 0.0947 -0.823 -0.451 45.214 1 0.000 

    KO 0.141 0.0803 -0.016 0.299 3.105 1 0.078 

    HET -0.032 0.0846 -0.198 0.134 0.142 1 0.706 

    Ins-Baseline [ng/ml] 0.751 0.0978 0.559 0.943 58.984 1 0.000 

    Scale 0.106  

  HFD+S Intercept -0.742 0.1050 -0.947 -0.536 49.855 1 0.000 

    KO 0.073 0.0720 -0.068 0.215 1.038 1 0.308 

    HET 0.054 0.0839 -0.111 0.218 0.412 1 0.521 

    Ins-Baseline [ng/ml] 1.005 0.0898 0.829 1.181 125.181 1 0.000 

    Scale 0.123  

Table 7 

Table 7: IpGTT: Statistics of fasted HOMA-IR. Baseline-adjusted AUC, one-way ANOVA or 

Kruskal-Wallis Test (KW), and Holm-Sidak correction. 

Diet Genotype N Mean SD 

95% CI ANOVA 

Lower Bound Upper Bound F P 

NCD WT 7 1.085 0.745 0.395 1.774 2.032 0.162 

HET 5 0.503 0.335 0.086 0.919 

KO 8 0.960 0.299 0.710 1.210 

HFD WT 10 4.677 4.399 1.53 7.824 0.157 0.627 
KW HET 9 3.728 3.74 0.853 6.603 

KO 7 4.153 2.145 2.169 6.137 

HFD+S WT 16 3.645 2.385 1.977 5.178 0.293 0.866 
KW HET 16 3.085 1.794 2.129 4.041 

KO 12 3.578 2.518 2.374 4.916 
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iv. Indirect calorimetry 

Using one-way ANOVA and Holm-Sidak correction, no significant differences between 

genotypes were seen in the covariates lean mass, fat mass, locomotion and resting energy 

expenditure, which were included into GEE models with linear link functions (Figure 9, Table 

8). 

We observed no differences in EE or RER in the NCD group. Within the HFD cohort, RER 

as well as EE tended to be higher in LINKO mice relative to WT, the difference being more 

pronounced during the lights-off period. In the HFD+S cohort, this observation was 

juxtaposed by a lowered EE but higher RER in LINKO mice relative to WT (Figure 10, Table 

9, Table 10).  

Figure 9: Indirect calorimetry: Covariates. A: Locomotor activity (total number of beam 

breaks). B: Resting energy expenditure. C: Fat mass. D: Lean mass. WT: n = 8, 13, and 21; 

HET: n = 7, 10, and 19; KO: n = 15, 12, and 15 for NCD, HFD, and HFD+S, respectively. 
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Figure 10: Indirect calorimetry: RER and EE over time. A1 and A2: EE and RER in NCD, 

respectively. B1 and B2: EE and RER in HFD, respectively. C1 and C2: EE and RER in 

HFD+S, respectively. WT: n = 8, 13, and 21; HET: n = 7, 10, and 19; KO: n = 15, 12, and 

15 for NCD, HFD, and HFD+S, respectively. 
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Table 8: Indirect calorimetry: Statistics for covariates. One-way ANOVA or Kruskal-Wallis 

Test (KW) and Holm-Sidak correction. Lean: Lean body mass. Fat: Fat body mass. REE: 

Resting energy expenditure. XTYT24: Locomotor activity over 24h. 

 
Diet Measure Genotype N Mean SD 

95% CI ANOVA 

Lower  Upper F P 

NCD LEAN [kg] KO 8 0.0214 0.0016 0.0201 0.0227 0.108 0.898 
  
  

  HET 6 0.0212 0.0010 0.0201 0.0223 

  WT 6 0.0216 0.0017 0.0199 0.0234 

FAT [kg] KO 8 0.0035 0.0005 0.0031 0.0040 4.427 0.028 
  
  

  HET 6 0.0043 0.0008 0.0034 0.0052 

  WT 6 0.0033 0.0005 0.0028 0.0038 

REE [kcal/h] KO 6 0.3423 0.0325 0.3082 0.3764 0.117 0.890 
  
  

  HET 6 0.3460 0.0431 0.3007 0.3912 

  WT 3 0.3563 0.0540 0.2222 0.4905 

XTYT24 [counts] KO 6 80312.0 13950.1 65672.3 94951.7 2.253 0.148 
  
  

  HET 6 95445.8 17648.9 76924.4 113967.3 

  WT 3 103881.7 21635.3 50136.7 157626.7 

HFD LEAN [kg] KO 10 0.0183 0.0023 0.0167 0.0200 0.681 0.515 

  
  

  HET 8 0.0188 0.0017 0.0174 0.0203 

  WT 10 0.0178 0.0017 0.0165 0.0190 

FAT [kg] KO 10 0.0087 0.0027 0.0068 0.0106 0.255 0.777 

  
  

  HET 8 0.0079 0.0026 0.0058 0.0101 

  WT 10 0.0080 0.0024 0.0063 0.0097 

REE [kcal/h] KO 10 0.3905 0.0546 0.3515 0.4296 0.176 0.935 

KW 
  

  HET 8 0.3836 0.0477 0.3437 0.4235 

  WT 10 0.3767 0.0524 0.3392 0.4142 

XTYT24 [counts] KO 10 77364.0 16252.7 65737.5 88990.5 0.823 0.534 

KW 
  

  HET 8 68558.3 22036.1 50135.6 86980.9 

  WT 10 81164.8 24202.7 63851.3 98478.3 

HFD+S LEAN [kg]  KO 8 0.0181 0.0012 0.0171 0.0192 3.644 
  

0.837 
 KW   HET 7 0.0199 0.0010 0.0190 0.0208 

 WT 9 0.0186 0.0016 0.0174 0.0199 

FAT [kg] KO 8 0.0076 0.0020 0.0060 0.0093 1.772 
  

0.194 
  
  

 HET 7 0.0090 0.0019 0.0072 0.0107 

 WT 9 0.0074 0.0014 0.0063 0.0085 

REE [kcal/h] KO 8 0.3650 0.0416 0.3302 0.3997 5.089 
  

0.214 
  HET 7 0.4172 0.0229 0.3960 0.4384 

 WT 9 0.3937 0.0275 0.3726 0.4148 

XTYT24 [counts] KO 8 78703.8 13627.0 67311.3 90096.2 1.487 
  

0.249 
  
  

 HET 7 66111.6 12941.6 54142.6 78080.6 

 WT 9 73594.0 15409.9 61748.9 85439.1 
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Table 9: Indirect calorimetry: GEE parameter estimates for RER. Linear link function. 

   

Parameter B SE 

95% Wald CI Hypothesis Test 

Interval Diet Lower Upper Wald χ2 df P 

24h NCD Intercept 1.275 0.1253 1.029 1.520 103.546 1 0.000 

    KO -0.031 0.0231 -0.076 0.014 1.821 1 0.177 

    HET -0.015 0.0248 -0.064 0.033 0.388 1 0.534 

    LEAN [kg] -10.158 7.0977 -24.069 3.753 2.048 1 0.152 

    FAT [kg] 41.676 12.9878 16.221 67.132 10.297 1 0.001 

    REE [kcal/h] -0.640 0.3069 -1.242 -0.038 4.346 1 0.037 

    XTYT24 [Cnts] 1.483E-08 6.0047E-07 -1.162E-06 1.192E-06 0.001 1 0.980 

    Scale 0.008  

  HFD Intercept 0.780 0.0082 0.764 0.796 9152.807 1 0.000 

    KO 0.003 0.0013 0.000 0.006 5.266 1 0.022 

    HET 0.000 0.0016 -0.003 0.003 0.035 1 0.852 

    LEAN [kg] 1.296 0.5825 0.154 2.438 4.951 1 0.026 

    FAT [kg] 2.073 0.4169 1.256 2.890 24.726 1 0.000 

    REE [kcal/h] 0.137 0.0189 0.100 0.174 52.420 1 0.000 

    XTYT24 [Cnts] 6.031E-06 3.6775E-07 5.310E-06 6.752E-06 268.967 1 0.000 

    Scale 0.000  

  HFD+S Intercept 0.440 0.0569 0.329 0.552 59.750 1 0.000 

    KO 0.022 0.0114 0.000 0.045 3.780 1 0.052 

    HET -0.010 0.0116 -0.033 0.012 0.798 1 0.372 

    LEAN [kg] 15.975 3.8638 8.402 23.548 17.095 1 0.000 

    FAT [kg] 7.282 3.2764 0.860 13.703 4.940 1 0.026 

    REE [kcal/h] 0.120 0.1534 -0.180 0.421 0.617 1 0.432 

    XTYT24 [Cnts] 9.372E-06 9.8817E-07 7.435E-06 1.131E-05 89.950 1 0.000 

    Scale 0.001  

ON NCD Intercept 1.279 0.1605 0.964 1.593 63.519 1 0.000 

    KO -0.042 0.0339 -0.108 0.024 1.537 1 0.215 

    HET -0.048 0.0331 -0.113 0.017 2.093 1 0.148 

    LEAN [kg] -23.852 9.2846 -42.050 -5.655 6.600 1 0.010 

    FAT [kg] 54.292 16.5432 21.868 86.716 10.770 1 0.001 

    REE [kcal/h] -0.246 0.4363 -1.101 0.609 0.317 1 0.573 

    XTYT24 [Cnts] 7.646E-07 8.3548E-07 -8.729E-07 2.402E-06 0.838 1 0.360 

    Scale 0.004  

  HFD Intercept 0.763 0.0142 0.736 0.791 2900.613 1 0.000 

    KO 0.002 0.0020 -0.002 0.006 1.408 1 0.235 

    HET 0.001 0.0027 -0.005 0.006 0.069 1 0.793 

    LEAN [kg] 0.645 0.9222 -1.163 2.452 0.489 1 0.485 

    FAT [kg] 2.127 0.6212 0.909 3.344 11.721 1 0.001 

    REE [kcal/h] 0.197 0.0279 0.142 0.251 49.589 1 0.000 

    XTYT24 [Cnts] 7.442E-06 5.9176E-07 6.282E-06 8.602E-06 158.158 1 0.000 

    Scale 0.000  

  HFD+S Intercept -0.720 0.0749 -0.867 -0.573 92.288 1 0.000 

    KO 0.033 0.0149 0.003 0.062 4.814 1 0.028 

    HET -0.014 0.0144 -0.042 0.015 0.893 1 0.345 

    LEAN [kg] 21.383 5.1586 11.272 31.493 17.182 1 0.000 

    FAT [kg] 8.871 4.2440 0.553 17.190 4.369 1 0.037 

    REE [kcal/h] 0.182 0.2029 -0.215 0.580 0.808 1 0.369 

    XTYT24 [Cnts] 1.284E-05 1.1105E-06 1.066E-05 1.502E-05 133.655 1 0.000 

    Scale 0.001  
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OFF NCD Intercept 1.271 0.1448 0.987 1.554 76.983 1 0.000 

    KO -0.020 0.0249 -0.069 0.028 0.667 1 0.414 

    HET 0.017 0.0283 -0.038 0.072 0.362 1 0.547 

    LEAN [kg] 3.536 8.5055 -13.134 20.207 0.173 1 0.678 

    FAT [kg] 29.061 12.7144 4.141 53.981 5.224 1 0.022 

    REE [kcal/h] -1.034 0.2892 -1.601 -0.467 12.787 1 0.000 

    XTYT24 [Cnts] -7.350E-07 5.4411E-07 -1.801E-06 3.315E-07 1.825 1 0.177 

    Scale 0.004  

  HFD Intercept 0.807 0.0057 0.796 0.818 20105.550 1 0.000 

    KO 0.004 0.0014 0.001 0.007 7.547 1 0.006 

    HET -0.001 0.0019 -0.005 0.003 0.295 1 0.587 

    LEAN [kg] 1.919 0.6377 0.669 3.169 9.055 1 0.003 

    FAT [kg] 1.648 0.3798 0.903 2.392 18.813 1 0.000 

    REE [kcal/h] 0.071 0.0248 0.023 0.120 8.239 1 0.004 

    XTYT24 [Cnts] 3.948E-06 3.1702E-07 3.326E-06 4.569E-06 155.070 1 0.000 

    Scale 0.000  

  HFD+S Intercept -0.579 0.0607 -0.698 -0.460 90.905 1 0.000 

    KO 0.019 0.0114 -0.003 0.041 2.762 1 0.097 

    HET -0.012 0.0125 -0.037 0.012 0.959 1 0.327 

    LEAN [kg] 15.798 3.9368 8.082 23.514 16.104 1 0.000 

    FAT [kg] 7.885 3.3770 1.266 14.503 5.451 1 0.020 

    REE [kcal/h] 0.153 0.1541 -0.149 0.456 0.992 1 0.319 

    XTYT24 [Cnts] 8.551E-06 1.1994E-06 6.200E-06 1.090E-05 50.825 1 0.000 

    Scale 0.001  

 

Table 10: Indirect calorimetry: GEE parameter estimates for EE. Linear link function. 

    

Parameter B SE 

95% Wald CI Hypothesis Test 

Interval Diet Lower Upper Wald χ2 df P 

24h NCD Intercept 0.024 0.0697 -0.112 0.161 0.122 1 0.727 

    KO -0.011 0.0095 -0.029 0.008 1.247 1 0.264 

    HET 0.002 0.0124 -0.022 0.027 0.038 1 0.846 

    LEAN [kg] 14.129 3.6507 6.974 21.284 14.979 1 0.000 

    FAT [kg] -5.055 6.1059 -17.022 6.913 0.685 1 0.408 

    REE [kcal/h] 0.593 0.1161 0.366 0.821 26.111 1 0.000 

    XTYT24 [Cnts] -9.882E-08 1.7907E-07 -4.498E-07 2.522E-07 0.305 1 0.581 

    Scale 0.009   
   HFD Intercept -0.044 0.0268 -0.097 0.008 2.749 1 0.097 

    KO 0.015 0.0069 0.002 0.028 4.778 1 0.029 

    HET -0.006 0.0058 -0.017 0.006 0.953 1 0.329 

    LEAN [kg] 11.752 2.5533 6.748 16.756 21.185 1 0.000 

    FAT [kg] 8.223 1.3397 5.597 10.849 37.675 1 0.000 

    REE [kcal/h] 0.573 0.1041 0.369 0.777 30.309 1 0.000 

    XTYT24 [Cnts] 2.942E-05 1.7892E-06 2.592E-05 3.293E-05 270.444 1 0.000 

    Scale 0.003   
   HFD+S Intercept 0.228 0.0332 0.163 0.293 47.280 1 0.000 

  (Scale:  KO -0.025 0.0046 -0.034 -0.016 30.740 1 0.000 

   0.002) HET -0.002 0.0059 -0.014 0.009 0.151 1 0.697 

    LEAN [kg] -5.643 2.1374 -9.832 -1.454 6.970 1 0.008 

    FAT [kg] 4.449 1.7298 1.059 7.840 6.616 1 0.010 

    REE [kcal/h] 0.799 0.1004 0.602 0.995 63.257 1 0.000 

    XTYT24 [Cnts] 3.526E-05 2.0637E-06 3.122E-05 3.931E-05 291.967 1 0.000 
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ON NCD Intercept -0.084 0.0774 -0.236 0.067 1.187 1 0.276 

    KO -0.010 0.0125 -0.034 0.014 0.647 1 0.421 

    HET 0.007 0.0150 -0.022 0.037 0.232 1 0.630 

    LEAN [kg] 10.649 4.0929 2.627 18.671 6.770 1 0.009 

    FAT [kg] -1.434 5.8641 -12.927 10.060 0.060 1 0.807 

    REE [kcal/h] 0.881 0.1357 0.615 1.147 42.125 1 0.000 

    XTYT24 [Cnts] -5.044E-09 2.1917E-07 -4.346E-07 4.245E-07 0.001 1 0.982 

    Scale 0.005  

  HFD Intercept -0.044 0.0172 -0.078 -0.011 6.690 1 0.010 

    KO 0.008 0.0048 -0.001 0.018 2.932 1 0.087 

    HET -0.008 0.0035 -0.015 -0.001 5.630 1 0.018 

    LEAN [kg] 8.494 1.5629 5.430 11.557 29.535 1 0.000 

    FAT [kg] 6.696 0.8605 5.009 8.382 60.547 1 0.000 

    REE [kcal/h] 0.698 0.0609 0.579 0.818 131.306 1 0.000 

    XTYT24 [Cnts] 2.899E-05 2.0184E-06 2.503E-05 3.294E-05 206.224 1 0.000 

    Scale 0.001   
   HFD+S Intercept 0.099 0.0165 0.067 0.132 36.213 1 0.000 

    KO -0.012 0.0025 -0.017 -0.007 24.428 1 0.000 

    HET -0.004 0.0023 -0.009 0.000 3.203 1 0.074 

    LEAN [kg] 0.502 1.1002 -1.654 2.659 0.208 1 0.648 

    FAT [kg] 4.484 0.8976 2.724 6.243 24.953 1 0.000 

    REE [kcal/h] 0.757 0.0514 0.657 0.858 217.317 1 0.000 

    XTYT24 [Cnts] 3.632E-05 3.2475E-06 2.996E-05 4.269E-05 125.103 1 0.000 

    Scale 0.001  

OFF NCD Intercept 0.133 0.0831 -0.030 0.296 2.560 1 0.110 

    KO -0.011 0.0123 -0.035 0.013 0.819 1 0.365 

    HET -0.002 0.0139 -0.030 0.025 0.030 1 0.863 

    LEAN [kg] 17.609 4.9315 7.943 27.274 12.750 1 0.000 

    FAT [kg] -8.676 7.7882 -23.940 6.589 1.241 1 0.265 

    REE [kcal/h] 0.306 0.1420 0.027 0.584 4.628 1 0.031 

    XTYT24 [Cnts] -1.926E-07 2.5966E-07 -7.015E-07 3.163E-07 0.550 1 0.458 

    Scale 0.006   
   HFD Intercept 0.001 0.0403 -0.078 0.080 0.001 1 0.972 

    KO 0.021 0.0087 0.004 0.038 5.697 1 0.017 

    HET -0.003 0.0094 -0.021 0.016 0.085 1 0.771 

    LEAN [kg] 14.917 3.6909 7.683 22.151 16.334 1 0.000 

    FAT [kg] 7.870 1.8579 4.229 11.511 17.945 1 0.000 

    REE [kcal/h] 0.423 0.1415 0.145 0.700 8.924 1 0.003 

    XTYT24 [Cnts] 2.089E-05 1.4733E-06 1.800E-05 2.377E-05 200.968 1 0.000 

    Scale 0.002  

  HFD+S Intercept 0.412 0.0811 0.253 0.571 25.799 1 0.000 

    KO -0.049 0.0121 -0.073 -0.026 16.671 1 0.000 

    HET 0.000 0.0138 -0.027 0.027 0.000 1 0.991 

    LEAN [kg] -16.547 5.0263 -26.398 -6.695 10.838 1 0.001 

    FAT [kg] 6.069 3.9073 -1.589 13.727 2.413 1 0.120 

    REE [kcal/h] 0.874 0.2100 0.462 1.286 17.325 1 0.000 

    XTYT24 [Cnts] 3.753E-05 3.2466E-06 3.116E-05 4.389E-05 133.606 1 0.000 

    Scale 0.002  
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v. Hyperinsulinemic-euglycemic clamp 

In HE-clamp experiments, LINKO mice did not show an altered glucose infusion rate (GIR) 

or blood glucose concentration, as assessed through a GEE with logarithmic link function 

including baseline blood glucose concentration as covariate (Figure 11). While a trend 

towards lower blood glucose concentration and higher GIR in LINKO mice relative to WT 

controls was observed, it did not reach statistical significance (Table 11). 

We observed differential glucose metabolism between the genotypes: Clamp glucose 

clearance and glycogen synthesis were elevated in LINKO mice relative to WT controls, 

while glycolysis was significantly suppressed, pointing toward a stronger anabolic response 

to hyperinsulinemia in LINKO mice. Meanwhile, no significant differences in baseline blood 

glucose clamp blood glucose, basal glucose clearance, and hepatic glucose output 

parameters between the genotypes were identified using one-way ANOVA and Holm-Sidak 

correction (Figure 12, Table 12). Tissue uptake of 2-DG, plasma insulin level, and plasma 

FFA level did not differ significantly between the genotypes (Figure 13, Table 12). 

Figure 11: HE-clamp. A: Blood glucose 

concentration over time. B: Glucose infusion 

rate over time. KO: n = 7. WT: n = 8.  
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Figure 12: HE-clamp: Glucose metabolism after infusion of [3-H]-D-Glucose. A: Baseline 

blood glucose. B: Clamp blood glucose. C: Basal glucose clearance. D: Clamp glucose 

clearance. E: Glycogen synthesis. F: Glycolysis. G: Basal hepatic glucose output. H: Clamp 

hepatic glucose output. I: Hepatic glucose output suppression. KO: n = 7. WT: n = 8.  
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Table 11: HE-clamp: GEE parameter estimates for blood glucose and GIR. Logarithmic link 

function. 

  

Parameter B SE 

95% Wald CI Hypothesis Test 

Measure Lower  Upper  Wald χ2 df Sig. 

Blood Intercept 4.969 0.1429 4.689 5.249 1209.771 1 0.000 

glucose KO -0.068 0.0398 -0.146 0.010 2.930 1 0.087 

  Glc-Basal [mg/dl] -0.001 0.0013 -0.003 1.748E-03 0.393 1 0.531 

  Scale 0.012  

GIR Intercept 3.235 0.4947 2.265 4.204 42.753 1 0.000 

  KO 0.088 0.1464 -0.199 0.375 0.361 1 0.548 

  Glc-Basal [mg/dl] 0.002 0.0044 -0.006 0.011 0.293 1 0.588 

  Scale 0.087  

Figure 13: HE-clamp: Uptake of 2-DG, plasma FFA and plasma insulin levels. A: M. 

quadriceps femoris. B: M. gastrocnemius. C: Liver. D: Heart. E: Visceral adipose tissue. F: 

Brown adipose tissue. G: Plasma free fatty acid concentration. H: Plasma insulin 

concentration. KO: N = 6-7. WT: N = 8. 
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Table 12: HE-clamp: Statistics for covariates, glucose metabolism and tissue uptake. One-

way ANOVA or Welch test. 

Measure Genotype N Mean SD 95% CI ANOVA 

Lower  Upper  F P 

Body weight [g] 
  

KO 7 28.6429 3.18792 25.6945 31.5912 1.545 
  

0.236 
  WT 8 30.7625 3.38397 27.9334 33.5916 

Baseline blood 
glucose [mg/dl] 

KO 7 102.5714 19.38089 84.6471 120.4958 0.165 
  

0.691 
  WT 8 106.2500 15.73667 93.0938 119.4062 

Insulin 0min 
[ng/ml] 

KO 7 0.4576 0.10642 0.3591 0.5560 0.075 
  

0.789 
  WT 7 0.4431 0.09009 0.3598 0.5265 

Insulin 140min 
[ng/ml] 

KO 6 3.3122 0.93687 2.3290 4.2953 1.861 
  

0.197 
  WT 8 4.1083 1.17223 3.1282 5.0883 

FFA 0min [mmol/l] KO 6 0.6067 0.07310 0.5300 0.6834 0.196 
  

0.666 
  WT 8 0.5840 0.10777 0.4939 0.6741 

FFA 140min [mmol/l] KO 7 0.4464 0.08913 0.3640 0.5289 0.098 
  

0.750 
Welch WT 8 0.4700 0.17978 0.3197 0.6203 

Basal HGO 
[mg/kg/min] 

KO 7 12.5714 4.08563 8.7929 16.3500 0.039 
  

0.846 
  WT 8 12.2125 2.91079 9.7790 14.6460 

Clamp HGO 
[mg/kg/min] 

KO 7 3.7571 6.83419 -2.5634 10.0777 0.021 0.886 

WT 8 4.2000 4.83470 0.1581 8.2419 

HGO suppression 
[%] 

KO 7 66.0114 53.16158 16.8452 115.1777 0.032 
  

0.862 
  WT 8 61.4900 45.37376 23.5566 99.4234 

Hepatic glucose 
uptake [mg/kg/min] 

KO 7 21.6157 3.79310 18.1077 25.1237 0.783 
  

0.392 
  WT 8 20.2375 2.12043 18.4648 22.0102 

Glycolysis 
[mg/kg/min] 

KO 7 11.0143 3.29668 7.9654 14.0632 5.031 
  

0.043 
  WT 8 13.9500 1.60089 12.6116 15.2884 

Gycogen synthesis 
[mg/kg/min] 

KO 7 10.5857 1.46564 9.2302 11.9412 15.748
  

0.002 
  WT 8 6.3125 2.48966 4.2311 8.3939 

Basal glc clearance  
[mg/kg/min] 

KO 7 12.2429 3.13042 9.3477 15.1380 0.352 
  

0.563 
  WT 8 11.4500 1.99141 9.7851 13.1149 

Clamp glc clearance 
[mg/kg/min] 

KO 7 17.5286 2.47502 15.2396 19.8176 5.101 
  

0.042 
  WT 8 15.2250 1.40077 14.0539 16.3961 

Uptake Quadriceps 
[nmol/g/min] 

KO 6 191.3333 23.71216 166.4489 216.2177 3.437 
  

0.066 
Welch WT 8 272.5250 104.26248 185.3594 359.6906 

Uptake Gastrocne-
mius [nmol/g/min] 

KO 6 185.3667 26.54059 157.5140 213.2193 2.493 
  

0.140 
  WT 8 241.2750 82.86239 172.0003 310.5497 

Uptake Tibial muscle 
[nmol/g/min] 

KO 7 115.1857 29.97540 87.4631 142.9083 0.873 
  

0.367 
  WT 8 132.4175 39.83920 99.1111 165.7239 

Uptake WAT 
[nmol/g/min] 

KO 6 8.6867 3.23802 5.2886 12.0848 2.424 
  

0.145 
  WT 8 12.2538 4.83409 8.2123 16.2952 

Uptake BAT  
[nmol/g/min] 

KO 7 2493.2143 1236.17434 1349.9437 3636.4849 1.461 
  

0.267 
Welch WT 7 1910.1429 316.73736 1617.2097 2203.0761 

Uptake Heart 
[nmol/g/min] 

KO 6 1007.0167 292.41985 700.1409 1313.8925 0.188 
  

0.672 
  WT 8 1091.1500 400.26356 756.5213 1425.7787 
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b. Glucose production in LINKO primary hepatocytes 

After starvation and stimulation through different glucose production media, LINKO primary 

hepatocytes showed a trend towards higher capacity for glucose production relative to WT 

controls under all conditions including fasted state (O), which reached statistical significance 

under the condition of maximum substrate stimulation (GGP) (Figure 14, Table 13).  

 

Table 13: Glucose production in LINKO primary hepatocytes: Statistics. One-way ANOVA. 

N = 3. 

 

Medium Genotype Mean SD 

95% CI ANOVA 

Lower Bound Upper Bound F P 

DMEM-O 
  

KO 0.047 0.018 0.034 0.061 1.814 
  

0.197 
  WT 0.039 0.008 0.033 0.045 

GGP 
  

KO 0.272 0.050 0.233 0.311 15.340 
  

0.001 
  WT 0.195 0.030 0.173 0.218 

GG 
  

KO 0.085 0.036 0.057 0.112 1.664 
  

0.215 
  WT 0.065 0.028 0.044 0.086 

GP 
  

KO 0.226 0.069 0.173 0.279 2.550 
  

0.130 
  WT 0.181 0.050 0.142 0.219 

Figure 14: Glucose production in LINKO primary hepatocytes. DMEM-O: Starvation 

medium. GG: DMEM-O + glucagon + glutamic acid. GP: DMEM-O + glucagon + pyruvic acid. 

GGP: DMEM-O + glucagon + glutamic acid + pyruvic acid. N = 3. 
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c. Gene expression in LINKO liver samples 

In liver samples from HFD-fed LINKO mice, several genes involved in mitochondrial function 

were significantly or near-significantly upregulated in the livers of LINKO mice relative to WT 

controls (Figure 15, Table 14): Nuclear respiratory factor 1 / NRF1 (23.3%, p =0.013), 

carnitine palmitoyl transferase I / CPT1A (25.5%, p = 0.051), Sirtuin 1 / SIRT1 (30.4%, p = 

0.053) and medium-chain acyl-CoA dehydrogenase / ACADM (27.8%, p = 0.071). Significant 

or near-significant upregulation was also found in two markers of ER stress: DnaJ Heat 

Shock Protein Family (Hsp40) Member B9 / DNAJB9 (23.3%, p = 0.038) and X-box binding 

protein 1 / XBP1 (74.7%, p = 0.072). Genes involved in glucose and lipid metabolism as well 

as inflammation were not differentially expressed in LINKO mice relative to WT controls. The 

expression of mINDY was suppressed by 99.1% (p < 0.001), suggesting complete 

recombination in hepatocytes. Its functionally closest family member, SLC13A3, was not 

differentially expressed.  
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Figure 15 A and B: Gene expression in LINKO liver samples (n = 9) relative to WT (n = 7), grouped 

by physiological function (grey boxes). ACACA: Acetyl-CoA carboxylase. ACADM: Medium-chain-

acyl-CoA-dehydrogenase. ACOX: Acetyl-CoA oxidase 1. CPT1A: Carnitine palmitoyltransferase 1. 

CREB1: cAMP response element-binding protein. DDIT3: DNA damage inducible transcript 3. DNAJ 

B9: DnaJ heat shock protein family (HSP40) member B9. FASN: Fatty acid synthase. G6PC: 

Glucose-6-phosphatase, catalytic subunit. GCK: Glucokinase. HSPA5: Heat shock protein family A 

(Hsp70) member 5. IL1B: Interleukin 1 beta. IL6: Interleukin 6. NRF1: Nuclear respiratory factor 1. 

PC: Pyruvate carboxylase. PCK1: Phosphoenolpyruvate carboxykinase 1. PPARA: Peroxisome 

proliferator activated receptor alpha.PPARG: Peroxisome proliferator activated receptor gamma. 

PPARGC1A: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1A). 

SAA3: Serum amyloid A-3 protein. SIRT1: Sirtuin-1. SLC13A3: Solute carrier family 13 member 3. 

SLC13A5: Solute carrier family 13 member 5. SLC25A20: Solute carrier family 25 member 20. 

SREBF1: Sterol regulatory element binding transcription factor 1. TFAM: Mitochondrial transcription 

factor A. TNF: Tumor necrosis factor alpha. XBP1: X-box binding protein 1. 
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Table 14: Gene expression in LINKO liver samples: Statistics. One-way ANOVA. KO: N = 

9. WT: N = 7. 

Function Gene Genotype Mean -fold change (∆∆Ct) SD P 

Mitochondrial  
Function 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

ACADM WT 1.026 0.248 0.071 

  KO 1.311 0.317  
ACOX1 WT 1.014 0.171 0.139 

  KO 0.897 0.122  
CPT1A WT 1.013 0.174 0.051 

  KO 1.271 0.279  
CREB1 WT 1.003 0.090 0.248 

  KO 0.897 0.234  
NRF1 WT 1.013 0.182 0.013 

  KO 1.249 0.150  
PPARGC1A WT 1.083 0.473 0.835 

  KO 1.035 0.437  
PPARA WT 1.027 0.254 0.605 

  KO 1.110 0.344  
PPARG WT 1.035 0.300 0.090 

  KO 1.474 0.576  
SIRT1 WT 1.023 0.235 0.053 

  KO 1.334 0.327  
TFAM WT 1.038 0.303 0.096 

  KO 1.427 0.507  
Lipid 
Metabolism 
  
  
  
  
  
  
  
  

ACACA WT 1.012 0.170 0.319 

 KO 1.115 0.215  
SLC25A20 WT 1.052 0.376 0.235 

  KO 1.244 0.242  
FASN WT 1.075 0.452 0.885 

  KO 1.111 0.510  
SAA3 WT 1.119 0.639 0.768 

  KO 1.218 0.632  
SREBF1 WT 1.072 0.454 0.659 

  KO 0.917 0.814  

Glucose 
Metabolism 
  
  
  
  
  
  

GCK WT 1.222 0.987 0.703 

  KO 1.410 0.939  
G6PC WT 1.025 0.230 0.388 

  KO 1.187 0.433  
PC WT 1.094 0.565 0.607 

  KO 1.242 0.552  
PCK1 WT 1.097 0.494 0.698 

  KO 1.002 0.456  
ER-stress 
  
  
  
  
  
  
  

DNAJ B9 WT 1.016 0.197 0.038 

  KO 1.253 0.212  
DDIT3 WT 1.108 0.591 0.113 

  KO 0.696 0.328  
HSPA5 WT 1.013 0.166 0.256 

  KO 1.220 0.435  
XBP1 WT 1.045 0.345 0.072 

  KO 1.826 1.011  
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Inflammation 
  
  
  
  
  

IL1B WT 1.030 0.255 0.334 

  KO 1.399 0.943  
IL6 WT 1.242 0.890 0.572  

KO 1.040 0.433  
TNF WT 1.099 0.602 0.157 

  KO 0.741 0.351  

Carboxylate 
transport 
  
  

SLC13A5 WT 1.156 0.645 <0.001 

KO 0.010 0.014  
SLC13A3 WT 1.060 0.421 0.471 

  KO 1.231 0.481  
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6. Discussion 

a. Summary 

To evaluate the role of the liver in the beneficial metabolic effects seen after complete 

knockout of the mammalian INDY orthologue (mINDY) in mice, we established a liver-specific 

conditional knockout mouse model of mINDY using the Cre-loxP system. We compared 

LINKO mice to their wild type controls under three diets of differing caloric density and 

performed comprehensive metabolic phenotyping. This included body weight, size, and 

composition, ipGTT, indirect calorimetry, and HE-clamp. Additionally, we established an in 

vitro-assay of glucagon-stimulated glucose production capacity in LINKO primary 

hepatocytes and screened for gene expression changes in liver samples of LINKO mice by 

qPCR. We did not observe differences in body weight and size, body composition, and 

glucose metabolism during ipGTT. Indirect calorimetry led to slightly increased EE and RER 

in HFD-fed mice only. The HE-clamp unveiled an antiglycolytic effect in LINKO mice. In line 

with this observation, LINKO primary hepatocytes showed a higher capacity for glucose 

production upon starvation. Lastly, we observed an increase in the expression of some 

genes involved in mitochondrial respiration, oxidative capacity, and ER-stress in LINKO 

mice, together pointing towards a more efficient counter-regulation against the hypercaloric 

challenge.  

b. Methodical considerations 

i. Transgenic mice 

To create a mouse model of DIO for this study, we selected the C57Bl/6J strain, with housing, 

husbandry and feeding conditions implemented according to standard protocols. This mouse 

strain has been widely used in metabolic research due to its susceptibility to DIO and 

disturbances in glucose homeostasis, and represents the most thoroughly established model 

for these conditions.53 All metabolic phenotyping was conducted after week 12, based on the 

assumption that by the completed third month, mice have reached maturity.54 A metabolic 

phenotype of this model should be visible at this timepoint, as was the case in previous 

experiments on INKO mice.27 

For liver-specific conditional mIndy recombination, we used the Cre-loxP system, which 

similarly has been widely validated in transgenic research across fields.55 The insertion of 
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lox sites around the mINDY gene was established earlier with no known phenotype 

reported.27 In the creation of the albumin-Cre mouse, the transgene is inserted into 

chromosome 13, causing a small deletion in Speer6-ps1 (spermatogenesis associated 

glutamate (E)-rich protein 6, pseudogene 1). This albumin-Cre mouse shows no reported 

phenotype and can be used as homo- or heterozygote due to its high recombination 

efficiency.56 Even if unspecific phenotypes should exist due to the two genomic alterations, 

we minimized genetic differences between the experimental groups by using mice with 

genotype fl/fl, Cre- as our WT control.  

At present, the Cre-loxP technology is a standard for tissue-specific conditional knockout 

due to its high specificity and effectiveness, although developments towards using the 

procedurally more efficient CRISPR/Cas9 system are underway.57 Also, posttranscriptional 

approaches such as through siRNA or ASOs represent interventional options to target 

mINDY, with varying remaining gene activity representing an important caveat.58,59 

ii. Diets 

To model DIO in rodents, different dietary interventions of increased caloric density are 

commonly used.60–62 With previous experiments on INKO mice having shown a marked 

metabolic phenotype upon adipogenic stress through a HFD intervention, we used different 

adipogenic diets to dissect whether the liver-specific mINDY knockout mediates a protective 

phenotype against DIO, and whether a modelled Western diet of even higher caloric density 

may cause greater exacerbation of DIO and thus further carve out a possible protective 

phenotype in LINKO mice.27,63 

While this negative-controlled paradigm of three differing dietary interventions is one strength 

of our study, the ad libitum-fed experimental setting precluded the possibility to measure the 

exact caloric intake of each animal. Our own mechanistic insights into phenotypic differences 

between the dietary groups where therefore limited to assumptions about gross caloric 

intake. Other studies mimicking a Western diet in mouse models exacerbated the 

intervention further, e.g. by additionally increasing the relative content of saturated fatty acids 

or by limiting physical activity.64 While exacerbation along these lines might indeed have 

represented a viable fourth experimental group, we chose our approach in order to keep the 

number of altered variables between the groups at a minimum. 
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iii. Body weight, size and composition 

While non-invasive body mass and body composition measurements took place repeatedly 

along the experimental schedule, we did not measure body length in vivo, which would be 

possible only under anesthesia; instead, we conducted a single measurement of body length 

after mice were sacrificed at 16 weeks in order to minimize strain and possible behavioral or 

metabolic effects of repeated anesthesia on the animals as reported elsewhere.65–68  

Several methods are available to determine body composition, the most notable being 

dissection and subsequent chemical analysis, dual x-ray absorptiometry (DXA), and 1H-

NMR. We selected the latter, as it allows for non-invasive and radiation-free measurements 

of body compartments (i.e. fat, free fluid and lean mass) without the need to anesthetize or 

sacrifice the animal and is therefore ideal for longitudinal experiments. Also, it has been 

demonstrated to estimate especially the body fat compartment with higher accuracy than 

DXA.69–72 A potential small overestimation of the fat compartment inherent to 1H-NMR could 

not be ruled out entirely, as we used no other method for validation.71 However, our 

controlled and longitudinal experimental setup limited the possibility of an instrument bias 

towards more obese animals.   

iv. Intraperitoneal glucose tolerance test 

To screen for impaired glucose homeostasis, we performed ipGTTs. While this method 

allows to efficiently gauge differences in glucose disposal, conclusions about the 

pathophysiology regarding tissue-specific effects or insulin secretion and action cannot be 

drawn. Nevertheless, the GTT represents a standard in orientating metabolic phenotyping.73–

75  

We addressed several variables that can confound the outcomes of GTT experiments: To 

circumvent artifacts associated with enteral application of glucose, such as the metabolic 

effects of incretins, we chose the intraperitoneal application route.74 As routinely practiced, 

we fasted mice overnight for a duration of 16h, administered glucose at a dosage ratio of 

1g/kg, and based our dosage calculations on total body mass. All three factors potentially 

confound experimental outcomes: A 16h fast is discussed to be disproportionately long in 

mice, potentially diminishing subtle differences in glucose response.76,77 Additionally, a 
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higher glucose dosage of up to 2g/kg BW has been shown to be better able to unveil more 

subtle differences in glucose tolerance, increasing the experiment’s sensitivity.76 Conversely, 

administering a glucose dose that has been calculated based on total body mass can 

positively confound experimental outcomes: Obese mice will receive higher dosages than 

their non-obese controls, although their lean tissue mass, the main site of glucose disposal, 

may not differ to a similar degree.76,78 However, we established experimental conditions 

mimicking those from the experiments on INKO mice, as a quantifiable comparison between 

INKO and LINKO mice regarding their metabolic phenotype was necessary to evaluate our 

hypothesis. Also, INKO mice showed marked effects in GTTs despite the three conditions 

being present – leading to our understanding that our experiments should not require to be 

conducted at a higher sensitivity in order to prove an effect, if present.27 Lastly, the 

experimental groups showed no mean differences in body composition at the GTT time 

points, excluding the possibility that this confounder may have influenced our results. 

v. Indirect calorimetry 

We assessed substrate utilization and EE by performing indirect calorimetry using 

respirometry chambers. Besides overall EE as derived through the abbreviated Weir formula, 

this technology enables the calculation of the RER from the rates of oxygen consumption 

(V̇O2) and carbon dioxide production (V̇CO2).48 From this, substrate utilization (i.e., fatty acid 

vs. carbohydrate catabolism) is estimated, as lipid oxidation and carbohydrate oxidative 

phosphorylation require different molarities of V̇O2 relative to V̇CO2. Indirect calorimetry is 

widely used in metabolic phenotyping, as it generates estimates of these metabolic 

measures in a continuous and perturbation-free manner.49,79–81  

Several inherent confounders must be considered. Firstly, while the technology in our 

experimental setup measures movement, food and water consumption and gas exchange, 

it omits secretions in the form of urine and feces, thus limiting the accuracy in determining 

energy uptake as well as protein metabolism. Especially regarding our dietary paradigm, a 

more detailed analysis of food uptake and waste secretion might have provided mechanistic 

insight into why the HFD+S diet did not produce the most obese phenotype. Secondly, the 

system we used provides automated calculations of the variables of interest. While it is 

standard methodology that these calculations are normalized a priori to lean mass by 
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integrating a fixed exponential term into them, this would have omitted individual differences 

between the mice; also, other potential confounders such as fat mass, movement, and 

resting energy expenditure are not taken into account. We therefore used the raw data to 

calculate RER and EE based on the abbreviated Weir formula and integrated possible 

confounders into a mathematical model a posteriori. This, although the matter of ongoing 

debate, is regarded an efficient way to reduce bias in this experimental setup.49 

vi. HE-clamp 

We performed HE-clamps, because in addition to a better-controlled experimental setup, this 

technique allows for estimates of insulin sensitivity, hepatic glucose metabolism, and organ-

specific glucose uptake, thus providing a more detailed insight into metabolic function than 

ipGTT alone.74,82 

We established the infusion protocol according to current standards;27,50 however, several 

possible confounders can be discussed. Firstly, mice underwent a 16 hour-long overnight 

fast, the metabolic consequences of which are similar to those discussed above (see 

7.b.iv.).77 Secondly, we used the tail cut for blood sampling in conscious mice, which 

necessitates increased manipulation of mice compared to sampling through an arterial 

catheter. Especially when large blood volumes are taken, this approach has been associated 

with increased catecholamine levels, which we did not measure.77 Meanwhile, the stress 

from repeated manipulation under no sedation has to be weighed against reported metabolic 

effects of anesthesia in mice.83 The rise in catecholamines can be countered in part by 

infusion of a blood replacement medium, for which we used an albumin-based artificial 

plasma. While hypovolemia can be effectively counteracted through this approach, we could 

not account for a resulting decrease in hematocrit. Also, no methodical comparisons with 

other options for plasma replacement have been published.  

Our insulin infusion rate of 3 mU/kg/min, while widely utilized and proven to be efficient in 

lean mice, is relatively low compared to other experiments in insulin-resistant mice; an 

increased dose may have been more efficient at producing metabolic differences between 

the groups, as some degree of insulin resistance was to be expected in this DIO model.77 

Lastly, we normalized our insulin infusion rates to total body mass instead of lean body mass, 

possible effects of which are discussed above (see 7.b.iv).  
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Lastly, one executional aspect of our HE-clamp may additionally have confounded our 

findings: During the clamp interval, plasma glucose levels tended to be non-significantly 

lower in LINKO mice, while the GIR in that group tended to be, also non-significantly, 

elevated. Compounded, this minute deficit in clamp stringency may have masked a subtle 

difference in insulin sensitivity as seen by others.59 While the above-mentioned variables can 

confound results of HE-clamp experiments, we adhered  to current standards to ensure 

maximal comparability between our findings and those in INKO mice.27,84  

vii. Glucose production in LINKO primary hepatocytes 

We established an assay for glucose production capacity in LINKO primary hepatocytes by 

stimulating fasted cells with glucagon and gluconeogenesis substrates and measuring 

glucose concentration in the supernatant. Comparable assays have been used for questions 

regarding glucose production in different models, as they allow for more stringent control of 

factors influencing cellular metabolism compared to in vivo-experiments, but at the same 

time maintain closer functional connection to the organ the culture is based on, as compared 

to cell line-based in vitro-experiments.85,86 We are the first to assess glucose production in 

LINKO primary hepatocytes. 

While the assay is carried out under standard tissue culture conditions and disturbances of 

the plated cells are minimized, the necessary incidents of cell handling, i.e. extraction, 

plating, cultivation, transfer, starvation, washing and stimulation, all introduce levels of 

artificiality into the observation. Also, as commonly observed in primary cell cultures, we 

cannot completely exclude contamination through cell types other than hepatocytes and 

similarly cannot account for eventual changes in differentiation over time in culture. While we 

followed good cell culture practice, used cells quickly and controlled the experiment by using 

negative controls from WT mice, a negative medium control, as well as true biological 

triplicates, the above-mentioned factors introduce inherent biases that cannot completely be 

accounted for. 

Another limitation of this experiment lies in the fact that through the selected stimulants 

alone, we could not differentiate whether enzymatic processes in the common final path of 

gluconeogenesis and/or TCA cycle processes are responsible for differences between 

LINKO and WT hepatocytes. To dissect mechanistically which enzymes in the TCA cycle 
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and gluconeogenesis path show increased activity, this preliminary assay must be supported 

by additional gene expression analysis and more detailed cellular studies using selective 

enzyme inhibitors. These further steps, however, were beyond the scope of this work. 

viii. Gene expression in LINKO primary hepatocytes 

In order to screen for changes in transcriptional regulatory pathways akin to those reported 

in INKO mice27, we performed a RealTime-qPCR based expression analysis of genes 

involved in the regulation of mitochondrial function, glucose and lipid metabolism, 

endoplasmic reticulum stress and inflammation in liver samples obtained from LINKO and 

WT mice on HFD. We also analyzed mRNA expression of mINDY and its functionally closest 

family member, SLC13A3, in order to assess the efficiency of the knockout model as well as 

a potential compensatory upregulation of SLC13A3. 

RealTime qPCR has been exhaustively discussed regarding the varying reproducibility of its 

results, leading to the establishment of “Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments” (MIQE) guidelines delivering a path towards better 

standardization.87 While we adhered to MIQE criteria in almost all aspects of the qPCR 

experiments, our internal controls and quantitative analysis did not meet these standards. 

With two reference genes used and quantification of differential expression levels calculated 

using the ∆∆Ct method, we adhered to established standards which are regarded insufficient 

in the MIQE framework. Although our strong biological replication supports our findings, there 

is room for better internal controlling in future experiments. 

In terms of target pre-selection, our method through its limited number of pre-determined 

mRNA targets carries a stronger selection bias than other screening approaches, such as 

the microarray-based gene set enrichment analysis conducted in INKO mice, or 

transcriptomic analysis through next-generation sequencing (RNAseq), which has been 

developed in recent years to be applied to cell-type specific questions through specific 

translating ribosome affinity purification (TRAP).27,88–90 However, considering the limited 

metabolic phenotype observed in our in vivo experiments, we used this well-stablished 

approach for a first orientating overview over genetic categories previously seen to be 

differentially regulated in INKO mice.27 
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ix. Statistics 

We established regression models using GEEs to analyze longitudinal observations. This 

approach is considered to more accurately represent the information contained within this 

type of data than parametric testing between grouped means. This is because the latter a) 

is sensitive against violations of the basic assumptions of normality and homoscedasticity, 

b) when applied to longitudinal data, underrepresents variance, and c) does not account for 

higher correlation structures through possible additional levels of clustering within the data, 

such as by timepoint.91–93  

In our case, the use of GEEs unveiled a difference in blood glucose during HE-clamp which 

would have evaded testing through ANOVA; also, subtle differences in EE and RER did not 

appear statistically significant using standard parametric testing but did so under the use of 

GEEs, supporting their higher sensitivity in these types of data. While statistically more 

sensitive, this approach was limited by the fact that we could test only for main effects of the 

independent variable and covariates, as adding interaction terms to the models would have 

required larger datasets to accommodate for additional degrees of freedom. Nevertheless, 

in consultations with the Charité Institute of Biometry and Clinical Epidemiology, we tested 

and confirmed the validity of this approach. 

c. Discussion of results 

i. Our findings 

Weight, size, body composition: We did not observe differences in body weight, size or 

composition in LINKO mice compared to WT controls. However, heterozygous mice fed a 

HFD displayed a slightly but significantly reduced body weight, a finding which may 

correspond to the more pronounced phenotypes observed in other studies using a 

knockdown approach and therefore not reaching complete recombination of mINDY in the 

liver (see 7.c.ii). However, dissecting this surprising phenotype specifically in heterozygous 

mice further was beyond the scope of this work. 

Our DIO model resembled DIO models from comparable studies in its effectiveness: While 

Birkenfeld and colleagues reported their 12-week-old control mice at ~37g after 6 weeks on 

HFD, and Brachs and colleagues reported theirs to have reached ~32g at the same age but 
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4 weeks on HFD+S, our mice on HFD weighed ~35g after 9 weeks on HFD.27,59 While the 

onset and duration of the HFD interventions varied, it is surprising to observe that despite a 

more severe dietary intervention, our mice did not surpass the DIO phenotype observed in 

the INKO study. Several factors may have caused this difference: Least likely is a differing 

susceptibility to DIO in the C57Bl/6J strains used in these experiments, as mice were derived 

from the same provider and backcrossed frequently.27,59 Another option is that the colony 

was contaminated with intestinal nematode parasites, which have been reported to carry a 

potential to attenuate obesity.94 However, the colony was tested regularly with no infections 

reported. Lastly, differences in the genetic model may have come into play, although the 

mINDY fl/fl mouse that constituted our WT control was the same as in the study on INKO 

mice, and even non-floxed wildtype controls reached a more pronounced DIO than our 

mice.27,59 This attenuation in BW gain may have masked metabolic effects which possibly 

could have been more pronounced if mice had reached a stronger DIO phenotype more 

rapidly. 

Surprisingly, the diet with the highest caloric density (HFD+S) did not produce the most 

pronounced DIO phenotype: In terms of body weight, body composition and indirect 

calorimetry, this was instead caused by the HFD regimen. A type I error suggesting a false 

positive difference between the two diets appears unlikely due to the longitudinal stability 

and statistical strength of this finding. It could be hypothesized that increased caloric content 

in the drinking water may lead to decreased food consumption and thus cause a smaller total 

caloric intake than through HFD alone. Also, the knockout model may react more strongly to 

adipogenic stress when caloric intake consists predominantly of lipid, not carbohydrate 

sources. While a small number of studies have addressed the differing adipogenicity of HFD 

and HFD+S, a full mechanistic picture does not exist yet.95,96 Additionally, no further studies 

exist to answer this question in liver-specific mINDY knockout models, as we are the first to 

examine this phenotype. This observation therefore warrants additional efforts to confirm its 

reproducibility and assess its mechanism. 

ipGTT: The ipGTT did not unveil differences in glucose excursion, insulin secretion, and 

HOMA-IR between experimental groups on NCD, HFD and HFD+S. This finding opposes 

the marked difference in glucose disposal seen in INKO mice, a difference that may have 
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been influenced by genotype and DIO phenotype: Our mice underwent ipGTTs at week 12 

and a body weight of ~34 g, whilst INKO mice were tested at the same time point but 

weighing ~37 g.27 In the siRNA-based knockdown approach using wildtype C57Bl/6J mice 

as controls, mice underwent ipGTTs at the same age weighing just ~31 g, and showed no 

phenotype, mirroring our results.59 A liver-specific approach to suppress mINDY thus appears 

to be less relevant to glucose disposal than a full-body knockout, independently of timepoint 

or genotype. in addition, the effectiveness of the DIO intervention cannot be assessed here 

but is likely relevant, because even in control mice, baseline glucose levels as well as 

glucose excursions were higher in the INKO study than in our experiment (~150 mg/dL 

baseline and ~300 mg/dL excursion in INKO controls vs. ~130 mg/dL baseline and ~200 

mg/dL excursion in our study).27 Possible reasons for such systemic differences under 

similar experimental conditions include unknown confounders, such as small differences in 

housing conditions or slight genetic shifts within mouse strains. 

Indirect calorimetry: In indirect calorimetry, we observed modestly increased RER and EE 

in LINKO mice on HFD with strongest statistical effects during the lights off-period, pointing 

towards an increase in carbohydrate metabolism and overall gas exchange. LINKO mice in 

the HFD+S cohort, however, displayed a decreased EE relative to controls. Meanwhile, all 

covariates, most notably locomotion, did not differ between the groups. By contrast, INKO 

mice displayed strongly increased gas exchange rates alongside an elevated EE, but no 

alterations in RER.27 While these effects appeared markedly even in a small sample of INKO 

mice (n = 5), our outcomes were subtle and, in the case of EE, contradictory between the 

HFD and the HFD+S cohort. Based on this, it can be argued that the highly sensitive 

statistical model pointed out significance where a substantial phenotypic difference was 

absent, even though we used a larger sample than others.27 At last, the effects observed in 

our sample were too subtle to translate to a whole-body phenotype in body weight and 

composition, an outcome closely mirrored by the siRNA-mediated knockdown model used 

by Brachs and colleagues.59 This goes in line with a long-ongoing discussion about the value 

of statistical significance, which must be regarded in the context of apparent effect size in 

order to circumvent type I errors.97–99  
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It remains to be discussed whether the contradictory EE outcomes between the HFD and 

the HFD+S cohort may be caused by differences inherent to these diets or the level of DIO. 

While no studies to our knowledge address this question directly, leaner mice have been 

associated with higher EE, adding onto the notion that this subtle and contradictory finding 

may be an artifact. In this context, one should also take into account the extensive debate 

focusing on the indirect derivation of the EE from gas exchange parameters and its 

normalization to different body metrics.27,49,100 In our case, replication in a better-powered 

experiment would bring more clarity.  

HE-Clamp: The HE-clamp in mice on HFD did not reveal a difference in insulin sensitivity 

between LINKO mice and WT controls, as approximated through the GIR. Contrasting this, 

INKO mice as well as mice undergoing siRNA-mediated mINDY knockdown and rats with an 

ASO-based mINDY-knockdown showed elevated insulin sensitivity relative to their respective 

controls.27,58,59 While we did not observe a similarly marked effect of our knockdown on 

insulin sensitivity, our finding of significantly elevated glucose clearance and glycogen 

anabolism during the clamp interval in LINKO mice indicates a stronger response to 

hyperinsulinemia in LINKO mice at least in some measures. Meanwhile, we did not observe 

suppressed endogenous glucose production as reported by others.27,58,59 In line with Brachs 

and colleagues, we also did not observe significant differences in tissue-specific uptake of 

2-DG or differences in plasma levels of free fatty acids, contrasting strongly the marked 

phenotype reported in INKO mice.27,59  

Taken together, LINKO mice showed an elevated response to hyperinsulinemia in some 

parameters, but the least pronounced comprehensive phenotype when compared to the 

other published models. Possible reasons for this might be inherent to the chosen models: 

as discussed in more detail below (chapter ii6.c.ii), phenotypic differences between knockout 

and knockdown approaches can be attributed at least partly to differentially regulated 

mechanisms of compensation and are affected by the timing and completeness of the 

respective intervention.  

Specifically in the case of endogenous glucose production, a likely compensatory role of 

other organs should be discussed, as especially the kidney is also capable of 

gluconeogenesis. Consecutively, in the HE-clamp, endogenous glucose production is a 
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composite of hepatic and extrahepatic glucose synthesis, where hepatic production is 

generally accountable for more than 70% of total production.101–103 We can therefore 

hypothesize that in our model, a compensatory increase of extrahepatic glucose production 

may have led to a less pronounced suppression of overall endogenous glucose production 

than in the INKO model. While assessing liver-specific glucose output in vivo was beyond 

the scope of our HE-clamp setup, we conducted a pilot experiment in vitro to assess 

hepatocytes specifically. 

Glucose production in LINKO primary hepatocytes: In addition to measurements of 

glucose production in vivo, we determined for the first time glucose production in primary 

hepatocytes from HFD-fed LINKO mice. INDY has been described to be a downstream 

mediator of glucagon signaling through the transcription factors CREBP and PPARGC1A, 

which both modulate gluconeogenesis.27,44,85,104,105 Thus, measuring glucose production 

directly in hepatocytes serves to elucidate an apparent contradiction between suppressed 

HGO as measured in other published models or unaffected HGO as observed in our model, 

but increased expression of pro-gluconeogenic transcription factors under reduced function 

of mINDY.  

In both experimental groups, glucose production was highest in cells stimulated with 

pyruvate and glutamate as substrates, the effect being driven by pyruvate. This difference 

goes in line with the number of enzymatic steps involved, as glutamate requires deamination 

as well as processing through the TCA cycle, while pyruvate requires only one enzymatic 

step to be transformed into oxaloacetate, which is then used as substrate for 

gluconeogenesis in the cytosol – leading to a higher degree of rate control by pyruvate.106  

Surprisingly, our in vitro-assay showed an increased capacity for glucose production in 

LINKO primary hepatocytes upon stimulation with glucagon, contrasting the observations 

from our own and other published HE-clamp experiments.27,58,59 On a cellular level, the in 

vitro controlled conditions may have unmasked an effect that was overridden in the animal 

models: Intracellular abundance of citrate plays a role in regulating gluconeogenesis, citrate 

being an activator of the rate-limiting enzyme, fructose-1,6-bisphosphatase.107 After an 

overnight fast, WT animals are likely better able to supplement cytosolic citrate levels from 

blood plasma than their KO counterparts, as has been suggested by reduced in vitro uptake 
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of [14C]-labeled citrate in mINDY-knockdown HEK-293 cells, as well as decreased capacity 

for fatty acid synthesis in INKO mice.27,36,59 Following this paradigm, INKO animals may have 

to rely more heavily on intracellular citrate synthesis from substrates derived from lipid and/or 

protein degradation, thereby connecting intracellular citrate abundance to the cellular, not 

whole-body, state of nutrition.107 With INKO mice consistently displaying lower 

concentrations of intrahepatic lipid stores, it would therefore come as no surprise that their 

tendency towards gluconeogenesis is lowered as well.27,36  

In absence of citrate in vitro, however, the higher levels of glucose production in LINKO 

primary hepatocytes may be due to compensatory upregulation of anabolic and/or transport 

processes, especially those that increase intracellular citrate production from TCA cycle 

intermediates – such as pyruvate carboxylase activity, leading to more efficient utilization of 

metabolites contained in the culture medium for gluconeogenesis. As reported elsewhere, 

increased capacity for glucose production correlates with improved mitochondrial oxidative 

function - an aspect we could hypothesize to hold true in our setting as well, especially as 

INKO livers showed markedly elevated oxidative capacity in mitochondria.27,108 In this pilot 

experiment, we could not assess gene expression in the plated cells to address these 

differences more thoroughly; this aspect clearly needs to be elucidated further, alongside 

substrate-specific uptake studies in INKO and LINKO primary hepatocytes.  

Gene expression: We observed near-complete suppression of mINDY expression in liver 

samples of HFD-fed LINKO mice. The remaining mRNA signal  can be attributed to cells 

within the liver that suppress the albumin promotor and are thus not affected by an albumin-

Cre mediated knockout, such as endothelium, Kupffer or bile duct cells.109 In line with the 

findings by Birkenfeld and colleagues, SLC13A3 showed no upregulation in HFD mice. The 

closest member of the carboxylate transporter family, SLC13A3, was upregulated in INKO 

mice under NCD, but not under HFD conditions.27 

In our gene expression panel, we observed  several genes differentially expressed: NRF1 is 

a regulatory peptide involved in mitochondrial respiration and has been shown to exert 

protective effects against NAFLD, NASH and hepatic neoplasia in mice.110,111 CPT1A, a 

downstream mediator of PPARGC-1A, is a key rate-limiting enzyme of fatty acid oxidation, 

inducible through physical activity and again protective of NAFLD.112 ACADM, a 
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dehydrogenase also involved in fatty acid oxidation, exerts an important role in energy 

homeostasis in a catabolic state and under caloric challenge.113 SIRT1, a deacetylase, has 

been associated with protective functions against oxidative and inflammatory stress, 

mediating a life-prolonging effect akin to caloric restriction.114,115 DNAJB9 acts as 

cochaperone within the endoplasmic reticulum, suppressing proapoptotic signaling in the 

unfolded-protein response.116,117 The transcription factor XBP1 is also activated as part of 

the UPR and exerts a multitude of functions, including increased insulin sensitivity, aiming to 

maintain intracellular homeostasis.118–120 Taken together, while only delivering a broad 

image, these findings point towards a broadly hepatoprotective effect of the LINKO model 

against hypercaloric stress, even in the absence of a strong metabolic phenotype.  

ii. Comparable studies 

During and after our research, several studies have targeted mINDY in mice and rats 

pharmacologically. Out of these, two approaches were liver-specific and thus apply for direct 

comparison with our conditional knockout approach.  

A 4-week-long treatment course with 2′-O-methoxyethyl chimeric antisense oligonucleotides 

(ASOs) in rats fed on HFD suppressed hepatic mINDY expression by 91%. Similar to our 

study, no effects on body weight could be observed; however, plasma markers indicated a 

beneficial metabolic phenotype: Fasting plasma insulin and triglyceride levels were reduced 

by 74% and 35%, respectively, in ASO-treated rats. In HE-clamp experiments, both hepatic 

triglyceride content and hepatic glucose production were markedly suppressed by 25%. 

While fasting plasma glucose concentration also tended to be lower in knockdown animals, 

the effect did not reach statistical significance. To summarize, rats receiving the liver-specific 

ASOs showed a phenotype of elevated insulin sensitivity and protection against hepatic 

steatosis.58 

Another study subjected HFD-fed mice to an 8-week course of liver-selective anti-mINDY 

small inhibitory RNA (siRNA) injections.59 While the knockdown in this study was less 

effective (61%), it still produced a metabolic phenotype. In accordance with our study, no 

differences in body weight and body composition were observed. In indirect calorimetry, 

energy expenditure, RER, locomotor activity and caloric intake showed no significant 

differences; this contrasts our findings with slightly but significantly increased energy 
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expenditure and RER in LINKO mice on HFD. Also, similarly to our findings, ipGTT produced 

no differences in blood glucose and insulin levels, and HOMA-IR after an overnight fast was 

similar between the groups. HE-clamp experiments showed a suppressed endogenous 

glucose production and a non-significant trend towards higher GIR in the siRNA group, with 

all uptake parameters not differing between the groups. This closely mirrors our findings. 

Lastly, the study showed lower liver lipid concentrations and a 10% lower liver weight, again 

indicating a protective effect of mINDY knockdown against hepatic steatosis in two measures 

outside of our work’s scope.59  

Taken together, these findings suggest that liver-targeted approaches to suppress mINDY 

cause a protective phenotype against some liver-related metabolic pathologies, while not 

reproducing the striking metabolic phenotype seen in the whole-body INKO model. However, 

differences between these studies and ours should be highlighted: The model by Pesta and 

colleagues was based on rats instead of mice and used larger experimental groups.58 

Additionally, in both interventional studies, mice were subjected to their respective diet 

intervention and mINDY knockdown at a higher degree of maturity (400g body weight in rats 

and 8 weeks of age in mice, respectively), while our study increasingly suppressed mINDY 

from the time at which the albumin promotor gains activity during the fetal stage.58,59 More 

precisely, recombination via albumin-Cre was reported to be 40% efficient at birth, 75% 

efficient after 3 weeks and complete by 6 weeks of age.109,121 

Comparing the findings from these studies with our own, we observed that liver-specific 

targeting of mINDY through a knockout progressively effective from birth caused a more 

subtle metabolic phenotype than posttranscriptional knockdown interventions at later points 

of life. This observation, while surprising, is in accordance with a line of evidence of genetic 

compensation in mammals, in which knockdowns, despite targeting the same gene loci, 

yielded more pronounced phenotypes than knockouts.122–124 With several mechanisms 

proposed, the common threads are that a) genetic expression changes tend to be triggered 

through mutated DNA (and thus, knockout) rather than through knockdown, which occurs 

further downstream at the mRNA level; and b) there may be off-target, uncharacterized 

effects of the mutant mRNA as well as the molecules used for knockdown (e.g. siRNA, 

ASOs).125 In our case, compensatory regulation for mINDY’s lost transport capacity might 
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involve other membrane carboxylate transporters with lower affinities for citrate such as 

SLC13A3; also, mINDY itself may be upregulated in other tissues for compensation, which 

was not a possibility in the INKO model.27 While we assessed mINDY expression in different 

organs (data not shown), we could not find any statistically significant upregulations, leaving 

the possibility that a more subtle compensatory upregulation throughout several organs may 

have evaded the sensitivity of our RealTime-qPCR-based approach. Possible ectopic 

functions of mutant mRNA and system effects of knockdown mediators were controlled for, 

but not characterized in the above-mentioned studies related to liver-specific mINDY 

inhibition.58,59 

The fact that all approaches of liver-specific suppression of mINDY to date did not fully 

replicate the INKO metabolic phenotype, but recreated some aspects of it under the condition 

of diet-induced obesity, indicates clearly that the transporter mediates its effects only partly 

through the liver but has yet uncharacterized metabolic functions in other organs. Such a 

network effect of citrate metabolism with relevance for the whole-body metabolic phenotype 

might involve citrate’s known role as an intermediary metabolite, as well as a likely, but 

largely unstudied role in neuronal metabolism: mINDY is known to be highly expressed in 

some parts of the central nervous system including the cerebral cortex, hypothalamus, 

cerebellum, olfactory bulb and possibly glia, but its role in CNS physiology and metabolic 

regulation has not yet been characterized.25,30,34  

While a more detailed assessment of biochemistry and molecular metabolism was not within 

the scope of this work, a fuller picture with regard to the other liver-specific interventional 

studies would have resulted from including plasma and liver lipid analyses, comprehensive 

quantitative expression studies of mINDY and related transporters using next-generation 

sequencing, as well as uptake studies using [14C]-labelled citrate, and ex-vivo metabolic 

assessments of different organs. Also, current efforts are directed towards dissecting 

mINDY’s role in the central nervous system. 

In summary, our approach to target mINDY specifically in the liver yielded less pronounced 

metabolic outcomes than the comparable studies discussed above. Also, all liver-targeted 

approaches could not replicate the metabolic phenotype caused by a full-body knockout of 

mINDY. However, even the mild effects associated with liver-specific targeting of mINDY 
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warrant current efforts of translation into humans: increased insulin sensitivity and protection 

from hepatic steatosis are, if they translate to humans, of great interest in the prevention or 

treatment of T2DM and NASH. Recently, loss-of-function mutations in human SLC13A5 were 

associated with a form of neonatal epileptic encephalopathy.126 While it is to be confirmed 

whether a pharmacological targeting of mINDY in humans would also carry an epileptogenic 

potential, a liver-specific approach may be especially tempting in order to harvest this 

promising target’s benefits while circumventing its potential risks. 
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7. Summary 

Background: To counter the fast-growing global prevalence of type 2 diabetes mellitus 

(T2DM) and metabolic disease more effectively, increased preventive efforts as well as the 

development of novel therapeutic strategies are needed. In the search of new 

pharmacological targets, monogenic modulators of whole-body energy homeostasis are 

especially promising. A decreased expression of the carboxylate transporter SLC13A5 

(INDY, I’m not dead yet) and its orthologues is associated with a beneficial metabolic 

phenotype and prolonged life-expectancy across species, including C. elegans, D. 

melanogaster and mice: In a pioneering study, a whole-body knockout of the mammalian 

INDY orthologue (mINDY) in mice was observed to cause a metabolic phenotype comparable 

to caloric restriction, leading to an increase in life expectancy as well as protection from 

obesity, insulin resistance and hepatic steatosis; several studies have since underlined these 

findings, making mINDY a putative target for future pharmacological interventions against 

metabolic disease.24,26–29 To date, however, INDY’s molecular mechanism has not been fully 

elucidated, and a main effector organ for its physiological role in metabolism, if existent, is 

yet to be found. High expression of the mINDY transcript in liver tissue provides ground for 

the hypothesis that its contribution to energy homeostasis may be caused by a physiological 

role in hepatocyte intermediary metabolism. 

Research Question: To what extent is the protective effect of reduced mINDY function on 

murine whole-body metabolism mediated by its expression in the liver? 

Hypothesis: A liver-specific conditional knockout of mINDY in mice contributes to beneficial 

metabolic effects akin to those observed in whole-body knockout models of mINDY. 

Methods: We generated a liver-specific conditional mINDY knockout (LINKO) mouse and 

performed metabolic phenotyping including body composition, glucose tolerance tests, 

indirect calorimetry, and hyperinsulinemic-euglycemic clamp over a 16-week period across 

three dietary conditions of differing caloric content. We assessed capacity for glucose 

production in primary hepatocytes derived from LINKO mice and screened for gene 

expression changes in LINKO liver samples. 
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Results: There were no differences in body weight or length between LINKO homozygotes 

and WT controls under all three diet conditions. No differences between genotypes were 

observed in body composition and intraperitoneal glucose tolerance tests. In 

hyperinsulinemic-euglycemic clamps, LINKO mice showed no difference in GIR. However, 

increases in clamp glucose clearance and glycogen synthesis, as well as a decrease in 

glycolysis were observed. Indirect calorimetry yielded conflicting results, with LINKO 

homozygotes in the HFD group showing an increased energy expenditure, but LINKO 

homozygotes in the HFD+S group showing a decreased energy expenditure relative to the 

respective wildtype groups, after adjustment for covariates. Respiratory exchange ratio was 

slightly, but significantly higher in LINKO homozygotes compared to wildtype controls in the 

HFD group and nearing significance in the HFD+S group, suggesting a slight shift towards 

carbohydrate catabolism. In cultured primary hepatocytes, LINKO homozygous samples 

displayed increased capacity for glucose production by 39.1%, as measured by glucose in 

supernatant normalized to protein count. Gene expression analysis yielded increased 

expression of genes implicated in mitochondrial function and unfolded protein response, but 

no differences in genes related to lipid or glucose metabolism and inflammation. 

Conclusion: We showed that a liver-specific conditional knockout of the mammalian INDY 

orthologue in mice (LINKO) produced a mild protective metabolic phenotype in diet-induced 

obesity, but did not sufficiently replicate the phenotype seen in full-body knockout models, 

suggesting that the interorgan crosstalk between liver and other organs, such as skeletal 

muscle, adipose tissue, brain and kidney seems to be required to generate the complete 

beneficial phenotype. As recent studies targeting hepatic mINDY by different interventions 

yielded stronger phenotypes, interventional, liver-specific antagonism of mINDY may, 

nevertheless, represent an attractive target for pharmacological interventions. However, 

more studies in different organ systems, especially the central nervous system, are needed 

for a comprehensive understanding of mINDY’s role in metabolism and in order to pave the 

way towards mINDY’s use for the treatment and/or prevention of diabetes and NAFLD.  
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