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I. Summary  

Mammalian target of rapamycin complex 2 (mTORC2) is a protein kinase complex that 

optimizes anabolic and catabolic cellular processes in response to environmental cues to 

maintain energy homeostasis. mTORC2 is ubiquitously expressed, and its dysregulation is 

associated with metabolic disorders such as obesity and type II diabetes. In white adipose 

tissue (WAT), mTORC2 signaling promotes various insulin-dependent processes including 

glucose uptake and de novo lipogenesis (DNL). Loss of adipose mTORC2 not only impairs 

adipocyte metabolism, but also disrupts whole-body energy homeostasis. 

In order to better understand the role of adipose mTORC2 in whole-body energy 

homeostasis, we generated tamoxifen-inducible adipose-specific RICTOR knockout 

(iAdRiKO) mice. We found that ablation of RICTOR, an essential component of mTORC2, 

in mature adipocytes causes hyperinsulinemia, systemic insulin resistance and aberrant liver 

AKT signaling. Since loss of adipose mTORC2 rapidly alters phosphorylation of proteins 

associated with the plasma membrane and involved in synapse formation, we hypothesized 

that adipose mTORC2 regulates inter-organ communication via the peripheral nervous 

system. We established a whole-adipose tissue clearing and imaging method to visualize the 

sensory and sympathetic neuronal network in WAT. We discovered that adipose mTORC2 is 

essential for arborization of sensory neurons, but not sympathetic neurons. Further 

investigation could not confirm a role for sensory neurons in the regulation of whole-body 

energy homeostasis, although a more suitable mouse model is required to definitely confirm 

these observations.  

We also demonstrate that loss of adipose mTORC2 impairs the capacity of WAT to import 

and store excess energy. As a result, mice lacking adipose mTORC2 develop mild 

lipodystrophy and accumulate triglycerides (TGs) in the liver due to increased DNL. Blocking 

hepatic DNL and TG accumulation in the absence of adipose mTORC2 signaling has a 

detrimental effect on whole-body energy homeostasis, resulting in severe insulin resistance 

and glucose intolerance. We conclude that mTORC2 ablation in adipocytes impairs energy 

storage in WAT and the subsequent increase in hepatic DNL is a physiological response to 

compensate for impaired WAT function.  

Although we cannot exclude that mTORC2 regulates whole-body energy homeostasis via an 

unknown adipokine or sensory activity, our data suggests that adipose mTORC2 contributes 

to whole-body energy homeostasis by promoting the core function of WAT, namely the 

storage of excess energy. 
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II. Abbreviations  

  

2DG 2- deoxyglucose 

2DGP 2-deoxyglucose-6-phosphate 

ACC acetyl-coenzyme A carboxylase 

Acetyl-CoA acetyl-coenzyme A 

ACLY  ATP-Citrate Lyase 

Adipo-AKT KO adipose-specific AKT1 and AKT2 knockout  

AKT  protein kinase B  

ATGL  adipose tissue triglyceride lipase  

BAT  brown adipose tissue  

CGRP  calcitonin gene-related peptide 

cAMP  cyclic adenosine monophosphate 

ChREBP carbohydrate response element binding protein 

CNS  central nervous system  

DNL de novo lipogenesis  

dRiKO double Rictor knockout mice 

ELISA enzyme-linked immunosorbent assay 

ER endoplasmic reticulum   

eWAT epididymal white adipose tissue 

FASN fatty acid synthase 

FFAs  free fatty acids  

FOXO1  O-subfamily of the FOX protein 1 

GAP43 growth-associated protein 43 

GIIS glucose-induced insulin secretion  

GLUT2  glucose transporter 2  

GLUT4  glucose transporter 4  

GSK3  glycogen synthase kinase 3  

GTT glucose tolerance test  

HDL high density lipoprotein 

HK2 hexokinase 2 

HM hydrophobic motif  

HSL  hormone sensitive lipase  

iAdRiKO inducible adipose-specific RICTOR knockout   
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IGF-1  insulin-like growth factor 1  

ITT insulin tolerance test  

iWAT  inguinal white adipose tissue  

LDL low density lipoprotein   

LiRiKO  liver-specific rictor knockout  

MAM mitochondria-associated ER membrane 

MAG  monoglyceride lipase  

mLST8  mammalian lethal with sec-13 protein  

mSIN1  mammalian stress-activated map kinase-interacting protein 1  

mTOR  mammalian target of rapamycin  

mTORC1  mammalian target of rapamycin complex 1  

mTORC2  mammalian target of rapamycin complex 2  

NAFLD Non-alcoholic fatty liver disease 

NE  norepinephrine  

PCA principal component analysis   

PDK1  phosphoinositide-dependent kinase 1  

PH  pleckstrin homology  

PI3K  phosphatidylinositol 3-kinase  

PI(3,4,5)P3 phosphatidylinositol-3,4,5-triphosphate 

PI(4,5)P2 phosphatidylinositol-4,5-biphosphate 

PKA  protein kinase A  

PKC  protein kinase C  

POMC  pro-opiomelanocortin  

PRDM16  PRD1-BF-1-RIZ1 homologous domain-containing protein-16  

RICTOR  rapamycin insensitive companion of mTOR  

SGK1  serum- and glucocorticoid-induced protein kinase 1  

SNS sympathetic nervous system  

SREBP 1c sterol regulatory element-binding protein 1c 

TCA tricarboxylic acid  

TGs  triglycerides  

TH tyrosine hydroxylase or tyrosine-3 monooxygenase 

TM  turn motif  

TOR  target of rapamycin  

UCP1  uncoupling protein 1  

VLDLs very low-density lipoproteins 

WAT  white adipose tissue  
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1. Introduction  

 

1.1 The mTORC2 signaling pathway 

 

1.1.1 mTOR signaling 

Mammalian target of rapamycin (mTOR) signaling promotes cell growth and regulates 

metabolism in response to environmental cues. mTOR signaling is mediated by the 

mammalian ortholog of the conserved serine/threonine kinase target of rapamycin (TOR) 

which was first discovered in yeast as the target of the macrolide and immunosuppressant 

drug rapamycin (Heitman, Movva, & Hall, 1991; Kunz et al., 1993). Since then, orthologs of 

TOR have been found in all eukaryotes examined except for some parasites (van Dam, 

Zwartkruis, Bos, & Snel, 2011). In mammals, mTOR exists in two distinct complexes, mTOR 

complex 1 (mTORC1) and mTORC2. Both complexes are essential and integrate the cellular 

and environmental energy status to optimize anabolic and catabolic processes. TORC1 can be 

pharmacologically inhibited by rapamycin, however, TORC2 is rapamycin resistant. The lack 

of an TORC2-specific inhibitor is a major reason why the role and regulation of TORC2 is 

much less understood than TORC1 (Gaubitz, Prouteau, Kusmider, & Loewith, 2016). 

Nonetheless, it is well established that mTORC2 is regulated by growth factors including 

insulin and its activity is dysregulated in many metabolic disorders such as obesity and type II 

diabetes.  

 

1.1.2. mTORC2 composition and structure  

mTORC2 is a serine/threonine kinase multiprotein complex that is composed of four core 

components comprising the mTOR kinase, rapamycin-insensitive companion of mTOR 

(RICTOR), mammalian homolog of protein lethal with SEC13 protein 8 (mLST8) and 

mammalian stress-activated map kinase-interacting protein 1 (mSIN1) (Jacinto et al., 2004; 

Loewith et al., 2002; Sarbassov et al., 2004). All four core components are essential for 

mTORC2 assembly and activity (Figure 1). The active form of mTORC2 forms a rhomboid-

shaped dimer with the two mTOR subunits at the core (Scaiola et al., 2020; Stuttfeld et al., 

2018). The catalytic site of mTOR faces outward and is flanked on one side by mLST8 and on 

the other side by RICTOR. RICTOR also blocks the rapamycin binding site of mTOR thereby 

accounting for insensitivity of mTORC2 to rapamycin. mSIN1 stabilizes this conformation by  
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connecting RICTOR to mLST8. In addition, mSIN1 is predicted to mediate substrate 

recruitment and its isoforms determine distinct forms of mTORC2 (Frias et al., 2006). At least 

two of five mSIN1 isoforms have a pleckstrin homology (PH) domain which binds 

phosphoinositides and potentially mediates plasma membrane localization of mTORC2.  

 

1.1.3. Subcellular localization of mTORC2  

mTORC2 has been found in several different subcellular compartments indicating the 

existence of distinct pools of mTORC2 (Betz & Hall, 2013). mTORC2 localizes to the 

cytoplasm, nucleus, endosomes, Golgi, ribosome, lysosome, endoplasmic reticulum (ER), 

mitochondria, mitochondria-associated ER membrane (MAM), and the plasma membrane. 

However, the function and physiological relevance of these different mTORC2 pools are not 

fully understood. Using a reporter construct, mTORC2 kinase activity was detected in the 

plasma membrane, mitochondria and a subpopulation of endosomal vesicles (Betz & Hall, 

2013; Fu & Hall, 2020; Knudsen et al., 2020). These observations are in agreement with the 

localization of many, if not all, known downstream substrates of mTORC2 (Keenan & 

Kelleher, 1998; Manning & Toker, 2017). Whether mTORC2 translocates to these locations 

upon activation or whether the different mTORC2 pools remain separate and are regulated 

independently is unknown. However, localization of mTORC2 is also determined by the 

 

Figure 1. mTORC2 structure  

Density of the overall cryo-EM reconstruction (left) and a cartoon representation (right). 

Complex subunits (mTOR, RICTOR, SIN1 and mLST8) are colored as indicated. 

Modified from (Scaiola et al., 2020). 
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incorporated mSIN1 isoform. Only mSIN1 isoforms bearing a PH domain can bind 

phosphoinositides in the plasma membrane. Interestingly, only the sub-type of mTORC2 

containing a mSIN1 isoform competent in phosphoinositide-binding is activated by insulin, 

supporting the notion that different mTORC2 forms are differently localized and regulated 

(Ebner, Sinkovics, Szczygiel, Ribeiro, & Yudushkin, 2017; P. Liu et al., 2015). 

 

1.1.4. Upstream regulation of mTORC2  

It is well established that growth factors including insulin and insulin-like growth factor 1 

(IGF-1) stimulate mTORC2 activity via the phosphoinositide 3-kinase (PI3K) pathway 

(Figure 2). Some aspects of the exact mechanism however remain controversial. For 

example, whether all mTORC2 pools are sensitive to insulin and, if so, how they are 

activated. PI3K is a lipid kinase that phosphorylates the phospholipid phosphatidylinositol-

4,5-bisphosphate (PI(4,5)P2) at the plasma membrane to produce phosphatidylinositol 3,4,5-

triphosphate (PI(3,4,5)P3). PI(3,4,5)P3 recruits several kinases via their PH domain to the 

plasma membrane including the mTORC2 substrate protein kinase B (AKT) (Manning & 

Toker, 2017). It has been reported that PI(3,4,5)P3 also directly activates and recruits 

mTORC2 via the PH domain of mSIN1 (P. Liu et al., 2015). An alternative model proposes 

that mTORC2 binds not only PI(3,4,5)P3, but different species of phosphoinositides and thus 

is constantly localized to the plasma membrane (Knudsen et al., 2020; Schroder et al., 2007). 

In this model, mTORC2 activity is mediated by the PI(3,4,5)P3-dependent recruitment of its 

substrate to the plasma membrane However, both models concern the membrane-bound pool 

of mTORC2. How other mTORC2 pools are regulated is poorly understood. Growth factors 

also appear to promote recruitment and activity of mTORC2 to MAM and ribosomes (Betz et 

al., 2013; Zinzalla, Stracka, Oppliger, & Hall, 2011). In addition, recent reports suggest the 

involvement of small GTPases and some metabolites such as acetyl-CoA in the activation of 

mTORC2 (Castellano & Downward, 2011; Kovalski et al., 2019; Saci, Cantley, & Carpenter, 

2011).  

 

1.1.5. Downstream signaling of mTORC2 

Most of the known mTORC2 downstream targets belong to the AGC kinase family and 

include AKT, protein kinase C (PKC), and serum- and glucocorticoid-induced kinases 1 

(SGK1) (Figure 2). The best characterized readout of mTORC2 is the phosphorylation site 

S473 in the hydrophobic motif (HM) of AKT. AKT is activated by two growth factor-  



Dissertation – mTORC2 signaling in adipose tissue 

 

14 

 

 

Figure 2. Insulin-

stimulated mTORC2 

signaling 

Canonical mTORC2 

signaling upon insulin 

stimulation. SGK1, AKT, 

and PKC phosphorylation 

sites are represented by 

the hydrophobic motif of 

isoforms SGK1, AKT1 

and PKC. 

 

dependent kinases, phosphoinositide-dependent kinase 1 (PDK1) and mTORC2. PDK1 

phosphorylates AKT at the phosphorylation site T308 in the so-called T-loop (or activation 

loop) which is required for AKT activity. Additional phosphorylation at the mTORC2-

dependent phosphorylation site S473 promotes full AKT activation which is required to 

phosphorylate some, if not all, AKT substrates (Sarbassov, Guertin, Ali, & Sabatini, 2005). 

Since not all AKT substrates require fully active AKT to become phosphorylated, not all AKT 

targets are mTORC2 dependent. As a consequence, downstream signaling pathways of AKT 

and mTORC2 do not fully overlap. However, in most tissues and cell types, mTORC2 

promotes de novo lipogenesis, glucose uptake, and glycolysis in an AKT-dependent manner. 

In addition, mTORC2 co-translationally phosphorylates AKT at Ser450 in the turn motif 

(TM) (Facchinetti et al., 2008; Ikenoue, Inoki, Yang, Zhou, & Guan, 2008; Oh et al., 2010). 

This phosphorylation is constitutive and required for AKT stability. Similar to AKT, PKCs 

are also phosphorylated at their HM and TM by mTORC2 (Facchinetti et al., 2008; Ikenoue et 

al., 2008; Sarbassov et al., 2004). The PKC kinases are classified into different groups: the 

conventional c-PKCs (,  and ), the novel n-PKCs (, , , , and ), and the atypical a-

PKCs ( and ). To date, only PKCII, PKC and PKC are experimentally verified as 

mTORC2 substrates while strong evidence for PKC, PKC and PKC as mTORC2 
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substrates exists (Baffi et al., 2021; Gan et al., 2012; Ikenoue et al., 2008). As with AKT, 

mTORC2-dependent TM phosphorylation is required for PKC stability. mTORC2-dependent 

phosphorylation of the HM increases PKC activity and thereby promotes cytoskeletal 

rearrangement. Another well-established substrate of mTORC2 is SGK1, a serine/threonine 

kinase involved in stress response and cell survival. mTORC2-dependent phosphorylation of 

Ser422 in the HM of SGK1 increases kinase activity (Garcia-Martinez & Alessi, 2008). 

However, the role of mTORC2 on SGK1-dependent substrates such as ion channels, carriers 

and transporters is not well established. Other non-AGC kinase mTORC2 substrates have 

been reported, however, more studies are required to characterize these substrates and their 

function (Battaglioni, Benjamin, Wälchli, Maier, & Hall, 2022).  

 

1.2. mTORC2 and its role in whole-body energy homeostasis 

 

1.2.1 mTORC2 in obesity and type II diabetes 

mTORC2 signaling is involved in optimizing anabolic and catabolic cellular processes in 

response to the environmental energy status. Thus, loss of mTORC2 signaling has a profound 

effect on metabolism at both cellular and whole-body level. mTORC2 is expressed in all 

metabolic tissues and organs including the central nervous system, muscle, the liver and 

adipose tissue. Since all these tissues execute different functions and express different 

isoforms of core components and downstream substrates, the effect of reduced mTORC2 on 

both cellular and whole-body metabolism varies. A large body of evidence from genetically 

modified mouse models carrying tissue-specific deletions of rictor have confirmed mTORC2 

as an important regulator of whole-body energy homeostasis. In addition, dysregulation of 

mTORC2 has been reported in patients with a variety of metabolic disorders including obesity 

and type II diabetes. For example, we have previously shown that the mTORC2-dependent 

substrate AKT-pS473 is reduced in white adipose tissue of obese and diabetic patients 

compared to healthy individuals (Shimobayashi et al., 2018).  

 

1.2.2 mTORC2 in the central nervous system  

The central nervous system (CNS) is crucial to maintain whole-body energy homeostasis. 

Peripheral signals such as hormones and neuronal stimuli from sensory neurons are integrated 

in specific brain regions to adapt energy expenditure and feeding behavior. A recent 

publication has reported that mTORC2 activity increases with age in specific brain regions 
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including the thalamus, cortex, and hypothalamus, a region that integrates peripheral signals 

to coordinate whole-body energy homeostasis (Chellappa et al., 2019). Neuronal mTORC2 is 

crucial for neurite outgrowth, presynaptic signaling and synaptic vesicle release (McCabe et 

al., 2020; Urbanska, Gozdz, Swiech, & Jaworski, 2012). Both neurite outgrowth and 

presynaptic signaling are regulated by the mTORC2 substrate PKC and its isoforms (Angliker 

& Ruegg, 2013; McCabe et al., 2020). An in vivo model of mice lacking RICTOR in neurons 

confirmed the importance of mTORC2 in neuronal physiology and activity (Thomanetz et al., 

2013). Further in vivo studies investigated the role of mTORC2 in neuronal sub-populations 

of the hypothalamus. Mice lacking hypothalamic mTORC2 become more susceptible to diet-

induced obesity (Chellappa et al., 2019). In agreement with this observation, mTORC2 

activity in inhibitory pro-opiomelanocortin (POMC)-positive hypothalamic neurons is crucial 

to reduce food intake and prevent obesity and glucose intolerance (Kocalis et al., 2014).  

 

1.2.3 mTORC2 in muscle  

Skeletal muscle is the principal site of insulin-stimulated glucose uptake and thus crucial for 

whole-body energy homeostasis (DeFronzo, Ferrannini, Sato, Felig, & Wahren, 1981). 

Insulin-mediated glucose uptake is promoted by the AKT-dependent translocation of glucose 

transporter 4 (GLUT4) from internal vesicles to the plasma membrane. Translocation of 

GLUT4 and thus glucose uptake is also induced by exercise to account for the increased 

energy demand by a yet unknown pathway. Imported glucose is then either metabolized to 

produce energy or converted to glycogen, a multibranched polysaccharide of glucose, for 

further storage. Loss of mTORC2 in muscle cells impairs both insulin- and exercise-

stimulated glucose uptake and GLUT4 translocation (Kleinert et al., 2017; Kumar et al., 

2008). While it is well established that mTORC2-dependent AKT-pS473 phosphorylation 

mediates insulin-stimulated glucose uptake, the molecular pathway(s) involved in exercise-

induced mTORC2 activity and its role in glucose uptake are less understood (Kleinert et al., 

2017; Kumar et al., 2008). Loss of muscle mTORC2 also increases basal glycogen synthesis 

and the amount of triglycerides in muscle cells (Kleinert et al., 2016; Kumar et al., 2008). 

Taken together, these results indicate that mTORC2 promotes glucose utilization by 

increasing its rate limiting step while, at the same time, inhibiting energy deposition in 

muscle. As a consequence, mice lacking mTORC2 in the muscle become glucose intolerant 

probably due to reduced energy expenditure (Kumar et al., 2008). However, another study 

reported that mTORC2 has no impact on muscle function or metabolism (Bentzinger et al., 

2008).  
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1.2.4. mTORC2 in liver  

The liver is a central metabolic organ involved in maintaining glucose and lipid homeostasis 

as well as in compound detoxification. The liver adapts its function to the metabolic state of 

the body in response to hormones. Insulin promotes anabolic processes and energy storage in 

the form of carbohydrates and triglycerides while epinephrine and glucagon stimulate 

catabolic processes and the release of energy in the form of glucose. 

 

Role of the liver in glucose homeostasis 

Under fasting conditions, the liver provides glucose as fuel for other tissues, especially the 

brain. The liver generates glucose by breaking down stored glycogen in a process called 

glycogenolysis (Han, Kang, Kim, Choi, & Koo, 2016; Nordlie, Foster, & Lange, 1999). 

However, hepatic glycogen storage capacity is limited. To ensure a sustained flow of glucose 

to the body, the liver is able to synthesize glucose de novo in a process called gluconeogenesis 

(Han et al., 2016). Gluconeogenesis uses a variety of substrates including lactate and glycerol 

as the starting point to generate glucose (Pilkis & Claus, 1991; Pilkis, el-Maghrabi, & Claus, 

1988). Despite the importance of gluconeogenesis during a period of prolonged starvation, 

excessive glucose production due to dysregulated gluconeogenesis even during the fed state is 

the main cause for hyperglycemia in diabetic patients (Magnusson, Rothman, Katz, Shulman, 

& Shulman, 1992). Thus, the regulation of hepatic gluconeogenesis has been extensively 

studied. Animal models and cell culture experiments have shown that glucagon and 

epinephrine promote gluconeogenesis while the insulin/AKT signaling pathway suppresses 

gluconeogenesis (Han et al., 2016; Hatting, Tavares, Sharabi, Rines, & Puigserver, 2018). 

Under nutrient rich conditions, the liver functions as an energy storage organ. The liver takes 

up excessive glucose via the insulin-independent low affinity glucose transporter 2 (GLUT2) 

thereby lowering blood glucose levels (Mueckler & Thorens, 2013). Imported glucose is used 

as a substrate for glycolysis and can be fully oxidized via the tricarboxylic acid (TCA) cycle 

and oxidative phosphorylation to generate energy. Excessive glucose that is not required for 

immediate energy supply is converted to glycogen by glycogenesis to replenish the glycogen 

stores. Glycogenesis is promoted by the insulin/AKT signaling pathway while glucagon and 

epinephrine counteract glycogen production by increasing cyclic adenosine monophosphate 

(cAMP) levels. In addition to glycogenesis, acetyl-coenzyme A (acetyl-CoA), a breakdown 

product of glucose, can be converted to free fatty acids (FFA) and stored in the form of 

triglycerides. 
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Role of the liver in lipid metabolism 

The liver is not only crucial for glucose homeostasis, but also involved in lipid metabolism. 

The liver has the capacity to convert carbohydrates into lipids by synthesising FFA from 

acetyl-CoA by DNL (Sanders & Griffin, 2016). Briefly, DNL begins with citrate, an 

intermediate of the TCA cycle. Since the TCA cycle takes place in the mitochondria, citrate 

has to be first exported to the cytosol where it is converted by ATP-Citrate Lyase (ACLY) to 

cytosolic acetyl-CoA. In the cytosol, acetyl-CoA carboxylase (ACC) converts cytosolic 

acetyl-CoA to malonyl-CoA. The malonyl-CoA unit is then transferred to the acyl carrier 

protein domain of fatty acid synthase (FASN). FASN is a multienzyme protein that harbours 

domains with different catalytic activities including malonyl/acetyl transferase, ketoreductase, 

dehydratase and enoyl reductase. Sequential activity of these enzymatic subunits generates a 

saturated acyl chain elongation by two carbon groups through the condensation of acetyl-CoA 

and malonyl-CoA (Figure 3). Through repeated condensation steps, FASN elongates the acyl 

chain until the 16-carbon stage and releases palmitate (16-carbon saturated fatty acid) via the 

activity of its thioesterase domain. Palmitate is the major product of DNL and can be 

converted and/or further elongated to a variety of FFA species (D. W. Foster & Bloom, 1963; 

Hellerstein et al., 1991; E. J. Murphy, 2006). Once synthesized, the various FFA can be 

further converted into different classes of lipids including TGs, phospholipids and 

sphingolipids which are essential for the physiology of the cell. Another important fate of 

FFA produced by hepatic DNL is its incorporation in very low-density lipoproteins (VLDLs) 

in the form of various lipids. VLDLs are secreted and transported to distal tissues such as 

adipose tissue where the lipids are hydrolysed to FFA and then imported for further use. 

Increased hepatic DNL is common in patients with non-alcoholic fatty liver disease 

(NAFLD), hepatic insulin resistance and type II diabetes (Ameer, Scandiuzzi, Hasnain, 

Kalbacher, & Zaidi, 2014; Donnelly et al., 2005). Thus, the regulation of DNL has been 

extensively studied. DNL depends on allosteric regulation of ACC and on the transcriptional 

regulation of two transcription factors, the sterol regulatory element binding protein 1c 

(SREBP1c) and the carbohydrate response element binding protein (ChREBP) (Sanders & 

Griffin, 2016). SREBP1c is regulated by insulin and the subsequent activation of both the 

PI3K and AKT pathways. Insulin/AKT signaling promotes nascent SREBP1c 

phosphorylation and thereby accumulation of the mature active form of SREBP1c in the 

nucleus (Hegarty et al., 2005). Nuclear SREBP1c then promotes the transcription of several  
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Figure 3. De novo lipogenesis 

De novo lipogenic pathway showing the various steps catalyzed by ACC and FASN. Modified from 

(Sanders & Griffin, 2016). 
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genes involved in DNL including ACLY, ACC and FASN. In contrast to SREBP1c, ChREBP 

is activated by an increased glucose flux into hepatocytes. Several metabolites generated by 

glycolysis are believed to regulate ChREBP activity, although the exact mechanism is 

unknown. ChREBP translocation to the nucleus promotes the transcription of lipogenic genes 

including ACC and FASN.  

Hepatocytes not only newly synthesize FFA via DNL, but also import excess 

circulating FFAs via the FFA translocase CD36 (Hajri & Abumrad, 2002; Rada, Gonzalez-

Rodriguez, Garcia-Monzon, & Valverde, 2020). CD36 is a multifunctional glycoprotein with 

several known ligands such as long chain FFA and multiple lipoproteins including high 

density lipoprotein (HDL), low density lipoprotein (LDL), and VLDL (Pepino, Kuda, 

Samovski, & Abumrad, 2014). Under physiological conditions, the expression of CD36 in 

hepatocytes is low. However, high lipid and FFA content in the blood promotes hepatic CD36 

expression indicating that the liver acts as a sink for excess lipids and FFA. Imported FFA are 

esterified to TGs and stored in hepatocytes leading to an accumulation of hepatic TG. Indeed, 

around 60% of TGs stored in the liver originate from FFA import while hepatic DNL 

contributes 26% and dietary FFAs and TGs account for 15% of the stored TGs (Donnelly et 

al., 2005). Since hepatocytes are not specialized to store an excessive amount of TGs, hepatic 

TG accumulation leads to NAFLD. The global prevalence of NAFLD is increasing and is 

currently estimated at around 25% (Younossi et al., 2016). Thus, distorted lipid homeostasis 

and hepatic lipid metabolism are a major health concern.  

 

Role of hepatic mTORC2 

As mTORC2 is an integral part of the insulin/AKT signaling pathway, loss of mTORC2 in the 

liver has major consequences for hepatic glucose and lipid metabolism (Figure 4). Liver-

specific rictor knockout (LiRiKO) mice display impaired hepatic AKT signaling indicated by 

a reduction in mTORC2-dependent AKT-pS473 phosphorylation (Hagiwara et al., 2012). In 

addition, loss of mTORC2 activity in the liver causes partial hepatic insulin resistance. In the 

absence of mTORC2, insulin fails to phosphorylate AKT-dependent substrates including 

Forkhead Box O1 (FOXO1)-pT24 and glycogen synthase kinase 3 (GSK3)/-pS9/21, while 

AKT-pT308 phosphorylation and mTORC1 activation remain intact. FOXO1 is a 

transcription factor that induces the expression of gluconeogenic genes. Insulin-stimulated 

FOXO1-pT24 prevents FOXO1 localization to the nucleus and thus FOXO-dependent 
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transcription of gluconeogenic genes (Biggs, Meisenhelder, Hunter, Cavenee, & Arden, 

1999). In mice lacking hepatic mTORC2, insulin fails to suppress FOXO1 activity and thus 

gluconeogenesis via the reduction of FOXO1-pT24 phosphorylation (Hagiwara et al., 2012). 

In addition to the reduction of FOXO1-pT24, loss of hepatic mTORC2 also reduces 

GSK3/-pS9/21 phosphorylation (Hagiwara et al., 2012). GSK3/-pS9/21 phosphorylation 

inhibits GSK3 activity thereby preventing proteasomal degradation of SREBP1c (Dong et al., 

2015). Proteasomal degradation of SREBP1c prevents the transcription of lipogenic genes 

such as ACLY, ACC and FASN. Thus, insulin/AKT signaling suppresses the inhibitory effect 

 

Figure 4. mTORC2 signaling in liver 

Canonical insulin-stimulated mTORC2 signaling in the liver. Intact (left) and upon hepatic 

mTORC2 ablation (right). 
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of GSK3 on SREBP1c and thereby promotes SREBP1c-induced expression of lipogenic 

enzymes. Loss of hepatic mTORC2 disrupts the insulin-induced expression of lipogenic 

enzymes including ACC and FASN (Hagiwara et al., 2012). This observation is in agreement 

with another study where rictor is deleted in mice with hyperactive mTOR signaling in the 

liver (Guri et al., 2017). Both studies demonstrate the importance of hepatic mTORC2 in the 

expression of ACC and FASN and thereby DNL. In summary, hepatic mTORC2 suppresses 

gluconeogenesis and promotes DNL downstream of the insulin signaling pathway. As 

consequence, mice lacking hepatic mTORC2 develop glucose intolerance, hyperinsulinemia 

and mild insulin resistance (Hagiwara et al., 2012). 

 

1.2.5. mTORC2 in adipose tissue  

Adipose tissue is a heterogeneous tissue composed of adipocytes, fibroblasts, endothelial 

cells, and immune cells (Corvera, 2021). The composition and function of adipose tissue 

varies in different fat depots (Figure 5). However, there are two main types that significantly 

differ in their origin and role in whole body energy homeostasis: WAT and brown adipose 

tissue (BAT).  

 

Role of WAT  

The main function of WAT is to store energy in the form of TG (Rosen & Spiegelman, 2006). 

WAT imports different energy carriers from the bloodstream, most notably FFAs and glucose. 

Similar to hepatocytes, adipocytes express the fatty acid translocase CD36 that imports FFAs. 

Imported FFAs are esterified to TGs and then stored in a single large lipid droplet that 

accounts for up to 90% of the adipocyte cell volume (Haugen & Drevon, 2007). Most storable 

TGs derive from imported FFA, although a small fraction is generated from imported glucose. 

Similar to skeletal muscle, insulin-stimulated glucose uptake in adipose tissue is mediated by 

both AKT and atypical PKC’s such as PKC and PKC (Bandyopadhyay et al., 2002; 

Nakanishi, Brewer, & Exton, 1993). Imported glucose is then either oxidized for energy 

production or converted to FFA by DNL. Similar to hepatic DNL, adipose DNL synthesizes 

FFA from cytosolic acetyl-CoA, a breakdown product of glucose oxidation. However, 

transcriptional regulation differs in both tissues. In adipocytes, ChREBP is the major driver 

for DNL while SREBP1c has no effect on the transcription of lipogenic genes (Sekiya et al., 

2007; Witte et al., 2015). ChREBP exists in two isoforms in adipose tissue, ChREBP and 

ChREBP. Glucose influx stimulate ChREBP activity which promotes ChREBP  
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expression (Herman et al., 2012). ChREBP then promotes the transcription of lipogenic 

genes including ACC and FASN. Upon energy shortage, stored TGs are mobilized from lipid 

droplets in a process called lipolysis. In this process, adipose tissue triglyceride lipase 

(ATGL), hormone-sensitive lipase (HSL) and monoglyceride lipase (MAG) sequentially 

hydrolyze TG resulting in the release of FFAs to provide energy for the organism (Duncan, 

Ahmadian, Jaworski, Sarkadi-Nagy, & Sul, 2007; Grabner, Xie, Schweiger, & Zechner, 

2021). Lipolysis is induced by (nor)epinephrine-stimulated -adrenergic signaling in response 

to increased energy demand. Briefly, (nor)epinephrine binds to -adrenergic receptors 

expressed by adipocytes and stimulate the production of the second messenger cAMP 

(Collins, 2011). cAMP activates the cAMP-dependent protein kinase A (PKA) which 

promotes lipolysis by phosphorylating HSL at Ser563 and Ser660. 

In healthy humans, WAT accounts for around 20-25% of body mass. However, 

substantial divergence from optimal fat mass causes metabolic disorders. Metabolic disorders 

such as lipodystrophy and cachexia are characterized by low fat mass and reduced capacity of 

adipocytes to store excessive energy. Patients with lipodystrophy or cachexia suffer from 

severe systemic insulin resistance and glucose intolerance (Vegiopoulos, Rohm, & Herzig, 

 

Figure 5. Fat depots human and mouse  

Anatomical locations of major white adipose tissue depots in both mice (Mus musculus) and 

humans (Homo sapiens). Modified from (Kwok, Lam, & Xu, 2016). 
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2017). In contrast, chronic overnutrition and reduced energy expenditure, common in modern 

lifestyles, increase the accumulation of fat mass. Excessive storage of TGs in adipocytes 

impairs adipose tissue function with detrimental consequences for whole body energy 

homeostasis including hyperinsulinemia, insulin resistance and glucose intolerance (Tan & 

Vidal-Puig, 2008). 

 

Role of BAT 

In contrast to white adipocytes, brown adipocytes possess numerous small multilocular lipid 

droplets and a large number of mitochondria. Brown adipocytes produce heat by promoting 

non-shivering thermogenesis (Cohen & Kajimura, 2021; Shinde, Song, & Wang, 2021). The 

best understood mechanism for non-shivering thermogenesis is the decoupling of 

mitochondrial respiration from ATP production via the uncoupling protein 1 (UCP1). 

Mitochondrial respiration involves the generation of a proton gradient across the inner 

mitochondrial membrane via the mitochondrial electron transport chain. Normally, the 

exported protons flow back into the mitochondrial matrix through the ATP synthase, a 

process that powers the production of ATP. During non-shivering thermogenesis, UCP1 

dissipates the proton gradient across the inner mitochondrial membrane, releasing heat instead 

of ATP. BAT is a highly vascularized tissue and the generated heat is distributed via the 

circulation to increase body temperature. It is well established that cold induces non-shivering 

thermogenesis. Briefly, BAT is innervated by the sympathetic nervous system (SNS) that 

releases the neurotransmitter norepinephrine (NE) upon cold exposure. NE increases 

intracellular cAMP levels via -adrenergic signaling, thereby promoting non-shivering 

thermogenesis. -adrenergic signaling in BAT not only increases UCP1 expression, but also 

promotes lipolysis and glucose uptake to fuel thermogenesis. Due to its high energy demand, 

thermogenic BAT increases energy expenditure and thus impacts whole-body energy 

homeostasis (Cohen & Kajimura, 2021).  

Brown adipocytes are not the only cell type capable of non-shivering thermogenesis. 

Beige adipocytes, a cell type present in WAT, also has the capacity for cold-induced non-

shivering thermogenesis. Beige adipocytes differ from white adipocytes in their origin and 

metabolic capacity. In thermoneutral conditions, beige adipocytes are dormant and store TGs 

similar to white adipocytes. However, cold-induced -adrenergic signaling induces more 

UCP1 expression, thermogenesis and adipogenesis in beige adipocytes than in white 

adipocytes (Cohen & Kajimura, 2021). Not all WAT depots possess equal amounts of beige 
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adipocytes. While visceral WAT sporadically contains beige adipocytes, a considerable 

amount of the adipocytes present in subcutaneous WAT are considered beige (Walden, 

Hansen, Timmons, Cannon, & Nedergaard, 2012).  

 

Adipose tissue in interorgan communication 

Whole body energy homeostasis requires tight communication between metabolic organs. To 

communicate their metabolic state and requirements, BAT, and particularly WAT, secrete so-

called adipokines. Adipokines include metabolites, lipids, and bioactive peptides which exert 

specific effects on a variety of biological processes including inflammation, energy 

expenditure, hepatic gluconeogenesis, insulin secretion, and insulin sensitivity (Fasshauer & 

Bluher, 2015; Funcke & Scherer, 2019; Shinde et al., 2021). The best described adipokines 

are leptin and adiponectin. Both are secreted by mature white adipocytes and regulate 

metabolic processes in a variety of target tissues. Leptin was discovered in 1994 and 

subsequent studies have revealed its role in the regulation of satiety, energy expenditure and 

insulin sensitivity (Bluher & Mantzoros, 2015; Friedman, 2019; Zhang et al., 1994). 

Circulating leptin is directly proportional to fat mass and exerts its regulatory role by binding 

the leptin receptor expressed by target cells. Elevated leptin level reduces appetite and food 

intake via its regulatory function on the hypothalamus. However, chronic elevation of 

circulating leptin leads to leptin resistance in the central nervous system, thus suppressing 

satiety-induced reduction of food intake (Savage & O'Rahilly, 2002). Thus, a chronic increase 

of leptin and the resulting leptin resistance promote nutrition overconsumption, a condition 

often found in obese and diabetic patients (Farr, Gavrieli, & Mantzoros, 2015). Another 

adipokine with a well-characterized role in whole-body energy homeostasis is adiponectin. 

Adiponectin was discovered in 1995 and is exclusively expressed and secreted by adipocytes 

(Scherer, Williams, Fogliano, Baldini, & Lodish, 1995; Ye & Scherer, 2013). Circulating 

adiponectin levels inversely correlate with obesity, omental fat distribution and type II 

diabetes. In contrast, metabolically healthy individuals benefit from the insulin sensitizing and 

anti-inflammatory effect of adiponectin (Fasshauer & Bluher, 2015; Nedvidkova, Smitka, 

Kopsky, & Hainer, 2005; Yamamoto et al., 2005). 

In addition to adipokines, the adipose tissue also communicates via the peripheral 

nervous system as both WAT and BAT are innervated by sympathetic and sensory neurons 

(Figure 6). While almost nothing is known about the role of sensory neurons in adipose 

physiology, the role of SNS is well established (Bartness, Liu, Shrestha, & Ryu, 2014; 

Blaszkiewicz, Willows, Johnson, & Townsend, 2019).  
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Figure 6. Neuronal innervation 

Scheme of sympathetic and sensory innervation in adipose tissue.  

 

The SNS transmits signals from the CNS to WAT via neurons that secrete NE. The CNS is 

able to register a systemic drop in temperature or energy level and responds by triggering 

sympathetic neurons to release NE in adipose tissue (Youngstrom & Bartness, 1998). NE then 

stimulates -adrenergic signaling and promotes lipolysis and non-shivering thermogenesis as 

described previously (see Role of BAT section). However, studies using tyrosine hydroxylase 

(TH, also known as tyrosine-3 monooxygenase), an enzyme catalyzing the rate limiting step 

of NE synthesis, as a marker for sympathetic neurons have shown that not all fat depots are 

equally innervated. While epididymal WAT is sparsely innervated, BAT and inguinal WAT 

contain a dense network of sympathetic neurons (Chi, Wu, et al., 2018). These sympathetic 

neuronal networks are dynamic and become denser under prolonged cold exposure (Cao, 

Wang, & Zeng, 2018; Jiang, Ding, Cao, Wang, & Zeng, 2017). In addition, recent studies 

have shown that the density of the sympathetic neuronal network in WAT correlates with the 

presence of beige adipocytes. Whether tissue composition impacts the density of the 

sympathetic neuronal network or sympathetic innervation is regulated by the CNS is still 

debated (Chi, Wu, et al., 2018; P. Wang et al., 2020).  
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Compared to the sympathetic nervous system, sensory neurons in adipose tissue are 

less well characterized. Several studies have detected sensory neuron markers such as 

calcitonin gene-related peptide (CGRP), substance P and advillin in different fat pads of 

rodents (Bartness, Shrestha, Vaughan, Schwartz, & Song, 2010; M. T. Foster & Bartness, 

2006; Giordano, Morroni, Santone, Marchesi, & Cinti, 1996). Further investigations using 

electron microscopy confirmed the presence of CGRP- and substance P-positive neurons 

around the vasculature while only CGRP-positive neurons were present in the parenchyma of 

adipose tissue (Giordano et al., 1996). The transmission of sensory information from WAT to 

the CNS has been confirmed in siberian hamsters by an anterograde tracing study using 

herpes simplex virus H129 (Song, Schwartz, & Bartness, 2009). Adipose-innervating sensory 

neurons originate from dorsal root ganglia and transmit sensory signals to the same CNS 

region that controls SNS activity (K. T. Murphy et al., 2013). Thus, a SNS-sensory feedback 

circuit has been proposed (K. T. Murphy et al., 2013; Song et al., 2009). In agreement with 

this hypothesis, administration of leptin and free fatty acids stimulates sensory neurons and 

alters SNS activity in distal fat pads (Garretson et al., 2016; K. T. Murphy et al., 2013; 

Niijima, 1998). However, the full range of sensory stimuli and its physiological impact on 

whole body energy homeostasis is unknown. Taken together, previous findings suggest that 

sensory neurons monitor the metabolic state of adipose tissue and transmit information to the 

CNS where the sensory inputs are processed to regulate SNS activity accordingly. 

Nevertheless, the morphology, role and regulation of the sensory nervous system in adipose 

tissue is still poorly understood. 

 

Role of adipose mTORC2 

In WAT, mTORC2 promotes several insulin-regulated processes including glucose uptake, 

lipid uptake, DNL and TG synthesis (Cybulski, Polak, Auwerx, Ruegg, & Hall, 2009; Hsiao 

et al., 2020; Tang et al., 2016) (Figure 7). Mechanistically, rictor deletion in adipocytes 

abolishes AKT-pS473 phosphorylation and reduces PKC protein levels while the rest of the 

insulin signaling cascade remains intact (Albert et al., 2016; Cybulski et al., 2009; Hsiao et 

al., 2020; Kumar et al., 2010; Tang et al., 2016; Yu et al., 2019). Since full AKT activation 

and PKC expression are required for insulin-stimulated GLUT4 translocation to the plasma 

membrane, loss of adipose mTORC2 impairs insulin-stimulated glucose uptake. In addition, 

 



Dissertation – mTORC2 signaling in adipose tissue 

 

28 

 

mTORC2 ablation impairs DNL by downregulating the expression of ChREBP and the 

lipogenic enzymes ACC and FASN (Tang et al., 2016) 

While the role of mTORC2 in WAT is well established, the role of mTORC2 in BAT is 

controversial. Albert et al. have shown that mTORC2 mediates -adrenergic-stimulated 

glucose uptake in BAT to promote non-shivering thermogenesis (Albert et al., 2016). In 

contrast, a recent study claims that adipose mTORC2 promotes thermogenesis via a glucose-

independent mechanism (Castro et al., 2021). However, both studies used a mouse model 

where mTORC2 was simultaneously abolished in WAT and BAT. Since WAT is important to 

fuel non-shivering thermogenesis (Shin et al., 2017), lack of mTORC2 in WAT may also 

impact cold adaption in mice. In agreement with this, mice lacking mTORC2 specifically in 

BAT (RICTORUCP1-Cre) display increased non-shivering thermogenesis due to enhanced 

lipolysis and lipid uptake (Jung et al., 2019). 

 

Figure 7. mTORC2 signaling in adipose tissue 

Canonical mTORC2 signaling in adipose tissue. Intact (left) and upon adipose mTORC2 ablation (right). 
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In addition to the profound effects on adipocyte metabolism, loss of adipose mTORC2 

impairs whole-body energy homeostasis. Mice lacking adipose mTORC2 develop 

hyperinsulinemia, insulin resistance and aberrant liver signaling indicating a still 

uncharacterized role of adipose mTORC2 in interorgan communication (Cybulski et al., 2009; 

Hsiao et al., 2020; Kumar et al., 2010; Tang et al., 2016; Yu et al., 2019).  

 

1.3. Recent advances using imaging techniques applied to whole-

adipose tissue 

 

Adipocytes are in constant contact and communication with the rest of the body via the 

vasculature and peripheral neurons. Since conventional methods such as 2D paraffin- or 

cryosections provide only limited spatial information, it is difficult to visualize and study 

delicate structures such as neurons or capillaries in WAT sections. The development of 

whole-adipose tissue imaging has enabled for the first time characterization of the 

morphology of vascular and neuronal networks present in WAT. The first study visualizing 

blood vessels and neurons in WAT using whole-adipose tissue imaging appeared in 2015 

(Zeng et al., 2015). In this study, the authors visualized the sympathetic nervous system and 

confirmed the presence of sympathetic neurons in large nerve bundles. Furthermore, the study 

provided evidence of a regulatory role for WAT-innervating sympathetic neurons in leptin-

driven lipolysis. This was followed two years later by another study which revealed the 

presence of a dense network of sympathetic neurons in the WAT parenchyma that is essential 

for cold-induced beiging (Jiang et al., 2017). This dense network provides close contact 

between around 91.3% of adipocytes and the SNS. Further investigation revealed the dynamic 

nature of this sympathetic neuronal network in mice subjected to cold exposure. Cold 

exposure promoted arborization of TH-positive sympathetic neurons in inguinal WAT depots 

which was reversible upon return to thermoneutrality (Cao, Wang, & Zeng, 2018). The 

density of the sympathetic neuronal network is not only dependent on external conditions, but 

also varies between the different fat depots. Yet another study reported significant intra-

adipose variation of sympathetic nerve fibres and a unique architecture in different fat pads 

(Chi, Wu, et al., 2018). The authors of this study also found evidence that the density of 

sympathetic projections is dependent on PRD1-BF1-RIZ1 homologous domain-containing 

protein-16 (PRDM16), a transcription coregulator present in brown and beige adipocytes. 

This observation is in contrast to another study which argues that sympathetic innervation is 
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regulated by the CNS (P. Wang et al., 2020). Thus, the regulation of sympathetic innervation 

and architecture is still debated.  

In contrast to the sympathetic nervous system, the sensory nervous system has not yet been 

fully visualized. Whole-adipose tissue imaging was used to confirm the presence of CGRP-

positive neurons in the large nerve bundles and close to the blood vessels, but the study failed 

to visualize CGRP-positive neurons in the parenchyma (Makwana et al., 2021). 

In addition to the neuronal networks, whole-adipose tissue imaging is also used to 

uncover the morphology of the intra-adipose vasculature. One study revealed a dense network 

of capillaries in the parenchyma of WAT by staining for isolectin 4 (Cao, Wang, Wang, Han, 

& Zeng, 2018). Surprisingly, the authors showed that cold exposure not only stimulated 

arborization of sympathetic neurons but also promoted vascularization.  

New techniques are constantly being introduced that provide higher magnification and 

better resolution of vascular and neural structures in adipose tissue (Willows et al., 2021). 

These recent technical advances will in time provide novel insights into the morphology of 

vascular and neuronal networks and allow the visualization of interactions between 

capillaries, neurons and adipocytes.  
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2. Aims of the thesis 

  

Dysregulation of mTORC2 signaling in adipose tissue is associated with metabolic disorders 

such as obesity and type II diabetes. The physiological role of adipose mTORC2 signaling has 

been extensively investigated in transgenic mice lacking the essential mTORC2 core 

component RICTOR in adipocytes. These studies have highlighted the importance of 

mTORC2 signaling in glucose uptake and DNL. In addition to a direct impact on adipocyte 

metabolism, loss of adipose mTORC2 disrupts whole-body energy homeostasis. Mice lacking 

adipose mTORC2 display hyperinsulinemia, systemic insulin resistance and aberrant hepatic 

insulin signaling, indicating distal perturbations in the pancreas and liver. As adipose tissue is 

an endocrine organ, we hypothesized that adipose mTORC2 may play a role in interorgan 

communication and promotes pancreas and liver function. Since previous studies used mice 

lacking adipose mTORC2 from birth, phenotypes may derive from defective adipocyte 

development or maturation. We therefore generated a tamoxifen-inducible adipose-specific 

RICTOR knockout (iAdRiKO) mouse line to study the consequences of acute loss of 

mTORC2 signaling in mature adipocytes. By performing a longitudinal study in these 

iAdRiKO mice, we sought to address the following questions:  

 

1. How fast does the disruption of whole-body energy homeostasis occur after loss of 

mTORC2 signaling? 

2. Which pathways change upon acute loss of adipose mTORC2 signaling? 

3. Which, if any, of these pathways are responsible for the disruption of whole-body 

energy homeostasis upon loss of adipose mTORC2? 

 
As previous publications have highlighted the importance of WAT in energy storage, we next 

hypothesized that loss of adipose mTORC2 may disrupt whole-body energy homeostasis by 

preventing energy storage. To address this hypothesis, we posed the following questions: 

 

1. Does loss of adipose mTORC2 in mature adipocytes reduce the capacity of WAT to 

store energy? 

2. What are the consequences of reduced storage capacity in WAT lacking mTORC2? 

3. How important is mTORC2 in the coordination of energy storage for whole-body 

energy homeostasis? 
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By addressing these questions, we aim to increase our understanding on the role of mTORC2 

in mature adipocytes and its role in whole-body energy homeostasis, thereby providing new 

insights in the development of major metabolic disorders.  
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3.1.1. Abstract 

Adipose tissue, via sympathetic and sensory neurons, communicates with the CNS to mediate 

energy homeostasis. In contrast to the sympathetic nervous system, the morphology, role and 

regulation of the sensory nervous system in adipose tissue is poorly characterized. Taking 

advantage of recent progress in whole-mount three-dimensional imaging of adipose tissue, we 

identified a neuronal network of CGRP-positive sensory neurons in WAT. Furthermore, we 

show that adipose mTORC2, a major component of the insulin signaling pathway, mediates 

sensory innervation in WAT. Based on visualization of neuronal networks, mTORC2-

deficient WAT displayed reduced arborization of CGRP-positive sensory neurons, while 

sympathetic neurons were unaffected. This selective loss of sensory innervation followed 

reduced expression of growth-associated protein 43 (GAP43) in CGRP-positive sensory 

neurons. Finally, we found that loss of sensory innervation in WAT correlated with systemic 

insulin resistance. Our findings suggest that adipose mTORC2 is necessary for sensory 

innervation in WAT which likely contributes to WAT-to-CNS communication. 

 

Keywords 

adipose tissue, whole-body energy homeostasis, mTORC2, sensory nervous system, diabetes, 

CGRP, neuropathy 

 

3.1.2. Introduction 

WAT stores or releases energy and thereby contributes to whole-body energy homeostasis 

(Rosen & Spiegelman, 2006). Impaired WAT function, often the result of obesity, causes 

systemic effects such as hyperinsulinemia and insulin resistance (Longo et al., 2019; Tan & 

Vidal-Puig, 2008), indicating that the metabolic state of WAT impacts other tissues. With the 

increasing prevalence of obesity and type II diabetes, it is important to understand how WAT 

communicates with distal tissues to control whole-body energy homeostasis. 

It is well established that WAT communicates with other tissues, including the brain, 

by secreting adipokines such as leptin and adiponectin (Fasshauer & Bluher, 2015; Funcke & 

Scherer, 2019). WAT also interacts with the CNS via sympathetic and sensory neurons 

(Bartness et al., 2014; Blaszkiewicz, Willows, Johnson, et al., 2019; Guilherme, Henriques, 

Bedard, & Czech, 2019). The sympathetic nervous system transmits signals from CNS to 

WAT. For example, fasting triggers sympathetic neurons to release the neurotransmitter NE 

in WAT. NE then stimulates adipocytes to release free fatty acids that provide energy for 
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other tissues (Youngstrom & Bartness, 1998). Compared to the sympathetic nervous system, 

sensory neurons in WAT are less well studied. Detection of the sensory neuron markers 

CGRP, substance P and advillin first suggested the presence of sensory neurons in WAT 

(Bartness et al., 2010; M. T. Foster & Bartness, 2006; Giordano et al., 1996; Willows et al., 

2021). Anterograde tracing using herpes simplex virus subsequently confirmed the 

transmission of sensory information from WAT to CNS (Song et al., 2009). Further studies 

identified the adipokine leptin and bioactive free fatty acids as potential sensory stimuli in 

WAT (Garretson et al., 2016; Niijima, 1998). Nevertheless, the morphology, role and 

regulation of the sensory nervous system in WAT remain poorly understood. 

mTORC2 is a multiprotein serine/threonine kinase. It is composed of four core 

components including the kinase subunit mTOR and the mTORC2-specific subunit 

rapamycin-insensitive companion of mTOR (RICTOR) (Jacinto et al., 2004; Loewith et al., 

2002; Sarbassov et al., 2004). Studies of adipose-specific Rictor knockout mice revealed that 

loss of adipose mTORC2 causes reduced glucose uptake and impaired lipid handling in 

adipocytes (Albert et al., 2016; Cybulski et al., 2009; Hsiao et al., 2020; Kumar et al., 2010; 

Tang et al., 2016; Yu et al., 2019). Furthermore, loss of adipose mTORC2 non-cell-

autonomously causes hyperinsulinemia and systemic insulin resistance (Cybulski et al., 2009; 

Kumar et al., 2010; Tang et al., 2016). These data suggest that adipose mTORC2 is a critical 

regulator of systemic energy homeostasis. However, the mechanisms by which adipose 

mTORC2 mediates communication with other tissues are poorly understood.   

We used iAdRiKO mice to study how adipose mTORC2 mediates WAT 

communication with other tissues. Phosphoproteomic analysis of inguinal WAT (iWAT) from 

iAdRiKO mice revealed acute changes in phosphorylation of proteins associated with 

neurons. To study the effect of adipose mTORC2 on neurons, we visualized sympathetic and 

sensory neuronal networks in iWAT by performing whole-mount imaging. We discovered 

that arborization of CGRP-positive sensory neurons, but not TH-positive sympathetic 

neurons, was selectively diminished in WAT upon loss of adipose mTORC2. Furthermore, 

expression of growth-associated protein 43 (GAP43) in CGRP-positive sensory neurons was 

reduced prior to loss of arborization. We conclude that adipose mTORC2 is required for 

arborization of sensory neurons in WAT, thereby mediating adipocyte-to-CNS 

communication.  
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3.1.3. Results  

Loss of adipose mTORC2 acutely impairs whole-body energy metabolism. Mice lacking 

adipose mTORC2 from birth display a defect in whole-body energy homeostasis 

characterized by hyperinsulinemia and systemic insulin resistance (Cybulski et al., 2009; 

Kumar et al., 2010; Tang et al., 2016). Since adipose tissue is not fully developed until six 

weeks of age, this could be due to a developmental defect. To determine whether and, if so, 

how soon loss of mTORC2 in mature adipocytes causes systemic effects, we performed a 

longitudinal study with a tamoxifen-inducible Rictor knockout (Rictorfl/fl, Adipoq promoter-

CreERT2) mouse (Figure 1A). Six week old mice were treated with tamoxifen daily for five 

days and analyzed three days, two weeks, and four weeks after the last tamoxifen treatment 

(Figure 1A). Cre-negative mice treated with tamoxifen served as controls. As expected, 

expression of RICTOR and phosphorylation of the mTORC2 target AKT (AKT-pS473) were 

downregulated in WAT of iAdRiKO mice at all three post-tamoxifen timepoints (Figure 

S1A). In liver and muscle, RICTOR expression and AKT phosphorylation were not affected 

(Figure S1B). Loss of mTORC2 in mature adipocytes reduced WAT mass approximately 

30% compared to control mice (Figures 1B and S1C), while BAT mass was unchanged 

(Figure S1D). 

Next, we characterized the metabolic state of iAdRiKO and control mice. Fasting 

insulin levels were acutely increased in iAdRiKO mice and remained significantly elevated 

while blood glucose levels remained normal (Figure 1C). These results suggest that elevated 

insulin compensates for reduced insulin sensitivity upon loss of mTORC2, as observed 

previously in mice lacking adipose mTORC2 at birth (Cybulski et al., 2009; Tang et al., 

2016). In agreement with this suggestion, loss of mTORC2 reduced glucose uptake in WAT 

(Figures S1E-F). Furthermore, iAdRiKO mice become insulin resistant, as determined by an 

insulin tolerance test (Figures 1D-F). Severe insulin resistance was detected in iAdRiKO 

mice at two and four weeks (Figures 1E-F and S1G). Further investigation revealed mild 

insulin resistance in iAdRiKO mice at five days after tamoxifen treatment (Figures S1H-I), 

indicating a gradual development of insulin resistance within two weeks after loss of adipose 

mTORC2 (Figures 1F and S1I). Taken together, these longitudinal studies revealed rapid 

development of hyperinsulinemia followed by insulin resistance upon loss of adipose 

mTORC2. These results highlight the importance of adipose mTORC2 for whole-body energy 

homeostasis.  
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Loss of mTORC2 alters proteins associated with synapse formation in WAT. To gain better 

understanding of the role of adipose mTORC2 in whole-body energy homeostasis, we 

performed proteomic and phosphoproteomic analyses on iWAT obtained from iAdRiKO and 

control mice three days after tamoxifen treatment. This time point allowed us to study the 

acute effects of reduced mTORC2 activity (Figure S1A), before development of systemic 

insulin resistance (Figures 1D-F). The proteomic analysis identified and compared 6’082 

proteins in iWAT of iAdRiKO and control mice. Only one protein was significantly altered in 

AdRiKO mice three days after tamoxifen treatment (40S ribosomal protein S24; p < 0.01; 

|log2(iAdRiKO/control)| > 0.6) (Figure 2A). In contrast, the phosphoproteomic analysis 

detected and quantified 10’443 phosphorylated sites of which 319 and 249 were significantly 

up- and down-regulated (p<0.01), respectively, upon loss of adipose mTORC2 (Figure 2B). 

As expected, mTORC2 downstream readouts AKT1-pS473, ACLY-pS455 (Martinez 

Calejman et al., 2020), NDRG1-pS330 (Murray et al., 2004) and MARCKS-pS152/156 

(Aderem, 1992) were downregulated in iWAT of iAdRiKO mice compared to control iWAT 

(Figure 2C). Next, we examined whether loss of mTORC2 in adipocytes elicits a molecular 

signature. Indeed, unsupervised hierarchical clustering analysis (Figure 2D) and principal 

component analysis (PCA) (Figure 2E) of the phosphoproteomic data identified two distinct 

clusters corresponding to iAdRiKO mice and control mice.  

To identify molecular processes associated with loss of mTORC2 signaling, we 

performed pathway enrichment analysis. Proteins whose phosphorylation was significantly 

altered were associated with the plasma membrane and cell-cell adhesion (Figure 2F). This 

observation is in agreement with previous studies showing that many mTORC2 substrates are 

localized to the plasma membrane (Keenan & Kelleher, 1998; Manning & Toker, 2017). 

Unexpectedly, the pathway enrichment analysis also revealed changes in proteins associated 

with the nervous system, in particular synapse-associated proteins (Figure 2F). To investigate 

the possibility of ectopic Adipoq promoter-CreERT2 expression and thus mTORC2 ablation in 

neurons, we examined adiponectin expression in neurons in iWAT. We found no evidence for 

adiponectin expression in nerve bundles innervating iWAT (Figure S2). This finding is 

supported by large-scale single-cell RNA sequence data performed in dorsal root ganglion of 

mice (Usoskin et al., 2015), where iWAT-innervating sensory neurons originate. Thus, 

changes in phosphorylation of synapse-associated proteins are unlikely due to ectopic ablation 

of mTORC2 in neurons. Based on these findings, we hypothesize that loss of adipose 

mTORC2 impacts the neuronal network in iWAT. Furthermore, our findings suggest that the 
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acute effects of mTORC2 loss are due to changes in protein phosphorylation rather than 

expression, as expected for loss of a kinase. 

 

Loss of adipose mTORC2 reduces arborization of sensory neuron. To investigate the 

consequences of altered phosphorylation of synaptic proteins, as observed upon acute loss of 

adipose mTORC2, we examined neuronal innervation in iWAT four weeks after tamoxifen 

treatment. We first examined the sympathetic nervous system by visualizing TH-positive 

neurons in iWAT, using a modified whole-mount volumetric imaging protocol (Chi, Crane, 

Wu, & Cohen, 2018; Jiang et al., 2017). We combined the tissue preparation protocol 

described by Chi et al. (2018a) with a water-based clearing method (Tainaka et al., 2018) to 

enhance structure preservation and antibody combability. As previously described (Chi, Wu, 

et al., 2018; Jiang et al., 2017), we detected a dense network of TH-positive sympathetic 

neurons in nerve bundles that branched into smaller fibers running along blood vessels and 

into the parenchyma (Figure S3A). However, we found no change in abundance or 

morphology of TH-positive sympathetic neurons in iWAT of iAdRiKO mice, compared to 

controls (Figure 3A). In agreement with this result, immunoblot analyses showed no change 

in TH expression in iWAT of iAdRiKO mice (Figure 3B). Next, we analyzed the activity of 

sympathetic neurons in iWAT. TH-positive neurons release NE to stimulate -adrenergic 

signaling in adipocytes, which promotes phosphorylation of HSL at S563 and S660 

(Anthonsen, Ronnstrand, Wernstedt, Degerman, & Holm, 1998; Zeng et al., 2015). 

Immunoblot analyses revealed no difference in phosphorylation of S563 or S660 (Figure 3B), 

indicating similar sympathetic activity in iAdRiKO and control mice. Taken together, these 

findings suggest that the morphology and activity of the sympathetic nervous system are 

normal in iWAT of iAdRiKO mice.  

We next examined the sensory nervous system in iWAT. Since the three-dimensional 

sensory neuronal network in iWAT was not previously described, we first examined CGRP-

positive sensory neurons in control mice. Similar to TH-positive neurons, CGRP-positive 

sensory neurons innervated iWAT via large nerve bundles (Figure 3C). From the large nerve 

bundles, smaller nerve bundles branched off and ran along blood vessels into the tissue 

(Figure 3C). Using high magnification imaging, we detected single nerve fibers branching 

out into the parenchyma where sensory neurons were in close contact with adipocytes (Figure 

3C).  

Next, we analyzed the sensory neuronal network in iWAT of iAdRiKO mice. CGRP-

positive sensory neurons were present in large and small nerve bundles similar to control mice 
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(Figures 3C and S3B). Importantly, unlike control mice, we did not detect CGRP-positive 

neurons in the parenchyma, indicating loss of arborization of sensory neurons in iWAT of 

iAdRiKO mice (Figures 3C and S3B). Loss of CGRP in iWAT lacking mTORC2 was also 

observed by an enzyme-linked immunosorbent assay (ELISA) (Figure S3C). To further 

investigate the loss of CGRP-positive sensory neurons in iWAT, we co-stained and visualized 

TH- and CGRP-positive neurons in whole iWAT depots collected from iAdRiKO and control 

mice. We discovered that TH- and CGRP- positive neurons were present in the same larger 

and smaller nerve bundles and ran alongside each other into the tissue (Figures 4A and S4A-

B). However, the TH-positive sympathetic neuronal network was much denser compared to 

the sensory neuronal network, particularly in the parenchyma. Confirming the above 

observations, sensory neurons were not detected in the parenchyma of iAdRiKO iWAT, while 

sympathetic neurons were detected (Figures 4B-C and S5). Taken together, these findings 

suggest that adipose mTORC2 is required for arborization of CGRP-positive sensory neurons, 

but not of sympathetic neurons, in iWAT.   

We noted that the intensity of CGRP staining was slightly reduced in the main nerve 

bundles of iAdRiKO iWAT (Figures 3C and 4A). To confirm this observation, we performed 

co-staining of TH and CGRP in paraffin sectioned iWAT (Figure S6A). The number of 

CGRP-positive single fibers was similar in nerve bundles of iAdRiKO and control mice. 

However, the intensity of CGRP per fiber was reduced 40% in iAdRiKO iWAT (Figures 

S6A-B). Consistent with the whole-mount imaging (Figure 3A), we detected no change in 

TH intensity in iWAT of iAdRiKO mice (Figures S6A and S6C). The reduction of CGRP in 

single nerve fibers, in addition to loss of arborization, may indicate a loss in sensory activity.  

 

GAP43 expression is downregulated in CGRP-positive neurons upon loss of adipose mTORC2. 

We next investigated how loss of adipose mTORC2 reduces arborization of CGRP-positive 

neurons in iWAT. We examined neuronal GAP43, a protein that promotes neuronal growth and 

plasticity in the CNS (Snipes et al., 1987). GAP43 was previously shown to be downregulated 

in iWAT of ob/ob mice, a mouse model for type II diabetes (Blaszkiewicz, Willows, Dubois, 

et al., 2019). Immunoblot analysis of total and phosphorylated (pS41) GAP43 showed a strong 

decrease in GAP43 expression in iWAT lacking mTORC2, at two and four weeks after 

tamoxifen treatment (Figures 5A-B). Since WAT is a heterogenous tissue, we next examined 

whether GAP43 is expressed only in neurons. We determined GAP43 expression in surgically 

denervated iWAT, observing that GAP43 expression was indeed lost upon denervation (Figure 
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5C). These data suggest that GAP43 is expressed only in neurons and thus the loss of GAP43 

observed in iWAT of iAdRiKO is due to loss in the nervous system. 

Previous reports showed that GAP43 can be expressed in both sensory and 

sympathetic neurons (Fantini & Johansson, 1992; Schmidt, Spencer, Coleman, & Roth, 

1991). To address which class of neurons express GAP43 in iWAT, we visualized GAP43 in 

TH- or CGRP-positive neurons in large nerve bundles in sectioned iWAT. We note that we 

visualized GAP43 with antibody against phosphorylated GAP43 because antibody against 

total GAP43 did not serve as an immunostaining reagent. We found that the GAP43-pS41 

signal correlated with CGRP-positive fibers, but not with TH-positive fibers, indicating that 

GAP43 is expressed specifically in sensory neurons in iWAT (Figures 5D-E). Considering 

the established role of GAP43 in neuronal growth (Snipes et al., 1987), our data suggest that 

loss of adipose mTORC2 reduces arborization of CGRP-positive neurons possibly due to loss 

of neuronal GAP43 expression. 

 

3.1.4. Discussion 

In this study, we provide insight on the morphology, role and regulation of the sensory 

nervous system in WAT. Taking advantage of recent progress in whole-mount three-

dimensional imaging, we show that sensory neurons are present in central nerve bundles, 

along blood vessels and in the parenchyma of WAT. Furthermore, we discovered that loss of 

mTORC2 signaling in adipocytes decreases arborization of sensory neurons without affecting 

sympathetic innervation or activity. Our findings suggest that adipose mTORC2 promotes 

growth (arborization) of CGRP-positive sensory neurons in WAT, thereby supporting 

adipocyte-to-CNS communication.  

The morphology of the sensory nervous system in WAT has not been described 

previously. We show that CGRP-positive sensory neurons, like TH-positive sympathetic 

neurons, innervate the parenchyma of WAT. We note that the sensory nervous system forms a 

less dense network compared to the sympathetic nervous system. Nevertheless, sensory 

neurons appear to contact adipocytes (Figure 4C). The nature of these connections is still 

unknown, since sensory neurons may form stable synapses with adipocytes or terminate as 

free nerve endings. However, the close proximity of adipocytes and sensory neurons provides 

morphological evidence for adipocyte-to-CNS communication via the sensory nervous 

system.   

The role of sensory neurons in WAT is poorly understood. It has been proposed that 

sensory neurons may directly communicate the metabolic state of WAT to CNS (Garretson et 
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al., 2016; Niijima, 1998; Song et al., 2009). Indeed, leptin and species of free fatty acids have 

been identified as potential sensory stimuli acting in WAT (Garretson et al., 2016; Niijima, 

1998). Our data provide additional evidence for this hypothesis since arborization of sensory 

neurons is lost upon ablation of adipose mTORC2, a critical regulator of energy uptake and 

storage in WAT (Hsiao et al., 2020; Tang et al., 2016). In addition, the observed reduction of 

sensory innervation in WAT lacking mTORC2 coincides with hyperinsulinemia and insulin 

resistance. Accordingly, CGRP-positive neurons in iWAT may impact whole body energy 

homeostasis via the CNS, although ablation of CGRP-positive neurons specifically in BAT 

had no impact on whole-body energy homeostasis (Makwana et al., 2021). Further studies are 

needed to elucidate the potential role of WAT-derived sensory neurons in controlling energy 

homeostasis.  

How does adipose mTORC2 regulate growth of CGRP-positive sensory neurons in 

WAT? We observed that loss of mTORC2 correlates with loss of the neuronal growth 

promoting protein GAP43. An intriguing possibility is that adipose mTORC2 promotes 

GAP43 expression in sensory neurons. Since GAP43 is expressed only in sensory neurons 

(Figures 5D-E), this hypothesis explains why CGRP-positive neurons, but not TH-positive 

neurons, are affected in iWAT of iAdRiKO mice. GAP43 is found at the presynaptic 

membrane and at neuronal growth cones (Snipes et al., 1987). Our phosphoproteomic analysis 

revealed that phosphorylation of both membrane-associated proteins and cell-cell adhesion 

proteins was altered upon loss of adipose mTORC2 (Figure 2F). Thus, loss of mTORC2 in 

adipocytes may disrupt the postsynaptic membrane, thereby destabilizing synapses and 

affecting pre-synaptic GAP43 expression. Alternatively, CGRP-positive sensory neurons may 

require a secreted stimulus from adipocytes to undergo arborization. It has been suggested 

that sensory neurons respond to secreted free fatty acids produced by lipolysis or de novo 

lipogenesis in adipocytes (Garretson et al., 2016; Guilherme et al., 2018). Since mTORC2 

promotes de novo lipogenesis (Hagiwara et al., 2012; Tang et al., 2016), loss of mTORC2 

may decrease production and thus release of free fatty acids by adipocytes which may in turn 

decrease arborization of sensory neurons. Further studies are required to uncover the 

molecular mechanism underlying adipose mTORC2-mediated regulation of CGRP-positive 

sensory neurons in iWAT. 

Loss of sensory neurons has been observed in diabetic patients, a condition known as 

diabetic-induced neuropathy (Kobayashi & Zochodne, 2018). However, the underlying 

mechanism(s) is poorly understood. Blaszkiewicz et al. have reported that GAP43-positive 

neurons are lost in iWAT in genetically obese (ob/ob) mice (Blaszkiewicz, Willows, Dubois, 
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et al., 2019). Since a decrease in mTORC2 has previously been shown in omental WAT of 

obese patients (Shimobayashi et al., 2018), it will also be of interest to investigate a possible 

correlation between loss of CGRP-positive neurons and reduced mTORC2 activity in WAT as 

a potential mechanism of diabetes-induced neuropathy.  

 

3.1.5. Materials and Methods  

Mice. As described before, the iAdRiKO mouse line was generated by breeding Rictorfl/fl 

mice with adipoq-CreERT2 mice, provided by Stefan Offermanns (Max Planck Institute for 

Heart and Lung Research [MPI-HLR], Bad Nauheim, Germany) (Sassmann, Offermanns, & 

Wettschureck, 2010; Shimobayashi et al., 2018). For experiments, Rictorfl/fl adipoq-CreERT2 

mice were bred with Rictorfl/fl mice to generate iAdRiKO and control littermates. Rictor 

knockout was induced at 6 weeks of age. For that, iAdRiKO and control littermates were 

treated with i.p. injection daily with 1 mg/mouse tamoxifen (Sigma-Aldrich) resuspended in 

corn oil for consecutive 5 days. Mice were housed at 22 °C in a regulation compliant facility 

under a 12-hour light/12-hour dark cycle with unlimited access to water and normal diet 

(unless stated otherwise). Mice were sacrificed early in the morning and tissues were 

collected and weighed. All mouse experiments were performed according to federal 

guidelines for animal experimentation and were approved by the Kantonales Veterinäramt of 

the Kanton Basel-Stadt under the cantonal license 2602 and 2975.  

 

2-Deoxyglucose uptake assay. Mice were fasted for five hours, then injected i.p. with 

Humalog insulin (Lilly; 0.75 U/kg body weight), followed 10 minutes later with an injection 

of 2-deoxyglucose (Sigma- Aldrich; 32.8 μg/g body weight). Tissues were collected 20 

minutes after administration of 2-deoxyglucose. Tissues were lysed in 10 mM Tris-HCL, pH 

8.0, by boiling for 15 minutes. 2-Deoxyglucose-6-phosphate (2DGP) was measured using a 

Glucose Uptake-Glo Assay Kit (Promega) following the manufacturer’s instructions. 

Insulin tolerance test. Mice were fasted for 5 hours and blood samples were collected to 

determine blood glucose levels. Humalog insulin was given i.p. (Lilly; 0.75 U/kg body 

weight), and blood glucose levels were monitored by an Accu-Chek blood glucose meter for 

90 minutes. 

Immunoblots. Tissue were homogenized in lysis buffer containing 100 mM Tris-HCl pH 7.5, 

2 mM EDTA, 2 mM EGTA, 150 mM NaCl, 1% Triton X-100, cOmplete inhibitor cocktail 

(Roche) and PhosSTOP (Roche). Protein concentration was determined by Bradford assay. 
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Equal amounts of protein were separated by SDS-PAGE and transferred onto nitrocellulose 

membranes (GE Healthcare). The nitrocellulose membranes were blocked with 5% BSA in 

TBST (TBS containing 0.1% Tween20) and incubated overnight in primary antibody diluted 

in TBST containing 5% BSA. Primary antibodies used were RICTOR (1:1000; Cell signaling; 

Cat#2140), AKT (1:1000; Cell signaling, Cat#4685), AKT-pS473 (1:1000; Cell signaling, 

Cat#9271), CALNEXIN (1:1000, Enzo, Cat#ADI-SPA-860-F), GAP43 (1:1000, Cell 

signaling, Cat#8945), GAP43-pS41 (1:1000, R&D Systems, Cat#PPS006), Tyrosine 

hydroxylase (1:500, Millipore, Cat#AB1542), HSL (1:2000, Cell signaling, Cat#4107), HSL-

pS660 (1:1000, Cell signaling, Cat#4126), HSL-pS563 (1:1000, Cell signaling, Cat#4139). 

The primary antibody was washed several times with TBST and then incubated in secondary 

antibody in TBST containing 5% milk powder (w/v). Secondary antibodies used were mouse 

anti-rabbit (1:10’000, Jackson, 211-032-171) and rabbit anti-sheep (1:10’000, Invitrogen, 81-

8620).  

 

Sample preparation for proteomics and phosphoproteomics. Tissues were pulverized and 

homogenized in lysis buffer containing 100 mM Tris-HCl pH7.5, 2 mM EDTA, 2 mM 

EGTA, 150 mM NaCl, 1% Triton X-100, cOmplete inhibitor cocktail (Roche) and PhosSTOP 

(Roche). Samples were lysed by polytron followed by ultrasonication. Lysates was further 

cleared from debris and excessive amount of lipids by centrifugation (2x14’000g, 10min). 

Proteins were precipitated by trichloroacetic acid (Sigma), washed with cold acetone and 

resuspended in buffer containing 1.6 M urea, 0.1 M ammonium bicarbonate and 5 mM TCEP. 

Proteins were alkylated with 10 mM chloroacetamide and digested with sequencing-grade 

modified trypsin (enzyme/protein ratio 1:50) overnight. After acidification with 5% TFA, 

peptides were desalted using C18 reverse-phase spin columns (Macrospin, Harvard 

Apparatus) according to the manufacturer’s instructions, dried under vacuum and stored at -20 

°C until further use. 

For TMT-labelling, 25 μg of peptides per sample were labeled with isobaric tandem 

mass tags (TMT10plex, Thermo Fisher Scientific) as described previously (Ahrne et al., 

2016). In brief, peptides were resuspended in 20 μl labeling buffer (2 M urea, 0.2 M HEPES, 

pH 8.3) and a peptide calibration mixture consisting of six digested standard proteins mixed in 

different amounts was spiked into each sample before TMT reagents were added, followed by 

a 1 h incubation at 25 °C shaking at 500 rpm. To quench the labelling reaction, aqueous 1.5 M 

hydroxylamine solution was added and samples were incubated for another 5 min at 25 °C 

shaking at 500 rpm followed by pooling of all samples. The pH of the sample pool was 
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increased to 11.9 by adding 1 M phosphate buffer (pH 12) and incubated for 20 min at 25 °C 

shaking at 500 rpm to remove TMT labels linked to peptide hydroxyl groups. Subsequently, 

the reaction was stopped by adding 2 M hydrochloric acid until a pH < 2 was reached. 

Finally, peptide samples were further acidified using 5% TFA, desalted using Sep-Pak Vac 

1cc (50 mg) C18 cartridges (Waters) according to the manufacturer’s instructions and dried 

under vacuum. 

 

Proteomics. TMT-labeled peptides were fractionated by high-pH reversed phase separation 

using a XBridge Peptide BEH C18 column (3,5 µm, 130 Å, 1 mm x 150 mm, Waters) on an 

Agilent 1260 Infinity HPLC system. Peptides were loaded on column in buffer A (20 mM 

ammonium formate in water, pH 10) and eluted using a two-step linear gradient from 2% to 

10% in 5 minutes and then to 50% buffer B (20 mM ammonium formate in 90% acetonitrile, 

pH 10) over 55 minutes at a flow rate of 42 µl/min. Elution of peptides was monitored with a 

UV detector (215 nm, 254 nm) and a total of 36 fractions were collected, pooled into 12 

fractions using a post-concatenation strategy as previously described (Y. Wang et al., 2011) 

and dried under vacuum. Dried peptides were resuspended in 0.1% aqueous formic acid and 

subjected to LC–MS/MS analysis using a Q Exactive HF Mass Spectrometer fitted with an 

EASY-nLC (both Thermo Fisher Scientific) and a custom-made column heater set to 60 °C. 

Peptides were resolved using a RP-HPLC column (75 μm × 30 cm) packed in-house with C18 

resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 0.2 µl/min. 

The following gradient was used for peptide separation: from 5% B to 15% B over 19 min to 

30% B over 80 min to 45% B over 21 min to 95% B over 2 min followed by 18 min at 95% 

B. Buffer A was 0.1% formic acid in water and buffer B was 80% acetonitrile, 0.1% formic 

acid in water. The Q Exactive HF mass spectrometer was operated in DDA mode with a total 

cycle time of approximately 1 second. Each MS1 scan was followed by high-collision-

dissociation (HCD) of the 10 most abundant precursor ions with dynamic exclusion set to 30 

seconds. For MS1, 3e6 ions were accumulated in the Orbitrap over a maximum time of 100 

ms and scanned at a resolution of 120,000 FWHM (at 200 m/z). MS2 scans were acquired at a 

target setting of 1e5 ions, maximum accumulation time of 100 ms and a resolution of 30,000 

FWHM (at 200 m/z). Singly charged ions and ions with unassigned charge state were 

excluded from triggering MS2 events. The normalized collision energy was set to 35%, the 

mass isolation window was set to 1.1 m/z and one microscan was acquired for each spectrum. 

The acquired raw-files were converted to the mascot generic file (mgf) format using the 

msconvert tool (part of ProteoWizard, version 3.0.4624 (2013-6-3)) and searched using 
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MASCOT against a murine database (consisting of 34026 forward and reverse protein 

sequences downloaded from Uniprot on 20190129), the six calibration mix proteins (Ahrne et 

al., 2016) and 392 commonly observed contaminants. The precursor ion tolerance was set to 

10 ppm and fragment ion tolerance was set to 0.02 Da. The search criteria were set as follows: 

full tryptic specificity was required (cleavage after lysine or arginine residues unless followed 

by proline), 3 missed cleavages were allowed, carbamidomethylation (C) and TMT6plex (K 

and peptide N-terminus) were set as fixed modification and oxidation (M) as a variable 

modification. Next, the database search results were imported into the Scaffold Q+ software 

(version 4.3.2, Proteome Software Inc., Portland, OR) and the protein false identification rate 

was set to 1% based on the number of decoy hits. Proteins that contained similar peptides and 

could not be differentiated based on MS/MS analysis alone were grouped parsimoniously. 

Proteins sharing significant peptide evidence were grouped into clusters. Acquired reporter 

ion intensities in the experiments were employed for automated quantification and statistical 

analysis using a modified version of our in-house developed SafeQuant R script(Ahrne et al., 

2016). This analysis included adjustment of reporter ion intensities, global data normalization 

by equalizing the total reporter ion intensity across all channels, summation of reporter ion 

intensities per protein and channel, calculation of protein abundance ratios and testing for 

differential abundance using empirical Bayes moderated t-statistics. To meet additional 

assumptions (normality and homoscedasticity) underlying the use of linear regression models 

and t-Tests, MS-intensity signals were transformed from the linear to the log-scale. All 

proteins detected are presented in supplementary table 2. Finally, significantly deregulated 

proteins were defined as log2 (fold change) > 0.5 or log2(fold change) < -0.5, p-value < 0.01. 

 

Phosphoproteomics. Peptide samples were enriched for phosphorylated peptides using 

Fe(III)-IMAC cartridges on an AssayMAP Bravo platform as described (Post et al., 2017). 

Unmodified peptides (“flowthrough”) were subsequently used for TMT analysis. Phospho-

enriched peptides were resuspended in 0.1% aqueous formic acid and subjected to LC–

MS/MS analysis using an Orbitrap Fusion Lumos Mass Spectrometer fitted with an EASY-

nLC 1200 (both Thermo Fisher Scientific) and a custom-made column heater set to 60 °C. 

Peptides were resolved using a RP-HPLC column (75 μm × 37 cm) packed in-house with C18 

resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH) at a flow rate of 0.2 µl/min. 

The following gradient was used for peptide separation: from 5% B to 8% B over 5 min to 

20% B over 45 min to 25% B over 15 min to 30% B over 10 min to 35% B over 7 min to 42% 

B over 5 min to 50% B over 3min to 95% B over 2 min followed by 18 min at 95% B. Buffer 
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A was 0.1% formic acid in water and buffer B was 80% acetonitrile, 0.1% formic acid in 

water. The Orbitrap Fusion Lumos mass spectrometer was operated in DDA mode with a 

cycle time of 3 seconds between master scans. Each master scan was acquired in the Orbitrap 

at a resolution of 120,000 FWHM (at 200 m/z) and a scan range from 375 to 1600 m/z 

followed by MS2 scans of the most intense precursors in the Orbitrap at a resolution of 30,000 

FWHM (at 200 m/z) with isolation width of the quadrupole set to 1.4 m/z. Maximum ion 

injection time was set to 50 ms (MS1) and 54 ms (MS2) with an AGC target set to 1e6 and 

5e4, respectively. Only peptides with charge state 2 – 5 were included in the analysis. 

Monoisotopic precursor selection (MIPS) was set to Peptide, and the Intensity Threshold was 

set to 2.5e4. Peptides were fragmented by HCD (Higher-energy collisional dissociation) with 

collision energy set to 30%, and one microscan was acquired for each spectrum. The dynamic 

exclusion duration was set to 30 seconds. The acquired raw-files were imported into the 

Progenesis QI software (v2.0, Nonlinear Dynamics Limited), which was used to extract 

peptide precursor ion intensities across all samples applying the default parameters. The 

generated mgf-file was searched using MASCOT against a murine database (consisting of 

34026 forward and reverse protein sequences downloaded from Uniprot on 2019-01-29) and 

392 commonly observed contaminants using the following search criteria: full tryptic 

specificity was required (cleavage after lysine or arginine residues, unless followed by 

proline); 3 missed cleavages were allowed; carbamidomethylation (C) was set as fixed 

modification; oxidation (M) and phosphorylation (STY) were applied as variable 

modifications; mass tolerance of 10 ppm (precursor) and 0.02 Da (fragments). The database 

search results were filtered using the ion score to set the false discovery rate (FDR) to 1% on 

the peptide and protein level, respectively, based on the number of reverse protein sequence 

hits in the datasets. Exported peptide intensities were normalized based on the protein 

regulations observed in the corresponding TMT experiment in order to account for changes in 

protein abundance. Only peptides corresponding to proteins, which were regulated 

significantly with a p value ≤ 1% in the TMT analysis were normalized. Quantitative analysis 

results from label-free quantification were processed using the SafeQuant R package v.2.3.2 

(Ahrne et al., 2016) (https://github.com/eahrne/SafeQuant/) to obtain peptide relative 

abundances. This analysis included global data normalization by equalizing the total 

peak/reporter areas across all LC-MS runs, data imputation using the knn algorithm, 

summation of peak areas per peptide and LC-MS/MS run, followed by calculation of peptide 

abundance ratios. Only isoform specific peptide ion signals were considered for 

quantification. The summarized peptide expression values were used for statistical testing of 
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between condition differentially abundant peptides. Here, empirical Bayes moderated t-Tests 

were applied, as implemented in the R/Bioconductor limma package were used. All LC-MS 

analysis runs were acquired from independent biological samples. To meet additional 

assumptions (normality and homoscedasticity) underlying the use of linear regression models 

and t-Tests, MS-intensity signals were transformed from the linear to the log-scale. All 

proteins detected are presented in supplementary table 2. Finally, significantly deregulated 

were selected by a calculated p-value < 0.01.  

 

Statistical analysis for phosphoprotemics. Using the software Perseus (Tyanova et al., 2016), 

we performed PCA after Lg2 transformation and subsequent normalization by median 

subtraction. For the volcano-plot, we used the double sided t-test with 250 randomizations. 

We set the false discovery rate (FDR) to 0.05 and the S0 value to 0.1 as threshold. To 

generate hierarchical clustering with z-scored data, we used Spearman correlation for the 

distance of both trees, leaving the other parameters as default. 

 

Pathway enrichment analysis. Pathway enrichment analysis for proteins with altered 

phosphorylation sites (p-value < 0.01) between iAdRiKO and control mice was performed by 

the Database for Annotation, Visualization and Integrated discovery (DAVID) v6.8 (Huang 

da, Sherman, & Lempicki, 2009) (https://david.ncifcrf.gov/). Settings for DAVID were 

default. The background list consisted of all proteins detected in the phosphoproteome data 

set (supplementary table 2). The full analysis can be found in supplementary table 3.  

 

Immunofluorescence staining of WAT sections. Inguinal WATs were fixed overnight in 4% 

formalin at room temperature, dehydrated, embedded in paraffin, and cut into 5μm thick 

sections. For immunofluorescence staining, sections were rehydrated and antigen retrieved by 

boiling sections in target retrieval Solution (Dako) for 20 min in a KOS Microwave 

HistoSTATION (Milestone Medical). Sections were blocked using Protein block serum-free 

ready-to-use (Dako) and then incubated in primary antibody diluted in antibody diluent with 

background reducing component (Dako) overnight at 4°C. Primary antibodies against tyrosine 

hydroxylase (1:500, Millipore, Cat#AB1542), CGRP (1:200, Enzo, BML-CA1137-0100), 

GAP43-pS41 (1:200, R&D system, PPS006), Neurofilament heavy polypeptide (1:1000, 

Abcam, ab8135), Synaptophysin (1:200, Abcam, ab32127) and Adiponectin (1:500, 

Invitrogen, PA1-054) were used. After washing, sections were incubated in secondary 

antibody (1:500) in antibody diluent with background reducing component (Dako) for 1 hour 
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at room temperature. Secondary antibodies against rabbit (Invitrogen, A21070 or A21443), 

sheep (Invitrogen, A21436) and mouse (Invitrogen, A11004) were used. Finally, sections 

were stained with NucBlue Live Cell Staining ReadyProbes reagent (Invitrogen, R37605) for 

2 min and mounted with VECTASHIELD (Vector, H-1000). Images were obtained using 

Applied Precision Deltavision CORE system (Leica) and analyzed with OMERO (Allan et al., 

2012). For quantification, maximal intensity levels were used.  

 

Whole mount imaging using inguinal WAT depots. Tissues were harvested from mice after 

intracardiac perfusion with 4% Paraformaldehyde (PFA) and further fixed in 4% PFA 

overnight at 4 °C. For immunolabeling, tissue clearing and high-resolution volumetric 

imaging, we developed a modified protocol with the focus on tissue structure and 

fluorescence preservation. First steps are described by Jingyi Chi et al. 2018 (Chi, Crane, et 

al., 2018). In short, tissues were washed with PBS, dehydrated using a methanol/B1n buffer 

(0.3 M Glycine, 0.1% (v/v) Triton-X, pH 7), delipidated using dichloromethane, bleached 

overnight with 5% H2O2 at 4°C and rehydrated in a reversed methanol/B1n buffer series.  

For the subsequent immunolabeling tissues were incubated with primary antibodies against 

TH (1:500, Millipore, Cat#AB1542) and CGRP (1:750, ImmunoSTAR, Cat#24112) diluted in 

PTxwH buffer (PBS, 0.1% Triton-X (v/v), 0.05% Tween20 (v/v), 2 g/ml Heparin) and 

secondary antibodies against sheep (1:500, Invitrogen, A21436 or A21448) and/or rabbit 

(1:500, Invitrogen, A21070 or A21443). Further tissue clearing was performed using the 

water-based clearing method Cubic L (Tainaka et al., 2018). Briefly, samples cleared by 

CUBIC L solution (10% N-butyldiethanolamine (v/v), 10% Triton X-100 (v/v) in ddH20) 

followed by 2% agarose embedding and refractive index (RI) matched in CUBIC RA solution 

(45% antipyrine, 30% N-methylnicotinamide) before imaging. After RI matching Tissue was 

imaged with the Zen black software (ZEISS) in Cubic RA solution with the RI of 1.51 on a 

Carl ZEISS lightsheet 7 microscope equipped with the Clr Plan-Neofluar 20x/1.0 detection 

objective and dual side illuminated with 10x/0.2 objectives. Acquired tiles were loaded in 

ArivisVision4D (Arivis) for stitching, visualization, and analysis.  

 

CGRP ELISA. Tissues were lysed in PBS using lysis matrix D tubes (MP Biomedicals). 

CGRP levels in lysates were determined using mouse CGRP ELISA kit (CSB-EQ027706MO, 

Cusabio) according to manufacturer’s instructions.  
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Denervation surgery. Inguinal fad depots were denervated as described previously (Vaughan, 

Zarebidaki, Ehlen, & Bartness, 2014) in eight-week-old mice. For surgical denervation, mice 

were anaesthetized and incisions were made dorsally on the flank. Nerves innervating 

inguinal WAT were identified using a dissection microscope, cut several times and removed. 

For sham operation, mice were anaesthetized and incisions were made dorsally on the flank.  

Mice were allowed to recover after surgery and were sacrificed four weeks after surgery.  

 

Statistics. Sample size was chosen according to our previous studies and published reports in 

which similar experimental procedures were described. The investigators were not blinded to 

the treatment groups. All data are shown as the mean ± SD. Sample numbers are indicated in 

each figure legend. For mouse experiments, n represents the number of animals, and for 

imaging, N indicates the number of images acquired per experiment. To determine the 

statistical significance between two groups, an unpaired two-tailed Student’s t-test was 

performed. For ITT, two-way ANOVA was performed. All statistical analyses were 

performed using GraphPad Prism 9 (GraphPad Software, San Diego, California). A p value of 

less than 0.05 was considered statistically significant. 
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3.1.6. Figures 

 

Figure 1 

 

 

 

Figure 1. Loss of adipose mTORC2 acutely impairs whole-body energy homeostasis 

(A) Experimental design of the longitudinal studies.  

(B) Tissue weight of inguinal iWAT (iWAT) in ad libitum-fed control and iAdRiKO mice three 

days (n= 8;7), two (n=7), and four weeks (n= 5;7) after tamoxifen treatment. Student’s t-test, 

*p<0.05.  

(C) Plasma insulin and blood glucose levels of control and iAdRiKO mice after 16 hours starvation 

three days (n=13;15), two (15;13), and four weeks (13;12) after tamoxifen treatment. Student’s t-

test, *p<0.05.  

(D) Insulin tolerance test (ITT) on control and iAdRiKO mice three days after tamoxifen treatment 

(n= 5;8).   

(E) ITT on control and iAdRiKO mice four weeks after tamoxifen treatment (n=5;6). 2-way 

ANOVA, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001. 

(F) Area under the curve (AUC) for ITT on control and iAdRiKO mice three days (n= 5;8), two (n= 

4), and four weeks (n= 5;6) after tamoxifen treatment. Student’s t-test, **** p<0.0001.   
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Figure 2 

 

 

Figure 2. Loss of mTORC2 alters proteins associated with synapse formation in WAT  

(A) Volcano-plot displaying the comparison of proteins derived from inguinal WAT (iWAT) of 

control and iAdRiKO mice at three days after tamoxifen treatment (n=5). LFC= Log2 fold change. 

(B) Volcano-plot displaying the comparison of phosphosites derived from iWAT of control and 

iAdRiKO mice three days after tamoxifen treatment (n= 5). LFC= Log2 fold change. 

(C) Z-scores of mTORC2-regulated phosphosites in iWAT three days after tamoxifen treatment (n= 

5). Student’s t-test, *p<0.05, **p<0.01. 

(D) Unsupervised hierarchical clustering using Euclidian distance of the phosphoproteome data set 

(n=5). 

(E) Principal component analysis (PCA) for iWAT-derived phosphoproteome of control and 

iAdRiKO mice three days after tamoxifen treatment (n=5). 

(F) Pathway enrichment analysis of phosphoproteins altered in iWAT of iAdRiKO mice compared 

to control mice analyzed and visualized by the Database for Annotation, Visualization and 

Integrated Discovery (DAVID). 
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Figure 3 
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Figure 3. Sensory but not sympathetic innervation is altered upon loss of adipose 

mTORC2 

(A) 2D representatives of a 3D reconstruction of inguinal WAT (iWAT) four weeks after 

tamoxifen treatment immunostained with tyrosine hydroxylase (TH; yellow).   

(A1-2) Low magnification projection of sympathetic neuronal network in control and 

iAdRiKO mice (N=4;5). Scale bar= 500 m. 

(A3-4) High magnification projection of sympathetic neurons in iWAT parenchyma of 

control mice and iAdRiKO (N=19;10). Scale bar= 100 m. 

(B) Immunoblot analysis of iWAT from control and iAdRiKO mice four weeks after 

tamoxifen treatment. Hormone-sensitive lipase (HSL). (n=6;6).   

(C) 2D representatives of a 3D reconstruction of iWAT four weeks after tamoxifen 

treatment immunostained with calcitonin gene-related peptide (CGRP; magenta).  

(C1-2) Low magnification projection of sensory neuronal network in control and iAdRiKO 

mice (N=12;19). Scale bar= 500 m. 

(C3-4) Low magnification cross section of sensory neuronal network in control and 

iAdRiKO mice (N=12;19). Nerve bundle (1), innervation along blood vessel (2), tissue 

autofluorescence (green). Scale bar= 500 m. 

(C5-6) High magnification projection of sensory neurons in iWAT parenchyma of control 

mice and iAdRiKO (N=16;11). Scale bar= 100 m. 

(C7-8) High magnification cross section of neurons in control and iAdRiKO mice 

(N=16;11). Innervation along blood vessel (2), parenchymal innervation (3), tissue 

autofluorescence (green). Scale bar= 100 m. 
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Figure 4 
 

 

Figure 4. Loss of adipose mTORC2 reduces arborization of sensory neurons  

(A) Low magnification projection of inguinal WAT (iWAT) four weeks after tamoxifen treatment 

co-immunostained with tyrosine hydroxylase (TH, yellow) and calcitonin gene-related peptide 

(CGRP, magenta) (N=15;18). Scale bar= 500 m. 

(B) High magnification projection of iWAT four weeks after tamoxifen treatment co-

immunostained with TH (yellow) and CGRP (magenta) (N=21;22). Scale bar= 500 m. 

(C) Subsequent sections (P1-P6; 6.48/6.28 m interval, respectively) of control and iAdRiKO 

iWAT immunostained with TH (yellow) and CGRP (magenta) illustrating single nerve fibers 

innervating the periphery. Region of interest: Nerve ending and potential synapses (arrows). Tissue 

autofluorescence= green. Scale bar= 100 m.    
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Figure 5 

 

 

Figure 5. GAP43 expression is downregulated in CGRP-positive neurons upon loss of adipose 

mTORC2 

(A) Immunoblot analysis of inguinal WAT (iWAT) tissue from control and iAdRiKO mice two 

weeks after tamoxifen treatment. (n=6;6).   

(B) Immunoblot analysis of iWAT tissue from control and iAdRiKO mice four weeks after 

tamoxifen treatment. (n=6;6).   

(C) Immunoblot analysis of surgically denervated iWAT depot (denervation) compared to iWAT 

depot from sham-operated mice (sham). Neurofilament heavy polypeptide (NFH). (n=5;5).   

(D) Representative image of a large nerve bundle in iWAT of control mice immunostained with 

growth-associated protein 43 (GAP43)-pS41 and calcitonin gene-related peptide (CGRP). (N=11;9).   

(E) Representative image of a large nerve bundle in iWAT of control mice immunostained with 

GAP43-pS41 and tyrosine hydroxylase (TH). (N=19;11).   
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3.1.7. Supplementary Figures 

Supplementary Figure 1 
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Supplementary Figure 1. 

(A) Immunoblot analysis of inguinal WAT (iWAT) from control and iAdRiKO mice three days, 

two, and four weeks after tamoxifen treatment (n=6;6). 

(B) Immunoblot analysis of liver and muscle tissue from control and iAdRiKO mice four weeks 

after tamoxifen treatment (n=6;6).   

(C) Tissue weight of epididymal WAT (eWAT) in ad libidum-fed control and iAdRiKO mice three 

days (n=8;7), two (n=7), and four weeks (n=5;7) after tamoxifen treatment. Student’s t-test, 

*p<0.05.    

(D) Tissue weight of brown adipose tissue (BAT) in ad libidum-fed control and iAdRiKO mice at 

three days (n=10;6), two (n=8;4) and four (n=9;8) weeks after tamoxifen treatment.  

(E) 2- deoxyglucose (2DG) uptake in eWAT of control and iAdRiKO mice three days after 

tamoxifen treatment (n=4).   

(F) 2DG uptake in iWAT of control and iAdRiKO mice three days after tamoxifen treatment (n=4). 

Student’s t-test, *p<0.05.    

(G) Insulin tolerance test (ITT) on control and iAdRiKO mice two weeks after tamoxifen treatment 

(n=4). 2-way ANOVA, **** p<0.0001.  

(H) ITT on control and iAdRiKO mice five days after tamoxifen treatment (n=8;6). 2-way 

ANOVA, **p<0.01, ***p<0.001, **** p<0.0001. 

(I) Area under the curve (AUC) for ITT on control and iAdRiKO mice five days after tamoxifen 

treatment (n=8;6). Student’s t-test, **** p<0.0001.   
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Supplementary Figure 2 
 

 

Supplementary Figure 2. 

(A) Representative image of large nerve bundles in control iWAT immunostained for both 

ADIPONECTIN and SYNAPTOPHYSIN (N=4). Scale bar= 20 m.   
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Supplementary Figure 3 
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Supplementary Figure 3. 

(A) Crosssections of inguinal WAT (iWAT) four weeks after tamoxifen treatment immunostained 

with tyrosine hydroxylase (TH; yellow).   

(A1-2) Low magnification cross sections of sympathetic neuronal network in control and iAdRiKO 

mice (N=4;5). Nerve bundle (1), innervation around blood vessel (2), tissue autofluorescence 

(green). Scale bar= 500 m. 

(A3-4) High magnification cross section of sympathetic neurons in iWAT parenchyma of control 

and iAdRiKO mice (N=19;10). Scale bar= 100 m. 

(B) High magnification projections of calcitonin gene-related peptide (CGRP)-positive sensory 

neurons (magenta) in iWAT of different control and iAdRiKO mice. Scale bar= 200 m. (N=13;8, 

n=3;3).   

(C) Enzyme-linked immunosorbent assay (ELISA) for CGRP levels in iWAT of control and 

iAdRiKO mice (n=9). Student’s t-test, ***p<0.001. 
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Supplementary Figure 4 
 

 

Supplementary Figure 4. 

(A) 2D representative of a 3D reconstruction of an inguinal WAT (iWAT) section immunostained 

with calcitonin gene-related peptide (CGRP, magenta) and the tyrosine hydroxylase (TH, yellow) 

that illustrates how a large nerve bundle subdivides into smaller nerve bundles which in turn 

penetrate the tissue alongside blood vessels. Nerve bundle (1), innervation along blood vessel (2). 

Scale bar= 300 m. 

(B) 2D representative of a 3D reconstruction of the iWAT parenchyma of both CGRP-positive 

(magenta) and the TH-positive (yellow) neuronal networks in iWAT. Innervation along blood 

vessel (2), parenchymal innervation (3). Scale bar= 100 m.   

 

 

  



 3. Results, Manuscript 1 

67 

 

Supplementary Figure 5 
 

 

 

Supplementary Figure 5. 

2D representative of a 3D reconstruction of inguinal WAT sections from control and iAdRiKO 

mice immunostained with calcitonin gene-related peptide (CGRP; magenta) and tyrosine 

hydroxylase (TH; yellow) (N=21;22). Scale bar= 100 m. 
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Supplementary Figure 6 
 

 

Supplementary Figure 6. 

(A) Representative image of a large nerve bundle in control and iAdRiKO iWAT paraffine sections 

immunostained with CGRP (magenta) and tyrosine hydroxylase (TH, yellow) (N= 29;25). Scale 

bar= 10 m.  

(B) Quantification of maximal intensity of CGRP-immunostaining in large nerve bundles of iWAT 

of control and iAdRiKO mice (N= 29;25). Student’s t-test, **p<0.01. 

(C) Quantification of maximal intensity of TH-immunostaining in large nerve bundles of iWAT of 

control and iAdRiKO mice (N= 29;25). Student’s t-test, **p<0.01. 
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3.2.1. Abstract 

mTORC2 is a protein kinase complex that plays an important role in energy homeostasis. It 

has been demonstrated that loss of adipose mTORC2 in mice reduces lipogenic enzyme 

expression and DNL in adipose tissue and increases triglyceride accumulation in the liver. 

However, the underlying mechanism and the physiological role of hepatic triglyceride 

accumulation upon loss of adipose mTORC2 are unknown. In this study, we show that loss of 

adipose mTORC2 increases expression of de novo lipogenic enzymes in the liver thereby 

causing hypertriglyceridemia and non-alcoholic fatty liver disease. Loss of lipogenic enzymes 

in adipose tissue and liver by simultaneous ablation of mTORC2 prevents the accumulation of 

triglycerides in the liver, but instead causes severe insulin resistance and glucose intolerance 

in mice. Thus, our findings suggest that increased hepatic lipogenesis is a compensatory 

mechanism to cope with the loss of mTORC2 and lipogenesis in adipose tissue and further 

suggest that mTORC2 in adipose tissue and liver plays a crucial role in maintaining whole-

body energy homeostasis.  

 

3.2.2. Introduction 

Organisms adapt their metabolism in response to nutrient availability. Under nutrition rich 

conditions, excess energy is stored in WAT in the form of TG (Rosen & Spiegelman, 2006). 

The importance of WAT is well documented in studies of patients with lipodystrophy, which 

fail to store a surplus of energy in WAT due to impaired WAT function (Lim, Haider, Adams, 

Sleigh, & Savage, 2021). Although most patients with lipodystrophy appear lean, they 

develop similar symptoms to patients with obesity, such as cardiovascular diseases, type II 

diabetes, NAFLD, and hypertriglyceridemia. Thus, it is important to study the consequences 

of impaired WAT function on whole-body energy homeostasis to counteract these adverse 

effects. 

A major regulator of energy storage is the hormone insulin that promotes energy 

uptake and storage upon nutrition intake. WAT is able to import different circulating energy 

carriers, most noteworthy FFAs and glucose. Once imported into the cell, FFA are esterified 

and stored as TGs. Glucose is imported upon insulin stimulation and converted into FFAs and 

TGs by a metabolic process called DNL. One of the major kinases regulating insulin-

stimulated glucose uptake and DNL is mTORC2 (Hsiao et al., 2020; Tang et al., 2016). 

mTORC2 is a serine/threonine kinase complex, which consists of core components including 

the kinase mTOR and RICTOR (Jacinto et al., 2004; Loewith et al., 2002; Sarbassov et al., 

2004). The physiological role of mTORC2 in adipocytes has been studied in vivo by 
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characterizing conditional Rictor knockout mice (Cybulski et al., 2009; Kumar et al., 2010; 

Tang et al., 2016; Yu et al., 2019). It has been demonstrated that loss of adipose mTORC2 

impairs the expression of genes encoding key lipogenic enzymes including FASN and ACC 

and thus DNL (Hsiao et al., 2020; Tang et al., 2016). Mice lacking mTORC2 in WAT develop 

hyperinsulinemia, systemic insulin resistance and accumulation of TGs in liver (Cybulski et 

al., 2009; Tang et al., 2016; Yu et al., 2019). Surprisingly, these mice remain glucose tolerant, 

suggesting a compensatory mechanism that counteracts the reduced storage capacity of WAT 

lacking mTORC2. 

In the liver, mTORC2 also promotes DNL (Hagiwara et al., 2012). Similar to WAT, 

loss of hepatic mTORC2 reduces the expression of the lipogenic enzymes FASN and ACC 

and prevents hepatic TG accumulation. Mice lacking hepatic mTORC2 develop glucose 

intolerance and mild insulin resistance (Hagiwara et al., 2012) indicating that hepatic 

mTORC2 is important to maintain whole-body energy homeostasis.  

In this study, we show that the acute loss of mTORC2 in mature adipocytes causes 

mild lipodystrophy due to impaired glucose uptake and expression of lipogenic enzymes. We 

found that hepatic DNL is upregulated upon loss of adipose mTORC2 and observed 

accumulation of TGs in the liver and the plasma. We hypothesized that the increase in hepatic 

DNL and TG accumulation is to compensate for impaired WAT function. Accordingly, 

simultaneous deletion of mTORC2 in both adipose tissue and liver blocked the expression of 

DNL enzymes in both organs and prevented TG accumulation in the liver and the plasma. 

However, mice lacking both adipose and hepatic mTORC2 develop severe insulin resistance 

and glucose intolerance. Thus, our findings suggest that the increased hepatic DNL upon loss 

of adipose mTORC2 is a physiological response to compensate for impaired energy storge in 

WAT. 

 

3.2.3. Results 

Loss of mTORC2 in adult mice causes mild lipodystrophy. Previous studies have shown that 

mice lacking adipose mTORC2 from birth display impaired glucose uptake and reduced 

expression of lipogenic enzymes including ACC and FASN in WAT (Hsiao et al., 2020; Tang 

et al., 2016). However, adipose tissue is not fully developed until six weeks of age and thus 

impaired glucose uptake and DNL could be due to a developmental defect. To probe the role 

of mTORC2 in mature adipocytes, we characterized inducible adipose-specific Rictor 

knockout mice (Rictorfl/fl , Adipoq-CreERT2). Rictor deletion was induced in six- to eight-

week-old mice by tamoxifen injections and we confirmed loss of RICTOR and mTORC2 
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activity by immunoblot (Figure 1A-B). Next, we tested the expression of lipogenic enzymes 

such as ACC and FASN in WAT. Consistent with previous studies (Hsiao et al., 2020; Tang 

et al., 2016), ACC and FASN expression were downregulated in WAT of iAdRiKO compared 

to control littermates indicating reduced DNL (Figure 1A-B). To test whether loss of adipose 

mTORC2 in mature adipocytes also reduces glucose uptake, we performed a 2-deoxy glucose 

(2DG) uptake assay. Glucose uptake was reduced   70% in WAT of iAdRiKO mice, 

compared to controls (Figures 1C and S1A). These findings suggest that mTORC2 directly 

promotes both glucose uptake and the expression of lipogenic enzymes in mature adipocytes. 

Next, we examined if reduced glucose uptake and DNL in WAT had an impact on body 

composition. Similar to mice lacking adipose mTORC2 from birth (Cybulski et al., 2009; 

Tang et al., 2016; Yu et al., 2019), body weight of iAdRiKO mice was normal (Figure S1B). 

However, body composition analysis revealed a  25% reduction in fat mass in iAdRiKO 

mice compared to controls and a corresponding increase in lean mass (Figure 1D). Further 

analysis revealed a reduction in the weights of epididymal and inguinal WAT depots, but not 

in BAT (Figure 1E). Taken together, our findings suggest that loss of mTORC2 in mature 

adipocytes causes mild lipodystrophy due to impaired glucose uptake and DNL in WAT.  

 

Loss of adipose mTORC2 in adult mice causes increased hepatic lipogenesis. Despite the 

reduced glucose uptake in WAT, iAdRiKO mice remained glucose tolerant (Figure S1C). 

Thus, we hypothesized that impaired glucose uptake in WAT is compensated by another 

organ. Similar to other studies (Tang et al., 2016; Yu et al., 2019), we found that iAdRiKO 

mice displayed increased liver weight while other organs were unaffected (Figures 2A and 

S1D). Histological analyses revealed an increase in the number of lipid droplets in the liver of 

iAdRiKO mice compared to controls (Figure 2B). Accumulation of hepatic TG was also 

confirmed by biochemical measurements, although the difference did not reach statistical 

significance (Figure 2C). Based on these observations, we hypothesized that impaired 

glucose uptake in WAT is compensated by hepatic DNL. Indeed, we found increased 

expression of FASN and ACC in the liver of iAdRiKO compared to controls (Figures 2D-E). 

Normally, the liver secretes de novo synthesized TGs to be stored in WAT. Interestingly, 

plasma TG levels were significantly higher in iAdRiKO mice compared to controls (Figure 

2F). These data suggest that acute loss of adipose mTORC2 increases hepatic DNL as a 

compensatory mechanism for impaired glucose uptake and DNL in adipocytes.  
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Compensatory increase in hepatic DNL upon impaired WAT function is diminished upon loss 

of hepatic mTORC2. Next, we investigated the significance of the compensatory increase in 

hepatic DNL upon loss of adipose mTORC2. Since mTORC2 promotes the expression of 

FASN and ACC in both the liver and adipose tissue (Hagiwara et al., 2012; Tang et al., 2016), 

we generated adipose- and liver-specific double Rictor knockout mice (dRiKO: Adipoq-

CreERT2, Alb-Cre, Rictorfl/fl) by crossing iAdRiKO with liver-specific Rictor knockout mice 

(Alb-Cre; Rictorfl/fl).  No differences in body weight were observed in dRiKO mice compared 

to iAdRiKO, LiRiKO, and control mice (Figure S2A). Similar to iAdRiKO mice, dRiKO 

mice displayed decreased fat mass due to smaller WAT depots (Figures 3A-D). Histological 

analyses of WAT revealed a reduction of adipocyte diameter in WAT of both iAdRiKO and 

dRiKO mice indicating mild lipodystrophy (Figures 3E-F). Next, we examined glucose 

uptake and DNL in WAT. We found that both iAdRiKO and dRiKO mice displayed reduced 

glucose uptake in WAT, compared to controls (Figures 3G). Glucose uptake was also slightly 

decreased in WAT of LiRiKO mice, although this difference did not reach statistical 

significance (Figures 3G). In contrast, hepatic mTORC2 ablation increases the expression of 

lipogenic enzymes such as ACC and FASN, although the differences did not reach statistical 

significance (Figures H and S2B). Next, we examined the effect of hepatic mTORC2 

ablation on TG accumulation in the liver. As expected, liver weight of dRiKO mice was 

smaller than control and iAdRiKO mice (Figure 4A). Histological and biochemical analyses 

confirmed a reduction of hepatic and plasma TG in dRiKO mice compared to iAdRiKO and 

control mice (Figures 4B-C). To examine whether the reduction of hepatic and plasma TG 

was due to decreased expression of lipogenic enzymes in the liver, we analyzed hepatic FASN 

and ACC expression. We found that loss of hepatic mTORC2 reduces FASN and ACC 

expression in the liver of both LiRiKO and dRiKO mice (Figures 4D-4E). These data suggest 

that hepatic mTORC2 is required for the compensatory increase in DNL upon impaired WAT 

function.  

 

Simultaneous loss of adipose and hepatic mTORC2 causes severe insulin resistance and 

glucose intolerance. Next, we investigated the loss of adipose and hepatic mTORC2 on whole 

body energy homeostasis. Fasting plasma insulin and glucose level were both significantly 

increased in dRiKO mice compared to control mice (Figures 5A-B). Since glucose is the 

major source for DNL in both adipose tissue and liver, we assessed whole body glucose 

homeostasis by performing a glucose tolerance test. As previously reported, LiRiKO mice 

were slightly glucose intolerant (Hagiwara et al., 2012) while iAdRiKO and control mice 
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were glucose tolerant (Figures 5C-D). In contrast, dRiKO mice displayed severe glucose 

intolerance (Figures 5C-D). Next, we performed an insulin tolerance test to determine 

systemic insulin sensitivity. Consistent with previous studies (Cybulski et al., 2009; Hagiwara 

et al., 2012; Kumar et al., 2010; Tang et al., 2016), iAdRiKO and LiRiKO mice were insulin 

resistant compared to control mice (Figures 5E-F). We found that dRiKO mice display 

severe insulin resistance, the severity of which is synergistic to the effect detected in 

iAdRiKO and LiRiKO mice (Figures 5E-F). Taken together, our findings show that adipose 

and liver mTORC2 are indispensable to maintain whole body energy homeostasis and that 

simultaneous loss of both hepatic and WAT mTORC2 signaling has a synergistic effect on the 

severity of systemic insulin resistance and glucose intolerance.  
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3.2.4. Discussion 

In this study, we highlight the physiological importance of both adipose and hepatic mTORC2 

in maintaining whole body lipid and glucose homeostasis. Loss of mTORC2 in mature 

adipocytes impairs adipose DNL, causes mild lipodystrophy and increases hepatic TG 

accumulation and DNL. We show that blocking hepatic TG accumulation and DNL in 

presence of impaired WAT function has detrimental effects on whole-body energy 

homeostasis, causing severe insulin resistance and glucose intolerance. Thus, our findings 

suggest that increased hepatic TG accumulation and DNL in mice with impaired WAT 

function is an important physiological response to compensate for impaired TG storage in 

WAT. 

AKT is the best characterized mTORC2 substrate. Previously, it was reported that loss 

of adipose AKT1 and AKT2 causes severe lipodystrophy and hepatic TG accumulation 

(Shearin, Monks, Seale, & Birnbaum, 2016). Adipose-specific AKT1 and AKT2 knockout 

(Adipo-AKT KO) mice were insulin resistant but glucose tolerant. However, it is unknown 

why Adipo-AKT KO mice remain glucose tolerant. Similar to Adipo-AKT KO mice, we 

show that mice lacking adipose mTORC2 displayed lipodystrophy, hepatic TG accumulation 

and systemic insulin resistance but remained glucose tolerant. We show that the accumulation 

of hepatic TGs in mice lacking adipose mTORC2 is due to an increased expression of 

lipogenic enzymes in the liver. Blocking hepatic DNL and TG accumulation in presence of 

impaired WAT function caused severe glucose intolerance, suggesting that increased hepatic 

DNL and TG accumulation in iAdRiKO mice is a compensatory mechanism to sustain 

glucose homeostasis. Considering that AKT 1 and AKT2 are mTORC2 substrates, our 

findings suggest that TG accumulation observed in Adipo-AKT KO mice may also be a 

mechanism to compensate for impaired WAT function to maintain whole-body glucose 

homeostasis. 

While mice lacking adipose mTORC2 from birth displayed no change in fat mass 

(Cybulski et al., 2009; Tang et al., 2016), the current study shows a reduction in fat mass upon 

acute loss of adipose mTORC2. Where do these differences derive from? It has been 

demonstrated that adiponectin is expressed in adipocyte precursors in WAT (Hong et al., 

2015) and that Adipoq expression is already detectable in WAT at embryonic day 17.5 

(Birsoy et al., 2011). Although the deletion of RICTOR in adipocyte precursors needs to be 

confirmed, loss of mTORC2 during early adipogenesis may provoke compensatory 

mechanisms to maintain proper adipose tissue development. 
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Hepatic TG accumulation is a common symptom observed in patients and mouse models of 

lipodystrophy (Lim et al., 2021). Since hepatocytes are not specialized to store high quantities 

of TGs, patients and mice with impaired WAT develop NAFLD, a chronic liver disease that 

can progress to cirrhosis and hepatocellular carcinoma. To treat NAFLD, DNL inhibitors are 

currently being tested in clinical trials (Ferguson & Finck, 2021). However, our findings show 

the importance of hepatic DNL for whole-body energy homeostasis in mice with impaired 

WAT function. Thus, our data indicate that targeting hepatic DNL may not be ideal to treat 

NAFLD in patients with underlying metabolic disorders. 

The immunosuppressant drug rapamycin has shown potential to extend lifespan and 

prevent age-related diseases including neurogenerative disease and cancer. However, it has 

been shown that rapamycin treatment causes insulin resistance and glucose intolerance 

(Cummings & Lamming, 2017; G. Y. Liu & Sabatini, 2020). A previous study demonstrated 

that these rapamycin-mediated adverse effects are mainly caused by the inhibition of hepatic 

mTORC2 (Lamming et al., 2012). However, chronic rapamycin treatment also inhibited 

adipose mTORC2 (Lamming et al., 2012). The contribution of mTORC2 loss in WAT 

together with hepatic mTORC2 has not been previously investigated. Our studies provide a 

new insight that inhibition of both adipose and liver mTORC2 may significantly contribute to 

the pathogenesis of rapamycin-induced insulin resistance and glucose intolerance. Thus, our 

findings stress the necessity of developing selective mTORC1 (Lee et al., 2021; Schreiber et 

al., 2019).   

 

3.2.5. Materials and Methods 

Mice. Tamoxifen-inducible adipose-specific Rictor knockout (iAdRiKO:Rictorfl/fl, adipoq-

CreERT2) and liver specific-Rictor knockout (LiRiKO: Rictorfl/fl, alb-Cre) mice were 

described previously (Hagiwara et al., 2012; Shimobayashi et al., 2018). iAdRiKO and 

LiRiKO mice were crossed to generate adipose- and liver-specific double Rictor knockout 

(dRiKO: Rictorfl/fl, adipoq-CreERT2, alb-Cre) mice.  For iAdRiKO and dRiKO mice, Rictor 

knockout was induced by i.p. injection of 1 mg/mouse tamoxifen (Sigma-Aldrich) in corn oil 

(Sigma-Aldrich) for 5 days. Littermate Cre negative animals were used as a control. Control 

mice were also treated with tamoxifen. Mice were housed at 22 ºC in a conventional facility 

with a 12 hour light/dark cycle with unlimited access to water and normal chow diet 

(KLIBA). Only male mice between 6 and 12 weeks of age were used for experiments. Body 

composition was measured by nuclear magnetic resonance imaging (Echo Medical Systems).  
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Immunoblots. Isolated tissues were snap frozen in liquid nitrogen and stored at -80 ºC. Frozen 

tissues were homogenized in a lysis buffer containing 100 mM Tris (Merck) pH7.5, 2 mM 

EDTA (Sigma-Aldrich), 2 mM EGTA (Sigma-Aldrich), 150 mM NaCl (Sigma-Aldrich), 1% 

Triton X-100 (Fluka), cOmplete inhibitor cocktail (Roche) and PhosSTOP (Roche). Protein 

concentration was determined by Bradford assay (Bio-rad), and equal amounts of protein 

were separated by SDS-PAGE, and transferred onto nitrocellulose membranes (GE 

Healthcare). Antibodies used in this study were as follows: RICTOR (Cat#2140) AKT 

(Cat#4685 or Cat#2920), AKT-pS473 (Cat#4060), FASN (Cat#3189), and ACC (Cat#3662) 

from Cell Signaling Technology, and CALNEXIN (Cat#ADI-SPA-860-F) from Enzo Life 

Sciences.  

 

Body composition measurement. Body composition was measured by nuclear magnetic 

resonance imaging (Echo Medical Systems). 

 

2-Deoxyglucose uptake assay. Mice were fasted for five hours, then injected i.p. with 

Humalog insulin (Lilly; 0.75 U/kg body weight), followed 10 minutes later with an injection 

of 2-deoxyglucose (Sigma- Aldrich; 32.8 μg/g body weight). Tissues were collected 20 

minutes after administration of 2-deoxyglucose. Tissues were lysed in 10 mM Tris-HCL, pH 

8.0, by boiling for 15 minutes. 2-Deoxyglucose-6-phosphate (2DGP) was measured using a 

Glucose Uptake-Glo Assay Kit (Promega) following the manufacturer’s instructions. 

 

Histology. Tissues were fixed in 4% formalin (Biosystems), embedded in paraffin 

(Biosystems), and sliced into 4 µm thick sections. Tissue sections were stained with 

Hematoxylin (Sigma-Aldrich) and eosin (Waldeck), and imaged by a conventional 

microscope (Zeiss). Adipocyte diameters were quantified with FIJI by using the Adiposoft 

plugin (Galarraga et al., 2012). 

 

Triglyceride measurement. 50-100 mg liver tissues were homogenized by a dounce 

homogenizer in 5% NP-40 in ddH2O. The homogenates were slowly heated up to 90 ºC for 5 

minutes and cooled down to room temperature. This heating-cooling cycle was repeated once 

more. The homogenates were centrifuged at 14’000 g for 2 min and the supernatant was used 

to measure triglyceride using a triglyceride quantification kit (Abcam) by following the 

manufacture’s instruction. The hepatic TG levels were normalized to liver weights. Plasma 
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TG levels were measured by a biochemical analyzer (Cobas c III analyser, Roche) or a 

triglyceride quantification kit (Abcam).   

 

Fasting insulin measurement. Mice were fasted for 16 hours and blood samples were 

collected to determine fasting insulin and blood glucose levels. Plasma insulin levels were 

measured by ultrasensitive mouse insulin ELISA kit (Crystal Chem) according to the 

manufacturer’s instructions. 

 

Insulin and glucose tolerant test. For the insulin and glucose tolerance tests, mice were fasted 

for 6 hours or overnight, respectively. Insulin Humalog (Lilly, i.p. 0.5 U/kg body weight) for 

insulin tolerance test or glucose (Sigma-Aldrich, 2 g/kg body weight) for glucose tolerance 

test was i.p. administered. Blood glucose was measured with a blood glucose meter (Accu-

Check, Roche). Plasma insulin levels were measured by ultrasensitive mouse insulin ELISA 

kit (Crystal Chem) according to the manufacturer’s instructions. 

 

Study Approval. All animal experiments were performed in accordance with federal 

guidelines for animal experimentation and were approved by the Kantonales Veterinäramt of 

the Kanton Basel-Stadt.   

 

Statistics. Sample size was chosen according to our previous studies and published reports in 

which similar experimental procedures were described. All data are shown as the mean ± 

SEM. Sample numbers are indicated in each figure legend. To determine the statistical 

significance between 2 groups, an unpaired two-tailed Student’s t-test was performed. For 

more than 3 groups, one-way ANOVA was performed. For insulin tolerance test and glucose 

tolerance test, two-way ANOVA was performed. All statistical analyses were performed 

using GraphPad Prism 9 (GraphPad Software). A p value of less than 0.05 was considered 

statistically significant. 
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3.2.6. Figures 

 

Figure 1 
 

 

Figure 1. Loss of adipose mTORC2 in adult mice causes mild lipodystrophy 

(A) Immunoblot analyses of inguinal WAT (iWAT) from control and iAdRiKO mice. CALX serves 

as a loading control. n=9 (control) and 12 (iAdRiKO). 

(B) Quantification of immunoblots in D. The intensities of RICTOR, FASN, ACC were normalized 

to CALX and the intensities of AKT-pS473 were normalized to AKT. Student’s t-test, *p<0.05, 

**p<0.01. 

(C) 2- deoxyglucose (2DG) uptake in iWAT of control and iAdRiKO mice (n= 6). Student’s t-test, 

**** p<0.0001    

(D) Body composition of control and iAdRiKO mice. Student’s t-test, **p<0.01. n=5 (control) and 

8 (iAdRiKO).   

(E) Organ weight for epididymal white adipose tissue (eWAT), iWAT, and brown adipose tissue 

(BAT). Student’s t-test, *p<0.05, ***p<0.001. n=9 (control) and 8 (iAdRiKO).   
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Figure 2 

 

 
 

Figure 2. Loss of adipose mTORC2 in adult mice increases expression of lipogenic enzymes in 

the liver and hypertriglyceridemia  

(A) The liver weight of control and iAdRiKO mice. Student’s t-test, **p<0.01. n=9 (control) and 8 

(iAdRiKO).   

(B) Representative hematoxylin and eosin staining of control and iAdRiKO liver. n=3 (control) and 

3 (iAdRiKO). 

(C) Hepatic triglyceride (TG) levels in control and iAdRiKO mice. Student’s t-test. n=9 (control) 

and 12 (iAdRiKO). 

(D) Immunoblot analyses of liver from control and iAdRiKO mice. CALX serves as a loading 

control. n=9 (control) and 12 (iAdRiKO). 

(E) Quantification of immunoblots in E. The intensities of FASN and ACC were normalized to 

CALX. Student’s t-test, **p<0.01. 

(F) Plasma TG levels in control and iAdRiKO mice. Student’s t-test, **p<0.01. n=15 (control) and 

15 (iAdRiKO). 
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Figure 3 
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Figure 3. Loss of adipose and hepatic mTORC2 causes mild lipodystrophy 

(A-B) Fat mass (A) and lean mass (B) of control, iAdRiKO, LiRiKO, and dRiKO mice. One-way 

ANOVA, **p<0.01, ***p<0.001, ****p<0.0001. n=11 (control), 12 (iAdRiKO), 13 (LiRiKO), and 

12 (dRiKO).   

(C) Epididymal white adipose tissue (eWAT) weight of control, iAdRiKO, LiRiKO, and dRiKO 

mice. One-way ANOVA. n=9 (control), 11 (iAdRiKO), 11 (LiRiKO), and 7 (dRiKO).   

(D) Inguinal white adipose tissue (iWAT) weight of control, iAdRiKO, LiRiKO, and dRiKO mice. 

One-way ANOVA, *p<0.05, ***p<0.001. n=9 (control), 11 (iAdRiKO), 11 (LiRiKO), and 7 

(dRiKO).   

(E) Representative hematoxylin and eosin staining of control, iAdRiKO, LiRiKO, and dRiKO 

iWAT. n=7 (control), 3 (iAdRiKO), 6 (LiRiKO), 7 (dRiKO). 

(F) Quantification of adipocyte diameters for the images in F.  

(G) 2- deoxyglucose (2DG) uptake in iWAT of control, iAdRiKO, LiRiKO and dRiKO mice. n=6 

(control), 11 (iAdRiKO), 8 (LiRiKO), 12 (dRiKO). Student’s t test, * p<0.05    

(H) Immunoblot analyses of liver from control, iAdRiKO, LiRiKO, and dRiKO mice. CALX serves 

as a loading control. n=9 (control), 12 (iAdRiKO), 11 (LiRiKO), 7(dRiKO). 
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Figure 4 
 

 

Figure 4. Loss of adipose and hepatic mTORC2 causes reduced expression of lipogenic 

enzymes in the liver and hypotriglyceridemia in mice.   

(A) The liver weight of control, iAdRiKO, LiRiKO, and dRiKO mice. n=9 (control), 11 (iAdRiKO), 

11 (LiRiKO), 7 (dRiKO). One-way ANOVA, *p<0.05, **p<0.01, ****p<0.001. 

(B) Representative hematoxylin and eosin staining of control, iAdRiKO, LiRiKO, and dRiKO liver. 

n=3 (control), 3 (iAdRiKO), 3 (LiRiKO), 3 (dRiKO). 

(C) Plasma TG levels in control, iAdRiKO, LiRiKO, and dRiKO mice. One-way ANOVA, 

**p<0.01, ****p<0.001. n=9 (control), 11 (iAdRiKO), 11 (LiRiKO), 7 (dRiKO). 

(D) Immunoblot analyses of liver from control, iAdRiKO, LiRiKO, and dRiKO mice. CALX serves 

as a loading control. n=6 (control), 6 (iAdRiKO), 6 (LiRiKO), 6 (dRiKO). 

(E) Quantification of immunoblots in D. The intensities of FASN and ACC were normalized to 

control. One-way ANOVA, **p<0.01. 
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Figure 5 
 

 

 

Figure 5. Loss of adipose and hepatic mTORC2 causes insulin resistance and glucose 

intolerance. 

(A) Plasma insulin levels of control, iAdRiKO, LiRiKO and dRiKO mice after 16 hour starvation. 

One-way ANOVA, *p<0.05, ****p<0.0001. n= 4 (control), 5 (iAdRiKO), 5 (LiRiKO), 7 (dRiKO).  

(B) Blood glucose levels of control, iAdRiKO, LiRiKO and RidKO mice mice after 16 hour 

starvation, One-way ANOVA, **p<0.01. n= 4 (control), 5 (iAdRiKO), 5 (LiRiKO), 7 (dRiKO).  

(C) Glucose tolerance test on control, iAdRiKO, LiRiKO, and dRiKO mice. The mice were fasted 

for 14 hours and injected with glucose (2 g/kg body weight). n=7 (control), 19 (iAdRiKO), 10 

(LiRiKO), 9 (dRiKO). 

(D) Area under the curve (AUC) of the blood glucose curves in C. Two-way ANOVA. *p<0.05, 

****p<0.0001. 

(E) Insulin tolerance test on control, iAdRiKO, LiRiKO, and dRiKO mice. The mice were fasted for 

6 hours and injected with insulin (0.75 U/kg body weight). n=18 (control), 19 (iAdRiKO), 11 

(LiRiKO), 9 (dRiKO). 

(F) Area under the curve (AUC) of the blood glucose curves in E. Two-way ANOVA.  **p<0.01, 

****p<0.0001.  
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3.2.7. Supplementary Figures  

 

Supplementary Figure 1 

 

 

Supplementary Figure 1.  

(A) 2-deoxyglucose (2DG) uptake in epididymal WAT (eWAT) of control and iAdRiKO mice four 

weeks after tamoxifen treatment. n= 6, Student’s t-test, * p<0.05    

(B) Body weight of control and iAdRiKO mice. n=9 (control) and 8 (iAdRiKO).   

(C) Glucose tolerance test on control and iAdRiKO mice. n= 6  

(D) Organ weight for pancreas, kidney, spleen and heart. n=7 (control) and 6 (iAdRiKO).   
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Supplementary Figure 2 
 

 
 

Supplementary Figure 2.  

(A) Body weight of control, iAdRiKO, LiRiKO, and dRiKO mice. n=9 (control), 12 

(iAdRiKO), 11 (LiRiKO), and 7 (dRiKO).  

(B) Quantification of immunoblots in Figure 3H. The intensities of FASN and ACC were 

normalized to control. One-way ANOVA, *p<0.05, **p<0.01. 
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3.3 Supplementary Data 

 

Supplementary Data 1 

 

 

Supplementary data 1: De novo lipogenesis is not reduced upon acute loss of adipose 

mTORC2 

(A) Immunoblot analysis of inguinal WAT (iWAT) from control and iAdRiKO mice three 

days after tamoxifen treatment. 

(B) Immunoblot analysis of inguinal WAT (iWAT) from control and iAdRiKO mice four 

weeks after tamoxifen treatment. 
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Supplementary Data 2 
 

 

 

Supplementary data 2: In vivo and ex vivo insulin secretion assays suggest the existence of a 

mTORC2-dependent factor in vivo 

(A) In vivo glucose-induced insulin secretion (GIIS) of pancreatic -cells in control and iAdRiKO 

mice three days after tamoxifen treatment (n=6).  

(B) In vivo GIIS of pancreatic -cells in control and iAdRiKO mice two weeks after tamoxifen 

treatment (n=7). Student’s t-test, **p<0.01, ***p<0.001 

(C) In vivo GIIS of pancreatic -cells in control and iAdRiKO mice four weeks after tamoxifen 

treatment. Student’s t-test, *p<0.05, **p<0.01 

(D) Ex vivo GIIS of isolated pancreatic islets for control and iAdRiKO mice two weeks after 

tamoxifen treatment (n=6;9). 
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Supplementary Data 3 
 

 

Supplementary data 3: Surgical denervation of both inguinal fat pads did not impact 

whole-body energy homeostasis 

(A) Body composition of surgical denervated and sham-operated mice (n=9). Student’s t-

test, *p<0.05, **p<0.01  

(B) Glucose tolerance test (GTT) on surgical denervated and sham-operated mice (n=9).   

(C) Area under the curve for GTT on surgical denervated and sham-operated mice (n=9). 

(D) Insulin tolerance test (ITT) on surgical denervated and sham-operated mice (n=9).  

(E) Area under the curve for ITT on surgical denervated and sham-operated mice (n=9). 

(F) In vivo GIIS of pancreatic -cells in surgical denervated and sham-operated mice (n=9). 
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Supplementary Data 4 
 

 

 

Supplementary data 4: iAdRiKO mice develop hepatic insulin resistance  

(A) Insulin-stimulated phosphorylation of AKT in epididymal white adipose tissue (eWAT) 

and liver of iAdRiKO mice three days after tamoxifen treatment.  

(B) Insulin-stimulated phosphorylation of AKT in eWAT and liver of iAdRiKO mice four 

weeks after tamoxifen treatment.  
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Supplementary Data 5 
 

 

Supplementary data 5: Loss of adipose mTORC2 reduces plasma leptin level   

(A) Plasma leptin level in control and iAdRiKO mice three days after tamoxifen treatment. 

(n=8;5) 

(B) Plasma leptin level in control and iAdRiKO mice two weeks after tamoxifen treatment 

(n=7). Student’s t-test, **p<0.01 
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4. Discussion  

 

In this thesis, we aimed to study the role of mTORC2 in mature adipocytes and its impact on 

whole-body energy homeostasis. To achieve our goal, we generated tamoxifen-inducible 

adipose-specific RICTOR knockout (iAdRiKO) mice and performed a longitudinal study to 

examine the effect of acute loss of adipose mTORC2.  

 

4.1 Role of mTORC2 in adipocytes  

 

Previous studies using mice lacking adipose mTORC2 from birth have reported an essential 

role of mTORC2 in glucose uptake and DNL (Cybulski et al., 2009; Hsiao et al., 2020; 

Kumar et al., 2010; Tang et al., 2016). In agreement with these findings, we show that loss of 

mTORC2 activity in mature adipocytes reduces glucose uptake and expression of lipogenic 

genes such as ACC and FASN (Supplementary Data 1). These findings indicate that 

mTORC2 directly regulates both glucose uptake and DNL and the previous findings were not 

due to a developmental defect. In addition, our longitudinal study revealed an immediate 

reduction of glucose uptake upon acute loss of adipose mTORC2 (three day after tamoxifen 

treatment) while ACC and FASN expression were still intact (Supplementary Data 1). 

Results from our proteome and phosphoproteome analysis suggest that acute phenotypes are 

due to changes in protein phosphorylation. These observations are consistent with prior results 

showing that mTORC2 substrates AKT and PKC promote the translocation of the glucose 

transporter GLUT4 to the plasma membrane via phosphorylation (Alessi et al., 1997; 

Bandyopadhyay et al., 1997). A previous study has proposed that mTORC2 transcriptionally 

regulates adipose DNL by promoting the expression of the transcription factor ChREBP 

(Tang, 2016). Since it has been established that glucose influx promotes ChREBP activity 

and thereby ChREBP expression (Herman et al., 2012), our and previous data indicate that 

mTORC2-dependent decrease of glucose influx may downregulate ChREBP expression. In 

agreement with this notion, high sucrose diet rescues CHREBP, ACC and FASN expression 

in WAT lacking mTORC2 (Tang et al., 2016). However, a recent study challenges the role of 

ChREBP in adipose DNL (Recazens, 2022). Thus, glucose influx may promote ACC and 

FASN expression in a ChREBP- independent manner.  

Acute loss of adipose mTORC2 not only impacts glucose uptake, but also changes the 

phosphorylation of proteins associated with the plasma membrane. Alterations in the plasma 
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membrane influence the import and export of molecules, the abundance of transmembrane 

receptors and affects extracellular matrix composition. Interestingly, adipose extracellular 

matrix remodeling has been previously associated with insulin resistance and obesity (Lin, 

Chun, & Kang, 2016). Thus, loss of adipose mTORC2 provides a potential mechanism for 

extracellular matrix remodeling upon insulin resistance.  

Despite the fact that both constitutive and acute knockout of adipose mTORC2 impair 

glucose uptake and DNL, only acute mTORC2 ablation causes mild lipodystrophy. Where do 

these differences arise from? For the deletion of RICTOR, we and others have used the 

adiponectin promoter as the Cre-driver (Tang et al., 2016). It has been demonstrated that 

adiponectin is expressed in adipocyte precursors in WAT (Hong et al., 2015) and that Adipoq 

mRNA is already detectable in WAT at embryonic day 17.5 (Birsoy et al., 2011). Although 

the deletion of RICTOR in adipocyte precursors first requires experimentally confirmation, it 

is plausible that loss of mTORC2 during adipogenesis poses a unique selective pressure that 

may promote a compensatory mechanism. For example, adipocytes derived from adipocyte 

precursors lacking mTORC2 may possess reduced metabolic capacity. This is in agreement 

with the observation that mice lacking adipose mTORC2 from birth exhibit normal fat mass, 

but are resistant to both high fat diet- and high sucrose diet- induced adiposity (Tang et al., 

2016).  

Taken together, our study confirmed the importance of adipose mTORC2 in glucose uptake 

and DNL. Impaired mTORC2 activity diminishes the capacity of adipose tissue to absorb 

excess energy and thus prevents energy storage. In addition, we provide evidence for an 

important regulatory role of adipose mTORC2 in plasma membrane-associated processes. 

 

4.2 Role of adipose mTORC2 in whole-body energy homeostasis  

 

In this thesis, we show that loss of adipose mTORC2 in mature adipocytes rapidly impairs 

whole-body energy homeostasis. Hyperinsulinemia develops upon acute adipose mTORC2 

ablation, suggesting a potential regulatory role of adipose mTORC2 in insulin secretion from 

pancreatic -cells. Accordingly, we found that mice lacking adipose mTORC2 display 

increased glucose-stimulated insulin secretion in vivo compared to controls (Supplementary 

Data 2). However, isolated pancreatic islets from these mice lose the capacity to secrete more 

insulin than islets from controls suggesting the presence of a mTORC2-dependent factor in 

vivo (Supplementary Data 2). Interestingly, the increase in fasting insulin levels appears 

contemporaneously with changes in the phosphorylation status of proteins involved in 
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synapse formation. Thus, we hypothesized that sensory inputs from WAT may promote 

insulin secretion in pancreatic -cells to compensate for reduced insulin signaling in adipose 

tissue. Further investigation revealed reduced arborization of sensory neurons in WAT 

lacking mTORC2. Although the exact role of sensory neurons in WAT remains 

uncharacterized, there is evidence for a regulatory role in energy homeostasis (Blaszkiewicz, 

Willows, Johnson, et al., 2019). For example, systemic ablation of CGRP-positive sensory 

neurons prevents accumulation of fat mass to a similar extent as ablation of adipose mTORC2 

(Makwana et al., 2021). In addition, FFA and leptin are the only experimentally confirmed 

stimuli for sensory neurons in WAT and both are secreted depending on the metabolic state of 

adipocytes (Garretson et al., 2016; K. T. Murphy et al., 2013). Nevertheless, surgical 

denervation of both inguinal fat pads did not confirm a role for peripheral neurons in whole-

body energy homeostasis (Supplementary Data 3). Both inguinal fat pads account for 

approximately 10% of fat mass in adult mice. Thus, loss of sensory neurons derived from 

inguinal fat pads may not be enough to derail systemic metabolic parameters. Further 

investigation with mice lacking CGRP-positive neurons in WAT is required to make a 

definite conclusion on the role of WAT-innervating sensory neurons in whole body energy 

homeostasis.  

How does mTORC2 impair whole-body energy homeostasis if it is not via the sensory 

neurons? Impaired whole-body energy homeostasis in mice lacking mTORC2 coincides with 

reduced fat mass and smaller adipocytes, indicating lipodystrophy. Lipodystrophy is 

characterized by loss of adipose tissue resulting in severe systemic insulin resistance and 

ectopic accumulation of lipid droplets (Rochford, 2014). In agreement, mice lacking adipose 

mTORC2 rapidly develop systemic insulin resistance and accumulate TGs in the liver. 

Several studies reported a similar phenotype in mice lacking the insulin receptor, insulin-like 

growth factor 1 receptor and AKT1/2, indicating an important role of the 

insulin/mTORC2/AKT pathway in adipose tissue function and maintenance (Qiang et al., 

2016; Sakaguchi et al., 2017; Shearin et al., 2016). In comparison to mice lacking mTORC2, 

lipodystrophy develops even faster and is more severe in mice following acute deletion of the 

insulin receptor (Sakaguchi et al., 2017). Interestingly, these mice recover shortly afterwards 

and exhibit normal whole-body energy homeostasis due to newly generated adipocytes 

(Sakaguchi et al., 2017). In contrast, we do not see a compensatory increase in adipogenesis 

and amelioration of metabolic parameters in mice lacking adipose mTORC2. Thus, adipose 

mTORC2 seems to be more relevant for storage of excess energy rather than adipose tissue 
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maintenance. Nevertheless, mild lipodystrophy and impaired storage capacity likely the 

reason for the observed impairment of whole-body energy homeostasis.   

It is well established that impaired WAT function leads to accumulation of TGs in the 

liver. Accordingly, we and others have shown increased hepatic TG content in mice lacking 

adipose mTORC2 (Cybulski et al., 2009; Tang et al., 2016). In this thesis, we show that mice 

lacking adipose mTORC2 display increased expression of lipogenic enzymes in the liver. 

Normally, insulin promotes expression of lipogenic enzymes via mTORC2-dependent 

SREBP1c activation (Hagiwara et al., 2012). However, mice lacking adipose mTORC2 show 

reduced hepatic insulin sensitivity including diminished AKT-pS473 phosphorylation 

(Supplementary Data 4). Hence, reduced hepatic DNL would be the expected consequence. 

A possible explanation for this discrepancy is the increased influx of glucose into the liver 

(Supplementary Data 4). Glucose and its breakdown products increase ChREBP 

transcription and activity, thereby promoting the expression of lipogenic genes (Postic, 

Dentin, Denechaud, & Girard, 2007). In addition, basal AKT-p473 phosphorylation is still 

present in the absence of insulin stimulation, a condition found in insulin resistant livers. 

Thus, hepatic insulin resistance cannot be compared to genetic ablation of hepatic RICTOR 

which completely abolishes AKT-pS473 (Postic et al., 2007). In agreement with this notion, 

we show that mice lacking both hepatic and adipose mTORC2 display reduced expression of 

ACC and FASN and no accumulation of TG in the liver. Taken together, we and others have 

shown the importance of adipose mTORC2 in the regulation of excess energy in the form of 

glucose, lipids and FFAs (Cybulski, 2009; Albert, 2015; Tang, 2016; Hsiao, 2021). Thus, the 

rapid disruption of whole-body energy homeostasis detected after acute loss of adipose 

mTORC2 is likely due to impaired energy storage.  

 

4.3. Role of adipose mTORC2 in neuronal innervation  

 

While searching for a possible role of mTORC2 in interorgan communication, we discovered 

that adipose mTORC2 is essential for arborization of sensory neurons in WAT. To date, 

adipose mTORC2 is the only known regulator of sensory innervation in adipose tissue. 

However, the exact mechanism remains elusive. Adipose mTORC2 may promote neuronal 

growth, stability or both in sensory neurons while sympathetic neurons are unaffected. Thus, 

the underlying mechanism has to be specific only for sensory neurons. Interestingly, we found 

reduced GAP43 expression in WAT lacking adipose mTORC2, a protein associated with 

neuronal growth and synaptic plasticity (Snipes et al., 1987). Further investigations revealed 
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that GAP43 is only expressed in sensory neurons, but not in sympathetic neurons in WAT. 

The strong and rapid downregulation of GAP43 upon acute mTORC2 ablation suggests a 

regulatory role of adipose mTORC2 on neuronal growth and plasticity via GAP43, although 

we cannot formally exclude the possibility that loss of GAP43 is due to reduced sensory 

arborization. Thus, more experiments are required to distinguish whether adipose mTORC2 

affects neuronal growth or stability, for example by examining the neuronal network prior to 

mTORC2 ablation.  

How can adipose mTORC2 regulate growth or stability in sensory neurons? Our 

phosphoproteomic analysis revealed alterations in the phosphorylation status of membrane-

associated proteins and cell-cell adhesion proteins upon loss of adipose mTORC2. Thus, loss 

of mTORC2 in adipocytes may disrupt the postsynaptic membrane, thereby destabilizing 

synapses. Alternatively, sensory neurons may require a secreted stimulatory factor from 

adipocytes to undergo arborization. It has been suggested that sensory neurons respond to 

secreted free fatty acids produced by lipolysis or de novo lipogenesis in adipocytes (Garretson 

et al., 2016; Guilherme et al., 2018). Since mTORC2 promotes de novo lipogenesis (Hagiwara 

et al., 2012; Tang et al., 2016), loss of mTORC2 may decrease the release of particular 

species of bioactive free fatty acids by adipocytes which may in turn decrease arborization of 

sensory neurons. Another candidate that may promote arborization of sensory neurons is 

leptin. In support of this hypothesis, plasma leptin level is reduced upon acute ablation of 

adipose mTORC2 (Supplementary Data 5). It was previously proposed that leptin may not 

only act directly on the CNS, but also via sensory neurons (K. T. Murphy et al., 2013). Thus, 

reduced leptin level may destabilize sensory neurons and thereby communicate to the CNS 

the declining TG reserves due to loss of adipose mTORC2.  

The role of sensory neurons in WAT is poorly understood. It has been proposed that 

sensory neurons provide a feedback loop between WAT and the CNS to coordinate energy 

storage and expenditure (Guilherme et al., 2019). For example, sensory activity in WAT 

modulates SNS activity in distal fat pads by a sympathetic-sensory feedback loop (Garretson 

et al., 2016). However, we detect no change in sympathetic innervation or activity in mice 

lacking adipose mTORC2. The reason for this discrepancy is likely due to the far more 

complex phenotype of mice lacking adipose mTORC2. Sensory neurons not only transmit 

information from WAT to CNS, but also secrete neuropeptides such as CGRP. CGRP has a 

vasodilatory and an immunoregulatory function. However, its precise role in WAT is not 

studied. Mice lacking CGRP exhibit reduced fat mass and increased lipolysis (T. Liu et al., 
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2017) indicating a regulatory role of CGRP in WAT metabolism. However, further studies are 

necessary to determine the precise role of WAT-innervating sensory neurons.  
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Introduction
Obesity-induced insulin resistance is a major risk factor for type 2 
diabetes, hyperlipidemia, cardiovascular disease, and some types 
of cancer (1–3). Although the mechanism by which obesity causes 
insulin resistance is unclear, inflammation has been linked to the 
development of local and systemic insulin resistance, especially 
when the inflammation occurs in white adipose tissue (WAT) (4, 5).

WAT consists of adipocytes and stromal vascular cells (SVCs) 
including endothelial cells, preadipocytes, and immune cells 
(6). Among the immune cells, macrophages play a particularly 
important role in obesity-induced adipose tissue inflammation. 
Macrophages are classified into 2 types: proinflammatory M1 and 
antiinflammatory M2 macrophages. M1 macrophages express the 
surface marker CD11c (7, 8) and produce proinflammatory cyto-
kines such as TNF-α (9, 10). M2 macrophages express the surface 
marker CD301 and produce antiinflammatory cytokines such as 
IL-10 (7). The relative and absolute number of M1 macrophages 
increases in WAT upon obesity, thereby promoting adipose tissue 
inflammation (7–11). Studies in rodents have suggested that adi-
pose tissue inflammation causes local and systemic insulin resis-
tance (9, 11–13). However, it has been demonstrated that immu-
nocompromised mice are not protected from systemic insulin 
resistance induced by a short-term high-fat diet (HFD) (14). Fur-
thermore, Tian et al. have shown that adipose tissue inflammation 
is dispensable for local and systemic insulin resistance (15). Anoth-
er study has shown that inhibition of adipose tissue inflamma-
tion results in glucose intolerance, suggesting that inflammation 

may even be a mechanism to counter insulin resistance (16). In 
humans, expression of the macrophage markers CD68 and TNF-α 
in WAT correlates with BMI, suggesting that obesity may induce 
the accumulation of adipose tissue macrophages and inflamma-
tion in humans (9, 17). However, clinical trials targeting TNF-α 
have shown little or no beneficial effect on systemic insulin sensi-
tivity (18–21). Thus, the causal relationship between adipose tissue 
inflammation and insulin resistance is unclear.

Two models have been proposed to explain the increase in 
the number of M1 macrophages in WAT upon obesity. The first is 
that circulating monocytes are recruited to WAT, where they dif-
ferentiate into M1 macrophages (7, 22). The second is that obesity 
induces the proliferation of resident macrophages in WAT (23). 
The monocyte chemoattractant protein 1/C-C chemokine ligand 2 
(MCP1/CCL2), presumably produced by adipocytes, is required to 
increase the number of macrophages in WAT (12, 23, 24). Howev-
er, the mechanism(s) controlling MCP1 expression in adipocytes 
upon obesity are poorly understood.

The target of rapamycin complex 2 (TORC2) is an evolution-
arily conserved serine/threonine protein kinase complex that con-
trols growth and metabolism (reviewed in ref. 25). In mammals, 
mTORC2 consists of mTOR, rapamycin-insensitive companion 
of mTOR (RICTOR), mammalian stress-activated protein kinase–
interacting protein 1 (mSIN1), and mammalian lethal with SEC 
thirteen 8 (mLST8) (26–31). Insulin stimulates mTORC2 to pro-
mote glucose uptake in adipose tissue (32–34), liver (35–37), and 
skeletal muscle (38, 39). Previously, we and others have shown 
that adipose-specific Rictor knockout (AdRiKO) exacerbates obe-
sity-related complications in mice, such as systemic insulin resis-
tance and hepatic steatosis (32–34).

Here, we used mTORC2-deficient and therefore insulin-resis-
tant AdRiKO mice to investigate the causal relationship between 
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whether insulin resistance due to impaired insulin/mTORC2 sig-
naling in WAT affects adipose inflammation, we performed quan-
titative proteomics on epididymal WAT (eWAT) from HFD-fed 
(for 10 weeks) AdRiKO (aP2-Cre, Rictorfl/fl) and control (Rictorfl/fl)  
mice. As previously reported (32–34), HFD-fed AdRiKO mice had 
an increased body size with no change in adiposity (Supplemen-
tal Figure 1, A–C; supplemental material available online with 
this article; https://doi.org/10.1172/JCI96139DS1). Furthermore, 
we confirmed that RICTOR expression, AKT (Ser473) phosphor-
ylation, and PKC expression, readouts for mTORC2 signaling, 
were decreased, while S6K  (Thr389) phosphorylation, a readout 
for mTORC1 signaling, was not affected in eWAT (Figure 1B; see 
complete unedited blots in the supplemental material). Among 
approximately 3,000 proteins identified in the proteome, 61 and 
16 were up- and downregulated, respectively, in AdRiKO mice 

insulin resistance and inflammation. We found that inhibition of 
the insulin/mTORC2 pathway resulted in enhanced Mcp1 tran-
scription in mouse and human adipocytes and thereby promoted 
inflammation in visceral WAT. Furthermore, obesity-induced insu-
lin resistance developed before the accumulation of proinflamma-
tory M1 macrophages in visceral WAT of WT mice. Thus, insulin 
resistance precedes and causes inflammation in adipose tissue.

Results
Insulin/mTORC2 signaling in WAT negatively controls inflammation. 
AdRiKO exacerbates systemic insulin resistance upon obesity, as 
evidenced by impaired glucose clearance in response to insulin 
treatment (Figure 1A and refs. 32–34). Thus, the AdRiKO mouse 
is a good model to investigate the causal relationship between 
insulin resistance and inflammation upon obesity. To determine 

Figure 1. Quantitative proteome analysis 
reveals insulin/mTORC2 signaling func-
tions in adipose tissue inflammation. (A) 
ITT for AdRiKO and control mice fed a HFD 
for 10 weeks. Mice were fasted for 5 hours 
prior to the ITT. Data are presented as the 
mean ± SEM. **P < 0.01, ***P < 0.001, and 
****P < 0.0001, by 2-way ANOVA. n = 10 
(control) and n = 5 (AdRiKO). (B) Immuno-
blots of eWAT from HFD-fed AdRiKO and 
control mice. eWAT samples were collect-
ed from ad libitum–fed mice. The same 
lysates were used for proteome analysis. 
(C) Regulated proteome with 3 biological 
replicates. See also Supplemental Table 1.  
(D) GO term analysis of the regulated 
proteome. Data are presented as the  
mean ± SEM.
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of HFD feeding, as measured by insulin-stimulated glucose uptake 
and an insulin tolerance test (ITT) (Figure 3, A and B, and Sup-
plemental Figure 5B), respectively. Mice fed a HFD for 10 weeks 
remained insulin resistant compared with mice on a ND (Figure 
3C and Supplemental Figure 5C). The M1 macrophage population 
in eWAT mildly increased in mice by week 10 of a HFD, but not by 
4 or 8 weeks (Figure 3D). Tnfa expression did not increase in mice 
at 4 or 10 weeks of a HFD (Supplemental Figure 5D). These find-
ings are consistent with previous reports showing that mice devel-
op adipose and systemic insulin resistance within several days to 4 
weeks of a HFD (44, 45), whereas the number of M1 macrophages 
in WAT increases only within 8 to 10 weeks of a HFD (10, 15, 45, 
46). The finding that HFD-induced insulin resistance precedes 
the accumulation of M1 macrophages is consistent with our above 
conclusion that insulin resistance leads to inflammation.

Insulin resistance–induced inflammation is specific to visceral 
WAT. Adipose-specific loss of mTORC2 signaling directly causes 
insulin resistance in all WAT depots and indirectly leads to sys-
temic insulin resistance (32–34). To test whether AdRiKO caus-
es inflammation in liver or in fat depots other than eWAT (see 
above), we examined macrophage numbers in peri-renal WAT 
(prWAT), subcutaneous WAT (sWAT), and liver of HFD-fed 
AdRiKO and control mice. AdRiKO prWAT, but not sWAT or liver, 
had increased numbers of M1 macrophages, (Supplemental Fig-
ure 6, A–C). Thus, AdRiKO promotes inflammation specifically in 
visceral WAT (eWAT and prWAT).

To test whether local insulin resistance causes inflammation 
in the liver, we examined hepatic macrophages in liver-specific  
Rictor-knockout mice (LiRiKO: Alb-Cre, Rictorfl/fl), which have 
hepatic insulin resistance due to loss of insulin/mTORC2 signal-
ing in liver (35–37). HFD-fed LiRiKO mice had a moderate but 
nonsignificant increase in the number of hepatic macrophages 
compared with HFD-fed control mice (Supplemental Figure 6D). 
Furthermore, the numbers of M1 and M2 macrophages in eWAT 
were identical in LiRiKO and control mice (Supplemental Figure 
6E). Thus, the ability of local insulin resistance to promote inflam-
mation is specific to visceral WAT.

Rictor knockout in adipocytes increases expression of the chemo-
kine MCP1. How does insulin resistance in visceral WAT cause 
local accumulation of M1 macrophages and inflammation? Ama-
no et al. have suggested that a HFD induces local proliferation of 
macrophages (23). Alternatively, others have proposed that WAT 
recruits circulating monocytes, which then differentiate into M1 
macrophages (7, 22). To distinguish between these 2 models, we 
used flow cytometry to measure the proliferation marker Ki-67 in 
macrophages in eWAT of HFD-fed mice. The percentage of Ki-67+ 
M1 macrophages in AdRiKO mice was similar to that in control 
mice (Supplemental Figure 7A), suggesting that the increase in M1 
macrophages in AdRiKO eWAT is not due to local proliferation. 
To investigate the possibility that WAT recruits monocytes, we 
examined the expression of WAT-derived chemokines in eWAT 
from HFD-fed AdRiKO and control mice. A chemokine array and 
ELISA revealed increased expression of monocyte chemoattrac-
tant protein 1 (MCP1, also known as C-C motif ligand 2 [CCL2]) in 
AdRiKO eWAT (Figure 4, A and B). Increased levels of MCP1 were 
also detected in the plasma of HFD-fed AdRiKO mice (Figure 4C). 
Furthermore, in SVCs isolated from AdRiKO eWAT, we observed 

compared with controls (Figure 1C and Supplemental Table 1). 
Gene Ontology (GO) analysis of the regulated proteins revealed 
enrichment of immune response–related biological process-
es (Figure 1D), suggesting that insulin resistance due to loss of 
mTORC2 signaling may cause inflammation upon obesity.

To examine further whether mTORC2 in WAT controls 
inflammation, we quantified immune cells in eWAT of HFD-fed 
AdRiKO and control mice by flow cytometry. While the num-
bers of B and T cells did not differ (Supplemental Figure 1D), the 
number of macrophages (F4/80+CD11b+) increased in AdRiKO 
eWAT at 10 weeks of HFD feeding (Figure 2, A and B, and Supple-
mental Figure 2A). The increase in macrophages correlated with 
increased macrophage gene expression (Cd68 and F4/80) and 
F4/80 staining (Figure 2, C and D). Next, we determined whether 
the increase in the number of macrophages in AdRiKO eWAT was 
due to an increase in proinflammatory M1 (F4/80+CD11b+CD11c+) 
and/or antiinflammatory M2 (F4/80+CD11b+CD301+) macro-
phages. The numbers of both M1 and M2 macrophages increased 
in both AdRiKO and control mice during the HFD time course 
(Figure 2, E–G). AdRiKO eWAT showed a disproportionately large 
increase in M1 macrophages, starting at 6 weeks of HFD feeding 
(Figure 2, E and F). Quantification of proinflammatory cytokine 
TNF-α mRNA in SVCs and macrophages isolated from HFD-
fed AdRiKO and control mice confirmed the disproportionate 
increase in M1 macrophages in AdRiKO eWAT (Figure 2, H and I, 
and Supplemental Figure 2, B and C). These observations indicate 
that AdRiKO leads to the accumulation of M1 macrophages, con-
firming that genetically induced insulin resistance due to loss of 
mTORC2 signaling in WAT promotes inflammation. We note that 
there was no difference in macrophage numbers between AdRiKO 
and control mice on a normal diet (ND) (Supplemental Figure 3, 
A–E), indicating that AdRiKO potentiates inflammation only in 
response to obesity.

Our AdRiKO model relies on the adipose-specific promoter 
aP2 to drive Cre expression and thereby knock out Rictor. How-
ever, aP2-Cre can be expressed in cell types other than adipo-
cytes including macrophages (40, 41). Three lines of evidence 
suggest that our findings are not due to confounding effects of 
ectopic knockout of Rictor in macrophages. First, Rictor expres-
sion was unchanged in macrophages isolated from the HFD-fed 
AdRiKO mice compared with those from control mice (Supple-
mental Figure 4, A and B). Second, adipose-specific deletion of 
Rictor via expression of Cre from the Adipoq promoter (i-AdRiKO: 
Adipoq-CreERT2, Rictorfl/fl) (40, 42) also showed an increase in 
M1 macrophages in eWAT upon obesity, as observed in aP2-Cre 
AdRiKO mice (Figure 2, J–M, and Supplemental Figure 4, C and 
D). Third, macrophage-specific knockout of Rictor, due to expres-
sion of Cre from the LysM promoter (LysM-Cre Rictor fl/fl), had no 
effect on macrophages in WAT of mice fed a HFD (43).

HFD-induced insulin resistance precedes the accumulation of adi-
pose tissue M1 macrophages. Our findings indicate that genetically 
induced local insulin resistance causes the accumulation of M1 
macrophages and thus inflammation in WAT upon obesity. This 
predicts that HFD-induced insulin resistance precedes inflamma-
tion in WT mice. To test this prediction, we performed a longitudi-
nal study with HFD-fed WT mice (Supplemental Figure 5A). WT 
mice developed eWAT and systemic insulin resistance by week 4 
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Figure 2. AdRiKO eWAT accumulates M1 macrophages. (A and B) Numbers of  macrophages (CD45+F4/80+CD11b+) in 
SVCs isolated from eWAT of HFD-fed AdRiKO and control mice. Representative FACS profiles are shown in A, and quan-
tification is shown in B. **P < 0.01, by multiple Student’s t test. n = 6–15. (C) Gene expression of macrophage markers 
in eWAT from HFD-fed AdRiKO and control mice. **P < 0.01, by multiple Student’s t test. n = 7–8. (D) Representative 
F4/80 staining of eWAT from HFD-fed AdRiKO and control mice. n = 4. Scale bar: 100 μm. (E–G) Numbers of M1 mac-
rophages (CD45+F4/80+CD11b+CD11c+) and M2 macrophages (CD45+F4/80+CD11b+CD301+) in SVCs from eWAT of HFD-fed 
AdRiKO and control mice. Representative FACS profiles are shown in E, and quantification is shown in F and G.  
****P < 0.0001 and P = 0.053, by multiple Student’s t test. n = 6–15. (H and I) Tnfa gene expression in SVCs (H) (n = 9)  
and isolated macrophages (I) (n = 6–8) from eWAT of HFD-fed AdRiKO and control mice. *P < 0.05, by unpaired 
Student’s t test. (J) Immunoblots of eWAT from i-AdRiKO and control mice. Mice were treated with tamoxifen for 5 
days. After 4 weeks, mice were fasted for 5 hours and then treated with PBS or insulin. (K) ITT for i-AdRiKO and control 
mice 4 weeks after induction of Rictor knockout. Mice were fasted for 5 hours prior to the ITT. **P < 0.01, ***P < 0.001, 
and ****P < 0.0001, by 2-way ANOVA. n = 5 (control) and n = 6 (i-AdRiKO). (L and M) Numbers of M1 macrophages 
(CD45+F4/80+CD11b+CD11c+) (L) and M2 macrophages (CD45+F4/80+CD11b+CD301+) (M) in SVCs from eWAT of HFD-fed 
i-AdRiKO and control mice. *P < 0.05, by unpaired Student’s t test. n = 7. Data are presented as the mean ± SEM.
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autonomous, we first treated 3T3-L1 adipocytes with the mTOR 
inhibitor torin 1 (47). 3T3-L1 adipocytes treated with torin 1 had 
increased Mcp1 expression (Figure 5E). Next, we generated 2  
Rictor-knockout 3T3-L1 adipocyte cell lines (Figure 5F and Supple-
mental Figure 8B) using the genome-editing CRISPR-Cas9 system 
(48). Rictor-knockout 3T3-L1 adipocytes were able to differentiate, 
albeit at a slower rate compared with control cells (Supplemental 
Figure 8C). Consistent with our in vivo data, Mcp1 expression was 
increased in the Rictor-knockout 3T3-L1 adipocytes (Figure 5G 
and Supplemental Figure 8B). Serum and insulin treatment sup-
pressed Mcp1 expression in control but not Rictor-knockout 3T3-L1 
adipocytes (Figure 5H and Supplemental Figure 8D). In WT mice, 
Mcp1 expression increased by 10 weeks, but not 4 weeks, of HFD 
feeding (Supplemental Figure 8E). These data support the notion 
that insulin resistance precedes and promotes Mcp1 transcription 
in adipocytes. We note that Rictor knockout in liver (LiRiKO) did 
not result in hepatic Mcp1 expression (Supplemental Figure 8F), 
consistent with our above finding that LiRiKO failed to stimulate 
inflammation in liver.

How does mTORC2 loss lead to Mcp1 transcription? It has 
been suggested that JNK is required for MCP1 expression and 
secretion in cultured 3T3-L1 adipocytes (49). Consistent with that 
report, treatment with the JNK inhibitor SP600125 reduced Mcp1 
expression in Rictor-knockout 3T3-L1 cells (Figure 5I). Inhibition of 
JNK was confirmed by loss of cJUN (Ser73) phosphorylation (Fig-
ure 5J). SP600125 did not restore AKT (Ser 473) phosphorylation 
(Figure 5J) or insulin-stimulated glucose uptake (Figure 5F) in the 
Rictor-knockout 3T3-L1 cells, indicating that the effect of the drug 
was independent of mTORC2 and insulin resistance. Furthermore, 
JNK activity was unaffected by Rictor knockout (Figure 5, J and K). 
Thus, mTORC2 and JNK control Mcp1 expression independently.

Impaired insulin/mTORC2 signaling and increased MCP1 expres-
sion in omental WAT of obese patients. MCP1 mRNA levels in omen-
tal WAT (oWAT) correlate with BMI in obese human subjects (9, 
50). However, how MCP1 transcription is regulated in human 
adipose tissue is unknown. Our finding that insulin/mTORC2 sig-

significantly increased expression of C-C chemokine receptor 
type 2 (Ccr2), encoding an MCP1 receptor, as a result of increased 
numbers of Ccr2-expressing cells such as monocytes and macro-
phages (Figure 4D). These findings suggest that insulin-resistant 
visceral WAT, via MCP1 expression, recruits monocytes, which 
then differentiate into M1 macrophages.

We next tested whether the increase in MCP1 is responsible 
for M1 macrophage accumulation in AdRiKO eWAT. Mice were 
fed a HFD for 8 weeks and then treated with an MCP1-neutral-
izing or control antibody for 2 weeks along with ongoing HFD 
feeding. The antibody treatments had no impact on body weight 
(Supplemental Figure 7B). The MCP1-neutralizing antibody inhib-
ited the accumulation of M1 macrophages in AdRiKO eWAT by 
50%, with no impact on M2 macrophages (Figure 4E). The MCP1- 
neutralizing antibody also caused a 2-fold increase in monocytes 
(Ly-6ChiCD11b+) in the blood of AdRiKO mice (Figure 4F). Thus, 
MCP1 appears to mediate the increase in M1 macrophages in 
AdRiKO eWAT. Altogether, our data suggest that mTORC2 inhibi-
tion in WAT results in Mcp1 expression, followed by infiltration of 
monocytes in an MCP1-CCR2–dependent manner.

Insulin/mTORC2 signaling inhibits Mcp1 transcription in adipo-
cytes. Expression of the Mcp1 gene was increased in the eWAT of 
HFD-fed AdRiKO and i-AdRiKO mice compared with expression 
levels in control eWAT (Figure 5, A and B), suggesting that MCP1 
is upregulated in AdRiKO WAT at the transcriptional level. Fur-
thermore, we note that the increase in Mcp1 expression (Figure 
5A) coincided with an increase in the number of M1 macrophages 
in AdRiKO eWAT (Figure 2F). The number of macrophages and 
expression levels of Mcp1 were unchanged in AdRiKO and control 
eWAT in ND-fed mice (Supplemental Figure 3 and Supplemen-
tal Figure 8A). To identify the cells in which Mcp1 expression was 
induced, we measured Mcp1 mRNA levels in adipocytes and SVCs 
isolated from eWAT of HFD-fed AdRiKO and control mice (Sup-
plemental Figure 2B). AdRiKO adipocytes, but not SVCs, showed 
increased Mcp1 expression (Figure 5, C and D). To determine 
whether the regulation of Mcp1 transcription by mTORC2 is cell 

Figure 3. HFD-induced insulin resistance 
precedes the accumulation of M1 mac-
rophages. (A) Insulin-stimulated 2DGP 
accumulation in eWAT and muscle from 
WT mice fed a ND or HFD for 4 weeks. Mice 
were fasted for 5 hours, injected with insulin 
at 0 minutes and 2DG at 10 minutes, and 
sacrificed at 30 minutes. ***P < 0.001, by 
unpaired Student’s t test. n = 7–8. (B and 
C) ITT for WT mice fed a ND or HFD for 4 
weeks (B) or 10 weeks (C). Mice were fasted 
for 5 hours prior to the ITT. ****P < 0.0001, 
by 2-way ANOVA. n = 15 (4 wk ND), n = 17 
(4 wk HFD), n = 3 (10 wk ND), and n = 4 (10 
wk HFD). (D) Numbers of M1 macrophages 
(CD45+F4/80+CD11b+CD11c+) and M2 macro-
phages (CD45+F4/80+CD11b+CD301+) in eWAT 
of WT mice fed a HFD for 4, 8, or 10 weeks. 
**P < 0.01, by multiple Student’s t test.  
n = 5–17. Rictorfl/fl mice were used as WT con-
trols. Data are presented as the mean ± SEM.
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naling negatively controls Mcp1 transcription and adipose tissue 
inflammation in mice prompted us to examine insulin/mTORC2 
signaling, MCP1 expression, and macrophage accumulation in 
human visceral WAT, i.e., oWAT. To this end, oWAT samples were 
collected from 20 lean and 30 obese human patients who were 
under general anesthesia (Figure 6A and Supplemental Table 2). 
The obese patients were insulin resistant as determined by high 
homeostatic model assessment of insulin resistance (HOMA-IR) 
(Figure 6B and Supplemental Figure 9A). We note that oWAT 
was collected from patients who, because of standard procedure 
before undergoing general anesthesia, had fasted overnight, a 
condition that might not be optimal for the evaluation of insu-
lin/mTORC2 signaling. Nevertheless, in oWAT, AKT2 (Ser474) 
phosphorylation, a readout for mTORC2 signaling, was lower in 
obese patients than in lean patients (Figure 6, C and D). AKT2 
(Ser474) phosphorylation negatively correlated with BMI (Fig-
ure 6E). These data suggest that insulin/mTORC2 signaling is 
impaired in oWAT of obese and insulin-resistant patients and vali-
date AdRiKO mice as a model for human insulin resistance. MCP1 
expression was higher in obese subjects and positively correlated 
with BMI (Figure 6, F and G, and Supplemental Figure 9B). CD68 
expression was also higher in the obese subjects and positively 
correlated with BMI (Figure 6, H and I, and Supplemental Figure 
9C). MCP1 and CD68 expression levels also correlated (Figure 6J). 
AKT2 (Ser474) phosphorylation did not correlate with MCP1 and 
CD68 expression (Supplemental Figure 9, D and E) when com-
paring the entire cohort of 50 patients, consistent with our above 
observation in mice that inhibition of insulin/mTORC2 signaling 

alone was not sufficient to promote adipose tissue inflammation 
(Supplemental Figure 3). However, approximately one-third of 
the obese patients (9 of 30) had low AKT (Ser474) phosphoryla-
tion and high HOMA-IR, MCP1, and CD68 (Figure 6K), suggest-
ing that AdRiKO mice may phenocopy this subgroup of patients. 
Finally, torin 1 treatment led to an increase in MCP1 expression in 
human primary adipocytes, suggesting that insulin/mTOR signal-
ing inhibits MCP1 expression also in humans (Figure 6, L and M).

Discussion
We provide 2 lines of evidence that insulin resistance promotes 
the accumulation of M1 macrophages and thereby fosters inflam-
mation (Figure 7). First, we show that knockout of mTORC2, i.e., 
genetically induced insulin resistance, in mouse adipocytes dere-
pressed Mcp1 expression. As a consequence, monocytes were 
recruited to visceral WAT, where they differentiated into M1 
macrophages and caused inflammation. Second, HFD-induced 
insulin resistance in WT mice preceded the accumulation of 
proinflammatory M1 macrophages. We also show that oWAT from 
obese, insulin-resistant patients had low mTORC2 signaling, high 
MCP1 expression, and high macrophage content, suggesting that 
our findings in mice have human relevance (Figure 6).

Our findings are consistent with observations made in mice 
genetically modified in other components of the insulin signal-
ing pathway. Two studies demonstrated that deletion of PTEN or 
PIK3R1, negative regulators of insulin signaling, causes enhanced 
insulin sensitivity and a reduced number of macrophages in adi-
pose tissue (51, 52). More recently, Shearin et al. (53) showed that 

Figure 4. Insulin/mTORC2 signaling inhibits Mcp1 transcription and M1 macrophage accumulation in vivo. (A) Adipokine array of eWAT from HFD-fed 
AdRiKO and control mice. Immunoblots show the reduction of RICTOR expression and mTORC2 signaling. n = 8 (data from 8 mice were pooled). (B) MCP1 
protein levels in eWAT from HFD-fed AdRiKO and control mice. *P < 0.05, by unpaired Student’s t test. n = 8. (C) MCP1 protein levels in plasma from 
HFD-fed AdRiKO and control mice. **P < 0.01, by unpaired Student’s t test. n = 8. (D) Ccr2 mRNA levels in SVCs isolated from eWAT of HFD-fed AdRiKO 
and control mice. *P < 0.05, by unpaired Student’s t test. n = 12. (E) Numbers of M1 macrophages (CD45+F4/80+CD11b+CD11c+) and M2 macrophages 
(CD45+F4/80+CD11b+CD301+) in eWAT. Mice were fed a HFD for 8 weeks and treated with a control or MCP1-neutralizing antibody for 2 weeks with ongoing 
HFD feeding. *P < 0.05 and ***P < 0.001, by 1-way ANOVA. n = 5–8. (F) Percentage of inflammatory monocytes in peripheral blood mononuclear cells 
(PBMCs). Mice were treated as in E. **P < 0.01, by 1-way ANOVA. n = 4–7. Data are presented as the mean ± SEM. 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 5 4 4 jci.org   Volume 128   Number 4   April 2018

adipose-specific Akt1- and Akt2-knockout mice exhibit insulin 
resistance and increased macrophage infiltration in adipose tissue.

The above studies altogether may disentangle the “chicken-
and-egg” relationship (see Introduction) of insulin resistance and 
inflammation, at least in adipose tissue. Obesity induces insulin 
resistance, via a yet-to-be defined mechanism, which in turn pro-
motes inflammation. As suggested previously (16), this inflamma-
tion may contribute to adipose tissue remodeling and expansion 
to maintain glucose hemostasis. It has been suggested that acti-
vated M1 macrophages undergo metabolic reprogramming from 
oxidative phosphorylation to glycolysis (54, 55). Thus, a physiolog-
ical role of M1 macrophages could be to clear excess local glucose. 

Our finding that insulin resistance precedes inflammation may 
account for the observation that inhibition of TNF-α is ineffective 
in the treatment of obesity-induced insulin resistance (18–21).

HFD-fed AdRiKO mice showed reduced AKT (Ser473) phos-
phorylation (Figure 1B), decreased glucose uptake (Figure 1A), 
and extensive inflammation (Figure 2) in eWAT. HFD-fed WT 
mice also displayed decreased glucose uptake (Figure 3, A–C), 
which was followed by mild inflammation (Figure 3D). Unexpect-
edly, AKT (Ser473) phosphorylation was not reduced in WT mice 
fed a HFD for 4 or 10 weeks (Supplemental Figure 5, E and F) (56), 
although we still observed mild inflammation in eWAT by week 
10 of HFD feeding. We note that the number of M1 macrophages 

Figure 5. Insulin/mTORC2 signaling inhibits Mcp1 transcription in adipocytes. (A) Mcp1 mRNA levels in eWAT from AdRiKO and control mice during the 
HFD time course. *P < 0.05 and ***P < 0.001, by multiple Student’s t test. n = 5–10. (B) Mcp1 mRNA levels in eWAT from HFD-fed i-AdRiKO and control 
mice. **P < 0.01, by unpaired Student’s t test. n = 4–6. (C and D) Mcp1 mRNA levels in adipocytes (C) and SVCs (D) isolated from eWAT of HFD-fed AdRiKO 
and control mice. ***P < 0.001, by unpaired Student’s t test. n = 13–14. (E) Mcp1 mRNA levels in 3T3-L1 adipocytes treated with DMSO or 250 nM torin 1 for 
6 hours. **P < 0.01, by unpaired Student’s t test. N >3. (F) 2DGP accumulation in insulin-stimulated Rictor-knockout or control 3T3-L1 adipocytes treated 
with DMSO or the JNK inhibitor SP600125 (20 μM). N = 3. (G) Mcp1 mRNA levels in Rictor-knockout and control 3T3-L1 adipocytes. *P < 0.05 and **P < 
0.01, by unpaired Student’s t test. N = 3. (H) Mcp1 mRNA levels in Rictor-knockout and control 3T3-L1 adipocytes treated with or without serum and insu-
lin. *P < 0.05, by unpaired Student’s t test. N = 3. (I) Mcp1 mRNA levels in Rictor-knockout and control 3T3-L1 cells treated with DMSO or the JNK inhibitor 
SP600125 (20 μM) for 6 hours. *P < 0.05 and **P < 0.01, by 1-way ANOVA. N = 3. (J) Immunoblots of Rictor-knockout and control 3T3-L1 adipocytes treated 
with DMSO or the JNK inhibitor SP600125 (20 μM) for 6 hours. N = 3. (K) In vitro JNK kinase assay. Active JNK was immunoprecipitated from Rictor-knock-
out or control 3T3-L1 adipocytes, and JNK activity was assessed toward its substrate cJUN. SP600125 treatment served as a negative control. N = 3. Data 
are presented as the mean ± SEM.
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ity, also functions as a transcriptional repressor (58). We found 
that Lipin1 expression was reduced in Rictor-knockout eWAT and 
adipocytes (Supplemental Figure 10, A and B), suggesting that 
mTORC2 may negatively control Mcp1 transcription via LIPIN1. 
An adipose-specific transcription factor is another candidate 
through which mTORC2 may control Mcp1 expression. Rictor 
knockout increased Mcp1 expression in adipocytes, but not in liv-
er or fibroblasts (Supplemental Figure 8F and Supplemental Fig-
ure 10C), indicating that the regulation of Mcp1 transcription by 
mTORC2 is specific to adipocytes.

Why does AdRiKO eWAT accumulate a disproportionately 
high number of M1 macrophages only in response to obesity? The 

in AdRiKO eWAT was much higher than that in control eWAT 
by week 10 of the HFD (Figure 2F). These findings suggest that 
obesity-induced insulin resistance promotes mild inflammation 
downstream or independently of mTORC2, whereas chronic insu-
lin resistance leads to mTORC2 inhibition and therefore extensive 
inflammation, as observed in AdRiKO mice and obese patients.

Our experiments reveal that loss of mTORC2 leads to 
increased Mcp1 expression in adipocytes (Figure 5). What is the 
downstream effector through which mTORC2 controls Mcp1 tran-
scription? One candidate is the phosphatidic acid phosphatase 
LIPIN1, whose knockdown results in Mcp1 expression in 3T3-L1 
adipocytes (57). LIPIN1, independently of its phosphatase activ-

Figure 6. Impaired insulin/mTORC2 signaling and increased MCP1 expression in oWAT of insulin-resistant obese patients. (A and B) BMI and HOMA-IR 
of lean and obese patients. ***P < 0.001 and ****P < 0.0001, by Mann-Whitney U test. See also Supplemental Table 2. (C) Representative immunoblots 
for p-AKT2 (Ser474) and AKT2 in human oWAT. (D) Quantification of p-AKT2 (Ser474) normalized to total AKT2. ***P < 0.001, by Mann-Whitney U test. 
(E) p-AKT2 (Ser474)/AKT2 negatively correlated with BMI. Significance was determined by Pearson’s correlation analysis. (F) MCP1 mRNA levels in human 
oWAT. **P < 0.01, by Mann-Whitney U test. (G) MCP1 positively correlated with BMI. Significance was determined by Pearson’s correlation analysis. (H) 
CD68 mRNA levels in human oWAT. **P < 0.01, by Mann-Whitney U test. (I and J) CD68 positively correlated with BMI (I) and MCP1 levels (J). Significance 
in I and J was determined by Pearson’s correlation analysis. (K) Cluster analysis of BMI, HOMA-IR, p-AKT2 (Ser474)/AKT2, MCP1, and CD68 levels. (L and M) 
Effect of torin 1 on insulin/mTORC2 signaling (L) and MCP1 mRNA levels (M) in human primary adipocytes. Differentiated human primary adipocytes were 
treated with DMSO or 250 nM torin 1 for 6 hours.
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trol. For i-AdRiKO mouse experiments, control mice were also treated 
with tamoxifen. Mice were randomly assigned for each experiment. 
Only male, 6- to 16-week-old mice were used for experiments.

Cell culture. 3T3-L1 cells were cultured and differentiated as 
described previously (62). In brief, 3T3-L1 preadipocyte cells were 
maintained in M1 medium (DMEM supplemented with 4 mM gluta-
mine, 1 mM sodium pyruvate, 1× penicillin and streptomycin, and 10% 
FBS) at 37°C in an incubator with 5% CO2. For differentiation, cells 
were maintained in M1 medium for 2 days after reaching confluence. 
The medium was replaced with M2 medium (M1 medium supple-
mented with 1.5 μg/ml insulin, 0.5 mM IBMX, 1 μM dexamethasone, 
and 2 μM rosiglitazone), defined as day 0 of differentiation. After 2 
days, the medium was replaced with M3 medium (M1 with 1.5 μg/ml 
insulin). The medium was replaced with M2 on day 4 of differentia-
tion. From day 6, cells were maintained in M3 with a medium change 
every 2 days. For all experiments, cells differentiated for 10 to 14 days 
were used. Torin 1 was purchased from Tocris Bioscience and dis-
solved in DMSO.

Human oWAT biopsies. oWAT biopsies were obtained from lean 
subjects with a BMI below 27 kg/m2 and from obese subjects with a 
BMI above 35 kg/m2 (Supplemental Table 2). Patients were fasted 
overnight and then underwent general anesthesia. All oWAT samples 
were obtained between 8:30 and 12:00, snap-frozen in liquid nitro-
gen, and stored at –80°C.

Human primary adipocytes. Human primary visceral preadipo-
cytes (from a 56-year-oldwoman with a BMI of 23) were obtained from 
Lonza. Cells were cultured and differentiated according to the man-
ufacturer’s instructions. After 14 days of differentiation, cells were 
treated with DMSO or 250 nM torin1 for 6 hours.

Generation of Rictor-knockout cells by CRISPR/Cas9-mediat-
ed genome editing. Rictor-knockout 3T3-L1 cells (Hall laboratory 
stock) were generated using the CRISPR/Cas9 system. Oligonucle-
otides containing single-guide RNAs (sgRNAs) (Rictor.1, forward: 
CACCGGAAGATACTGATCCCGCTTG, sgRNA Rictor.1, reverse: 
AAACCAAGCGGGATCAGTATCTTCC; sgRNA Rictor.2, forward: 
CACCGTGCCTCCTAGGGCTTGGTCG, sgRNA Rictor.1, reverse: 
AAACCGACCAAGCCCTAGGAGGCAC) were cloned into lenti-
CRISPRv2 (Addgene plasmid 52961) (48), a gift of Feng Zhang (MIT, 
Cambridge Massachusetts, USA). Plasmids were amplified by bacte-
rial transformation and isolated by Miniprep (Zymo Research). Lenti-
CRISPRv2 plasmids were cotransfected with psPAX2 (Addgene plas-
mid 12260; a gift of Didier Trono, EPFL, Lausanne, Switzerland) and 
pCMV-VSV-G (63) (Addgene plasmid 8454; a gift of Robert Weinberg, 
MIT, Cambridge, Massachusetts, USA) into HEK293T cells (Hall lab-
oratory stock). Supernatants containing lentiviruses were collected 1 
day after transfection and used to transduce undifferentiated 3T3-L1 
cells. Transduced cells were selected by puromycin.

2-Deoxyglucose uptake assay. Mice were fed a ND or HFD for 4 
weeks, fasted for 5 hours, and given Humalog insulin i.p. (Lilly; 0.75 
U/kg body weight). After 10 minutes, 2-deoxyglucose (2DG) (Sigma- 
Aldrich) was given i.p. (32.8 μg/g body weight), and tissues (eWAT, 
muscle) were collected 20 minutes later. For in vitro 2DG uptake, 
differentiated adipocytes were cultured in serum-free M1 medium, 
washed 3 times with HKRP buffer (1.2 mM KH2PO4, 1.2 mM MgSO4, 
1.3 mM CaCl2, 118 mM NaCl, 5 mM KCl, and 30 mM HEPES, pH7.5), 
and cultured in HKRP buffer with 1% BSA for 30 minutes. Cells were 
stimulated with 100 nM insulin for 20 minutes and subsequently 

increase in Mcp1 transcription in mTORC2-knockout adipocytes 
required JNK activity (Figure 5I), which is high only in WAT from 
obese mice (59, 60). Thus, obesity might be a prerequisite for JNK 
activation, which in turn stimulates Mcp1 expression in conjunc-
tion with loss of mTORC2. We note that mTORC2 did not control 
JNK (Figure 5, J and K).

In summary, we propose that obesity-mediated insulin resis-
tance is a cause of inflammation in visceral WAT. Although our 
findings do not rule out the possibility that inflammation promotes 
insulin resistance in other tissues or conditions, they bring into 
question whether antiinflammation therapy in adipose tissue is an 
effective strategy in the prevention of type 2 diabetes.

Methods
Mice. Adipose tissue–specific Rictor-knockout (AdRiKO) and liver- 
specific Rictor-knockout (LiRiKO) mice were described previously (32, 
35, 61). Since AdRiKO mice are infertile, we bred Rictorfl/+ aP2-Cre mice 
with Rictorfl/fl mice to generate mice for our experiments. For experi-
ments with AdRiKO mice, age-matched Cre-negative males were used 
as controls. To generate LiRiKO mice for experiments, Rictorfl/fl Alb-Cre 
mice were crossed with Rictorfl/fl mice. To generate an i-AdRiKO mouse 
line, Rictorfl/fl mice were bred with adipoq-CreERT2 mice, provided by 
Stefan Offermanns (Max Planck Institute for Heart and Lung Research 
[MPI-HLR], Bad Nauheim, Germany) (42). Once the i-AdRiKO mouse 
line (Rictorfl/fl adipoq-CreERT2) was generated, these mice were bred 
with Rictorfl/fl mice to produce mice for experiments. For experiments 
with LiRiKO and i-AdRiKO mice, Cre-negative littermate male mice 
were used as controls. All mice used in this study were on a C57BL/6 
background. For i-AdRiKO mice, Rictor knockout was induced by i.p. 
injection of 1 mg/mouse tamoxifen (Sigma-Aldrich) resuspended in 
corn oil daily for 5 days. Mice were housed at 22°C in a conventional 
facility under a 12-hour light/12-hour dark cycle with unlimited access 
to water and were fed a ND or a HFD (60% kcal from fat NAFAG 2127, 
KLIBA). The HFD-feeding experiment was conducted for 10 weeks 
unless otherwise specified. Cre-negative animals were used as a con-

Figure 7. Insulin resistance causes inflammation in adipose tissue. Insulin 
resistance, due to obesity and loss of insulin/mTORC2 signaling, results in 
enhanced production of MCP1 in adipocytes.  MCP1 in turn recruits mono-
cytes and activates proinflammatory M1 macrophages.
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CD301–Alexa Fluor 647 (AbD Serotec; catalog MCA2392A647T); 
CD4-FITC (eBioscience; catalog 11-0041-81); CD8a-PE (eBioscience; 
catalog 12-0081-81); CD3-APC (eBioscience; catalog 17-0032-80); 
CD45R (B220) PerCP-Cyanine 5.5 (eBioscience; catalog 45-0452-
80); CD25 APC-eFluor 780 (eBioscience; catalog 47-0251-80); and 
Ki-67–Alexa Fluor 488 (BD Pharmingen; catalog 561165), along with 
a FOXP3 Flow Kit (BioLegend, catalog 320021) and a Live/Dead Fix-
able Dead Cell Kit (Thermo Fisher; catalog L34955). Stained SVCs 
were analyzed using the FACSCanto II (BD Biosciences) or sorted 
with a FACSAria IIIu (BD Biosciences).

Immunohistochemistry. WATs were fixed overnight in 4% formalin 
at room temperature, dehydrated, embedded in paraffin, and cut into 
5-μm-thick sections. Adipose tissue macrophages were stained with 
anti-F4/80 antibody (Abcam; catalog ab6640) and a secondary anti-
body conjugated with HRP (VECTOR Laboratories), followed by incu-
bation in ImmPACT DAB peroxidase substrate solution (VECTOR  
Laboratories) and subsequent counterstaining with hematoxylin 
(VECTOR Laboratories). Images were obtained using DM600B (Lei-
ca) and analyzed with Fiji software (ImageJ; NIH) (65).

RNA isolation and quantitative real-time PCR. Total RNA was 
isolated with TRIzol Reagent (Sigma-Aldrich) and an RNeasy Kit  
(QIAGEN). For RNA isolation from sorted macrophages, an RNeasy 
Micro Kit (QIAGEN) was used. RNA was reverse transcribed to cDNA 
using an iScript cDNA Synthesis Kit (Bio-Rad). Semiquantitative real-
time PCR analysis was performed using Fast SYBR Green (Applied 
Biosystems). Relative expression levels were determined by normal-
izing each Ct value to either Polr2a, Tbp, or Rpl7 expression for mice 
and RNA18S5 for human samples using the ΔΔCt method. The primer 
sequences used in this study are shown in Table 1.

Protein isolation and immunoblots. Tissues were homogenized in 
lysis buffer containing 100 mM Tris-HCl, pH7.5, 2 mM EDTA, 2 mM 
EGTA, 150 mM NaCl, 1% Triton X-100, cOmplete Inhibitor Cock-
tail (Roche), and PhosSTOP (Roche). The protein concentration was 
determined by the Bradford assay, and equal amounts of protein were 
separated by SDS-PAGE and transferred onto nitrocellulose mem-
branes (GE Healthcare). The following antibodies were used in this 
study and were purchased from Cell Signaling Technology: AKT (cat-
alog 4685); phosphorylated AKT (p-AKT) (Ser473) (catalog 4060), 
RICTOR (catalog 2140), PKC (catalog 2056), p-S6K (Thr389) (catalog 
9234), S6K (catalog 2708), p-JNK (Thr183/Tyr185) (catalog 4668), 
JNK (catalog 9252), p-cJUN (Ser73) (catalog 3270), cJUN (catalog 
9165). Actin monoclonal antibody was purchased from Sigma-Aldrich 
(catalog MAB1501).

JNK kinase assay. JNK activity was measured using a SAPK/JNK 
Kinase Assay Kit (Nonradioactive) (Cell Signaling Technology; cat-
alog 8794).

Proteome analysis. eWAT was homogenized in urea lysis buffer 
containing 50 mM Tris-HCl, pH 8.2, 8 M urea, 75 mM NaCl, cOm-
plete inhibitor cocktail (Roche), and PhosSTOP (Roche). The extracts 
were incubated for 30 minutes at 4°C and centrifuged for 15 minutes 
at 14,000 g. Protein concentration was measured with the Bradford 
assay. Proteins were reduced with 2.5 mM DTT for 40 minutes at 56°C 
and alkylated with 7.5 mM iodoacetamide for 40 minutes at room tem-
perature in the dark with gentle shaking. The urea concentration was 
lowered to 4 M with 25 mM Tris-HCl, pH 8. The lysates were digested 
with 2 rounds of endoproteinase LysC (Wako) at an enzyme/protein 
ratio of 1:100 (w/w) at 37°C for 2 hours. After the LysC digestion, the 

cultured with 1 mM 2DG for 20 minutes. Tissues or cells were lysed 
in 10 mM Tris-HCL, pH 8.0, by boiling for 15 minutes. 2-Deoxyglu-
cose-6-phosphate (2DGP) was measured using a Glucose Uptake-Glo 
Assay Kit (Promega) following the manufacturer’s instructions.

MCP1 ELISA and adipokine array. Mice were fed a HFD for 10 
weeks, and MCP1 levels in eWAT and plasma were measured using 
a commercial ELISA kit (R&D Systems) following the manufacturer’s 
instructions. Adipokine array (R&D Systems) was performed accord-
ing to the manufacturer’s instructions.

MCP1-neutralizing antibody treatment. Mice were fed a HFD for 8 
weeks. Mice were given i.p. 1 mg/kg body weight isotype control IgG 
(BD Biosciences; catalog 553968, lot 4113848) or anti–MCP1 IgG (BD 
Biosciences; catalog 554440, lot 5203535) every 2 days for 2 weeks.

ITT. Mice were fasted for 5 hours, Humalog insulin (Lilly) was 
given i.p. (0.75U/kg body weight), and blood glucose levels were mea-
sured with an Accu-Chek blood glucose meter.

In vivo insulin stimulation. Mice were fasted for 5 hours, Humalog 
insulin (Lilly) was administered i.p. (0.75U/kg body weight), and tis-
sues were collected.

Isolation of adipocytes and SVCs and flow cytometric analysis. SVCs 
were isolated and stained with antibody as previously described (64). 
In brief, fat pads were excised and minced in HBSS++ supplemented 
with 0.5% BSA and digested with 1 mg/ml type II collagenase (Sigma- 
Aldrich) at 37°C for 40 minutes with vigorous shaking. After digestion, 
final 10 mM EDTA was added and incubated for 10 minutes to disso-
ciate SVCs. The resulting suspension was filtered through a 100-μm 
cell strainer (Corning) and centrifuged at 500 g for 10 minutes. After 
centrifugation, floating adipocytes were collected, and SVC-contain-
ing pellets were subjected to red blood cell lysis in 1× Red Blood Cell 
Lysis Buffer (eBioscience). SVCs were blocked with Fc-block (BD 
Biosciences) and stained with the following antibodies and reagents: 
F4/80-PE (eBioscience; catalog 12-4801-80); CD11b-APC eFluor 780 
(eBioscience; catalog 47-0112-80); CD11c-PE-Cy7 (eBioscience; cat-
alog 25-0114-81); CD45.2-PerCP (eBioscience; catalog 45-0454-80); 

Table 1. qRT-PCR primers

Species Target Forward primer Reverse primer
Mouse Cd68 TATAGCCCAAGGAACAGAGGAA CTGTAGGTGTCATCGTGAAGG

F4/80 TTGCGGGATTCCTACACTATCT AGGTTTCTCACCATCAGGAAGA
Tnfa GGTTCTGTCCCTTTCACTCA TGCCTCTTCTGCCAGTTCC
Rictor ATGGCCAATATCGCAAAGAAG GTGGCCAAATTGCAAGGAGTA
Cd11c GGATGGACTGGTGGATCTGG GGTGTGAAGTGAACAGTTGGTG
Mcp1 CTACCTTTTCCACAACCACCTC ATTAAGGCATCACAGTCCGAGT
Lep TCACACACGCAGTCGGTATC ACTCAGAATGGGGTGAAGCC

Adipoq TGACGACACCAAAAGGGCTC ACGTCATCTTCGGCATGACT
Cd31 TGCTCTCGAAGCCCAGTATT ATGGGTGCAGTTCCATTTTC
Cd45 CCAGTGATGAACTGAGCACAAC TTGGGGGTGTGGATTCAGTG
Cd3g CTTCAAGGCACTGTAGCCCA GTACAGAACCGTCTCCTCGG
Polr2a AATCCGCATCATGAACAGTG CAGCATGTTGGACTCAATGC
Tbp TGCTGTTGGTGATTGT CTTGTGTGGGAAAGAT
Rpl7 CGGTCTCTTGGTAAGTTTGGC TTGAAGCGTTTCCCGACTGT

Human MCP1 CCGAGAGGCTGAGACTAACC CTTTCATGCTGGAGGCGAGA
CD68 ACAGGGAATGACTGTCCTCAC TGCTCTCTGTAACCGTGGGT

RNA18S5 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
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Progenesis data file. The data aligned in Progenesis were exported 
as .txt files to the R-based Perseus program (68). Volcano plots and  
ANOVA 2-sample t tests were performed with a FDR of 5%. Proteins 
were considered regulated when the ANOVA 2-sample t test was 
below 0.05 in each technical replicate and the Student’s t test P value 
was below 0.05 in at least 2 of 3 biological replicates. GO process anal-
ysis was performed according to the framework provided by the Gene 
Ontology Consortium (69, 70).

Statistics. Immunoblots for p-AKT2 (Ser474) and AKT2 on human 
oWAT were quantified in Fiji (65). Samples for which we failed to 
detect AKT2 were excluded from further analysis. Sample size was 
chosen according to our previous studies and published reports in 
which similar experimental procedures were described. The investi-
gators were not blinded to the treatment groups. All data are shown 
as the mean ± SEM. Sample numbers are indicated in each figure 
legend. For mouse experiments, n represents the number of animals, 
and for cell culture experiments, N indicates the number of indepen-
dent experiments. To determine the statistical significance between 2 
groups, an unpaired 2-tailed Student’s t test was performed. For more 
than 3 groups, 1-way ANOVA was performed. For ITT data, 2-way 
ANOVA was performed. For human samples, statistical outliers were 
excluded in Figure 6 according to the robust regression and outlier 
removal test (ROUT) (Q = 1%) but are included in Supplemental Fig-
ure 9. In all cases, a Mann-Whitney U test was performed to deter-
mine statistical significance. All statistical analysis was performed 
using GraphPad Prism 7 (GraphPad Software). Cluster analysis was 
performed using ClustVis (71). A P value of less than 0.05 was consid-
ered statistically significant.

Study approval. All animal experiments were performed in 
accordance with federal guidelines for animal experimentation 
and approved by the Kantonales Veterinäramt of the Kanton Basel-
Stadt (Basel, Switzerland). For human biopsies, the study protocol 
was approved by the Ethikkomission Nordwest-und Zentralschweiz 
(EKNZ) (Basel, Switzerland). All patients provided informed consent 
to provide adipose tissue samples.
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urea concentration was lowered to 1 M with 25 mM Tris-HCl, pH 8.0. 
The lysates were digested with 2 rounds of trypsin (Worthington) at 
an enzyme/protein ratio of 1:100 (w/w) for 2 hours, followed by over-
night digestion at 37°C. Digestion was stopped by adding trifluoro-
acetic acid (TFA) to reach a final concentration of 0.4%. The digests 
were centrifuged for 5 minutes at 3,000 g and desalted on a C18 Sep-
Pak cartridge (Waters) that had been equilibrated with 0.1% TFA. The 
peptides were applied onto the cartridge, washed with 0.1% TFA, and 
subsequently eluted with 0.5% AcOH/80% AcCN. The peptide con-
centration was estimated by measuring the UV absorbance at 280 nm 
(66). The desalted peptides were dried in a SpeedVac (Thermo Fisher 
Scientific). For strong cation separation, the dried peptides were dis-
solved in 1.5 ml 7 mM KH2PO4, pH 2.65, and 30% AcCN (v/v) (SCX 
buffer A) and centrifuged at 10,600 × g. The peptides were applied 
onto a HiTrap SP cartridge (GE Healthcare) that had been equilibrated 
with 3 ml SCX buffer A, and the cartridge was washed with 3 ml SCX 
buffer A. Bound peptides were stepwise eluted with 1.5 ml each of SCX 
buffer A containing 50 mM, 100 mM, 150 mM, 250 mM, and 350 mM 
KCl, and each fraction was collected manually. The peptide concen-
tration was estimated by absorbance at 280 nm. The fractions were 
dried in a SpeedVac and desalted on either micro or macro spin C18 
columns (The Nest Group). The peptides were desalted with 0.1% TFA 
and subsequently eluted with 0.5% AcOH/80% AcCN. The dried pep-
tides (20 μg) were dissolved in 20 μl of 0.1% formic acid and 0.005% 
TFA and analyzed on an Orbitrap Elite FT Hybrid Instrument (Ther-
mo Fisher Scientific).

The peptides from the SCX step-off fractions were analyzed by 
capillary liquid chromatography tandem MS (LC-MS/MS) using a 
home-packed separating column (0.075 mm × 15 cm) packed with 
Reprosil C18 reverse-phase material (2.4 m particle size; provided 
by Albin Maisch, Ammerbuch-Entringen, Germany). The column 
was connected online to an Orbitrap Elite FT Hybrid Instrument. 
The solvents used for peptide separation were 0.1% formic acid in 
water/0.005% TFA (solvent A) and 0.1% formic acid/0.005% TFA 
and 80% acetonitrile in water (solvent B). Peptide digest (2 μl) was 
injected with a Proxeon nLC Capillary Pump (Thermo Fisher Scien-
tific) set to 0.3 μl/min. A linear gradient from 0% to 40% of solvent B 
in solvent A in 95 minutes was delivered with the nano pump at a flow 
rate of 0.3 μl/min. After 95 minutes, the percentage of solvent B was 
increased to 75% in 10 minutes. The eluting peptides were ionized at 
2.5 kV. The mass spectrometer was operated in data-dependent mode. 
The precursor scan was done in the Orbitrap, set to 60,000 resolu-
tion, while the fragment ions were mass analyzed in the LTQ Orbitrap 
Instrument. A top-10 method was run so that the 10 most intense pre-
cursors were selected for fragmentation. Each biological replicate was 
measured in 3 technical replicates.

The LC-MS/MS data were searched with Proteome Discov-
erer 1.4 (Thermo Fisher Scientific), set to Mascot and Sequest HT 
against a mouse UniProtKB databank (67). The precursor tolerance 
was set to 10 ppm, while the fragment ion tolerance was set to 0.5 
Da. The following variable modifications were used during the 
search: carbamidomethyl-cystein, oxidized methionine, and N-ter-
minal protein acetylation. The peptide search matches were set at 
“high confidence” (1% FDR).

All LC-MS/MS runs were aligned with Progenesis software 
(Waters). For identification of the aligned features, the corresponding 
Proteome Discoverer 1.4 results files were imported into the aligned 
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