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Abstract 

Chronic nutritional excess results in metabolic disorders such as obesity, type 2 diabetes and fatty 

liver disease. Hyperglycemia is a frequent characteristic of these disorders; and chronic 

hyperglycemia can damage different cells and tissues including the pancreatic β-cells and liver 

cells through a process called glucotoxicity. Detoxification pathways that eliminate excess glucose 

carbons can help protect cells and tissues from damage. The glycerolipid/free fatty acid (GL/FFA) 

cycle is a critical detoxification pathway that plays an important role in the overall regulation of 

glucose and lipid metabolism. Glycerol-3-phosphate (Gro3P), which is formed from glucose 

during glycolysis, is at the crossroads of glucose and lipid metabolism and one of the starting 

substrates for the GL/FFA cycle. Gro3P is hydrolyzed by glycerol-3-phosphate phosphatase 

(G3PP) to glycerol, which suggests that G3PP could be an important metabolic regulator and raises 

the possibility that defective G3PP activity could lead to metabolic dysfunction. We have shown 

recently that G3PP, by regulating cytosolic Gro3P levels, can play a role in the control of glycolysis, 

glucose oxidation, cellular redox and ATP production, gluconeogenesis and glycerolipid synthesis 

in β-cells and hepatocytes in vitro. In this thesis I studied the potential role of G3PP in β-cells and 

liver in vivo and viewing G3PP as a potential detoxification enzyme that eliminate excess glucose 

carbon to glycerol. 

In Chapter II, I demonstrated that G3PP play an important role in regulating β-cells insulin 

secretion and preventing glucotoxicity in vivo and ex vivo. β-cell specific G3PP-KO mouse (BKO) 

fed normal diet for 20 weeks showed increased body weight gain, fed insulinemia, and enhanced 

insulin secretion in response to glucose load. GSIS response ex vivo is higher in BKO islets only 

at high glucose. BKO islets show reduced glucose-induced glycerol release and elevated O2 

consumption and ATP production only at high glucose levels. Metabolites like Gro3P, DHAP, 

ATP, acetyl-CoA and malonyl-CoA were increased in BKO islets only at high glucose. 

Glucotoxicity at 30 mM glucose for 7 days led to increased apoptosis, reduced insulin content and 

expression of Pdx-1 and Ins-2 genes in BKO islets. 

In Chapter III, I demonstrated that G3PP play an important role in regulating glucose 

metabolism and lipogenesis in mouse liver in vivo. Hepatocyte specific G3PP-KO (LKO) mice fed 

normal diet for 10 weeks showed no major phenotype. However, when challenged with a glucose 

infusion for 55h, LKO mice showed an accumulation of liver TG, glycogen and cholesterol and 
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increased liver weight. In addition, chronic hyperglycemia led to increased mRNA levels of pro-

inflammatory cytokines and macrophage markers in LKO mice. LKO mice showed an increase in 

plasma markers levels of the metabolic syndrome, including TG, LDL, VLDL, urea and uric acid. 

Targeted metabolomics studies in livers of chronically hyperglycemic LKO mice showed 

increased levels of Gro3P, which drives lipogenesis/fatty acid esterification, and metabolites 

linked to de novo lipogenesis, including Krebs cycle intermediates, acetyl-CoA and malonyl-CoA.  

In Chapter IV, I investigated the effects of 3-fold overexpression of human G3PP in mouse. 

To examine if G3PP overexpression protects against glucotoxicity and fat accumulation in vivo; 

and found no major effect on liver metabolism in vivo or ex vivo. This demonstrates that a higher 

level of G3PP overexpression is needed to study the effects of G3PP in liver in vivo using 

transgenic mice or G3PP activator in the future. 

Overall, I have obtained evidence that the glycerol shunt promoted by G3PP is an important 

metabolic pathway implicated in glucodetoxification that can play a role in preventing insulin 

hypersecretion and excess body weight gain and contributes to β-cell mass preservation in the face 

of hyperglycemia and also plays a role in preventing fatty liver and its complications. 
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Résumé 

Un excès nutritionnel chronique entraîne des troubles métaboliques tels qu’obésité, T2D et stéatose 

hépatique. L’hyperglycémie est une caractéristique fréquente de ces troubles métaboliques et 

l’hyperglycémie chronique peut endommager diverses cellules et tissus, dont les cellules β 

pancréatiques et les cellules du foie, en provoquant une glucotoxicité. Les voies de détoxification 

éliminant les glucides en excès peuvent aider à protéger les cellules et les tissus contre ces 

dommages. Le cycle GL/FFA est une voie critique de détoxification et joue un rôle important dans 

la régulation globale du métabolisme du glucose et des lipides. Le glycérol-3-phosphate (Gro3P), 

formé à partir du glucose lors de la glycolyse, se retrouve au carrefour du métabolisme du glucose 

et des lipides et est l’un des principaux substrats de départ du cycle GL/FFA. Gro3P est directement 

hydrolysé en glycérol par la glycérol-3-phosphate phosphatase (G3PP), suggérant que G3PP soit 

un important régulateur métabolique et soulevant la possibilité que l’activité défectueuse de G3PP 

pourrait conduire à un dysfonctionnement métabolique. Ici, j’ai étudié le rôle potentiel de G3PP 

dans les cellules β et le foie in-vivo et la possibilité que G3PP agisse comme une enzyme de 

détoxification potentielle pour l’excès de glucides. 

Dans le chapitre II, j’ai démontré que G3PP joue un rôle important en régulant la sécrétion 

d’insuline par les cellules β et en prévenant la glucotoxicité in-vivo et ex-vivo. Un modèle de souris 

G3PP-KO spécifique pour les cellules β (BKO) nourri avec une diète normale pour 20 semaines 

présente une augmentation du gain de poids corporel et de l’insulinémie non à jeûn et une 

augmentation de la sécrétion d’insuline en réponse à une charge de glucose. La réponse GSIS ex-

vivo est plus élevée dans les îlots de souris BKO uniquement à un taux élevé de glucose. Les îlots 

BKO présentent une libération réduite de glycérol induite par le glucose et une augmentation de 

la consommation d’O2 et production d’ATP uniquement à des taux de glucose élevés. Les 

métabolites tels Gro3P et DHAP sont augmentés dans les îlots BKO à un taux de glucose élevé. 

La glucotoxicité entraîne une augmentation de l’apoptose, une réduction du contenu en insuline et 

une réduction de l’expression des gènes Pdx-1 et Ins-2 dans les îlots BKO. 

Dans le chapitre III, j’ai démontré que G3PP joue un rôle important dans la régulation du 

métabolisme du glucose et la lipogenèse dans le foie de souris in-vivo (LKO). LKO sur diète 

normale pour 10 semaines ne présentent pas de phénotype majeur. Toutefois, en conditions 

d’hyperglycémie, les souris LKO ont montré une accumulation de TG hépatique, glycogène et 
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cholestérol. De plus, l’hyperglycémie chronique entraîne une augmentation des niveaux d’ARNm 

de cytokines pro-inflammatoires et des marqueurs des macrophages chez les souris LKO. Des 

modifications des marqueurs plasmatiques du syndrome métabolique comme TG and VLDL ont 

également été notées. Des études métabolomiques ciblées dans le foie des souris LKO 

chroniquement hyperglycémiques ont montré des niveaux accrus de Gro3P qui entraîne la 

lipogenèse/estérification des acides gras, et des métabolites liés à la lipogenèse de novo. 

Dans le chapitre IV, j’ai étudié les effets d’une augmentation d’environ 3 fois de 

l’expression de G3PP humain dans les hépatocytes de souris afin d’examiner si la surexpression 

de G3PP protège contre la glucotoxicité et l’accumulation de graisses in-vivo. Aucun effet majeur 

au niveau du métabolisme hépatique in-vivo ou ex-vivo n’a pu être détecté. 

En conclusion, j’ai réussi à démontrer que le shunt G3PP/glycérol est une voie métabolique 

impliquée dans la glucodétoxification qui peut jouer un rôle dans la prévention de l’hypersécrétion 

d’insuline et de l’excès de poids corporel et ainsi contribuer à la préservation de la masse des 

cellules β face à l’hyperglycémie, en plus de jouer un rôle dans la prévention de la stéatose 

hépatique. 
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Chapter I. Introduction 

1.1. Metabolic syndrome: an overview 

A sedentary lifestyle, easy access to calorie-dense food and genetic predisposition are major 

contributors to the progression of metabolic syndrome (MetS), a term used to describe a state of 

poor metabolic health that represents a group of metabolically related symptoms (Smith, 

Mittendorfer et al. 2019). Central obesity, glucose intolerance, dyslipidemia and hypertension are 

the main characteristics of MetS and the presence of all or some of these risk factors in one person 

represents MetS (Aguilar-Salinas and Viveros-Ruiz 2019). Insulin resistance (IR) and 

hyperinsulinemia both contribute to MetS. Saying that, it is debatable which one of these factors 

initiates or is the main contributor to MetS (O'Neill and O'Driscoll 2015, Aguilar-Salinas and 

Viveros-Ruiz 2019). The dominant view is that IR, characterized by the lack of insulin action on 

peripheral tissues, causes elevation of plasma glucose levels, which in turn will promote the 

increased demand on pancreatic β-cells to produce and secrete more insulin through a mechanism 

called β-cell compensation or hyper-responsiveness (Prentki and Nolan 2006, Hudish, Reusch et 

al. 2019). This compensatory β-cell response leads to hyperinsulinemia which initially restores 

normal glucose level in the prediabetic state. However, the β-cells eventually become unable to 

compensate for chronic exposure to excess glucose, lipids and other secretagogues, which leads to 

β-cell dysfunction and/or apoptosis and the progression toward type 2 diabetes (T2D) and 

increased diseases associated with MetS (Prentki and Nolan 2006). 

This view has been challenged by an alternative hypothesis that islet β-cell hyper-

responsiveness is the primary cause of glucose intolerance, at least in some patients. In this view 

IR can actually be considered as a protective adaptive response of critical tissues, such as the heart, 
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muscle or liver, against insulin induced metabolic stress (Corkey 2012, Nolan and Prentki 2019). 

Moreover, increasing evidence indicates that the hyperinsulinemic state contributes disorders 

associated with MetS, including obesity-related T2D, non-alcoholic fatty liver disease (NAFLD), 

atherosclerotic cardiovascular disease (ASCVD), and polycystic ovary syndrome (PCOS) (Nolan 

and Prentki 2019). These different views all suggest that understanding β-cell function and 

dysfunction in MetS may provide novel methods to treat T2D, NAFLD, cardiovascular disease 

(CVD), and other MetS complications. 

1.1.1 Obesity: the major factor 

Obesity is considered by many to be the main pathogenetic factor in MetS, and is associated with 

IR, β-cell expansion and hyperinsulinemia (Prentki and Nolan 2006, Al-Goblan, Al-Alfi et al. 

2014). Obesity is a condition of abnormal or excessive fat accumulation in adipose tissue and 

results mainly from long term energy imbalance (Ahima 2011). Energy homeostasis, which is a 

precise balance between energy intake and energy expenditure, is central for the survival of all 

organisms (Bluher 2019). In the past ages, undernutrition was the main health problem that humans 

had to adapt to by withstanding longer periods of starvation and mobilizing and storing energy 

more efficiently (Yanovski 2018). In recent years, a sedentary lifestyle and easy access to food has 

led to overnutrition emerging as a major health threat, with more people dying from obesity than 

undernutrition, and resulting to a major obesity pandemic (Bluher 2019). 

 Many researchers have tried to identify the mechanisms that cause obesity by studying how 

appetite and regulation of food intake is disturbed in the brains of obese individuals and how 

adipose tissue dysfunction can cause secondary health problems (Murray, Tulloch et al. 2014, Lee 

and Shin 2017). One of the major milestones in understanding the molecular regulation of energy 

homeostasis is the discovery of leptin (Zhang, Proenca et al. 1994), a hormone secreted by adipose 
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tissue that acts on the hypothalamus to regulate appetite and energy expenditure (Farooqi 2014). 

The importance of leptin in the pathogenesis of obesity comes from studying monogenic mouse 

models that harbor mutations in the leptin gene (Lepob/ob mice) and leptin receptor gene (Leprdb/db 

mice), which are characterized by severe obesity, hyperinsulinemia and hyperglycemia (Zhang, 

Proenca et al. 1994, Farooqi and O'Rahilly 2014). From these studies and previous work before 

leptin was identified [in particular by the groups of Doug Coleman (Coleman 2010), Bernard 

Jeanrenaud (Rohner-Jeanrenaud and Jeanrenaud 1996) and George Bray (Ryan, Hansen et al. 

2016)], it became clear that the brain and other tissues cooperate to regulate energy homeostasis 

and contribute to the pathogenesis of obesity (Murray, Tulloch et al. 2014). In addition, 

monogenetic causes of obesity are rare and cannot explain the extent of the obesity pandemic. 

 Other factors contributing to the pathogenesis of obesity include the adipose tissue itself, 

which is composed of both adipocytes (triglyceride-filled cells) and other cells including 

preadipocytes, stem cells, endothelial cells and immune cells. Adipocytes secrete adipokines such 

as leptin, adiponectin, IL-6, TNFα and IL-10, which regulate adipose tissue expansion, energy 

balance, and other functions. These adipokines have anti- and pro-inflammatory effects; any 

dysregulation of adipocyte metabolism and function in obesity leading to changes in adipokine 

secretion could also alter the immune system and cause inflammation in adipose tissue, liver and 

pancreatic islets (Sun, Kusminski et al. 2011). 

1.1.2 Type 2 Diabetes: the complicating factor 

T2D is one of the MetS complications that is associated strongly with obesity. When T2D and 

obesity coexist, the β-cell becomes unable to compensate fully for IR in other tissues and β-cell 

dysfunction occurs. T2D is defined as a metabolic disorder of fuel homeostasis characterized by 

hyperglycemia and altered lipid metabolism caused by IR and islet β-cell dysfunction due to 
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genetic and environmental factors (Nolan, Damm et al. 2011). T2D is a slowly progressive disease 

with its symptoms developing gradually with time and only when the blood glucose levels become 

chronically elevated the symptoms appear. Chronic untreated hyperglycemia can affect the 

function of many organs, in particular the kidneys, nerves and eyes (Amos, McCarty et al. 1997). 

Without intervention and treatment, individuals with T2D can develop secondary end-organ 

complications, which can lead to serious health and social problems that reduce both their quality 

of life and lifespan. The risk of developing T2D is known to increase with increasing age, obesity 

and lack of physical activity (Stumvoll, Goldstein et al. 2005). It is often associated with 

hypertension, dyslipidemia and a strong genetic predisposition. However, T2D genetic is complex 

and not clearly understood. To date, approximately 500 genetic variants have been linked to T2D, 

most with a very small effect (Mahajan, Taliun et al. 2018, Adeyemo, Zaghloul et al. 2019, 

Dwivedi, Lehtovirta et al. 2019, Spracklen, Horikoshi et al. 2020). 

While T2D is diagnosed based solely on the sustained presence of hyperglycemia, this is 

often accompanied by characteristic changes in other metabolic phenotypes. These can be used to 

identify stable clinical subtypes of T2D that have different characteristics and also different risks 

of diabetes-related complications and outcomes (Ahlqvist, Prasad et al. 2020). These subtypes are 

based on: glutamate decarboxylase autoantibodies, BMI, HbA1c, age at diabetes onset, β-cell 

function and insulin resistance estimated from fasting glucose and C-peptide levels (Ahlqvist, 

Prasad et al. 2020)  

1.1.3 Non-Alcoholic Fatty Liver Disease: the hidden element 

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver diseases ranging from isolated 

steatosis, to a more severe non-alcoholic steatohepatitis (NASH) and fibrosis, and cirrhosis. It is 

characterized by excessive hepatic fat accumulation (steatosis) in the form of triglycerides (TG) 
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that involves > 5% of hepatocytes histology or radiologically (Kim, Lee et al. 2020), in the absence 

of secondary causes such as viral hepatitis, excessive alcohol intake or hereditary liver diseases 

(Yki-Jarvinen 2014). NAFLD is currently the most common form of chronic liver disease in the 

world, and is particularly common in patients with obesity and T2D (Huang, Behary et al. 2019).  

The liver has many metabolic and biosynthetic functions including glucose production 

through gluconeogenesis and the production of very low-density lipoproteins (VLDL), which 

transport TGs to peripheral tissues (Birkenfeld and Shulman 2014). NAFLD reaching NASH stage 

is a major health concern due to the potential progression to cirrhosis and hepatocellular carcinoma 

which cause an irreversible damage to the liver (Huang, Behary et al. 2019). In contrast, hepatic 

steatosis is the reversible stage of NAFLD; which is the imbalance between free fatty acid (FFA) 

absorption and synthesis and FFA oxidation and TG secretion in VLDL. This imbalance will lead 

to the accumulation of fat in the form of TG and lipid droplets in the hepatocytes. The sources of 

liver TG include dietary fat (packaged in TG-rich chylomicrons), de novo lipogenesis in the liver 

and lipolysis in adipose tissue (which provides glycerol and FFA). In healthy individuals, insulin 

suppresses lipolysis and FFA release from peripheral adipose tissue and promotes hepatic VLDL 

production. However, obese individuals who have increased visceral adipose tissue (VAT) which 

contributes to increased IR and hyperinsulinemia, frequently have an ineffective response to 

insulin that results in increased levels of circulating FFAs, hepatic VLDL production and 

gluconeogenesis (Yki-Jarvinen 2014). IR and obesity are associated with an increase in the 

quantity of FFA delivered to the liver following an increase in lipolysis in adipocytes (Mittendorfer, 

Magkos et al. 2009). Furthermore, FFAs captured by hepatocytes can go through oxidation in the 

mitochondria to produce adenosine triphosphate (ATP), re-esterification to TG and stored in lipid 

droplets or secreted as VLDL. All these mechanisms, if persisting chronically, will result in 
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extreme hepatic steatosis and the production of lipotoxic lipids leading to hepatocellular 

lipotoxicity through oxidative and ER stress, mitochondrial dysfunction and inflammasome 

activation, leading to hepatocyte inflammation and apoptosis (Marra and Lotersztajn 2013, 

Birkenfeld and Shulman 2014). Following this stage of steatosis, NASH will occur, and 

macrophage-like Kupffer cells will be activated by proinflammatory cytokines produced in the 

liver. The Kupffer cells will further recruit peripheral macrophages, T cells and neutrophils, to 

escalate the hepatoxicity seen in NASH (Marra and Lotersztajn 2013). Furthermore, 

myofibroblasts (hepatic stellate cells [HSCs]) will proliferate in response to TNF-α, IL-1β and 

other proinflammatory cytokines and secrete extracellular matrix proteins leading to progressive 

fibrosis and eventually cirrhosis (Marra and Lotersztajn 2013). 

More recently, the gut microbiota has been implicated both in the pathogenesis of NAFLD 

and in the progression to NASH via altered metabolic processes and pro-inflammatory effects 

(Safari and Gerard 2019). One of the important factors that can also play a role in NAFLD 

pathogenicity are genetic and epigenetic factors with heritability being estimated to be 20-70% 

(Sookoian and Pirola 2017). Genome-wide association studies (GWAS) found numerous single-

nucleotide polymorphisms (SNPs) that independently associate with NAFLD disease severity, 

progression and risk, including  SNPs located in genes such as the patatin-like phospholipase 

domain containing protein-3 (PNPLA3), glucokinase regulator (GCKR), transmembrane 6 

superfamily member 2 (TM6SF2), hydroxysteroid 17β- dehydrogenase (HSD17B13) and 

membrane bound O-acyltransferase domain-containing 7 (MBOAT7) (Sookoian and Pirola 2017, 

Eslam and George 2020). Variants in the Apolipoprotein C3 gene also increase NAFLD risk 

through loss of normal lipoprotein lipase activity in TG-rich lipoproteins (Duseja and Chalasani 

2013, Wang, Ye et al. 2020). 
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1.2 Overview of glucose homeostasis 

Glucose homeostasis is a tightly controlled process involving tissues such as the pancreas, liver, 

subcutaneous and visceral fat, skeletal muscle and the brain. It is regulated by many hormones and 

small molecules, most importantly insulin and glucagon that are secreted by pancreatic β- and α- 

cells respectively and that have opposite and balanced actions (Roder, Wu et al. 2016). These 

hormones maintain blood glucose levels in a very narrow range of 4 to 7 mM in normal individuals 

both during fasting and feeding. Insulin, an anabolic hormone, promotes glycogenesis, lipogenesis, 

and the incorporation of amino acids into proteins. Insulin is secreted when blood glucose levels 

are high during fed conditions. Insulin stimulates glucose uptake and storage as glycogen in muscle 

and free fatty acids, triglycerides and glucose storage in adipose tissue as triglycerides. In the liver, 

insulin inhibits gluconeogenesis and promotes the storage of glucose as glycogen. In contrast, 

glucagon is a catabolic hormone that is secreted when glucose levels are low like during sleep, 

between meals and fasting to maintain normal glucose levels. Glucagon stimulates the breakdown 

of glycogen into glucose (glycogenolysis) in liver and muscles and the production of glucose 

(gluconeogenesis) from lactate, amino acids and glycerol in liver and kidney (Figure 1.1) (Roder, 

Wu et al. 2016). Recently it was shown that intestinal gluconeogenesis could also influence 

glucose homeostasis. Intestinal gluconeogenesis induced by protein and fiber intake triggers 

glucose sensing in the portal vein and activates the gut-brain axis to regulate glucose and energy 

homeostasis (Soty, Gautier-Stein et al. 2017). 

In addition to these two main hormones, catecholamines, glucocorticoids and incretins 

[such as glucagon-like-peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) secreted by the 

gastrointestinal tract], play an important role in regulating glucose tolerance and glucose 

homeostasis (Vella, Camilleri et al. 2004). GLP-1 is a secreted peptide that acts as a determining 
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factor in glucose homeostasis due to its ability to reduce appetite, slow gastric emptying, increase 

insulin secretion and suppress the secretion of glucagon. GLP-1 is secreted by gastrointestinal 

mucosa L cells in response to meals. The hypoglycemic action of GLP-1 is regulated by its 

enzymatic degradation by dipeptidyl peptidase IV (DPP-IV) (Nadkarni, Chepurny et al. 2014). 

This has led to the use of GLP-1 analogs, such as liraglutide, as long-acting incretin mimetics that 

are resistant to degradation by DPP-IV to improve glycemic control in T2D patients (Htike, 

Zaccardi et al. 2017, Andreadis, Karagiannis et al. 2018). However, most clinical evidence 

supporting the use of these incretin mimetics was obtained in short-term studies (Htike, Zaccardi 

et al. 2017, Andreadis, Karagiannis et al. 2018). In contrast, one study has shown that daily 

treatment of humanized mice with the incretin mimetic liraglutide for >200 days led to impair 

insulin secretion and islet function (Abdulreda, Rodriguez-Diaz et al. 2016), raising concerns about 

the long-term use of GLP-1 analogues in patients with T2D. 
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Figure 1.1. Glucose homeostasis.  

Insulin and glucagon are the main hormones that regulate blood glucose levels. When blood 

glucose levels are elevated, for example after eating a meal, the pancreas secretes insulin that 

increases glucose uptake by tissues including muscle and fat and promotes glycogenesis and 

suppresses gluconeogenesis in the liver. When blood glucose levels decrease, for example when 

fasting, the pancreas secretes glucagon to increase glucose production from the liver and the kidney. 

Adapted from (Roder, Wu et al. 2016). 

1.3 Insulin action and resistance 

Insulin resistance (IR) is a pathologic condition in which insulin’s effect in promoting the uptake 

and storage of glucose and other fuels is blunted (Campbell and Newgard 2021). IR or insulin 

insensitivity is controlled by genetic and environmental risk factors (Murea, Ma et al. 2012). IR 

develops mostly in people who live an inactive lifestyle, like people who are overweight or obese. 

Individuals with IR often have an elevated fasting glucose, but some have normal fasting blood 
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glucose and normal postprandial glucose tolerance. In fact, most IR-obese individuals do not 

develop hyperglycemia, unless β-cell dysfunction occurs and the β-cell can no longer compensate 

for hyperglycemia (Kahn, Hull et al. 2006). (See Section 1.7). Obesity, T2D, NAFLD, 

dyslipidemia, hypertension and atherosclerosis have IR as a common denominator (Samuel and 

Shulman 2016).Individuals with IR often have other health problems such as high blood pressure, 

increased waist circumference, increased low density lipoproteins (LDL), increased cholesterol 

and TG levels, decreased high density lipoprotein (HDL) levels, sleep disorders, rapid mood 

swings and reduced fertility (Samuel and Shulman 2016). In adipose tissue, IR is associated with 

increased circulating release of FFA and cytokines, which are factors that contribute to the 

development of IR in the liver and muscles (Kahn and Flier 2000). The IR state in the body causes 

in the liver an increase in the production of glucose, TG and VLDL whereas in the skeletal muscle, 

glucose uptake is decreased. 

1.3.1 Insulin action in the body 

Insulin is an essential anabolic hormone in the body that regulates essential wide range of 

metabolic pathways. In the liver, insulin increases glycogen synthesis and glycolysis and reduces 

gluconeogenesis; and also promotes the expression of lipogenic genes and decreases the 

expression of gluconeogenic genes. In muscle, insulin increases glucose utilization and storage by 

increasing glucose uptake and glycogen synthesis. In adipose tissue, insulin suppresses TG 

hydrolysis (lipolysis) which decreases the release of FFA and glycerol into the blood and increases 

glucose and TG uptake leading to increased lipogenesis and fat storage. Insulin stimulates these 

metabolic changes by activating an intracellular signaling cascade involving protein 

phosphorylation (Czech 2017). This signaling cascade is initiated by the binding of insulin to the 

α-subunit of its receptor leading to a conformational change and activation of the β-subunit. The 
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β-subunit has kinase activity that can autophosphorylate receptor tyrosine residues leading to the 

phosphorylation and activation of the insulin receptor substrates IRS1 and IRS2. Tyrosine 

phosphorylated IRS interacts with phosphatidylinositol 3,4,5 kinase (PI3K) to phosphorylate 

phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3). The increased levels of PIP3 result in its binding to PIP3-dependent protein kinase (PDK), 

which in turn activates protein kinase B (also known as AKT), which is able to diffuse in the 

cytoplasm to stimulate  transfer of glucose transporters (GLUT4) to the cell membrane where they 

increase uptake of extracellular glucose molecules (Fazakerley, Krycer et al. 2019). In insulin 

dependent tissues such as muscle and adipose tissue, GLUT4 translocation is an important step for 

insulin-dependent glucose utilization. In addition to regulating glucose uptake by increasing 

glucose transport, insulin also regulates enzymes in the gluconeogenesis, lipolysis and lipogenesis 

pathways (Fazakerley, Krycer et al. 2019). Overall, insulin also induces the storage of glucose as 

TG by activating enzymes such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) and 

pyruvate dehydrogenase (PDH) to stimulate lipogenesis in hepatocytes and adipocytes. In parallel, 

insulin inhibits lipolysis by decreasing the activity of hormone-sensitive lipase (HSL) (Meijssen, 

Cabezas et al. 2001). 

1.3.2 Insulin resistance and obesity associated T2D 

Obesity is a risk factor for diseases such as T2D, atherosclerotic heart disease and hypertension 

through of its association with IR (Wondmkun 2020). Specifically, in T2D associated with obesity,  

many factors contribute to IR, including oxidative stress, lipotoxicity and inflammation 

(Wondmkun 2020). In obesity-associated T2D, IR leads to decreased insulin stimulated glucose 

transport via GLUT4 in adipocytes and skeletal muscle as well as increased hepatic glucose 

production (Kahn and Flier 2000). Furthermore, increased production of TNFα and FFAs by 
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adipocytes in obese individuals leads to the dysregulation of insulin signaling pathway, resulting 

in IR in the liver and skeletal muscle (Borst 2004). This induces oxidative stress and inflammation 

associated with obesity which will further increase IR (Borst 2004, Hurrle and Hsu 2017). 

Furthermore, chronic hyperglycemia in obesity associated T2D increases the production of 

reactive oxygen species (ROS) (Nishikawa, Edelstein et al. 2000) which contribute to reduced 

insulin-stimulated GLUT4 translocation and glucose uptake. Antioxidants, such as α-lipoic acid, 

prevent the harmful effects of ROS on glucose transport in vivo and in vitro (Pisoschi and Pop 

2015). 

 Chronically increased plasma levels of FFA secreted from adipose tissue can lead to 

lipotoxicity which affects insulin signaling in other tissues (Kahn and Flier 2000). High levels of 

FFA can directly stimulate IRS1 and IRS2 phosphorylation on Ser residues, which inactivates IRS 

and interferes with insulin-stimulated glucose transport by modulating the transcription and 

stability of GLUT4 mRNA (Armoni, Harel et al. 2005). In addition, FFAs can easily enter the cell 

to be oxidized to produce energy as ATP or to be re-esterified for storage as TG. Interestingly, an 

increase in plasma FFA levels is associated with intracellular TG accumulation leading to IR in 

peripheral tissues (Boden, Lebed et al. 2001); and also leads to an accumulation of many FFA-

derived metabolites including ceramides and diacylglycerol (DAG) (Erion and Shulman 2010). 

Ceramides, produced from the metabolism of long chain saturated fatty acids, are thought to act 

as major players in IR via inhibition of AKT activation and GLUT4 translocation (Sokolowska 

and Blachnio-Zabielska 2019). 

 Inflammation is another factor which induces IR via different mechanisms (Kahn and Flier 

2000). Obesity and T2D are associated with chronic low-grade inflammation characterized by an 

increase in pro-inflammatory markers, including leptin, adiponectin, and cytokines such as TNFα 
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and IL-6, in the circulation and in adipose tissue produced by activated M1 macrophages 

(Weisberg, McCann et al. 2003). The pro-inflammatory cytokine TNFα is thought to play a 

significant role in IR. TNFα activates a variety of kinases, such as JNK, IKKβ, and the IL-1 

receptor-associated kinase, which directly or indirectly increase the IRS phosphorylation and 

decrease the activity of PI3K and AKT (Borst 2004). In addition to pro-inflammatory cytokines, 

ROS production and ER stress also activate JNK and IKKβ (Matulewicz and Karczewska-

Kupczewska 2016). All these effects induce serine phosphorylation of IRS1 and contribute to IR. 

1.4 Overview of energy metabolism in obesity and type 2 diabetes 

Maintaining energy homeostasis requires a balance between energy consumption and expenditure 

(Woods, Seeley et al. 1998), which can be disturbed by excessive food intake, causing obesity. 

Obesity is a major risk factor for T2D as it contributes to IR and β-cell failure due to the exhaustion 

of insulin stores and fuel surfeit mediated glucolipotoxicity (Prentki and Nolan 2006, Nolan, 

Damm et al. 2011). β-cell failure also depends on genetic predisposition and/or environmental 

factors (Prentki and Nolan 2006, Sladek, Rocheleau et al. 2007). Research on genetic factors of 

T2D have identified many polymorphisms in genes involved in the growth and function of β-cells 

(Sladek, Rocheleau et al. 2007), supporting the view that and excessive supply of nutrients and β-

cell dysfunction are key elements involved in the development of T2D. 

 Alterations in glucose and lipid metabolism by the glycerolipid / free fatty acid (GL/FFA) 

cycle (Prentki and Madiraju 2008, Prentki and Madiraju 2012, Prentki, Matschinsky et al. 2013), 

which is implicated in balancing glucose and lipid metabolism and is central to energy homeostasis 

in many tissues (Nye, Hanson et al. 2008, Zechner, Zimmermann et al. 2012), may play an 

important role in the pathogenesis of obesity and T2D. The main route for glucose utilization is 
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oxidation via glycolysis and the Krebs cycle to produce ATP. However, a high intake of nutrients, 

for example by people with obesity or T2D, can lead to excessive production of ROS in the 

mitochondria and to ER overload, which eventually causes oxidative and ER stresses. Ceramides, 

ROS, DAG and other metabolites are known to influence insulin action and resistance and are 

potentially toxic to various cells when they accumulate (Poitout and Robertson 2002, Nolan and 

Prentki 2008). 

1.5 The GL/FFA cycle in heath and disease 

Lipid and glucose metabolism are linked through a central pathway called the GL/FFA cycle, 

which is implicated in fuel storage and mobilization, and metabolic signaling in tissues such as 

liver, islets and adipose tissue (Prentki and Madiraju 2008), and also thermogenesis in adipose 

tissue (Poursharifi, Attane et al. 2020). 
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Figure. 1.2. The glycerolipid / free fatty acid cycle.  

It is composed of two arms: lipogenic arm (in orang) and a lipolitic arm (in purple). Glycerol-3-

phosphate (Gro3P) and fatty acid-CoA (FA-CoA) are the staring substrates. A more detailed 

description of this cycle is in the text. The abbreviations are: ATGL/HSL, adipose triglyceride 

lipase/ hormone-sensitive lipase; DAG, diacylglycerol; DAGL, diacylglycerol lipase; MAG, 

monoacylglycerol; MAGL, monoacylglycerol lipase; FFA, free fatty acid; ACSL, long-chain acyl-

CoA synthetase; β-ox, β-oxidation; Gro3P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate 

acyl transferase; AGPAT, 1-acyl-sn-glycerol-3-phosphate acyltransferase; FA-CoA, fatty acyl-

CoA; LPA, lysophosphatidic acid; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; Pl, 

phosphatidylcholine; TG, triglycerides. Adapted from (Prentki and Madiraju 2008). 

 

1.5.1 Overall view of the GL/FFA cycle 

The GL/FFA cycle is an esterification process of FFA with glycerol to form TG through 

lipogenesis, followed by the hydrolysis of TG to regenerate glycerol and FFAs through lipolysis 
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(Figure 1.2) (Prentki and Madiraju 2012). The cycle is initiated by combining glycerol-3-

phosphate (Gro3P) from glucose metabolism with FFA in the form of acyl-CoA. In each complete 

turn of the cycle, seven phosphodiester bonds from ATP are consumed, leading to energy released 

as heat. The lipogenic arm of the GL/FFA cycle is initiated by an enzyme called glycerol-3-

phosphate acyl transferase (GPAT) which allows the synthesis of lysophosphatidic acid (LPA) 

from FFA in the form of acyl-CoA (FA-CoA) and Gro3P. GPAT is a membrane protein with 4 

isoforms, and GPAT 3 and 4 account for 80-90% of the total activity in most tissues (Wendel, 

Lewin et al. 2009). Overexpression of GPAT3 in INS832/13 β-cell line increases TG and DAG 

content and increases the severity of glucolipotoxicity (El-Assaad, Joly et al. 2010). The next step 

in the lipogenesis arm is the formation of phosphatidic acid (PA) from LPA, catalyzed by 1-acyl-

sn-glycerol-3-phosphate acyltransferase (AGPAT) which is also a membrane enzyme, present in 

several isoforms, mostly located in the ER (Takeuchi and Reue 2009). The dephosphorylation of 

PA to DAG is catalyzed by the phosphatidic acid phosphatases, lipins, located in the cytosol, the 

ER and the nucleus (Bou Khalil, Blais et al. 2010). The final stage of lipogenesis is the synthesis 

of TG from DAG, catalyzed by DAG acyltransferases (DGAT) -1 and 2 (Yu and Ginsberg 2004). 

The lipolytic arm of the GL/FFA cycle is initiated by hydrolysis of the stored TG in lipid 

droplets to DAG and FFA by adipose triglyceride lipase (ATGL). DAG is then hydrolysed by 

hormone sensitive lipase (HSL) generating monoacylglycerol (MAG) (Zechner, Strauss et al. 

2005, Mairal, Langin et al. 2006), which is further hydrolyzed by MAG lipase and/or α / β-domain 

containing hydrolase-6 (ABHD6) to produce glycerol and FFA, the two end-products of lipolysis. 

A particularly interesting aspect of the GL/FFA cycle is that it is likely to provide a crucial 

link between intracellular energy homeostasis and cellular signaling processes (Prentki and 

Madiraju 2008). Other than TG, the metabolites generated by the GL/FFA cycle are considered 
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lipid signaling molecules. For example, the esterification step of the GL/FFA cycle can produce 

the lipid signaling molecules LPA and PA (Noguchi, Ishii et al. 2003). LPA levels increase in the 

islets of mice fed a high-fat diet: the resulting LPA can signal via plasma membrane receptors 

(Moolenaar, van Meeteren et al. 2004) and can impair glucose homeostasis and insulin secretion 

(Rancoule, Attane et al. 2013). Similarly, the activation of mammalian target of rapamycin 

(mTOR) by PA (Foster 2007) is likely to have important physiological consequences as mTOR is 

a major cellular stress sensor that is involved in cellular energy hemostasis (Tsang, Qi et al. 2007). 

FFAs, which are the end-products of lipolysis in the GL/FFA cycle, are known signaling molecules 

that can activate G protein-coupled receptor 40 (GPR40) and G protein-coupled receptor 120 

(GPR120) (Nolan, Leahy et al. 2006), uncoupling proteins (Sluse, Jarmuszkiewicz et al. 2006), 

and PPARs (Jump 2004). MAG, another GL/FFA cycle metabolite can act as a metabolic coupling 

factor (MCF) leading to glucose-stimulated insulin secretion (GSIS) (Zhao, Mugabo et al. 2014). 

Moreover, MAG has been proposed to promote brown fat activation and white fat browning by 

activating PPARα and PPARγ (Zhao, Mugabo et al. 2016). Notably, recent work on an ABHD6 

adipose tissue specific KO, shows that elevated 2-MAG levels increases GL/FFA cycle activity in 

visceral fat depots via 2-MAG/PPARα signaling and contributes to cold-induced thermogenesis 

(Poursharifi, Attane et al. 2020). Furthermore, the production of Gro3P from glycolysis provides 

substrate for cytosolic Gro3P dehydrogenase (GPDH): which may link the GL/FFA cycle to the 

control of cytoplasmic redox potential and glycolytic flow via the re-oxidation of reduced NAD 

(NADH). 

1.5.2 Role of the GL/FFA cycle in obesity induced T2D 

Altered GL/FFA cycling is one of the mechanisms proposed to explain the failure of the pancreatic 

β-cell in T2D. Overexpressing HSL in β-cells stimulates lipolysis and reduces TG content in mouse 
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islets when the animals are fed a high fat diet, resulting in glucose intolerance and impaired GSIS 

(Mulder, Sorhede-Winzell et al. 2003). Similarly, rodent models with hyperglycemia and glucose 

intolerance, such as DIO mice (Peyot, Pepin et al. 2010, Delghingaro-Augusto, Decary et al. 2012), 

show defective GSIS associated with an altered balance between lipogenesis and lipolysis in the 

GL/FFA cycle (Prentki and Madiraju 2012). In addition, enhanced GL/FFA cycling is involved in 

β-cell compensation in Zucker fatty (ZF) rat islets, an increase in insulin secretion induced by 

glucose and palmitate correlates well with increased FFA esterification, lipolysis and expression 

of lipolytic enzymes, as well as a stimulation of fatty acid oxidation, (Nolan, Leahy et al. 2006). 

It is well known that accumulation of TG, DAG and malonyl-CoA (Mal-CoA) in muscle 

and decreased FFA oxidation can contribute to the development of IR in obese and T2D rodent 

models (Ruderman and Prentki 2004, Petersen and Shulman 2018). Furthermore, the subcutaneous 

adipose tissue (SAT) of obese and IR patients exhibit an increased expression of genes involved 

in lipogenesis and lipolysis, suggesting that enhanced GL/FFA cycle activity in SAT contributes 

to counteract obesity-associated IR (Gauthier, Rabasa-Lhoret et al. 2014). Finally, activation of 

GL/FFA cycle may help maintain normal blood glucose levels in obese individuals by increasing 

insulin secretion and decreasing IR (Prentki and Madiraju 2012). Taken together, these evidence 

show the importance of the GL/FFA cycle in controlling glucose and lipid metabolism and 

demonstrate how alterations in this cycle could lead to metabolic dysfunction and T2D. 

1.6 Insulin secretion and its regulation in health 

The main role of the pancreatic β-cell is to control glycemia by secreting insulin in response to 

circulating levels of blood glucose and other nutrients as well as neurohormonal agonists. The 

pancreatic β-cell has distinct metabolic characteristics from most other cell types that allow it to 
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utilize higher levels of glucose. The β-cell expresses GLUT2 in the plasma membrane which is an 

insulin-independent glucose transported that has a low affinity (high Km) and high transport 

capacity for glucose which ensures a high flow of glucose entry into the cell (Hiriart and Aguilar-

Bryan 2008). β-cells also express glucokinase (a high Km hexokinase) which functions as a 

glucose sensor whose activity is not allosterically inhibited by its catalytic product, glucose-6-

phosphate (G6P), thus enabling the β-cell to continuously utilize glucose (Matschinsky 2002). The 

β-cell also has low lactate dehydrogenase and monocarboxylate (lactate/pyruvate) transport 

activity (Ishihara, Wang et al. 1999) and a high activity of the mitochondrial malate/aspartate 

shuttle (Rubi, del Arco et al. 2004), which supports the mitochondrial oxidation of NADH and 

FADH2 to increase ATP production. Moreover, the β-cell has high activity of both pyruvate 

dehydrogenase and pyruvate carboxylase, which ensures coexistence of anaplerotic and oxidative 

glucose/pyruvate metabolism (Sugden and Holness 2011). All of these specific metabolic 

characteristics aim to enhance the mitochondrial tricarboxylic acid cycle (TCA) cycle activity, 

oxidative phosphorylation, and efficient ATP production in β-cells.  

Insulin secretion by the β-cell is stimulated and regulated mainly by glucose, however other 

nutrients, hormones and neurotransmitters play important roles. Lipid metabolism, via the 

formation of long-chain acyl-CoAs and the GL/FFA cycle (Deeney, Gromada et al. 2000, Nolan, 

Leahy et al. 2006, Prentki and Madiraju 2012) or via GPR40 (Latour, Alquier et al. 2007) can 

enhance insulin secretion. Amino acids can also increase insulin secretion, either by modulating 

lipid metabolism, or by directly depolarizing the plasma membrane but only in the presence of 

glucose (Prentki, Matschinsky et al. 2013). All these will be discussed further in this section.  
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1.6.1 Insulin synthesis and exocytosis 

The insulin gene encodes a single chain precursor protein called pre-proinsulin that matures into 

active insulin through a series of proteolytic reactions (Omar-Hmeadi and Idevall-Hagren 2021). 

Insulin synthesis is regulated by glucose at the level of transcription and translation. Transcription 

factors such as pancreatic and duodenal homeobox-1 (PDX-1), MafA, paired box gene 6 (PAX6) 

and B-2 / Neurogenic differentiation 1 (NeuroD1) regulate the transcription of the insulin gene 

(Hagman, Hays et al. 2005, Fu, Gilbert et al. 2013). After the pre-proinsulin mRNA is translated, 

the N-terminal signal peptide (rich in water-soluble residues) is recognized by signal recognition 

particles that direct the ribosome to the rough ER and facilitate pre-proinsulin translocation across 

the ER membrane, where the signal peptide is removed (Dodson and Steiner 1998, Magro and 

Solimena 2013). In the rough ER, pre-proinsulin is cut into proinsulin by specific peptidases. 

Proinsulin then leaves the rough ER in micro-vesicles and joins the trans-Golgi network, where it 

is packaged into secretory vesicles and it is cleaved into insulin and C-peptide: vesicles bud from 

the Golgi apparatus and become mature granules that will be stored until they are signaled to be 

released or are degraded by the lysosomes when insulin demands are low. Since C-peptide has a 

longer half-life than insulin, the plasma C-peptide concentration can be used to evaluate the 

secretory potential of the β-cell (Fu, Gilbert et al. 2013). 

1.6.2 Glucose stimulate insulin secretion 

Glucose stimulates insulin secretion through a triggering pathway and an amplifying pathway 

(Campbell and Newgard 2021). The triggering pathway is activated by glucose entry to the β-cell; 

glucose is then phosphorylated to G6P by glucokinase and further metabolized by glycolysis and 

the tricarboxylic acid (TCA) cycle to provides reducing equivalents (NADH, FADH2) for the 

respiratory chain within mitochondria to produce ATP (Herman and Kahn 2006). An increase in 
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glucose metabolism in the β-cell following an increase in blood glucose leads a higher ATP/ADP 

ratio, closure of ATP-sensitive K + channels (KATP), depolarization of the plasma membrane, and 

activation of voltage- gated Ca 2+ channels. The subsequent rise in intracellular Ca 2+ levels triggers 

the fusion of insulin granules to the plasma membrane and their exocytosis (Figure 1.3) (Herman 

and Kahn 2006, Nolan, Damm et al. 2011). This pathway represents the first phase of GSIS: it is 

rapid and peaks within 5 minutes, and results primarily from the exocytosis of granules that were 

stored close to the plasma membrane (Prentki, Matschinsky et al. 2013, Campbell and Newgard 

2021). 

The amplifying pathway is the second phase of GSIS and involves a secondary set of 

stimuli that allow the continuation of insulin secretion at a lower and sustained rate independent 

of the KATP channels. It is affected by changes in protein kinase A (PKA) activity and the 

concentration of cAMP, phospholipase C and plasma membrane phosphoinositides (Tengholm 

2012); as well as different MCFs, such as the generation of mitochondrial NADH, long chain-CoA 

esters, pyruvate cycling, Mal-CoA, MAG-1 and others (Prentki, Matschinsky et al. 2013). In the 

mitochondria, rapid glucose oxidation increases the ATP/ADP ratio and stimulates insulin 

secretion. During glucose stimulation, TCA cycle intermediates, including citrate and malate, 

accumulate in the β-cell and act as precursors for MCFs (Figure 1.3). A constant refill of TCA 

cycle metabolites by a process called anaplerosis is required to maintain increased levels of 

mitochondrial derived MCFs during glucose oxidation (Prentki, Matschinsky et al. 2013). One of 

the important metabolic signaling cycles that increases anaplerosis is pyruvate cycling (Fransson, 

Rosengren et al. 2006). In this cycle, GTP generated during glucose stimulation is utilized by the 

mitochondrial isoform of phosphoenolpyruvate carboxykinase (PEPCK) to synthesize 

phosphoenolpyruvate (PEP) from oxaloacetate (Campbell and Newgard 2021). Although the 
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synthesis of a new molecule of PEP from pyruvate requires one ATP and one GTP, PEP has a very 

high free energy. This may allow the β-cell to continue to synthesize ATP as a direct product of 

the pyruvate kinase (PK) reaction to produce pyruvate, even at maximum mitochondrial 

phosphorylation potential (Huang, Malhi et al. 2015). Pyruvate from this reaction enter the 

mitochondria rapidly via the pyruvate carboxylase (PC) reaction, where it forms oxaloacetate, to 

restart the cycle and reload TCA cycle metabolites. Studies have shown that PC expression levels 

can directly affect GSIS (Farfari, Schulz et al. 2000, Jensen, Joseph et al. 2006). Furthermore, 

increased activity of the membrane-associated PK which converts ADP and PEP into ATP and 

pyruvate is sufficient to close KATP channels in mouse β-cells (Abulizi, Cardone et al. 2020, 

Lewandowski, Cardone et al. 2020). The mitochondrial electron transport chain (ETC) is closely 

linked to GSIS by affecting the β-cell energy state and ATP production (Prentki, Matschinsky et 

al. 2013). The ETC plays direct role in generating MCFs, including ATP, ADP, AMP, and ROS. 

As a result, inhibition of the individual ETC complexes is associated with reduced GSIS (Prentki, 

Matschinsky et al. 2013). 
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Figure. 1.3. Mechanisms involved in insulin secretion by pancreatic β-cells.  

Glucose-stimulated insulin secretion (GSIS) is mediated first by a triggering pathway (brown 

bubble). Glucose enters β-cells via GLUT1 (human) or GLUT2 (rodent) transporters; glucose is 

metabolized via the glycolytic pathway, followed by oxidation via  the tricarboxylic acid (TCA) 

cycle generating ATP and increasing ATP/ADP ratio, which results in the closure of KATP 

channels, membrane depolarization and opening of voltage-gated calcium channels and increased 

intracellular calcium that triggers insulin granule exocytosis. The amplifying pathway is 

represented by the production of different metabolic coupling factors (MCFs) indicated in red. 

FFA can also stimulate insulin secretion in the present of glucose through the lipolysis arm of the 

GL/FFA cycle that generates 1-MAG, which activates Munc13–1 (insulin exocytosis facilitator); 

and through the activation of free fatty acid-activated receptor-1 (FFAR-1) that results in a 

signaling cascade of 1,2-DAG/PKD (protein kinase D), stimulating insulin exocytosis. Adapted 

from (Nolan, Damm et al. 2011, Prentki, Corkey et al. 2020) using BioRender.  
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1.6.3 Fatty acid amplification of GSIS 

FFAs stimulate insulin secretion from β-cells in the presence of permissive concentrations of 

glucose (approximately 5 mM). FFA can have different effects on insulin secretion depending on 

the concentration of glucose and the exposure time of β-cell to FFA. For example, insulin secretion 

is enhanced when β-cells are incubated with FFA for a short-term at high glucose concentrations. 

However, under the same hyperglycemic conditions, long-term incubation with FFA induces 

glucolipotoxicity and leads to β-cell dysfunction (see Section 1.7). The non-toxic acute effect of 

FFAs on insulin secretion can be explained by several mechanisms (Nolan, Leahy et al. 2006, 

Prentki, Corkey et al. 2020). One mechanism involves FFAR1 (FFA-activated receptor-1, also 

known as GPR40) which is expressed at high levels in β-cells (Figure 1.3). FFAR1 is activated 

by medium to long chain FFA resulting in metabolism of PIP2 to produce inositol triphosphate 

(IP3) and 1,2 DAG which activates a signaling cascade that stimulates insulin exocytosis. IP3 is 

involved in the mobilization of Ca2+ from ER stores and 1,2 DAG can activate protein kinase D 

(PKD1) and some protein kinase C enzymes to stimulate insulin exocytosis (Campbell and 

Newgard 2021). Key evidence for a role of FFAR1 in FFA induced secretion raised from the 

observation that FFAR1 KO mice show reduced FFA amplification of GSIS in vivo and ex vivo 

(Kebede, Alquier et al. 2008). On the other hand, FFAR1 overexpression in β-cells enhances GSIS 

and improves glucose tolerance in normal and diabetic mice (Alquier and Poitout 2009). 

A second mechanism involves the ACC/Mal-CoA/CPT-1 (carnitine palmitoyltransferase 

1) signaling network (Figure 1.3) (Prentki, Corkey et al. 2020). This network is activated under 

conditions were high glucose level leads to enhanced anaplerotic input into the TCA cycle via the 

carboxylation of pyruvate to oxaloacetate via pyruvate carboxylase This in turn leads to an increase 

in mitochondrial levels of citrate that subsequently escapes the mitochondria to the cytoplasm 



25 

(cataplerosis) and then citrate is converted rapidly to acetyl-CoA via ATP-citrate lyase. ACC then 

convert acetyl-CoA into Mal-CoA and elevated levels of Mal-CoA in the β-cell at high glucose is 

known to inhibit FA oxidation via its interaction with CPT-1, the rate limiting step of FA β-

oxidation. FFA can then be re-directed to esterification in the lipogenic arm of the GL/FFA cycle, 

resulting, following lipolysis, in the generation of many MCFs, including 1-MAG that can activate 

Munc13–1, an insulin exocytosis coordinator (Zhao, Mugabo et al. 2014). In most tissues MAGL 

is the main MAG hydrolase; however, in β-cells, MAGL is poorly expressed in comparison to 

ABHD6 (Zhao, Poursharifi et al. 2015). As a result, ABHD6 is the predominant enzyme 

converting MAG to FFA and glycerol in those cells; and ABHD6 knockdown enhances GSIS and 

ABHD6 overexpression reduces GSIS in the β-cell (Zhao, Poursharifi et al. 2015).  

A third mechanism that leads to FFA amplification of GSIS involves the GL/FFA cycle 

particularly the lipogenic arm of the GL/FFA cycle that forms glycerol-3-phosphate (Gro3P) from 

glucose (Figure 1.3). Since the cytosolic concentration of Gro3P is controlled by glycerol-3-

phosphate phosphatase (G3PP) (Mugabo, Zhao et al. 2016); and differences in the expression 

levels of G3PP can regulate GSIS in rat islets in vitro (Mugabo, Zhao et al. 2016) (see Section 

1.10). 

1.6.4 Amino acids and insulin secretion 

Amino acids such as glutamine and arginine also regulate insulin secretion through a mechanism 

that involves their metabolism by mitochondria. Glutamine in the cytosol can be converted into 

glutamate by glutaminase. Glutamate  converted to α-ketoglutarate by glutamate dehydrogenase 

can enter the TCA cycle, which leads to the production of ATP and MCFs that stimulate insulin 

secretion (Prentki, Matschinsky et al. 2013). Furthermore, Leucine can also stimulate insulin 

secretion when it is catabolized to acetyl-CoA, which activates glutamate dehydrogenase and 
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direct more α-ketoglutarate to enter the TCA cycle. Finally, arginine can promote insulin secretion 

via depolarization of the plasma membrane to cause Ca2+ influx in the cytosol (Broca, Brennan et 

al. 2003). In vitro, insulin secretion is only stimulated by amino acids when they are individually 

present at high concentrations or present in combination at physiological concentrations 

(Newsholme and Krause 2012). However, amino acids derived from dietary proteins in 

combination with glucose, will stimulate insulin secretion in vivo (Newsholme, Bender et al. 2007). 

1.7 β-cell adaptation and failure in obesity associated T2D 

A functional pancreatic β-cell is essential for glucose homeostasis. The adaptation of β-cells to 

insulin secretion demands, which varies during different metabolic challenges and IR states, is also 

crucial to maintain euglycemia. Many studies have underlined the fact that some obese patients 

with IR only develop T2D when there is evidence of β-cell failure (Prentki and Nolan 2006, Nolan 

and Prentki 2019). Therefore, the ability of the β-cells to compensate for IR is a determining factor 

in the prediction of T2D susceptibility. Thus, the β-cell acts as a nutrient sensor that adapts to 

changes in insulin demands via the intracellular metabolism of various nutrients in the β-cell. 

Nonetheless, in conditions associated with the MetS where there is chronic fuel excess and β-cell 

metabolic stress and islet inflammation, β-cells initially show a compensatory response via a 

combination of factors, including increased cell proliferation and changes in gene expression (e.g. 

metabolic, exocytosis and insulin genes) that result in augmented insulin secretion to meet the 

elevated metabolic demand, but eventually exhaustion of β-cell can occur leading to β-cell 

dysfunction and failure (Prentki, Peyot et al. 2020). 
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1.7.1 β-cell adaptation 

In overweight and prediabetes, where a condition of nutrient overload is associated with increased 

IR, increased insulin secretion is required to control blood glucose levels. As the metabolic 

dysfunction or IR becomes more severe, the demand for increased insulin secretion is met by a 

compensatory β-cell response that is characterized by increased secretion from β-cells and 

hyperinsulinemia that attempts to normalize blood glucose levels. This compensation is achieved 

via several changes in the islets, including proliferation of the β-cells and an expansion of their 

functional mass (Hudish, Reusch et al. 2019). In addition, β-cells compensate by increasing insulin 

synthesis, upregulating glucose metabolism pathways linked to insulin secretion, and inducing the 

unfolded protein response (UPR), a defense system that helps preserve β-cell function and survival 

under conditions of overnutrition and IR. 

The enhanced β-cell response to glucose is associated with upregulation of several 

glycolytic enzymes leading to increased glycolysis and glucose oxidation. For example, in obese 

IR animal models such as the ZF rat, β-cell adaptation to IR is characterized by increased 

glucokinase mRNA levels and enzymatic activity of (Wortham and Sander 2016). The activity of 

enzymes involved in pyruvate cycling processes like PC is also increased during β-cell 

compensation (Lewandowski, Cardone et al. 2020), which leads to accumulation of mitochondrial 

metabolites implicated in the production of MCFs that enhance GSIS. In obese individuals, 

increased circulating levels of FFAs and TG create pressure on the β-cell to compensate to avoid 

lipotoxicity, for example by increasing β-cell FFA oxidation to limit TG accumulation (Nolan, 

Leahy et al. 2006). Furthermore, increased circulating FFA can enhance GL/FFA cycling in β-

cells, which increases production of lipid signaling molecules such as MAG, DAG and FA-CoA 

that function as MCFs to promote insulin secretion (Prentki and Madiraju 2008). Increased plasma 
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FFA levels also activate FFAR1, which can contribute to enhanced insulin secretion (Kebede, 

Alquier et al. 2008). 

In β-cells, many changes in the expression of genes encoding metabolic enzymes are 

central in the adaptation to nutrient overload. Transcription factors identified as the main regulators 

of lipid and glucose metabolism during β-cell adaptation include SREBP1c, PPARα, PPARδ and 

LXR (Newsholme and Krause 2012). For example, SREBP1c, links lipogenesis to GSIS by 

activating target genes encoding lipogenic enzymes such as FAS and ACC. Srebp1c β-cell KO 

mice show reduced an adaptive response to high glucose levels that is associated with a failure to 

upregulate lipogenic genes (Diraison, Ravier et al. 2008). PPARδ, which is a transcriptional 

activator of β-oxidation genes in several tissues in response to FFA is a central player in the 

induction of β-oxidation and GSIS by FFA (Ravnskjaer, Frigerio et al. 2010). Maintenance of β-

cell function for insulin biosynthesis also requires efficient functioning of the UPR machinery. A 

study of C57BL/6NTac mice fed HFD showed an increased expression of genes known to promote 

β-cell function and differentiation, including upregulation of UPR genes to protect against 

decompensating ER stress responses (Gupta, Jetton et al. 2017). An ex vivo study in mouse and 

human islets showed that the UPR functions as a sensor for insulin demand and could induce β-

cell proliferation through activation of ATF6 (Sharma, O'Donnell et al. 2015). 

Additional factors that contribute to β-cell compensation include an increase in GLP-1 

levels, which is known to promote β-cell proliferation and inhibit β-cell apoptosis (Yusta, Baggio 

et al. 2006). Increased neural stimulation of the endocrine pancreas can also contribute to the 

compensatory increase in insulin secretion and growth of β-cells (Faber, Deem et al. 2020). Finally, 

autocrine actions of insulin and IGF1 and IGF2 may also contribute to β-cell proliferation and 
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survival by signalling through IRS2 (Modi, Jacovetti et al. 2015) and the PKB/AKT cascade 

(Jetton, Lausier et al. 2005). 

1.7.2 β-cell dysfunction and failure 

Extensive studies have shown that chronic exposure of β-cells to high concentrations of glucose 

(glucotoxicity) and FFA (lipotoxicity) alone or in combination (glucolipotoxicity) alters the 

function and survival of the pancreatic β-cell (El-Assaad, Buteau et al. 2003, Hagman, Hays et al. 

2005, Prentki, Peyot et al. 2020). Although the β-cell initially adapts to nutrient excess by secreting 

more insulin and increasing β-cell proliferation and mass, prolonged exposure to excess nutrients 

can lead to β-cell dysfunction and death through processes such as glucotoxicity and lipotoxicity 

(Prentki and Nolan 2006, Prentki, Peyot et al. 2020). The overload of nutrients on the β-cell can 

contribute to the development of MetS including obesity, T2D and NAFLD (Nolan and Prentki 

2019). 

1.7.2.1 Glucotoxicity 

Glucotoxicity is a condition in which chronic exposure to hyperglycemia (15–30 mM) results in 

impairment of β-cell function, including reduced insulin secretion and insulin gene expression and 

increased β-cell apoptosis and death (Unger and Grundy 1985, Jonas, Bensellam et al. 2009, 

Bensellam, Laybutt et al. 2012). Continuous β-cell overstimulation with glucose results in β-cell 

exhaustion and depletion of insulin reserves. Most of the work that demonstrated the effect of 

chronically elevated glucose levels on β-cell function was done on pancreatic β-cell lines (Prentki, 

Peyot et al. 2020), and identified the following mechanisms of glucotoxicity in the β-cell. 

● Oxidative stress: leads to ROS accumulation that damages cellular DNA, proteins and 

lipids (Bensellam, Laybutt et al. 2012). Mitochondria are one of the main sources of 
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cellular ROS, as superoxide is produced during oxidative phosphorylation as a by-product 

of ATP synthesis. Different studies have shown that high glucose exposure leads to 

increase ROS formation and expression of oxidative stress markers such as heme 

oxygenase-1 in both mouse and human islets (Jonas, Bensellam et al. 2009, Lu, Koshkin 

et al. 2010, Bensellam, Laybutt et al. 2012). Furthermore, β-cells have low capacity to 

scavenge ROS due to the low expression of antioxidant enzymes, which makes them 

susceptible to oxidative damage (Grankvist, Marklund et al. 1981, Tiedge, Lortz et al. 

1997, Prentki, Peyot et al. 2020). Overexpression of antioxidant genes and antioxidant 

supplementation have been shown to protect against oxidative stress damage in β-cells (Lu, 

Koshkin et al. 2010). For example, isolated rat islets were protected against glucotoxicity 

using the antioxidants N-acetylcysteine and aminoguanidine (Tanaka, Gleason et al. 1999). 

The same agents also decreased markers of oxidative stress and improved glucose tolerance 

in Zucker Diabetic Fatty rats (Tanaka, Gleason et al. 1999). 

● ER stress: is a critical cause of β-cell failure; and an efficient and functional unfolded 

protein response (UPR) is required to maintain a functional β-cell for insulin biosynthesis. 

The UPR related to the ER stress. The UPR is a cellular stress response that is triggered to 

downregulate protein synthesis, folding and overall workload under ER stress. UPR 

components, such as TXNIP and CHOP, were elevated in β-cells following chronic high 

glucose exposure, indicative of increase ER stress (Bensellam, Laybutt et al. 2012). 

However, the UPR may fail to maintain ER homeostasis in β-cells and activate apoptosis 

under severe ER stress conditions seen as a result of chronic hyperglycemia (Szegezdi, 

Logue et al. 2006, Tang, Koulajian et al. 2012). 
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 Glycation: is a spontaneous and non-enzymatic reaction between reducing sugars such as 

glucose with amine residues on plasma proteins which normally occurs as a result of long 

standing hyperglycemia in diabetes (Bensellam, Laybutt et al. 2012). Glycation of proteins 

can lead to alteration in their enzymatic activity and receptor binding and functioning. As 

a result, protein glycation and formation of advanced glycation end products (AGEs) can 

contribute to the pathogenesis of diabetes and its complications including nephropathy, 

retinopathy, neuropathy and cardiomyopathy (Singh, Bali et al. 2014). Hyperglycemia was 

shown to promote protein glycation and AGE production in mouse islets (Pascal, Veiga-

da-Cunha et al. 2010). Interestingly, inhibition of AGEs can prevent hyperglycemia-

induced impairment of insulin gene expression and GSIS (Tajiri, Moller et al. 1997). AGEs 

can also induce β-cell failure by promoting ROS production and oxidative stress leading to 

loss of β-cell function (Lin, Zhang et al. 2012, Singh, Bali et al. 2014). 

 Inflammation: results in elevated numbers of macrophages infiltrating islets of patients 

with T2D, accompanied by increased levels of cytokines like IL-1β and IL-6 (Donath, 

Ehses et al. 2005, Ehses, Perren et al. 2007, Boni-Schnetzler, Thorne et al. 2008). It is 

known that increased production of IL-1β upregulates Fas receptor, a member of the TNF 

receptor family that can mediate cell death by apoptosis (Miwa, Asano et al. 1998, Donado, 

Cao et al. 2020). Non-diabetic human islets incubated in vitro in media with high glucose 

concentrations show an increase IL-1β production, which upregulates Fas expression 

leading to β-cell dysfunction and death (Maedler, Sergeev et al. 2002). Interestingly, 

treatment with a specific IL-1β receptor antagonist improved β-cell function and greatly 

reduced hyperglycemia in T2D subjects in a clinical trial (Herder and Donath 2015). In 

these studies, it is important to remember that inflammation can both cause or be caused 
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by glucotoxicity, ER stress and oxidative stress (Donath, Ehses et al. 2005, Prentki and 

Nolan 2006). 

 β-cell dedifferentiation: and loss of identity can result from chronic exposure to elevated 

glucose levels, which is demonstrated by changes in expression of key transcription factors 

and β-cell differentiation markers like PDX-1, MafA, NeuroD1, HIF1 α, Pax6, GCK and 

Glut2 that occur in β-cells exposed to elevated glucose concentrations (Laybutt, Hawkins 

et al. 2007, Bensellam, Laybutt et al. 2012, Prentki, Peyot et al. 2020). These changes in 

gene expression and β-cell dedifferentiation in T2D could be an adaptive mechanism to 

allow the β-cells to survive this chronic increase in glucose and protect itself from 

irreversible damage. 

1.7.2.2 Lipotoxicity and glucolipotoxicity 

Lipotoxicity is a condition that is associated with dysregulation of lipid homeostasis that leads to 

increased levels of plasma lipids (including TG, FFA, cholesterol and ceramides), that cause the 

deterioration of β-cell function and survival (Poitout and Robertson 2008). The lipotoxicity 

concept emerged from studies showing that exposure of β-cells to high levels of lipids (a mixture 

of palmitate and oleate) caused deterioration of β-cell function (Unger 1995). In contrast, some in 

vitro and ex vivo studies showed that high levels of lipids were relatively beneficial to the β-cells, 

particularly when glucose was not simultaneously elevated (Briaud, Harmon et al. 2001, El-Assaad, 

Joly et al. 2010). For example, a study in obese ZF rats indicated that elevated FFA levels and 

hyperlipidemia may be important signals that enable β-cell adaptation to IR (Nolan, Leahy et al. 

2006). It is certainly possible that β-cells are susceptible to lipotoxic damage at normal glucose 

levels, particularly if there is a pre-existing defect in the detoxification process, such as a defects 

in FA oxidation (Prentki and Nolan 2006). In addition, different FFAs have different effects on 
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the induction of β-cell apoptosis in vitro; with chronic elevation of saturated FFAs (such as 

palmitate and stearate) leading to β-cell apoptosis and chronic elevation of mono-unsaturated FFAs 

(such as oleate) protecting the β-cell from apoptosis (El-Assaad, Buteau et al. 2003). In contrast, 

in vivo rodent studies, where the FFAs were delivered by intralipid infusion, revealed overall 

minimal effects on β-cell GSIS and gene expression with no signs of significant toxicity (Steil, 

Trivedi et al. 2001). Even though, there is a lack of in vivo evidence that demonstrates that high 

FFA levels alone can interfere in β-cell function, there is emerging evidence showing that the toxic 

effects of lipids occurs in the presence of high levels of glucose (Poitout and Robertson 2008, 

Prentki, Matschinsky et al. 2013). 

In recognition that the toxic effects of FFAs on tissues will only appear when glucose levels 

are also elevated, the term glucolipotoxicity was proposed to describe the combined toxic effect 

of glucose and FFAs when present in the β-cell simultaneously (Prentki, Joly et al. 2002). The 

combined exposure is thought to be required since β-cell can adapt to acute elevated glucose 

concentrations via changes in gene expression to enhance GSIS and gluoco-detoxification (Farfari, 

Schulz et al. 2000); and to elevated FFAs under low glucose concentration because the levels of 

the glucose-derived Mal-CoA that inhibits FFA oxidation are low. The presence of high levels of 

glucose, (resulting in increased levels of Mal-CoA) will prevent FFA oxidation and therefore FFA 

detoxification, while at the same time promoting esterification of FFAs leading to complex lipids, 

including cytotoxic lipids such as DAG and phosphatidate (Prentki and Corkey 1996, Prentki, Joly 

et al. 2002). Glucolipotoxicity is defined as the synergistic chronic effect of elevated 

concentrations of glucose and FFA in inducing β-cell dysfunction including decreased GSIS and 

decreased total β-cell insulin content. Many in vitro and in vivo studies support the concept of 

glucolipotoxicity and its role in β-cell dysfunction (Prentki, Peyot et al. 2020). 
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1.7.3 Fuel excess detoxification pathways 

The mechanisms leading to β-cell dysfunction and toxicity under conditions where there are high 

levels of glucose and lipids (glucolipotoxicity) have been widely studied (Unger and Grundy 1985, 

Unger 1995, Prentki and Corkey 1996, Prentki, Peyot et al. 2020). However, little is known about 

the mechanisms that β-cells use to detoxify excess nutrients and protect against toxicity. Unlike 

other cell types, the β-cell senses circulating levels of glucose and other nutrients constantly to 

release insulin when needed. This means that β-cells have to allow entry and metabolize large 

amounts of these nutrients to adjust insulin secretion to changes in their levels in the circulation. 

These nutrients activate many metabolic pathways simultaneously and generate many metabolic 

intermediates, some of which are toxic (El-Assaad, Buteau et al. 2003, Poitout and Robertson 

2008); however, β-cells can’t reduce glucose entry to protect themselves against hyperglycemia 

and have limited capacity to store excess fuels (Poitout and Robertson 2008, Prentki, Matschinsky 

et al. 2013). On the other hand, β-cells can modify potentially toxic molecules and/or excrete them; 

or redirect excess glucose and FFA carbons to other metabolic pathways. This allows β-cells to 

protect themselves from nutrient excess and to monitor their glucose metabolic flux to regulate 

insulin secretion. For example, while high intracellular levels of FFAs and free cholesterol are 

toxic (Oh, Bae et al. 2018); FFAs can be converted into cholesterol esters or TG and stored in the 

form of lipid droplets or exported out of β-cells; and excess free cholesterol can be excreted 

through the β-cell via ATP-binding cassette transporter-A1 (ABCA1). Interestingly, suppression 

of ABCA1 was found to cause cholesterol accumulation, decreased insulin secretion and altered 

glucose homeostasis in mice β-cells (Brunham, Kruit et al. 2007). Furthermore, 70% of glucose 

carbons in β-cells are directed to glycerolipids in the presence of high glucose levels (MacDonald, 

Dobrzyn et al. 2008). The relative importance of these different nutrient detoxification pathways 
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and the underlying molecular mechanisms are not well understood. Thus, the new concepts of 

gluco- lipo- and glucolipo- detoxification were established and are being studied as part of this 

thesis. These concepts and their potential mechanisms are discussed in the following sections. 

1.7.3.1 The GL/FFA cycle 

In addition to its role in insulin secretion, the GL/FFA cycle could be involved in detoxification of 

excess nutrients. Since the GL/FFA cycle is an energy-requiring process, its activation can prevent 

an energy overload caused by a possible excessive supply of nutrients in the β-cell. Also, 

stimulation of the GL/FFA cycle can lower ROS production by redirecting a significant amount 

of glucose entering the cell away from mitochondrial oxidation (Prentki and Madiraju 2008). 

Furthermore, the cycle acts as a lipodetoxification mechanism via the release of FFAs from the 

hydrolysis of TGs, which can either be eliminated outside the cell or oxidized in the mitochondria 

(Martins, Miyasaka et al. 2004). 
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Figure 1.4. G3PP directly hydrolyzes Gro3P to release glycerol.  

Red arrows represent the direction of glucose carbons towards glycerol through Gro3P by the 

action of G3PP, which acts as an important glucodetoxification mechanism to eliminate excess 

glucose carbons in the β-cell. Abbreviations: DHAP, dihydroxyacetone phosphate; FA-CoA, fatty 

acyl-CoA; FFA, free fatty acid; G3PP, glycerol 3-phosphate phosphatase; G6P, glucose 6-

phosphate; GL/FFA cycle, glycerolipid/free fatty acid cycle; Glyceraldehyde-3-P, glyceraldehyde-

3-phosphate; Gro3P, glycerol 3-phosphate; TCA cycle, tricarboxylic acid cycle. Adapted from 

(Mugabo, Zhao et al. 2016) using BioRender. 

1.7.3.2 Glycerol production and release 

As β-cells express low levels of glycerokinase, the detoxification of glucose as glycerol involves 

the export of glycerol outside the cell through membrane aquaglyceroporins (AQPs) (Matsumura, 

Chang et al. 2007). In β-cells the action of G3PP provides an important glucodetoxification 

mechanism by directing glucose carbons towards glycerol (Figure 1.4) (Mugabo, Zhao et al. 2016). 
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Knockdown of G3PP in vitro increase the severity of glucotoxicity and glucolipotoxicity, whereas 

G3PP overexpression reduced the toxic actions of glucose and excess FFA in terms of apoptosis 

(Mugabo, Zhao et al. 2016). 

 1.8 Overview of liver metabolism in health and nutrient excess 

Liver is a key organ for energy metabolism and homeostasis that consists of different cell types 

including Kupffer cells, stellate cells and endothelial cells (Vasconcellos, Alvarenga et al. 2016). 

Of these, hepatocytes represent ~ 80% of liver cells (Si-Tayeb, Noto et al. 2010) and play a central 

role in liver metabolism and detoxification. Kupffer cells are part of the tissue monocyte 

macrophage defense system and remove particulate matter from blood by their phagocytic action 

(Nguyen-Lefebvre and Horuzsko 2015). Stellate cells produce extracellular matrix and collagen 

and store vitamin A in lipid droplets. They are activated in response to liver injury and participate 

in fibrogenesis by depositing collagen (Khomich, Ivanov et al. 2019). 

Liver metabolic activity is closely controlled by the pancreatic hormones insulin, glucagon; 

corticosteroids and catecholamines; and several gastrointestinal hormones (Rui 2014). Since the 

liver’s portal vein is the direct recipient of all blood leaving the digestive system, the liver plays a 

critical role in metabolizing and storing diet-derived carbohydrates, lipids, and proteins (Harkins 

and Ahmad 2022). In the fed state (Figure 1.5) , insulin stimulates glycogenesis resulting in 

glucose being stored in the liver in the form of glycogen (Rui 2014). Insulin also stimulates 

lipogenesis in hepatocytes and esterification of FFAs with glycerol-3-phosphate (Gro3P) to 

generate TG. FFAs can be stored as TG, phospholipids and cholesterol esters. These complex 

lipids are either stored in lipid droplets and membrane structures or secreted as VLDL. Unlike 

glucose and FFA, amino acids cannot be stored in the liver; and are metabolized through 
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deamination to provide energy or to be used for synthesis of non-essential amino acids or glucose. 

Amino acid metabolism in the liver produces ammonia, a toxic metabolite that can be converted 

to urea (less toxic) that is excreted in urine as a waste product of digestion. 

In the fasted state, when blood concentrations of glucose begin to decline, glucagon 

stimulates hepatocytes to break down the glycogen (glycogenolysis) and to export glucose to the 

bloodstream to be used by other tissues. The liver can also synthesize glucose from other molecules 

such as glycerol, lactate, pyruvate and amino acids (gluconeogenesis) which occurs during longer 

periods of fasting. Maintenance of blood glucose levels within a narrow range is an important 

function of the liver. During a prolonged fast, hepatic gluconeogenesis is the main source of 

endogenous glucose production. Furthermore, in prolonged fasting/starvation the liver converts 

the FFAs released by lipolysis from adipose tissue into ketone bodies through mitochondrial β-

oxidation and ketogenesis. During starvation, ketone bodies provide an important source of energy 

for the brain and heart (Figure 1.5)  (Rui 2014). 

Many transcription factors and co-activators, including, ChREBP, SREBP, LXR, PPARa, 

PGC-1α, CREB, FOXO1 and CRTC2, control the expression of enzymes that catalyze metabolic 

processes in the liver and control its energy metabolism in the fasted and fed states (Yamashita, 

Takenoshita et al. 2001, Horton, Goldstein et al. 2002, Moran-Salvador, Lopez-Parra et al. 2011, 

Calkin and Tontonoz 2012). Dysfunction in the regulation of liver metabolism can lead to IR, T2D 

and NAFLD (Kitade, Chen et al. 2017, Huang, Behary et al. 2019). 
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Figure 1.5. Major metabolic pathways in the liver during the fed and fasted state.  

(A) In the fed state, circulating levels of glucose, amino acids (a.a) and free fatty acid (FFA) are 

high and insulin stimulated the uptake of these macronutrients in the live rand activates pathways 

(in orange) to normalize their levels in blood. (B) In the fasted state, glucagon upregulates 

pathways in the liver and adipose tissue (purple) to increase glucose, amino acid and FFA blood 

levels. Abbreviations: a.a, amino acids; ATP, adenosine triphosphate; FFA, free fatty acid; 

GL/FFA cycle, glycerolipid/free fatty acid cycle; Gro3P, glycerol 3-phosphate; TCA cycle, 

tricarboxylic acid cycle; TG, triglyceride; VLDL, very low-density lipoprotein; KB, ketone bodies. 
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1.8.1 Hepatic glucose metabolism in health 

The liver plays a major role in overall body glucose metabolism by balancing glucose production 

from different substrates and glucose storage in the form of glycogen (Sharabi, Tavares et al. 2015, 

Adeva-Andany, Perez-Felpete et al. 2016). The liver is responsible for 80% of endogenous glucose 

production, with the rest being provided by the kidney (Gerich 2010). The nutritional state of the 

body (fed/fasted) and the duration of that state (short fasting or starvation) both determine whether 

the liver acts as a glucose producing or glucose storage organ (Sharabi, Tavares et al. 2015). For 

example, during short-term fasting, changes in metabolite flux controlled by protein modifications 

or allosteric effectors are made to maintain normoglycemia. In contrast, prolonged fasting leads to 

changes in mRNA expression of key enzymes in the glycolysis and gluconeogenesis pathways. 

However, all nutritional stats are subject mainly to a hormonal regulation by the opposing 

hormones insulin and glucagon (Rui 2014). 

Since the liver plays a central role in glucose production, it is important to highlight the 

metabolite fluxes that control gluconeogenesis and hepatic glucose production (HGP). The liver 

can shift from net hepatic glucose storage to net glucose output by regulating the activity of key 

gluconeogenic or glycolytic enzymes (Sharabi, Tavares et al. 2015). In total, 7 out of 10 reactions 

that are common between glycolysis and gluconeogenesis are reversible. The remaining three 

reactions are irreversible and are paired with unique and opposing reactions for gluconeogenesis, 

each catalyzed by specific enzymes. To achieve a net flux toward gluconeogenesis or glycolysis, 

the liver must regulate the enzymes involved in these three reactions and their glycolytic 

equivalents by allosteric effectors, at the gene expression level or by covalent modifications. If 

these opposite reactions were to act at the same rate, they will create a futile metabolic cycle that 

will result in energy expenditure and waste (Sharabi, Tavares et al. 2015).  
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The three irreversible reactions in glycolysis are: 1) the conversion of G6P to glucose, 2) the 

conversion of fructose 1,6-bisphosphate (F1,6P) to fructose-6-phosphate (F6P) and 3) the 

conversion of pyruvate to PEP. 

1) Glucose/G6P: Glucose enters hepatocytes via GLUT2, an insulin-independent membrane 

glucose transporter (Seyer, Vallois et al. 2013). It is then phosphorylated by glucokinase 

(GCK), a liver specific hexokinase, to generate G6P, which cannot be transported back by 

GLUT2 and is retained inside the hepatocyte (Kamata, Mitsuya et al. 2004). GCK is unique 

among the hexokinases, in that it is not inhibited by its product (G6P), so that GCK activity 

is determined by its mRNA expression (Iynedjian 2009). In the gluconeogenic pathway, 

GCK is opposed by glucose-6-phosphatase (G6Pase), which hydrolyzes G6P to glucose 

(Han, Kang et al. 2016). G6P can also be generated via glycogenolysis and 

gluconeogenesis. G6P acts as a branch point that serves as an intermediate for glucose 

uptake, storage and production. It is a precursor for glycogen synthesis and is also 

metabolized through glycolysis to generate pyruvate, which can enter the mitochondria to 

be oxidized to generate ATP through the TCA cycle and oxidative phosphorylation. 

Pyruvate and Gro3P can also be used in de novo lipogenesis to synthesize FFAs, leading 

to glucose being stored as TG. G6P is also metabolized via the pentose phosphate pathway 

to generate NADPH which is required for lipogenesis and biosynthesis of other bioactive 

molecules (Sharabi, Tavares et al. 2015). 

2) F6P/F1,6P: The conversion of F6P to F1,6P, catalyzed by phosphofructokinase 1 (PFK1) 

which is a highly regulated enzyme, (along with its opposing gluconeogenic enzyme, 

fructose 1,6-bisphoshpatase (FBPase) is first committed step in glycolysis and a key 

determinant of net glycolytic or gluconeogenic flux (Mor, Cheung et al. 2011). The 
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activities of PFK1 and FBPase are regulated by hormones and nutritional states and the 

allosteric effector, fructose 1,6-bisphosphate (F2,6P) (Van Schaftingen, Hue et al. 1980). 

Under conditions that favor glucose utilization, F2,6P levels are high, PFK1 is activated 

and FBPase is inhibited and glycolysis is favoured. Low F2,6P levels occur when there is 

a demand for glucose production, leading to inhibition of PFK1 and activation of FBPase, 

which tilts the balance toward gluconeogenesis (Sharabi, Tavares et al. 2015). 

3) PEP/pyruvate: The final step in glycolysis involves the conversion of PEP to pyruvate by 

PK. PEPCK is the opposing gluconeogenic enzyme and catalyzes the conversion of 

oxaloacetate generated by oxidation of cytosolic malate by malate dehydrogenase, to PEP 

(Sharabi, Tavares et al. 2015). The activity of these enzymes is also regulated by hormones 

and nutritional states: in the fed state, insulin activates PK by inhibiting its phosphorylation 

by reducing cAMP levels; while in the fasted state, glucagon inhibits PK activity by 

increasing levels of cAMP (Engstrom 1978). PK is can also be allosteric activated by 

fructose-1,6-BP (Flory, Peczon et al. 1974). 

1.8.2 Hepatic fat metabolism in health 

Fatty acids released from adipose tissue (in the fasting state) or absorbed from the intestine after 

digestion can be captured by hepatocytes and esterified with Gro3P from glycolysis to generate 

TG or with cholesterol to produce cholesterol esters (Alves-Bezerra and Cohen 2017). The liver 

also can convert glucose into fatty acids through de novo lipogenesis (Alves-Bezerra and Cohen 

2017). TG and cholesterol esters are either stored in lipid droplets in hepatocytes or secreted into 

the circulation in the form of VLDL. 

Lipogenesis begins with the oxidation of glucose to pyruvate in the glycolytic pathway. 

Pyruvate is transported to the mitochondria and metabolized by pyruvate dehydrogenase to form 
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acetyl-CoA, which is combined with oxaloacetate by citrate synthase to form citrate in the first 

step of the Krebs cycle. The citrate destined for lipogenesis does not continue in the cycle, but is 

exported (cataplerosis) to the cytoplasm and retransformed into acetyl-CoA and oxaloacetate by 

ATP-citrate lyase (ACL). Oxaloacetate is reduced to malate, which is converted to pyruvate by 

malic enzyme, thereby releasing NADPH. The pyruvate is recycled in the mitochondria and 

carboxylated by PC to form oxaloacetate, leading to a continuous synthesis of citrate. In the 

cytoplasm, acetyl-CoA is carboxylated by ACC to form mal-CoA. Mal-CoA and NADPH are used 

as precursors for the synthesis of palmitic acid by fatty acid synthase (FAS) (Rui 2014). 

Lipogenesis is controlled by transcriptional regulation of glycolytic and lipogenic genes. 

Many transcription regulators, including ChREBP, SREBP, LXR, PPARγ and PPARδ, have been 

shown to regulate these pathways (Rui 2014, Alves-Bezerra and Cohen 2017). 

1.8.3 Liver metabolism under nutri-stress 

Under conditions of chronic excess of glucose and lipids, many aspects of liver metabolism change 

due to the increase of hepatic IR and HGP. Many studies have shown that increased HGP in T2D 

patients is the major contributor to hyperglycemia in the fasting state (DeFronzo, Simonson et al. 

1982, Campbell, Mandarino et al. 1988, Gerich, Mitrakou et al. 1990, Magnusson, Rothman et al. 

1992). In T2D patients, glucose homeostasis is altered in response to β-cell dysfunction and to IR 

in the liver, muscle and adipocytes (Prentki and Nolan 2006, Nolan, Damm et al. 2011, Roder, Wu 

et al. 2016). Thus, when insulin fails to suppress HGP by the liver, it results in hyperglycemia T2D 

patients (Fisher and Kahn 2003). Several mechanisms have been suggested to explain the 

pathogenesis of IR in the liver (Samuel and Shulman 2012, Johnson and Olefsky 2013). One 

potential mechanism is inflammation, based on the observation that obese individuals showed a 
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marked increase in hepatic macrophages that contributed to hepatic IR (Obstfeld, Sugaru et al. 

2010, Johnson and Olefsky 2013). Another mechanism is ectopic lipid accumulation, which can 

be considered as a driver for IR in the liver (Samuel and Shulman 2012). In addition, IR in other 

tissues could contribute to hepatic IR. For example, IR in muscle can result in more glucose being 

redirected to the liver; while IR in adipose tissue leads to increased lipolysis which increases the 

substrate available for gluconeogenesis and HGP. Progression of these changes in liver metabolism 

can lead to the development of NAFLD (Birkenfeld and Shulman 2014, Kitade, Chen et al. 2017). 

1.9 Overview of glycerol and glycerol 3-phosphate metabolism 

The importance of glycerol comes by acting as a precursor of glycerol 3-phosphate (Gro3P), which 

is a key metabolite for glucose and lipid metabolism (Lin 1977, Xue, Chen et al. 2017). Circulating 

glycerol levels were thought to depend on the hydrolysis of TG through the lipolysis arm of the 

GL/FFA cycle; from glyceraldehyde, an intermediate in fructose metabolism by the action of 

alcohol dehydrogenase; or to a small extent from the diet (Xue, Chen et al. 2017). However, the 

recent identification of the mammalian G3PP introduces a new pathway for glycerol formation 

through the direct hydrolysis of the glycolytic intermediate Gro3P (Mugabo, Zhao et al. 2016). 

Glycerol utilization and metabolism occurs mainly in the liver and kidney and to a lesser extent in 

skeletal muscle, brain and pancreatic islets; and is determined mainly by the amount and activity 

of glycerol kinase (GK) in these tissue (Lin 1977). For example, since GK has little activity in 

adipocytes, glycerol resulting from lipolysis cannot be reused in fat cells (Guan, Li et al. 2002). 

Gro3P is produced both from the phosphorylation of glycerol by GK and via glycolysis 

thru dihydroxyacetone-3-phosphate (DHAP) which is reduced to Gro3P by cytosolic Gro3P 

dehydrogenase (GPD1) (Figure 1.6). In the mitochondria, Gro3P can be oxidized via the 
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mitochondrial Gro3P dehydrogenase (GPD2), transferring the electrons to the electron transport 

chain, and generating DHAP in the cytoplasm. In the GPD2 reaction, flavin adenine dinucleotide 

(FAD) is reduced to FADH2 (Ronnow and Kielland-Brandt 1993), which enters into mitochondrial 

respiration to finally generate ATP (Estabrook and Sacktor 1958, Lee and Lardy 1965). This 

conversion between Gro3P and DHAP, called the Gro3P shuttle, transfers cytosolic reducing 

equivalents to the mitochondrial oxidative phosphorylation pathway (Lin 1977, Mracek, Drahota 

et al. 2013, Shi, Wang et al. 2018). 

In mammalian cell, Gro3P can enter the Gro3P shuttle or the lipogenic pathway (Figure 

1.6). Until recently, Gro3P derived from glycolysis was thought to be hydrolyzed directly to 

glycerol via the action of G3PP (Mugabo, Zhao et al. 2016). This allows Gro3P to provide the 

backbone for either glucose via gluconeogenesis in some tissues, or for TG via the GL/FFA cycle; 

and to transfer electrons from the cytosol to the mitochondria for oxidative phosphorylation 

through the Gro3P shuttle (Nelson and Robergs 2007, Xue, Chen et al. 2017). Overall, glycerol 

and Gro3P metabolism in mammalians is controlled by a team of enzymes and pathways that work 

together to optimize their utilization and availability (Figure 1.6). 
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Figure 1.6. Overview of glycerol 3-phosphate metabolism in mammalian.  

Glycerol-3-phosphate (Gro3P) can be formed from glucose during glycolysis, glycerol through 

glycerol kinase (GK) or from the Gro3P shuttle. Gro3P is at the crossroads of glucose and lipid 

metabolism and is one of the starting substrates for the GL/FFA cycle. Gro3P availability in the 

cytosol is controlled by a team of enzymes (in green) and pathways (in purple). Abbreviations: 

GK, glycerol-3-phosphate phosphatase (G3PP), cytosolic Gro3P dehydrogenase (GPD1) and 

mitochondrial Gro3P dehydrogenase (GPD2) using BioRender. 

1.10 Mammalian glycerol 3-phosphate phosphatase/PGP a novel enzyme in intermediate 

metabolism 

As discussed is Section 1.9, Gro3P is a key metabolite for glucose and lipid metabolism whose 

availability is controlled by many enzymes including G3PP. This section will focus on the recently 

identified enzyme G3PP and its role in the control of glucose, lipid and energy metabolism in 

mammalian cells.  
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1.10.1 Identification of glycerol-3-phosphate phosphatase in mammalians 

It is well established that lipolysis, measured as FFA and glycerol release, is implicated in the 

regulation of GSIS by pancreatic β-cells (Mulder, Yang et al. 2004, Nolan, Leahy et al. 2006). The 

first critical step in converting TG to glycerol and fatty acids is conducted by ATGL (Prentki and 

Madiraju 2008, Trites and Clugston 2019). In whole-body ATGL-KO mice (Peyot, Guay et al. 

2009) and in β-cell specifc ATGL-KO mice (Attane, Peyot et al. 2016), glycerol release from 

pancreatic islets was significantly elevated at high concentrations of glucose, suggesting that the 

glycerol did not originate from lipolysis. Furthermore, the powerful pan-lipase inhibitor orlistat 

completely inhibited lipolysis and GSIS in β-cells, measured over a range of glucose 

concentrations (4, 10, 16, and 25 mM glucose) (Mugabo, Zhao et al. 2016). In contrast, when 

glycerol was measured under the same conditions but with glucose ≤10 mM, glycerol release was 

inhibited by orlistat, which suggested that β-cells are able to produce glycerol from glucose via 

non-lipolytic pathways (Mugabo, Zhao et al. 2016). A thorough search for mammalian candidate 

proteins that are homologous to the known yeast and bacterial G3PP enzymes (Norbeck, Pahlman 

et al. 1996, Larrouy-Maumus, Biswas et al. 2013), identified one specific protein, previously 

described as phosphoglycolate phosphatase (PGP). 

1.10.2 The G3PP/PGP gene and protein in various organisms 

PGP is an evolutionarily conserved enzyme that can hydrolyze various phospho-metabolites. 

(Possik, Madiraju et al. 2017, Gohla 2019). In lower organisms and plants there are separate genes 

for PGP, that hydrolyzes 2-phosphoglycolate (2-PG), and G3PP, which hydrolyzes Gro3P. 

However, in animal species, a single gene product (PGP) appears to catalyze the hydrolysis of 

both and Gro3P and possibly other phospho-substrates. 
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Microorganisms: In bacteria, separate genes for PGP and G3PP exist (Teresa Pellicer, 

Felisa Nunez et al. 2003, Zheng, Zhao et al. 2008, Larrouy-Maumus, Biswas et al. 2013). PGP 

takes part in the hydrolysis of toxic 2-PG, produced during the repair of the 3’end of damaged 

DNA (Teresa Pellicer, Felisa Nunez et al. 2003). A distinct bacterial G3PP, belonging to the same 

phylogenic tree as PGP, is involved in glycerophospholipid recycling and catabolism (Larrouy-

Maumus, Biswas et al. 2013) and in the utilization of glycerol (Lindner, Meiswinkel et al. 2012). 

Yeast: Saccharomyces cerevisiae harbors a PGP homologue (Pho13) and two distinct 

G3PP enzymes. Yeast Pho13 deletion mutants display an elevated pentose phosphate pathway 

activity and a high capacity to ferment xylose (Kim, Xu et al. 2015) and to form ethanol (Bamba, 

Hasunuma et al. 2016). A recent study ascribed a metabolite repair function to Pho13, in the 

dephosphorylation of the toxic glycolytic by-products 4-phosphoerythronate (4-PE) and 2-PG 

(Collard, Baldin et al. 2016). Yeast G3PP enzymes are involved in glycerol production and are 

required for survival in stress conditions such as salinity, oxidative, anoxia, and butanol (Norbeck, 

Pahlman et al. 1996, Pahlman, Granath et al. 2001, Fan, Whiteway et al. 2005). 

Plasmodium: Deletion of PGP in Plasmodium falciparum has been shown (Dumont, 

Richardson et al. 2019) to cause elevation of dihydroxyacetone-3-phosphate (DHAP), a metabolite 

of glycolysis and intermediates of pentose phosphate pathway in addition to 2-phospholactate and 

4-PE, two toxic by-products of glycolysis. It was suggested that PGP acts as a metabolite repair 

enzyme by hydrolyzing the toxic products, and regulates the central carbon metabolism and drug 

sensitivity of plasmodium (Dumont, Richardson et al. 2019). Purified PGP from Plasmodium 

berghei was shown to dephosphorylate 2-phospholactate and 2-PG, in vitro, even though these 

metabolites could not be measured in a PGP deletion mutant as the knockout was lethal for this 

parasite (Nagappa, Satha et al. 2019). The precise physiological function of PGP in plasmodium 
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species is not clear, although it was speculated that it may play a role in the control of glycolysis, 

which is an essential source of ATP in this organism (Nagappa, Satha et al. 2019). 

Plants: In plants, photorespiration generates large amounts of 2-PG inside the chloroplast, 

which can strongly inhibit the Calvin cycle. In Arabidopsis thaliana 13 different genes coding for 

different PGP isoforms have been annotated, but only two of these have been characterized. Plants 

with deletion of PGP-1, expressed in the chloroplasts of leaves, were not viable in normal air but 

could survive in 1% CO2 atmosphere, whereas deletion of PGP-2, expressed in the cytosol, had no 

visible effect on the plant survival (Schwarte and Bauwe 2007, Timm, Woitschach et al. 2019). 

Thus, degradation of 2-PG in the chloroplast by PGP-1 is essential in Arabidopsis. In addition to 

these PGP genes, two glycerophosphatases with 95% identical amino acid sequence, coded by 

AtGpp1 and AtGpp2, were described in Arabidopsis and were proposed to regulate formation of 

glycerol in the cytosol and in plastids (Caparros-Martin, Reiland et al. 2007). Even though the 

expression of AtGpp1 and AtGpp2 is not affected by osmotic, ionic or oxidative stress conditions, 

plants with gain of function in AtGpp2 show improved tolerance to salt, osmotic and oxidative 

stress (Caparros-Martin, Reiland et al. 2007). 

Flies and nematodes: It is not known whether there are distinct PGP and G3PP enzymes 

in Drosophila melanogaster or Caenorhabditis elegans. Deletion of CG5567, a homologue of PGP, 

led to elevated triglycerides in Drosophila larvae grown on high sugar, without any effect on 

mortality or development (Dwyer 2020). However, the protein product of CG5567 is yet to be 

characterized in Drosophila. In C. elegans, three phosphoglycolate phosphatase homologs (pgph1, 

2, 3) have been identified (Possik, Madiraju et al. 2017). Exposing C. elegans to hyperosmotic 

stress or excess glucose induces expression of these genes, and is accompanied by elevated 

glycerol production, supporting that the three PGP homologs in the worm act as G3PPs that are 
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essential for glycerol production and adaptation to hyperosmotic and metabolic stresses (Lee, 

Murphy et al. 2009, Rohlfing, Miteva et al. 2010). 

Arctic fish: Two potential G3PP enzymes have been identified in the arctic fish Osmerus 

mordax, which is capable of acclimation to cold temperature by the production of large quantities 

of glycerol (Ditlecadet, Short et al. 2011, Raymond 2015). Since these fish G3PP isoforms were 

found to show optimal activity at acidic pH, their physiological role in glycerol production at near 

neutral pH was questioned (Raymond 2015). 

Mammals: The mammalian PGP gene consists of two exons and one intron and maps to 

chromosome 16 in humans, chromosome 17 in mice and chromosome 10 in rats (Seifried, 

Bergeron et al. 2016, Segerer, Engelmann et al. 2018). PGP encodes a 321 amino acid long 

cytosolic protein that is a member of the superfamily of haloacid dehalogenase (HAD)-like 

hydrolases (Possik, Madiraju et al. 2017). The mammalian PGP gene product has been described 

with different names and functions. It was first described in human red blood cells (RBC) as 

phosphoglycolate phosphatase (PGP), based on its sequence similarity to the plant and bacterial 

PGP enzymes, along with its similar substrate specificity (i.e., high activity towards 2-PG) (Rose 

1981, Yu, Pendley et al. 1990). Later, this protein was called as aspartate-based, ubiquitous, Mg2+-

dependent phosphatase (AUM), as it showed hydrolytic activity for peptides containing 

phosphotyrosine (Seifried, Knobloch et al. 2014, Seifried, Bergeron et al. 2016, Segerer, 

Engelmann et al. 2018, Gohla 2019). However, the very low cellular levels of 2-PG under 

physiological conditions and the ∼1,000-fold lower catalytic efficiency of purified PGP towards 

phosphotyrosine peptides compared to classical tyrosine phosphatases, the proposed physiological 

role of mammalian PGP in the hydrolysis of either 2-PG or phosphotyrosine residues is 

questionable. Studies from our lab demonstrated that PGP functions as a G3PP, hydrolysing Gro3P, 
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produced normally in all the cells via glycolysis and available in sufficient concentrations (1-5 

mM) to serve as a PGP substrate (Mugabo, Zhao et al. 2016, Possik, Madiraju et al. 2017). Hence, 

the name G3PP is more appropriate for the PGP gene product, and is accepted by most protein 

databases (Uniprot, NCBI Protein, PDB, etc.). 

1.10.3 Substrates and enzymatic activities of G3PP/PGP 

G3PP/PGP is known to hydrolyze 2-PG, formed by pyruvate kinase in RBC (Figure 1.7 in blue) 

(Rose, Grove et al. 1986).; and has also been shown to dephosphorylate 4-PE and 2-phospholactate, 

toxic by-products of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase 

respectively (Figure 1.7 in blue). However, 4-PE and 2-phospholactate are undetectable in cells 

under normal conditions but accumulate only when G3PP/PGP expression is suppressed (Collard, 

Baldin et al. 2016, Dumont, Richardson et al. 2019, Kempaiah Nagappa, Satha et al. 2019). 

Purified recombinant mouse PGP protein showed high catalytic efficiency with 2-PG, 4-PE, and 

2-phospholactate, but relatively lower activity with Gro3P (Collard, Baldin et al. 2016, Mugabo, 

Zhao et al. 2016). The purified enzyme also shows very high activity with the non-physiological 

substrate p-nitrophenol phosphate (Seifried, Knobloch et al. 2014). Thus, the observed catalytic 

efficiencies of purified G3PP/PGP in vitro may not have much relevance based on the 

physiological availability of these substrates. Therefore, because the intracellular concentration of 

Gro3P ranges from 1–5 mM and the Km of G3PP/PGP for Gro3P is ∼1.4 mM, Gro3P is a more 

physiologically relevant G3PP/PGP substrate) (Mugabo, Zhao et al. 2016) than 2-PG, 4-PE or 2-

phospholactate, which are either undetectable or present in low micromolar levels in normal cells 

(Collard, Baldin et al. 2016, Mugabo, Zhao et al. 2016, Possik, Madiraju et al. 2017, Gohla 2019). 
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Figure 1.7. Substrates and enzymatic activities of G3PP/PGP.  

Potential G3PP/PGP substrates are shown in blue: 2-phosphoglycolate (2-P-Glycolate), 2-

phospholactate (2-P-Lactate) and 4-phosphoerythronate (4-P-Erythronate). Physiological 

substrate is glycerol-3-phosphate (Gro3P). Abbreviations: DHAP, dihydroxyacetone phosphate; 

FA-CoA, fatty acyl-CoA; FFA, free fatty acid; G3PP/PGP, glycerol 3-phosphate 

phosphatase/phosphoglycolate phosphatase; G6P, glucose 6-phosphate; GL/FFA cycle, 

glycerolipid/free fatty acid cycle; Glyceraldehyde-3-P, glyceraldehyde-3-phosphate; TCA cycle, 

tricarboxylic acid cycle; PK, pyruvate kinase; PPP, pentose phosphate pathway. Adapted from 

(Possik, Madiraju et al. 2017) using BioRender. 

1.10.4 Candidates biological action of G3PP/PGP related to its Gro3Pase activity 

There are many lines of evidence in mammalian cells showing the important role played by G3PP 

in controlling Gro3P levels and indicating its biological action in different cells. 
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1.10.4.1 Pancreatic islets and hepatocytes 

Cellular levels of Gro3P in hepatocytes (Mugabo, Zhao et al. 2016) and INS-1(832/13) cells 

(Lamontagne, Al-Mass et al. 2017, Mugabo, Zhao et al. 2017) under normal glucose supply are 

sufficient to serve as the substrate for the G3PP enzyme. In most cells, DHAP formed during 

glycolysis is partly converted to Gro3P. Gro3P can also be formed from glycerol by GK in cells 

expressing this enzyme such as liver, kidney and muscle (Lin 1977). Altering G3PP protein 

expression can control cellular levels of Gro3P with impact on several metabolic pathways 

(Mugabo, Zhao et al. 2016). For example, overexpression of human G3PP increased glycerol 

production from glucose, in parallel with markedly decreased Gro3P levels, glycolysis and glucose 

driven respiration in rat pancreatic islets, INS-1(832/13) cells and rat hepatocytes, while 

suppression of G3PP in these cells produced the opposite effects (Mugabo, Zhao et al. 2016). The 

level of G3PP expression in pancreatic β-cells and hepatocytes was also inversely related to 

glycerolipid production. Thus, for cells grown at normal glucose concentrations, G3PP can control 

glucose and lipid metabolism (Mugabo, Zhao et al. 2016). In contrast, increased G3PP activity 

was shown to lower glycerol-driven gluconeogenesis in isolated rat hepatocytes and in rats 

overexpressing G3PP in the liver (Mugabo, Zhao et al. 2016, Possik, Madiraju et al. 2017). These 

results demonstrate that G3PP is a key player in the control of lipid and glucose metabolism in β-

cells and hepatocytes. 

1.10.4.2 Embryonic cells with inactive mutant G3PP 

Since G3PP/PGP regulates Gro3P levels, G3PP/PGP inactivation should alter glycerolipid 

metabolism. Mice with a knock-in mutant of catalytically inactive G3PP/PGP (PGPD34N/D34N) had 

increased levels of DAGs and TGs in e8.5 embryos, indicating that these knock-in embryos had 

increased lipogenesis from Gro3P accumulation (Segerer, Hadamek et al. 2016). Deletion of the 
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Drosophila PGP ortholog caused significant elevation in triglycerides and altered glycolysis in the 

larvae, showed no effect on development (Dwyer 2020). Therefore, G3PP/PGP likely regulates 

glucose and glycerolipid metabolism by controlling Gro3P levels during development: this 

function of G3PP appears to be essential for development in higher organisms. 

1.10.4.3 Cancer cells 

Studies on cancer cell lines provided further evidence for a role of G3PP/PGP in controlling 

glucose metabolism. Deletion of PGP in HCT116 human colorectal cancer cells led to ~40% 

reduction in glucose utilization and lactate production together with 75% decline in fructose 2,6-

diphosphate levels. These changes could all be restored by the re-expression of G3PP/PGP in 

HCT116 cells (Collard, Baldin et al. 2016). Furthermore, G3PP/PGP deletion was also associated 

with inhibition of the pentose phosphate pathway and accumulation of 6-phosphogluconate in 

HCT116 cells. These changes were associated with the accumulation of two toxic side products of 

glycolysis (2-phospholactate and 4-PE), which can also inhibit glycolysis and the pentose 

phosphate pathway, it was proposed that G3PP/PGP is required to maintain the metabolic integrity 

of HCT116 cells by hydrolyzing and removing the toxic metabolites (Collard, Baldin et al. 2016). 

However, the concentrations of 2-phospholactate and 4-PE in cells with normal PGP activity were 

much below their Km (~170 to 250µM respectively), questioning the ability of G3PP/PGP to 

detoxify these metabolites at low concentrations. The accumulation of toxic glycolytic metabolites 

and their possible removal by G3PP/PGP is probably relevant only in cancer cells (Possik, 

Madiraju et al. 2017). 
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1.11 Rationale of the thesis 

Obesity is a risk factor for type 2 diabetes (T2D) that contributes to IR and pancreatic β-cell failure 

through the exhaustion of insulin stores and fuel surfeit mediated glucolipotoxicity (Prentki and 

Nolan 2006, Nolan, Damm et al. 2011). Alterations in glucose and lipid metabolism, including the 

GL/FFA cycle (Prentki and Madiraju 2008, Prentki and Madiraju 2012, Prentki, Matschinsky et 

al. 2013), which is implicated in balancing glucose and lipid metabolism and central to energy 

homeostasis in many tissues (Nye, Hanson et al. 2008, Zechner, Zimmermann et al. 2012), play 

an important role in the pathogenesis of obesity and T2D. The GL/FFA cycle involves FA 

esterification with glycerol to synthesize mono-, di-, & triacylglycerols and phospholipids 

(lipogenesis), followed by their sequential hydrolysis releasing the FFA (lipolysis), that can then 

be re-esterified (Prentki and Madiraju 2008, Prentki and Madiraju 2012, Prentki, Matschinsky et 

al. 2013). Glycerol-3-phosphate (Gro3P), formed from glucose during glycolysis is at the 

crossroads of glucose and lipid metabolism and is one of the starting substrates for the GL/FFA 

cycle. Availability of Gro3P and fatty acyl-CoA regulates the flux through the GL/FFA cycle and 

the associated production of lipids and metabolic signals. 

In mammalian cells, Gro3P is thought to undergo either esterification via lipogenesis or 

oxidation via glycolysis. Direct hydrolysis of Gro3P to release glycerol, which happens in plants 

and microbes, was not known to occur in mammalian cells. Recently, a novel glycerol-3-phosphate 

phosphatase (G3PP, encoded by the phosphoglycolate phosphatase [PGP] gene) was identified 

and characterized in mammalian cells and shown to directly hydrolyze glycolysis-derived Gro3P 

to glyceol (Mugabo, Zhao et al. 2016). G3PP, by regulating cytosolic Gro3P levels, can play a role 

in the control of glycolysis, glucose oxidation, cellular redox and ATP production, 

gluconeogenesis, glycerolipid synthesis and FA oxidation in pancreatic islet β-cells and 
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hepatocytes (Mugabo, Zhao et al. 2016). The elevated activity of G3PP ex vivo was shown to 

decrease gluconeogenesis in hepatocytes and to reduce both glucose stimulated insulin secretion 

under elevated glucose levels and the effects of glucolipotoxicity in β-cells. Overexpression of 

G3PP in rat liver in vivo, using an adenoviral construct, reduced body weight gain, hepatic glucose 

production and plasma triglycerides and increased HDL (Mugabo, Zhao et al. 2016). In parallel, 

Collard et al. have shown that PGP reduces cellular levels of 4-Phosphoerythronate and 2-

phospho-L-lactate, compounds which are by-products of glyceraldehyde 3-phosphate 

dehydrogenase and pyruvate kinase respectively (Collard, Baldin et al. 2016). This action of 

PGP/G3PP was shown to antagonize the activity of the pentose phosphate pathway and glycolysis 

in a cancer cell line, leading to the hypothesis that it may act as a ‘metabolite repair enzyme’ by 

eliminating toxic by-products of central carbon metabolism (Beaudoin and Hanson 2016). Taken 

together, these results implicate G3PP as a novel player in the control of energy and intermediary 

metabolism, insulin secretion and the response to metabolic stress. However, the precise molecular 

basis of G3PP’s role in intermediary metabolism and its regulation under physiological and 

pathological conditions in different tissues are not known. 

A key scientific objective of this thesis is to test whether G3PP has a biological function in vivo 

that is linked to glucose or lipid metabolism of or detoxification of excess glucose that is related 

to its Gro3P hydrolysis activity in pancreatic β-cells and hepatocytes ex vivo. 

Aims: 

Chapter II: To examine the role of G3PP in the regulation of insulin secretion, metabolic stress 

and glucose and lipid metabolism in mouse pancreatic β-cells in vivo. 

Chapter III: To examine the role of G3PP in the regulation of glucose and lipid metabolism and 

metabolic stress in mouse hepatocytes in vivo. 
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Chapter IV: To examine if controlled overexpression of G3PP affect glucose and lipid 

metabolism and protects against metabolic stress in mouse hepatocytes in vivo. 
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Bridging Chapters I and II  

 

Initial studies (overexpression and knockdown in vitro) indicated that G3PP plays a role in islet 

metabolism, insulin secretion and protection against glucolipotoxicity (Mugabo, Zhao et al. 2016). 

My goal was to examine the importance of G3PP in regulating insulin secretion, metabolic stress, 

and glucose and lipid metabolism in mouse pancreatic β-cells in vivo. As G3PP 

deletion/inactivation is known be embryonic lethal, these parameters were studied in detail using 

β-cell specific inducible G3PP-KO (BKO) mice. This inducible model was generated by crossing 

floxed G3PP mice crossed with MCre mice to generate a line with β-cell specific G3PP-KO (BKO) 

after TMX injection. Male BKO mice fed normal diet for 20 weeks and body weight and food 

intake were monitored. We performed a detailed study of in vivo insulin and glucose homeostasis. 

Blood glucose, glycerol, insulin, triglycerides and FFA levels were measured using commercial 

kits. Pancreatic islets from MCre and BKO mice fed normal diet were examined ex vivo for insulin 

secretion in response to various fuel and to glucotoxicity conditioned. We also conducted 

metabolomics studies in islets from BKO and MCre mice, which we correlated with altered 

glucose, lipid and mitochondrial metabolism in the islets. 
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2.1 Abstract  

Objective: The recently identified glycerol-3-phosphate (Gro3P) phosphatase (G3PP) in 

mammalian cells, encoded by the PGP gene, was shown to regulate glucose, lipid and energy 

metabolism by hydrolyzing Gro3P and to control glucose-stimulated insulin secretion (GSIS) in 

-cells, in vitro. However, whether G3PP regulates -cell function and insulin secretion in vivo is 

not known.  

Methods: We now examined the role of G3PP in the control of insulin secretion in vivo, β-cell 

function and glucotoxicity in inducible -cell specific G3PP-KO (BKO) mice. Inducible BKO 

mice were generated by crossing floxed-G3PP mice with Mip-Cre-ERT (MCre) mice. All the in 

vivo studies were done using BKO and control mice fed normal diet and the ex vivo studies were 

done using pancreatic islets from these mice. 

Results: BKO mice, compared to MCre controls, showed increased body weight, adiposity, fed 

insulinemia, enhanced in vivo GSIS, reduced plasma triglycerides and mild glucose intolerance. 

Isolated BKO mouse islets incubated at high (16.7 mM), but not at low or intermediate glucose (3 

and 8 mM), showed elevated GSIS, Gro3P content as well as increased levels of metabolites and 

signaling coupling factors known to reflect β-cell activation for insulin secretion. BKO islets also 

showed reduced glycerol release and increased O2 consumption and ATP production at high 

glucose only. BKO islets chronically exposed to elevated glucose levels showed increased 

apoptosis, reduced insulin content and decreased mRNA expression of β-cell differentiation 

markers, Pdx-1, MafA and Ins-2.  

Conclusions: The results demonstrate that β-cells are endowed with a “glycerol shunt”, operated 

by G3PP that regulates β-cell metabolism, signaling and insulin secretion in vivo, primarily at 

elevated glucose concentrations. We propose that the glycerol shunt plays a role in preventing 

insulin hypersecretion and excess body weight gain and contributes to β-cell mass preservation in 

the face of hyperglycemia.  

2.2 Introduction 

Hyperinsulinemia and IR contribute to obesity, type 2 diabetes (T2D) and associated metabolic 

disorders (Nolan and Prentki 2019, Thomas, Corkey et al. 2019). Pancreatic -cells secrete insulin 
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primarily in response to increasing blood glucose levels, through the production of metabolic 

coupling factors (MCF) that promote insulin granule exocytosis. Disturbed glucose and lipid 

metabolism, including the glycerolipid/ free fatty acid (GL/FFA) cycle (Prentki and Madiraju 2008, 

Prentki and Madiraju 2012, Prentki, Matschinsky et al. 2013), which is implicated in the regulation 

of insulin secretion and energy homeostasis (Nye, Hanson et al. 2008, Zechner, Zimmermann et 

al. 2012, Poursharifi, Attane et al. 2020), contribute to the pathogenesis of obesity and T2D. The 

GL/FFA cycle, known to produce several MCF, in particular monoacylglycerol (Poursharifi, 

Madiraju et al. 2017), consists of two arms: lipogenesis implicated in the synthesis of glycerolipids, 

and lipolysis during which glycerolipids, in particular triglycerides (TG) are hydrolyzed to FFA 

and glycerol (Prentki and Madiraju 2008, Prentki and Madiraju 2012). Lipogenesis involves the 

esterification of fatty acyl-CoA with glycerol-3-phosphate (Gro3P), which in -cells is formed 

mostly from glucose via glycolysis. The GL/FFA cycle is driven largely by the availability of 

Gro3P and fatty acyl-CoA (Prentki and Madiraju 2008, Prentki and Madiraju 2012, Prentki, 

Matschinsky et al. 2013).  

We recently reported that mammalian cells harbor a Gro3P phosphatase (G3PP), which by 

hydrolyzing Gro3P to glycerol, controls the availability of Gro3P for various metabolic pathways, 

in particular TG synthesis (lipogenesis segment of GL/FFA cycle), the Gro3P-electron shuttle to 

mitochondria and flux through lower glycolysis (Mugabo, Zhao et al. 2016). G3PP in mammalian 

cells, previously known as phosphoglycolate phosphatase, is encoded by PGP and we 

demonstrated that it primarily uses Gro3P as its intracellular substrate under normal physiological 

conditions. However, this enzyme is also able to use other phosphate esters, including 

phosphoglycolate as substrates, under stress conditions (Segerer, Hadamek et al. 2016, Possik, 

Madiraju et al. 2017, Possik, Al-Mass et al. 2021). Our earlier in vitro studies primarily in INS1-

β-cells showed that G3PP activity is inversely proportional to glucose-stimulated insulin secretion 

(GSIS) at elevated glucose concentrations. We found that increased expression of G3PP in -cells 

diverts a significant part of the glucose carbons towards the formation of glycerol, which is not 

metabolized due to low glycerol kinase activity (Prentki and Madiraju 2008, Xue, Chen et al. 2017) 

and leaves the -cell. Thus, elevated G3PP in -cells prevents hypersecretion of insulin under 

excess glucose conditions by lowering the flux through the GL/FFA cycle, lower-glycolysis and 

mitochondrial oxidation (which are important sources of MCF), while the reverse was noticed with 

the suppression of G3PP (Mugabo, Zhao et al. 2016). In addition, glucotoxicity and 
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glucolipotoxicity in -cells were aggravated when G3PP expression was suppressed, whereas the 

cells were protected when G3PP was over-expressed, suggesting an important role of G3PP in the 

detoxification of glucose and protection of -cells under nutrient-excess conditions (Mugabo, 

Zhao et al. 2016).  

However, the role of β-cell G3PP in the control of insulin secretion and energy homeostasis 

in vivo is not known, nor do we know the range of glucose concentrations where the enzyme is 

active. In addition, if we have learned much about the pathways and biochemical basis of 

glucotoxicity, little is known as to how mammalian cells cope, adapt and detoxify excess glucose 

in the body (Prentki, Peyot et al. 2020). Deletion of G3PP activity in the whole body was found to 

be embryonically lethal (Segerer, Hadamek et al. 2016), and therefore we have generated -cell 

specific G3PP knockout (BKO) mice in which deletion of PGP/G3PP gene is induced in the adult 

stage, in order to avoid any developmental effects. The present in vivo and ex vivo studies, in which 

islets were exposed to low, intermediate and high glucose reveal the existence in the β-cell of a 

“glycerol shunt” operated by G3PP implicated in β-cell metabolism, signaling and insulin secretion 

as well as in the control of metabolic stress, and that this novel pathway primarily functions at high 

but not normal or low glucose concentrations.  

 

2.3 Materials and Methods 

Generation of G3PP conditional KO mice and breeding strategy  

Heterozygous G3PP-lox/lox mice in which exons 1 and 2 of PGP (coding for G3PP protein) gene 

are flanked with LoxP sites were generated by Ingenious Targeting Laboratory (Stony Brook, NY). 

The donor targeting vector was designed so that the first loxP sequence is inserted on the 5’ side 

of exon 1 and the second at the 3’ end of the FRT-flanked Neo selection cassette (after exon 2) 

(Figure 2.1A). The targeting vector was then transfected by electroporation to FLP C57BL/6 ES 

cells. Positive targeted ES clones, where the Neo cassette was removed by the FLP recombinase, 

were microinjected into Balb/c blastocysts to generate chimeras. These chimeras were crossed to 

wildtype (WT) C57Bl/6N to generate heterozygous G3PP-lox/+ mice. Heterozygous G3PP-lox/+ 

mice were bred to produce homozygous G3PP-lox/lox (G3PPflox/flox) mice. Homozygous G3PP-

lox/lox were then crossed with heterozygous Mip-CreERT2 mice (Wicksteed, Brissova et al. 2010) 
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to obtain Mip-CreERT2/+, G3PP-flox/+ and G3PP-flox/+ mice. These mice were further mated to 

get MipCre-ERT2/+, WT, G3PP-flox/flox and Mip-CreERT2/+; G3PP-flox/flox mice. The 

presence of the WT or the floxed PGP allele was evaluated in DNA from ear punch tissue 

fragments using the following primers: NDEL1: 5'- ACCTCTTGCCTGCCCTTCAAGG-3'; 

NDEL2: 5'- TTGACCCATTTCAGTCTCA GCAACAGG-3', and the presence of Cre transgene 

using the following primers: forward: 5'- CCTGGCGATCCCTGAACATGTCCT-3', Reverse: 5'- 

TGGACTATAAAGCTGGTGGGCAT -3’. Specific amplification of a 452 bp DNA fragment 

corresponding to the floxed- PGP allele, a 312 bp fragment corresponding to the WT PGP allele 

and the presence of the Mip-Cre transgene by a 267 bp DNA fragment was verified by genomic 

PCR (Figure 2.1B).  

Animals 

All mice were on C57BL/6N genetic background. At 8 weeks of age, wild-type (WT), G3PPflox/flox 

(fl/fl), Mip-CreERT2 (MCre) and Mip-CreERT2/+;G3PPflox/flox male mice received tamoxifen 

(TMX) intraperitoneal injections for 5 consecutive days (50 mg/kg body weight, dissolved in 90% 

corn oil plus 10% ethanol) to induce Cre recombinase and -cell specific deletion of G3PP in the 

Mip-CreERT2/+; G3PP flox/flox mice (BKO). After 5 days of TMX injections, mice were placed in 

individual cages and fed normal chow diet (15% fat by energy; Harlan Teklad, Madison, WI, USA) 

for 12 weeks. Body weight and food intake were measured weekly. Specific deletion of G3PP 

expression in pancreatic islets without any change in other tissues was ascertained in the BKO 

mice, as compared to WT, MCre and fl/fl control mice (Figure 2.1C). Body composition (lean and 

fat mass) after 12 weeks after TMX injection was measured by magnetic resonance imaging 

(EchoMRI Analyzer-700). Animals were housed individually at room temperature (23°C) with a 

12 h light/12 h dark cycle. 20-week-old mice were anesthetized by intraperitoneal injection of 

ketamine (100 mg/kg)/xylazine (10 mg/kg), followed by cardiac puncture and euthanasia via 

cervical dislocation. Various tissues, including adipose depots, liver, kidney, etc., were 

immediately collected and kept frozen for further analyses. All procedures were approved by the 

institutional committee for the protection of animals (Comité Institutionnel de Protection des 

Animaux du Centre Hospitalier de l’Université de Montréal). 
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Pancreatic islet isolation.  

Pancreatic islets were isolated from BKO, WT, MCre and fl/fl mice as previously described (Peyot, 

Roubtsova et al. 2021). After isolation, the islets were kept in RPMI medium supplemented with 

2 mM glutamine, 1 mM sodium pyruvate, 10 mM HEPES (pH 7.4), penicillin (100U/ml)/ 

streptomycin (100µg/ml), 10% FBS and containing 5 mM glucose (glucose concentration during 

overnight recovery was 8 mM for glucotoxicity experiments) for overnight recovery and then 

employed for ex-vivo insulin secretion experiments and other measurements as detailed below.  

Western blotting 

Mouse tissues and pancreatic islets were lysed in RIPA buffer (10 mM Tris-HCl, 1 mM EDTA, 

0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecylsulfate and 

140 mM NaCl) and the protein extracts were used for western blot analysis to validate -cell 

specific G3PP deletion (G3PP primary antibody: PGP antibody E-10, sc-390883; secondary 

antibody: m-IgGκ BP-HRP, sc-516102). For all tissues, α-tubulin was used as the gel loading 

control. 

Intraperitoneal glucose tolerance test (IPGTT) 

IPGTT was performed on 16-week-old male G3PP-BKO, WT, MCre and fl/fl mice. Glucose (2 

g/kg body weight) was injected intraperitoneally in conscious mice at 13:00 hours after 6 h of food 

withdrawal. Glycemia was measured in the tail blood at time 0, 15, 30 and 60 min following 

glucose administration using a glucometer (Contour blood glucometer, Bayer). Insulin levels were 

also measured in the tail blood.  

Insulin tolerance test (ITT) 

ITT was performed on 19-week-old male G3PP-BKO, WT, MCre and fl/fl mice. Insulin (0.75 

U/kg body weight, Humulin; Lilly, Indianapolis, USA) was injected intraperitoneally (IPITT) in 

conscious mice at 13:00 hours, after 4h of food withdrawal. Glycemia was measured in the tail 

blood at time 0, 15, 30, 45, 60, 90 and 120 min using glucometer. Blood was collected from the 

tail at time 0 min to measure plasma insulin levels.  
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Plasma parameters 

Twenty week old mice fed a normal diet were anesthetized as described above and blood was 

collected through cardiac puncture at 08:00 hour. Plasma glucose, insulin, non-esterified fatty 

acids (NEFA), TG and glycerol were measured (Attane, Peyot et al. 2016).  

Ex vivo insulin secretion 

After overnight recovery, islets were transferred in complete RPMI medium containing 3 mM 

glucose for 2h and preincubated for 45 min at 37°C in Krebs Ringer buffer (135 mM NaCl, 3.6 

mM KCl, 0.5 mM NaH2PO4, 0.5 mM MgCl2 and 1.5mM CaCl2 with 10 mM HEPES (pH 7.4) and 

2 mM NaHCO3) (KRBH) containing 0.5% defatted-BSA, 2 mM glutamine, 50 µM L-carnitine 

and 3 mM glucose. Batches of 10 islets, in triplicates, were incubated for 1h at 3, 8 and 16 mM 

glucose in the presence or absence of palmitate/oleate (0.15 mM/each, complexed with BSA) and 

at 3 mM glucose plus 35 mM KCl. Insulin release was normalized for the total islet insulin content.  

Glycerol release 

Batches of 100 islets that were preincubated for 1h in KRBH containing 0.5% defatted-BSA, 2 

mM glutamine), 50 µM L-carnitine and 4 mM glucose. After preincubation, the islets were 

incubated for 2h at 4 and 16 mM glucose. Glycerol release into the medium was determined using 

[γ-32P]ATP (Perkin Elmer Life Sciences) and glycerol kinase (Sigma) (Bradley and Kaslow 1989). 

Oxygen consumption and mitochondrial function 

Isolated mouse islets (batches of 75 islets) were transferred to XF24 islet capture microplates in 4 

mM KRBH (0.07% defatted-BSA, 2 mM glutamine and 50 µM L-carnitine). After basal 

respiration measurement in a XF24 respirometer (Seahorse Bioscience) for 20 min, glucose levels 

were increased to 16 mM and O2 consumption was measured for another 1h. Then oligomycin (to 

assess uncoupled respiration), FCCP (to estimate maximal respiration), and antimycin/rotenone 

(to measure non-mitochondrial respiration) were added successively.  
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Glucotoxicity 

After overnight recovery in RPMI medium containing 8 mM glucose and 10% FBS, 150 -200 

islets were incubated for 7 days at 11 and 30 mM glucose in serum-free RPMI medium with 0.5% 

BSA. Media were changed on alternate days. After 7 days incubation, islets were collected to 

measure insulin content, gene expression and apoptosis (Cell Death Detection kit, Roche, Basel, 

Switzerland) (Li, Karaca et al. 2017).  

RNA extraction and quantitative PCR 

Total RNA was extracted from 150 islets (RNeasy Micro Kit, Qiagen). Following reverse-

transcription to cDNA, expression of different genes was determined by quantitative PCR using 

SYBR Green (Qiagen (QuantiTect)). All gene expression analyses were conducted in duplicate 

and normalized to the expression of 18S. Sequences for the primers used are listed in 

Supplementary Table S2.1. 

Targeted metabolomics 

Isolated islets (250) were incubated in 1.5 ml tubes under similar conditions as for the ex vivo 

insulin secretion experiments. After incubation, media were collected to measure insulin secretion 

and 675 μl of ice-cold extraction buffer (80% methanol, 2 mM ammonium acetate, pH 9.0) was 

quickly added to the islets and mixed by vortex, followed by sonication in a cup-horn (Q700 

Sonicator, Qsonica, Newtown, CT) at 150 watts for 1 min (cycles of 10s on, 10s off) in an ethanol-

ice bath. Islet extracts were centrifuged at 4°C for 10 min at 20,000×g, and 600 µl supernatant 

from each condition was collected in separate ice-cold glass tubes to which water (168 μl) was 

added. Polar metabolites were extracted with 960 μL of chloroform:heptane (3:1, v/v) by 2 × 10s 

vigorous mixing by vortex followed by 10-min incubation on ice and 15 min centrifugation at 4°C 

at 4,500×g. The upper aqueous phase (540 μL) was transferred in a cold 1.5 ml tube, followed by 

centrifugation and the supernatants (400 μL) were collected. All the samples were frozen in liquid 

nitrogen and freeze-dried, and stored at −80°C until used. The dried samples were reconstituted in 

20 μL of Milli-Q water at 4°C, and 5 μL injections were employed in duplicate for analysis on an 

LC-electrospray ionization-MS/MS system (Agilent 1200 SL and a triple-quadrupole mass 

spectrometer (4000Q TRAP MS/MS, Sciex)) (Mugabo, Zhao et al. 2016). Peak areas were used 

for relative quantification of identified metabolites. 



67 

Statistical analyses 

Data were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Results are 

expressed as means ± SEM. Statistical differences between two groups were assessed by unpaired, 

two-tailed Student’s t test, and between multiple groups using one-way or two-way analyses of 

variance (ANOVA) with Bonferroni post-hoc test, as indicated. A p value < 0.05 was considered 

statistically significant. 

Study approval 

All the procedures for mice studies were performed in accordance with the Institutional Committee 

for the Protection of Animals at the University of Montréal CRCHUM. 

2.4 Results 

In the present study, we employed Mip-Cre-ERT (MCre) mice as the control group for the G3PP-

BKO mice considering that the MCre mice express Cre recombinase in response to tamoxifen, 

unlike the fl/fl and WT mice. Additionally, MCre mice were previously shown to display 

expression of human growth hormone sequences (Oropeza, Jouvet et al. 2015), which may 

influence islet function. Thus, it was previously suggested that for -cell specific gene knockout 

studies using Mip-Cre-ERT mice (Wicksteed, Brissova et al. 2010), the better controls are the 

Mip-Cre-ERT mice than the WT or flox/flox (for the concerned gene) mice (Bergeron, Ghislain 

et al. 2018). However, we compared the different control groups and found that WT and fl/fl mice 

have similar phenotype with regard to in vivo (Supplemental Figure S2.1) and ex vivo 

(Supplemental Figures S2.2 and S2.4) parameters. This justifies the use of MCre mice as control 

mice in this study.  

G3PP-BKO mice show increased body weight gain, fat mass and fed insulinemia 

G3PP-BKO mice fed a standard chow diet till 20 weeks of age showed significant increase in body 

weight gain (Figure 2.1D and E) and fat mass (Figure 2.1F) with no change in food intake 

(Figure 2.1G) compared to MCre control mice. Even though there was no change in fed glycemia, 

fed insulinemia was significantly higher in the BKO mice with C-peptide levels showing no 

statistically significant difference (Figure 2.1H). However, BKO mice showed lower plasma TG 

level with no changes in glycerol and FFA (Figure 2.1H). In accordance with the increased fat 
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mass, we found that BKO mice have larger visceral adipose depots (Figure 2.1I) and higher 

visceral adipose tissue weight (Supplemental Figure 2.1E). There was no significant change in 

other tissue weights in BKO mice compared to controls and also among the different controls 

(Supplemental Figure 2.1E). The TG content of visceral adipose tissue and skeletal muscle was 

higher in the BKO mice (Figure 2.1J).  

G3PP-BKO mice show increased insulin secretion in vivo and mild glucose intolerance 

As the BKO mice displayed elevated fed insulinemia, we assessed glucose tolerance in these mice. 

Glucose tolerance, assessed by IPGTT, in the BKO mice was found to be modestly impaired, as 

indicated by the significantly elevated plasma glucose levels only at 30 min after intraperitoneal 

glucose injection, with larger AUC-glucose at 60 min, although no changes were seen at 15 min 

after the glucose load, compared to MCre controls (Figure 2.2A). Furthermore, plasma insulin 

levels were higher in the BKO mice at all the time points following glucose injection compared to 

control mice (Figure 2.2B). These results indicated that BKO mice secrete more insulin than 

control mice under similar hyperglycemic conditions. The IPITT suggested that the BKO mice fed 

a chow diet have unaltered insulin sensitivity (Figure 2.2C), despite showing elevated insulin 

secretion in response to a glucose load. 

G3PP-BKO islets show increased insulin secretion and mitochondrial metabolism only at 

high glucose concentration 

In order to examine if the in vivo deletion of PGP gene in mice impacts -cell function, and if so 

in which glucose concentration range, we measured insulin secretion in BKO and control mouse 

islets ex-vivo, in response to different concentration of glucose with and without FFA. Insulin 

secretion at 3 mM (basal, hypoglycemia) and 8 mM (intermediate/physiological in mice) glucose 

concentration was similar between BKO and MCre control islets (Figure 2.3A). However, at high 

glucose concentration (16 mM) BKO islets showed markedly increased insulin secretion compared 

to the control islets (Figure 2.3A), indicating that G3PP activity is more relevant in the control of 

GSIS under hyperglycemic conditions. Similar results were obtained in the presence of FFA 

(Figure 2.3B). KCl-induced insulin secretion showed no statistically significant difference in the 

BKO islets (Figure 2.3C). G3PP deletion in -cells had no effect on insulin content (Figure 2.3D), 

but markedly lowered glucose-dependent glycerol release (Figure 2.3E). 
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Considering that G3PP, by controlling the availability of Gro3P for mitochondrial electron 

shuttle, can regulate mitochondrial respiration, we investigated mitochondrial respiration in the 

BKO islets. Our results showed that in the BKO islets, both oxygen consumption and ATP 

production were elevated at high glucose concentration but unchanged at low glucose, without 

affecting H+ leak (Figure 2.3F-H). The above results indicated that G3PP deletion in -cells 

enhances mitochondrial oxidative phosphorylation and GSIS only at high glucose concentration 

and not at low or physiological basal concentrations. 

Metabolite profiling in G3PP-BKO islets exposed to varying glucose concentrations 

To gain insight into the mechanism by which G3PP deletion altered -cells function, we conducted 

targeted metabolomics to measure metabolites related to glycolysis, Krebs cycles and additional 

pathways in BKO and control islets exposed to low, intermediate and high glucose, and correlated 

the data to GSIS (Figure 2.4A). Results showed that the levels of G3PP substrate Gro3P as well 

as its precursor dihydroxyacetone phosphate (DHAP) increased with increasing glucose 

concentration in both BKO and control islets and were markedly higher in the BKO only at high 

glucose concentration (Figure 2.4B and C). This increase in Gro3P and DHAP levels positively 

correlated with GSIS in both BKO and MCre islets (Figure 2.4A). On the other hand, neither 

G3PP deletion in -cells nor glucose concentration had any effect on the islet levels of another 

known substrate for G3PP, 2-phosphoglycolate (2-PG), which was very low (Figure 2.4D).  

Lactate, an indicator of glycolytic flux, increased with increasing glucose concentration 

and was higher in BKO islets at 16 mM glucose, compared to the control islets (Figure 2.4E). 

Similarly, ATP level, an important MCF for insulin secretion, was higher in the BKO islets at 16 

mM glucose in association with a small rise in the ATP/ADP ratio (Figure 2.4F-H). BKO islets 

showed elevated acetyl-CoA levels compared to MCre islets at all glucose concentrations (Figure 

2.4I), whereas malonyl-CoA, an important MCF (Prentki, Joly et al. 2002) was found to be higher 

in BKO islets at 16 mM glucose (Figure 2.4J). Interestingly, malonyl-CoA levels also correlated 

with GSIS results (Figure 2.4A), and implicated the elevated malonyl-CoA, together with ATP, 

as plausible MCF and the associated pathways as responsible for the elevated GSIS in the BKO 

islets. Among the Krebs cycle intermediates measured, only malate showed an increase in the BKO 

islets at 16 mM glucose, whereas no major changes were noticed in the levels of isocitrate/citrate 

and succinate compared to the control islets (Figure 2.4K-M). There were no differences in AMP, 
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adenosine, GMP, NADH, NAD, NADPH, NADP, GSH, GSSG, fumarate and arginine 

(Supplemental Figure S2.3) and in NADH/NAD, NADPH/NADP, GSH/GSSH, cAMP and 

amino acid levels (Figure 2.4N-U) between the groups. These results showed that G3PP deletion 

led to increased glycolytic flux in the -cell, accompanied by elevated acetyl-CoA and malonyl-

CoA production and mitochondrial ATP formation, which are known to act as MCF and contribute 

to enhanced GSIS. 

G3PP-BKO islets are more susceptible to chronic glucotoxicity 

All the above in-vivo and ex-vivo metabolic measurements in the BKO mice and islets revealed 

that G3PP activity is more relevant in the β-cell at high glucose concentration. Therefore, we 

examined if G3PP activity impacts the toxic effect of chronic exposure of islets to high glucose 

levels (glucotoxicity). After incubation of BKO and MCre islets for 7 days at 11 mM glucose 

(close to fed glucose concentration in mice) and 30 mM glucose (glucotoxicity condition), the 

BKO islets exposed to 30 mM glucose looked more transparent compared to the control islets 

(Supplementary Figure S2.4A). The BKO islets exposed to high glucose showed a significant 

decrease in insulin content after 7 days incubation (Figure 2.5A). Furthermore, BKO islets showed 

a marked increase in apoptosis in comparison to control islets after 7 days exposure to glucotoxic 

conditions (Figure 2.5B). In order to better understand the mechanisms underlying the changes in 

BKO islets, we measured the expression of different genes related to insulin, β-cell identity and 

ER stress. The results revealed that the BKO islets showed a significant decrease in the expression 

levels of Ins-2 and Pdx-1 under glucotoxic conditions compared to control islets (Figure 2.5C and 

D). Expression of Mafa showed a more pronounced decrease close to significance (p = 0.056) than 

Ins-2 and Pdx-1 in the BKO islets (Figure 2.5E). There were no differences in these genes, insulin 

content or apoptosis in WT versus fl/fl mice (Supplemental Figure 2.4B and C). In addition, 

genes related to glucotoxicity (Txnip) and ER stress (Bip) showed significantly increased 

expression under glucotoxicity conditions (Figure 2.5G and H; Supplementary Figure S2.5F 

and G) but no difference between groups. 

2.5 Discussion 

Glucose is the primary nutrient for -cell stimulation and its metabolism via glycolysis plays a 

critical role in the regulation of insulin secretion, in part through the production of Gro3P, a 
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metabolite that links glycolysis to GL/FFA cycling, the Gro3P shuttle and direct glycerol release 

by G3PP (Prentki and Madiraju 2008, Prentki and Madiraju 2012, Prentki, Matschinsky et al. 2013, 

Possik, Madiraju et al. 2017). However, chronic exposure to excess glucose is toxic to -cell 

function (Prentki, Peyot et al. 2020), and our earlier in vitro studies largely done in the tumoral β-

cell line INS1-832/13 suggested that G3PP in b-cells helps in the elimination of excess glucose 

carbons in the form of glycerol (Mugabo, Zhao et al. 2016). However, we do not know the glucose 

concentration range in which the flux from glucose to glycerol via G3PP and Gro3P hydrolysis is 

most active, independently of lipolysis. The question is important as G3PP shunts glucose carbons 

from glycolysis into glycerol that escapes the β-cell, due to low glycerol kinase activity in these 

cells (Prentki and Madiraju 2008, Xue, Chen et al. 2017). This is an ideal detoxification pathway 

of excess glucose because glucose carbons leave the cell early-on in their metabolism following 

glucose entry and its trapping in the form of glucose-6-phosphate by glucokinase, and also because 

glycerol is a neutral polar molecule that can reach high levels without toxicity (Gaudet, Arsenault 

et al. 2000). We propose to name this pathway the “glycerol shunt”, a new name for a pathway of 

intermediary metabolism in mammalians whatever is the cell type. It may be highly relevant for 

cardiometabolic disorders and healthy aging at large as we recently demonstrated, using the 

nematode C. elegans, that G3PP plays key role in the defense against various stresses, including 

glucotoxicity (Possik, Schmitt et al. 2022). In C. elegans a mild enhancement in G3PP activity 

mimics the beneficial effects of calorie restriction, without affecting food intake and fertility 

(Possik, Schmitt et al. 2022). Moreover, a recent human genetic study identified PGP/G3PP 

genetic variants to be associated with longevity in centenarians, together with variants in another 

gene closely related to glucose metabolism, FN3KRP coding for fructosamine-3-kinase related 

protein (Torres, Nygaard et al. 2021). We now provide in vivo and ex vivo evidence indicating that 

G3PP controls glucose metabolism, insulin secretion and glucotoxicity in normal -cells, using an 

inducible -cell specific G3PP-KO mouse model.  

The loss of G3PP activity in the -cells in adult mice leads to mild hyperinsulinemia, even 

when the mice are fed chow diet and their fed glycemia is comparable to control groups (WT, 

MCre and fl/fl). This sustained elevated plasma insulin levels in the BKO mice can explain the 

increased anabolism and energy storage, particularly in the fat, and also the elevated body weight 

gain, which are not due to altered food intake. The reduced plasma TG levels and increased TG 

content in visceral fat and skeletal muscle in the BKO mice also suggest that fat is sequestered in 
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peripheral tissues due to the enhanced plasma insulin levels. Thus, insulin activates lipoprotein 

lipase and promotes fat esterification and inhibits adipose lipolysis, particularly during fasting 

period (Czech, Tencerova et al. 2013). The possibility that the mild glucose intolerance in the BKO 

mice is due to the increased TG storage in fat and muscle tissues needs to be ascertained. Overall 

these results suggest that compromised activity of G3PP in -cells can lead to hyperinsulinemia-

driven obesity.  

We further verified that the in vivo elevated insulinemia in BKO mice is due to intrinsic -

cell effect. Thus, ex vivo insulin secretion in isolated islets from the BKO mice at three glucose 

concentrations corresponding to hypoglycemia, normoglycemia and hyperglycemia, 3, 8, and 16 

mM respectively, is significantly elevated only at the highest concentration of glucose. At 8 mM 

glucose a trend towards higher secretion ex vivo was noted both in the absence and presence of 

exogenous fatty acids but it did not reach statistical significance. This increase in secretion at high 

glucose was associated with a marked decline in glycerol production and increase in cellular levels 

of Gro3P, which is the starting substrate for GL/FFA cycle. Thus, the increased availability of 

Gro3P in BKO islets is expected to augment the flux through the GL/FFA cycle, particularly 

through its lipogenic segment, leading to the production of lipid MCF (e.g., diacylglycerol and 

monoacylglycerol) necessary for the lipid amplification of GSIS (Prentki and Madiraju 2012), 

thereby contributing to the enhanced insulin secretion in BKO islets and hyperinsulinemia in BKO 

mice. Moreover, the high glucose concentration dependency for the elevated insulin secretion is 

not masked by the presence of FFA, suggesting that Gro3P accumulation is the driving force for 

the enhanced GSIS in BKO islets, likely through the GL/FFA cycle. The present findings 

emphasize that G3PP deletion in -cells has no significant impact at low and 

intermediate/physiological glucose concentration (3 and 8 mM) on GSIS and on the glycolytic and 

Krebs cycle metabolites, compared to the control islets. Only at high, 16 mM glucose there is a 

significant increase in Gro3P and DHAP levels in BKO islets. It is likely that at intermediate 

glucose concentration, -cells use Gro3P effectively for the Gro3P shuttle, lipogenesis and lower-

glycolysis, without much build-up of this substrate. Furthermore, deletion of G3PP also led to 

elevated glycolysis in the islets, specifically at high glucose concentration, probably due to 

increased diversion of Gro3P towards lower glycolysis and lactate production. G3PP deficient 

islets displayed increased levels of some Krebs cycle intermediates and mitochondrial respiration 

only at high glucose concentration, as evidenced by elevated O2 consumption and ATP production, 
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likely because of augmented pyruvate production and Gro3P shuttle mediated electron supply to 

mitochondrial electron transport chain, coupled with oxidative phosphorylation. Thus, it is relevant 

to note that the NADH/NAD levels in BKO islets are lower at 16 mM glucose, without any change 

in NADH levels, suggesting an efficient transfer of reducing equivalents from cytosol to 

mitochondria via the Gro3P shuttle. The increased ATP availability also can explain, in part, 

enhanced GSIS in the BKO islets through the closure of KATP channels (Prentki, Matschinsky et 

al. 2013). 

In addition, the augmented GSIS in BKO islets can also be due to the accelerated acetyl-

CoA carboxylase (ACC)/malonyl-CoA (Mal-CoA)/ carnitine palmitoyltransferase 1 (CPT-1) 

signaling network (Saggerson 2008, Prentki, Matschinsky et al. 2013, Prentki, Corkey et al. 2020) 

as there is a marked increase in the levels of acetyl-CoA, the substrate for ACC, and malonyl-CoA, 

produced by ACC, under high glucose levels in the BKO islets. Overall, the results provide a 

mechanism as to how deletion of G3PP in β-cells results in enhanced insulin secretion. Thus, G3PP 

deletion activates multiple pathways known to mediate GSIS, including ATP production, the 

GL/FFA cycle and ACC/malonyl-CoA/CPT-1 network to achieve augmented insulin secretion at 

high glucose concentrations and these effects are related to the elevated Gro3P levels and reduced 

activity of the glycerol shunt (Figure 6).  

The results also emphasized that Gro3P is the more plausible physiological substrate for 

G3PP in the -cell as 2-PG levels, the other suggested G3PP substrate, were found to be very low 

and did not change in control and BKO islets at all tested glucose concentrations (Possik, Madiraju 

et al. 2017, Possik, Al-Mass et al. 2021). Earlier in vitro studies in cancer cell lines suggested that 

G3PP/PGP may act as a ‘metabolite repair enzyme’ by eliminating toxic by-products of glycolysis, 

4-phosphoerythronate and 2-phospho-L-lactate (Collard, Baldin et al. 2016). However, we did not 

notice any toxicity of G3PP-deleted -cells at physiological glucose concentration, both in vivo 

and ex vivo. Instead, these β-cells displayed more efficient metabolic activation and insulin 

secretion, showing indirectly that under normal conditions, the above toxic metabolites do not 

accumulate or cause toxicity in the BKO β-cells (Possik, Madiraju et al. 2017, Possik, Al-Mass et 

al. 2021).  

As the studies above indicated that lack of G3PP in -cells impacts metabolism and insulin 

secretion only at elevated glucose concentrations, we found it to be of importance to determine if 
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this enzyme plays a role in preventing β-cell glucotoxicity and nutri-stress (Prentki, Peyot et al. 

2020), a term encompassing the toxic actions of all nutrients in excess: carbohydrates, lipids and 

proteins, reflected by elevated blood levels of glucose, TG and FFA as well as some amino acids. 

Chronic exposure of isolated BKO islets to 30 mM glucose increased apoptosis compared to MCre 

islets and reduced insulin content and the expression of Ins2, Pdx1 and Mafa that are crucial for 

β-cell function (Ye, Tai et al. 2006, Poitout, Amyot et al. 2010, Prentki, Peyot et al. 2020). Reduced 

expression of these genes is known to induce dedifferentiation, a feature of β-cells dysfunction 

(Poitout, Amyot et al. 2010, Prentki, Peyot et al. 2020). In addition, it appears that the elevated 

apoptosis in the BKO mouse islet -cells rendered the islets more transparent, probably due to the 

degradation of intracellular structures, as known to occur in the lens fiber cells during development 

(Wride 2000). These findings are in accordance with the view that G3PP in the β-cell plays a role 

in glucodetoxification, maintaining the differentiated state and the expression of the insulin gene, 

Ins2. Additional exhaustive studies in animal models of diabetes with -cell specific KO or graded 

overexpression of G3PP and with G3PP activators are needed to establish the role of the glycerol 

shunt as a pathway to be harnessed to prevent β-cell glucotoxicity and perhaps prevent or reverse 

type 2 diabetes. Whether -cell specific deletion of G3PP exerts effects on other islet cells and 

thereby influences the secretion of glucagon and other peptides also needs to be examined in future 

studies.  

In conclusion, the data demonstrate that the PGP gene product encodes for a protein that 

shows Gro3P phosphatase activity and that deletion of this gene specifically in pancreatic -cells 

impacts glucose metabolism, -cell function and GSIS, only at high glucose concentration (Figure 

6). The present in vivo and ex vivo studies confirm our earlier conclusions based on in vitro studies 

using rat islets and INS cell line (Mugabo, Zhao et al. 2016). The data identify a novel metabolic 

pathway, the glycerol shunt, implicated in glucodetoxification and fuel partitioning via the 

metabolic fate of Gro3P and DHAP. We propose that in -cells G3PP operated glycerol shunt 

expels excessive glucose carbons as glycerol to prevent more than necessary secretion of insulin 

that could cause obesity and possibly hypoglycemia, as well as β-cell dysfunction and death under 

chronic hyperglycemic conditions. The findings are potentially of general interest as we know very 

little about fuel excess detoxification pathways at large, whatever is the cell type, and because of 
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the recently emerging view that G3PP is implicated in healthy aging (Torres, Nygaard et al. 2021, 

Possik, Schmitt et al. 2022).  
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Figure 2.1. Increased body weight gain, fat mass and fed insulinemia with reduction in fed 

plasma TG in male BKO mice.  

(A) Schematic representation of gene targeting strategy for the generation of the G3PP-lox 

conditional allele. Wild-type, targeted and G3PP-lox alleles are represented. The loxP 

recombination sites inserted at the 5’ side of exon 1 and 3’ side of exon 2 in PGP gene, the FRP-

flanked Neo-cassette FRP sites, and the NDEL1/NDEL2 primers for PCR genotyping are indicated. 

The breeding of mice to produce BKO mice is described in Methods. (B) The presence of the WT, 

Mip-Cre transgene or the floxed PGP alleles was evaluated in DNA from ear punch tissue 

fragments using the primers described in Methods. A specific amplification of a 452 bp DNA 

fragment corresponds to the floxed- PGP allele, a 312 bp fragment corresponds to the WT PGP 

allele and the presence of a 267 bp DNA fragment corresponds to the Mip-Cre transgene, as 

verified by genomic PCR. (C) G3PP deletion was validated using protein extracts from islets, brain, 

liver and skeletal muscle (SM) from mice, 4 weeks after deletion and used for western blot (WT, 

n=4; fl/fl, n=3; MCre, n=3; BKO, n=3). For all tissues α-tubulin was used as a housekeeping 

protein. Mice were kept on chow diet for 12 weeks after G3PP deletion following TMX treatment. 

(D) Body weight (Mcre, n=6; BKO, n=10). (E) Percentage of body weight gain (MCre, n=6; BKO, 

n=10). (F) Lean and fat mass expressed as percentage of BW (MCre, n=7; BKO, n=7 (one BKO 

mouse out of 8, died during experiment)). (G) Food intake (MCre, n=6; BKO, n=10). (H) Plasma 

parameters in fed state (For glycemia: MCre, n= 9 and BKO=9; for insulin, C-peptide, TG, glycerol 

and FFA, MCre, n=18; BKO, n=19). (I) Weights of visceral adipose tissue (VAT), subcutaneous 

adipose tissue (SAT), liver, brown adipose tissue (BAT) and brain (MCre, n=6; BKO, n=7). (J) 

TG content for liver, VAT and skeletal muscle (SM) (MCre, n=6; BKO, n=7). Data are 

mean ± SEM. *p < 0.05, **p < 0.01 vs MCre (Two-way ANOVA (Panel D and G) and Student’s t 

test (Panel E, F, H, I and J)). 
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Figure 2.2. Increased in vivo glucose induced insulin secretion with mild glucose intolerance 

and normal insulin sensitivity in BKO mice.  

(A) Glycemia during IPGTT in male mice, 16 weeks after G3PP deletion (MCre, n=8; BKO, n=10). 

Inset depicts area under the curve (AUC) for glycemia after 15 min and 60 min. (B) Insulinemia 

during IPGTT in male mice (MCre, n=8; BKO, n=10). Inset depicts AUC for insulinemia after 15 

min and 60 min. (C) Glycemia during ITT in mice, 19 weeks after G3PP deletion (MCre, n=6; 

BKO, n=10). Inset depicts area above the curve (AAC) after 120 min. Data are means ± SEM. 

*p < 0.05, **p < 0.01 vs MCre (Two-way ANOVA and Student’s t test (for AUC and AAC)). 
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Figure 2.3. Assessment of ex vivo glucose induced insulin secretion and metabolic parameters 

in BKO versus control mouse islets after 12 weeks of G3PP deletion.  

(A) Insulin secretion at 3, 8 and 16 mM glucose. (B) Insulin secretion as in A, but in the presence 

of palmitate/oleate (0.125 mM each). (C) Insulin secretion at 3 mM glucose plus 35 mM KCl. (D) 

Total insulin content. For A, B, C and D: MCre, n=7; BKO, n=8. (E) Glycerol release (MCre, n=5; 

BKO, n=5). (F) Oxygen consumption. (G) ATP production. (H) H+ leak (MCre, n=5; BKO, n=6). 

*p < 0.05, **p < 0.01, and ***P < 0.001 vs. MCre (Two-way ANOVA (Panel A and B) and 

Student’s t test (Panel C-H)). 
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Figure 2.4. Targeted metabolomics analyses in BKO and control islets, 12 weeks after G3PP 

deletion.  

(A) Insulin secretion at 3, 8 and 16 mM glucose after 1h incubation for the metabolomics 

experiments. At the end of incubation, metabolites were extracted and analyzed by LC-MS/MS. 

(B) Gro3P. (C) Dihydroxyacetone-phosphate (DHAP). (D) 2-Phosphoglycolate. (E) Lactate. (F) 

ATP. (G) ADP. (H) ATP/ADP. (I) Acetyl-CoA. (J) Malonyl-CoA. (K) Isocitrate /citrate. (L) 

Succinate. (M) Malate. (N) NADH/NAD. (O) NADPH/NADP. (P) GSH/GSSH. (Q) cAMP. (R) 

Glutamate. (S) Aspartate. (T) Alanine. Islets from 3 mice were pooled for one measurement and 

there were 5 such measurements for MCre and BKO, separately. A total of 15 mice were used in 

each group. Means ± SEM (n= 5 for each group). *p < 0.05 and **p < 0.01 vs. MCre (Two-way 

ANOVA). 
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Figure 2.5. Assessment of chronic glucotoxicity in BKO and control islets.  

Islets incubated at 11 and 30 mM glucose for 7 days (Islets from 2 mice were pooled for one 

measurement). After the 7-days incubation, islets were collected to measure: (A) insulin content 

(MCre, n=10 from 20 mice; BKO, n=10 from 20 mice), (B) apoptosis (MCre, n=6 from 12 mice; 

BKO, n=6 from 12 mice) and (C-G) gene expression (mRNA) by rt-PCR (MCre, n=8 from 16 

mice; BKO, n=8 from 16 mice). (C) Ins-2, (D), Pdx-1 (E) Mafa, (F) Txnip and (G) Bip. Data are 

presented as % of 11mM glucose from the data shown in Figure S2.5. Means ± SEM. *p < 0.05, 

**p < 0.01, and ***p < 0.001 vs. MCre (Student’s t test). 
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Figure 2.6. Model depicting the effect of G3PP β-cell specific deletion on energy homeostasis 

and body weight via increasing insulin secretion under high glucose concentration.  

The abbreviations are: Ac-CoA, acetyl-CoA; AQP, aquaporin channel; ATP, adenosine 

triphosphate; DHAP, dihydroxyacetone phosphate; FA-CoA, fatty acyl-CoA; FFA, free fatty acid; 

G3PP, glycerol 3-phosphate phosphatase; G6P, glucose 6-phosphate; GL/FFA cycle, glycerolipid/ 

free fatty acid cycle; Glyceraldehyde-3-P, glyceraldehyde-3-phosphate; Gro3P, glycerol 3-

phosphate; Mal-CoA, malonyl-CoA; MCF, metabolic coupling factor; OCR, oxygen consumption 

rate; TCA cycle, tricarboxylic acid cycle; TG, triglyceride. 
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Figure S2.1. In vivo parameters of WT and G3PP-fl/fl mice.  

(A) Body weight. (B) Percentage of body weight gain. (C) Food intake (For A, B and C: WT, n=7; 

fl/fl, n=11). (D) Plasma parameters in fed mice (For glycemia: WT, n=9; fl/fl, n=6; for insulin, C-

peptide, TG, glycerol and FFA: WT, n=9; fl/fl, n=10). (E) Tissue weights of VAT, SAT, liver, 

BAT and brain (WT, n=5; fl/fl, n=7; MCre, n=6; BKO, n=7). (F) Glycemia during IPGTT (WT, 

n=6; fl/fl, n=11); inset depicts area under the curve (AUC) for glycemia after 120 min. (G) 

Insulinemia during IPGTT (WT, n=6; fl/fl, n=11); inset depicts AUC for insulinemia after 120 

min. (H) Glycemia during ITT (WT, n=7; fl/fl, n=9 out of 11 mice as two mice showing stress 

were removed). Inset depicts area above the curve (AAC) after 120 min. Means ± SEM. *P < 0.05 

vs. MCre and #P < 0.05 and ##P < 0.01 vs. WT and fl/fl (Two-way ANOVA (Panel A, C, F, G 

and H), Student’s t test (Panel B and D) and One-way ANOVA (Panel E)). 
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Figure S2.2. Ex vivo insulin secretion, glycerol release and O2 consumption in WT and G3PP-

fl/fl mouse islets.  

(A) Insulin secretion at 3, 8 and 16 mM glucose. (B) Insulin secretion as in A, but with added 

palmitate/oleate (0.125 mM each). (C) Insulin secretion at 3 mM glucose plus 35 mM KCl. (D) 

Total insulin content (For A, B, C and D: WT, n=6; fl/fl, n=8). (E) Glycerol release (WT, n=5; 

fl/fl, n=5). (F) O2 consumption. (G) ATP production. (H) H+ leak (For F, G and H: WT, n=6; fl/fl, 

n=5). (I) Basal respiration. (J) Maximal respiration. (K) Non-mitochondrial respiration (For I, J 

and K: WT, n=6; fl/fl, n=5; MCre, n=5; BKO, n=6). Means ± SEM. (Two-way ANOVA (Panel A 

and B), Student’s t test (Panel C-H) and One-way ANOVA (Panel I-K)). 
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Figure S2.3. Targeted metabolomics determination in islets incubated at various glucose 

concentrations.  

BKO and control mouse islets were exposed to 3, 8 and 16 mM glucose for 1h. Then, metabolites 

were extracted and analyzed by LC-MS/MS: (A) ANP, (B) adenosine, (C) GMP, (D) leucine, (E) 

arginine, (F) GSH, (G) GSSG, (H) fumarate, (I) NADH, (J) NAD, (K) NADPH, (L) NADP. Islets 

from 3 mice were pooled for one measurement and there were 5 such measurements for MCre and 

BKO, separately. A total of 15 mice were used in each group. Means ± SEM (n= 5 for each group) 

(Two-way ANOVA). 
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Figure S2.4. Glucotoxicity in WT and G3PP-fl/fl mouse islets.  

(A) Representative images of islets incubated at 11 and 30 mM glucose for 7 days. Islets incubated 

as In A (Islets from 2 mice were pooled for one measurement) were collected to measure: (B) 

insulin content (WT, n=6 from 12 mice; fl/fl, n=7 from 14 mice), (C) apoptosis and (D-H) gene 

expression (WT, n=5 from 10 mice; fl/fl, n=5 from 10 mice) (mRNA) by rt-PCR: (D) Ins-2, (E) 

Pdx-1, (F) Mafa, (G) Txnip and (H) Bip. Data are presented as % of 11mM glucose from the data 

shown in Figure S2.5; Means ± SEM (Student’s t test).  
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Figure S2.5. Glucotoxicity in BKO islets and control mouse islets.  

Islets (Islets from 2 mice were pooled for one measurement) were incubated at 11 and 30 mM 

glucose for 7 days and were collected to measure: (A) Insulin content (WT, n=7; fl/fl, n=7; MCre, 

n=8; BKO, n=8). (B) Apoptosis (WT, n=6; fl/fl, n=7; MCre, n=10; BKO, n=10). (C-G) Gene 

expression (WT, n=5; fl/fl, n=5; MCre, n=6; BKO, n=6), mRNA measured by rt-PCR: (C) Ins-2, 

(D) Pdx-1, (E) Mafa, (F) Txnip and (G) Bip. Means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 

and ****P < 0.0001 vs. 11mM of the same genotype and #P < 0.05, ##P < 0.01, ###P < 0.001 and 

####P < 0.0001 vs. 30mM WT and $P < 0.05 and $$P < 0.01 vs. 30mM fl/fl and &P < 0.05 vs. 

30mM MCre (Two-way ANOVA). 
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Table S2.1. Primer sequences used for RT-PCR. 
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Bridging Chapters II and III  

 

Results from Chapter II showed that G3PP plays a role in glucodetoxification, the prevention of 

insulin hypersecretion, acts as a defense against excess body weight gain and contributes to 

preserve β-cell mass in the face of hyperglycemia. Furthermore, initial studies (overexpression and 

knockdown in vitro) indicated that G3PP plays a role in hepatocyte metabolism. My aim in this 

chapter was to examine the importance of G3PP in the regulation of glucose and lipid metabolism 

and metabolic stress in mouse hepatocytes in vivo. Thus, here I investigate it by using adeno-

associated virus 8 (AAV8) expressing Cre recombinase under the control of the thyroid hormone-

binding globulin (TBG) promoter to suppress the expression of G3PP in the hepatocytes of adult 

G3PP fl/fl mice specifically. First, we validated that G3PP deletion in hepatocytes cultured ex vivo 

showed the same metabolic defects that had been previously identified using primary rat 

hepatocytes grown in vitro. Then, we studied adult mice fed with normal diet for 10 weeks and 

under hyperglycemia conditions using a glucose infusion for 55h. Body weight and food intake 

were monitored during the 10 weeks. Since my goal was to examine the importance of G3PP in 

the regulation of glucose and lipid metabolism and metabolic stress in mouse hepatocytes in vivo, 

I obtained comprehensive metabolic profiles including blood glucose, glycerol, insulin, 

triglycerides, plasma FFA and cholesterol levels, plasma liver enzymes along with liver weight, 

TG content and inflammation markers. 
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3.1 Abstract  

Objective: Glycerol-3-phosphate (Gro3P) phosphatase (G3PP) hydrolyzes Gro3P to glycerol that 

exits the cell, thereby operating a “glycerol shunt”, a metabolic pathway that we identified recently 

in mammalian cells. We have investigated the role of G3PP and the glycerol shunt in the regulation 

of glucose metabolism and lipogenesis in mouse liver. 

Methods: We generated hepatocyte-specific G3PP-KO mice (LKO), by injecting AAV8-TBG-

iCre to male G3PPfl/fl mice. Controls received AAV8-TBG-eGFP. Both groups were fed chow 

diet for 10 weeks. Hyperglycemia (16-20 mM) was induced by glucose infusion for 55 h. 

Hepatocytes were isolated from normoglycemic mice for ex vivo studies, and targeted 

metabolomics was carried out in mice liver after glucose infusion.  

Results: LKO mice showed no change in body weight, food intake, fed and fasted glycemia but 

had increased fed plasma triglycerides. Hepatic glucose production from glycerol was increased 

in fasted LKO mice. Isolated LKO hepatocytes displayed reduced glycerol production and elevated 

triglyceride and lactate production at high glucose concentration. Hyperglycemia in LKO mice led 

to increased liver weight and accumulation of triglycerides, glycogen and cholesterol together with 

elevated levels of Gro3P, dihydroxyacetone phosphate, acetyl-CoA and some Krebs cycle 

intermediates in liver. Hyperglycemic LKO mice liver showed elevated expression of 

proinflammatory cytokines and M1-macrophage markers accompanied by increased plasma 

triglycerides, LDL/VLDL, urea and uric acid and myocardial triglycerides.  

Conclusions: The glycerol shunt orchestrated by G3PP acts as a glucose excess detoxification 

pathway in hepatocytes by preventing metabolic disturbances caused by hyperglycemia that 

contribute to enhanced liver fat, glycogen storage, inflammation and lipid build-up in the heart. 

We propose G3PP as a novel therapeutic target for hepatic disorders linked to nutrient excess. 

3.2 Introduction 

Chronic nutritional excess results in metabolic disorders such as obesity, type 2 diabetes (T2D), 

ectopic accumulation of triglycerides (TG) and non-alcoholic fatty liver disease (NAFLD). 

Prolonged fuel surfeit causes hyperinsulinemia, fat build-up and metabolic stress in various organs, 

leading to insulin resistance, -cell failure and T2D. (Kitade, Chen et al. 2017, Nolan and Prentki 
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2019, Huang, Behary et al. 2020, Prentki, Peyot et al. 2020). Central to these metabolic diseases 

are disturbances in glucose, lipid and energy metabolism in association with deranged insulin 

homeostasis and inflammation (Nolan and Prentki 2019, Prentki, Corkey et al. 2020, Prentki, Peyot 

et al. 2020). The pathogenesis of NAFLD starts with the disturbed lipid metabolism in liver, 

accumulation of TG and enhanced inflammation, which progressively lead to fibrosis, non-

alcoholic steatohepatitis (NASH), cirrhosis and hepatocellular carcinoma (Day and James 1998, 

Duseja and Chalasani 2013, Birkenfeld and Shulman 2014, Esler and Bence 2019, Huang, Behary 

et al. 2019). Several studies from our lab (Prentki and Nolan 2006, Prentki and Madiraju 2008, 

Prentki and Madiraju 2012, Prentki, Matschinsky et al. 2013, Prentki, Corkey et al. 2020, Prentki, 

Peyot et al. 2020) and elsewhere (Zechner, Zimmermann et al. 2012, Oberhauser and Maechler 

2021) highlighted the significance of the glycerolipid/free fatty acid (GL/FFA) cycle in T2D, 

obesity and pancreatic -cell function. The GL/FFA cycle with its lipogenesis and lipolysis arms, 

connects lipid and glucose metabolism via glucose-derived glycerol-3-phosphate (Gro3P) and 

FFA-derived fatty acyl-CoA, the substrates for lipogenesis (Prentki and Madiraju 2008, 

Poursharifi, Attane et al. 2020). Chronic nutrient surfeit promotes the accumulation of TG in liver 

by augmenting the lipogenic segment of the GL/FFA cycle by providing Gro3P and FFA (Prentki 

and Madiraju 2008, Prentki, Matschinsky et al. 2013, Prentki, Peyot et al. 2020). 

Glucose-derived Gro3P links glucose, lipid and energy metabolism in all cells, as it is 

produced during glycolysis, serves as a substrate for glycerolipid synthesis and participates in the 

electron shuttle between cytosol and mitochondria (Mugabo, Zhao et al. 2016, Possik, Madiraju et 

al. 2017). We earlier discovered a novel mammalian metabolic enzyme, lying at the heart of 

intermediary metabolism, Gro3P phosphatase (G3PP) and demonstrated that G3PP directly 

converts part of the excess glucose-derived Gro3P to less toxic glycerol, which leaves the cell 

(Mugabo, Zhao et al. 2016). We named this novel metabolic pathway the glycerol shunt that 

possibly helps in glucodetoxification in pancreatic -cells (Al-Mass, Poursharifi et al. 2022) and 

demonstrated that G3PP-glycerol shunt pathway confers better healthspan and lifespan in C. 

elegans (Possik, Schmitt et al. 2022). Hydrolytic control of intracellular Gro3P by G3PP adds 

another layer of metabolic regulation that was not recognized previously in mammalian cells. Our 

earlier in vitro studies support a role for G3PP in liver glucose and lipid metabolism and showed 

an inverse relationship between G3PP expression and lipogenesis in isolated rat hepatocytes 

(Mugabo, Zhao et al. 2016) and that the impact of G3PP activity on metabolism is more evident 
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at high glucose concentrations when intracellular Gro3P rises to sufficiently high levels to become 

available for G3PP (Mugabo, Zhao et al. 2016). Despite the significant evidence for G3PP 

mediated regulation of metabolism in hepatocytes in vitro, the role of this enzyme in vivo in liver 

is not known. We earlier observed that supra-physiological overexpression (more than 50 fold) of 

G3PP in rat liver in vivo, led to decreased gluconeogenesis from glycerol and plasma TG and 

elevated plasma glycerol (Mugabo, Zhao et al. 2016). Though these limited studies were 

compatible with an in vivo function of G3PP in Gro3P hydrolysis, the pathophysiological 

significance of G3PP in liver remains to be discovered. Our recent studies demonstrated that -

cell specific G3PP deletion in normal diet fed mice enhances glucose stimulated insulin secretion, 

promotes glucose oxidation and lipogenesis in the islets, and renders the islets susceptible to 

glucotoxicity in terms of excess insulin secretion and apoptosis and these changes are associated 

with elevated islet Gro3P levels (Al-Mass, Poursharifi et al. 2022). Considering that G3PP is well 

expressed in the liver (Mugabo, Zhao et al. 2016) and that this tissue plays central role in energy 

metabolism and metabolic disorders associated with fuel excess, the present studies were 

conducted to address the precise in vivo role of G3PP in liver glucose and fat metabolism and test 

the view that the glycerol shunt is implicated in hepatic glucodetoxification.  

3.3 Materials and Methods 

Animals 

G3PPlox/lox mice in which exons 1 and 2 of PGP (coding for G3PP protein) gene are flanked with 

LoxP sites were generated by Ingenious Targeting Laboratory (Stony Brook, NY). At 8 weeks of 

age, male G3PP flox/flox (fl/fl) mice received a single tail vein injection of 5×1010 genome copies 

(GC)/mouse of AAV8-TBG-iCre (Vector Biolabs: VB1724) or AAV8-TBG-eGFP (Vector 

Biolabs: VB1743) or saline (Figure 3.1A). The TBG (Thyroxine Binding Globulin) promoter 

drives hepatocyte-specific gene expression (Yan, Yan et al. 2012). Mice were placed in individual 

cages and fed a normal chow diet (15% fat by energy; Envigo RMS (Canada) limited. T2918) ad 

libitum for 10 weeks. Body weight and food intake were measured weekly. All procedures were 

approved by the Institutional committee for the protection of animals (Comité Institutionnel de 

Protection des Animaux du Centre Hospitalier de l’Université de Montréal). 
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Western blot analysis for the validation of hepatocyte specific G3PP deletion 

After 4 weeks following AAV8 viral infection, mice were anesthetized and the livers were 

perfused with collagenase buffer for hepatocyte preparation (see below for details) and visceral 

adipose tissue, brain and skeletal muscle were collected. Mouse tissues and isolated hepatocytes 

were lysed in RIPA buffer (10 mM Tris-HCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 

0.1% sodium deoxycholate, 0.1% sodium dodecylsulfate and 140 mM NaCl) and the protein 

extracts were used for western blot analysis to validate hepatocyte-specific G3PP deletion (G3PP 

primary antibody: PGP Antibody (E-10) (sc-390883), secondary antibody: m-IgGκ BP-HRP (sc-

516102) both from Santa Cruz Biotechnology). For all tissues, α-tubulin was used as the gel 

loading control. 

Oral glycerol load test 

Mice were fasted for 16 h, after 4 weeks following AAV8 infection, and were administered 

glycerol at 5 mg/g BW (using 87% wt/vol, glycerol in water) by gavage. Blood was collected from 

tail vein at baseline and at 5, 10, 15, 20, 30, 45 and 60 min following the glycerol load and blood 

glucose was measured using a glucometer. 

Pyruvate load test 

After completing the glycerol load test at 4 weeks following AAV8 infection, mice were rested for 

2 weeks. At 6 weeks after AAV8 infection, mice were fasted for 16h and sodium pyruvate (at 1 

mg/g BW, in water) was injected intraperitoneally. Blood was collected from the tail vein at 

baseline and 5, 10, 15, 20, 30, 45, and 60 min following the pyruvate load and blood glucose was 

measured using a glucometer. 

Hepatocyte isolation 

Hepatocytes were isolated from mice 4 weeks after AAV8 infection, by in situ collagenase (type 

XI; Sigma) perfusion (Mugabo, Zhao et al. 2016) and were seeded in DMEM complete media 

(Sigma D5030) (pH 7.4) without phenol red, supplemented with 0.48 mM of sodium bicarbonate, 

5 mM glucose, 1 mM sodium pyruvate, 2 mM glutamine, penicillin streptomycin, 0.2% BSA, 1 

nM insulin and 100 nM dexamethasone) using Collagen I Coated Plate (A11428-01) (Mugabo, 

Zhao et al. 2016). Ex-vivo experiments were done after 16 h following seeding. 
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Gluconeogenesis in hepatocytes, ex vivo 

Primary mouse hepatocytes, attached to the collagen plates for 16 h following seeding, were 

washed twice with PBS and starved in DMEM without glucose for 3 h. Then the cells were washed 

with PBS, followed by incubation for 3 h in glucose production medium (pH 7.4) consisting of 

glucose-free DMEM without phenol red, supplemented with 15 mM Hepes and 2 mM L-glutamine, 

and 10 mM glycerol or 20 mM sodium lactate plus 2 mM sodium pyruvate. After incubation, the 

medium was collected for glucose measurement (Autokit Glucose; Wako) and the hepatocytes 

were collected for protein measurement (Mugabo, Zhao et al. 2016). 

Triglyceride, glycerol and lactate production in hepatocytes, ex vivo 

Primary mouse hepatocytes, attached to the collagen plates, were washed with PBS and incubated 

in DMEM complete media containing 5 or 25mM glucose for 2 h. After incubations, media and 

cells were collected to measure glycerol and lactate release and TG and lactate content, 

respectively, as described before (Mugabo, Zhao et al. 2016). 

In vivo glucose infusion 

After 4 weeks following infection of the G3PPlox/lox mice with AAV8-TBG-Cre (LKO) or AAV8-

TBG-eGFP (control), a cannula was inserted in the right jugular vein (Figure 3.3A). The mice 

were subcutaneously injected with carprofen (20 mg/kg) combined with saline (around 3ml) to 

reduce pain, prior to surgery and were anesthetised with isoflurane. Cages were placed on a heating 

pad with a cold spot (1/3 cold). Diet gel (DietGel 31M: 72-08-5022) was given to the mice during 

the post-operation period with pellets in the bottom of the cages for the entire time. In the post-

operation period, mice were infused with 5U heparinized saline (7 µl/hr) to make sure that the 

canula remained unclogged. The mice were given a second injection of carprofen (20 mg/kg) and 

3ml of saline on the first post-operative day. Following surgery, fresh diet gel was given daily and 

the mice were also given saline daily based on their hydration status, evaluated by their appearance 

and attitude in the cage (Bekkevold, Robertson et al. 2013). Five days following surgery, the mice 

were infused with dextrose 70%. The glucose infusion rate (GIR) started at 30 mg/Kg/min and 

was adjusted every 3 h during the day and once during the night to maintain the blood glucose at 

predetermined level (14-16 mM). During the glucose infusion, blood and urine (Chew and Chua 

2003) were collected twice daily. The glucose infusion was continued for 55 h and then the mice 

were euthanized using ketamine/xylazine and blood, liver and heart were collected at necropsy. 
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Liver analytes 

Livers from glucose-infused mice were collected and snap-frozen in liquid nitrogen. TG was 

measured after lipid extraction (Mugabo, Zhao et al. 2016) using a triglyceride reagent (Sigma-

Aldrich cat: T2449). Liver glycogen and total cholesterol were determined by colorimetric assays 

(Abcam Glycogen Assay Kit, ab65620; and Abcam Cholesterol Assay Kit, ab65390). 

Plasma analytes 

Lipid profile (Cobas kits used: cholesterol, ref: 04718917 190; triglycerides (TGs), ref: 04657594 

190; high density lipoproteins (HDL), ref: 07528604 190; low density lipoproteins (LDL), ref: 

07005806 190) and liver function markers (Cobas kits used: alanine aminotransferase (ALT), ref: 

04718569 190; alkaline phosphatase (ALP), ref: 04657373 190; albumin, ref: 04657357 190; 

aspartate aminotransferase (AST), ref: 04657543 190; urea, ref: 04657616 190; uric acid, ref: 

04657608 190) were measured in the plasma from glucose-infused mice using a Cobas C111 

analyzer (Roche, Switzerland) (Ochoa-Sanchez, Oliveira et al. 2021). Plasma insulin (insulin: 

AL204, Perkin Elmer). Plasma LDL/VLDL (Cholesterol Assay Kit - HDL and LDL/VLDL 

(ab65390)). Inflammation markers (IL-6: AL504, Perkin Elmer, TNF: AL505, Perkin Elmer and 

CRP: ab157712, ABCAM). Plasma LDL/VLDL, insulin and inflammation markers were done 

using EnVision from Perkin Elmer at the Metabolomic Core Facility of CRCHUM. 

RNA extraction and quantitative PCR 

Total RNA was extracted from the livers of glucose-infused mice (RNeasy Micro Kit, Qiagen). 

Following reverse-transcription to cDNA, expression of various genes was determined by 

quantitative PCR using SYBR Green (Qiagen QuantiTect). All gene expression analyses were 

conducted in duplicate and normalized to the expression of 18s. PCR primer sequences are listed 

in Supplementary Table S3.1. 

Targeted metabolomics 

Liver samples from glucose-infused mice were snap-frozen in liquid nitrogen and stored at −80°C. 

All metabolites described in this study were extracted and measured using an LC-electrospray 

ionization-MS/MS system (Agilent 1200 SL and a triple-quadrupole mass spectrometer (4000Q 

TRAP MS/MS, Sciex) as described before (Mugabo, Zhao et al. 2016, Cassim, Raymond et al. 
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2018). Peak areas were used for relative quantification of the identified metabolites. All these 

analyses were done at the CRCHUM Metabolomic Core Facility. 

Statistical analyses 

Data were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Results are 

expressed as means ± SEM. Differences between two groups were assessed by unpaired, two-

tailed Student’s t test, and between multiple groups using one-way or two-way analyses of variance 

(ANOVA) with Bonferroni correction, as indicated. A p value < 0.05, following correction for 

multiple testing as appropriate, was considered statistically significant. 

3.4 Results 

Phenotypic characterization of G3PP-LKO mice on chow diet  

G3PP protein levels were markedly decreased in LKO hepatocytes compared to controls (G3PP 

fl/fl mice injected with AAV8-TBG-GFP viral vector or saline vehicle) without any change in 

G3PP expression in extrahepatic tissues (brain, adipose, kidney, heart and muscles) obtained from 

LKO mice four weeks following AAV8 infection (Figure 3.1B). G3PP-LKO mice fed chow diet 

for 10 weeks following AAV8-TBG-iCre injection, showed no change in body weight gain or food 

intake (Figure 3.1C and D) and no differences in fed and fasted glycemia compared to the two 

control mice (Figure 3.1E). At the end of the study, LKO mice showed no change in the weights 

of liver (Figure 3.1F) or other tissues (Figure S3.1A) compared to control animals. There were 

also no differences in the plasma levels of liver function markers (such as alanine aminotransferase, 

ALT; alkaline phosphatase, ALP; and albumin), total cholesterol, high density lipoprotein (HDL) 

and low density lipoprotein (LDL) between LKO and control mice (Figure S3.1B). However, the 

LKO mice showed significantly elevated plasma TG but with only a slight increase in liver TG 

content (P=0.1), compared to the control mice (Figure 3.1G and H). 

Increased glucose production following a glycerol load in LKO mice 

In order to assess if deletion of G3PP in hepatocytes affects gluconeogenesis in vivo, we 

conducted glycerol and pyruvate load test after 16 h fasting to deplete glycogen stores. A small 

but significant increase in plasma glucose levels was observed following a glycerol oral load in 

the LKO mice compared to controls, likely due to elevated hepatic glucose production (Figure 
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3.2A). However, LKO mice did not show a change in glucose production following a pyruvate 

load (Figure 3.2B). 

LKO hepatocytes show ex vivo decreased glycerol release and increased TG content, 

glycolytic flux and gluconeogenesis.  

Isolated LKO hepatocytes showed significantly decreased glycerol release (Figure 3.2C) 

and increased TG content (Figure 3.2D) compared to control hepatocytes when incubated at high 

glucose (25mM) but not at basal glucose (5mM) concentration. Ex vivo gluconeogenesis in the 

LKO hepatocytes was found to be elevated with glycerol as a substrate compared to controls 

(Figure 3.2E) and this increase was also seen using pyruvate/lactate as substrates (Figure 3.2E), 

though this was not seen in vivo (Figure 3.2B). Furthermore, LKO hepatocytes showed 

significantly elevated lactate release (Figure 3.2F) and content (Figure 3.2G) only at high glucose 

concentration. These findings indicate an elevated glycolytic flux at high glucose concentrations 

in the LKO hepatocytes. These ex vivo results with LKO mouse hepatocytes are consistent with 

our previous in vitro findings in rat hepatocytes with RNAi-knockdown of G3PP (Mugabo, Zhao 

et al. 2016) and validate the present LKO mouse model.  

G3PP LKO mice show a transient reduction in urinary glycerol, liver lipid and glycogen 

accumulation, and increased plasma lipids, lipoproteins and urate during provoked chronic 

hyperglycemia.  

Results from LKO hepatocytes, ex vivo, suggested that G3PP activity in hepatocytes has 

more impact on metabolism at high glucose concentrations. In order to assess in vivo the influence 

of elevated glucose supply on liver metabolism in LKO mice, we infused the LKO and control 

mice with a glucose solution to elevate glycemia above the physiological levels, for a period of 55 

h (Figure 3.3A). There was no difference in the body weight between the LKO and control mice 

at baseline (after implantation of an indwelling canula, 5 days before glucose infusion) and at the 

start and end of glucose infusion (Figure S3.2A). Glycemia and glucose infusion rates (GIR) 

during the infusion were similar in both LKO and control mice (Figure 3.3B-C). Average blood 

glucose levels were 10-11 mM during the first 24h of the infusion; 13-15 mM from 24h to 48h; 

and 18-19 mM from 48h to 55h of infusion for both the groups of mice. Plasma TG during glucose 

infusion increased with time in both groups, with LKO mice showing a significant increase at the 

end of the infusion compared to the control mice (Figure 3.3D). Plasma glycerol was not different 

during glucose infusion between the two groups (Figure 3.3E). Urinary glucose and glycerol at 6 
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h post the start of glucose infusions were both elevated by about twofold in the control mice. But 

this rise in both metabolites did not occur in the LKO mice. However at subsequent times all 

glucose and glycerol levels in urine returned to basal values and were not different in LKO vs 

control mice (Figure 3.3F-G). 

At the end of the 55h glucose infusion, liver weight (Figure 3.4A) and liver TG (Figure 

3.4B), glycogen (Figure 3.4C) and total and free cholesterol (Figure 3.4D) in LKO mice were 

significantly elevated compared to the control mice. In addition, heart TG levels were also found 

to be increased in the LKO mice (Figure 3.4E). Furthermore, following glucose infusion, plasma 

levels of TG (Figure 3.4F), LDL + VLDL (Figure 3.4H), urea (Figure 3.4I) and uric acid (Figure 

3.4J) were significantly elevated in the LKO mice, but no changes were seen in total cholesterol 

(Figure 3.4G) and HDL levels (Figure S3.2C) compared with control mice. In addition, liver 

function parameters ALT, AST and albumin in plasma were not changed between groups after 

glucose infusion (Figure S3.2C).  

The livers of G3PP-LKO mice show enhanced expression of markers of inflammation and 

macrophage infiltration following chronic hyperglycemia 

Increased TG and cholesterol accumulation in the liver is known to trigger inflammation, 

a characteristic of NAFLD/NASH (Chen, Varghese et al. 2014). Considering the accumulation of 

lipids in liver and plasma of glucose infused LKO mice, we measured inflammation markers in 

the plasma and the expression of the corresponding genes in the liver following glucose infusion. 

There was no difference in the plasma protein levels of TNFα, IL-6 or CRP between LKO and 

control mice (Figure 3.4K) indicating no systemic change in inflammation. However, the mRNA 

levels of the pro-inflammatory cytokines Tnfα and Il-6 were significantly increased in the 

hyperglycemic LKO mouse livers compared with control livers (Figure 3.4L), whereas no changes 

were seen in the expression of other pro-inflammatory cytokines, Il-1B and Mcp-1, or the anti-

inflammatory cytokine Il-10 (Figure S3.2D). Moreover, the mRNA levels of pan-macrophage 

marker F4/80 and of the M1-macrophage marker Cd11c were markedly increased in the LKO 

livers compared to the control mice (Figure 3.4M) suggesting elevated macrophage infiltration. 

Liver metabolites profiling in the G3PP-LKO and control mice during chronic 

hyperglycemia 

Targeted metabolomics (Figures 3.5 and S3.3) was conducted in order to gain insight into 

the mechanism by which G3PP deletion in hepatocytes impacts liver metabolism and physiology 
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in vivo under hyperglycemic conditions. The levels of the G3PP substrate, Gro3P and its precursor 

DHAP (Figure 3.5A-B) were significantly increased in the LKO mouse liver after 55 h glucose 

infusion. However, no change was seen in the ATP/ADP ratios (Figure 3.5D) as well as in ATP, 

ADP, AMP, adenosine, cAMP (Figure 3.5P), GTP and GMP levels (Figure S3.3C) in the LKO 

livers compared to controls. The redox couples NADH/NAD+ (Figure 5E), GSH/GSSG (Figure 

3.5G) as well as parameters that reflect the cytosolic redox state, Gro3P/DHAP (Figure 3.5C) and 

pyruvate/lactate (Figure 3.5H), were similar in both LKO and control livers. An increase in acetyl-

CoA and malonyl-CoA levels that positively control the Krebs cycle activity, anaplerosis and 

lipogenesis, and negatively impact fat oxidation, were found to be higher in the LKO group 

(Figure 3.5M-N). The NADPH/NADP ratio was reduced in the LKO livers (Figure 3.5F), which 

may reflect increased usage of NADPH for lipogenesis. There was also an increase in the content 

of some Krebs cycle intermediates, succinate and α-ketoglutarate (Figure 3.5I-J) in LKO livers, 

reflecting increased anaplerosis, but not others, (iso)citrate, malate and fumarate (Figure 3.5K-L 

and S3.3A). Leucine levels were found to be higher in LKO livers, which may be due to the 

increased glucose metabolism at elevated glucose in LKO livers (Figure 3.2F-G) causing less 

usage of alternative fuels, amino acids and fatty acids (Figure 3.5O). Other metabolites including 

pyruvate, lactate, the amino acids alanine, glutamine, glutamate and aspartate were unchanged in 

the LKO liver (Figure S3.3A-B).  

3.5 Discussion 

Glucose derived Gro3P via glycolysis is needed for glycerolipid synthesis at large and TG in 

particular, and also for shuttling electrons from cytosol to mitochondria via the Gro3P shuttle. 

Thus, regulation of the cytosolic concentration of Gro3P offers a control mechanism with 

simultaneous three-dimensional effect on glucose, lipid and energy metabolism, as Gro3P is at the 

nexus of these pathways (Possik, Madiraju et al. 2017, Possik, Al-Mass et al. 2021). Excess supply 

of glucose can drive elevated production of Gro3P intracellularly and this together with increased 

availability of FFA, can lead to TG synthesis through the lipogenic arm of the GL/FFA cycle 

(Prentki and Madiraju 2008, Prentki and Madiraju 2012). Accumulation of fat in the liver leads to 

insulin resistance and NAFLD, the hepatic component of the metabolic syndrome, that contributes 

to the development of obesity and T2D (Bugianesi, Moscatiello et al. 2010, Birkenfeld and 

Shulman 2014). Our earlier in vitro studies using isolated rat hepatocytes demonstrated that G3PP 
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expression controls Gro3P levels, particularly at high glucose concentrations (Mugabo, Zhao et al. 

2016). Thus, the G3PP expression level in isolated rat hepatocytes was found to be inversely 

related to cellular Gro3P levels and TG accumulation, when cells were incubated at elevated (25 

mM) glucose (Mugabo, Zhao et al. 2016). These in vitro observations prompted us to ascertain the 

role of hepatic G3PP in vivo, under both normoglycemic and hyperglycemic conditions. 

We now show that liver specific deletion of G3PP in normoglycemic mice fed chow diet 

leads to: (1) elevated plasma TG with only a small increase in liver TG levels and no changes in 

body weight and food intake; (2) a small elevated liver glucose production in vivo upon a glycerol 

load but not with a pyruvate load; (3) decreased glycerol shunt with reduced glycerol release and 

increased gluconeogenesis and lactate production from isolated hepatocytes ex vivo. As the 

alterations in the phenotype of the normoglycemic LKO mice were found to be relatively mild, we 

tested the consequences of hepatic G3PP deletion in vivo in mice with induced chronic 

hyperglycemia by glucose infusion. Under hyperglycemia, however, very significant changes were 

observed in the LKO mice: (1) increased plasma TG, LDL, VLDL cholesterol and urea levels ; (2) 

increased liver weight, TG, glycogen, total and free cholesterol contents, as well as expression of 

markers of inflammation and macrophage invasion; (3) TG deposition in the hearts of LKO mice; 

(4) elevated liver levels of Gro3P, DHAP, acetyl-CoA, malonyl-CoA and some Krebs cycle 

intermediates and in the NADP/NADPH ratio. Elevated Krebs cycle intermediates reflect 

increased anaplerosis (the refilling of cycle intermediates) necessary for lipogenesis and the 

observed increased levels and malonyl-CoA and TG are indicative of increased lipogenesis in the 

LKO livers. The increased lactate production is indicative of increased glycolysis and the elevated 

acetyl-CoA is known to activate anaplerosis via its effect on pyruvate carboxylase and is also the 

precursor of cholesterol, which is elevated in the LKO livers. Overall the results demonstrate that 

hepatic G3PP is particularly efficient in vivo at elevated glucose and that its function is to act as a 

“glucose excess detoxification machine” or in other words a “glucose excess security valve” in the 

liver by redirecting the glucose carbons in excess to the glycerol shunt and glycerol release from 

the hepatocytes. Consistent with this view, in control mice, glycerol level in the urine was elevated 

by two-fold compared to basal value 6 h after the start of the glucose infusion reaching about 4 

mM, and this rise was suppressed in the LKO mice. Noteworthy, glycerol is relatively a less toxic 

molecule than glucose, when in excess as high levels of glycerol do not cause any apparent toxicity 

(Lin 1977). Thus upon liver G3PP suppression in mice, there is increased fuel storage in liver in 
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the form of TG, cholesterol and glycogen, as well as enhanced glycolysis and lipogenesis, both in 

vivo and ex vivo. 

Hepatocyte G3PP deletion accelerated gluconeogenesis starting from glycerol and 

pyruvate plus lactate, ex vivo in isolated LKO hepatocytes, but surprisingly only with glycerol, in 

vivo and not with pyruvate. It was shown before that glycerol is a better gluconeogenic substrate 

than lactate or amino acids in mouse liver due to the rapid utilization of glycerol by glycerol kinase 

(Wang, Kwon et al. 2020). Moreover, it has been shown that lactate is the largest source of 

gluconeogenic substrate used by kidney (Gerich, Meyer et al. 2001). Therefore, in liver G3PP-KO 

mice, under in vivo whole-body conditions, pyruvate is expected to trigger glucose production 

mostly from kidneys, whereas glycerol is expected to drive gluconeogenesis mainly in hepatocytes.  

Deletion of hepatocyte G3PP led to enhanced diversion of Gro3P towards TG synthesis 

and VLDL packaging and secretion under hyperglycemic conditions. It is possible that the elevated 

plasma LDL/ VLDL facilitated the transport of lipids to tissues like heart, where accumulation of 

TG was noticed in the LKO mice. In the hyperglycemic LKO mice, the elevated plasma level of 

urea is possibly related to the enhanced production of acetyl-CoA that is needed for the synthesis 

of N-acetylglutamate, which drives the first step of urea cycle, catalyzed by carbamoylphosphate 

sythetase-1 in liver (Shi, Allewell et al. 2015). Increased diversion of glucose carbons towards 

ribose-5-phosphate and phosphoribosylpyrophosphate synthesis in association with elevated 

NADPH levels was suggested to lead to elevated formation of uric acid in liver (Leyva, Wingrove 

et al. 1998), and a combination of glucose, fructose and fatty acids are also known to induce uric 

acid production in HepG2 cells (Zhao, Guo et al. 2016). Thus, in the hyperglycemic LKO mice, 

the elevated plasma uric acid may be due to increased diversion of glucose towards pentose 

pathway and NADPH formation. Furthermore, the higher plasma levels of urea and uric acid seen 

in the LKO mice, are known biomarkers for hepatic steatosis in patients with NAFLD (Liu, Zhang 

et al. 2013, Oral, Sahin et al. 2019). 

Elevated succinate observed in the LKO livers is known to regulate inflammation in many 

tissues including hepatocytes and the hepatic stellate cells, implicated in NAFLD and liver fibrosis 

(Mills and O'Neill 2014, Cho 2018). Hyperglycemic LKO mouse livers also showed increased 

levels of leucine, a branched chain amino acid that accumulates as a physiological adaptation to 

hepatic stress in NAFLD patients (Lake, Novak et al. 2015). However, the limited duration of 

hyperglycemic stress did not cause any significant damage to liver as the plasma levels of ALT 
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and AST in the LKO mice were unchanged and similarly many metabolites, including some Krebs 

cycle intermediates, adenine and guanine nucleotides, many amino acids, cAMP and the redox 

couples pyruvate/lactate, Gro3P/DHAP, NADH/NAD and GSH/GSSG were unchanged.  

Accumulation of hepatic TG and cholesterol is known to promote the activation of 

macrophages/Kupffer cells, which exacerbate insulin resistance, as well as induce hepatic 

inflammation and NAFLD progression (Matsuzawa, Takamura et al. 2007, Chen, Varghese et al. 

2014) (Arguello, Balboa et al. 2015). Accordingly, the gene expression of pro-inflammatory 

cytokines such as TNFα and IL-6, which are known to be released by M1 macrophages and lead 

to insulin resistance and NAFLD (Odegaard, Ricardo-Gonzalez et al. 2008), is elevated in LKO 

livers, together with an increased expression of macrophage markers Cd11c (M1macrophage 

marker) and F4/80 (general macrophage marker). These results suggest an enhanced presence of 

pro-inflammatory oriented macrophages in the livers of hyperglycemic LKO mice, indicating an 

increased macrophage recruitment and inflammation in the hyperglycemic LKO liver that may in 

the long term contribute to NAFLD (Itoh, Suganami et al. 2017, Kitade, Chen et al. 2017). 

In conclusion, much knowledge has been accumulated concerning the biochemical basis 

of nutrient excess toxicity in mammalian cells at large and the liver in particular, that include for 

example ER stress, mitochondrial dysfunction, AMPK inhibition, cholesterol accumulation, the 

synthesis of some glycerolipids and ROS production. However, much less is known as to how 

cells can cope with fuel excess and in particular detoxify glucose when elevated. This is more 

relevant for the hepatocyte and the pancreatic β-cell that express glucokinase, which has high Km 

for glucose and Vmax, and which rapidly traps influxing glucose in the cytoplasm in the form of 

glucose-6-phosphate. Our results, using G3PP LKO mice, identify G3PP and the glycerol shunt as 

an important glucose excess detoxification pathway in the hepatocyte that when suppressed, under 

glucotoxic conditions, results in enhanced lipogenesis and accumulation of liver TG, glycogen, 

and cholesterol, elevated liver inflammation parameters and a rise in plasma TG, uric acid, 

LDL/VLDL and heart TG (Figure 6). Thus, we propose that the G3PP/glycerol shunt is a novel 

pathway essential for glucodetoxification and prevention of fat build-up in the liver and that G3PP 

can be harnessed for metabolic diseases, such as NAFLD/NASH promoted by nutrient excess. 

Studies in animal models of obesity, diabetes and NAFLD treated with G3PP activators, when 

they become available, should validate the therapeutic value of G3PP activation.  
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Figure 3.1. Generation and phenotyping of hepatocyte specific G3PP-KO (LKO) mice.  

(A) Schematic protocol for creating the LKO and control mice and the experimental design in this 

study. Male, 8 wk old G3PPfl/fl mice were injected with AAV8-TBG-Cre or AAV8-TBG-GFP 

viral vectors or saline vehicle through the tail vein. Mice were then kept on chow diet for 10 weeks 

and sacrificed at indicated time and blood and tissues were collected for analyses. (B) Validation 

of G3PP deletion by Western blot using protein extracts from hepatocytes, brain, adipose tissue 

and skeletal muscle from mice, 4 weeks after IV injections (saline, n=3; GFP, n=3; LKO, n=4); α-

tubulin was used as a control of protein loading. (C) Body weight, (D) food intake, (E) fed and 

fasted glycemia, (F) liver weight, (G) liver TG content (H) Fed plasma triglycerides. N=6-9 per 

group as shown; means ± SEM; *p < 0.05 vs both controls; C, D, two-way ANOVA; E-H one-way 

ANOVA. 
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Figure 3.2. Isolated LKO hepatocytes show decreased glycerol release and increased TG 

content, glycolytic flux and gluconeogenesis.  

Glycerol (5 mg/g BW, orally) and pyruvate (1 mg/g BW, i.p.) were administered to 16 h fasted 

LKO and control mice, and tail blood glycemia was measured. (A) Glycerol and (B) pyruvate load 

tests (saline, n=6; GFP, n=9; LKO, n=9). Means ± SEM; *p < 0.05 vs both controls; two-way 

ANOVA. Hepatocytes were isolated from LKO and control mice and incubated at 5 and 25 mM 

glucose, for measuring glycerol release, TG content and lactate content and release. For measuring 

gluconeogenesis, hepatocytes were glucose starved and incubated with 10 mM glycerol or 20 mM 

lactate plus 2 mM pyruvate. (C) Glycerol release, (D) triglyceride content, (E) gluconeogenesis 

from glycerol or pyruvate/lactate, (F) lactate release, (G) lactate content. n=4-6 per group as shown. 

*p < 0.05, **P < 0.01, and ***p < 0.001 vs. control using; one-way ANOVA. 
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Figure 3.3. In vivo glucose infusion causes increased plasma TG and reduced urine glycerol 

in LKO mice.  

(A) Timeline of glucose infusion experiment. Mice were inserted with a catheter in the jugular 

vein and a continuous intravenous 55h infusion of glucose was maintained. Arterial blood and 

urine were collected twice a day. (B) Blood glucose and (C) glucose infusion rate (GIR) were 

monitored and the infusion rate was adjusted to maintain hyperglycemia. (D) Plasma TG. (E) 

Plasma glycerol. (F) Glucose in urine. (G) Glycerol in urine. Means ± SEM; control, n=6; LKO, 

n=8); *p < 0.05 vs control; Two-way ANOVA. 
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Figure 3.4. Liver and plasma analytes and inflammation-related liver gene expression in 

LKO and control mice under hyperglycemia.  

(A) Liver weight, (B) TG content, (C) glycogen content, (D) total and free cholesterol. (E) Heart 

TG content. (F) Plasma TG, (G) cholesterol, (H) LDL/VLDL, (I) urea, (J) and uric acid. (K) 

Plasma inflammation markers: TNFα, IL-6 and C-reactive protein (CRP). (L) Liver cytokines 

mRNA expression of Tnfa and Il-6. (M) Liver mRNA markers of macrophages F4/80 and Cd11c. 

Means ± SEM (Control, n=6; LKO, n=8). *p < 0.05 vs control; Student’s t test. 
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Figure 3.5. Targeted metabolomic analyses for LKO and control livers following glucose 

infusion.  

The indicated metabolites are expressed as fold increase vs GFP control livers. The ratios of some 

metabolites and redox couples are shown. (A) Gro3P, (B) DHAP, (C) Gro3P/DHAP, (D) 

ATP/ADP, (E) NADH/NAD, (F) NADPH/NADP, (G) GSH/GSSG, (H) pyruvate/lactate, (I) 

succinate, (J) α-ketoglutarate, (K) (iso)citrate, (L) fumarate, (M) acetyl-CoA, (N) malonyl-CoA, 

(O) leucine and (P) cAMP. Means  SEM (Control, n=9; LKO, n=6). *p < 0.05, **p < 0.01 vs 

GFP control; Student’s t test. 
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Figure 3.6. Model depicting the effect of G3PP hepatocyte-specific deletion and suppression 

of the glycerol shunt on liver metabolism under hyperglycemia.  

The abbreviations are: Ac-CoA, acetyl-CoA; AQP, aquaglyceroporin; DHAP, dihydroxyacetone 

phosphate; FA-CoA, fatty acyl-CoA; FFA, free fatty acid; G3PP, glycerol 3-phosphate 

phosphatase; G6P, glucose 6-phosphate; GL/FFA cycle, glycerolipid/ free fatty acid cycle; 

Glyceraldehyde-3-P, glyceraldehyde-3-phosphate; Gro3P, glycerol 3-phosphate; Mal-CoA, 

malonyl-CoA; TCA cycle, tricarboxylic acid cycle; TG, triglyceride; LDL, low-density 

lipoproteins; VLDL, very low-density lipoproteins; DNL, de novo lipogenesis. 
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Figure S3.1. Tissue weights and in vivo plasma liver parameters in LKO and control mice.  

Mice were kept on chow diet for 10 weeks after G3PP deletion following AAV injection. (A) 

Tissue weight: heart, brain, kidney, spleen, visceral adipose tissue (VAT), subcutaneous adipose 

tissue (SAT) and brown adipose tissue (BAT). (B) Liver plasma analytes: alanine transaminase 

(ALT), alkaline phosphatase (ALP), albumin, cholesterol, high-density lipoprotein (HDL) and 

low-density lipoproteins (LDL). (Saline control, n=4; GFP control, n=6; LKO, n=6). 

Means ± SEM; One-way ANOVA. 
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Figure S3.2. Liver function and inflammation parameters in glucose infused LKO and 

control mice.  

(A) Body weight. (B) Insulinemia. (C) Liver plasma parameters: HDL, ALT, aspartate 

aminotransferase (AST) and albumin. (D) mRNA expression of Il-1b, Mcp-1, Il-10, Cd36, Pparg 

and Ppara in the livers. Means ± SEM; Control, n=6; LKO, n=8; Student’s t test.  
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Figure S3.3. Targeted metabolomics analyses in LKO and control livers following glucose 

infusion.  

The indicated metabolites complement those shown in Figure 5 and are expressed as fold increase 

vs control livers. (A) pyruvate, lactate, GSH, GSSG and malate, (B) arginine, alanine, glutamine, 

glutamate and aspartate, (C) adenosine, ATP, ADP, GTP, AMP and GMP, (D) NAD, NADH, 

NADP and NADPH. Means  SEM (Control, n=9; LKO, n=6). *p < 0.05 vs control; Student’s t 

test. 
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Table S3.1. Primer sequences used for RT-PCR. 
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Bridging Chapters III and IV 

 

Results from Chapter III showed G3PP plays a role in glucodetoxification in the liver and it could 

play an important role in NAFLD progression. My colleagues had previously shown that 

overexpression of human G3PP (hG3PP) in rat liver in vivo, using an adenoviral construct, lowered 

body weight gain, hepatic glucose production and plasma triglycerides and increased plasms HDL 

in animals that were fed standard rat chow. However, these observations were made in short-term 

studies using the adenoviral construct and G3PP expression was increased more than 100 fold in 

rat liver. Thus, in this chapter I aimed to examine if controlled overexpression of G3PP affect 

glucose and lipid metabolism and protects against metabolic stress in mouse hepatocytes in vivo. 

To do so I studied the effects of G3PP protein overexpression at a level close to physiological 

increase over a longer time period using Adeno-associated virus 8 (AAV8) that expressed human 

PGP (gene name for G3PP) under the control of the thyroid hormone-binding globulin (TBG) 

promoter to increase G3PP expression in hepatocytes by approximately 3 fold. In this study, I used 

the same experimental design as in Chapter III. 
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4.1 Abstract: 

Overexpression of the recently identified glycerol-3-phosphate (Gro3P) phosphatase (called G3PP 

and encoded by the PGP gene) in mammalian cells was shown to affect liver intermediary 

metabolism by controlling the levels of Gro3P under elevated glucose concentrations ex vivo and 

in vivo. The ex vivo studies were performed using around 100 fold overexpression of G3PP protein 

in primary rat hepatocytes, which may not represent the G3PP levels found in cells under 

physiologic conditions. In this study we examined the effect of 3-4 fold overexpression of G3PP 

in mouse hepatocytes in vivo using an adeno-associated virus (AAV8-TBG-hPGP) under normal 

and hyperglycemic conditions. We found that a 3 fold increase in G3PP protein expression levels 

leads to a 1.3 fold decrease in lactate release ex vivo; but has no major effect of liver metabolism 

in vivo. In our studies, we were unable to confirm that overexpression of G3PP protein led to 

increased G3PP activity in primary hepatocytes (or hepatocytes in vivo). This could reflect the lack 

of sensitivity of the assays used to measure G3PP activity or the presence of metabolic 

compensation by the liver. We conclude that a higher level of G3PP overexpression is needed to 

study the effects of G3PP in liver in vivo using transgenic mice or G3PP activator in the future. 
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4.2 Introduction: 

The liver is the main organ that converts glucose and fructose to fatty acid and triglycerides (TG) 

(Yki-Jarvinen 2014, Han, Kang et al. 2016), which are then either stored as TG in lipid droplets or 

packaged and secreted in very low density lipoprotein (VLDL) that are transported to white 

adipose tissue and other tissues for storage. Under conditions where hyperglycemia persists, such 

as type 2 diabetes (T2D), increased hepatic glucose uptake leads to excessive fat accumulation, 

insulin resistance, and the progression of non-alcoholic fatty liver disease (NAFLD) (Bugianesi, 

Moscatiello et al. 2010, Birkenfeld and Shulman 2014, Huang, Behary et al. 2019). Glycerol-3-

phosphate phosphatase (G3PP) activity has been shown to be more significant under conditions 

where glucose concentration is high in the liver and pancreatic β-cell (see results in Chapters 2 and 

3) (Mugabo, Zhao et al. 2016, Possik, Al-Mass et al. 2021). By hydrolyzing glycerol-3-phosphate 

(Gro3P) to glycerol, G3PP can control cytosolic levels of Gro3P and directing glucose carbons 

away from lipogenesis. This highlights the role of G3PP as a detoxification enzyme under 

metabolically stressful conditions (Mugabo, Zhao et al. 2016, Possik, Al-Mass et al. 2021). In 

particular, elevated activity of human G3PP (hG3PP) ex vivo was shown to decrease TG content, 

gluconeogenesis and elevated glycerol release in rat primary hepatocytes and to reduce glucose 

stimulated insulin secretion in -cells and protect them from glucolipotoxicity. Overexpression of 

hG3PP in rat liver in vivo, using an adenoviral construct, lowered body weight gain, hepatic 

glucose production and plasma triglycerides and increased plasms HDL in animals that were fed 

standard rat chow (Mugabo, Zhao et al. 2016). 

One limitation of these short-term studies is that the adenoviral construct used in vivo 

resulted in G3PP expression being increased more than 100-fold in rat liver. Thus, in this project 

we aimed to study the effects of G3PP protein overexpression that is close to physiological increase 

over a longer time period. To do so we developed a hepatocyte specific hG3PP overexpression 

mouse model (LOVX) using Adeno-associated virus 8 (AAV8) that expressed human PGP (gene 

name for G3PP) under the control of the thyroid hormone-binding globulin (TBG) promoter (Yan, 

Yan et al. 2012) to increase G3PP expression in hepatocytes by approximately 3 fold. Using this 

model, we investigated the role of chronic G3PP overexpression in the liver under normal and 

hyperglycemic conditions. 
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4.3 Methodology: 

Animals. At 8 weeks of age, male C57BL/6N (WT) (Charles River Laboratories) mice received a 

single injection (1.5×1011 GC/mice) of AAV8-TBG-hPGP (Vector Biolabs: VB1724) or AAV8-

TBG-eGFP (Vector Biolabs: VB1743) by tail vein or a control injection of saline containing no 

virus (Figure 4.1A). The AAV8 construct expresses hPGP or eGFP under the control of the TBG 

promoter, which is hepatocyte specific (Yan, Yan et al. 2012). Mice were placed in individual 

cages and fed a standard chow diet (15% fat by energy; Harlan Teklad, Madison, WI, USA) for 10 

weeks. Body weight and food intake were measured weekly. All procedures were approved by the 

institutional committee for the protection of animals (Comité Institutionnel de Protection des 

Animaux du Centre Hospitalier de l’Université de Montréal). 

Model validation. Four weeks after AAV infection, mouse tissues like heart, brain, skeletal 

muscle (SM) and isolated hepatocytes (see 2.5 below for protocol) were collected at necropsy and 

lysed in RIPA buffer (10 mM Tris-HCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% 

sodium deoxycholate, 0.1% sodium dodecylsulfate and 140 mM NaCl) plus phenylmethylsulfonyl 

fruoride benzylsulfonyl fluoride (PMSF) and ALP cocktail (aprotinin, leupeptin and pepstatin) 

protease inhibitors. After sonication and centrifugations (13000 rpm for 20 min), protein extracts 

were used for western blot analysis to validate hepatocyte-specific G3PP overexpression (G3PP 

primary Antibody: PGP Antibody (E-10) (sc-390883), secondary Antibody. m-IgGκ BP-HRP (sc-

516102) both from Santa Cruz). For all tissues, α-tubulin was used as the gel loading control. 

Oral Glycerol Load Test. 4 weeks after AAV infection, food was withdrawn from mice for 16 h. 

Then, 87% (wt/vol) glycerol (5 mg/g BW) was administered orally. Blood glucose was measured 

from the tail vein at baseline and 5, 10, 15, 20, 30, 45, and 60 min after glycerol load using a 

glucometer (Bayer Contour). 

Pyruvate Load Test. 6 weeks after AAV infection, food was withdrawn from the mice for 16 h. 

Then, Pyruvate (1 mg/g BW) was Injected IP. Blood glucose was measured from the tail vein at 

baseline and 5, 10, 15, 20, 30, 45, and 60 min after pyruvate load, and blood glucose was measured 

by using a glucometer. 

Hepatocyte Isolation. Four weeks after AAV infection, hepatocytes were isolated from mice by 

in situ collagenase (type XI; Sigma) perfusion and using Percoll (Sigma P-1644) gradient to 
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separate hepatocyte from other cell type in the liver extract. were seeded in DMEM complete 

media (Sigma D5030) (pH 7.4) without phenol red, supplemented with 3.7g/L of sodium 

bicarbonate, 5mM glucose, 1mM sodium pyruvate, 2mM glutamine, Penicillin Streptomycin, 

0.2% BSA, 1nM insulin and 100nM Dexamethasone) using Collagen I, Coated Plate (A11428-01) 

(Mugabo, Zhao et al. 2016). Ex-vivo experiments were done after 16h of seeding. 

Gluconeogenesis in Hepatocytes. After 16h of seeding, primary hepatocytes were washed with 

PBS solution twice and starved in DMEM without glucose for 3h and then washed with PBS 

solution, followed by incubation for 3h in glucose production buffer consisting of glucose-free 

DMEM (pH 7.4) without phenol red, supplemented with 15 mM Hepes and 2 mM L-glutamine, 

with 10 mM glycerol or 20 mM sodium lactate plus 2 mM sodium pyruvate. Then, the medium 

was processed for glucose measurement (Autokit Glucose; Wako) and cells were collected for 

protein (Mugabo, Zhao et al. 2016). 

Ex-vivo TG, glycerol and lactate. After 16h, primary hepatocytes were washed with PBS solution 

and then incubated in DMEM complete media with 5 or 25mM glucose for 2h. Media and cells 

were collected to measure TG content, glycerol release, lactate content and lactate release. 

Glycerol release was determined in the media by a radiometric glycerol assay (Bradley and Kaslow 

1989) using [γ-32P]ATP and glycerokinase. For TG content, lipid extraction was preformed and 

TG was measured using Triglyceride kit (Sigma-Aldrich cat: T2449). For lactate content and 

lactate release was done as described in (Mugabo, Zhao et al. 2016). 

In vivo glucose infusion. Four weeks after infection with AAV8-TBG-hPGP (LOVX) or AAV8-

TBG-eGFP (control), mice right jugular vein was cannulated 5 days before the beginning of 

infusion. Mice were given a SC injection of carprofen (20mg/kg) before surgery combined with a 

SC injection of saline (around 3ml) and anesthetised with isoflurane. Cages were placed on a 

heating pad with a cold spot (1/3 cold). Diet gel (DietGel 31M: 72-08-5022) was given to the mice 

during the post-op period with pellets in the bottom of the cages for the entire time. In the post-op 

period, mice were infused with 5U heparinized saline (7µl/hr) to make sure the jugular vein 

cannula remained patent. On day 1 post op mice were given a second injection of carprofen 

(20mg/kg) and 3ml of saline. During post op, hydration was verified daily, and saline was given if 

needed. Fresh diet gel was also given daily. On the first day of infusion, mice were infused with 

dextrose 70% with the glucose infusion rate (GIR) starting at 30 mg/kg/min and adjusted every 3h 
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during the day and once during the night to maintain glycemia at a predetermined hyperglycemic 

level (14-16mM). During the infusion, blood and urine were collected twice during the day. The 

infusion ended after 55h; and blood, liver and heart were collected at necropsy. 

Liver TG content. Liver was collected and snap frozen in liquid nitrogen. Liver then was 

homogenized and sonicated and TG was measured after lipid extraction (Mugabo, Zhao et al. 

2016) using triglyceride reagent (Sigma-Aldrich cat: T2449). 

Plasma parameters. Lipid profile (Cobas kits used: cholesterol, ref: 04718917 190; triglycerides 

(TGs), ref: 04657594 190; high density lipoproteins (HDL), ref: 07528604 190; low density 

lipoproteins (LDL), ref: 07005806 190) and liver function markers (Cobas kits used: alanine 

aminotransferase (ALT), ref: 04718569 190; alkaline phosphatase (ALP), ref: 04657373 190; 

albumin, ref: 04657357 190; aspartate aminotransferase (AST), ref: 04657543 190; bilirubin, ref: 

05589134 190) were measured in the plasma from glucose-infused mice using a Cobas C111 

analyzer (Roche, Switzerland). (Ochoa-Sanchez, Oliveira et al. 2021).  

Statistical analyses. Data were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, 

CA). Results are expressed as means ± SEM. Statistical differences between two groups were 

assessed using an unpaired, two-tailed Student’s t test, and between multiple groups using one-

way or two-way analyses of variance (ANOVA) with Bonferroni correction for multiple testing, 

as indicated. A p value < 0.05 was considered statistically significant. 

4.4 Results: 

G3PP 3 fold protein overexpression in mice hepatocytes show no major phenotype in vivo 

under normal diet. 

To validate the LOVX model, we confirmed that G3PP protein levels were about 3 fold higher in 

hepatocytes compared to control hepatocytes (LOVX 0.7334 ± 0.02137, n=4 vs GFP 0.2589 ± 

0.005034, n=4, p = 0.0001) and no changes in protein levels in different tissues (whole heart, brain, 

and skeletal muscle) 4 weeks following AAV infection (Figure 4.1B). Mice were fed a normal 

chow diet for 10 weeks after AAV infection: we observed no significant change in body weight 

gain (LOVX 26.93 ± 2.853, n=6 vs GFP 25.06 ± 2.602, n=6, p = 0.6391) (Figure 4.1C) or in food 

intake (p = 0.9535 vs GFP) (Figure 4.1D) between groups. After 10 weeks, observed no significant 

differences in the weight of the liver, subcutaneous and visceral adipose tissue depots, brain, 
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kidney and heart, between AAV-infected and control mice (Figure 4.1E). Furthermore, the LOVX 

mice showed no difference in free-running (fed) blood glucose levels (LOVX 6.850 ± 0.1408, n=6 

vs GFP 6.633 ± 0.2603, n=6, p = 0.4810) and 16h fasted glycemia (LOVX 4.683 ± 0.1778, n=6 vs 

GFP 4.750 ± 0.1360, n=6, p = 0.7719) compared to control animals (Figure 4.1F). Finally, while 

previous studies have shown that severe PGP overexpression (more than 10 fold) increased hepatic 

glucose production in response to glycerol in rat hepatocytes in vivo (Mugabo, Zhao et al. 2016); 

we found that the LOVX mice and control animals had similar responses to oral glycerol and 

pyruvate loading in tests conducted following 16h fasting to deplete hepatic glycogen stores 

(Figure 4.1G-H). 

Mouse hepatocytes overexpressing PGP show decreased liver TG content after 4 weeks with 

no change in plasma lipid profile or liver TG content after 10 weeks. 

To see the effect of G3PP overexpression on TG synthesis and storage in the liver, we measured 

hepatic TG content in tissues collected at necropsy 4 and 10 weeks following AAV infection. Liver 

TG content was significantly decreased in LOVX mice after 4 weeks compared to control animals 

(LOVX 0.03381 ± 0.002293, n=3 vs GFP 0.04682 ± 0.002472, n=3, p = 0.0182) (Figure 4.2A) 

with no change after 10 weeks (LOVX 0.6350 ± 0.1217, n=6 vs GFP 0.6450 ± 0.05402, n=6, p = 

0.9416) (Figure 4.2B). Similarly, 10 weeks following infection, G3PP overexpression in 

hepatocytes does not alter liver biomarkers such as ALT, AST, albumin, ALP and bilirubin 

(Figure 4.2C) or plasma lipids including cholesterol, HDL, LDL and TG (Figure 4.2D). 

LOVX mice hepatocytes ex vivo model validation. 

To validate if 3 fold G3PP overexpression in hepatocytes affect glucose and lipid metabolism as 

shown previously using primary rat hepatocyte in vitro (Mugabo, Zhao et al. 2016), we conducted 

ex vivo experiments to measure glycerol release, TG content, lactate release and content and 

gluconeogenesis. LOVX hepatocytes show no significant difference in TG content (Figure 4.3A) 

or glycerol release (Figure 4.3B) after 2h incubation when cultured ex vivo in media with low (5G, 

5mM) or high (25G, 25mM) glucose concentrations compared to control hepatocytes. Interestingly, 

LOVX hepatocytes show a significant decrease in lactate release when cultured in high glucose 

media compared to control hepatocytes (LOVX 551.4 ± 56.49, n=3 vs GFP 808.6 ± 7.170, n=3, p 

= 0.0006), but no significant difference when cultured under low glucose conditions (LOVX 376.7 

± 46.91, n=3 vs GFP 391.9 ± 22.94, n=3, p = 0.7853) (Figure 4.3C). In addition, LOVX 

hepatocytes and control hepatocytes have similar lactate content when cultured in low (LOVX 
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108.8 ± 2.030, n=3 vs GFP 107.4 ± 2.017, n=3, p = 0.6572) and high (LOVX 121.4 ± 0.7700, n=3 

vs GFP 120.5 ± 5.201, n=3, p = 0.8690) glucose media (Figure 4.3D). LOVX hepatocytes also 

showed no significant difference in gluconeogenesis compared to control cells when glycerol 

(LOVX 1.293 ± 0.02624, n=3 vs GFP 1.349 ± 0.05310, n=3, p = 0.4004) and pyruvate/lactate 

(LOVX 1.021 ± 0.007111, n=3 vs GFP 1.054 ± 0.01396, n=3, p = 0.1018) were used as substrates 

(Figure 4.3E). 

LOVX mice shows no major changes in liver metabolism after chronic hyperglycemia  

Since our data showed that 3 fold overexpression of G3PP in mouse hepatocytes resulted in limited 

phenotypic changes both in vivo and ex vivo, we next investigated whether increased G3PP 

expression would alter the hepatocyte response to chronic hyperglycemia in vivo. Therefore, we 

challenged the LOVX mice with a glucose infusion to maintain hyperglycemia (14-16 mM) for 48 

hours (Figure 4.4A). The body weight of LOVX and control mice was not different at baseline or 

following the glucose infusion (Figure 4.4B); and LOVX and control animals maintained similar 

glycemia and GIR during the infusion period (Figure 4.4C-D), with blood glucose levels 

averaging 10-11mM on the first day and 16-17mM on the second day in both groups. During the 

infusion, plasma TG did not increase with increase glycemia and showed no significant difference 

between LOVX and control animals (Figure 4.4E). However, LOVX mice showed a tendency 

towards higher plasma glycerol levels than control mice at each time point (Figure 4.4F). 

Furthermore, urine glucose levels were not significantly different between the groups (Figure 

4.4G) and urine glycerol also showed no significant difference between groups during the first day 

of the study, but tended to be lower in LOVX mice on the second day of infusion (Figure 4.4H). 

At the end of the infusion, LOVX mice show no significant difference in liver weight (LOVX 

1.188 ± 0.01855, n=5 vs GFP 1.168 ± 0.03325, n=5, p = 0.6206) (Figure 4.4I), liver TG (LOVX 

0.07863 ± 0.006204, n=5 vs GFP 0.07646 ± 0.006346, n=5, p = 0.8124) (Figure 4.4J) or heart TG 

(LOVX 0.04014 ± 0.004933, n=5 vs GFP 0.03827 ± 0.005367, n=5, p = 0.8041) (Figure 4.4K) 

compared to control mice. Taken together, these results show that 3 fold overexpression in mouse 

hepatocytes have no significant effect on liver metabolism after chronic hyperglycemic stress. 

4.5 Discussion 

The liver plays a crucial role in gluconeogenesis and lipoprotein synthesis and secretion, both of 

which depend on the availability of Gro3P in hepatocytes. Our lab previously reported that 
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suppression of G3PP expression by RNAi in isolated rat primary hepatocytes, resulted in higher 

levels of Gro3P and glycolysis (as measured by lactate release) and increased glycerolipid 

synthesis (as indicated by diacylglycerol and triglyceride levels), in hepatocytes incubated at 

elevated glucose levels (25 mM) but not at low glucose concentrations (5mM) (Mugabo, Zhao et 

al. 2016). In contrast, hG3PP overexpression in rat hepatocytes showed decrease Gro3P and 

glycolytic flux at elevated glucose levels (Mugabo, Zhao et al. 2016). Furthermore, we have 

reported that G3PP activity in vivo, plays an important role in fatty liver progression, with 

increased TG and cholesterol accumulation and increased inflammation being observed under 

hyperglycemic conditions when G3PP was deleted in mouse liver (see Chapter 2). Moreover, 

hG3PP overexpression in rat liver in vivo, resulted in reduced body weight gain, plasma 

triglycerides and hepatic glucose production when challenged with glycerol (Mugabo, Zhao et al. 

2016). In these studies, PGP was overexpressed for a short term and at extremely high levels; as a 

result, it is not clear that similar changes would occur if PGP was expressed at a more physiological 

level, for longer time periods, or in the presence of metabolic stressors such as hyperglycemia. 

The AAV8-TBG-hPGP in this study allowed us to control PGP overexpression in LOVX 

mice so that it stably increased by 3-4 fold for the duration of the study. Our in vivo data showed 

that LOVX mice had no specific phenotype after 10 weeks on normal diet; and their plasma lipid 

and liver biomarker profile were indistinguishable from control animals. However, the LOVX 

showed a significant decrease in liver TG content after 4 weeks of PGP overexpression (LOVX 

0.03381 ± 0.002293, n=3 vs GFP 0.04682 ± 0.002472, n=3, p = 0.0182) compared to GFP controls, 

that corrected after 10 weeks so that the TG content of LOVX and GFP control mice was equal at 

the end of the study (LOVX 0.6350 ± 0.1217, n=6 vs GFP 0.6450 ± 0.05402, n=6, p = 0.9416). 

Even though we have studied a smaller number of mice at the earlier time point, this observation 

could indicate that we had an early effect of G3PP overexpression that became less significant 

with time. The lack of phenotype in mice fed a normal chow diet is consistent with our earlier ex 

vivo observations that G3PP activity is more important under metabolically stressful conditions 

such as hyperglycemia. We challenged the LOVX and control mice with hyperglycemia by 

infusing glucose for 2 days, but did not observe significant changes in liver TG content, nor plasma 

levels of TG and other liver biomarkers. We did observe a trend towards higher plasma glycerol 

in LOVX mice compared to control animals that did not reach statistical significance. Since our 
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studies involved small cohorts of animals, we consider these data to be preliminarily that should 

be repeated in larger groups of mice. 

We further validated the LOVX model ex vivo by testing whether if the mouse hepatocytes 

had that same phenotypic characteristics that were observed in rat hepatocytes (Mugabo, Zhao et 

al. 2016). We isolated hepatocytes from mice 4 weeks following AAV infection, and incubated 

them in low (5mM) and high (25mM) glucose media for 2 hours. The LOVX hepatocytes 

expressed 3 fold more G3PP protein than the control cells, but showed no difference in TG content, 

glycerol release, lactate content or gluconeogenesis, suggesting that they could generally 

compensate for PGP overexpression at this level. However, lactate release was significantly 

decreased in the LOVX hepatocytes compared to control hepatocytes, this may indicated that 3 

fold increase in G3PP expression can affect the glycolytic flux by directing more glucose carbons 

to glycerol. In interpreting these negative results, it is important to mention that these experiments 

were conducted with only 3-5 mice in each group and had statistical power to detect only large 

effects of PGP overexpression. While these effect sizes are smaller/larger than those reported 

previously by our group (Mugabo, Zhao et al. 2016), our results suggest that a 3 fold increase in 

PGP expression may have no major impact on the hepatocyte metabolism in vivo and ex vivo and 

that higher levels of PGP expression would be required. We also note that we were not able to 

measure the increase in PGP activity that was caused by a 3-fold increase in PGP expression, and 

emphasize that future studies would be directed toward obtaining and assessing the metabolic 

effects of measurable changes in PGP activity rather than simply the response to increased PGP 

protein levels. These studies could be performed using an inducible transgenic mouse model for 

G3PP that we are developing or using a chemical activator for G3PP. 
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Figure 4.1. Effect of G3PP overexpression in vivo (G3PP-LOVX model validation).  

(A) Experimental scheme showing that WT mice were injected by tail vein with AAV8-TBG-

hPGP, AAV8-TBG-eGFP or saline then kept on chow diet for 10 weeks. (B) G3PP overexpression 

was confirmed using protein extracts from hepatocytes, brain, heart and skeletal muscle (SM) from 

mice, 4 weeks after AAV infection and used for western blot (Saline (Sal), n=3; GFP, n=4; LOVX, 

n=4). For all tissues α-tubulin was used as a housekeeping protein. (C) Body weight and % of 

weight gain (Saline, n=5; GFP, n=6; LOVX, n=6). (D) Food intake (Saline, n=5; GFP, n=6; LOVX, 

n=6). (E) Tissue weight: liver, subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT), 

brown adipose tissue (BAT), brain, kidney and heart (Saline, n=5; GFP, n=6; LOVX, n=6). (F) 

Fed and fasted glycemia (Saline, n=5; GFP, n=6; LOVX, n=6). (G) Glycerol load test (Saline, 

n=5; GFP, n=6; LOVX, n=5). (H) Pyruvate load test (Saline, n=5; GFP, n=6; LOVX, n=6). Data 

are mean ± SEM. (One-way and Two-way ANOVA). 
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Figure 4.2. Effects of G3PP overexpression on liver and plasma parameters after 10 weeks 

on normal diet.  

(A) Liver TG content 4 weeks after of overexpression (GFP, n=3; LOVX, n=3). (B) Liver TG 

content 10 weeks after of overexpression (GFP, n=6; LOVX, n=6). (C) Liver toxicity parameters 

in plasma: alanine transaminase (ALT), aspartate aminotransferase (AST), albumin, alkaline 

phosphatase (ALP) and bilirubin (Saline, n=5; GFP, n=6; LOVX, n=6). (D) Plasma lipid profile: 

cholesterol, high-density lipoprotein (HDL), low-density lipoproteins (LDL), triglyceride (TG) 

(Saline, n=5; GFP, n=6; LOVX, n=6). Data are mean ± SEM. *p < 0.05 vs GFP control (Student’s 

t test, Panel A-B; One-way ANOVA, Panel C-D). 
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Figure 4.3. Ex vivo model validation.  

Hepatocytes were extracted following 4 weeks of PGP overexpression and the following 

parameters were measured directly or in cells cultured ex vivo (Saline, n=3; GFP, n=3; LOVX, 

n=3): (A) triglyceride (TG) content, (B) glycerol release, (C) lactate release, (D) lactate content. 

(E) Gluconeogenesis from glycerol or pyruvate/lactate (P+L). ***p < 0.001 vs. both controls at 

5G (5mM glucose) or 25G (25mM glucose) using One-way ANOVA . 
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Figure 4.4. Response of LOVX and control mice to in vivo glucose infusion for 48h.  

(A) Timeline: mice with jugular vein catheter received a continuous intravenous infusion of 

glucose for 48h with arterial blood and urine samples collected twice daily. (B) Body weight was 

measured weekly. (C) Blood glucose was monitored and (D) GIR was adjusted as needed during 

the infusion. The following parameters were measured at the end of the study: (E) Plasma TG and 

(F) Plasma glycerol, (G) Glucose in urine and (H) glycerol in urine. (I) Liver weight. (J) Liver 

TG content. (K) Heart TG content. Data are mean ± SEM (GFP control, n=5; LOVX, n=5). (Two-

way ANOVA, Panel C-H; Student’s t test, Panel B, I-K). 
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Chapter V. Discussion, future directions and conclusions 

Hyperglycemia is one of the main characteristics of different metabolic disorders, including 

obesity-associated T2D (Porte 1999). Excess glucose can simultaneously activate many metabolic 

pathways that are known to generate many metabolic intermediates and their derivatives, some of 

which can be toxic (Prentki, Peyot et al. 2020). Different cell types use different mechanisms to 

eliminate glucose carbons and other toxins; however, little is known about these detoxification 

mechanisms. In this thesis, I studied one proposed pathway for glucose detoxification, involving 

G3PP. G3PP was shown previously to control the cytosolic levels of Gro3P, a metabolite formed 

from glucose during glycolysis that is a starting substrate for the GL/FFA cycle. G3PP sits at the 

crossroads of glucose and lipid metabolism and can regulate glycolysis, gluconeogenesis, 

glycerolipid synthesis and FFA oxidation in pancreatic β-cell and hepatocytes. It can also regulate 

GSIS and glucolipotoxicity in the pancreatic β-cell. It is also important to mention that G3PP is 

well expressed in the majority of tissues (Mugabo, Zhao et al. 2016). Since G3PP deletion leads 

to intrauterine growth arrest and embryonic lethality in midgestation (Segerer, Hadamek et al. 

2016), I employed tissue-specific inducible KO mouse models to demonstrate that G3PP plays an 

important role in detoxifying excess glucose in adult pancreatic β-cells and hepatocytes. 

Gro3P is the physiological substrate for G3PP 

In mammals, G3PP was known to hydrolyze the toxic metabolite 2-PG and was recently shown to 

act as a ‘metabolite repair enzyme’ by eliminating toxic by-products of glycolysis and pentose 

phosphate pathways in cancer cell lines in vitro (Collard, Baldin et al. 2016). We considered the 

possibility that G3PP BKO mice may accumulate toxic by-products in β-cells and develop 

defective islet function or diabetes; and that similar functional impairment could develop in 

hepatocytes of G3PP LKO mice and also affect metabolic fitness. However, we did not notice any 
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signs of toxicity of G3PP deletion in either KO model both in vivo and ex vivo. BKO mice were 

as healthy as control animals: both groups gained weight and had equivalent food intake when fed 

a normal chow diet. In fact, β-cells from BKO mice displayed more efficient metabolic activation 

and insulin secretion, suggesting that toxic metabolites do not accumulate or cause toxicity in the 

BKO β-cells fed a normal diet (Possik, Madiraju et al. 2017, Possik, Al-Mass et al. 2021). In 

particular, 2-PG levels were very low in the BKO islets and did not change in control and BKO 

islets cultured ex vivo at different glucose concentrations. In addition, G3PP deletion in 

hepatocytes in LKO mice showed no effect on body weight, food intake, liver weight or lipid 

plasma profile (LDL, HDL and cholesterol) when the KO mice were compared to normal animals 

fed a normal diet. Markers of hepatocyte damage (ALT, ALP, AST and albumin) were not also 

different in the LKO and control mice. Moreover, 2-PG levels were not detectable in LKO mouse 

livers, even during glucose infusion. Interestingly, Gro3P levels were elevated in both LKO mouse 

liver and BKO mouse islets under conditions of high glucose levels. These results emphasized that 

Gro3P is a relevant physiological substrate for G3PP and the effects we observed in our models 

were due to G3PP’s activity toward Gro3P rather than toxins such as 2-PG, 4-PE, and 2-

phospholactate, particularly under high glucose levels. To confirm this, we need to measure the 

levels of these by-products in islets or hepatocytes of our models in mice fed a normal diet or 

stressed by a diet that leads to hyperglycemia. 

G3PP deletion phenotype characteristics are consistent between rats and mice 

The rationale for this thesis was based on previous findings by our group (Mugabo, Zhao et al. 

2016), showing that G3PP played a role in the control of glycolysis, glucose oxidation, cellular 

redox and ATP production, gluconeogenesis, glycerolipid synthesis and FA oxidation through its 

effects on cytosolic Gro3P levels in rat β-cells and hepatocytes in vitro (Mugabo, Zhao et al. 2016). 
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Specifically, G3PP knockdown using RNAi in primary rat hepatocytes in vitro led to lower 

glycerol release and higher TG content, lactate release and gluconeogenesis. Furthermore, reduced 

G3PP activity in both rat islets (RNAi knockdown) and INS-1(832/13) cells (siRNA knockdown) 

in vitro resulted in decreased glycerol release and increased GSIS, ATP production and O2 

consumption under high glucose concentration (Mugabo, Zhao et al. 2016). Therefore, before 

studying our tissue-specific KO mice in vivo, we validated the G3PP deletion phenotype ex vivo. 

BKO islets (inducible KO) showed increased GSIS and mitochondrial metabolism ex vivo only at 

high glucose levels and decreased glucose stimulated glycerol release. In addition, LKO 

hepatocytes studied ex vivo (Using AAV8) showed increased gluconeogenesis, TG content and 

lactate release with decrease glycerol release in response to high glucose concentration. This shows 

the role of G3PP is consistent across different models and using different approaches. 

In vivo G3PP deletion under normal diet 

All the in vitro and ex vivo data suggest that G3PP activity is more evident under conditions where 

glucose is elevated (Figure 5.1) (Mugabo, Zhao et al. 2016). However, studying the role of G3PP 

in vivo in BKO and LKO mice under normal diet first is important to validate the phenotype, since 

these are the first in vivo studies of tissue specific KO models of G3PP. To do this, the phenotype 

of BKO and control mice were studied in animals fed normal diet for 12 weeks (until 20 weeks of 

age). Interestingly, when BKO and control mice were challenged with a glucose load test at sixteen 

weeks of age, BKO mice showed a significant increase in insulinemia when glycaemia levels were 

around 20mM for both groups. This is the first in vivo evidence that BKO mice respond with higher 

insulin secretion under similar levels of hyperglycemia. These data were supported by studies of 

fed animals, where both groups showed similar fed glycaemia but BKO mice showed a significant 

increase in fed insulinemia. Additionally, BKO mice showed a tendency to have a higher C-peptide 
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levels, which may indicate that they have higher rate of insulin synthesis and secretion long term 

(Leighton, Sainsbury et al. 2017). Furthermore, fed plasma TG was significantly lower and TG 

content in VAT and SM was increased in the BKO mice, likely due to the higher plasma insulin 

levels which increases TG storage in peripheral tissues (Czech, Tencerova et al. 2013). 

Consequently, twenty week old BKO mice fed a normal diet showed a significantly larger gain in 

body weight compared to control mice despite a similar food intake. This increase in body weight 

was accompanied by an increased fat mass in the BKO mice, which indicating that these mice are 

more obese than controls due to the hypersecretion of the BKO islets. Moreover, sixteen week old 

BKO mice fed a normal diet showed mild glucose intolerance when challenged with a glucose 

load but no change in insulin sensitivity measured by IPITT. This mild glucose intolerance could 

be caused by the increased TG peripheral tissues and overall increased fat mass in the BKO mice. 

On the other hand, the LKO mice and control animals had the same body weight and food 

intake after 10 weeks on normal diet. LKO mice had normal fed and fasted glycaemia compared 

to controls; as well as similar liver weights, liver enzymes and plasma lipid profiles. However, 

LKO mice challenged with an oral glycerol load after an overnight fast showed significantly 

increased glycemia reflecting an increased hepatic glucose production. This is consistent with 

previous results showing that G3PP controls gluconeogenesis in hepatocytes cultured ex vivo 

(Mugabo, Zhao et al. 2016). LKO mice challenged with pyruvate, another gluconeogenesis 

substrate, showed no difference in hepatic glucose production in vivo. It is important to mention 

that the pyruvate loading test can cause elevated blood lactate which may trigger acidosis. Under 

acidotic conditions, the liver stops making glucose, which can still be made by the kidney (Gerich, 

Meyer et al. 2001). This could also be the reason also why we did not see any change in glucose 

levels after pyruvate loading compared to glycerol in vivo; however, we would need to measure 
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blood lactate during the test to validate this hypothesis. On the other hand, we see increased 

gluconeogenesis stimulated with glycerol or pyruvate/lactate in LKO isolated hepatocytes grown 

ex vivo. Glycerol, as a result of the action of hepatic glycerol kinase, provides a more direct 

substrate for gluconeogenesis through the formation of Gro3P than substrates such as pyruvate, 

lactate and amino acids (Wang, Kwon et al. 2020). Thus, the increase in hepatic glucose production 

in LKO mice is due to the lack of G3PP activity in the liver, where more Gro3P is directed for 

glucose synthesis. Studying both models under normal diet gave an insight on the role of G3PP 

under physiological conditions; however, it will be interesting to see what could happen under 

more metabolically challenging conditions and the role of G3PP in different obese and diabetic 

models such as db/db mice. 

 

Figure 5.1. Summary of G3PP deletion phenotype in pancreatic -cells and liver.  

The effect of G3PP deletion in pancreatic -cells and liver hepatocytes under high glucose level 

in vitro/ex vivo and in vivo. Abbreviations: Gro3P, glycerol 3-phosphate; G3PP, glycerol 3-
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phosphate phosphatase; TG, triglyceride; HGP, hepatic glucose production; LDL, low-density 

lipoproteins; FA, fatty acid and VLDL, very low-density lipoproteins.  

The effect of G3PP deletion in β-cells: 

The in vivo phenotype of the BKO mice indicated that G3PP deletion in the -cells leads to 

increased levels of Gro3P under elevated glucose levels, which pathways like glycolysis and the 

GL/FFA cycle in -cells to enhance GSIS. We investigated this further by studying the BKO islets 

ex vivo. BKO islets showed a clear decrease in glucose-induce glycerol release under high glucose 

concentration compared to the control islets, which validates the functional deletion of G3PP. BKO 

islets show an enhanced GSIS only at high glucose concentrations (16mM) compared to the control 

islets (Figure 5.1). These findings highlight that BKO islets show no significant increase in GSIS 

at intermediate or physiological glucose concentrations. Furthermore, we saw a significant 

increase in Gro3P levels and the upstream substrate DHAP only when high glucose levels were 

present and not under intermediate glucose concentrations. 

Gro3P metabolism in -cells is involved in pathways that affect GSIS by generating MCFs, 

including the GL/FFA cycle, mitochondrial respiration and glucose and lipid metabolism (Figure 

5.1). At high glucose levels, BKO islets showed an increase in mitochondrial O2 consumption and 

ATP production with no change in basal respiration or proton leak. This is due to the increase in 

the Gro3P shuttle substrates that affect mitochondrial respiration. Furthermore, ATP levels 

increased in BKO islets only under high glucose levels but not with intermediate glucose. BKO 

islets also showed a significant increase in the levels of TCA cycle intermediates, acetyl-CoA and 

mal-CoA under high glucose levels compared to the control islets; and increased lactate, indicating 

increased glycolytic flux. Taken together, -cell G3PP deletion leads to an increase in Gro3P levels 
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only at high glucose levels; and Gro3P enhances GSIS through the Gro3P shuttle and GL/FA cycle 

and the production of MCFs. 

The effect of G3PP deletion in hepatocytes: 

Our in vivo data indicated that G3PP activity is more evident under hyperglycemia conditions. TG 

synthesis depends in part on the availability of Gro3P, which links glycolysis to GL/FFA cycling 

(Prentki and Madiraju 2008, Prentki and Madiraju 2012). Thus, G3PP by controlling cytosolic 

levels of Gro3P can control TG synthesis and accumulation in hepatocytes at high glucose levels 

(Mugabo, Zhao et al. 2016). Our data showed an increase in glycolytic flux in LKO hepatocytes 

marked by increased lactate content and release only at high glucose concentrations (25mM). 

Furthermore, LKO hepatocytes had increased TG content at elevated glucose concentrations 

(Figure 5.1). These findings indicate that more glucose carbons are redirected back to glycolysis 

or to TG synthesis when G3PP activity is lost. Importantly, LKO hepatocytes show decreased 

glucose stimulated glycerol release under the same conditions, which further supports that G3PP 

eliminates glucose carbons to glycerol. 

The liver is the major site of gluconeogenesis from substrates such as amino acids, pyruvate, 

lactate or glycerol released by adipose tissue lipolysis (Adeva-Andany, Perez-Felpete et al. 2016). 

However, the formation of Gro3P from glycerol by hepatic glycerol kinase provides a more direct 

substrate for gluconeogenesis than other substrates (Wang, Kwon et al. 2020). G3PP has been 

shown to control gluconeogenesis in vitro (Mugabo, Zhao et al. 2016), which is consistent with 

our findings that LKO hepatocytes show increased gluconeogenesis in response to both glycerol 

and pyruvate/lactate as substrates ex vivo (Figure 5.1). 
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Role of G3PP in glucodetoxification 

Glucose can enter both β-cells and hepatocytes through GLUT2, which is an insulin-independent 

transporter. GLUT2 supports a high flow of glucose entry into the cell because it has a low affinity 

and high transport capacity for glucose (Hiriart and Aguilar-Bryan 2008). This means that both β-

cells and hepatocytes cannot reduce glucose entry to protect themselves from glucotoxicity. 

Nonetheless, they can redirect excess glucose carbons to other metabolic pathways or modify 

potentially toxic molecules derived from glucose metabolism and/or excrete them outside the cells. 

One of the potential pathways to eliminate glucose carbons is G3PP which hydrolyzes Gro3P to 

glycerol, which is not toxic at high levels (Prentki, Peyot et al. 2020). 

BKO islets and LKO livers exposed to high glucose levels show increased accumulation 

of Gro3P and decreased glucose induce glycerol release. This indicates that glucose carbons in the 

G3PP KO are not being directed to glycerol and then eliminated. We sought to determine whether 

it is crucial for these cells to have this pathway to detoxify glucose carbon under glucotoxic 

conditions. It is known that β-cell glucotoxicity can lead to lower insulin content and GSIS; 

reduced expression of β-cell-specific genes such as the transcription factors Pdx-1, NeuroD1 and 

Mafa, and the insulin gene; and also decreased β-cell viability and increased apoptosis (Ye, Tai et 

al. 2006, Prentki, Peyot et al. 2020). Interestingly, BKO islets under gluoctoxic conditions showed 

reduced insulin content and increased apoptosis. Moreover, the islets had lower expression of Ins-

2, Pdx-1 and Mafa, indicating that BKO isles β-cells are losing their identity by dedifferentiation, 

which is a sign of β-cell dysfunction (Prentki, Peyot et al. 2020). These findings indicate that G3PP 

plays an important role in preventing β-cell glucotoxicity. By directly hydrolysing glucose-derived 

Gro3P to release glycerol under high glucose, G3PP could act as a detoxification mechanism to 

protect the β-cell.  
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Excessive glucose in the liver is converted into TG through the GL/FFA cycle, using Gro3P 

as a starting substrate along with FA-CoA; which can eventually lead to ectopic fate accumulation 

in the liver and other tissues (Alves-Bezerra and Cohen 2017). Therefore, the availability of Gro3P 

is important for TG synthesis; and G3PP could play a role in reducing fat accumulation in the liver 

by redirecting glucose carbons to glycerol rather than to TG. Consequently, hyperglycemic LKO 

mice showed higher liver TG content compared to controls. We further investigated other 

parameters of fatty liver including changes in plasma lipids, and hepatic cholesterol accumulation 

and inflammation (Arguello, Balboa et al. 2015, Aguilar-Salinas and Viveros-Ruiz 2019). 

Hyperglycemic LKO mice showed elevated levels of plasma TG and LDL/VLDL; along with 

higher levels of liver cholesterol, indicating that there is an alteration in cholesterol homeostasis 

and transport leading to the accumulation of cholesterol in the liver (Arguello, Balboa et al. 2015). 

Excessive hepatic TG and cholesterol accumulation can promote inflammation by activating 

macrophages and Kupffer cells (Matsuzawa, Takamura et al. 2007, Chen, Varghese et al. 2014). 

Hyperglycemic LKO mice showed increased expression of pro-inflammatory cytokines like Tnfα 

and Il-6 and macrophages markers like Cd11c and F4/80 in the liver.; indicating an increase in 

macrophage recruitment and inflammation in the LKO liver under hyperglycemia. Furthermore, 

inflammation is a known effect of glucotoxicity (Prentki and Nolan 2006). Taken together, these 

findings show that G3PP plays an important role in preventing glucotoxicity and excess fat 

accumulation in the liver. 

These results indicate that G3PP can play a significant role in glucodetoxification in both 

pancreatic β-cells and the liver. Therefore, it would be interesting to test whether G3PP 

overexpression in these tissues and cells can protect from glucotoxicity. This was shown in vitro: 

overexpression of hG3PP in β-cells decreased GSIS in response to high glucose levels that could 
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prevent β-cell exhaustion and protect against glucolipotoxicity (Mugabo, Zhao et al. 2016). 

Furthermore, overexpression of hG3PP in hepatocytes in vitro decreased TG content and lactate 

release and increased glucose stimulated glycerol released (Mugabo, Zhao et al. 2016). Moreover, 

overexpression of human G3PP (hG3PP) in rat liver in vivo, using an adenoviral construct, resulted 

in decreased body weight gain in rats that were fed standard chow, along with decreased hepatic 

glucose production in response to glycerol and plasma TG levels and increased plasms HDL levels. 

Since these were short-term studies using the adenoviral construct and G3PP expression was 

increased more than 100-fold in rat liver; we studied the effects of hG3PP protein overexpression 

at close to physiological levels over a longer time period using AAV8. As discussed in Chapter 

IV, our model did not show any major phenotype in vivo or ex vivo, indicating that G3PP 

overexpression in liver needs to be higher than 3 fold to alter glucose or fat metabolism. 

5.1 Future directions 

This thesis has shed light on the role of G3PP as a regulator of glucose, lipid and energy 

metabolism in vivo through its phosphatase activity towards Gro3P. My work highlighted the 

importance of this enzyme in metabolic regulation under stressed conditions such as 

hyperglycemia, pointing to its potential as a therapeutic target for metabolic diseases like T2D and 

NAFLD. 

In Chapter II, I showed that G3PP deletion in -cells affects their metabolism and insulin 

secretion in vivo, primarily when glucose concentrations are elevated. However, I studied my BKO 

mouse model under normal diet, raising the question about how the BKO mice would respond 

when challenged with a diet that leads to chronic hyperglycemia. I observed that ex vivo BKO 

islets show showed increased apoptosis, reduced insulin content and decreased mRNA expression 
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of -cell differentiation markers when chronically exposed to elevated glucose levels. Considering 

the known role of G3PP in clearing compounds that are potentially toxic to -cells and other tissues 

(e.g. 2P-lactate, 4-P erythronate and 2P glycolate), it would be interesting to evaluate BKO mice 

fed a high sucrose / high fat diet to determine whether the -cell KO could alter whole body 

glycerol release, glucose usage and oxidation, fat metabolism and insulin secretion and glucose 

tolerance. It would also be interesting to examine if controlled overexpression of G3PP in -cells 

protects against metabolic stress induced deregulation of insulin secretion and gluco(lipo)toxicity 

in pancreatic -cells, in vivo. As my initial studies indicated that G3PP overexpression in vitro 

protects against glucolipotoxicity and against excessive stimulation of -cells by high glucose by 

reducing insulin secretion (Mugabo, Zhao et al. 2016). Our lab is planning to examine this in vivo, 

using tet-inducible G3PP transgenic (TiG3PP) mice, which will be crossed with Ins1 (Cre) mice 

(Thorens, Tarussio et al. 2015) to generate -cell specific Ti-B-G3PP animals. Male Ti-B-G3PP 

mice (8 weeks old) will be given doxycycline in drinking water and fed normal chow diet and 60% 

HFD with high sucrose (high fat high sucrose model), for 12 weeks. We will study insulin and 

glucose homeostasis, both in vivo and ex vivo; and will correlate our findings with altered glucose, 

lipid and mitochondrial metabolism in -cell , insulin secretion in response to various stimuli, 

insulin content and gene expression, -cell proliferation, -cell mass and apoptosis. 

In my experiments, I used an inducible model of -cell specific G3PP-KO mice based on 

Cre recombinase and evaluated the MCre mice as one of my controls. The MCre mice express a 

human growth hormone (hGH) minigene in pancreatic isletswhere local hGH secretion is 

associated with increased insulin content and resistance to streptozotocin-induced hyperglycaemia 

(Oropeza, Jouvet et al. 2015). In my study, the transgene construct used to generate the MCre mice 

can produce hGH in islets (Tamarina, Roe et al. 2014); however, I did not observe a specific 
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phenotype in MCre mice compared with WT and fl/fl mice for all the in vivo variables that I studied 

(discussed in Chapter II). Despite this, it would be worthwhile to validate my findings using 

another -cell specific G3PP-KO mouse model such as the Ins1 (Cre) mice that induce complete 

recombination in -cells when the animals are born, compared to the MCre mice in which 

tamoxifen-dependent gene recombination is induced in adult mice (Thorens, Tarussio et al. 2015). 

This will show that the phenotype is consistent and reproducible, and will give an insight on the 

effect of G3PP deletion during embryogenesis and islet development on the adult -cell. 

In Chapter III, I showed that G3PP plays an important role in preventing hyperglycemia-

induced metabolic stress in the liver which contributes to enhanced fat and glycogen storage and 

inflammation. These changes in LKO mice were observed after short periods of induced 

hyperglycemia and raise questions related to the possible effects of prolonged hyperglycemia or 

diets that are known to induce NAFLD or NASH on the LKO animals. Specifically, will G3PP 

deletion lead to NAFLD progression under these conditions? A second major step for this project 

would be to overexpress G3PP in the liver and investigate if controlled overexpression of G3PP in 

liver normalizes glycemia, protects from liver steatosis or insulin resistance and reduces 

gluconeogenesis in a high sucrose / high fat mouse model. 

In Chapter IV, I overexpressed G3PP by 3 fold in hepatocytes in vivo using AAV8-TBG-

hPGP and showed that this resulted in a less severe phenotype than a rat model where G3PP was 

overexpressed ~100 fold using an adenoviral construct (Mugabo, Zhao et al. 2016). This indicates 

that further optimize of the level of overexpression in the liver would be worthwhile to identify 

the threshold level of G3PP activity needed to cause metabolic changes in vivo (between 3- and 

100-fold). Another major advantage of using AAV8-TBG-hPGP is that it allows us to overexpress 

G3PP in the livers of different well characterized T2D mouse models to see if G3PP 
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overexpression can reverse the phenotype of animals such as db/db mice, which are obese, 

hyperglycemic and develop fatty liver (Srinivasan and Ramarao 2007). 

Finally, it would be important to study the regulation of G3PP by other fuels that can 

increase levels of intracellular Gro3P, such as fructose. Glucose and fructose are ingested in 

approximately equal quantities, but many studies have shown that fructose is the major contributor 

to de novo lipogenesis, mainly in the liver which is the major site of fructose metabolism (Hannou, 

Haslam et al. 2018, Silva, Marques et al. 2019). Fasting fructose concentrations in plasma are 

typically 0.02-0.04 mM and can increase up to 10-fold after fructose consumption. Fructose is 

cleared by the intestine (30%) and the liver (70%) (Hannou, Haslam et al. 2018). In the liver, 

fructose is phosphorylated by fructokinase to form fructose-1-phosphate, which is converted into 

dihydroxyacetone phosphate and glyceraldehyde-3-phosphate (Figure 5.2). Fructose entry into 

glycolysis at this intermediate stage differs from glucose entry as it bypasses phosphofructokinase, 

a major regulatory point in glycolysis. This bypass may lead to an increased availability of 

glycolysis metabolites, such as Gro3P and pyruvate when fructose is used as a substrate; which 

could contribute to increase TG production as Gro3P and pyruvate are also lipid biosynthesis 

precursors (Hannou, Haslam et al. 2018). Because fructose can rapidly increase Gro3P levels in 

the liver with less regulation compared to glucose (Figure 5.2), it is possible that G3PP can play 

an important role in NAFLD mediated by Gro3P derived from the high consumption of fructose. 
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Figure 5.2. Fructose and Glucose metabolism in hepatocyte and role of G3PP 

Model depicting the possible role of G3PP in fructose metabolism in hepatocytes. The 

abbreviations are: Gro3P, glycerol 3-phosphate; G3PP, glycerol 3-phosphate phosphatase; TG, 

triglyceride; F1P, fructose-1-phosphate; ADH, alcohol dehydrogenases; GK, glycerol kinase; 

DNL, de novo lipogenesis; DHAP, dihydroxyacetone phosphate; Ga3P, glyceraldehyde-3-

phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F-1,6-BP, fructose 1,6-

bisphosphate; PFK1, phosphofructokinase 1; TPI, triose-phosphate isomerase and G3PDH, 

glyceraldehyde 3-phosphate dehydrogenase. 

 

5.2 Conclusions 

This thesis aimed to provide more insight into the in vivo role of G3PP in carbohydrate and lipid 

metabolism in β-cell and liver, viewing G3PP as a potential detoxification enzyme that eliminates 

excess glucose carbon as glycerol. I used tissue specific KO mice models and studied them under 
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normal diet and hyperglycemic conditions with different metabolic challenges in vivo and ex vivo. 

The findings in this thesis not only confirm our previous conclusions based on in vitro studies 

using rat islets and hepatocytes (Mugabo, Zhao et al. 2016) but also showed that G3PP played a 

significant role in hyperglycemic and metabolically stressed mice.  

In Chapter II, I demonstrated that G3PP deletion in -cells affects glucose metabolism, -

cell function and GSIS in BKO mice, but only at high glucose concentrations. BKO mice display 

increased fed insulinemia, GSIS, body weight, adiposity, reduced glucose tolerance and plasma 

triglycerides in vivo. Ex vivo, isolated BKO mouse islets showed elevated GSIS, Gro3P, DHAP 

and signaling coupling factors reflecting -cell activation, ATP production and reduced glycerol 

release, also only at high glucose concentrations. In addition, BKO islets chronically exposed to 

elevated glucose showed increased apoptosis, reduced insulin content and expression of Pdx-1, 

Mafa and Ins-2 transcripts. This demonstrated that G3PP eliminates excess glucose carbons as 

glycerol in -cells to prevent unnecessary excess secretion of insulin that could cause -cell 

dysfunction and death under chronic hyperglycemic conditions. 

In Chapter III, I demonstrated that G3PP deletion in liver affects glucose and glycerolipid 

metabolism in vivo in LKO mice, particularly under conditions of nutrient excess such as 

hyperglycemia. Hyperglycemic LKO mice showed enhanced plasma TG, LDL and VLDL and 

cholesterol levels and increased hepatic weight, TG, glycogen content and expression of 

inflammatory markers. Furthermore, the levels of Gro3P, DHAP, acetyl-CoA, malonyl-CoA and 

Krebs cycle intermediates along with the NADP/NADPH ratio were elevated in LKO mouse livers 

after glucose infusion. This demonstrated that G3PP deletion in hepatocytes increase fat and 

cholesterol accumulation and inflammation in the liver, which can lead to the development of 

NAFLD, under conditions of metabolic stress induced by hyperglycemia, seen in diabetic state. 
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In Chapter IV. I concluded that overexpression of the liver need to be higher than 3 fold to 

see an effect and this could be done gradually using the AAV8 method or developing a transgenic 

mice. This is because LOVX mice show minimal phenotypic changes under normal diet and 

chronic hyperglycemia in vivo and no differences in hepatocyte metabolism ex vivo.  

Overall, the data identify G3PP as a novel metabolic pathway – the glycerol shunt – 

implicated in glucodetoxification and fuel partitioning via the metabolic fate of Gro3P and DHAP 

in both pancreatic -cells and hepatocytes. Despite the previous beliefs that mammals do not have 

an enzyme function as G3PP, the work in this thesis and published results (Mugabo, Zhao et al. 

2016, Segerer, Hadamek et al. 2016, Possik, Madiraju et al. 2017, Possik, Al-Mass et al. 2021, 

Possik, Schmitt et al. 2022) shows that such an enzyme does exist and plays a major role in 

embryonic development, metabolic regulation and different physiological processes. This thesis 

showed that G3PP activity in pancreatic -cells is important in regulating GSIS and also in 

preventing glucotoxicity. Furthermore. G3PP activity in hepatocytes is an important regulator of 

glucose metabolism and fat storage. G3PP activity can protects against nutrient stress and excess 

fat accumulation. As a result, by preventing -cells exhaustion and hyperinsulinemia under 

metabolic stress conditions and ectopic fat accumulation in the liver G3PP may also be a potential 

therapeutic target for different metabolic diseases. However, the role and regulation of G3PP in 

metabolically relevant tissues including VAT, the heart, brain and muscles is still unknown and 

need further investigation to have full insight on the role of G3PP in vivo. 
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