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ABSTRACT 

 

Blood glucose homeostasis is essential for human growth, physical activities, and 

health. The present study proposes a possible mechanism for autophagy-mediated hepatic 

glucose production (HGP) during starvation, which is likely to be in a FoxO1-dependent 

manner. HGP assay showed that autophagy deficiency induced by either chloroquine (CQ) 

or siRNA-ATG7 significantly suppressed the HGP in wild type (WT), but not in liver-

specific FoxO1 knockout (L-FKO) mouse hepatocytes. Similarly, the glucagon tolerance 

test and pyruvate tolerance test showed that upon inhibition of autophagy, only WT mice 

but not L-FKO mice exhibited a significant reduction in glucose production compared to 

the WT or L-FKO mice without autophagy deficiency. Western blot results further revealed 

that under autophagy deficiency, the protein amount of FoxO1 was remarkably reduced, 

accompanied with a significant decrease of FoxO1 nuclear localization. Notably, the 

reduction of FoxO1 protein amounts induced by autophagy deficiency was independent of 

FoxO1-S253 and FoxO1-S273 phosphorylation, as the reduction of FoxO1 persisted in 

hepatocytes isolated from FoxO1-S253A/A and FoxO1-S273D/D knock-in (KI) mice. Even 

proteasome inhibitor MG132 did not prevent FoxO1 from decreasing under autophagy 

deficiency, suggesting that the FoxO1 degradation was unlikely the major cause. In addition, 

autophagy deficiency did not change FoxO1 mRNA level, meaning that the reduction of 

FoxO1 was likely happening in post-transcriptional activities. The HPLC results unveiled 

that autophagy deficiency significantly altered hepatic amino acid pools and amino acid 

transportation including ATF4-LAT1 axis. With an addition of exogenous amino acid 
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mixture, we successfully restored the FoxO1 protein amount and HGP even under 

autophagy deficiency. Meanwhile, amino acid supplementation-induced restoration of 

FoxO1 and HGP was abolished by protein synthesis inhibitor cycloheximide (CHX), 

suggesting that the alteration of amino acid pools caused by autophagy deficiency impaired 

FoxO1 protein synthesis. The present study highlights an important role of autophagy 

involved in glucose homeostasis, which is to maintain the hepatic amino acid pools under 

starvation, subsequently supporting the activity of FoxO1 in control of the HGP.  
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW  

Carbohydrates, as the main fuel of human body, are playing an essential role in 

supporting human health, growth, and development. In order to keep our cells and organs 

functioning properly, our blood glucose level is maintained in between 80 mg/dL and 120 

mg/dL (about 4.4 mM to 6.7 mM) 1-3. In particular, a physiological range of blood glucose 

level is extremely important for ensuring a constant glucose supply to our erythrocytes 

and central nervous system (CNS)4-9. Erythrocytes do not contain mitochondria, therefore 

the energy supply in erythrocytes is solely from glycolysis and pentose phosphate pathway 

in which glucose is the substrate9-11. Likewise, glucose is the major energy source (~80%) 

of our brain, even though the brain is able to utilize ketone bodies as the alternative energy 

source12, 13. On top of that, our muscle contraction requires large amount of adenosine 

triphosphates (ATPs) generated from oxidative phosphorylation in which reducing 

equivalents (e.g., NADH, FADH2) produced from glycolysis and tricarboxylic acid (TCA) 

cycle are the principal substrates7, 14, 15. In contrast, patients with hypoglycemia have a 

high chance to develop cognitive dysfunction like coma and seizure6, 16. 

In order to maintain a proper blood glucose level, our body evolved a sophisticated 

regulatory machinery in which insulin and glucagon are playing the central roles. 

Glucagon, which is synthesized and secreted from pancreatic α-cells, is a peptide hormone 

consisting of 29 amino acids which folds into a short alpha helix secondary structure17, 18. 

When our body is under fasting conditions, the relatively low blood glucose level (usually 

less than 99 mg/dL or 5.5 mM) triggers α-cells to secrete glucagon into circulation. 
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Glucagon not only promotes glycogenolysis and gluconeogenesis in the liver to produce 

glucose, but also triggers lipolysis in adipose tissues, resulting in the generation of fatty 

acids as the non-carbohydrate substrate for gluconeogenesis19-21. On the other hand, when 

our body is under the feeding conditions, insulin, which is playing as a counter-regulatory 

hormone on glucagon, is synthesized and secreted from pancreatic β-cells. With the help 

of insulin signaling, glucose disposal and lipogenesis are promoted in insulin-sensitive 

organs/tissues (e.g., the liver, skeletal muscle, and adipose tissues), resulting in a decrease 

of blood glucose level and increase of glycogen and lipid storage20, 22, 23. 

After decades of studies, more and more new intracellular mechanisms involved in 

glucose homeostasis are unveiled. In particular, autophagy, which is the dynamic process 

of eukaryotic cells breaking down intracellular components such as misfolded proteins, 

protein aggregates or damaged organelles by lysosomal degradation, is found to play an 

indispensable role in energy balance24, 25. Forty years ago, it was first demonstrated that 

glucagon could be a potential inducer of autophagy26. Recently, it has been reported that 

glucagon promotes autophagy by triggering Ca2+- calcium/calmodulin-dependent protein 

kinase β (CaMKK-β) signaling cascade under starvation27-30. Considering the activities of 

autophagy is elevated under fasting and regulated by glucagon, we would like to further 

investigate the potential contribution of autophagy to hepatic glucose production (HGP). 

In the present study, we found that autophagy is an important mechanism to sustain the 

protein level of forkhead box protein O1 (FoxO1) which is a critical transcription factor 

regulating gluconeogenic gene expression, subsequently supporting HGP under starvation 

conditions. 
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Hormonal regulation in the liver 

Glucagon promotes HGP in the fasting state 

Glucagon is the major hormone promoting HGP during starvation via glycogenolysis 

and gluconeogenesis. In terms of the regulation of glycogenolysis, glucagon interacts with 

a glucagon receptor which is a member of the G-protein coupled family of receptors 

(GCGR) located on the plasma membrane of hepatocytes, leading to the activation of 

adenylate cyclase (AC)31, 32. AC catalyzes the conversion of ATP to cyclic adenosine 

monophosphate (cAMP) at the inner surface of the plasma membrane33, 34. Elevation of 

cAMP concentration initiates the conformational changes of cAMP-dependent protein 

kinase (PKA) which in turn becomes active and catalyzes the phosphorylation of 

phosphorylase kinase B (inactive form), generating phosphorylase kinase A (active form). 

Phosphorylase kinase A (PPK) further catalyzes the phosphorylation of glycogen 

phosphorylase B (inactive form) to generate glycogen phosphorylase A (active form). 

Activated glycogen phosphorylase (PYG) catalyzes the phosphorolytic cleavage of the 1-

4 linkage of glycogen, releasing glucose-1-phosphate (G1P). G1P is then converted to 

glucose-6-phosphate (G6P) which eventually turns into glucose under the catalyzation of 

glucose-6-phosphatase (G6Pase)35-37. 

 Apart from glycogenolysis, glucagon-activated PKA stimulates gluconeogenesis by 

using non-carbohydrate carbon substrates, such as pyruvates, lactates and amino acids. In 

the gluconeogenic signaling pathways, PKA has three important phosphorylation targets, 

fructose-2,6-bisphosphatase (FBPase-2), cAMP-response element binding protein 

(CREB) and FoxO17, 38, 39. Particularly, FBPase-2 is a bifunctional enzyme which is not 
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only responsible for the conversion of fructose-2,6-bisphosphate (F2,6P2) to fructose-6-

phosphate (F6P) in the gluconeogenic pathway, but also able to reverse this enzymatic 

reaction as phosphofructokinase-2 (PFKase-2) in its dephosphorylated state during 

glycolysis7. In the fasted state, glucagon activates PKA, which in turn catalyzes the 

phosphorylation of PFKase-2 at serine 32 to activate its phosphatase domain (i.e., turning 

into FBPase-2). FBPase-2 cleaves the phosphoric monoester bonds of F2,6P2 to generate 

F6P. Decrease of F2,6P2 concentration releases the inhibitory effect of F2,6P2 on 

fructose-1,6-bisphosphatase (FBPase-1), favoring the generation of F6P in the process of 

gluconeogensis7. In addition, PKA catalyzes the phosphorylation of CREB at serine 133, 

which initiates the recruitment of CREB-binding protein (CBP) and CREB-regulated 

transcriptional coactivators 2 (CRTC2), forming a CREB-CBP-CRTC2 complex in the 

nucleus. This complex binds to cAMP response element (CRE) of the promoter regions 

of target genes including gluconeogenic genes g6pc and pck1, leading to upregulation of 

G6Pase and phosphoenolpyruvate carboxykinase (PCK) which are two key enzymes 

contributing to gluconeogenesis38-40. Finally, recent studies revealed that PKA catalyzes 

the phosphorylation of FoxO1 at serine 276, which improves FoxO1 stability and nuclear 

localization35, 41. Under this circumstance, more FoxO1 are able to stay in the nucleus and 

bind to the insulin response element (IRE) of the promoter regions of g6pc and pck1, 

resulting in promotion of gluconeogenesis (Figure 1)38, 42-44.  

Insulin suppresses HGP in the feeding state 

In the feeding state, insulin is a principal hormone responsible for the upregulation 

of glycolysis and lipogenesis, and downregulation of gluconeogenesis and glycogenolysis 
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in the liver, leading to reduction of HGP, promotion of glucose disposal in insulin-

sensitive tissues/organs (e.g., skeletal muscle), and storage of lipids in adipose tissues22, 23, 

45. In the liver, insulin signaling starts from the interaction between insulin and an insulin 

receptor (IR) which is a transmembrane receptor in the plasma membrane of hepatocytes. 

Upon this ligand-induced initiation, tyrosine residues of IR undergo autophosphorylation 

and activation, triggering downstream signaling cascades starting from the recruitment of 

insulin receptor substrate 1 and 2 (IRS1/2)46, 47. IRS1/2 are members of cytoplasmic 

adaptor proteins typically responsible for insulin signaling. Notably, IRS1 is reported to 

have a dominant role in controlling of the insulin signaling cascade compared to IRS2 in 

the liver, probably because IRS1, but not IRS2, can regulate gene expression responsible 

for both glucose and lipid metabolisms48, 49. There are several tyrosine phosphorylation 

sites in the C-terminal of IRS1/2. Once these tyrosine phosphorylation sites become 

phosphorylated by IR, they serve as binding sites for the Src homology-2 (SH2) domain 

in the regulatory subunit (p85) of phosphatidylinositol 3-kinase I class (PI3K-1), leading 

to the formation of a PI3K-1 heterodimer between regulatory subunit p85 and catalytic 

subunit p10050-53. Then PI3K-1 heterodimer travels to the inner cell membrane in which 

the catalytic subunit p100 catalyzes the phosphorylation of phosphatidylinositol 4,5-

bisphosphate (PIP2), forming phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 can not 

only interact with pleckstrin homology (PH) domain of phosphoinositide-dependent 

kinase-1 (PDK1) and protein kinase B (AKT) which can be subsequently phosphorylated 

by PDK1 in threonine 308 (T308), but also recruit the mammalian target of rapamycin 

complex 2 (mTORC2) to phosphorylate hydrophobic motif (HM) sites of AKT at serine 
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473 (S473)54. AKT with both S473 and T308 phosphorylation turns into a fully activated 

state, which in turn catalyzes the phosphorylation of FoxO1 in serine 256 (S256) 

(equivalent to S253 in mouse FoxO1), leading to FoxO1 nuclear exclusion followed by 

ubiquitination and proteasome degradation in the cytoplasm55, 56. Meanwhile, AKT 

catalyzes the phosphorylation of glycogen synthase kinase 3 (GSK3) at serine residues, 

leading to GSK3 inhibition, which makes more glycogen synthases (GS) stay at 

dephosphorylated (active) state to promote glycogenesis (Figure 1)38, 46, 57. Lastly, insulin 

signaling triggers the phosphoprotein phosphatase to dephosphorylate FBPase-2, which in 

turn activates PFKase-2 to convert F6P to F2,6P2. F2,6F2 serves as an allosteric activator 

of PFKase-1, favoring the process of glycolysis7.  
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Figure 1. Hormonal regulation on HGP. 

Hepatic glucose production (HGP) is regulated by insulin and glucagon in opposite directions depending on the nutritional 

condition. In the feeding conditions, insulin inhibits HGP after binding to an insulin receptor (IR), triggering intracellular IRS-

PI3K-AKT signaling cascade which not only stimulates glycogenesis via glycogen synthase (GS)-dependent pathway, but also 

suppresses gluconeogenesis by catalyzing FoxO1-S256 phosphorylation. Phospho-FoxO1-S256 undergoes nuclear exclusion 

and degradation in the cytoplasm. In addition, insulin promotes glycolysis by activating PFKase-1 (not shown in this figure). In 

the fasting conditions, glucagon stimulates HGP after binding to a glucagon receptor (GCGR), triggering cAMP-PKA signaling 

cascade. PKA promotes glycogenolysis via PPK-PYG pathway. Meanwhile, PKA phosphorylates CREB and FoxO1 at S133 

and S276 (equivalent to S273 in mouse FoxO1) respectively, promoting the formation of the CREB-CBP-CRTC2 complex and 

FoxO1 nuclear localization, which subsequently induces the gluconeogenic gene expression. In addition, PKA activates fructose 

bisphosphatase-2 (FBPase-2) which decreases the concentration of fructose-2,6-bisphosphate (F2,6P2), releasing the inhibitory 

effects of F2,6P2 on FBPase-1, favoring gluconeogenesis (not shown in this figure). In hepatocytes, the glucose uptake and 

secretion are facilitated by glucose transporter 2 (GLUT2). 
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Dysfunction of hormonal regulation causes metabolic disorders 

As the hormonal regulation controlled by insulin and glucagon is essential for glucose 

homeostasis, dysfunction of the hormonal regulation causes many metabolic syndromes, 

such as dysinsulinemia, dyslipidemia and hyperglycemia, which could subsequently 

develop into diabetes mellitus (DM, or “diabetes” for short)1, 45, 58. DM is considered as 

one of the leading global health issues. According to the report from the International 

Diabetes Federation (IDF), there were about 463 million people between the ages 20-79 

years around the world having diabetes in 2019, and this data is predicted to rise to 578 

million in 2030, then 700 million in 2045 if there are insufficient actions being taken to 

tackle this issue59. 

Type 1 diabetes (T1D) 

In the US, about 1 to 2 million people (5-10% of diabetic patients) are suffering from 

Type 1 diabetes (T1D)2, 3. T1D is also called insulin-dependent diabetes, which is 

classified as an autoimmune disorder2, 60-62. In T1D patients, the pancreatic β-cells, which 

are the only cells that are able to generate and secrete insulin, are falsely recognized as 

invaders of patients’ body, and destroyed by the immune system, leading to insufficient 

insulin production in circulation, which is namely hypoinsulinemia62. Moreover, as insulin 

is one of the strongest suppressors of glucagon secretion in pancreatic α-cells, 

hypoinsulinemia can cause excess secretion of glucagon, resulting in hyperglucagonemia. 

Under these circumstances, the body not only fails to efficiently promote glucose disposal 

in muscle and adipose tissues, but also suffers from excess HGP, bringing constant 

hyperglycemia after meal21, 45, 63. 
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The development of T1D is primarily due to genetic predisposition. It is reported that 

over 50 loci in our chromosomes are found to be associated with the development of T1D. 

In particular, the major contributor that counts for about 50% of the genetic risk of T1D 

development, is located in the major histocompatibility complex (MHC) region on 

chromosome 6 which is responsible for the proteins involved in adaptive and innate 

immunity61, 62, 64, 65. Considering the close association between T1D and genetic disorders, 

T1D is often diagnosed at the early age of patients, although T1D can sometimes be 

diagnosed in adulthood66-69. In order to keep the blood glucose level under control, T1D 

patients are required to keep monitoring their own blood glucose level and take insulin 

injections several times a day69-71.  

Type 2 diabetes (T2D) 

Type 2 diabetes (T2D) accounts for more than 90% of the prevalence of diabetes in 

the US3, 72, 73. Compared to the T1D patients who cannot generate sufficient insulin due to 

autoimmunity-induced destruction of pancreatic β-cells, the T2D patients are mainly 

suffering from insufficient insulin sensitivity, namely insulin resistance22, 23, 45, 74, 75. 

Although the patients with insulin resistance may not necessarily develop T2D eventually, 

insulin resistance is still considered as the primary cause of T2D58, 76. There are three major 

risk factors for the development of insulin resistance: sedentary lifestyle, excess energy 

consumption and aging. Pathogenetically speaking, these risk factors promote ectopic 

lipid accumulation in insulin-responsive tissues/organs (i.e., the liver, skeletal muscles, 

and adipose tissues) which is believed to be one of the main causes of insulin resistance45, 

77, 78. For instance, excess amounts of lipid accumulated in the liver exceeds the capacity 
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of lipid exportation via very-low-density lipoprotein (VLDL). These excess hepatic lipids 

activate the epsilon isoform of protein kinase C (PKCε) which in turn inhibits the 

phosphorylation of IRS1/2, leading to inactivation of AKT. As a result, neither the 

promotion of glycogenesis mediated by glycogen synthase, nor the suppression of 

gluconeogenesis mediated by FoxO1 phosphorylation and degradation can be efficiently 

triggered by insulin signaling, inducing hyperglycemia52, 79-81. 

Although the pancreatic β-cells are not destroyed by the immune system in T2D, the 

insulin secretion would actually be impaired along with the progression of T2D from 

insulin resistance82-84. In general, the hyperinsulinemia is observed at the early stage of 

insulin resistance, followed by hypoinsulinemia when insulin resistance is progressing to 

T2D85-87. Mechanically speaking, as the insulin resistance-induced hyperglycemia persists, 

a high glucose level keeps the opening of voltage-dependent calcium (Ca2+) channels 

(VDCCs) in pancreatic β-cells, leading to a Ca2+ influx which in turn drives the Ca2+-

dependent exocytosis of insulin from β-cells, causing insulin over-production58, 82, 88-91. In 

addition, the β-cell mass is markedly expanded under the stimulation of hyperglycemia92, 

93. The stimulation of insulin secretion and β-cell mass expansion are two typical 

compensatory mechanisms in response to insulin resistance-induced hyperglycemia94, 95. 

However, prolonged exposure of β-cells to hyperglycemia (and probably hyperlipidemia) 

gradually exhausts the function of β-cells. Glucose toxicity and lipid toxicity trigger 

oxidative stress and inflammation in β-cells, damaging the organelles (particularly the 

mitochondria) and upregulating pro-apoptotic genes expression which subsequently lead 

to β-cells dysfunction and destruction92, 96-100. Under these circumstances, the secretion of 
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insulin is significantly reduced, and the β-cell mass is remarkably truncated. It was 

reported that the total volume of β-cells in obese nondiabetic individuals was about 40% 

larger than normal weight nondiabetic individuals, indicating an expansion of β-cell mass 

at the early stage of insulin resistance; but the β-cell volume dropped approximately 30% 

in obese diabetic individuals comparing with normal nondiabetics, indicating a shrinkage 

of β-cell mass when insulin resistance proceeds to T2D92. Similar to hyperglucagonemia 

in T1D, the dysfunction of β-cells in T2D makes the secretion of glucagon from pancreatic 

α-cells out of control which in turn continuously enhances the HGP even under fed state. 

There are quite a few therapeutic strategies to tackle T2D. Improvement of lifestyle, 

dietary habits (e.g., diet containing low carbohydrate and high fiber) and regular physical 

activity are the three top recommended strategies because these methods are beneficial for 

control of weight gain and glucose consumption without drug intervention. On top of that, 

metformin, glucagon-like peptide 1 (GLP-1)-based therapies (e.g., dipeptidyl peptidase 

4 (DPP-4) inhibitors, GLP-1 receptor agonists) and insulin injection are several well-

recognized T2D medications72, 101-105. 

Gestational diabetes (GD) 

Apart from T1D and T2D, there is a third type of diabetes called gestational diabetes 

(GD) which refers to diabetes that are developed during pregnancy. In the US, around 

10% of pregnant women are diagnosed with GD2, 106, 107. The development of GD is 

closely related to the changes of metabolism during pregnancy. In brief, the demand of 

calories in pregnant women is significantly increased compared to non-pregnant 

women108-110. In particular, a certain amount of energy sources (i.e., blood glucose) needs 



 

12 

 

to be transported to the fetus through the placenta, driven by the concentration gradient 

between maternal and fetal blood glucose level111, 112. In order to keep the maternal blood 

glucose at a relatively high level to maintain the blood glucose concentration gradient, the 

placenta generates placental hormones, such as human placental lactogen (HPL) to reduce 

the insulin sensitivity of the mother’s tissues/organs, leading to insulin resistance and 

hyperglycemia in pregnant women113-115. To counterbalance the elevated blood glucose 

level, the mother’s β-cell mass substantially expands, and performs hypersecretion of 

insulin which could be twice as much as its level in non-pregnant women116-118. If the 

pregnant woman’s β-cells fail to secret sufficient amount of insulin, GD would be 

developed119. 

Fortunately, GD usually disappears after delivery because the “initiator” placenta is 

removed shortly after the baby is born, and the insulin sensitivity of the mother is restored 

afterwards108, 116. Nevertheless, during the pregnancy, GD can also be well controlled 

through proper weight management, healthy diet and regular physical activities similar to 

the treatment for T2D patients120-122. If the GD patients’ blood glucose level is still beyond 

the acceptable range after taking the aforementioned actions, insulin could be prescribed. 

Since the main reason for the development of GD is insufficient insulin secretion, injection 

of insulin is considered as the safest medication to treat GD123. In addition, metformin is 

considered as an alternative safe hypoglycemic agent for GD patients121, 124, 125.  
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Autophagy and energy balance 

Introduction to autophagy 

Energy homeostasis in our body cannot be well-regulated without a balance between 

anabolic pathways and catabolic pathways. For instance, the gluconeogenesis is a type of 

anabolic pathways, while the glycolysis is a type of catabolic pathways. Apart from these 

classic pathways involved in energy homeostasis, another type of catabolic process, 

autophagy has also been reported to be very important for energy balance in the past few 

decades25, 126-128. In general, autophagy, which is typically found in eukaryotic cells, 

sequesters intracellular components (e.g., damaged proteins, protein aggregates, 

polysaccharides, organelles or lipids), namely autophagy substrates, then delivers them to 

lysosomes for degradation129-131. After being processed by lysosomes, these autophagy 

substrates return to simple carbon sources such as amino acids, glucose or fatty acids 

which can be easily utilized by the cells for ATP production or protein synthesis132. 

Autophagy is usually activated under the nutrient deprivation conditions, producing a 

limited amount of carbon sources which are essential for cell survival. Therefore, 

autophagy is considered as one of the important pro-survival mechanisms in eukaryotic 

cells24, 133-135.  

Autophagy is generally categorized into three different types based on the ways of 

delivery of autophagy substrates to lysosomes: macroautophagy, microautophagy, and 

chaperone-mediated autophagy127, 136, 137. Macroautophagy is the most common type of 

autophagic activities in which the autophagy substrates are required to be internalized by 

double-membrane vesicles called autophagosomes. The autophagosome then fuses with 
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lysosome to form autolysosome in which the autophagy substrates are degraded by 

lysosomal enzymes (e.g., proteolytic enzymes, lipolytic enzymes and carbohydrate 

splitting enzymes)138-141. By contrast, in microautophagy, there is no specific double-

membrane vesicle facilitating the delivery of autophagy substrates. Instead, the autophagy 

substrates (along with the surrounding cytoplasm) are directly taken by lysosomes through 

inward invagination142-145. Last, if the autophagy substrates are cellular proteins carrying 

KFERQ- or KFERO-like motifs, these substrates can be identified by cytosolic chaperones 

called heat shock cognate 71 kDa proteins (Hsc70) and form a chaperone complex which 

subsequently has a specific binding with lysosomal-associated membrane protein 2A 

(LAMP2A), followed by lysosomal degradation146-149. Since macroautophagy is the most 

common and well-investigated type of autophagy, the present study is going to further 

study the involvement of macroautophagy (referred to as autophagy hereinafter) in the 

HGP. 

General process of autophagy 

To study the relationship between autophagy and HGP, it is critical to understand the 

process of autophagy. The general process of autophagy can be summarized into several 

steps: 1) formation of autophagy precursors, namely omegasomes; 2) formation of 

autophagosomes; 3) formation of autolysosomes; 4) lysosomal degradation, and 5) efflux 

of degraded products to the cytoplasm130, 150-152. The upstream protein of autophagy 

pathway is uncoordinated-51 like kinase-1/2 (ULK1/2) which contains two specific 

phosphorylation sites that can be catalyzed by different kinases153, 154. Under the fed state 

or less stress conditions, high nutrient environments or increase of insulin signaling 
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upregulates the activity of mammalian target of rapamycin complex 1 (mTORC1) which 

catalyzes the phosphorylation of ULK1/2 at serine 757 and inactivates the activities of 

ULK1/2, resulting in suppression of autophagy155, 156. On the other hand, under stress 

conditions (e.g., starvation), the concentration of intracellular AMP-activated protein 

kinase (AMPK) is increased, which in turn catalyzes the phosphorylation of ULK1/2 at 

serine 555, leading to ULK1/2 activation127, 157, 158. Activated ULK1/2 recruits autophagy-

related protein 13 (ATG13), ATG101 and FAK family-interacting protein of 200 kDa 

(FIP200) to form the ULK 1/2 complex which is able to translocate to a specific discrete 

region of the endoplasmic reticulum (ER) rich in ATG9, followed by the recruitment of 

the beclin1-class III phosphatidylinositol 3-kinase (PI3K C-III) complex and formation of 

the omegasome159, 160. PI3K C-III then alters the lipid composition of omegasomal 

membrane, promoting the maturation of omegasome (formation of phagophore) which 

starts to engulf intracellular components and eventually turns into autophagosome160, 161. 

There are two parallel ubiquitin-like conjugation systems involved in the maturation of 

autophagosome, the ATG5-ATG12-ATG16 complex and ATG7/ATG3-driven lipidated 

LC3-I (i.e., LC3-II)162-164. Being facilitated by these two systems, the mature 

autophagosome fuse with the lysosome, forming autolysosome in which the lysosomal 

degradation of autophagy substrates is initiated138. When the autophagy substrates are 

broken down into simple molecules such as amino acids or monosaccharides, these simple 

molecules are relocalized to the cytosol and ready for recycling as energy sources or 

building blocks for protein synthesis (Figure 2)140, 165.  
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Figure 2. The general process of autophagy in the eukaryotic cells. 

The initiation of autophagy is controlled by ULK-1/2-mediated signaling which can be either promoted by AMPK or inhibited 

by mTORC1. Upon activation, the ULK1/2 complex moves to a region of endoplasmic reticulum (ER) in which ATG9 is 

abundantly found. Then this ER region starts to recruit a beclin1-PI3K C-III complex and form omegasomes. Along with the 

alteration of lipid composition catalyzed by PI3K, the omegasome is converted into a phagophore. The phagophore then performs 

internalization of cellular components, turning into mature autophagosome after coupling with the LC3-II and ATG5-ATG12-

ATG16 conjugation systems. Mature autophagosome fuses with the lysosomes, forming an autolysosome in which cellular 

components are hydrolyzed by lysosomal enzymes, subsequently producing carbon sources ready for recycling. 
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Autophagy activity is tightly related to the nutrient state and hormonal signals 

Considering autophagy is one of the most important pro-survival cellular 

mechanisms in the eukaryotic cells, we believe that there is a great potential in studying 

the regulation of autophagy in order to find new scientific evidence to manage our energy 

homeostasis, or develop therapeutic strategies to tackle metabolic disorders such as insulin 

resistance and diabetes. Indeed, starvation, especially amino acid (AA) deprivation has 

been demonstrated to be a strong stimulus of autophagy in eukaryotic cells in which the 

mTOR-dependent signaling pathway is found to be playing a pivotal role30, 128, 136, 166-168. 

In particular, Ca2+-CaMKK-β signaling cascade is proposed to be an important pathway 

mediating mTOR-dependent autophagy activation30, 128, 169. Although there is another 

signaling cascade being proposed to be involved in the initiation of autophagy, namely 

mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) 

kinase (MEK)-ERK1/2 signaling cascade, the exact mechanism of this cascade, and the 

crosstalk between MEK-ERK1/2 cascade and Ca2+-dependent cascade require further 

study30, 133, 170-173. 

Glucagon/AA deprivation-induced Ca2+-CaMKK-β signaling cascade 

As the most abundant mineral in the human body, calcium (Ca2+) is extremely 

important for the maintenance of our body structure (such as bone mass and teeth 

construction), secretion of synaptic neurotransmitter, and muscle contraction169, 174. One 

of the reasons making Ca2+ so important in neurons and skeletal muscle cells is because 

the neurons and skeletal muscle cells can generate an action potential (namely excitable 

cells) which is tightly associated with the changes of cytosolic Ca2+ concentration. These 
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changes of cytosolic Ca2+ concentration can be achieved by regulating the opening of Ca2+ 

channel located in the plasma membrane, or in the intracellular compartments like 

endoplasmic reticulum (ER) and mitochondria175, 176. Nevertheless, even in non-excitable 

cells which cannot generate action potentials (e.g., hepatocytes), upon stimulation from 

glucagon or amino acid deprivation, the change of Ca2+ concentration is still actively 

involved in many cellular actions including autophagy activity177-179. For instance, 

glucagon or AA deprivation triggers PKA to catalyze the phosphorylation and activation 

of inositol l,4,5-trisphosphate (InsP3) receptors (namely InsP3-gated Ca2+ channel) 

located in the ER membrane, resulting in a release of Ca2+ from the ER lumen to the 

cytosol29, 31. The increase of cytosolic Ca2+ concentration not only induces the Ca2+ influx 

in the mitochondria where Ca2+ facilitates the activation of dehydrogenases and promotion 

of the TCA cycle, but also upregulates the activity of CaMKK-β. Activated CaMKK-β 

catalyzes the phosphorylation of AMPKα at threonine 172 (T172), which in turn activates 

ULK-1/2 complex via stimulating an mTORC inhibitor tuberous sclerosis complex (TSC), 

or by direct interaction with ULK-1/2 complex, which subsequently initiates autophagy 

(Figure 3)28, 29, 169.  
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Figure 3. Glucagon/Amino acid deprivation induces autophagy through 

Ca2+/CaMKK-β signaling cascade in non-excitable cells. 

Under the stimulation of glucagon or amino acid deprivation, more Ca2+ is released from 

the ER lumen to the cytoplasm through the InsP3-gated Ca2+ channel. An increase of 

cytosolic Ca2+ concentration promotes the activity of CaMKK-β in the cytosol, which in 

turn catalyzes the phosphorylation of AMPK at T172, leading to activation of the ULK1/2 

complex either by the TSC-mTORC1 pathway, or by direct interaction. Meanwhile, the 

influx of cytosolic Ca2+ to the mitochondria is promoted. Ca2+ facilitates the activity of 

hydrogenase in the mitochondria, resulting in promotion of the TCA cycle and ATP 

production.  

 

FoxO1-mediated regulation of autophagy  

 As mentioned in previous sections, FoxO1, which could be significantly upregulated 

or downregulated under the stimulation of glucagon or insulin respectively, is an important 

transcription factor controlling the expression of gluconeogenic genes in the liver38. 

Indeed, there are quite a few studies having demonstrated that FoxO1 plays an important 



 

20 

 

role in the regulation of autophagy through different mechanisms180-182. For instance, it is 

reported that serum starvation triggers a dissociation of FoxO1 from nicotinamide adenine 

dinucleotide (NAD+)-dependent deacetylase sirtuin 2 (SIRT2), promoting an interaction 

between acetylated FoxO1 (Ac-FoxO1) and ATG7, which in turn induces the activity of 

autophagy181. Under the induction of starvation, human colorectal carcinoma cell line 

HCT116 transfected with dysfunctional SIRT2 (i.e., SIRT2(168A)) demonstrated an 

upregulation of autophagy, while the autophagy in HCT116 transfected with normal 

SIRT2 was blocked181. Moreover, in terms of FoxO1-mediated regulation of autophagy in 

the epigenetic level, it is reported that the gene expression and nuclear accumulation of 

FoxO1 can be upregulated by histone deacetylase inhibitors (HDACIs), leading to an 

increase of Ac-FoxO1 in the nucleus. Ac-FoxO1 binds to the promoter regions of mTOR 

suppressor (SESN3) genes and autophagy-related genes (ATGs), which in turn not only 

facilitates the initiation of autophagy by suppressing mTOR, but also promotes the 

progress of autophagy via upregulation of ATGs183. 

Recently, there is evidence starting to unveil that autophagy, in turn, is able to 

regulate the protein turnover of FoxO1, and subsequently control gluconeogenesis in the 

liver, although more studies are required to illustrate the exact mechanisms184. Previous 

studies demonstrated that autophagy can selectively degrade circadian protein 

cryptochrome 1 (CRY1) which triggers ubiquitination and degradation of FoxO1 through 

direct binding to FoxO1 and the recruitment of an E3 ligase. Therefore, autophagy-

mediated degradation of CRY1 promotes the stability and nuclear translocation of 

FoxO1185, 186. In the present study, we continue on investigation of autophagy in the 
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regulation of the HGP. Surprisingly, our data demonstrated that the autophagy supports 

the HGP by sustaining the protein level of FoxO1, and the autophagy-mediated 

intracellular amino acid pool is one of the underlying mechanisms. 

Aims and hypothesis 

Although there are several mechanisms which have been proposed to illustrate the 

underlying mechanisms of the regulation of autophagy upon the stimulation of 

glucagon/starvation, there is limited evidence showing the contributions of autophagy to 

HGP during starvation or under the stimulation of glucagon184. Hence, the overall goal of 

present study is to investigate the possible contribution of autophagy to the HGP, 

particularly under the stimulation of glucagon and/or starvation. We hypothesize that 

autophagy is critical to maintain the intracellular amino acid pools, which in turn 

sustains the protein level and activity of FoxO1, subsequently support HGP under 

the present of glucagon and/or starvation. This hypothesis will be verified by 

addressing the following specific aims: 

Aim 1: To investigate the effects of autophagy on HGP 

We hypothesize that maintaining normal autophagy activity is critical for the HGP. 

We will inhibit the autophagy activity by using chloroquine (CQ) or siRNA-ATG7 (siR-

ATG7) in our in vitro study, and hydroxychloroquine (HCQ) and adeno-associated virus 

vector serotype 8 (AAV8)-shRNA-ATG7 (shR-ATG7) in our in vivo study. We will 

evaluate the effects of inhibition of autophagy on total HGP, gluconeogenesis and 

glycogenolysis to narrow down the possible affected glucose production pathways. We 

will also conduct the western blotting assay to investigate the possible affected signaling 
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pathways, including CREB-mediated and FoxO1-mediated signaling pathways, to find the 

potential affected transcription factor. We will perform the HGP assay in vitro by using 

mouse primary hepatocytes. We will also use our transgenic mouse model to evaluate the 

capability of glucose production in vivo through pyruvate tolerance test and glucagon 

tolerance test. Liver-specific FoxO1 knockout (L-FKO) mice generated by breeding 

floxed FoxO1L/L mice with albumin-Cre mice will be used in this study. Floxed FoxO1L/L 

mice will be used as the control mice. 

Aim 2: To identify possible mechanisms involved in autophagy deficiency-induced 

reduction of FoxO1. 

Our preliminary data indicated that autophagy deficiency caused suppression of HGP, 

and FoxO1 is a possible target involved in autophagy-mediated HGP. Thus, we 

hypothesize that autophagy deficiency will lead to an alteration of FoxO1 activity, which 

in turn interferes with HGP. We will investigate several possible mechanisms that are 

related to FoxO1 expression, phosphorylation and stability, and nuclear localization. 

mRNA level of target genes (including FoxO1) will be evaluated by quantitative reverse 

transcription-polymerase chain reaction (RT-qPCR). FoxO1 phosphorylation, nuclear 

localization and stability will be evaluated by western blotting assay ，

immunohistochemistry and immunofluorescence staining. Primary hepatocytes isolated 

from FoxO1-S253A/A and Foxo1-S273D/D knock-in (KI) mice will be used to study the 

association between autophagy and FoxO1 phosphorylation and stability. 
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Aim 3: To investigate the association between autophagy-mediated amino acid pools 

and FoxO1 activity  

We hypothesize that the alteration of cellular amino acid pools caused by the 

inhibition of autophagy could be one of the possible reasons leading the alteration of the 

FoxO1 protein amount. We will evaluate the amino acid pools in our primary hepatocytes 

as well as the liver samples determined by high-performance liquid chromatography 

(HPLC) method conducted in Dr. Guoyao WU’s lab. We will also add exogenous amino 

acids which are significantly affected under autophagy deficiency to hepatocytes to test if 

the FoxO1 and HGP can be restored upon autophagy deficiency, and use protein synthesis 

inhibitor cycloheximide (CHX) to evaluate the activity of protein synthesis. 

Significance and rationale 

Maintaining a balanced blood glucose level is essential to our survival, health, growth, 

and development. Dysregulation of blood glucose homeostasis could make people at risk 

of getting many metabolic disorders, including obesity, insulin resistance and diabetes20, 

37. Statistically speaking, the IDF reported that around 31 million people were suffering 

from diabetes in the US in 2019, making the US the 3rd country for the number of people 

with diabetes in 201959. Large numbers of diabetic patients could cause substantial 

economic burden and medical expenditure for both individuals and the whole country73. 

In the past century, many scientists have dedicated themselves to the investigation of the 

regulation of glucose homeostasis as well as the pathogenesis of diabetes, and proposed 

many fabulous molecular mechanisms to help us develop effective therapeutic 

medications that are potentially useful to treat blood glucose-related metabolic disorders. 
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However, there are still many areas regarding glucose homeostasis remaining elusive. 

Since the discovery of the mechanism of autophagy established by Dr. Yoshinori Ohsumi, 

autophagy-related studies have emerged as a hot research topic in the field of molecular 

biology131, 187, 188. So far quite a few mechanisms regarding the regulation of autophagy 

under starvation have been proposed, however, the evidence showing the contributions of 

autophagy to HGP upon the stimulation of glucagon and/or starvation is still limited. The 

present study is trying to highlight that the contribution of autophagy to HGP is through 

supporting FoxO1 protein activities, which emphasizes the importance of maintenance of 

cellular amino acid pools. We not only further solidify the necessity of autophagy in the 

regulation of glucose homeostasis, but also provide a potential impact on the development 

of therapeutic strategies for the patients with metabolic disorders, especially insulin 

resistance and diabetes. Last but not least, several amino acids that could significantly 

altered by autophagy deficiency could be potentially useful for the development of dietary 

guideline for the patients with an autophagy deficiency-related disorder in hepatic glucose 

production.          
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CHAPTER II  

AUTOPHAGY-MEDIATED HEPATIC GLUCOSE PRODUCTION REQUIRES 

FOXO1 

Introduction 

The process of autophagy is precisely controlled by two ubiquitin-like conjugation 

systems, the ATG5-ATG12-ATG16 complex and ATG7/ATG3-driven lipidated LC3-I 

(i.e., LC3-II)162-164. Both systems are essential for the maturation of autophagosomes and 

the fusion between autophagosomes and lysosomes (which eventually develop into 

autolysosomes). Therefore, the activity of autophagic flux can be evaluated through 

monitoring the activities of proteins (namely autophagy markers) involved in the above 

conjugation systems. For instance, LC3 is one of the well-recognized indicators of 

autophagic flux163, 189. In brief, when autophagic activity is inactive, LC3 is predominantly 

located in the cytoplasm and kept in a non-lipidated form (namely LC3-I, without forming 

a covalent bond to phosphatidylethanolamine (PE)). However, once the autophagy is 

activated, ATG7 will cooperate with ATG3 to catalyze the lipidation of LC3-I, resulting 

in formation of LC3-II which is no longer suspending in the cytoplasm, but bound to both 

inner sites and outer sites of autolysosomal membrane. During lysosomal degradation, the 

LC3-II located in the inner sites is degraded by lysosomal enzymes while the LC3-II 

located in the outer sites remains intact and will be released to the cytoplasm afterwards190-

193. These phenomena indicate that we can evaluate the progress of autophagy by 

monitoring the change in the amount of LC3-II via immunoblotting, or distribution of LC3 

in the cytoplasm via immunofluorescence. 
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As mentioned above, LC3-II located in the inner site of autolysosomal membrane 

will eventually undergo lysosomal degradation. In order to prevent the LC3-II from 

degradation, we used chloroquine (CQ) to stop the development of autolysosome, leading 

to the inhibition of lysosomal degradation in the late stage of autophagy138, 194. In this case, 

we could visually observe an accumulation of LC3-II from the immunoblotting assay, or 

an increase of cluster of LC3 from the immunofluorescence assay in CQ-treated groups, 

compared to the groups without CQ treatment195, 196. Alternatively, we used siRNA-ATG7 

to specifically knock down the expression of ATG7. Since ATG7 is required for the 

formation of LC3-II, knocking down ATG7 by siRNA-ATG7 suppresses the development 

of autolysosomes, causing the inhibition of autophagy. However, it is worth emphasizing 

that in the siRNA-ATG7-treated groups, the level of LC3-II is reduced compared to the 

siRNA-scramble-treated groups, because the formation of LC3-II is interrupted and the 

majority of LC3 is kept in LC3-I form 196-198. 

Considering that the mammalian LC3 family contains three isoforms, LC3A, LC3B 

and LC3C, it is important to determine a proper isoform of LC3 as our autophagic marker. 

It is reported that LC3C is absent in mice, therefore, we narrow down our potential targets 

to LC3A and LC3B199, 200. According to previous reports, both LC3A and LC3B 

participate in the progress of autophagy in a similar localization during starvation201. 

mRNA expressions of LC3A and LC3B are shown to be vastly different depending on the 

target tissues, organs, and cell lines in mice. Nevertheless, both LC3A and LC3B are 

expressed in the mouse livers202. On top of that, regarding the localization of LC3A and 

LC3B, it is reported that LC3A mainly accumulates in the perinuclear area, while LC3B 
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is evenly distributed throughout the cytoplasm201, indicating that LC3B is a better 

autophagic marker than LC3A regarding evaluation of autophagic flux in the present 

study203. 

In the present chapter, we inhibited the autophagy activity by using an autophagy 

inhibitor CQ and siR-ATG7 in our in vitro study, and using hydroxychloroquine (HCQ, a 

less toxic CQ metabolite) and AAV8-shRNA-ATG7 in our in vivo study204, 205, then 

evaluated the total HGP, glycogenolysis and gluconeogenesis in both primary hepatocytes 

and mice. FoxO1, alongside with CREB, is an important transcription factor regulating 

gluconeogenic gene expression in hepatocytes (e.g., pck1 and g6pc), which subsequently 

controls HGP35, 38, 42, 55. We found that inhibition of autophagy significantly suppressed 

HGP, and it was in a FoxO1-dependent manner.
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Materials and methods 

Ethics statement 

Animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the Texas A&M University. All mice were kept in the laboratory 

animal resources and research facility (LARR), and housed in standard cages under 12hr-

light/12hr-dark cycle with access to food and drinking water ad libitum as previously 

described41, 44, 206. Necessary procedures (e.g., performing euthanasia by means of 

isoflurane vaporizer) were conducted to minimize the discomfort, distress, and pain of the 

mice during the experiments.  

Generation of liver-specific FoxO1-knockout mice 

Liver-specific FoxO1-knockout (L-FKO) mice were generated by breeding floxed 

FoxO1 (FoxO1fl/fl) mice with albumin-Cre mice as previously described44, 207. The Cre 

recombinase induced by the mouse albumin enhancer/promoter did not show any 

influence on animal performance, as previously reported41, 44, 50. FoxO1fl/fl littermates were 

used as wild type (WT) mice in the present study. The genetic background of mice 

littermates was confirmed through genotyping DNAs extracted from mice tails with 

GoTaq® Green Master Mix (Promega, Madison, WI, USA). Eight to 12-week-old male 

WT and L-FKO mice were used for all our animal studies.  

Isolation of mouse primary hepatocytes 

Mouse primary hepatocytes were isolated from 8- to 12-week-old male mouse liver 

and cultured in DMEM (containing 5.5mM glucose) supplemented with 10% fetal bovine 

serum (FBS) as previously described41, 44, 208. In brief, WT or L-FKO mice were first 
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anesthetized with isoflurane, then their liver and intestines were exposed by cutting open 

the peritoneal cavity. To start the liver perfusion, a catheter (25G needle) connected to a 

perfusion pump (speed: 250ml/hr) was inserted into the portal vein, immediately followed 

by cutting through the vena cava to relieve the pressure. The mouse liver was perfused 

with perfusion buffer I and II consecutively to become fully digested (Table 1). The 

digested liver was then transferred to a petri dish containing cold fasting DMEM (without 

FBS) in which the liver could be mechanically broken apart by gently scraping with 

forceps. The medium (containing single hepatocytes) was centrifuged at 1700rpm, 2min, 

followed by removal of the supernatant. The cell pellets were resuspended in 8ml of cold 

fasting DMEM prior to mixing with 10ml of cold Percoll solution (9 ml of cold Percoll® 

+ 1 ml of HBSS (10x)). After centrifugation (1800rpm, 6min) and removal of the 

supernatant, the remaining cell pellets were mainly the isolated mouse primary 

hepatocytes. Mouse primary hepatocytes (3.0*105 cells per well for 6-well plate, collagen 

coated) were then cultured in complete DMEM (containing 10%FBS) under 37 °C, 5% 

CO2 environment for at least 3 hours to wait for the cell attachment. Once primary 

hepatocytes successfully attached onto the culture plates, the culture medium would be 

replaced by fresh DMEM, after which treatment of hepatocytes begins. 
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Table 1. Recipe of liver perfusion buffer I and II. 

Name of reagent Amount 

Liver perfusion buffer I (50ml) 

HBSS (1x)* 48.725ml 

EGTA (50mM) 500µl 

Glucose (1.0M) 275µl 

Penicillin-Streptomycin (Cat# P0781, MilliporeSigma) 500µl 

Liver perfusion buffer II (40ml) 

HBSS (1x)* 39.32ml 

CaCl2 (1.0M) 60µl 

Glucose (1.0M) 220µl 

Penicillin-Streptomycin (Cat# P0781, MilliporeSigma) 400µl 

Collagenase (Type II) (Cat# 17101015, Fisher Scientific) 22mg 

Note: *HBSS (1x): HBSS (500ml, Cat# 14175095, ThermoFisher) with HEPES (1190mg, 

Car# BP310500, Fisher Scientific), pH=7.4, 37 °C, filtered with Olympus bottle top 

vacuum filters (Cat# 25-233, Genesee) prior to use.  

Induction of autophagy deficiency in mouse primary hepatocytes 

Either chloroquine (CQ, 50µM, dissolved in ddH2O) or siRNA-ATG7 (siR-ATG7, 

100nM, dissolved in RNAse-free H2O) was used to induce autophagy inhibition in mouse 

primary hepatocytes. In the CQ-treated experiment, attached primary hepatocytes were 

first starved in fasting DMEM (with 2% FBS) for 2 hours prior to replacing the DMEM 

with a fasting buffer (120 mmol/L NaCl, 5.0 mmol/L KCl, 2.0 mmol/L CaCl2, 25 mmol/L 

NaHCO3, 2.5 mmol/L KH2PO4, 2.5 mmol/L MgSO4, 10 mmol/L HEPES, 0.5% BSA, 

dissolved in ddH2O, pH=7.4, filtered with vacuum filters prior to use) in which autophagy 

was stimulated. The CQ stock solution was added in the buffer to make the final 

concentration of CQ 50µM. After 3 hours of CQ-treatment, a significant accumulation of 

LC3-II could be observed by protein immunoblotting, or a large amount of LC3 clusters 

could be observed by protein immunofluorescence, compared to the control group 
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(without CQ-treatment), indicating an inhibition of autophagy as previously reported189, 

195, 196. In the siR-ATG7-treated experiment, siRNA-ATG7 was transfected into primary 

hepatocytes with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) following the 

manufacturer’s instruction. After transfection, the transfection culture medium was 

replaced by the fasting buffer. Three hours after medium replacement, a significant 

reduction of LC3-II could be observed by protein immunoblotting compared to the control 

group (transfected with scramble siRNA), indicating an inhibition of autophagy as 

previous reported189, 196.  

Hepatic glucose production (HGP) assay  

In the CQ-treated groups, attached primary hepatocytes were first starved in fasting 

DMEM (with 2% FBS) for 2 hours prior to replacing the DMEM with an HGP buffer (120 

mmol/L NaCl, 5.0 mmol/L KCl, 2.0 mmol/L CaCl2, 25 mmol/L NaHCO3, 2.5 mmol/L 

KH2PO4, 2.5 mmol/L MgSO4, 10 mmol/L HEPES, 0.5% BSA, 10 mmol/L lactate and 5 

mmol/L sodium pyruvate, pH=7.4, dissolved in ddH2O, filtered with vacuum filters prior 

to use). The CQ stock solution was added to the HGP buffer to make the final 

concentration of CQ 50µM. After 30min of CQ pre-treatment, glucagon (100nM) would 

be added to the HGP buffer to stimulate HGP based on the group requirement. In the siR-

ATG7-treated groups, siR-ATG7-transfected primary hepatocytes were grown in the HGP 

buffer. Glucagon (100nM) would be added to the HGP buffer based on the group 

requirement. After 3 hours of incubation, the HGP buffer was collected, and the glucose 

concentration in the buffer was determined by Amplex™ Red Glucose/Glucose Oxidase 

Assay Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instruction.  
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Induction of autophagy deficiency in mice  

Either hydroxychloroquine sulfate (HCQ, 60mg/kg body weight, dissolved in saline 

vehicle (0.9% (w/v) NaCl)) or shRNA-ATG7 cloned in an adeno-associated virus serotype 

8 vector (AAV8-shRNA-ATG7, dissolved in saline vehicle) was used to induce autophagy 

inhibition in our WT and L-FKO mice. In the study with HCQ treatment, the HCQ solution 

was administered via intraperitoneal (IP) injection to 8- to 12-week-old male mice (5-6 

mice each group) after overnight (16 hours) fasting. The control group received the same 

volume of normal saline. Mice were ready for tolerance tests 4 hours after the HCQ 

injection138, 140, 209, 210. In the study with AAV8-shRNA-ATG7 treatment, AAV8-shRNA-

ATG7 (VectorBuilder, Chicago, IL, USA) was administered via retro-orbital (RO) 

injection to 8- to 12-week-old male mice (5-6 mice each group) at the concentration of 

1011 genome copies/mouse. The control groups received the same amount of AAV8-

shRNA-scramble. Mice were ready for tolerance tests 8 days after the AAV8 injection.  

Pyruvate tolerance test 

A pyruvate tolerance test was performed after an overnight (16 hours) fasting. In the 

study with HCQ treatment, WT and L-FKO mice received HCQ (60mg/kg body weight) 

via IP injection after overnight fasting, followed by an additional 4 hour-waiting period 

for a proper induction of the autophagy inhibition, as previously reported140, 196. The 

control groups received the same volume of normal saline IP injection. Four hours later, 

blood glucose concentration was recorded as the initial time point (i.e., 0th min). Then a 

pyruvate solution (2g/kg body weight, dissolved in normal saline) was administered to 

each mouse by IP injection. In the study with AAV8-shRNA-ATG7 treatment, pyruvate 
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tolerance test was performed on the mice after 7 days since AAV8 RO injection. After 

overnight (16hr) fasting, the fasting blood glucose levels of WT and L-FKO mice were 

recorded as the initial time point (i.e., 0th min). Then the pyruvate solution was 

administered to each mouse by IP injection. The blood glucose level was measured at 15th, 

30th, 60th, 90th, 120th min after pyruvate injection, using the CONTOUR NEXT ONE 

Blood Glucose Monitoring System (Ascensia Diabetes Care, Parsippany, NJ, USA). 

Glucagon tolerance test 

The glucagon tolerance test was performed after an overnight (16 hours) fasting. In 

the study with HCQ treatment, WT and L-FKO mice received HCQ (60mg/kg body 

weight) via IP injection after overnight fasting, followed by additional 4 hour-waiting 

period for a proper induction of autophagy inhibition, as previously reported140, 196. Four 

hours later, blood glucose concentration was recorded as the initial time point (i.e., 0th 

min). Then the glucagon solution (16mg/kg body weight, dissolved in normal saline) was 

administered to each mouse by IP injection. In the study with AAV8-shRNA-ATG7 

treatment, glucagon tolerance test was performed on the mice after 13 days since AAV8 

RO injection. After overnight (16hr) fasting, the fasting blood glucose levels of WT and 

L-FKO mice were recorded as the initial time point (i.e., 0th min). Then glucagon solution 

was administered to each mouse by IP injection. The blood glucose level was measured at 

15th, 30th, 60th, 90th, 120th min after glucagon injection, using the CONTOUR NEXT ONE 

Blood Glucose Monitoring System (Ascensia Diabetes Care, Parsippany, NJ, USA). 
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Determination of protein concentration  

For in vitro study, primary hepatocytes were lysed by a RIPA lysis buffer (Cat# 20-

188, MilliporeSigma, Atlanta, GA, USA) containing a protease and phosphatase inhibitor 

cocktail (Cat# PPC1010, MilliporeSigma) and sodium orthovanadate (Na₃VO₄, Cat# 

S6508, MilliporeSigma). For in vivo study, liver tissue fragments (about 50mg) were lysed 

by the RIPA lysis buffer containing protease and phosphatase inhibitor cocktail and 

Na₃VO₄, then proceeded to homogenization by using IKA T8 homogenizer (12-18V DC, 

100W). Cells or tissue lysates were then centrifuged at 14000rpm, 4°C for 15min, and the 

supernatant was collected. Protein concentration was determined by using Pierce™ BCA 

Protein Assay Kit (Cat# 23225, ThermoFisher) following the manufacturer’s instruction.  

Protein immunoblotting 

Western blotting was conducted as previously described41, 44, 208. In brief, protein 

samples were first normalized with an Alfa Aesar™ laemmli SDS sample buffer (reducing, 

6X) (Cat# AAJ61337AD, Fisher Scientific) based on the concentration of protein samples, 

and denatured under 95.5°C for 10min. Protein samples (25-40µg) were then resolved in 

a polyacrylamide gel (7.5-15%) by using the Mini-PROTEAN® Tetra Vertical 

Electrophoresis Cell (Cat# 1658004, Bio-Rad), and electro-blotted onto the Amersham 

Hybond western blotting membranes, (0.45µm PVDF) (Cat# 10061-492, VWR) by using 

Trans-Blot Turbo Transfer System (Cat# 1704150, Bio-Rad). Membranes were incubated 

with primary antibodies (Table 2) in a 5% BSA solution (5% w/v in TBST) overnight at 

4°C, followed by incubation with secondary antibodies (anti-rabbit IgG, horseradish 

peroxidase (HRP) linked, Cat#7074, Cell Signaling Technology) in 5% BSA solution on 
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the second day. Clarity Western ECL Substrate (Cat#1705061, Bio-Rad) was used to react 

with HRP linked secondary antibody to generate light signals (i.e., band intensity) which 

were captured by the ChemiDoc™ Imaging System (Cat# 12003153, Bio-Rad). The band 

intensity was quantified by the ImageJ software (NIH, 1.8.0v) and expressed as a ratio to 

GAPDH (internal control). 

Immunofluorescence staining 

Mouse primary hepatocytes were cultured (5*104 cells/well) in a collagen coated 

Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber Slide™ System (Cat#125657, Fisher 

Scientific). The immunofluorescence assay was conducted following 

immunocytochemistry and immunofluorescence protocol (Abcam). In brief, after 

experimental treatment, culture medium was discarded, followed by an addition of fixing 

reagent (100% methanol, pre-chilled at -20°C) and incubation at room temperature for 

15min. Fixed cells were then permeabilized by a permeabilizing reagent (PBS with 0.2% 

TritonX-100) at room temperature for 15min. After discarding the permeabilizing reagent, 

blocking solution (PBS with 0.1% Tween-20, 1% BSA and 22.52mg/ml glycine) was 

added to each well to block the cells at room temperature for 1 hour. After this blocking 

step, cells were incubated with primary antibodies (Table 2) in an antibody dilution buffer 

(1% BSA w/v in PBS, with 0.1% Tween-20) overnight at 4°C. After overnight incubation 

with primary antibodies, cells were incubated with secondary antibodies (Cat#4412S, anti-

rabbit IgG (H+L), F(ab')2 fragment (Alexa Fluor® 488 Conjugate), Cell Signaling 

Technology) at room temperature for 1 hour (in the dark). Finally, cells were mounted by 

ProLong™ Gold Antifade Mountant with DAPI (Cat# P36935, Invitrogen) and covered 
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with coverslip. Images were captured by using SPE confocal microscopy (Leica 

Biosystems, Wetzlar, Germany).  

Statistical analysis 

All data was presented as mean ± standard error of the mean (SEM), unless otherwise 

stated. Student t-test (with Welch's correction) was used to compare the means of two 

treatment groups. Two-way ANOVA (coupled with post-test, Tukey’s test) was used to 

compare the means of more than two treatment groups if there were two independent 

variables (e.g., treatments) among the groups. p<0.05 was considered as statistically 

significant. *denotes p<0.05; **denotes p<0.01; ***denotes p<0.005; ****denotes 

p<0.0001. Statistical analysis was performed in GraphPad Prism software (Version 9.2.0). 
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Table 2. Primary antibodies for immunoblotting and immunofluorescence. 

Name Company Cat# Host Dilution Application 

AKT Cell Signaling 4691 Rabbit 1:1000 WBa 

ATF4 Cell Signaling 11815 Rabbit 1:1000 WB 

ATG7 Cell Signaling 8558 Rabbit 1:1000 WB 

CREB Cell Signaling 9197 Rabbit 1:1000 WB 

FoxO1 Cell Signaling 2880 Rabbit 1:1000 WB 

    1:100 IFb 

G6PC Abcam ab83690 Rabbit 1:1000 WB 

GAPDH Cell Signaling 5174 Rabbit 1:2000 WB 

Histone Cell Signaling 9715 Rabbit 1:1000 WB 

LAT1/SLC7A5 Alomone ANT-105 Rabbit 1:200 WB 

LC3B Cell Signaling 3868 Rabbit 1:200 IF 

    1:1000 WB 

PCK1 Abcam ab70358 Rabbit 1:1000 WB 

pAKT-S473 Cell Signaling 9271 Rabbit 1:1000 WB 

pCREB-S133 Cell Signaling 9198 Rabbit 1:1000 WB 

pFoxO1-S256 Cell Signaling 9461 Rabbit 1:1000 WB 

Note: aWB=Western blotting; bIF=Immunofluorescence  
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Results 

Inhibition of autophagy suppresses HGP in vitro 

To investigate whether autophagy was playing a crucial role in HGP in vitro, we 

isolated mouse primary hepatocytes and conducted an HGP assay upon inhibition of 

autophagy. Primary hepatocytes were cultured in the HGP buffer (the recipe was given in 

Materials and Methods), and either chloroquine (CQ) or siRNA-ATG7 (siR-ATG7) was 

applied to induce the inhibition of autophagy as previously reported189, 195, 196. CQ is 

reported to inhibit the maturation of autolysosome, leading to a decrease of lysosomal 

degradation in the late stage of autophagy138. Our immunofluorescence (IF) results showed 

that LC3 puncta (green) were significantly increased after 3 hours of CQ treatment 

compared to the groups without CQ treatment (Figure 4). Consistently, western blotting 

results showed that the amount of LC3B-II was significantly increased upon the treatment 

of CQ (Figure 7A and B). These results indicated that the late stage of autophagy (i.e., 

lysosomal degradation) was inhibited. Similarly, the development of autolysosomes can 

be inhibited by siRNA-ATG7 because knocking down ATG7 results in suppression of 

LC3 lipidation, leading to inhibition of the fusion between autophagosomes and 

lysosomes211. Our western blot results showed that both ATG7 and LC3B-II/I ratio were 

significantly reduced in the siR-ATG7-treated groups, indicating an inhibition of 

autophagy (Figure 7C and D). 

The HGP buffer contains the glucogenic substrates sodium pyruvate and lactate 

which can be consumed by primary hepatocytes and converted to glucose through 

gluconeogenesis38, 212. In WT mouse primary hepatocytes without CQ treatment or siR-
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ATG7 treatment, glucagon significantly increased HGP by 42.8% and 28.8%, respectively, 

compared to their corresponding control groups (Figure 5A and B, white bars). However, 

in WT mouse primary hepatocytes with CQ treatment or siR-ATG7 treatment, the 

promotive effect of glucagon on HGP was significantly reduced (only a 20.1% increase 

of HGP in the CQ-treated group, and no significant increase of HGP in the siR-ATG7-

treated group), indicating that inhibition of autophagy alleviated glucagon-induced HGP 

(Figure 5A and B, white bars). 

Since both glycogenolysis and gluconeogenesis are counted as HGP, we wanted to 

identify which pathway was majorly affected by autophagy deficiency. We removed the 

glucogenic substrates (i.e., sodium pyruvate and lactate) from the HGP buffer, then 

determined the glucose production with or without inhibition of autophagy. The HGP 

results showed that after removing glucogenic substrates, the HGP was not affected by 

inhibition of autophagy in WT mouse primary hepatocytes (Figure 5C, green bars). This 

result indicated that the inhibition of autophagy mainly impaired the gluconeogenesis, 

rather than glycogenolysis.  

Inhibition of autophagy suppresses glucose production in vivo 

Since our in vitro results showed that inhibition of autophagy suppressed HGP, 

particularly in gluconeogenesis, we wanted to verify these phenomena in vivo to ensure it 

was physiologically relevant. We used either hydroxychloroquine (HCQ) which is a less 

toxic derivative of CQ138, 204, 205, 213, or adeno-associated virus vector serotype 8-shRNA-

ATG7 (AAV8-shR-ATG7)189, 214-216 to induce inhibition of autophagy in the liver of our 

WT mice. HCQ was administered via intraperitoneal (IP) while AAV8-shR-ATG7 was 
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administered via retro-orbital (RO) injection. The control groups received the same 

volume of normal saline or AAV8-shR-scramble, respectively. Western blot results 

showed that 4 hours after HCQ injection, the LC3B-II protein was significantly 

accumulated in the HCQ-treated WT mice’s livers (Figure 8A and B). Meanwhile, 

seventeen days after AAV8 injection, the levels of both ATG7 and LC3B-II/I ratio were 

significantly reduced in the AAV8-shRNA-ATG7-treated mice’s livers (Figure 8F and G). 

Since we injected AAV8 through retro-orbital sinus, we extracted proteins from other 

tissues, including the heart, adipose tissues and skeletal muscle and verified that the 

shRNA-ATG7 delivered by AAV8 was mainly directed to the liver (Figure 8C, D and E). 

Above results indicated that an inhibition of autophagy in the mouse liver was successfully 

induced in vivo. 

In order to evaluate the capability of glucose production in WT mice with the 

inhibition of autophagy, we conducted pyruvate tolerance test and glucagon tolerance test 

on our mice with either HCQ or AAV8-shR-ATG7 treatment. Mice were fasted for at 

least16 hours, then received pyruvate or glucagon solution through IP injection (the details 

of HCQ and AAV8 administration were given in Materials and Methods). Blood glucose 

levels were recorded at 0min (right before IP injection),  15min, 30min, 60min, 90min and 

120min. Consistent with our in vitro results, the capabilities of glucose production under 

the presence of pyruvate, or under the stimulation of glucagon were significantly reduced 

in WT mice upon inhibition of autophagy, compared to their corresponding control groups 

(Figure 6A, C, E and G). To conclude, above in vitro and in vivo results demonstrated that 
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autophagy was necessary to maintain a proper function of HGP during starvation, and 

inhibition of autophagy significantly suppressed HGP. 

Inhibition of autophagy reduces FoxO1 protein level 

FoxO1 and CREB are two critical transcription factors controlling gluconeogenic 

genes expression (e.g., pck1 and g6pc) in the liver. It has been demonstrated that the liver-

specific FoxO1 knockout (L-FKO) mice, or mice with disrupted CREB activities, exhibit 

a significant impairment of gluconeogenesis41, 44, 206, 217. As our HGP results showed that 

inhibition of autophagy suppressed gluconeogenesis in WT mouse primary hepatocytes, 

we wanted to know whether those transcription factors were also affected. Notably, under 

the stimulation of glucagon, FoxO1-S273 phosphorylation and CREB-S133 

phosphorylation would be elevated, which were critical for their nuclear localization and 

function as transcription factors35, 39-41.  We detected the protein level of FoxO1 and CREB, 

and gluconeogenic enzymes in mouse primary hepatocytes with or without inhibition of 

autophagy, and found that the FoxO1 protein level was significantly reduced upon 

inhibition of autophagy induced by either CQ or siR-ATG7. Consistently, the protein level 

of PCK1 was also reduced (Figure 7). However, we did not observe any significant 

reduction of CREB and CREB-S133 under autophagy deficiency (Figure 7).  

After knowing that the inhibition of autophagy could significantly reduce the FoxO1 

protein amount in our in vitro model, we wanted to know if the reduction of FoxO1 could 

also be observed in our in vivo models. Indeed, we found that the protein amount of FoxO1 

in the liver from WT mice was significantly reduced upon inhibition of autophagy induced 

by either HCQ or AAV8-shRNA-ATG7. Consistently, the protein level of PCK1 and 
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G6PC were also reduced (Figure 8A, B, F and G, WT panel). Above in vitro and in vivo 

results indicated that the FoxO1 signaling pathway, rather than CREB signaling pathway, 

was potentially the major pathway involved in autophagy-mediated HGP, and inhibition 

of autophagy remarkably reduced FoxO1 protein level. 

Autophagy-mediated HGP is in FoxO1-dependent manner 

By knowing the FoxO1 signaling pathway was involved in autophagy-mediated HGP, 

we wanted to know whether FoxO1 signaling pathway was the only major contributor in 

autophagy-mediated HGP. In order to address this question, we compared the effect of 

autophagy deficiency on HGP in L-FKO mice with WT mice. Similar to the in vitro and 

in vivo studies on WT primary hepatocytes and WT mice, we induced autophagy 

deficiency in L-FKO primary hepatocytes with either CQ or siRNA-ATG7, and in L-FKO 

mice with either HCQ or AAV8-shRNA-ATG7 (Figure 4B and Figure 8, L-FKO panel). 

Indeed, we found that in L-FKO mouse primary hepatocytes, the suppressive effect of the 

inhibition of autophagy on glucagon-induced HGP was significantly lower than that in 

WT mouse primary hepatocytes. In WT mouse hepatocytes, CQ treatment and siR-ATG7 

treatment reduced the promotive effect of glucagon on HGP by 53.0% and 79.5%, 

respectively (Figure 5A and B, white bars). In comparison, in L-FKO mouse hepatocytes, 

CQ treatment and siR-ATG7 treatment only reduced the promotive effect of glucagon on 

HGP by 24.7% and 2.5%, respectively (Figure 5A and B, red bars). After checking the 

HGP results from L-FKO primary hepatocytes with or without glucogenic substrates, we 

confirmed that neither glycogenolysis nor gluconeogenesis could be significantly 

impaired by autophagy deficiency in L-FKO hepatocytes (Figure 5C and D). Meanwhile, 
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by comparing the in vivo results of the pyruvate tolerance test and the glucagon tolerance 

test from L-FKO mice with WT mice, we found that the inhibition of autophagy did not 

make any further suppression of glucose production in L-FKO mice under the presence of 

pyruvate, or under the stimulation of glucagon (Figure 6B, D, F and H). On top of that, 

we evaluated the protein levels of G6PC and PCK1 in our L-FKO mouse livers with or 

without autophagy deficiency, and noticed that autophagy deficiency did not further 

reduce the level of G6PC and PCK1 (Figure 8A, B, F and G). These western results were 

consistent with no significant change in pyruvate tolerance test and glucagon tolerance 

test in L-FKO mice with or without inhibition of autophagy. All above results 

demonstrated that autophagy regulated HGP mainly through FoxO1, and induction of 

HGP suppression through autophagy deficiency was in FoxO1-dependent manner. 
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Figure 4. Inhibition of autophagy is induced by chloroquine in mouse primary 

hepatocytes.  

Primary hepatocytes isolated from either WT (A) or L-FKO (B) mouse liver were cultured 

in the HGP buffer for 3 hours with or without chloroquine (CQ, 50µM) or glucagon (GCG, 

100nM). Total intracellular LC3 using LC3B (D11) XP® rabbit mAb #3868 detected with 

anti-Rabbit Alexa Fluor® 488 conjugated secondary antibody #4412 (green) was imaged 

by the Leica SPE confocal microscope. Nuclei were labeled with DAPI #P36935 (blue) 

and merged with LC3 images. Scale bar = 100µm.
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Figure 5. Hepatic glucose production in WT and L-FKO mouse primary hepatocytes 

with or without inhibition of autophagy in vitro.  

Primary hepatocytes isolated from either WT or L-FKO mouse liver was cultured in the 

HGP buffer for 3 hours with or without inhibition of autophagy, under the treatment of 

CQ (50µM) (A) or siR-ATG7 (100nM) (B). Glucagon (GCG, 100nM) was used to 

stimulate HGP. To verify that the glycogenolysis was involved in the HGP of the WT (C) 

and L-FKO (D) hepatocytes, substrates (pyruvate and lactate) were removed prior to HGP 

assay (green bars). GLY, glycogenolysis, GNG, gluconeogenesis; HGP=GLY+GNG. 

Data is presented as mean±SEM. * p <0.05, ** p <0.01, *** p <0.005, ****p<0.001. 
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Figure 6. Gluconeogenesis in WT and L-FKO mice with or without inhibition of 

autophagy in vivo.  

Pyruvate tolerance test and glucagon tolerance test were performed to evaluate the 

gluconeogenesis of both WT and FKO mice with or without inhibition of autophagy, under 

the treatment of HCQ or AAV8-shR-ATG7. n=5 (mice/group). Data is presented as 

mean±SD. * p <0.05, ** p <0.01. **** p <0.0001. AUC, area under curve. 



47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. FoxO1 is significantly reduced upon inhibition of autophagy in vitro.  

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer for 

3 hours with or without inhibition of autophagy, before protein collection. Target proteins 

were evaluated by western blot assay. Panel A is CQ treatment (50µM) study while panel 

C is siR-ATG7 treatment (100nM) study. Bands’ intensities in panel A and panel C were 

quantified by ImageJ software (NIH, 1.8.0v) and given in penal B and D, respectively. 

Data was calculated as the relative fold change to the control group (i.e., the group without 

inhibition of autophagy and glucagon (GCG) treatment). Data was analyzed by two-way 

ANOVA coupled with post-test (Tukey’s test) in GraphPad Prism software (Version 

9.2.0) to check the statistical significance between groups, and presented as mean±SEM. 

*p<0.05, **p<0.01, ***p<0.005, ****p<0.0001.  
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Figure 8. FoxO1 is significantly reduced upon inhibition of autophagy in vivo.  

In HCQ treatment study (A and B), WT and L-FKO male mice received HCQ (60mg/kg 

BW) by IP injection after 16hr-fasting. Same volume of saline was used as control. Mice 

were sacrificed for tissue collection 4hr after HCQ injection. Target proteins in the liver 

tissues were evaluated by western blot assay. In AAV8-shRNA-ATG7 treatment study 

(C-G), WT and L-FKO male mice received AAV8-shRNA-ATG7 (1011 genome copies 

per mouse) by RO injection. Mice were sacrificed for tissue collection on the 17th day after 

AAV8 injection. ATG7 protein amounts were measured in different tissues and organs 

(e.g., heart, adipose tissues, muscle, and the liver) to verify that ATG7 was liver-

specifically knocked out (C-E). Target proteins in the liver were evaluated by western blot 

assay. Band intensities in panel A and panel F were quantified by ImageJ software (NIH, 

1.8.0v) and given in penal B and G, respectively. Data was calculated as the relative fold 

change to the control group (i.e., the group without HCQ or shRNA-ATG7 treatment). 

Data was analyzed by two-way ANOVA coupled with post-test (Tukey’s test) in 

GraphPad Prism software (Version 9.2.0) to check the statistical significance between 

groups, and presented as mean±SEM. * p<0.05, **p<0.01. ***p<0.005, ****p<0.0001.
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Discussion 

Autophagy is generally considered as a pro-survival catabolic activity because it 

promotes the turnover of carbon sources (e.g., glucose, fatty acids, and amino acids) which 

could be essential for energy balance and protein biosynthesis particularly under stress 

condition like starvation134, 152, 164, 218. Indeed, even under physiological conditions without 

too much stress, there is a basal level of autophagy which acts as a surveillant by timely 

delivering misfolded proteins or damaged organelles to lysosome for degradation, 

subsequently maintaining cellular homeostasis130, 151, 219, 220. Therefore, it is imperative to 

further investigate the specific contributions of autophagy involved in glucose 

homeostasis. In the present chapter, we applied a chemical approach (CQ or HCQ) or a 

genetic approach (siR-ATG7 or AAV8-shR-ATG7) to inhibit autophagy under starvation 

condition, aiming to evaluate the necessity of autophagy in HGP both in vitro and in vivo.  

Consistent with previous reports127, 132, 186, our results demonstrated that inhibition of 

autophagy significantly impaired the HGP in vitro and in vivo, indicating that a fully 

functioning autophagy was indispensable for glucose homeostasis under starvation. More 

importantly, our data shows that the impairment of HGP induced by inhibition of 

autophagy was due to impairment of gluconeogenesis (Figure 5C, Figure 6A, C, E and G) 

rather than glycogenolysis, which brought us to think about the role of transcription factors 

such as FoxO1 and CREB in the present study.  

FoxO1, one member of forkhead box O-class subfamily of the forkhead transcription 

factors, has been reported to be a pivotal regulator in many important cellular activities 

including apoptosis221-224, cell cycle225-228, lipid metabolism229-232, glucose metabolism35, 
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55, 185, 207, 233 depending on the treatments applied, and the type of target cells, tissues, and 

organs43, 234, 235. In particular, in the fasting state, it was recently reported that the FoxO1-

S276 (equivalent to S273 in mouse FoxO1) phosphorylation could be promoted by 

glucagon-PKA signaling, followed by the prevention of nuclear exclusion which in turn 

promotes FoxO1-mediated gluconeogenic genes expression such as pck1 and g6pc35, 41, 42, 

44. Meanwhile, upon the stimulation of glucagon-PKA signaling, cAMP response element 

binding protein (CREB) recruits its transcriptional co-activator CBP and CRTC2 to form 

the CREB-CBP-CRTC2 complex in the nucleus, which can also promote gluconeogenic 

genes expression39, 236. Our results indicated that FoxO1, rather than CREB, was 

significantly affected by the inhibition of autophagy in vitro and in vivo (Figure 7 and 

Figure 8, WT panel). On top of that, by comparing the HGP results of WT hepatocytes to 

L-FKO hepatocytes, we found that the significant suppression of HGP induced by 

inhibition of autophagy could only be observed in WT hepatocytes, not in L-FKO 

hepatocytes. Consistently, the results of glucagon tolerance test and pyruvate tolerance 

test demonstrated that inhibition of autophagy could only significantly suppress HGP in 

WT mice, not in L-FKO mice. Although we could not completely rule out a possibility 

that there might be some other proteins/pathways participating in autophagy-mediated 

HGP, our data clearly emphasized that FoxO1 was the major participant due to the fact 

that no further suppression of HGP was found in L-FKO hepatocytes or mice upon 

inhibition of autophagy. In conclusion, we found that autophagy-mediated HGP was 

majorly in a FoxO1-dependent manner. 
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CHAPTER III  

REDUCTION OF FOXO1 INDUCED BY AUTOPHAGY DEFICIENCY IS 

INDEPENDENT OF FOXO1 PHOSPHORYLATION, DEGRADATION AND 

TRANSCRIPTION 

Introduction 

In the fasted state, human glucagon secreted from pancreatic α cell interacts with 

glucagon receptor on the cell surface of hepatocytes, initiating an intracellular signaling 

cascade which subsequently promotes gluconeogenic genes expression19, 36, 37, 237. There 

are two major transcription factors responsible for glucagon signaling, cAMP response 

element-binding protein (CREB) and FoxO140, 208, 238, 239. In CREB-mediated pathway, 

glucagon-activated PKA catalyzes the phosphorylation of CREB at S133, which in turn 

forms a complex with its transcription co-activator CBP and CRTC2 in the nucleus, 

followed by binding to the cAMP response element (CRE) in the promoter region of 

gluconeogenic genes such as pck1 and g6pc39, 103, 240. Concurrently, glucagon-activated 

PKA catalyzes the phosphorylation of FoxO1 at S276 (equivalent to S273 in mouse 

FoxO1), leading to localization and stabilization of FoxO1 in the nucleus where FoxO1 

binds to the insulin response element (IRE) in the promoter region of pck1 and g6pc gene35, 

41. In mammals, phosphoenolpyruvate carboxykinase (PCK) has two isoforms, PCK1 

(mainly in the cytosol) and PCK2 (mainly in the mitochondria) which are encoded by 

Pck1 and Pck2 genes, respectively212, 241, 242. Although both PCK1 and PCK2 are 

controlling an important rate-limiting step of gluconeogenesis, which is catalyzing the 

formation of phosphoenolpyruvate (PEP) from oxaloacetate (OAA), PCK1 is the only 
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enzyme responsible for the hormonal stimulation (e.g., glucagon) in the liver241, 243. 

Meanwhile, glucose-6-phosphatase (G6Pase) has three different catalytic subunits (i.e., 

G6PC, G6PC2 and G6PC3) among which G6PC (encoded by g6pc gene) is the major 

subunit catalyzing the dephosphorylation of glucose-6-phosphate (the last step of 

gluconeogenesis) in the liver, generating glucose molecule244-246.  

On the other hand, in the fed state, human insulin secreted from pancreatic β cells 

interacts with insulin receptor on the surface of hepatocytes, which subsequently promotes 

AKT phosphorylation at T308 and S47323, 49, 54. Phosphorylated AKT catalyzes the 

phosphorylation of FoxO1 at S256 (equivalent to S253 in mouse FoxO1), leading to 

FoxO1 nuclear exclusion and ubiquitination in the cytosol55, 233, 239. Consequently, less 

FoxO1 is available in the nucleus, resulting in a decrease of pck1 and g6pc genes 

expression, which in turn downregulates hepatic gluconeogenesis55, 69.  

According to our findings in the previous chapter, we hypothesized that the activity 

of FoxO1 in control of HGP was altered upon inhibition of autophagy. In the present 

chapter, we evaluated the protein and mRNA level of FoxO1, nuclear localization of 

FoxO1 and phosphorylation and degradation of FoxO1 with or without the inhibition of 

autophagy through our in vitro and in vivo models. We found that the protein level of 

FoxO1 in the cytosol and the nucleus was significantly reduced upon inhibition of 

autophagy, which was, however, independent of downregulation of FoxO1 mRNA, or 

FoxO1 phosphorylation and degradation. 
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Materials and methods 

Ethics statement 

Animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Texas A&M University. All mice were kept in laboratory animal 

resources and research facility (LARR), and housed in standard cages under 12hr-

light/12hr-dark cycle with access to food and drinking water ad libitum as previously 

described41, 44, 206. Necessary procedures (e.g., performing euthanasia by means of 

isoflurane vaporizer) were conducted to minimize the discomfort, distress, and pain of the 

mice during the experiments.  

Generation of genetically modified mice models 

Liver-specific FoxO1-knockout (L-FKO) mice were generated by breeding floxed 

FoxO1 (FoxO1fl/fl) mice with albumin-Cre mice as previously described44, 207. FoxO1-

S253A/A knock-in (KI) mice, in which the endogenous FoxO1-S253 alleles were replaced 

by alanine (A) to prevent insulin-induced phosphorylation of FoxO1 at S253 (a loss-of-

function mutation), were generated from heterozygous FoxO1-S253A/+ parents as 

previously described55. FoxO1-S273D/D KI mice, in which the endogenous FoxO1-S273 

alleles were replaced by aspartate (D) to mimic glucagon-induced phosphorylation of 

FoxO1 at S273 (a gain-of-function mutation), were generated by CRISPR/Cas9 approach 

as previously described35, 41. Neither significant defect on animal performance, nor liver 

damage was found in all these genetically modified mouse models, as previously 

reported35, 41, 44, 55, 208. The tail DNA of pup mice was genotyped by PCR and then 
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confirmed by DNA sequencing analysis, as previously described35. Eight to 12-week-old 

male mice were used for all our animal studies.  

Animal treatment and tissue collection 

HCQ and AAV8-shRNA-ATG7 were used to inhibit autophagy in WT and L-FKO 

mice. For HCQ treatment, an HCQ solution (60mg/kg BW) was administered via IP 

injection to 8- to 12-week-old male mice (5-6 mice each group) after overnight (16hr) 

fasting. The control group received the same volume of normal saline. Mice were 

sacrificed 4 hours after the HCQ injection for tissue collection, as previously reported138, 

140, 209, 210. For AAV8-shRNA-ATG7 treatment, AAV8-shRNA-ATG7 (1011 genome 

copies/mouse) was administered via RO injection to 8- to 12-week-old male mice (5-6 

mice each group). The control group received the same amount of AAV8-shRNA-

scramble. Mice were sacrificed 17 days after the AAV8 injection for tissue collection, 

similar to our previous report41.  

Isolation of mouse primary hepatocytes and treatment 

Mouse primary hepatocytes were isolated from 8- to 12-week-old male mouse liver 

and cultured in DMEM (containing 5.5 mM glucose) supplemented with 10% fetal bovine 

serum (FBS) as previously described41, 44, 208. When hepatocytes firmly attached on the 

bottom of coated culture plate, DMEM was replaced by the HGP buffer, proceeding to 

another 3hr-starvation prior to protein or RNA collection. For CQ treatment, a CQ solution 

(final concentration = 50 µM) was added in the corresponding treatment groups 

concurrently with replacement of the DMEM by the HGP buffer. A glucagon solution 

(final concentration = 100 nM) would be added in the corresponding treatment groups 30 
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min after CQ treatment. In siR-ATG7-treated groups, the transfection culture medium was 

replaced by the HGP buffer right after the transfection. A glucagon solution was added in 

the corresponding treatment groups at the same time. After a 3hr-incubation, hepatocytes 

were lysed by RIPA lysis buffer or TRIzol reagent (Cat# 15596018, ThermoFisher) for 

protein or RNA collection.  

Extraction of nuclear and cytoplasmic proteins 

To prepare the cell samples for extraction of nuclear and cytoplasmic proteins, mouse 

primary hepatocytes were first harvested by using trypsin-EDTA (0.25%) (Cat# 25200114, 

Thermofisher). Cells were then washed with PBS, followed by centrifugation at 500g, 3 

min. After centrifugation, the supernatant was removed, and the remaining cell pellets 

proceeded to protein extraction with NE-PER™ Nuclear and Cytoplasmic Extraction 

Reagents (Cat# 78835, ThermoFisher) as previously described35, 247.  

Determination of protein concentration  

For in vitro study, primary hepatocytes were lysed by the RIPA lysis buffer 

(MilliporeSigma) containing protease and phosphatase inhibitor cocktail 

(MilliporeSigma) and sodium orthovanadate (MilliporeSigma). For in vivo study, the liver, 

heart, or adipose tissue fragments (about 50 mg per tissue) were lysed by the RIPA lysis 

buffer containing a protease and phosphatase inhibitor cocktail and sodium orthovanadate, 

then proceeded to homogenization using the IKA T8 homogenizer (12-18V DC, 100W). 

Cell or tissue lysates were then centrifuged at 14000 rpm, 4°C for 15min, and the 

supernatant was collected. Protein concentration was determined by Pierce™ BCA 

Protein Assay Kit (ThermoFisher) following the manufacturer’s instruction. 
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Protein immunoblotting 

Western blotting was conducted as previously described41, 44, 208. In brief, protein 

samples were first normalized with Alfa Aesar™ laemmli SDS sample buffer (reducing, 

6X) (Fisher Scientific) based on the concentration of protein samples, and denatured under 

95.5°C for 10 min. Protein samples (25 – 40µg) were then resolved in a polyacrylamide 

gel (7.5-15%) by using a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-

Rad), and electro-blotted onto the Amersham Hybond western blotting membranes 

(0.45µm PVDF) (VWR) by using Trans-Blot Turbo Transfer System (Bio-Rad). 

Membranes were incubated with primary antibodies (Table 2) in a 5% BSA solution (5% 

w/v in TBST) overnight at 4°C, followed by incubation with secondary antibodies (anti-

rabbit IgG, HRP-linked, Cell Signaling Technology) in a 5% BSA solution on the second 

day. Clarity Western ECL Substrate (Bio-Rad) was used to react with HRP-linked 

secondary antibody to generate light signals which were captured by ChemiDoc™ 

Imaging System (Bio-Rad). The band intensity was quantified by ImageJ software (NIH, 

1.8.0v) and expressed as a ratio to GAPDH (internal control). Antibody of human 

phosphor-FoxO1 (S276) (equivalent to S273 in mouse FoxO1) was generated as 

previously described35. 

Immunofluorescence staining 

Mouse primary hepatocytes were cultured (5*104 cells/well) in the collagen coated 

Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber Slide™ System (Fisher Scientific). 

The immunofluorescence assay was conducted following immunocytochemistry and 

immunofluorescence protocol (Abcam). In brief, after the experimental treatment, the 
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culture medium was discarded, followed by an addition of fixing reagent (100% methanol, 

pre-chilled at -20°C) and incubating at room temperature for 15 min. Fixed cells were then 

permeabilized by permeabilizing reagent (PBS with 0.2% TritonX-100) at room 

temperature for 15 min. After discarding the permeabilizing reagent, a blocking solution 

(PBS with 0.1% Tween-20, 1% BSA and 22.52 mg/ml glycine) was added to each well to 

block the cells at room temperature for an hour. After 1hr-blocking, cells were incubated 

with primary antibodies (Table 2) in an antibody dilution buffer (1% BSA w/v in PBS, 

with 0.1% Tween-20) overnight at 4°C. After overnight incubation with primary 

antibodies, cells were incubated with secondary antibodies (Alexa Fluor® 488 Conjugate) 

(Cell Signaling Technology) at room temperature for an hour (in the dark). Finally, cells 

were mounted by ProLong™ Gold Antifade Mountant with DAPI (Invitrogen) and 

covered with coverslip. Images were captured under SPE confocal microscopy (Leica 

Biosystems, Wetzlar, Germany). 

Immunohistochemistry staining 

After being fixed in formalin, the liver tissues were embedded in paraffin wax, then 

proceeded to tissue sectioning with 5 μm in thickness, by using HistoCore AUTOCUT - 

Automated Rotary Microtome (Leica Biosystems, Wetzlar, Germany). Tissue sections 

were air-dried for at least one hour, then put in 60°C oven for at least 30 min to melt the 

paraffin. The deparaffinization and rehydration procedures were conducted following 

below steps (Table 3).  

 

 



 

58 

 

Table 3. Steps of sections deparaffinization and rehydration. 

Name of reagent (purity) Times*Duration per time 

Xylene (100%) 2*10min 

Ethanol (100%) 2*5min 

Ethanol (90%) 1*2min 

Ethanol (70%) 

Running Tap Water 

1*2min 

at least 5min 

In order to break protein cross-links that mask antigens in formalin-fixed tissues, 

antigen retrieval procedures were conducted after rehydration procedures. In brief, 

rehydrated sections were placed in pre-heated coplin jar filled with antigen unmasking 

solution, citrate-based (Vector Laboratories, Cat#H-3300), then steamed for 25 min. Then 

tissue sections were cooled down at room temperature for at least 15 min prior to rinsing 

under running tap water. After antigen retrieval process, IHC staining was conducted 

according to the manufacturer’s protocol of M.O.M.® (Mouse-on-Mouse) Elite® 

Immunodetection Kit, Peroxidase (Cat#PK-2200, Vector Laboratories) or 

VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Rabbit IgG) (PK-6101, Vector 

Laboratories). Nuclei were stained by hematoxylin. Images were captured under Aperio 

Slide Scanner (Leica Biosystems, Wetzlar, Germany).   

RNA isolation from primary hepatocytes or tissue samples 

For the in vitro study, mouse primary hepatocytes were lysed in the TRIzol reagent 

(ThermoFisher), then transferred to 1.7ml RNAse-free centrifugal tubes. For the in vivo 

study, liver tissue fragments were lysed in the TRIzol reagent, followed by 

homogenization using IKA T8 homogenizer (12-18V DC, 100W). Tissue lysates were 

then centrifuged at 14000 rpm, 4°C for 15 min. The supernatants were collected in new 

1.7ml RNAse-free centrifugal tubes. Two hundred microliters of chloroform (Cat# 97064-
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680, VWR) per 1ml of TRIzol reagent was added to the above cell or tissue lysates. 

Samples then proceeded to gentle mixing, followed by 3min-standing still prior to 

centrifugation at 12000g, 4°C for 15min. After centrifugation, the upper aqueous phase of 

samples was transferred to a fresh tube, mixing with same volume of 80% ethanol then 

undergoing vortex. After vortex, 700µl of liquid mixture was transferred to the 

EconoSpin® RNA Mini Spin Column (Cat# NC0772081, Fisher Scientific) followed by 

centrifugation at 8000g, 4°C for 60sec. Isopropyl ethanol (500µl) was added into the spin 

column, then proceeded to 10min-incubation at room temperature. The mixture was 

centrifuged at 8000g, 4°C for 60sec again to discard the isopropyl ethanol (RNA extracts 

were trapped in the RNA-binding membrane of columns). Two repeating washing steps 

by adding 80% ethanol and centrifugation at 8000g, 4°C for 60sec were then conducted to 

these columns. After washing steps, columns were centrifuged once again at 12000g, 4°C 

for 3min to completely remove the leftover ethanol. Finally, 30µl of UltraPure™ 

DNase/RNase-Free distilled water (Cat# 10977015, ThermoFisher) was added into the 

column to redissolve the RNA. Total RNA extracts were quantified by NanoDrop 

2000/2000c Spectrophotometer (ThermoFisher).   

Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

RNA templates (1000ng) were reverse transcribed to their corresponding 

complementary DNAs (cDNA) with iScript™ Reverse Transcription Supermix (Bio-Rad) 

following manufacturer’s instructions. cDNA was mixed with primers (Table 4) and 

SsoAdvanced Universal SYBR® Green Supermix (Cat# 1725274, Bio-Rad), then 

proceeded to real-time PCR in CFX384 Touch™ Real-Time PCR Detection System (Cat# 
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1855485, Bio-Rad). Cyclophilin was used as an internal control. RT-qPCR assay was 

conducted in triplicate for each biological replicate. Relative gene expression level was 

calculated by using the 2(-Delta Delta C(T)) method248. 

Statistical analysis 

All data was presented as mean ± standard error of the mean (SEM), unless otherwise 

stated. One-way ANOVA (with Dunnett's T3 test) was used to compare the means of more 

than two treatment groups if there is one independent variables (e.g., CQ time-course 

study) among groups. Two-way ANOVA (coupled with post-test, Tukey’s test) was used 

to compare the means of more than two treatment groups if there are two independent 

variables (e.g., treatments) among the groups. p<0.05 was considered as statistically 

significant. *denotes p<0.05; **denotes p<0.01; ***denotes p<0.005; ****denotes 

p<0.0001. Statistical analysis was performed in GraphPad Prism software (Version 9.2.0). 
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Table 4. Primers for RT-qPCR. 

Name Sequence (5’-3’) Reference 

Acc1 Forward CCTCCGTCAGCTCAGATACA 41 

 Reverse TTTACTAGGTGCAAGCCAGACA 

Atf4 Forward CCTAGGTCTCTTAGATGACTATCTGGAGG 249 

 Reverse CCAGGTCATCCATTCGAAACAGAGCATCG  

Atg7 Forward AGTTGAGCGGCGACAGCATTA NCBI Ref Seq:  

NM_001253717.2  Reverse GTTCTTACCAGCCTCACTGTCA 

Cd36 Forward GATGACGTGGCAAAGAACAG 41 

 Reverse TCCTCGGGGTCCTGAGTTAT 

Cpt1a Forward GCCGATCATGGTTAACAGCAACT 41, 208 

 Reverse AGACCTTGAAGTAACGGCCTC 

Cyclophilin Forward CTAAAGCATACAGGTCCTGGCATCTTG 41, 207 

 Reverse TGCCATCCAGCCATTCAGTCTTG 

FoxO1 Forward AGATGAGTGCCCTGGGCAGC 41, 207, 208 

 Reverse GATGGACTCCATGTCACAGT 

G6pc Forward CATTGTGGCTTCCTTGGTCC 41, 207, 208 

 Reverse GGCAGTATGGGATAAGACTG 

Gsr Forward CCACGGCTATGCAACATTCG 41 

 Reverse AATCAGGATGTGTGGAGCGG 

Map1LC3b Forward GGGACCCTAACCCCATAGGA NCBI Ref Seq:  

NM_001364358.1  Reverse CTATAATCACCCGCCTGCCC 

Pck1 Forward CCATCGGCTACATCCCTAAG 41, 207, 208 

 Reverse GACCTGGTCCTCCAGATACC 

Prdx3 Forward CCGTTTGGTAAAGGCGTTCC 41 

 Reverse GGCTTGATCGTAGGGGACTC 

Prdx5 Forward TCGTCGGCTGAAAAGGTTCT 41 

 Reverse ATCTGGCTCCACGTTCAGTG 

Scd1 Forward CTGTACGGGATCATACTGGTTC 41 

 Reverse GCCGTGCCTTGTAAGTTCTG 

Slc7a5/Lat1 Forward CTTCGGCTCTGTCAATGGGT 250 

 Reverse TTCACCTTGATGGGACGCTC 

Sod2 Forward AAGGTCGCTTACAGATTGCTGC 41 

 Reverse AGCGGAATAAGGCCTGTTGTTC 

Srebp1c Forward GGAGCCATGGATTGCACATT 41 

 Reverse GGCCCGGGAAGTCACTGT 
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Results 

Inhibition of autophagy significantly suppresses nuclear localization of FoxO1 

Since FoxO1 is a transcription factor which is required to localize in the nucleus in 

order to regulate the target genes expression35, 44, 239, and we observed that the total protein 

amount of FoxO1 was significantly reduced upon the inhibition of autophagy (Figure 7 

and Figure 8), we wanted to know that whether the reduction of total FoxO1 protein 

amount would be associated with a reduction of the nuclear localization of FoxO1. To 

address this question,  we extracted the cytosolic and nuclear proteins from mouse primary 

hepatocytes with or without inhibition of autophagy, then evaluated the FoxO1 protein 

amount inside and outside the nucleus. In addition, as the nuclear localization of FoxO1 

is tightly related to FoxO1-S253 and FoxO1-S273 phosphorylation, we would also like to 

evaluate the FoxO1 phosphorylation at both sites under autophagy deficiency. Our western 

blot results showed that upon the inhibition of autophagy, both cytosolic and nuclear 

protein amount of total FoxO1 were significantly reduced. Meanwhile, we found that there 

was no significant increase of FoxO1-S253 inside or outside the nucleus. In contrast, we 

found that the FoxO1-S253 protein amount was significantly reduced in the cytosol. 

Nevertheless, we did observe a slight decrease of FoxO1-S273 in the nucleus (Figure 9A 

and B). Then we evaluated the distribution of FoxO1 protein in the primary hepatocytes 

by immunofluorescence assay. Consistently, the confocal microscopy showed that a 

significant less amount of FoxO1 was observed in the nucleus in mouse primary 

hepatocytes upon inhibition of autophagy (Figure 9 C). In addition, immunohistochemical 

analysis of FoxO1 protein on the mouse liver tissues showed that the FoxO1 protein level 
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was significantly reduced in the nucleus under the AAV8-shR-ATG7 treatment (Figure 

10 A-D). Our data demonstrated that without a proper functioning autophagy, both the 

total protein amount and nuclear localization of FoxO1 were significantly downregulated, 

which could possibly explain why FoxO1-mediated gluconeogenic pathway was impaired 

afterwards. 

Reduction of FoxO1 protein induced by inhibition of autophagy is independent of FoxO1 

phosphorylation and degradation 

We wanted to further investigate the possible mechanisms causing the reduction of 

FoxO1 protein level upon inhibition of autophagy. It has been well-reported that the 

stability and nuclear localization of FoxO1 are highly associated with the phosphorylation 

of FoxO1. Phosphorylation of human FoxO1 at S256 (equivalent to S253 in mouse 

FoxO1), which is usually triggered by insulin-stimulated AKT signaling, promotes the 

nuclear exclusion of FoxO1, followed by ubiquitination and degradation of FoxO1 in the 

cytoplasm55. In contrast, phosphorylation of human FoxO1 at S276 (equivalent to S273 in 

mouse FoxO1), which is usually triggered by glucagon → PKA signaling, promotes the 

nuclear localization of FoxO1, thereby increasing the stability of FoxO135. In Figure 9, 

although we did not observe an increase of FoxO1-S253 phosphorylation, we did observe 

a decrease of FoxO1-S273, which brought attention to the fact that we need to further 

investigate the behavior of FoxO1 phosphorylation upon inhibition of autophagy. Under 

these circumstances, we isolated mouse primary hepatocytes from WT, FoxO1-S253A/A 

KI mouse, or FoxO1-S273D/D KI mouse livers, then evaluated the FoxO1 protein level in 

these three types of hepatocytes under different time points (i.e., 0.5hr, 1hr, 2hr, 3hr) with 
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treatment of CQ. In FoxO1-S253A/A hepatocytes, FoxO1-S253 alleles are replaced by 

alanine (A), which in turn prevent the phosphorylation of FoxO1 at S253, thereby 

suppressing FoxO1 nuclear exclusion and ubiquitination. Meanwhile, in FoxO1-S273D/D 

hepatocytes, FoxO1-S273 alleles are replaced by aspartate (D) which mimic the 

phosphorylation of FoxO1 at S273, thereby stabilizing FoxO1 in the nucleus and allowing 

FoxO1 to proceed with transcriptional regulation. Our results showed that neither FoxO1-

S253A/A, nor FoxO1-S273D/D was able to prevent the reduction of FoxO1 protein amount 

after 3 hours of inhibition of autophagy (Figure 11 A-F), although the reduction rate of 

FoxO1 protein level within these 3 hours of CQ treatment was sightly delayed in FoxO1-

S253A/A and FoxO1-S273D/D primary hepatocytes in comparison to WT hepatocytes 

(Figure 11B, D and F). On top of that, since the phosphorylation of FoxO1 at S253 was 

mainly triggered by AKT after AKT was phosphorylated at S473 and activated251-254, we 

checked the protein level of total AKT and AKT-S473 phosphorylation. Indeed, we did 

not observe any upregulation of AKT phosphorylation at S473 in all three types of 

hepatocytes upon inhibition of autophagy (Figure 11 A, C and E). Above results suggested 

that inhibition of autophagy did not promote FoxO1-S253 phosphorylation, or inhibit 

FoxO1-S273 phosphorylation. The decrease of FoxO1-S273 observed in the nucleus 

(Figure 9A) was probably due to decrease of total FoxO1 protein amount. 

Since alteration of FoxO1 phosphorylation sites failed to prevent FoxO1 from 

reduction upon autophagy deficiency, we decided to use MG132, a well-known 

proteasome inhibitor to directly block the degradation of ubiquitin-conjugated proteins in 

mouse primary hepatocytes255-257. We pre-treated the primary hepatocytes with MG132 
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(10µM) for 30min prior to CQ treatment, then collected the proteins after 3 hours. 

Interestingly, the reduction of FoxO1 induced by autophagy deficiency persisted even 

under the treatment of MG132 (Figure 12 A and B). This piece of evidence indicated that 

reduction of FoxO1 level was unlikely due to promotion of FoxO1 protein degradation 

under autophagy deficiency.  

To conclude, all the above evidence suggested that the FoxO1 phosphorylation and 

degradation were not the major mechanisms to cause the reduction of FoxO1 protein level 

upon inhibition of autophagy. 
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Figure 9. Nuclear localization of FoxO1 is significantly suppressed upon inhibition 

of autophagy.  

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer for 

3hr with or without inhibition of autophagy (CQ treatment, 50µM). Nuclear and 

cytoplasmic proteins were extracted separately, and the target proteins were evaluated by 

western blot assay (A). Representative protein blot images were given in panel A, and the 

bands’ intensities (from three independent repeated experiments) in the cytoplasm or the 

nucleus were quantified by ImageJ software (NIH, 1.8.0v) and given in penal B. 

Distribution of FoxO1 (green) with or without inhibition of autophagy (siR-ATG7 

treatment, 100nM) in mouse primary hepatocytes was imaged by Leica SPE confocal 

microscope. Nuclei were labeled with DAPI (blue) and merged with FoxO1 images (C). 

Red arrows indicated the nuclear localization of FoxO1. Data was calculated as the relative 

fold change to the control group (i.e., the group without inhibition of autophagy and 

glucagon (GCG) treatment). Data was analyzed by two-way ANOVA coupled with post-

test (Tukey’s test) and presented as mean±SEM. *p<0.05, **p<0.01. ***p<0.005., 

****p<0.0001. Scale bar = 75µm. 
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Figure 10. Immunohistochemical analysis of FoxO1 protein in the WT & L-FKO 

mouse liver tissues, with or without inhibition of autophagy.  

WT or L-FKO male mouse livers were fixed in formalin, then embedded in paraffin wax 

prior to sectioning with Automated Rotary Microtome. Immunohistochemistry staining 

was performed following the manufacturer’s protocols. FoxO1 protein was stained in 

brown color while the nucleus was stained in blue color. Three representative views (view 

#1, #2 and #3) from different liver tissue sections under corresponding treatment groups 

were provided (A-D). Black arrows indicated the localization of FoxO1. Red arrows 

indicated the lack of nuclear localization of FoxO1. Scale bar = 200 µm.
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Figure 11. Reduction of FoxO1 protein induced by inhibition of autophagy persists 

in FoxO1-S273D/D KI and FoxO1-S253A/A KI mouse primary hepatocytes.  

Primary hepatocytes isolated from WT (A), FoxO1-S253A/A KI (C) and FoxO1-S273D/D 

KI (E) male mouse livers were cultured in HGP buffer for 3hr. CQ (50µM) treatment time 

was indicated in the figures. After 3hr, proteins of hepatocytes were collected, and the 

target proteins were evaluated by western blotting assay. Representative protein blot 

images of corresponding genotype were given in panel A, C and E, respectively. Bands’ 

intensities (from three independent repeated experiments) were quantified by ImageJ 

software (NIH, 1.8.0v) and given in penal B, D and F. Data was calculated as the relative 

fold change to the control group (i.e., the group without CQ treatment). Data was analyzed 

by one-way ANOVA coupled with post-test (Dunnett's T3 test) in GraphPad Prism 

software (Version 9.2.0) to check the statistical significance between groups, and 

presented as mean±SEM. *p<0.05, **p<0.01. 
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Figure 12. Reduction of FoxO1 protein induced by inhibition of autophagy persists 

under the treatment of MG132.  

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer. In 

MG132-treated groups, MG132 (10µM) treatment was conducted 30min before CQ 

treatment. Proteins were collected 4hr after MG132 treatment, and target proteins were 

evaluated by western blot assay. Representative protein blot images were given in panel 

A. Bands’ intensities (from three independent repeated experiments) were quantified by 

ImageJ software (NIH, 1.8.0v) and given in penal B. Data was calculated as the relative 

to the control group (i.e., the group without MG132, CQ, and GCG treatment). Data was 

analyzed by one-way ANOVA coupled with post-test (Dunnett's T3 test) in GraphPad 

Prism software (Version 9.2.0) to check the statistical significance between groups, and 

presented as mean±SEM. *p<0.05, **p<0.01. 

 

Reduction of FoxO1 protein upon inhibition of autophagy is independent of regulation of 

FoxO1 mRNA level 

It was recently reported that autophagy deficiency in the liver induced by ablation of 

ATG7 impaired the fatty acids and triglyceride genes expression through accumulation of 

nuclear receptor co-repressor 1 (NCoR1) 258, 259. Therefore, we hypothesized that the 

decrease of FoxO1 may also be related to downregulation of FoxO1 gene expression 

through unknown mechanisms. To verify this hypothesis, we extracted the mRNA from 

mouse primary hepatocytes with or without inhibition of autophagy induced by either CQ 

or siRNA-ATG7, then evaluated the mRNA levels of target genes, including foxo1, pck1 

and g6pc. However, according to our RT-qPCR results, although the mRNA levels of pck1 

and g6pc were significantly reduced upon inhibition of autophagy in comparison to the 

control group, which was consistent with our HGP (Figure 5) and western blot results 
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(Figure 7), we did not observe any significant decrease of the FoxO1 mRNA level (Figure 

13 A and B). Consistent with our in vitro results, the FoxO1 mRNA level in our WT mouse 

livers treated with AAV8-shR-ATG7 was similar to WT mouse livers with AAV8-shR-

scramble treatment (Figure 13 C). Nevertheless, we did observe that the mRNA levels of 

pck1 and g6pc in WT mouse livers upon autophagy deficiency were significantly reduced, 

although the reduction rate was not as striking as we could observe from in vitro study. In 

addition, the mRNA levels of pck1 and g6pc in WT mouse livers with autophagy 

deficiency were similar to L-FKO mouse livers, which could be one of the reasons to 

explain why the capability of glucose production under the presence of glucagon or 

pyruvate in WT mice with autophagy deficiency was similar to L-FKO mice (Figure 6). 

Again, we did not observe any effect of autophagy deficiency on pck1 and g6pc mRNA 

levels in L-FKO mouse livers, which was another piece of evidence suggesting that 

autophagy-mediated HGP was largely in a FoxO1-dependent manner. To conclude, our 

RT-qPCR data demonstrated that the reduction of FoxO1 upon the inhibition of autophagy 

was independent of downregulation of FoxO1 mRNA level. 
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Figure 13. Reduction of FoxO1 protein induced by inhibition of autophagy is 

independent of regulation of FoxO1 in mRNA level.  

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer for 

3hr with or without CQ (A) or siR-ATG7 treatment (B), followed by mRNA extraction 

then RT-qPCR analysis. Seventeen days after AAV8-shRNA RO injection, mice (n=5 per 

group) were sacrificed, and the livers were collected. mRNA in WT and L-FKO mice liver 

tissues were extracted with TRIzol reagents and evaluated by RT-qPCR (C). Primer 

sequences were given in Materials and Methods. mRNA level of cyclophilin was used as 

the internal control. Data was calculated as the relative expression to their corresponding 

control groups. Data was analyzed by two-way ANOVA coupled with post-test (Tukey’s 

test) in GraphPad Prism software (Version 9.2.0) to check the statistical significance 

between groups, and presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001 
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Discussion 

FoxO1-mediated gluconeogenic signaling is playing an essential role on the HGP 

particularly during starvation. Upon binding with the IRE in the promoter region of pck1 

and g6pc, FoxO1 significantly upregulates the gene expression of pck1 and g6pc, which 

in turn favors the catalytic reactions involved in two rate-limiting steps of 

gluconeogenesis: converting oxaloacetate to phosphoenolpyruvate and converting 

glucose-6-phosphate into glucose molecule, thereby promoting glucose production in 

hepatocytes36, 52, 233. There are several mechanisms having been demonstrated to affect 

FoxO1 activity. First, phosphorylation of FoxO1 at S253 triggered by AKT signaling 

causes a redistribution of the FoxO1 from the nucleus, leading to FoxO1 ubiquitination 

and degradation in the cytoplasm, thereby preventing FoxO1 from activating its target 

genes260, 261. AKT catalyzes the phosphorylation of FoxO1 at three different sites, T24, 

S253 and S316. However, only S253 is the principal phosphorylation site responsible for 

the insulin effects on HGP262, 263. To figure out whether the reduction of FoxO1 upon the 

inhibition of autophagy was related to increase of FoxO1 phosphorylation at S253, we 

checked the amount of FoxO1, pFoxO1-S253 in both nucleus and cytoplasm (Figure 9 

and Figure 10), then evaluated the change of FoxO1 in FoxO1-S253A/A KI mice upon 

inhibition of autophagy (Figure 11 C and D). Our results clearly showed that the 

phosphorylation of FoxO1 at S253 was not increased, and autophagy deficiency-induced 

reduction of FoxO1 level persisted even in FoxO1-S253A/A KI mouse primary hepatocytes 

in which FoxO1 was more stable than WT due to prevention of FoxO1-S253 

phosphorylation. Consistently, we did not observe any upregulation of pAKT-S473 
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phosphorylation upon inhibition of autophagy. All the above evidence suggested that the 

reduction of FoxO1 upon inhibition of autophagy was independent of promotion of 

FoxO1-S253 phosphorylation. 

Second, phosphorylation of FoxO1 at S273 triggered by PKA signaling stabilizes 

FoxO1 in the nucleus, preventing FoxO1 from ubiquitination and degradation in the 

cytoplasm35, 41. In fact, phosphorylation of FoxO1 at S273 could be a potential mechanism 

for insulin resistance at the FoxO1 level35. In order to investigate whether the FoxO1-S273 

phosphorylation induced by glucagon was impaired upon inhibition of autophagy, we 

checked the pFoxO1-S273 amount in both nucleus and cytoplasm (Figure 7 and Figure 9), 

and evaluated the change of FoxO1 in FoxO1-S273D/D KI mice upon inhibition of 

autophagy (Figure 10, Figure 11 E and F). Our data suggested that FoxO1-S273 

phosphorylation induced by glucagon was barely affected by autophagy deficiency, and 

autophagy deficiency-induced reduction of FoxO1 level persisted even in FoxO1-S273D/D 

KI mouse primary hepatocytes in which FoxO1 was supposed to be more stable than WT 

due to mimicking of FoxO1-S273 phosphorylation, indicating that the reduction of FoxO1 

upon inhibition of autophagy was independent of the impairment of FoxO1-S273 

phosphorylation. 

Third, the ubiquitination and degradation of FoxO1 potentially cause the reduction 

of total FoxO1 protein level. Although FoxO1-S253 phosphorylation was not promoted 

based on our results, we wanted to further rule out the possibility that ubiquitination and 

degradation of FoxO1 was contributing to the reduction of FoxO1 level upon inhibition of 

autophagy. It has been reported that one of the autophagy target substrates, CRY1 could 
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interact with FoxO1, then promote FoxO1 ubiquitination and degradation. Therefore, the 

inhibition of autophagy can potentially improve the stability of CRY1, leading to 

reduction of FoxO1185, 186. However, our data showed that reduction of FoxO1 persisted 

even under the treatment of proteasome inhibitor MG132 (Figure 12 A and B), suggesting 

that there was an alternative mechanism causing reduction of FoxO1 level upon inhibition 

of autophagy in our case. 

Fourth, regulation of FoxO1 gene expression affects FoxO1 protein level. For 

instance, it has been reported that in the patients with nonalcoholic fatty liver disease 

(NAFLD), high hepatic oxidative stress significantly upregulated the gene expression of 

FoxO1, leading to dysregulation of hepatic glucose output and insulin resistance264, 265. 

Therefore, we wanted to figure out whether downregulation of FoxO1 transcription was 

involved in the reduction of FoxO1 level induced by autophagy deficiency. Based on our 

RT-qPCR results, the mRNA levels of pck1 and g6pc were significantly reduced upon 

inhibition of autophagy, which could be a consequence of the reduction of FoxO1 protein 

(Figure 13). However, the mRNA level of FoxO1 was not affected by autophagy 

deficiency, suggesting that the reduction of FoxO1 protein level upon inhibition of 

autophagy was unlikely due to the suppression of gene transcription of FoxO1.  

In conclusion, in the present chapter, we investigated several potential mechanisms 

which could possibly participate in the reduction of FoxO1 protein amount upon inhibition 

of autophagy. Our results clearly indicated that FoxO1 phosphorylation, FoxO1 

degradation and downregulation of FoxO1 gene transcription were not the major 

mechanisms explaining the decrease of FoxO1 level induced by autophagy deficiency. 
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CHAPTER IV  

THE ALTERATION OF CELLULAR AMINO ACID POOLS INDUCED BY 

INHIBITION OF AUTOPHAGY AFFECTS FOXO1 PROTEIN AMOUNT AND 

ACTIVITIES 

Introduction 

In general, there are two typical physiological significances of autophagy under 

starvation conditions. First, autophagy is one of the important mechanisms supporting the 

protein turnover. For instance, it has been demonstrated that autophagy accounts for about 

one-third of mitochondrial protein turnover in the study of autophagy-deficient ATG7 

mutant fruit fly and ATG7-/ATG5-deficient human fibroblasts266. Consistently, Komatsu 

et al. discovered that the reduction of protein and organelles induced by starvation was 

largely impaired in ATG7-deficent mouse liver267, suggesting an indispensable role of 

autophagy in protein turnover during fasting. Second, autophagy is an essential 

mechanism in the maintenance of cellular amino acid pools during starvation. It is well-

recognized that in the end stage of autophagy, amino acids derived from lysosomal 

degradation are released from the lysosome to the cytoplasm. These autophagy-derived 

amino acids will participate in new protein synthesis and/or energy metabolism 

afterwards168, 268. On top of that, Onodera and Ohsumi reported that during nitrogen 

starvation, the contents of cellular free amino acid, total protein synthesis and the synthesis 

of certain proteins which were supposed to be highly expressed upon starvation were 

significantly suppressed in ATG7-deficnent yeast in comparison to wild type groups269. 

Later, Chen et al. proposed a detailed mechanism of the general amino acid control 
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(GAAC) under starvation in which autophagy is involved166. In brief, under starvation (i.e., 

serum and glutamine starvation in the study of Chen et al.), the activity of mTOR is 

suppressed, which in turn leads to autophagy activation. Concurrently, a typical 

transcriptional factor, activating transcription factor 4 (ATF4) is in an active state, 

subsequently promoting the gene expression of LAT1/SLC7A5 which is a large neutral 

amino acid transporter (AAT) responsible for uptake of essential amino acids such as 

leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan, methionine, and 

histidine166, 270, 271. In cancer cell lines, inhibition of autophagy has shown a significant 

upregulation of ATF4-AAT axis, which is believed to compensate the shortage of cellular 

amino acid content due to inhibition of autophagy in cancer cells272. However, there is still 

limited evidence to show the association between the autophagy-mediated amino acid 

pools and FoxO1-mediated HGP under starvation. 

Since our data in the previous chapter showed that reduction of FoxO1 induced by 

the inhibition of autophagy was unlikely due to FoxO1 phosphorylation, FoxO1 

degradation and FoxO1 transcription, we decided to evaluate the amino acid pools under 

inhibition of autophagy in vitro and in vivo, and tried to find a potential relationship 

between autophagy-mediated amino acid pools and FoxO1 protein level, thereby 

explaining the role of autophagy in the regulation of HGP under starvation. Our data 

demonstrated that the inhibition of autophagy significantly altered the cellular amino acid 

pools in primary hepatocytes and in the liver. Addition of amino acids which were found 

to be significantly reduced upon inhibition of autophagy, remarkably restored the FoxO1 

protein amount as well as the capability of HGP even under autophagy deficiency. On top 
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of that, the addition of protein synthesis inhibitor CHX significantly suppressed the amino 

acids supplementation-induced restoration of FoxO1 protein and HGP. In addition, we 

evaluated mRNA level of genes related to lipogenesis, fatty acid oxidation and redox 

regulation with or without inhibition of autophagy in WT and L-FKO mouse primary 

hepatocytes, and found that the autophagy-mediated FoxO1 activities could probably be 

extended to several other essential metabolic activities beyond glucose homeostasis. Our 

results highlight the importance of autophagy-FoxO1 axis in the maintenance of cellular 

homeostasis during fasting.
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Materials and methods 

Ethics statement 

Animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Texas A&M University. All mice were kept in the laboratory 

animal resources and research facility (LARR), and housed in standard cages under 12hr-

light/12hr-dark cycle with access to food and drinking water ad libitum as previously 

described41, 44, 206. Necessary procedures (e.g., performing euthanasia by means of 

isoflurane vaporizer) were conducted to minimize the discomfort, distress, and pain of the 

mice during the experiments.  

Animal treatment and tissue collection 

HCQ and AAV8-shRNA-ATG7 were used to inhibit autophagy in WT and L-FKO 

mice. For HCQ treatment, HCQ solution (60mg/kg BW) was administered via IP injection 

to 8- to 12-week-old male mice (5-6 mice each group) after overnight (16hr) fasting. The 

control group received the same volume of normal saline. Mice were sacrificed 4 hours 

after the HCQ injection for tissue collection. For AAV8-shRNA-ATG7 treatment, AAV8-

shRNA-ATG7 (1011 genome copies/mouse) was administered via RO injection to 8- to 

12-week-old male mice (5-6 mice each group). The control group received the same 

amount of AAV8-shRNA-scramble. Mice were sacrificed 17days after the AAV8 

injection for tissue collection.  

Isolation of mouse primary hepatocytes and treatment 

Mouse primary hepatocytes were isolated from 8- to 12-week-old male mice liver 

and cultured in DMEM (containing 5.5mM glucose) supplemented with 2% fetal bovine 
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serum (FBS) as previously described41, 44, 208. When hepatocytes firmly attached on the 

bottom of a collage-coated culture plate, DMEM was replaced by HGP buffer, proceeding 

to another 3 hours starvation prior to protein collection or RNA extraction. For CQ 

treatment, CQ solution (final concentration=50µM) was added in the corresponding 

treatment groups concurrently with replacement of DMEM by the HGP buffer. Glucagon 

solution (final concentration=100nM) would be added in the corresponding treatment 

groups 30 min after the CQ treatment. For amino acid treatment, different concentrations 

(0µM, 40µM, 80µM, 160µM and 320µM) of mixed solution of amino acids, including 

alanine, leucine, valine, glycine, glutamine, isoleucine, glutamate, and phenylalanine were 

freshly prepared before the experiment, then added to corresponding wells concurrently 

with glucagon treatment. In siR-ATG7-treated groups, a transfection culture medium was 

replaced by HGP buffer right after the siR-ATG7 (100nM) transfection. Glucagon solution 

was added in the corresponding treatment groups at the same time. After 3 hours 

incubation, hepatocytes were lysed by the RIPA lysis buffer (supplemented with protease 

and phosphatase inhibitor cocktail and sodium orthovanadate) or TRIzol reagent for 

protein collection or RNA extraction.  

Determination of protein concentration  

For in vitro study, primary hepatocytes were lysed by the RIPA lysis buffer 

(MilliporeSigma) containing protease and phosphatase inhibitor cocktail 

(MilliporeSigma) and sodium orthovanadate (MilliporeSigma). For in vivo study, liver 

tissue fragments (about 50 mg) were lysed by RIPA lysis buffer containing protease and 

phosphatase inhibitor cocktail and sodium orthovanadate, then proceeded to 
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homogenization using IKA T8 homogenizer (12-18V DC, 100W). Cell or tissue lysates 

were then centrifuged at 14000rpm, 4°C for 15min, and the supernatant was collected. 

Protein concentration was determined by using Pierce™ BCA Protein Assay Kit 

(ThermoFisher) following the manufacturer’s instruction.  

Preparation of samples for amino acid determination by HPLC 

To prepare samples from primary hepatocytes, HClO4 (1.5 M, 0.5 ml) (Cat# 

BDH4550, VWR) was added in each well, followed by a transfer of lysate to 15ml-

contrifuge tube. K2CO3 (2.0 M, 250µl) was then added to the tube, following by addition 

of HPLC-grade H2O (2.25 ml) (Cat# JT4218, VWR). The mixture was centrifuged at 600g 

for 10min, and the supernatant was collected. To prepare samples from the liver tissues, 

100mg of the liver tissue fragments was weighed and placed in homogenizer. Tissue 

samples were homogenized with 1 ml of 1.5 M HClO4. Homogenates was transferred to a 

15ml-centrifuge tube. Then HPLC-grade H2O (1 ml) was used to rinse the homogenizer 

and transferred into above tube. K2CO3 (2.0 M, 500 µl) was then added into the tube. This 

mixture was centrifuged at 2000 rpm for 5 min and the supernatant was collected. Amino 

acids were measured using HPLC (Waters, Milford, MA, USA) as previously described273.  

Protein immunoblotting 

Western blotting was conducted as previously described41, 44, 208. In brief, protein 

samples were first normalized with Alfa Aesar™ laemmli SDS sample buffer (reducing, 

6X) (Fisher Scientific) based on the concentration of protein samples, and denatured under 

95.5°C for 10 min. Protein samples (25-40µg) were then resolved in a polyacrylamide gel 

(7.5-15%) by using Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad), and 
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electro-blotted onto the Amersham Hybond western blotting membranes, (0.45µm PVDF) 

(VWR) by using Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were 

incubated with primary antibodies (Table 2) in 5% BSA solution (5% w/v in TBST) 

overnight at 4°C, followed by incubation with secondary antibodies (anti-rabbit IgG, HRP-

linked, Cell Signaling Technology) in 5% BSA solution on the second day. Clarity 

Western ECL Substrate (Bio-Rad) was used to react with HRP-linked secondary antibody 

to generate light signal which was captured by ChemiDoc™ Imaging System (Bio-Rad). 

The band intensity was quantified by the ImageJ software (NIH, 1.8.0v) and expressed as 

a ratio to GAPDH (internal control). 

Real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) 

RNA templates (1000ng) extracted by TRIzol reagent were reverse transcribed to 

their corresponding complementary DNAs (cDNA) with iScript™ Reverse Transcription 

Supermix (Bio-Rad) following the manufacturer’s instruction. cDNA was mixed with 

primers (Table 3) and SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad), then 

proceeded to real-time PCR in CFX384 Touch™ Real-Time PCR Detection System (Bio-

Rad) following the manufacturer’s instruction. Cyclophilin was used as an internal control. 

RT-qPCR assay was conducted in duplicate or triplicate for each biological replicate. 

Relative gene expression level was calculated by using 2(-Delta Delta C(T)) method248. 
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Statistical analysis 

Data was presented as mean ± standard error of the mean (SEM), unless otherwise 

stated. Student t-test (with Welch's correction) was used to compare the means of two 

treatment groups. One-way ANOVA (with Dunnett's T3 test) was used to compare the 

means of more than two treatment groups if there is one independent variables (e.g., AAs 

dose-response study) among the groups. Two-way ANOVA (coupled with post-test, 

Tukey’s test) was used to compare the means of more than two treatment groups if there 

are two independent variables (e.g., treatments) among the groups. p<0.05 was considered 

as statistically significant. *denotes p<0.05; **denotes p<0.01; ***denotes p<0.005; 

****denotes p<0.0001. Statistical analysis was performed in GraphPad Prism software 

(Version 9.2.0).
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Results 

Inhibition of autophagy significantly alters hepatic amino acid pools 

Since the reduction of FoxO1 under inhibition of autophagy is independent of FoxO1 

phosphorylation, FoxO1 ubiquitination and degradation, and regulation of FoxO1 mRNA 

level, we proceeded to hypothesize that the reduction of FoxO1 could potentially be 

associated with the restriction of protein synthesis caused by inhibition of autophagy. The 

activity of autophagy has been reported to be tightly related to the regulation of cellular 

amino acid pools particularly under starvation conditions268, 269, and amino acids are the 

building blocks for protein synthesis, which could be really limited during fasting. We 

evaluated the cellular amino acid pools with or without inhibition of autophagy in mouse 

primary hepatocytes. According to the HPLC results, we found that the cellular contents 

of amino acid in mouse primary hepatocytes were substantially altered upon inhibition of 

autophagy, in comparison to the group without CQ or siR-ATG7 treatment. Notably, not 

the entire amino acid profile was significantly altered by autophagy deficiency. In CQ-

treated mouse primary hepatocytes, the cellular concentrations of alanine, aspartate, 

glutamate, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, serine, tryptophan, tyrosine, and valine decreased significantly, while the 

concentrations of arginine, asparagine, taurine, and threonine stayed broadly the same 

compared to the control groups (Table 6 and Figure 14 A). Similarly, comparing with 

primary hepatocytes without siRNA-ATG7 transfection, in primary hepatocytes 

transfected with siRNA-ATG7, the concentration of alanine, asparagine, glutamate, 

glutamine, glycine, histidine, isoleucine, leucine, ornithine, phenylalanine, threonine, 
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tryptophan, tyrosine, and valine was remarkably reduced, while the rest of the amino acids 

was not significantly affected (Table 6 and Figure 14 B). In addition, we found that the 

concentration of amino acids, for example, alanine, showed a significant reduction in 

glucagon-treated group. It is probably because of the glucagon-induced gluconeogenesis 

in which alanine were one of the main substrates. 

Addition of amino acids successfully restores FoxO1 protein amount and HGP 

Next, we wanted to verify the association between the cellular amino acid pools, 

FoxO1 protein levels, and the HGP, which we believe could be a potential mechanism to 

explain the phenotypes that we observed in Chapter II. First, we selected the amino acids 

which showed a significant reduction in concentration under autophagy deficiency. They 

were alanine (ALA), leucine (LEU), valine (VAL), glycine (GLY), glutamine (GLN), 

isoleucine (ILE), glutamate (GLU) and phenylalanine (PHE). Then we took the range of 

concentrations for these amino acids in cell culture medium (CCM) as a reference (Table 

5)274, 275, to prepare a gradient of concentrations for our amino acids (AAs) mixture (i.e., 

0µM, 40µM, 80µM, 160µM, 320µM). We used these AAs mixtures to treat the freshly 

isolated mouse primary hepatocytes which were cultured in HGP buffer with or without 

CQ and glucagon co-treatment for 3 hours, followed by HGP determination and protein 

collection. 
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Table 5. Selected amino acid content in cell culture media (CCM). 

Amino acids 

Minimum 

concentration in 

CCM (µM)
 274, 275 

Maximum 

concentration in 

CCM (µM)
 274, 275 

Concentration in 

DMEM (Sigma, 

Cat#D6046) (µM) 

Alanine (ALA) 101.021 3569.424 - 

Leucine (LEU) 381.185 4269.269 800.488 

Valine (VAL) 170.720 3755.836 802.383 

Glycine (GLY) 106.567 4395.897 399.627 

Glutamine (GLN) - - 3996.168 

Isoleucine (ILE) 381.185 3484.028 800.488 

Glutamate (GLU) 74.764 4363.488 - 

Phenylalanine (PHE) 90.805 1894.788 399.540 

As we expected, our HGP assay results showed that the addition of AAs mixture 

successfully restored the capability of glucose production in mouse primary hepatocytes 

under inhibition of autophagy (Figure 15 A). Consistently, our western blotting results 

showed that the FoxO1 protein levels were also gradually restored upon the addition of 

different concentration of AAs mixture (Figure 15 B and C). These results indicated that 

by supplementing the amino acids which were significantly reduced under the inhibition 

of autophagy, FoxO1-mediated HGP could be recovered. On top of that, we wanted to 

verify that the restoration of FoxO1 and HGP triggered by amino acid supplementation 

was mainly due to restoration of FoxO1 protein synthesis. We used protein synthesis 

inhibitor cycloheximide (CHX), which is able to block the elongation phase of eukaryotic 

translation276-278, to treat the primary hepatocytes, along with the addition of amino acid 
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mixture under the inhibition of autophagy. The results showed that the amino acid 

supplementation-induced restoration of HGP capability were largely abolished by CHX 

(Figure 16 A). Consistently, the restoration of the FoxO1 protein level induced by amino 

acid supplementation was significantly reduced under CHX treatment (Figure 16B and C). 

This piece of evidence indicated that alteration of amino acid pools caused by autophagy 

deficiency could significantly inhibit the protein synthesis of FoxO1, which in turn impair 

the capability of HGP during starvation.    
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Table 6. Cellular amino acid pools in WT mouse primary hepatocytes with or 

without the treatment of CQ and/or glucagon. 

 
Note: ALA, Alanine; ARG, Arginine; ASN, Asparagine; ASP, Aspartate; beta-ALA, 

beta-alanine; CIT, Citrulline; GLU, Glutamate; GLN, Glutamine; GLY, Glycine; HIS, 

Histidine; ILE, Isoleucine; LEU, Leucine; LYS, Lysine; MET, Methionine; ORN, 

Ornithine; PHE, Phenylalanine; SER, Serine; TAU, Taurine; THR, Threonine; TRP, 

Tryptophan; TYR, Tyrosine; VAL, Valine; CQ, Chloroquine; GCG, Glucagon; 

Data was analyzed by two-way ANOVA coupled with post-test (Tukey’s test) in 

GraphPad Prism software (Version 9.2.0) to check the statistical significance between 

groups, and presented as mean±SD.  
a *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 vs. group without CQ, without GCG. 
b *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 vs. group without CQ, with GCG.



88 

 

Table 7. Cellular amino acid pools WT mouse primary hepatocytes with or without 

the treatment of siR-ATG7 and/or glucagon. 

 
Note: ALA, Alanine; ARG, Arginine; ASN, Asparagine; ASP, Aspartate; beta-ALA, beta-

alanine; CIT, Citrulline; GLU, Glutamate; GLN, Glutamine; GLY, Glycine; HIS, 

Histidine; ILE, Isoleucine; LEU, Leucine; LYS, Lysine; MET, Methionine; ORN, 

Ornithine; PHE, Phenylalanine; SER, Serine; TAU, Taurine; THR, Threonine; TRP, 

Tryptophan; TYR, Tyrosine; VAL, Valine; Scramble, siRNA-scramble; siR-ATG7, 

siRNA-ATG7; GCG, Glucagon 

Data was analyzed by two-way ANOVA coupled with post-test (Tukey’s test) in 

GraphPad Prism software (Version 9.2.0) to check the statistical significance between 

groups, and presented as mean±SD.  
a *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 vs. group with scramble, without GCG. 
b *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 vs. group with scramble and with GCG. 
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Figure 14. Amino acid pools in mouse primary hepatocytes are significantly altered 

under inhibition of autophagy .  

Primary hepatocytes (n=3 per group) isolated from WT male mouse liver were cultured in 

HGP buffer for 3hr with or without treatment of CQ (A) or siR-ATG7 (B). Preparation of 

hepatocyte lysates for amino acid determination by HPLC method was described in the 

Materials and method. Alanine (ALA), leucine (LEU), valine (VAL), glycine (GLY), 

glutamine (GLN), isoleucine (ILE), glutamate (GLU) and phenylalanine (PHE) were the 

top eight amino acids affected by inhibition of autophagy. Full amino acids profiles were 

given in Table 6 and 7. Data was analyzed by two-way ANOVA coupled with post-test 

(Tukey’s test) to check the statistical significance between groups, and presented as 

mean±SD. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 
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Figure 15. Addition of amino acids restores FoxO1 protein amount and HGP.  

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer with 

or without CQ (50µM) treatment and GCG (100nM) treatment. In amino acids (AAs)-

treated groups, a mixture of eight amino acids solution, including alanine (ALA), leucine 

(LEU), valine (VAL), glycine (GLY), glutamine (GLN), isoleucine (ILE), glutamate 

(GLU) and phenylalanine (PHE) was added in HGP buffer in the beginning of the 3h 

incubation. The concentration gradients of each amino acids were indicated in the figure. 

HGP per hour of each treatment group was measured after 3hr-incubation (A). Protein 

amounts were evaluated by western blotting assay. Representative protein blot images 

were given in panel B. Bands’ intensities (from three independent repeated experiments) 

were quantified by ImageJ software (NIH, 1.8.0v) and given in penal C. Data was 

calculated as the relative to the control group (i.e., the group without CQ, GCG, and AAs 

treatment). Data was analyzed by one-way ANOVA coupled with post-test (Dunnett's T3 

test) in GraphPad Prism software (Version 9.2.0) to check the statistical significance 

between groups, and presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.005, 

****p<0.0001 
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Figure 16. Addition of protein synthesis inhibitor decreases the AAs 

supplementation-induced restoration of FoxO1 protein amount and HGP.   

Primary hepatocytes isolated from WT male mouse liver were cultured in HGP buffer with 

or without CQ (50µM) treatment and GCG (100nM) treatment. In amino acids (Aas)-

treated groups, a mixture of eight amino acids solution (320µM per AA), including alanine 

(ALA), leucine (LEU), valine (VAL), glycine (GLY), glutamine (GLN), isoleucine (ILE), 

glutamate (GLU) and phenylalanine (PHE) was added in HGP buffer in the beginning of 

3h-incubation. In CHX-treated groups, cycloheximide (CHX, 10µM, dissolved in DMSO) 

was added in HGP buffer along with Aas mixture. HGP per hour of each treatment group 

was measured after 3hr-incubation (A). Protein amounts were evaluated by western 

blotting assay. Representative protein blot images were given in panel B. Bands’ 

intensities (from three independent repeated experiments) were quantified by ImageJ 

software (NIH, 1.8.0v) and given in penal C. Data was calculated as the relative to the 

control group (i.e., the group without CQ, GCG, and Aas treatment). Data was analyzed 

by one-way ANOVA coupled with post-test (Dunnett’s T3 test) in GraphPad Prism 

software (Version 9.2.0) to check the statistical significance between groups, and 

presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001.
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Autophagy deficiency in the liver alters hepatic amino acid pools, and potentially 

promotes ATF4-LAT1 pathway 

On the other hand, our in vivo liver amino acid profiles showed that the autophagy 

deficiency induced by AAV8-shRNA-ATG7 altered the amino acid pools in the liver, 

although the alteration was relatively mild in comparison to our in vitro results. 

Particularly, the concentrations of alanine, citrulline, glutamine, glycine, isoleucine, 

leucine, and valine showed significant reduction in the WT mouse livers under the 

treatment of AAV8-shRNA-ATG7, compared to WT mouse livers with AAV8-shRNA-

scramble treatment. Notably, in L-FKO mouse livers, we could barely observe an effect 

of autophagy deficiency on amino acid pools, and the amino acids profiles were similar to 

WT mouse livers without autophagy deficiency (Table 8 and Figure 17 A). This is 

probably because the FoxO1 protein synthesis and gluconeogenesis are so low in L-FKO 

mouse livers that the demand of autophagy-derived amino acids is insignificant. 

Considering that the general amino acid control (GAAC) under starvation requires 

the activation of transcription factor ATF4 (encoded by gene Atf4), which in turn 

upregulates the expression of amino acids transporter including LAT1 (encoded by gene 

Slc7a5)166, 279, 280, we wanted to know if we could observe an activation of ATF4-LAT1 

pathway in our WT and L-FKO mouse livers with autophagy deficiency. Indeed, the 

mRNA and protein levels of ATF4 and LAT1 were significantly increased in WT mouse 

livers upon autophagy deficiency (Figure 17 B-D). Interestingly, in L-FKO mouse livers, 

the expression of ATF4 and LAT1 didn’t change after AAV8-shRNA-ATG7 treatment, 

and was similar to WT mouse livers treated with AAV8-shRNA-ATG7 (Figure 17 B-D). 
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Table 8. The amino acid pools of WT and L-FKO mouse livers with or without the 

treatment of AAV8-shR-ATG7. 

 
Note: ALA, Alanine; ARG, Arginine; ASN, Asparagine; ASP, Aspartate; beta-ALA, beta-

alanine; CIT, Citrulline; GLU, Glutamate; GLN, Glutamine; GLY, Glycine; HIS, 

Histidine; ILE, Isoleucine; LEU, Leucine; LYS, Lysine; MET, Methionine; ORN, 

Ornithine; PHE, Phenylalanine; SER, Serine; TAU, Taurine; THR, Threonine; TRP, 

Tryptophan; TYR, Tyrosine; VAL, Valine; siR-ATG7, Scramble, AAV8-shRNA-

scramble; shR-ATG7, AAV8-shRNA-ATG7 (1011 genome copies/mouse). 

Data (n=5) was analyzed by student t-test (with Welch’s correction) in GraphPad Prism 

software (Version 9.2.0) to check the statistical significance between groups in WT or L-

FKO mice, and presented as mean±SD.  
a *p<0.05, **p<0.01, ***p<0.005 vs. WT group with scramble 
b *p<0.05 vs. L-FKO group with scramble.  
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Figure 17. Amino acid profiles are altered in WT mouse livers, coupled with 

promotion of amino acids transportation upon inhibition of autophagy.  

WT and L-FKO male mice (n=5 per group) received AAV8-shRNA-scramble or AAV8-

shRNA-ATG7 (1011 genome copies per mouse) by RO injection. Mice were sacrificed for 

tissue collection on the 17th day after AAV8 injection. Preparation of the liver tissue 

lysates for amino acid determination by HPLC method was described in the Materials and 

method. Alanine (ALA), leucine (LEU), valine (VAL), glycine (GLY), glutamine (GLN), 

isoleucine (ILE), glutamate (GLU) and phenylalanine (PHE) were the top eight amino 

acids affected by inhibition of autophagy in vitro, and shown here for comparison (A). 

Data was analyzed by student t-test (with Welch’s correction)  to check the statistical 

significance between groups, and presented as mean±SD. *p<0.05, **p<0.01, ***p<0.005. 

Full amino acids profiles of mouse liver were given in Table 8. mRNA and protein levels 

of LAT1 and ATF4 were evaluated by RT-qPCR (B) and western blot assay (C). 

Representative protein blot images were given in panel B. Bands’ intensities (from three 

independent repeated experiments) were quantified by ImageJ software (NIH, 1.8.0v) and 

given in penal D. Data was analyzed by two-way ANOVA coupled with post-test (Tukey’s 

test) to check the statistical significance between groups, and presented as mean±SEM. 

*p<0.05, **p<0.01. 
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The effect of autophagy in control of FoxO1 protein amount potentially contribute to 

lipid metabolism or redox regulation under starvation conditions 

In addition to glucose metabolism, there are several other important intracellular 

activities requiring the participation of FoxO1, including lipogenesis229, 230, 264, fatty acid 

oxidation41, 208, 232, 264 and redox regulation222, 225, 264, 265. It has been reported that in FoxO1 

transgenic mice, lipogenesis-related genes were significantly downregulated by about 

70%251, while in liver-specific insulin receptor and FoxO1 double knockout mice, genes 

related to fatty acid transportation and oxidation were significantly suppressed281. Besides 

that, FoxO1 demonstrated a protective effect against oxidative stress involved in fatty liver 

diseases by upregulating the expression anti-oxidant genes264, 282-284. 

Since we demonstrated that FoxO1 activity could be mediated by autophagy, we were 

interested to know if the lipid metabolism and redox regulation-related genes that were 

mediated by FoxO1 could also be affected by autophagy deficiency. Indeed, under the 

inhibition of autophagy, the lipogenesis-related genes, such as Srebp1c, Scd1, Acc1 were 

significantly upregulated, while the fatty acid oxidation-related genes and redox 

regulation-related genes, such as Cd36, Cpt1a, Sod1, Gsr, and Prdx3 were significantly 

downregulated. Notably, all these phenomena were barely observed in L-FKO hepatocytes 

(Figure 18 A and B), indicating that the alteration of these gene expression induced by 

inhibition of autophagy was largely in FoxO1-dependent manner. To conclude, this piece 

of evidence highlighted the importance of autophagy-FoxO1 axis in regulation of cellular 

homeostasis during starvation. 
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Figure 18. The effect of autophagy deficiency on FoxO1 protein level could 

potentially influence lipid metabolism and redox regulation in the hepatocytes.  

Primary hepatocytes isolated from WT and L-FKO male mouse liver were cultured in 

HGP buffer for 3hr with or without CQ (50µM) treatment and GCG (100nM) treatment, 

followed by mRNA extraction. Genes related to lipid metabolism (A) and redox regulation 

(B) were evaluated by RT-qPCR. Data was calculated as the relative to the control group 

(i.e., the group without CQ and GCG treatment). Data was analyzed by two-way ANOVA 

coupled with post-test (Tukey’s test) in GraphPad Prism software (Version 9.2.0) to check 

the statistical significance between groups, and presented as mean±SEM. *p<0.05, 

**p<0.01, ***p<0.005
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Discussion 

The necessity of autophagy in the maintenance of cellular amino acid pools during 

starvation has been demonstrated in the past decades. However, there is limited evidence 

showing the physiological impact of cellular amino acid pools alteration caused by 

autophagy deficiency in the hepatocytes. Nearly two decades ago, Onodera and Ohsumi 

demonstrated that in yeasts with autophagy deficiency (ATG7-mutant), nitrogen 

starvation-induced proteins, such as arginosuccinate synthetase (Arg1p) and heat shock 

protein of 26kDa (Hsp26p) were largely reduced comparing with WT cells. On top of that, 

such reduction of protein level was mostly due to a post-transcriptional defect, rather than 

downregulation of the mRNA level. Although both WT and ATG7-mutant cells showed 

a dramatically reduction in protein synthesis in the first 3 hours of nitrogen starvation 

(which was consistent with the reduction of cellular amino acids contents in their study), 

only WT cells restored the rate of protein synthesis after 3 hours (which was also 

consistent with the restoration of cellular amino acid level after 3 hours in their study). 

Notably, when starved ATG7-deficient cells were pre-incubated in a medium containing 

an excess of free amino acids, those cells exhibited a similar rate of protein synthesis in 

comparison to WT cells269. 

Later, another study focusing on autophagic substrate p62/SQSTM1 further 

highlighted the importance of autophagy-derived amino acids during starvation. Apart 

from LC3, p62/SQSTM1 is another commonly used indicator of autophagic degradation. 

Basically, when autophagy is upregulated, the amount of cellular p62/SQSTM1 will be 

reduced due to the promotion of autolysosomal degradation. However, Sahani et al. 
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reported that at least in HepG2 and mouse embryonic fibroblasts (MEFs), although the 

amount of p62 decreased in the first 2 hours of starvation (by using starvation medium 

lacking amino acids and serum), a restoration of p62 could be observed when they 

prolonged the starvation to 4 hours. If MEFs were cultured in a starvation medium 

containing autophagy inhibitor CQ, the restoration of p62 during prolonged starvation was 

no longer observable. Consistent with Onodera and Ohsumi’s findings, exogenously 

added amino acids successfully compensated the inhibitory effect of CQ on p62/SQSTM1 

protein synthesis during prolonged starvation165. Considering the level of p62 did not 

always inversely associate with autophagic degradation, we only used LC3 as the main 

indicator of autophagy activity in the present study. 

In the present chapter, we discovered that the amino acid pools were significantly 

altered in hepatocytes upon autophagy deficiency. Alteration of cellular amino acid pools 

potentially dysregulated the process of protein synthesis of FoxO1 which was considered 

to be highly expressed during starvation for HGP. In addition, the activation of the ATF4-

LAT1 pathway in WT mouse liver with autophagy deficiency, and in L-FKO mouse liver 

have three interesting implications for future study. First, inhibition of autophagy not only 

alters the amino acid pools in the liver, but also potentially activates ATF4-LAT1 pathway 

which could support the hepatic amino acids uptake from environment. Nonetheless, in 

our case, such activation of ATF4-LAT1 pathway is not sufficient to compensate the 

shortage of intracellular amino acid pools under inhibition of autophagy; Second, in L-

FKO mouse livers, since FoxO1-mediated gluconeogenesis was almost shut down, amino 

acids were unable to contribute to FoxO1 protein synthesis or gluconeogenesis, which 
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may make the autophagy-derived amino acids less significant. Last, there might be a 

negative correlation between the activity of FoxO1 and ATF4-LAT1 pathway, suggesting 

that FoxO1 is participating in the regulation of amino acid uptake in hepatocytes. 

In summary, the present study highlighted an indispensable role of autophagy in the 

regulation of HGP, which was to sustain the protein level of FoxO1 by maintaining the 

cellular amino acid pools during starvation. In addition to glucose homeostasis, an intact 

autophagy activity during starvation could probably be essential for many other FoxO1-

mediated cellular metabolic pathways in the hepatocytes, such as lipogenesis, fatty acid 

oxidation, and redox regulation.  
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CHAPTER V  

SUMMARY 

Insulin resistance is usually coupled with an abnormal upregulation of HGP, 

eventually contributing to the development of type 2 diabetes. Therefore, understanding 

the mechanisms regulating the HGP could be a key for the development of therapeutic 

strategies to treat insulin resistance and type 2 diabetes in the future. Under starvation 

conditions, glucagon released from pancreatic α cells signals the liver to upregulate the 

HGP. Meanwhile, autophagy, which is a natural catabolic mechanism, can also be 

upregulated during starvation or under the stimulation of glucagon, indicating that 

autophagy could potentially participate in the regulation of HGP. In addition, FoxO1 is an 

essential transcription factor regulating the expression of gluconeogenic genes such as 

pck1 and g6pc, which inspires us to investigate the potential relationship between 

autophagy and FoxO1 regarding the regulation of HGP. 

The first part of this study aimed to investigate the importance of autophagy to the 

HGP during starvation. We found that the HGP in WT mouse primary hepatocytes was 

significantly suppressed upon the inhibition of autophagy induced by CQ or siR-ATG7 

treatment. Moreover, the HGP results showed that the reduction of glucose production 

from gluconeogenesis, rather than glycogenolysis, was the main cause of the reduction of 

HGP upon autophagy deficiency, indicating that FoxO1 or CREB-mediated signaling was 

the potential target. Consistently, the capability of glucose production in WT mice under 

the stimulation of glucagon, or under the presence of pyruvate, was significantly reduced 

upon the treatment of HCQ or AAV8-shR-ATG7. After checking the protein level of 
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FoxO1 and CREB upon inhibition of autophagy, we confirmed that only FoxO1, but not 

CREB, was significantly reduced by autophagy deficiency. In order to verify that 

autophagy deficiency-induced FoxO1 protein reduction was the main cause for the 

suppression of HGP in our case, we checked the effect of inhibition of autophagy in L-

FKO mouse primary hepatocytes or in L-FKO mice. The results showed that in L-FKO 

mouse primary hepatocytes or L-FKO mice, inhibition of autophagy failed to further 

suppress the HGP. Collectively, this chapter suggested that a fully functioning autophagy 

is necessary for the HGP during fasting, and the suppression of HGP induced by 

autophagy deficiency is potentially in a FoxO1-dependent manner. 

The second part of this study aimed to identify the effects of autophagy deficiency 

on FoxO1. Since the inhibition of autophagy cannot further reduce the HGP in L-FKO 

hepatocytes or mice, we hypothesized that autophagy deficiency suppressed the HGP by 

impairing FoxO1 activities. Indeed, the protein level of FoxO1, as well as PCK1 and 

G6PC showed a significant reduction upon inhibition of autophagy. Then we investigated 

the potential underlying mechanisms for the reduction of FoxO1 through several 

directions. First, we checked the FoxO1-S253 phosphorylation under autophagy 

deficiency, because FoxO1-S253 phosphorylation promotes FoxO1 nuclear exclusion, 

followed by FoxO1 ubiquitination and degradation in the cytoplasm. Although we found 

that the FoxO1 nuclear localization was reduced upon autophagy deficiency, we did not 

find any upregulation of FoxO1 phosphorylation at S253. In addition, even in the primary 

hepatocytes of FoxO1-S253A/A KI mice, the reduction of FoxO1 protein level induced by 

inhibition of autophagy persisted. We then checked whether the glucagon-induced FoxO1-
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S273 phosphorylation was impaired upon the inhibition of autophagy, because FoxO1-

S273 phosphorylation stabilizes FoxO1 in the nucleus, which prevents FoxO1 from 

ubiquitination and degradation in the cytoplasm. However, we found that FoxO1-S273 

phosphorylation did not exhibit any significant impairment upon autophagy deficiency. 

Likewise, in the primary hepatocytes of FoxO1-S273D/D KI mice, the reduction of FoxO1 

protein level persisted under the inhibition of autophagy. On top of that, the autophagy 

deficiency-induced reduction of FoxO1 could not be prevented by the proteasome 

inhibitor MG132, indicating that FoxO1 degradation was not the major mechanism. Last 

but not least, we found that under autophagy deficiency, although the mRNA levels of 

pck1 and g6pc were significantly reduced, the mRNA level of FoxO1 kept unchanged, 

suggesting that the reduction of FoxO1 was unlikely due to a transcriptional defect. 

Collectively, this chapter demonstrated that the inhibition of autophagy significantly 

reduced nuclear localization of FoxO1. Furthermore, our results ruled out the possibility 

that the reduction of FoxO1 protein upon the inhibition of autophagy was due to FoxO1 

phosphorylation, FoxO1 degradation, or downregulation of FoxO1 mRNA level. 

Considering that autophagy is important for protein turnover and maintenance of 

cellular amino acid pools under starvation, the third part of this study aimed to investigate 

the relationship between autophagy-mediated amino acid pools and FoxO1 activities. 

Indeed, the cellular amino acid pools were significantly altered upon the inhibition of 

autophagy in WT hepatocytes. Particularly,  alanine, leucine, valine, glycine, glutamine, 

isoleucine, glutamate and phenylalanine were the top eight amino acids reduced by the 

inhibition of autophagy in vitro. By supplying exogenous amino acids to WT hepatocytes, 



 

103 

 

we successfully restored the protein level of FoxO1 and HGP even under the inhibition of 

autophagy. Furthermore, such amino acid supplementation-induced FoxO1 and HGP 

restoration could be largely suppressed by protein synthesis inhibitor CHX, indicating that 

autophagy-mediated amino acid pools were essential for FoxO1 protein synthesis, 

particularly during starvation. In addition, the alteration of gene expression related to lipid 

metabolism, redox regulation, and amino acid uptake under the inhibition of autophagy in 

the WT, but not in the L-FKO hepatocytes further highlighted the importance of 

autophagy-mediated FoxO1 activities in the cellular homeostasis from different aspects.  

In summary, in the present study, we successfully unveil an important role of 

autophagy involved in the glucose homeostasis, which is to maintain the hepatic amino 

acid pools under starvation, subsequently supporting the protein level and activity of 

FoxO1 in control of the HGP (Figure 19). By clarifying the autophagy-mediated FoxO1 

activity, this study provides a great supporting evidence for the previous study which 

demonstrated that the liver-specific ATG7 knockout mice were protected from HFD-

induced obesity and insulin resistance279. However, the deficiency of lipophagy 

(autophagy selectively targets lipid droplets) was claimed to be observed during aging 

process, which could possibly contribute to hepatic lipid accumulation and metabolic 

syndromes126. Under these circumstances, we must admit that the roles of autophagy in 

the maintenance of hepatic homeostasis are very complicated. It is impossible to simply 

define that the autophagy is good or bad for diabetic patients. In order to develop the most 

appropriate therapeutic strategies in the patients with autophagy abnormality-related 
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insulin resistance, it is necessary to identify the specific pathological conditions in which 

the autophagy is involved.  

  Nevertheless, in the clinical aspect, the present study has two implications: First, a 

therapeutic strategy/medication which has an inhibitory effect on autophagy (e.g., HCQ 

treatment) could be potentially beneficial for the patients with insulin resistance or type 2 

diabetes; Second, when a therapeutic strategy/medication is reported to have an inhibitory 

effect on autophagy, the patients who receive this therapeutic strategy/medication need to 

be aware of hypoglycemia as a potential side effect. In the nutritional aspect, foods rich in 

amino acids that are significantly affected upon autophagy deficiency shown in the present 

study could be a potential dietary intervention for the individuals who are considered as a 

high-risk group with blood glucose dysregulation, such as elderly people.
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Figure 19. A diagram illustrates the role of autophagy in control of the HGP under 

starvation. 

Upon starvation (and glucagon stimulation), the activity of autophagy is upregulated, 

which actively participates in protein turnover and amino acid recycling to maintain the 

cellular amino acid pools in the hepatocytes. FoxO1, a critical transcription factor 

controlling gluconeogenic gene expression, is phosphorylated at S276 (equivalent to S273 

in mouse FoxO1) then stabilized in the nucleus under glucagon signaling during starvation. 

Notably, a sufficient FoxO1 protein synthesis requires autophagy-derived amino acids as 

the building blocks, which is essential for the upregulation of HGP during starvation. AC, 

adenylate cyclase; GCGR, G-protein coupled glucagon receptor; PKA, cAMP-dependent 

protein kinase; FoxO1, forkhead box protein O1; IRE, insulin response element; PCK, 

phosphoenolpyruvate carboxykinase; G6Pase, glucose 6-phosphatase; AA, amino acids 
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