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ABSTRACT 

Non-alcoholic fatty liver disease (NAFLD), described by the build-up of excess fat in the liver, is 

the most prevalent chronic liver condition globally. One of the essential metabolic functions of 

the liver is the production of ketone bodies, a process called, ketogenesis. Ketone bodies serve as 

alternative fat-derived sources of fuel for tissues under conditions of nutrient deficit (i.e., fasting). 

Interestingly, recent studies have found that ketogenesis is dysregulated in NAFLD patients. 

Similarly, we also found that high-fat diet-induced NAFLD mice exhibited diminished fasting-

induced ketogenesis with reduced expression of liver Hmgcs2, the rate-limiting enzyme of 

ketogenesis. To understand the role of ketogenesis in NAFLD pathogenesis and treatment, we 

generated mouse models of ketogenic insufficiency and activation through Hmgcs2 loss- and 

gain-of-function, respectively. Notably, a change in dietary environment rescued the fatty liver 

phenotype of Hmgcs2 knockout mice and increased ketogenic function through HMGCS2 

overexpression improved NAFLD-associated metabolic dysfunction and hepatosteatosis in adult 

mice. Furthermore, an untargeted metabolomics approach provided a comprehensive metabolic 

view underlying HMGCS2 overexpression-mediated NAFLD improvement, suggesting that 

hepatic ketogenesis impacts liver metabolism via regulation of other metabolic pathways. 

Together, our study adds new knowledge to the field of ketone body metabolism and suggests a 

viable therapeutic strategy involving ketogenesis activation in the prevention and treatment of 

NAFLD.  
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INTRODUCTION  
 
1.1. Non-alcohol fatty liver disease (NAFLD) 

 
1.1.1. NAFLD Characteristics  

Non-alcoholic fatty liver disease (NAFLD) is pathologically characterized by the abnormal and 

excessive accumulation of intracellular lipids in hepatocytes, in the absence of excessive alcohol 

consumption. NAFLD is driven by multiple factors, including lifestyle, genetics (i.e., PNPLA3) 

and other metabolic conditions (i.e., diabetes, obesity). If not managed or treated, NAFLD can 

rapidly progress to a more severe form of non-alcoholic steatohepatitis (NASH), associated with 

increased metabolic dysfunction, inflammation, fibrosis, and a greater risk of progression to the 

irreversible stages of cirrhosis, liver failure, and hepatocellular carcinoma (HCC). Whereas 

NAFLD is mainly characterized by simple steatosis, NASH is identified by severe hepatic cell 

injury1. NAFLD often presents with other metabolic complications, including obesity, 

hypertension, hyperglycemia, and dyslipidemia, which serve as risk factors in the development of 

cardiovascular disease, stroke and type 2 diabetes (T2D)2. 

NAFLD is the most common chronic liver condition in the world, with an approximate 

global prevalence of 25%3,4. Specifically, the incidence of NAFLD has been reported to be 20-

30% in western countries and 5-18% in Asian countries. NAFLD is also more prevalent in the 

male population, in which its occurrence increases from youth to middle age, with a decline after 

the age of 50. While, the opposite is seen in the female population, in which the incidence only 

begins to increase after the age of 50 and peaks at 60-69 years of age, indicating a protective pre-

menopausal effect against NAFLD. NASH, however, presents more severely in females than in 

males. Interestingly, fatty liver can begin as early as in utero for infants born to obese mothers 

with gestational diabetes and continues to be the most common liver abnormality in children 

between the ages of 2-19 years, with one-third of obese children presenting with NAFLD1.  
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 The increase in dietary negligence and sedentary lifestyle promotes the rise in NAFLD 

cases every year. In particular, the western diet, high in fats, largely contributes to the 

development of metabolic syndromes and its progression to NAFLD. The presence of coexisting 

metabolic comorbidities (i.e., T2D, obesity) also increases the incidence of NAFLD within 

certain populations. Specifically, patients with T2D have a 2-4-fold higher risk of developing 

NAFLD5, and in comparison, to non-diabetic individuals have ~80% greater liver fat content6. 

Additionally, one study showed the prevalence of NAFLD to be ~70% in the type 2 diabetic 

population7. While, in obese individuals, the incidence of NAFLD was found to be 10% greater 

in comparison to lean individuals8. This obese population showed varying manifestations of 

NAFLD, with approximately 60% presenting with steatosis, 20-25% with NASH, and 2-3% with 

cirrhosis9. However, this is not to say that in the absence of these metabolic abnormalities, 

NAFLD is nonexistent, as a substantial portion of non-obese or lean individuals are diagnosed 

with NAFLD and have been associated with a worse prognosis, despite having a healthier 

metabolic profile in comparison to obese NAFLD patients10. Interestingly, in contrast to the 

obese NAFLD patients, lean NAFLD patients are generally young and female, suggesting vast 

differences in their clinical manifestation and likely pathology8. The work of this thesis will focus 

on obesity-associated NAFLD.  

 
1.1.2. NAFLD genetics 

Various genome-wide association studies have revealed genetic components to the development 

of NAFLD. Genes associated with NAFLD have been classified into seven different categories; 

(1) hepatic lipid export and oxidation in steatosis (PNPLA3, TM6SF2, NRqI2, PPARA, PEMT, 

MTTP, APOC3, and APOE); (2) glucose metabolism and insulin resistance (ENPP1/IRS1, 

GCKR, SLC2A1, GOAT, TCF7L2 and PPARG); (3) steatosis-hepatic lipid import or synthesis 
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(SLC27A5, FADS1 and LPIN1); (4) steatohepatitis-oxidative stress (HFE, GCLC/GCLM, 

ABCC2, and SOD2); (5) steatohepatitis-endotoxin response (TLR4 and CD14); (6) cytokines 

(TNF and IL6) and (7) fibrosis (AGTR1 and KLF6)1. Specifically, small nucleotide 

polymorphisms (SNPs) of the patatin-like phospholipase domain-containing 3 (PNPLA3) and 

transmembrane 6 superfamily member 2 (TM6SF2) gene serve as the major genetic determinants 

of NAFLD susceptibility and progression and are involved in the regulation of liver fat 

metabolism2,11.   

 
1.1.3. NAFLD Pathogenesis 

A two-hit hypothesis was initially proposed in the pathogenesis of NAFLD. The first hit was 

described as the intrahepatic build-up of lipids, which increased the liver’s vulnerability to 

secondary hits, including insulin resistance, inflammation, and fibrosis. However, it was disputed 

whether inflammation and insulin resistance precede or succeed fat accumulation in NAFLD. 

Thus, the two-hit hypothesis has since been replaced by a multiple-hit hypothesis in which 

several factors act simultaneously rather than sequentially in the progression of NAFLD and 

involve extra-hepatic players, such as brain hormonal regulation, gut microbiome, adipose 

lipolysis and cytokine secretion12.  

Insulin resistance is a major contributor to the progression of NAFLD to NASH, 

promoting increased hepatic de novo lipogenesis (DNL) and decreased adipose tissue lipolysis 

and resulting in high levels of free fatty acids (FFAs) in the liver. Additionally, excess hepatic 

triglyceride content results in endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and 

a build-up of reactive oxygen species (ROS). ER stress essentially leads to the development of 

insulin resistance, the turning point of NAFLD to NASH1. It is important to note that insulin 

resistance can present as increased circulating levels of insulin, increased hepatic 
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gluconeogenesis, impaired glucose uptake by muscle and/or increased release of FFAs and 

inflammatory cytokines from adipose tissue, all of which serve to promote the progression of 

hepatic steatosis2.  

 Steatosis within NAFLD can take on two forms; macrovesicular steatosis in which large 

lipid droplets occupy the cytoplasm and often dislodge the nucleus to the periphery and 

microvesicular steatosis in which myriads of tiny, small lipid droplets form a patchy/foamy 

distribution within the cytoplasm and allow the nucleus to remain in its original central location 

within the cell1. Macrovesicular steatosis, the more prevalent form, has been associated with 

better long-term prognosis and rarely ever progresses to advanced stages of fibrosis and cirrhosis. 

On the other hand, microvesicular steatosis, marked by additional histological features, including 

hepatocyte ballooning, chronic inflammatory cell infiltrates and Mallory-Denk bodies, has been 

associated with the more advanced stages of NASH, indicating cellular injury, cytoskeletal 

damage and even fibrosis. The difference between macro- and microvesicular steatosis and their 

association with the early and later stages of NAFLD, respectively, may be attributable to 

increased oxidative stress and mitochondrial dysfunction9. Hepatic steatosis of 5% or more is 

considered to be the clinically significant mark of NAFLD. From this point, the pathological 

assessment of steatosis is divided into thirds with 5-13% being mild, 34-66% moderate and >66% 

as severe1. Additionally, there are several mechanisms by which hepatic steatosis can occur, such 

as an increase in fat source either from a high-fat diet or excess adipose lipolysis, a decrease in fat 

export in the form of very low-density lipoproteins (VLDL), a decrease in fatty acid b-oxidation, 

or an increase in DNL2.  
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1.1.4. NAFLD diagnosis and treatment  

Diagnosis of NAFLD. The most reliable way to diagnose patients with NAFLD is through a liver 

biopsy followed by histological analysis13. However, as a liver biopsy is an invasive procedure 

associated with limitations of cost and sampling error, it is often only performed after strong 

indications from screening of liver enzymes (i.e., AST, ALT) and imaging (i.e., ultrasonography, 

CT, MRI)14-16. Still, current methods of diagnosis are not ideal and may result in the under-

recording and under-diagnosis of NAFLD17.  

Pharmacotherapeutics for the treatment of NAFLD. Several available drug-dependent 

therapeutic approaches to NAFLD have been tested, however, none serve to directly target the 

disease. These drugs have already been clinically approved for the treatment of other metabolic 

conditions and include two main groups; (1) drugs targeting dyslipidemia and insulin resistance, 

such as statins, GLP-1 agonists, DPP4-inhibitors, gliatazones and metformin, and (2) drugs 

targeting hepatic apoptosis, inflammation and fibrosis, such as PPAR-alpha/delta agonists, 

caspase inhibitors, FXR agonists, CCR2/CCL2 agonists13. Recently, SGLT2 inhibitors, 

commonly used in the treatment of diabetes, have shown metabolic improvements in the context 

of NAFLD18,19 and indicate increased ketogenesis as a potential mechanism of action20-22.  

Dietary interventions for the treatment of NAFLD. Due to a lack of direct pharmacotherapies 

targeting NAFLD, lifestyle changes, such as exercise and diet restriction, remain the first line of 

therapy. Specifically, dietary interventions that stimulate a state of physiological ketosis, such as 

intermittent fasting (IF) and ketogenic diets, have shown promising results in NAFLD, including 

improvements in hyperglycemia and dyslipidemia23-27. Additionally, caloric restriction and IF 

have also been shown to prevent and alleviate the development of hepatic inflammation and 

fibrosis, associated with the more advanced condition of NASH27-29.   
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1.2. Ketogenesis 
 
1.2.1. Hepatic Ketogenesis  

Ketogenesis, the breakdown of fatty acids for the production of ketone bodies, primarily occurs 

in the mitochondria of the liver where it is tightly regulated. This pathway provides alternative 

sources of fuel for extra-hepatic tissues (i.e., brain, skeletal muscle, adipose) and is activated in 

the presence of high fatty acid and low carbohydrate and/or at low circulating insulin 

concentrations30, such as during neonatal development, pregnancy and under food-restricted (i.e., 

fasting, starvation), exercise-sustained, or diseased states (i.e., diabetes, aging, heart failure)31-33.  

Fatty acid oxidation (FAO). Hydrolysis of triglycerides in intrahepatic or extrahepatic fat 

stores (i.e., adipose tissues) releases free fatty acids that serve as substrates for oxidation in 

mitochondrial or peroxisomal compartments of the liver. Medium- (MCFA; C8 – C12) and short-

chain fatty acids (SCFA; < C8) directly enter the mitochondrial matrix, where they are activated 

to their corresponding fatty acyl-CoA by acyl-CoA synthases (ACS). While very long (VLCFA; 

>C16) and long-chain fatty acids (LCFA; > C12) are esterified to fatty acyl-CoA by ACS on 

mitochondrial and peroxisomal membranes and require carnitine acyltransferase proteins for 

entry. Among the three carnitine acyltransferase proteins identified in the liver, carnitine 

palmitoyltransferase (CPT) is exclusively associated with the mitochondria, while carnitine 

octanoyltransferase (COT) is peroxisomal, and carnitine acetyltransferase (CAT) is both 

mitochondrial and peroxisomal. Specifically, carnitine palmitoyltransferase I (CPT1) and II 

(CPT2) are located on the outer and inner mitochondrial membranes, respectively. Once inside 

the mitochondria, fatty acyl-CoAs undergo repeated cycles of b-oxidation to yield acetyl-CoA. 

Incomplete b-oxidation of LCFA and VLCFA also occurs in peroxisomes, where the end 

products are SCFA- and MCFA-CoA. These fatty acyl-CoAs are then trans-esterified to fatty 
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acylcarnitines via peroxisomal CAT and COT proteins and are transported to the mitochondria, 

where they undergo complete b-oxidation to acetyl-CoA. ATP-binding cassette class D (ABCD) 

transporters allows for direct entry of VLCFA- and LCFA- into the peroxisome, without the 

requirement of carnitine acyltransferase proteins (Fig. 1) 34-39. Another difference between 

mitochondrial and peroxisomal b-oxidation is the generation of hydrogen peroxide (H2O2) from 

the acyl-CoA oxidase in the first step of peroxisomal oxidation, playing a role in the 

detoxification of ROS40. Although, the majority of FAO occurs in the mitochondria, under 

conditions of excess fatty acid supply, such as during neonatal development, the number and 

activity of peroxisomal oxidation increases, but still only accounts for 10-15% of the total b-

oxidation in the livers of newborns39.  

Ketogenesis. b-oxidation-derived acetyl-CoA can further undergo partial oxidation to 

energy-generating ketone bodies through ketogenesis. Mitochondrial 3-hydroxymethylglutaryl-

CoA synthase 2 (HMGCS2) is the key rate-limiting enzyme of ketogenesis and catalyzes, the 

breakdown of acetyl-CoA and acetoacetyl-CoA (AcAc-CoA) to generate HMG-CoA and free 

CoA. HMG-CoA is cleaved by HMG-CoA lyase (HMGCL) to generate acetoacetate (AcAc), 

which is further reduced to b-hydroxybutyrate (b-OHB) through the enzymatic activity of D-3-

hydroxybutyrate dehydrogenase 1 (BDH1)31,32,41. The ketone bodies, AcAc and b-OHB, are then 

released from the liver and circulate to extrahepatic tissues where they are terminally oxidized for 

fuel (Fig. 1). AcAc is also spontaneously decarboxylated to acetone, which is excreted or exhaled 

out. While the majority of circulating ketone bodies are produced from fatty acid b-oxidation 

derived acetyl-CoA, a very small portion of these ketone bodies are also produced from glucose 

metabolism (pyruvate decarboxylation) and the catabolism of branched-chain (leucine, 

isoleucine, valine) and ketogenic (lysine, phenylalanine, tyrosine, tryptophan) amino acids32,42. 
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FIGURE 1 | Pathways of peroxisomal and mitochondrial fatty acid b-oxidation and 
ketogenesis in hepatic tissue and ketolysis in extra-hepatic tissue. 
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1.2.2. Neonatal ketogenesis 

Prenatal to postnatal transition. Although the primitive liver is formed at embryological day 8.5 

(E8.5) in mice and at 4 weeks gestational age in humans, its functional metabolic capacity is not 

fully evolved until after birth43. As such, during the prenatal period, the fetus is entirely 

dependent on the placental nutrient transfer from maternal circulation, which mainly comprises 

amino acids and carbohydrates in the form of glucose and lactate, as well as a small amount of 

fats. Due to their limited ability to permeate the placenta as well as their inadequate oxidation in 

fetal tissues, fatty acids minimally contribute to energy production during the prenatal period. 

Glycogenesis, however, is active in the fetal liver, and just prior to birth results in the 

accumulation of large amounts of glycogen stores from 3.4 mg/g of liver tissue at 8 weeks 

gestational age to 50 mg/g of liver tissue by term. Upon birth, the abrupt cessation of the 

maternal nutrient supply followed by a brief starvation period prior to feeding, as well as the 

simultaneous increase and decrease of glucagon and insulin levels, respectively, promotes rapid 

utilization of hepatic glycogen stores, causing a drop to 10% of their initial levels within the first 

12-hours post-birth 44,45.  

 Following the depletion of glycogen stores, breast milk constitutes as the only exogenous 

source of energy for the newborn, beginning as early as 1-2 hours post-birth and up until 

weaning46. Glucose supplied by breast milk and endogenous hepatic glucose production stabilize 

blood glucose concentrations. While blood ketone levels, which are initially low up to 8-hours 

post-birth due to limited hepatic ketogenic capacity, rapidly increase within 12-hours post-birth 

to levels (12-22 µmol kg/min) comparable to adults after several days of fasting44. The nutrient 

composition of breast milk is considered to be essential for the activation of hepatic ketogenesis 

and varies between species. In comparison to humans (~53% fat, 41% carbohydrates, 6% 
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protein), rodents have a greater fat and lower carbohydrate content of breast milk (~69% fat, 6% 

carbohydrates, 25% protein)46. Specifically, the fat content of breast milk mainly comprises 

polyunsaturated LCFA in humans and MCFA in rodents (mice, rats), both of which are 

transported to liver mitochondria and serve as substrates of FAO and downstream ketogenesis. 

Regardless, in all species, the fat content of breast milk accounts for >50% of energy intake39. 

This transition from the low-fat, high-carbohydrate prenatal environment to the high-fat, low-

carbohydrate postnatal environment promotes increased ketone body production and utilization in 

neonates, providing 25% of their basal energy needs44,45. In particular, due to the greater brain: 

body mass of the newborn, a significant portion of ketone bodies are utilized by the brain. In 

rodents, the permeability of the blood-brain barrier to b-OHB is increased at birth and suckling to 

accommodate greater ketone utilization and is returned to adult levels post-weaning39.  

 Suckling to weaning transition. As the newborn’s metabolic capacity matures, they begin 

to gradually replace their milk intake with solid food, thereby transitioning from a high-fat, low 

carbohydrate diet to a low-fat, high-carbohydrate diet. This weaning period normally occurs 

between 2-4 weeks after birth in rodents, with traces of chow found in the stomachs of mice as 

early as postnatal day 12 (p12)43, and between 6 months to 2 years after birth in humans47. 

Moreover, in rodents, this transition in nutrient environment is particularly pronounced, as the fat 

content from breast milk to rodent chow significantly drops from >60% to <15%, and the 

carbohydrate content increases from <10% to >40%. As a result, post-weaning, fat-derived 

metabolic pathways of FAO and ketogenesis are reduced48-50, while carbohydrate-derived 

metabolic pathways of lipogenesis and glycogenesis are increased in the liver, concomitant with a 

decrease and increase in glucagon and insulin levels, respectively46,51.  
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 These ketogenic adaptations are mediated by the expression and activity of Hmgcs2, the 

fate-committing enzyme of ketogenesis. In rodents, methylation of Hmgcs2 at its 5’ regulatory 

sequence, has been associated with its transcriptional suppression in fetal livers52, while 

hypomethylation has been associated with its transcriptional activation at birth53,54. Consistently, 

Hmgcs2 activity is modulated by succinylation, with desuccinylation and activation of Hmgcs2 

occurring at suckling and increased succinylation and inhibition of Hmgcs2 occurring post-

weaning55.  

  
1.2.3. HMG-CoA Synthase II (HMGCS2) 

Structure and function. Hmgcs2 is a mitochondrial-specific enzyme that catalyzes the first 

irreversible reaction of ketogenesis. Although Hmgcs2 expression and its ketogenic function is 

mainly restricted to the liver, previous studies have implicated a role for Hmgcs2 in renal 

ketogenesis56,57, intestinal stem cell differentiation and homeostasis58-60 and gonadal 

development61. Hmgcs2 is initially expressed as an immature protein in the cytosol and contains 

a mitochondrial targeting peptide sequence that is cleaved in the mitochondrial matrix. While 

structural analyses of Hmgcs2 are limited, it is known that Hmgcs2 exists as a homodimer, which 

is important for its enzymatic activity in ketogenesis62,63.  

 Hmgcs1 and Hmgcs2 Isomers. There are two functionally distinct HMG-CoA synthases 

located in different compartments of the cell; mitochondrial Hmgcs2 is critical for ketogenesis, 

whereas cytosolic Hmgcs1 contributes to sterol biosynthesis. Both enzymes catalyze the same 

reaction; the conversion of AcAc-CoA and acetyl-CoA to HMG-CoA and CoA. In the cytosol, 

the HMG-CoA produced is converted to HMG-CoA reductase by mevalonate, which feeds into 

the isoprenoid pathway for the synthesis of cholesterol and other important biomolecules. HMG-

CoA produced in the mitochondria is converted to AcAc by HMGCL, which feeds into the 
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ketogenesis pathway to produce additional ketone bodies, acetone and b-OHB. Mitochondrial 

Hmgcs2 is stimulated by fasting, whereas cytosolic Hmgcs1 is repressed by fasting. The two 

genes also contain different promoter sequences that represent important control sites for their 

independent pathways. Hmgcs2 promoter contains a peroxisome proliferator regulatory element 

(PPRE) that allows transcriptional regulation by peroxisomal proliferator-activated receptor 

(PPARa/g), whereas Hmgcs1 promoter contains sterol regulatory elements (SRE) that allows 

transcriptional regulation by sterol regulatory-element binding protein (SREBP1/2)64. 

 Transcriptional and post-translational regulation of Hmgcs2. Fatty acids have been 

shown to induce the transcription of Hmgcs2 through activation of and interaction with 

peroxisome proliferator-activated receptor alpha (PPARa). PPARa, predominantly expressed in 

the liver, regulates the transcription of genes involved in FAO and ketogenesis. Specifically, 

PPARa can activate Hmgcs2 gene expression by interacting with retinoid X receptor alpha 

(RXRa) and binding to PPRE sites in its promoter region65. Hmgcs2 can also directly interact 

with PPARa/RXRa, translocate to the nucleus and act as a co-factor for transactivation33. 

Palmitoylation of Hmgcs2, involving the covalent addition of free fatty acids through protein 

acylation at cysteine residues, has been shown to mediate this interaction with PPARa66. Thus, 

palmitoylated Hmgcs2 may amplify its own expression to meet increased ketogenic demands, 

such as under excess fatty acid exposure (i.e., T2D, obesity). Besides PPARa/RXRa, 

transcription factors SP1 and CREB can also bind to the promoter region of Hmgcs2 to activate 

its transcription, while transcription factors HNF4 and ARP1 can compete with PPARa/RXRa to 

inhibit the transcription of Hmgcs2. The COUP transcription factor can either activate or repress 

the transcription of Hmgcs2, based on its binding site and tissue expression42,64. Additionally, 
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Hmgcs2 expression can be induced through the fibroblast growth factor 21 (FGF21)/PPARa 

axis67,68.  

 Hmgcs2 is also regulated through post-translational modifications of lysine residue 

succinylation and acetylation by NAD+-dependent deacylase sirtuin 5 (SIRT5)69,70 and 

deacetylase sirtuin 3 (SIRT3)71,72, respectively. While increased succinyl-CoA and succinylation 

inhibit Hmgcs2 activity, reduced acetylation activates Hmgcs2. Additionally, serine 

phosphorylation of Hmgcs2 has been shown to increase its enzymatic activity in ketogenesis73. 

Moreover, the transcription factor forkhead box A2 (FOXA2) is an activator of lipid metabolism 

and ketogenesis and regulates the activity of Hmgcs2 through insulin and glucagon signalling. 

Insulin inhibits Hmgcs2 through Akt-mediated phosphorylation and deactivation of Foxa2, while 

glucagon stimulates Hmgcs2 through p300-mediated acetylation and activation of Foxa274,75. 

Overall, these regulatory mechanisms targeting Hmgcs2 gene expression and protein activity, are 

important in the control of hepatic ketogenesis during developmental stages (neonatal period, 

aging), nutrient changes (i.e., dietary interventions), and disease states (i.e., T2D, obesity, fatty 

liver)32,76,77. 

 
1.2.4. Mitochondrial HMGCS2 deficiency  

Mitochondrial HMGCS2 (mHS) deficiency, a rare inborn disorder of ketone body metabolism, 

results in hepatic ketogenic failure during periods of prolonged fasting (>12-19 h) or sickness78. 

Since the first case of mHS reported in 1997, an approximate 43 patients of 31 families have been 

thus diagnosed and a total of 37 different mutations in HMGCS2 have been reported79, with the 

majority being missense mutations in exon 2, the longest exon of HMGCS2 (445 bp)80. mHS is 

inherited in an autosomal recessive manner81 with patients having compound heterozygous 

mutations that result in the loss of function of Hmgcs280.  
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 Hypoketotic hypoglycemia and fatty liver development are common clinical presentations 

of mHS patients62. Other clinical manifestations of the disorder include metabolic acidosis, 

hepatomegaly, encephalopathy, seizures, and respiratory infection and distress (i.e., Kussmaul 

breathing, pneumonia)79,81,82. The frequency and severity of these symptoms decrease with age, 

with the average age of onset being 0-6 years81,83 and most patients presenting with symptoms 

prior to the age of 3 years79. Whereas the acute management of symptoms involves correction of 

hypoglycemia and metabolic acidosis via glucose and bicarbonate infusions, respectively, chronic 

treatment involves the implementation of L-carnitine supplementation, avoidance of prolonged 

fasting periods, and infection prevention84,85. Although no concrete biomarkers have yet been 

established, elevated ratios of plasma FFA: TKB (total ketone body) and acetyl carnitine (C2): 

carnitine (C0), as well as increased urinary concentrations of 4-hydroxy-6-methyl-2-pyranone 

(4HMP) and secondary products of FAO (i.e., dicarboxylic acids), are often strong indicators of 

mHS62,79,83. It has been suggested that the accumulation of fatty acid intermediates in the urine 

profile of mHS patients, may result from the inhibition of mitochondrial b-oxidation and the 

compensatory activation of alternative FAO pathways, such as peroxisomal b-oxidation and 

microsomal w-oxidation, as a result of impaired ketogenesis83. Overall, if managed early and 

adequately, patients with mHS generally have a good prognosis. Together, the clinical 

presentation of mHS deficiency arises from the inability to produce energy-carrying ketone 

bodies for extra-hepatic tissues and the consequential metabolic stress from the build-up of 

acetyl-CoA or AcAc-CoA.  

 
1.2.5. Extra-hepatic ketolysis  

Ketone bodies produced in the liver from ketogenesis can either be (1) terminally oxidized in the 

mitochondria of extra-hepatic tissues, (2) directed to sterol synthesis or lipogenesis pathways, or 
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(3) excreted in the urine32. Ketone bodies are removed from the liver and taken up by the heart, 

brain and skeletal muscle, which comprise the three main extra-hepatic consumers of ketone 

bodies. In the mitochondria of these extra-hepatic tissues, the oxidation of b-OHB to AcAc is 

catalyzed by BDH1. Succinyl-CoA:3-oxacid CoA transferase (SCOT, or OXCT1), a key fate-

committing mitochondrial enzyme of ketolysis, is ubiquitously expressed in all tissues except for 

the liver and converts AcAc to AcAc-CoA. AcAc-CoA is subsequently converted to acetyl-CoA, 

which can then either enter the Tricarboxylic acid (TCA) cycle for ATP generation or be used for 

sterol biosynthesis and DNL (Fig. 1)31,32. 

 
1.2.6. Additional regulatory roles of ketone bodies 

Besides their fat-metabolizing and energy-generating capacity, ketone bodies provide other health 

benefits, including protection from oxidative stress and inflammation that are achieved through 

their epigenetic and signalling functions, mainly mediated by b-OHB32. Although, AcAc and b-

OHB exist in a 1:1 ratio with total ketone body levels rarely exceeding 0.3 mM under normal 

feeding conditions, upon ketogenic conditions b-OHB concentrations can increase almost 4-fold 

in comparison to AcAc, reaching approximately 6.0 mM with an extended fast. At concentrations 

>1 mM, bHB can act as a class I histone deacetylase (HDAC) inhibitor to regulate gene 

transcription, particularly activating the transcription factor forkhead box O3 (FOXO3) involved 

in cell survival and oxidative stress response86 and suppressing gluconeogenic gene expression87. 

b-OHB in conjunction with CoA (b-OHB-CoA) can also mediate histone lysine b-

hydroxybutyrylation (kbhb), a recently discovered post-translation modification. In particular, the 

more common histone 3 lysine 9 b-hydroxybutyrylation (H3K9bhb) epigenetic mark has been 

found in fasted livers and is involved in the upregulation of genes associated with redox 

homeostasis, nucleotide metabolism, PPAR signalling, and circadian rhythm88-90. In addition to 
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its epigenetic role, b-OHB through Hcar2 (hydroxycarboxylic acid receptor 2) signalling, can 

elicit an M2 phenotype of intrahepatic macrophages, thereby mediating anti-inflammatory and 

hepatoprotective effects91. Overall, due to their multi-dimensional roles and benefits, increased 

ketone body supplementation through ketogenic diets92-94 and ketone ester formulations95 have 

gained popularity for stimulating weight loss96,97 and improving metabolic disorder (i.e., T2D, 

obesity, NAFLD).  
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RATIONALE, HYPOTHESIS & AIM 

Since current ineffective diagnostic measures and lack of direct pharmacological interventions 

make it difficult to prevent and reverse NAFLD, the discovery of new biomarkers and therapeutic 

options for NAFLD are key areas of investigation. Recent studies have shown an association 

between dysregulated ketogenesis and NAFLD pathogenesis. Aberrant ketogenesis has been 

observed to be correlated with the degree of steatosis in NAFLD patients98-100 and an inborn error 

of ketogenesis (mHS deficiency) is commonly associated with the development of the fatty liver. 

In addition, ketogenic insufficiency through antisense oligonucleotide (ASO)-mediated Hmgcs2 

knockdown in adult mice results in hepatic inflammation and injury, characteristic of advanced 

NAFLD101,102. Despite the important findings from these studies, several areas remain to be 

investigated, including (1) what is the causative genetic factor underlying impaired ketogenesis in 

NAFLD, (2) what is the necessity relationship between ketogenesis and a fat-enriched dietary 

environment during fatty liver development, and (3) whether the degree of ketogenic activity is 

associated with susceptibility to NAFLD development and progression. Importantly, it is not yet 

known (4) whether increased ketogenesis is sufficient to reverse NAFLD. Thus, to address these 

questions, I hypothesize that impaired ketogenesis will result in the progression of NAFLD and 

that activated ketogenesis will result in the improvement of NAFLD. To test this, I propose the 

following primary aim:  

 

Primary Aim: To investigate the requirement of Hmgcs2-mediated ketogenesis in NAFLD 

development and treatment.  
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MATERIALS & METHODS 
 
2.1. Mice  

2.1.1. Housing & Care 

All animal experiments were performed in accordance with protocols (#2950 and #2962) 

approved by the Animal Care Committee in the Animal Care and Veterinary Service (ACVS) at 

the University of Ottawa and conformed to the standards of the Canadian Council on Animal 

Care. Experiments were performed in male mice. C57BL/6J mice were utilized for high-fat diet 

(HFD)-induced NAFLD models. All mice were housed in standard vented cages in temperature- 

and humidity-controlled rooms with 12-hour light-dark cycles (21-22 oC, 30-60% humidity for 

normal housing), and free access to water and a low-fat, high-carbohydrate chow diet in which 

22% of calories were from fat, 55% from carbohydrates and 23% from protein (2019 Teklad 

Global Diet; Envigo). For HFD studies, 8-week-old mice were placed on a high-fat, low-

carbohydrate diet in which 45% of calories were from fat, 35% from carbohydrates and 20% 

from protein (D12451; Research Diets).  

 
2.1.2. Early weaning 

The early weaning protocol was adapted from previous studies103,104. The day of birth was termed 

as postnatal day 0 (p0). Post-birth and during the suckling period, the mother and pups were 

undisturbed, except briefly on a weekly basis to change cages. At p14, pups were prematurely 

weaned and provided with a low-fat, high-carbohydrate chow diet (2019 Teklad Global Diet; 

Envigo) in the form of soaked cubes placed on the cage floor for easy access. Mice were 

maintained up until 1-week post-weaning or p21. Control suckling mice were kept with the 

mother until p21.  
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2.1.3. Generation of Hmgcs2 knockout mouse  

Mice lacking Hmgcs2 gene, C57BL/6N-Hmgcs2em1(IMPC)Tcp (Hmgcs2 knockout) were generated at 

The Centre for Phenogenomics (TCP; Toronto, Canada) essentially as described in Gertsenstein 

& Nutter105. Briefly, C57BL/6NCrl zygotes were electroporated with Cas9 ribonucleoprotein 

complexes with single guide RNAs having spacer sequences of CTAATATTACGCTTGAAAGT 

targeting the 5' side and GTGCCTGACTGTAGATGAGA targeting the 3' side of a critical 

region. This resulted in a 1000-bp deletion, Chr3:98290599 to 98291598_insT (GRCm38). All 

procedures involving animals were performed in compliance with the Animals for Research Act 

of Ontario and the Guidelines of the Canadian Council on Animal Care. The local Animal Care 

Committee reviewed and approved all procedures conducted on animals at TCP.  

 Founders were identified by endpoint PCR using PCR primers flanking the deletion 

target, Fwd: 5’-AATTCAGAATTCAAAGCTACCTGGG-3’ and Rev: 5’-

CTCAGAGGCTCCAGGAGATTAAT-3’. The wild-type allele would produce a 2,208-bp 

amplicon and the deletion fragment a 1,209-bp amplicon. Founders were backcrossed to wild-

type C57BL/6NCrl mice and N1 progeny identified using the same PCR. Sanger sequencing of 

deletion amplicons from N1 mice was used to identify the definitive deletion sequence. Mice 

were maintained at TCP by crossing Hmgcs2em1(IMPC)Tcp heterozygotes with C57BL/6NCrl wild-

type mice. N2 backcrosses were shipped to the University of Ottawa to establish a breeding 

colony. This strain is available from the Canadian Mouse Mutant Repository at TCP. 

 
2.1.4. Mouse genotyping  

DNA extraction. DNA for genotyping was extracted from ~2 mm ear notch samples. Briefly, 300 

µL of 0.5N NaOH was added to each sample and placed in heat block at 95oC for 45 minutes. 

100 µL of 0.5 M Tris-HCl buffer (pH 8.0) was then added to each sample for neutralization and 
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incubated for 1 hour at room temperature. After centrifugation at 12,000 rpm for 1 minute, the 

supernatant was used for PCR reaction.  

 PCR analysis. PCR was conducted using 2´ Dream TaqTM Hot Start Green PCR Master 

Mix (Thermo ScientificTM), a common forward primer (FP) and two reverse primers (RP1, RP2) 

spanning exon 2 of Hmgcs2, and 2 µL of isolated DNA in thermocycler (Mastercyler® ep 

gradient; Eppendorf). PCR products were analyzed on a 1.5% agarose gel electrophoresis using 

SYBR Safe DNA gel stain (Invitrogen) and visualized using blue light illuminator. Expected 

band sizes for wild-type (WT) and knockout (KO) were 327 and 203 base-pairs (bp), respectively 

(Fig. 2A-B). Primer sequences are indicated in Table 1.  
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FIGURE 2 | CRISPR/Cas9-mediated generation and genotypic validation of Hmgcs2 
knockout mouse model. (A) CRISPR-Cas9 mediated 1000-bp deletion within exon 2 of Hmgcs2 
on chromosome 3, utilizing a pair of guide RNAs (gRNA1, gRNA2). (B) Gel electrophoresis 
showing wild-type (WT; 327 base-pair) and knockout (KO; 203 base-pair) alleles generated 
through a polymerase chain reaction using a common forward primer (FP1) and two reverse 
primers (RP1, RP2) spanning the deletion region.  
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TABLE 1. Genotyping primer sequences for Hmgcs2  
 

Primer Sequence 

Common forward primer (FP) CCTCCTAGACATGCATGCCC 

Wild-type reverse primer (RP1) ACCCAACCAATAATGTGGCA 

Knockout reverse primer (RP2) AGTTGCTCTTGCCAGTGGTT 
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2.1.5. Adenovirus overexpression  

Adenovirus vectors encoding GFP (Ad-GFP; #1060 Vector BioLabs) and human HMGCS2 (Ad-

h-HMGCS2; ADV-211285 Vector BioLabs) were produced and titrated by Vector BioLabs. 

HMGCS2 overexpression mouse model was achieved by a single intravenous injection of Ad-h-

HMGCS2 (1.0 x 109 PFU) through tail vein. Ad-GFP was used for control group. HMGCS2 

overexpression in the liver was confirmed by qPCR primers specific for human HMGCS2 in 

contrast to endogenous mouse Hmgcs2.  

 
2.2. Metabolic phenotyping  

Body composition. Body fat and lean masses of the mouse were measured using the EchoMRI-3-

in-1 machine (Echo Medical Systems, Houston, TX, USA).  

 Blood glucose and ketone. A glucometer (Contour® Next One; Ascensia Diabetes Care 

Inc.) and ketone meter (Freestyle Optium Neo and b-ketone Test Strips; Abbott Diabetes Care 

Ltd.) were used for measuring blood glucose and ketone levels, respectively.  

 Glucose and insulin tolerance test (GTT, ITT). Glucose (1 mg/g of body weight) and 

insulin (0.65 mU/g of body weight, Humalog®; Eli Lilly Canada Inc) were intraperitoneally 

administered to mice after an overnight (15-hour) and 6-hour fasting with ad libitum access to 

water, for GTT and ITT, respectively. Blood samples were obtained from the tail vein at the 

indicated intervals and glucose levels were measured using a glucometer.  

 Plasma B-OHB analysis. Plasma was collected after centrifugating whole blood samples 

at 3000 rpm for 10 mins and then used to measure b-OHB levels using a Ketone Body Assay kit 

(MAK134, Sigma-Aldrich).  
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2.3. Histological analysis of liver tissue  

2.3.1. Tissue processing 

Harvested liver tissue samples were fixed in 4% paraformaldehyde, washed with phospho-

buffered saline (PBS) and dehydrated in 70% EtOH. Samples were then processed in the 

EprediaTM STP 120 Spin Tissue Processor (Fischer Scientific) using the following program: 70% 

alcohol for 2 hours, 80% alcohol for 1 hour, 95% alcohol for 1 hour, 100% alcohol for 3 hours, 

Toluene for 3 hours and paraffin for 3 hours. Paraffin-embedded blocks were made using the 

HistoStarTM Embedding Workstation and were sectioned using a microtome (Leica RM2235).  

 
2.3.2. H&E and PSR staining 

5 µm thick tissue sections were deparaffinized and rehydrated. For Hematoxylin and eosin 

(H&E) staining, slides were incubated in hematoxylin solution (EprediaTM Modified Harris 

Hematoxylin #72711; Fisher Scientific) for 3 minutes, followed by 10 seconds in acid alcohol, 1 

minute in PBS, and 8 minutes in Eosin, with distilled water washing steps in between. For 

Picrosirius red (PSR) staining, slides were incubated in PSR solution for 1 hour at room 

temperature (RT), followed by two 10-second changes in 0.5% acetic acid solution. Stained 

sections were then dehydrated and mounted with permount media (30% glycerol in PBS). 

Imaging was performed using the Aperio VERSA 8 Scanner (Leica Biosystems).  

 
2.3.3. Immunohistochemistry. 

5 µm thick tissue sections were deparaffinized and rehydrated. Slides were washed with PBS (pH 

7.4) on a shaker for 5 mins. Antigen retrieval was performed using citric acid (pH 6.0) in a 

microwave for 2.5 minutes. Slides were washed with PBS for 5 mins. Tissue sections, circled 

with liquid blocker pen, were incubated in 10% normal horse serum blocking for 15 minutes at 
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RT, followed by an overnight incubation with anti-Perilipin 2 (Plin2) antibody (1:150, NB110-

40877; Novus Biologicals) at 4oC. The next morning, after two 5-minute washes in PBS, tissue 

sections were incubated with the biotinylated horse anti-rabbit IgG secondary antibody (1:100, 

BA-1100; Vector Laboratories) for 15 minutes at RT. After a 5-minute wash with PBS, slides 

were incubated in 3% hydrogen peroxide (BDH7540-2; VWR) for 30 mins. Slides were then 

washed with distilled water, followed by three 5-minute changes in PBS. The VECTASTAIN 

Elite ABC reagent (PK-6100; Vector Laboratories) was added to tissue sections for 30 minutes at 

RT and then slides were washed in two 15-minute changes in PBS. DAB solution (D5905-

50TAB; Sigma-Aldrich) was added to tissue sections for 15-20 seconds and immediately washed 

off in two 5-minute changes of distilled water. A counterstain in hematoxylin for 1 min was 

performed followed by 10 seconds in acid alcohol and 1 minute in PBS. Upon dehydration, slides 

were mounted with permount media and imaged using the Aperio VERSA 8 Scanner (Leica 

Biosystems).  

 
2.4. Cell culture 

2.4.1. Adenoviral infection  

HepG2 hepatoma cells were cultured in EMEM supplemented with lipoprotein-free fetal bovine 

serum (FBS) at 37oC with 5% CO2 and were allowed to reach 70-80% confluency. Cells were 

then supplied with 1.5 mM water-soluble oleic acid (#01257; Sigma) for 24 hours, followed by 

adenovirus infection (7.5 MOI) of Ad-GFP (#1060, Vector BioLabs) and Ad-h-HMGCS2 (ADV-

211285, Vector BioLabs). After 24 hours, cells were harvested for downstream molecular and 

imaging analysis.  
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2.4.2. Oil Red O staining 

HepG2 cells were seeded at 1 x 105 cells/well in a 6-well plate. Cells were fixed in 10% formalin 

in PBS for 30-45 minutes prior to staining. After washing, cells were stained in freshly prepared 

Oil Red O solution (0.5% in isopropanol, Sigma) for 30-60 minutes. Stained cells were imaged 

using a light microscope. For lipid quantification, the dye was extracted from the cells by 

isopropanol with 4% NP-40 and absorbance was determined at 490 nm.  

 
2.5. RT-qPCR 

For liver, 1 mL of TRIzolTM Reagent (Invitrogen) was added per 50-100 mg of tissue sample and 

tissue homogenization was carried out using a Mini-Beadbeater (BioSpec Products) at 40-60 Hz 

for intervals of 15-seconds. For cells seeded at a density of 5 x 104 cells/well in a 12-well plate, 1 

mL of TRIzolTM Reagent (Invitrogen) was added per well and cell lysis was carried out by 

pipetting cell lysates up and down several times. Chloroform was added to samples in a 1:5 ratio 

to TRIzolTM Reagent. Samples were centrifuged at 12,000 g for 15 minutes at 4oC to allow for 

phase separation. After the clear aqueous phase was collected and mixed with 70% ethanol, total 

RNA was purified using the PureLinkTM RNA Mini Kit (Invitrogen). Complementary DNA 

(cDNA) was synthesized from 1-2 µg of RNA using the High-Capacity cDNA Reverse 

Transcription Kit and RNaseOUTTM (Invitrogen). Synthesized cDNA was diluted to a final 

concentration of 5 ng/µL for quantitative PCR (qPCR). Gene expression assay was conducted 

using Power SYBR Green Master Mix (Thermofisher) on Quant studio 5 (Applied Biosystems) 

and relative cycle threshold (CT) values were normalized by housekeeping TATA-Box Binding 

Protein (Tbp) gene. Primer sequences are indicated in Table 2.  
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TABLE 2. qPCR primer sequences for gene expression analysis  
 

Gene Forward (5’ – 3’) Reverse (5’ – 3’) 
Mouse   
Acat1 GTCTGGCTAGTATTTGCAACG TTCAGCCGGTCACATGG 
Hmgcl GGACTTCATCTGTCAAGCC TCATTGTATACACCCAATTCCC 
Hmgcs2 GGTGTCCCGTCTAATGGAGA ACACCCAGGATTCACAGAGG 
Bdh1 GAATTCAGCCTGCCGGTTTG TGCATCCCGCTGTCAGGTAA 
Pparg CACCAGTGTGAATTACAGCAAATC AGCTGATTCCGAAGTTGGTG 
Fsp27 CTGGAGGAAGATGGCACAAT GGGCCACATCGATCTTCTTA 
Plin2 GACCTTGTGTCCTCCGCTTAT CAACCGCAATTTGTGGCTC 
Srebp1c CGCTACCGGTCTTCTATCAATG TTGCTTTTGTGTGCACTTCG 
Acc1 ATTGACCCAGACTGGCTTGAA GTGTGAAGGCTGCTTTGTGAAC 
Fasn CCCTTGATGAAGAGGGATCA ACTCCACAGGTGGGAACAAG 
Ppara CCGCAATGGACCATGTAAC CAGCTCTAGCATGGCCTTTT 
Cpt1a GAGACTTCCAACGCATGACA ATGGGTTGGGGTGATGTAGA 
Mcad GCTCGTGAGCACATTGAAAA CATTGTCCAAAAGCCAAACC 
Human   
HMGCS2 GGTGCCTTCTCTTATGGCTC GACACACACTTTCGGGAGG 
FSP27 GGGATACAGTGTTCATGGTCCT TCAATCTTCTTGGCAGGCTTATG 
PLIN2 TTGCAGTTGCCAATACCTATGC CCAGTCACAGTAGTCGTCACA 
SREBP1C ACAGTGACTTCCCTGGCCTAT GCATGGACGGGTACATCTTCAA 
ACC1 GCTCCTTGTCACCTGCTTCT CAAGGCCAAGCCATCCTGTA 
FASN AGCGGCTCTGAGACCTCGGA GCAGGCTGTGTCCAGTGCGA 
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2.6. Western Blot  

Tissue dissociation. 1 mL of RIPA lysis and extraction buffer (#89900; Thermo ScientificTM) 

containing protease inhibitor (#78442; Thermo ScientificTM) was added per 100 mg of liver 

tissue, and samples were homogenized using a Mini-Beadbeater (BioSpec Products) at 40-60 Hz 

for intervals of 15-seconds. Tissue lysates were placed on ice for 30 minutes and then centrifuged 

at 10,000 g for 30 minutes at 4oC for collection of the supernatant.  

 Cell dissociation. 200 µL of RIPA lysis and extraction buffer (#89900; Thermo 

ScientificTM) was added to each well in a 6-well dish containing approximately 780, 000 

cells/well. Cells were collected using a cell scraper and placed on ice for 30 minutes. Cell lysates 

were then centrifuged at maximum speed for 20 minutes and the supernatant was collected. 

 Protein quantification was performed using the Pierce Rapid Gold BCA Protein Assay Kit 

(A53225; Thermo ScientificTM). 10 µg of in vivo protein samples and 75 µg of in vitro protein 

samples were prepared by the addition of 4´ Laemmli sample buffer (#1610747; Bio-Rad) 

containing 0.1M DTT, and heated for 10 minutes at 100 oC. Samples were then loaded onto 10% 

Tris-Glycine gels and gel electrophoresis was performed at 160 volts for 1 hour, using the 

BioRad stain free system. Following this, transfer was completed at 100 volts for 1 hour (BioRad 

PowerPac). 0.45 µm PVDF membranes (Thermo ScientificTM) were blocked with EveryBlot 

blocking buffer (#12010020; Bio-Rad) and blotted with primary and secondary antibodies at 

indicated dilutions (Table 3). Blots were developed using ClarityTM Western ECL Substrate 

(#170-5060; Bio-Rad) and Bio-Rad Imager. Quantification and analysis were completed by 

Image Lab 6.1 Software (Bio-Rad).   
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TABLE 3. List of antibodies used for Western Blot 
 

Antibody Species Dilution Source Catalog # 
Primary 

Hmgcs2 Mouse 1:1000 (in vivo) 
1: 500 (in vitro) Santa Cruz Biotechnology sc-393256 

b-actin Rabbit  1: 2500 (in vivo) 
1: 5000 (in vitro) 

Cell Signalling 
Technology  5125S 

b-tubulin Rabbit  1: 500 Abcam ab6046 
Secondary 

Anti-mouse 1: 5000 (in vivo) 
1: 1000 (in vitro)  

Cell Signalling 
Technology 7076 

Anti-rabbit 1: 5000 Cell Signalling 
Technology  7074 
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2.7. Untargeted liver metabolome profiling  

Liver metabolites were quantified by liquid chromatography mass spectrometry (LC-MS). 

Sample temperature was maintained on ice or dry ice where possible, and all solvents were MS 

grade and pre-equilibrated to -20°C.  

 
2.7.1. Metabolite extraction 

Mice were kept under constant 2.5% isoflurane anesthesia for the duration of tissue harvesting. 

Harvested liver tissue samples were washed in ice-cold 0.9% filtered (0.2 µM) saline, weighed, 

and immediately snap-frozen in liquid nitrogen. Frozen liver samples of approximately 25-35 mg 

of wet tissue weight were transferred to pre-chilled 2 mL screw cap microtubes containing 2.8 

mm ceramic beads (Omni International, PN: 19-646-3). 1140 µL of cold 50% MeOH / 50% 

LC/MS water solution was added to the tubes and vortexed 10 seconds. 660 µL of acetonitrile 

was then added to samples and tubes were vortexed for another 10 seconds. Tissue 

homogenization was carried out using a Mini-Beadbeater (BioSpec Products) at 40-60 Hz for 

intervals of 15-seconds. 1800 µL dichloromethane and 900 µL LC/MS grade water were then 

added for liquid-liquid extraction. Samples were vortexed, incubated on ice for 10 minutes and 

then centrifuged for 10 minutes at 4000 rpm at 1°C. The resulting upper phase, consisting of 

polar metabolites, was separated into two fractions (for +ESI and –ESI injections), dried with a 

refrigerated (-4°C) centrivap concentrator (Labconco) and stored at -80°C before LC-MS 

analyses.  

 
2.7.2. LC-MS metabolite quantification 

Samples to be injected in +ESI were resuspended with 75% acetonitrile, cleared by centrifugation 

and run on an Agilent 6545B Q-TOF mass spectrometer equipped with a 1290 Infinity II ultra-
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high performance LC (Agilent Technologies). Continuous internal mass calibration was executed 

using signals from purine (12,000 full width at half maximum (FWHM) resolution) and hexakis 

(1H, 1H, 3H-tetrafluoropropoxy) phosphazine (24,000 FWHM resolution). All study samples 

were randomized before analysis and run using both high and low pH hydrophilic interaction 

chromatography (HILIC-Z) in positive ionization mode. HILIC separation was obtained using the 

Poroshell 120 HILIC-Z column (2.1 100 mm, 2.7 mm; Agilent) and corresponding guard column. 

The chromatographic conditions and mass spectrometry acquisition parameters are described 

elsewhere106.  Metabolite identification was confirmed by exact mass, retention time and 

subsequent MS/MS fragmentation of metabolite standards and quality control samples. These 

identifications correspond to Metabolomics Standards Initiative identification level 1107. A 

targeted list of metabolites was quantified (relative quantification) by external standard 

calibration curves with Mass Hunter Quant (Agilent). 

 Samples to be analysed in –ESI were resuspended in water and run on an Agilent 6470A 

tandem quadruple mass spectrometer equipped with a 1290 Infinity II ultra-high performance LC 

(Agilent Technologies) utilizing the Metabolomics Dynamic MRM Database and Method 

(Agilent), which uses an  ion-pairing reverse phase chromatography108. This method was further 

optimized for phosphate-containing metabolites with the addition of 5 µM InfinityLab 

deactivator (Agilent) to mobile phases A and B, which requires decreasing the backflush 

acetonitrile to 90%. Multiple reaction monitoring (MRM) transitions were optimized using 

authentic standards and quality control samples. Metabolites were quantified by integrating the 

area under the curve (AUC) of each compound using external standard calibration curves with 

Mass Hunter Quant (Agilent). No corrections for ion suppression or enhancement were 

performed, as such, uncorrected metabolite concentrations are presented. Metabolite 
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concentrations were normalized by wet tissue weight, log transformed (base 10) and pareto-

scaled prior to multivariate statistical analysis using MetaboAnalyst 5.0109,110.  

 

2.8. Statistical Analysis  

All data were presented as mean ± SEM. Statistical analyses were performed with GraphPad 

Prism 9.0 software (GraphPad Software). Unpaired two-tailed Student’s t-test or one-way or two-

way analysis of variance (ANOVA) for more than two groups were used as appropriate. P values 

less than 0.05 were considered statistically significant. 
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RESULTS 
 
3.1. HFD-induced NAFLD mice present with impaired ketogenesis and Hmgcs2 expression 

In addition to the altered metabolic pathways in NAFLD pathogenesis (i.e., lipid uptake, 

secretion, oxidation, synthesis)111,112, recent studies have demonstrated that NAFLD patients 

exhibit dysregulated ketogenesis, which is negatively correlated with the severity of the disease 

(i.e., hepatosteatosis)98. To gain molecular insight into NAFLD-related impaired ketogenesis in a 

preclinical model, we compared healthy mice fed a normal chow diet with NAFLD mice fed a 

HFD (45% kcal fat) for 32 weeks. H&E staining and Plin2 immunostaining of liver sections 

confirmed HFD-induced severe hepatosteatosis, as NAFLD mice showed hypertrophied 

hepatocytes with significant accumulation of lipids, particularly microvesicular steatosis, 

associated with advanced NAFLD and characterized by the build-up of numerous small lipid 

droplets surrounding centrally located nuclei within hepatocytes113 (Fig. 3A). In addition, unlike 

healthy mice showing significant reductions (P< 0.05) in plasma glucose levels upon fasting, 

NAFLD mice comparatively maintained greater levels of plasma glucose at 6-hour and 24-hour 

post-fasting (Fig. 3B), suggesting NAFLD-associated dysregulated glucose metabolism. 

Importantly, concurrent measurements of plasma ketone bodies (b-OHB) revealed that, in 

contrast to healthy mice showing fasting-induced ketogenesis with plasma ketone levels up to 1.3 

± 0.06 mmol/L at 24-hour fasting, NAFLD mice failed to increase plasma ketone levels beyond 

0.8 ± 0.03 mmol/L (Fig. 3C). This result suggests a suppressed ketogenic response in NAFLD 

mice, which corroborates recent findings in NAFLD patients98-100.  

Next, to understand the molecular contribution underlying the altered ketogenic response 

of NAFLD mice, the hepatic expression of ketogenic pathway genes, such as Acat1, Hmgcs2, 

Hmgcl and Bdh1, was examined (Fig. 4A). Among these, only Hmgcs2, known to be the rate-
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limiting enzyme of ketogenesis32, was significantly increased with 24-hour fasting in healthy 

mice (2.1-fold, P<0.001) and to a comparatively lesser extent (P = 0.006) in NAFLD mice (1.6-

fold, P = 0.007) (Fig. 4B). Furthermore, quantitative analysis of Western blot consistently 

showed increases in hepatic Hmgcs2 protein expression (2.3-fold, P = 0.015) after 24-hour 

fasting in healthy mice, while no similar fasting-induced changes were observed in NAFLD mice 

(Fig. 4C). Together, these results suggest that NAFLD mice with metabolic dysfunction have 

reduced ketogenic function associated with a blunted response of the fate-committing ketogenic 

enzyme, Hmgcs2.  

 

 

 

 

 

 



 35 

 

FIGURE 3 | HFD-induced NAFLD mice present with metabolic dysfunction and impaired 
fasting-induced ketogenesis. (A) Haematoxylin & Eosin (H&E) and lipid droplet associated 
Perilipin 2 (Plin2) immunohistochemical staining of liver sections from healthy mice fed chow 
diet and NAFLD mice fed 45% kcal high-fat diet (HFD) for 32 weeks. Scale bar = 100 µm. 
Boxes indicate regions of higher magnification. Plasma levels of (B) ketone bodies and (C) 
glucose at baseline and 6- and 24-hour post-fasting and their respective area under the curves 
(AUC). Data represented as mean ± SEM. Statistical analysis performed by student’s t-test and 
two-way ANOVA. *P £ 0.05; **P £ 0.01; ***P £ 0.001; ****P £ 0.0001.  
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FIGURE 4 | HFD-induced NAFLD mice exhibit abnormal Hmgcs2 expression in the liver.             
(A) Schematic of hepatic ketogenic pathway with key metabolites and enzymes. (B) mRNA 
expression analysis of ketogenic enzymes in the liver, including Acat1, Hmgcl, Hmgcs2, and 
Bdh1, in fed and 24-hour fast. (C) Hmgcs2 protein expression and quantification in healthy and 
NAFLD mouse livers in fed and 24-hour fast. Data represented as mean ± SEM. Statistical 
analysis performed by two-way ANOVA. *P £ 0.05; **P £ 0.01; ****P £ 0.0001.  
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3.2. Genetic deletion of Hmgcs2 promotes spontaneous fatty liver development in postnatal 

mice 

To determine a causal relationship between impaired ketogenesis and NAFLD development in 

vivo, we examined an Hmgcs2 gene knockout (Hmgcs2-KO) mouse model, generated using 

CRISPR/Cas9-mediated gene targeting (Fig. 2A-B). Hmgcs2 protein expression measured in the 

liver confirmed successful knockout of Hmgcs2 gene in mice (Fig. 5A). A higher lethargy and 

mortality of Hmgcs2-KO mice between p14 and p21 from preliminary assessments (data not 

shown) demonstrated ketone bodies as critical energy substrates during postnatal development, 

due to the transition from a carbohydrate- to a fat-enriched dietary environment from the pre- to 

postnatal period39,43,44,46,114. Thus, we examined WT, Hmgcs2 heterozygous (Hmgcs2-HET) and 

Hmgcs2-KO mice at three different developmental stages of p0, p4 and p14 (Fig. 5B). Gene 

expression analysis showed that Hmgcs2 mRNA levels in the liver of WT mice were significantly 

elevated at p4 and p14, compared to p0 (Fig. 5C). Consistently, WT mice exhibited a dramatic 

increase in plasma ketone body levels from p0 to p14, representing an increased metabolic 

demand for hepatic ketogenesis during postnatal development (Fig. 5D). These elevations in 

plasma ketone levels, however, were not observed in Hmgcs2-KO mice with consistently low 

Hmgcs2 mRNA expression, thereby further confirming a phenotypic knockout of ketogenesis. 

Interestingly, Hmgcs2-HET mice had significantly (P = 0.04) greater plasma ketone levels in 

comparison to WT mice at p14, despite lower Hmgcs2 mRNA levels, possibly indicating a 

compensatory increase in ketogenesis as a result of reduced Hmgcs2 gene dosage. Ketogenic 

deficiency resulted in a mild but significant reduction in growth at p14, as observed by lower 

body weight of Hmgcs2-KO mice (Fig. 5E), which appeared to be largely due to a decrease in 

lean mass (Fig. 5F), compared to WT mice. Fat mass, however, was slightly greater in Hmgcs2-

KO mice compared to both WT (P = 0.09) and Hmgcs2-HET (P < 0.0001) mice.  
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 Notably, the livers of Hmgcs2-KO mice were significantly heavier relative to WT and 

Hmgcs2-HET mice at p4 and p14 (Fig. 6A). P14 Hmgcs2-KO livers were pale, large, and fattier 

in comparison to the dark healthy livers of WT mice (Fig. 6B-C). H&E and Plin2 stainings of 

liver sections at p14 further confirmed the accumulation of small lipid droplets, microvesicular 

steatosis, in the hepatocytes of Hmgcs2-KO mice (Fig. 6D). Consistent with the staining, Plin2 

mRNA expression, which noticeably increased from p0 to p14 in Hmgcs2-KO mice, was 

significantly higher in comparison to WT and Hmgcs2-HET mice at p14 (Fig. 6E). Other lipid 

accumulation gene markers, including Pparg and Fsp27, were also markedly elevated in livers of 

Hmgcs2-KO mice compared to WT and Hmgcs2-HET mice, supporting the extensive fatty liver 

phenotype in the Hmgcs2 deficient mice (Fig. 7A). In addition, Hmgcs2-KO mouse livers 

showed decreased expression of lipid synthesis gene markers, such as Srebp1c, Acc1, and Fasn 

(Fig. 7B) and increased expression of lipid oxidation gene markers, including Ppara, Cpt1a, and 

Mcad (Fig. 7C), possibly suggesting a compensatory suppression and activation of these 

pathways, respectively, in order to offload the large amounts of lipid accumulation in the liver. 

Convincingly, this metabolic phenotype in postnatal Hmgcs2-KO mice was consistently observed 

in a very recent study utilizing a different mouse model of Hmgcs2 deficiency115. Therefore, 

these results collectively suggest a causal role of impaired ketogenesis, specifically Hmgcs2 

deficiency, in the development of fatty liver disease in postnatal mice, analogous to the rare 

inborn mHS deficiency disorder, in which patients frequently present with fatty liver62,80,81,116.  
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FIGURE 5 | Ketogenic deficiency through Hmgcs2 knockout results in the reduction of 
body weight and fat mass in postnatal mice. (A) Liver Hmgcs2 protein expression in wild-type 
(WT), Hmgcs2-heterozygous (HET) and knockout (KO) mice. (B) Schematic representing the 
postnatal stages of p0, p4, and p14 at which the mice were examined. (C) Hmgcs2 gene 
expression in the liver, (D) plasma ketone bodies, (E) and body weights during postnatal 
development. (F) Body composition analysis showing fat and lean masses in WT, HET and KO 
mice at p14. Data represented as mean ± SEM. Statistical analysis performed by one and two-
way ANOVA. *P £ 0.05; **P £ 0.01; ***P £ 0.001; ****P £ 0.0001. (Created with 
Biorender.com).  
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FIGURE 6 | Ketogenic deficiency through Hmgcs2 knockout results in fatty liver 
development in postnatal mice. (A) Liver weight during postnatal developmental stages of WT, 
Hmgcs2- HET and KO mice. Representative liver image of p14 WT and KO mice (B) upon 
collection and (C) fixed in tube containing 4% PFA. (D) H&E and anti-Plin2 IHC stainings of 
p14 WT, HET and KO mouse liver sections. Scale bar = 100µm. Boxes indicate regions of higher 
magnification. (E) Liver RT-qPCR of Plin2 in postnatal mice. Data represented as mean ± SEM. 
Statistical analysis performed by two-way ANOVA. **P £ 0.01; ****P £ 0.0001. 
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FIGURE 7 | Ketogenic deficiency through Hmgcs2 knockout results in differential 
expression of genes involved in lipid metabolism in livers of p14 mice. Liver RT-qPCR of (A) 
lipid accumulation markers Pparg, Fsp27, (B) lipid synthesis mediators Srebp1c, Acc1, Fasn and 
(C) lipid oxidation mediators Ppara, Cpt1a, Mcad in p14 WT, Hmgcs2- HET and -KO mice. 
Data represented as mean ± SEM. Statistical analysis performed by one-way ANOVA. *P £ 0.05; 
**P £ 0.01; ***P £ 0.001; ****P £ 0.0001. 
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3.3. A fat-enriched nutritional environment is a prerequisite for fatty liver development in 

ketogenic deficiency 

The increased production and utilization of ketone bodies in the postnatal period has been 

attributed to a surplus of dietary fat provided in the form of breast milk during 

suckling39,43,44,46,114. To determine the contribution of this fat-enriched dietary environment in the 

development of the fatty liver phenotype of postnatal ketogenic deficient mice, we subjected WT 

and Hmgcs2-KO mice to early weaning (Fig. 8A), in order to achieve a transition from the high-

fat, low-carbohydrate breast milk (~29% fat, 2% carbohydrate) to the low-fat, high carbohydrate 

chow diet (9% fat, 44.9% carbohydrate)43,46,103,104. Early-wean mice were separated from the 

mother at p14, a week prior to normal weaning, and were provided with a normal chow diet in 

the form of soaked cubes, whereas control suckling mice were kept with the mother and 

continued to have breast milk. The livers of both early-wean and suckling mice were examined at 

p21. Consistent with the earlier postnatal stages of p0, p4 and p14, hepatic Hmgcs2 mRNA 

expression remained significantly low in p21 suckling and early-wean Hmgcs2-KO mice (Fig. 

8B). Notably, the difference in plasma ketone levels between p21 WT and Hmgcs2-KO mice 

seen at suckling was reduced by early weaning, as it mildly decreased plasma ketone levels in 

WT mice (Fig. 8C). This suggests a reduced metabolic demand for ketogenesis at early weaning 

as a result of a change in dietary environment. Hmgcs2-KO early-wean mice had slightly lower 

body weights relative to WT mice (Fig. 8D), which was consistent with their lean mass, while no 

difference in fat mass was observed (Fig. 8E-F).  

 Importantly, early weaning significantly (P = 0.043) reduced the liver weights in Hmgcs2-

KO mice, thereby making the liver weight difference between WT and Hmgcs2-KO mice seen at 

suckling indistinguishable (Fig. 9A). Indeed, upon collection at p21, Hmgcs2-KO early-wean 

mice showed healthier livers in comparison to the enlarged and fatty livers of Hmgcs2-KO 
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suckling mice (Fig. 9B), suggesting reductions in liver fat content. H&E and Plin2 stainings of 

p21 liver sections confirmed that, in contrast to the severe microvesicular steatosis in Hmgcs2-

KO mice at suckling, a marked reduction in lipid accumulation was observed in the livers of 

Hmgcs2-KO early-wean mice, where their phenotype was comparable to WT mice (Fig. 9C). 

Specifically, early weaning removed lipid droplets almost entirely at the center of the liver in 

Hmgcs2-KO mice, while some lipid accumulation remained at the periphery of the liver, mainly 

in the form of macrovesicular steatosis (i.e., large lipid droplets displacing nuclei within 

hepatocytes) (Fig. 10). Additionally, while Hmgcs2-KO mice at suckling had greater expression 

of hepatic lipid accumulation gene markers (Pparg, Fsp27, Plin2) in comparison to WT suckling 

mice, early weaning significantly lowered this marker gene expression in Hmgcs2-KO mouse 

livers, further supporting an improvement in the fatty liver phenotype (Fig. 11). Together, these 

results suggest that a fat-enriched dietary environment is required for ketogenic deficiency-

induced fatty liver disease. 
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FIGURE 8 | The removal of a fat-enriched dietary environment reduces ketogenic demand 
of postnatal wild-type mice. (A) Schematic representing the early weaning of postnatal WT and 
Hmgcs2-KO mice. Early-wean mice were separated from their mother at p14 and transitioned 
from a high-fat breast milk (29% fat, 2% carbohydrate) to a normal chow diet (9% fat, 44.9% 
carbohydrate). Suckling control mice remained on breast milk feeding until collection at p21.     
(B) Hmgcs2 gene expression in the liver, (C) plasma ketone bodies, (D) body weights, (E) fat 
masses, (F) and lean masses of suckling and early-wean WT and Hmgcs2-KO mice at p21. Data 
represented as mean ± SEM. Statistical analysis performed by the two-way ANOVA. *P £ 0.05;   
**P £ 0.01; ****P £ 0.0001. (Created with Biorender.com).  
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FIGURE 9 | The removal of a fat-enriched dietary environment prevents fatty liver 
development in postnatal ketogenic deficient mice. (A) Liver weights of suckling and early-
wean WT and Hmgcs2-KO mice at p21. (B) Representative liver image of Hmgcs2-KO suckling 
and early-wean mice at p21. (C) H&E and anti-Plin2 IHC stainings of liver sections. Scale bar = 
100 µm. Boxes indicate regions of higher magnification. Data represented as mean ± SEM. 
Statistical analysis performed by the two-way ANOVA.  *P £ 0.05; ***P £ 0.001.  
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FIGURE 10 | The removal of a fat-enriched dietary environment promotes a shift from 
microvesicular to macrovesicular hepatosteatosis in postnatal ketogenic deficient mice.                    
H&E and Plin2 IHC stainings of liver sections of p21 Hmgcs2-KO mice at suckling and early 
weaning, with magnifications at tissue center and periphery. Blue scale bar = 500µm. Black scale 
bar = 100µm. Boxes indicate regions of higher magnification.  
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FIGURE 11 | The removal of a fat-enriched dietary environment suppresses lipid 
accumulation marker gene expression in livers of postnatal ketogenic deficient mice. 
Hepatic gene expression analysis of lipid accumulation markers Pparg, Fsp27, and Plin2 of 
suckling and early-wean WT and Hmgcs2-KO mice at p21. Data represented as mean ± SEM. 
Statistical analysis performed by the two-way ANOVA. *P £ 0.05; **P £ 0.01; ***P £ 0.001.  
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3.4. Reduced ketogenesis in adult mice increases susceptibility to NAFLD development  

As the severity of NAFLD is negatively correlated with ketogenic function98, we next questioned 

whether the degree of ketogenic function affects the progression of NAFLD. Interestingly, while 

plasma ketone levels during postnatal development were indistinguishable between WT and 

Hmgcs2-HET mice, 8-week-old Hmgcs2-HET mice had significantly lower fasting-induced 

plasma ketone levels compared to WT mice (Fig. 12A), suggesting that reduced Hmgcs2 gene 

dosage decreased ketogenic function in adult mice, while no differences in fed and fasted glucose 

levels were observed (Fig. 12B). As this finding provides a means to test the effect of reduced 

ketogenesis on NAFLD development, we subjected 8-week-old Hmgcs2-HET mice and littermate 

WT mice to 45% HFD for 8 weeks (Fig. 12C). Interestingly, upon HFD feeding, Hmgcs2-HET 

mice gained more body weight compared to WT mice (Fig. 12D), mainly attributed to increases 

in fat mass (Fig. 12E) as well as a slight increase in lean mass (Fig. 12F). A difference in fasting-

induced ketogenesis between WT and Hmgcs2-HET mice was maintained after HFD feeding 

(Fig. 12G), comparable to the values observed at 8-weeks-old. On the other hand, fasting-

induced decrease in plasma glucose was not observed in both WT and Hmgcs2-HET mice at 

post-HFD (Fig. 12H), suggesting a HFD-induced dysregulation of the fasting glucose 

response117. Post-HFD Hmgcs2-HET mice also had greater plasma glucose levels relative to WT 

mice in the fed state (P = 0.056), which was not observed at pre-HFD, indicating the 

development of HFD-induced NAFLD-related hyperglycemia in Hmgcs2-HET mice. To further 

investigate glucose homeostasis in these mice, an intraperitoneal GTT and ITT were performed 

post-HFD (Fig. 13A-B). Plasma glucose levels in GTT, specifically at the 60- and 120-minute 

timepoint post-glucose administration, and area-under-the-curve (AUC) were significantly 

greater in Hmgcs2-HET mice compared to WT mice. Interestingly, no difference in insulin 

sensitivity was noted between WT and Hmgcs2-HET mice, as shown by plasma glucose levels or 
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AUC with ITT. Importantly, the livers of Hmgcs2-HET mice were comparatively heavier than 

WT mice (P = 0.087), while no differences in inguinal and perigonadal white tissue (IWAT, 

PWAT) weight was observed (Fig. 14A). H&E and Plin2-stainings of liver sections confirmed 

greater hepatosteatosis, specifically microvesicular steatosis, in Hmgcs2-HET mice (Fig. 14B). 

Together, these findings demonstrate that the degree of ketogenic function, specifically gene 

dosage of Hmgcs2, contributes to NAFLD pathogenesis in adult mice.  
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FIGURE 12 | Ketogenic insufficiency increases the susceptibility of HFD-induced metabolic 
dysfunction. Plasma levels of (A) ketone bodies and (B) glucose in 8-week-old WT and 
Hmgcs2-HET mice (pre-HFD). (C) Schematic for assessment of NAFLD development in WT 
and Hmgcs2-HET mice placed on 8-weeks of HFD. (D) Weekly measurements of body weights. 
Biweekly measurements of (E) fat and (F) lean masses. Plasma levels of (G) ketone bodies and 
(H) glucose in post-HFD WT and Hmgcs2-HET mice. Data represented as mean ± SEM. 
Statistical analysis performed by two-way ANOVA. *P £ 0.05; ***P £ 0.001; ****P £ 0.0001. 
(Created with Biorender.com).  
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FIGURE 13 | Ketogenic insufficiency results in impaired HFD-induced glucose tolerance.  
Intraperitoneal (A) glucose tolerance test (GTT) and (B) insulin tolerance test (ITT) and their 
respective AUCs of post-HFD WT and Hmgcs2-HET mice. Data represented as mean ± SEM. 
Statistical analysis performed by student’s t-test and two-way ANOVA. *P £ 0.05.  
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FIGURE 14 | Ketogenic insufficiency increases the susceptibility of HFD-induced 
hepatosteatosis. (A) Tissue weights of liver, inguinal and perigonadal white adipose (IWAT, 
PWAT) of WT and Hmgcs2-HET mice. (B) Representative H&E and anti-Plin2 IHC staining of 
liver sections. Scale bar = 100 µm. Boxes indicate regions of higher magnification. Data 
represented as mean ± SEM. Statistical analysis performed by student’s t-test.   
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3.5. Increased ketogenesis through HMGCS2 overexpression improves HFD-induced 

NAFLD in mice  

Next, we tested whether increased ketogenesis by modulating Hmgcs2 expression is sufficient to 

treat NAFLD in mice. A previous study has demonstrated in an in vitro model that HMGCS2 

overexpression (OE) in HepG2 hepatocytes can sufficiently activate ketogenesis and increase 

fatty acid oxidation118. Thus, to drive ketogenesis in vivo, we intravenously injected 34-weeks of 

HFD-induced NAFLD mice with adenovirus overexpressing human HMGCS2 (Ad-HMGCS2) 

(Fig. 15A), which has a 95% protein sequence homology to mouse Hmgcs2. A GFP-expressing 

adenovirus (Ad-GFP) was used for control mice. Human HMGCS2 mRNA expression was 

increased in Ad-HMGCS2 mouse livers compared to Ad-GFP mouse livers (P < 0.0001) (Fig. 

15B), while mouse Hmgcs2 mRNA expression was reduced (P = 0.0003) (Fig. 15C), suggesting 

a plausible compensatory suppression of endogenous Hmgcs2 as a result of human HMGCS2-

OE. Plasma b-OHB ketone levels were also significantly increased in Ad-HMGCS2 mice (Fig. 

15D), confirming successful phenotypic activation of ketogenesis.  

 HMGCS2-OE led to gradual reductions in body weight at 2- and 3-weeks post-virus 

injection compared to control (Fig. 16A), which was mainly attributed to decreases in fat mass, 

not lean mass (Fig. 16B-C). Intraperitoneal GTT and ITT performed both pre- and post-virus 

injection revealed that glucose handling and insulin sensitivity were significantly improved in 

Ad-HMGCS2 mice, compared to Ad-GFP mice (Fig. 16D-E). Notably, at collection, livers of 

Ad-HMGCS2 mice were dark and healthy in contrast to the pale and fatty livers of Ad-GFP 

control mice (Fig. 17A), although no difference in liver weight was observed (Fig. 17B). 

Histological analyses with H&E and Plin2 stainings also showed an improvement in 

hepatosteatosis in Ad-HMGCS2 mice, specifically marked reductions in the advanced 
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microvesicular steatosis seen in Ad-GFP mice (Fig. 17C). On the other hand, PSR staining 

showed no difference in hepatic fibrosis between Ad-GFP and Ad-HMGCS2 mice. Supporting a 

reduction in liver fat content, gene expression analysis showed significantly lower marker gene 

expression of lipid accumulation (Pparg, Fsp27, Plin2) and lipid synthesis (Srebp1c, Acc1, Fasn) 

in Ad-HMGCS2 mice (Fig. 17D-E). Together, these results suggest that increased ketogenesis by 

HMGCS2-OE effectively improved hepatosteatosis and its associated glucose abnormalities in 

mice.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 55 

 

FIGURE 15 | Adenovirus-mediated HMGCS2 overexpression in vivo results in ketogenesis 
activation. (A) Schematic of NAFLD mice fed with HFD for 34-weeks that were intravenously 
administered with adenovirus overexpressing GFP (Ad-GFP) or HMGCS2 (Ad-HMGCS2) and 
maintained for 3 weeks prior to collection. Liver mRNA expression of (B) human HMGCS2 and 
(C) mouse Hmgcs2. (D) Plasma levels of b-hydroxybutyrate (BHB). Data represented as mean ± 
SEM. Statistical analysis performed by student’s t-test. *P £ 0.05; ***P £ 0.001;                 
****P £ 0.0001. (Created with Biorender.com).  
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FIGURE 16 | Ketogenesis activation through HMGCS2 overexpression results in gross 
metabolic improvements in HFD-induced NAFLD mice. Weekly measurements of (A) body 
weight, (B) fat mass and (C) lean mass for 3 weeks post-virus administration of Ad-GFP and Ad-
HMGCS2 mice. Pre- and post-virus (D) GTT and (E) ITT and their respective AUCs. Data 
represented as mean ± SEM. Statistical analysis performed by student’s t-test and two-way 
ANOVA. *P £ 0.05; **P £ 0.01, ***P £ 0.001.  
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FIGURE 17 | Ketogenesis activation through HMGCS2 overexpression results in the 
improvement of hepatosteatosis in HFD-induced NAFLD mice. (A) Representative liver 
image and (B) liver wight at 3-weeks post-virus administration of Ad-GFP and Ad-HMGCS2 
mice. (C) H&E, anti-Plin2 IHC, and Picrosirius red (PSR) stainings of liver sections. Scale bar = 
100 µm. Boxes indicate regions of higher magnification. Gene expression analysis of (D) lipid 
accumulation markers (Pparg, Fsp27, Plin2) and (E) lipid synthesis mediators (Srebp1c, Acc1, 
Fasn). Data represented as mean ± SEM. Statistical analysis performed by student’s t-test.           
*P £ 0.05; **P £ 0.01.  
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3.6. HMGCS2 overexpression in vitro improves NAFLD-related lipid accumulation in 

hepatocytes  

Since the liver contains heterogenous cell populations, including hepatocytes, Kupffer cells and 

hepatic stellate cells119, we next examined the hepatocyte-specific anti-steatosis effect of 

HMGCS2-OE by testing it against an in vitro model of hepatic lipid accumulation. Oleic acid, 

known to induce lipid accumulation in HepG2 cells120,121, was administered at 0-hours, followed 

by Ad-GFP or Ad-HMGCS2 transfection at 24-hours and cell collection and assessment at 48-

hours (Fig. 18A). Elevated HMGCS2 mRNA (P < 0.0001) and protein (P = 0.0002) expression 

confirmed successful overexpression (Fig. 18B-C). Visualization of neutral lipids, such as 

triglycerides, with Oil-red O staining of HepG2 cells and its quantification, showed that the 

significant lipid accumulation seen in Ad-GFP-treated control cells (P = 0.0001) was markedly 

reduced with HMGCS2-OE (P = 0.0002) (Fig. 18D-E), thus validating the comparable reduction 

of hepatic lipid accumulation seen in vivo. Also, consistent with in vivo study, reduced mRNA 

levels of lipid synthesis (SREBP1C) and accumulation (PLIN2) marker genes were observed in 

HMGCS2-OE cells (Fig. 18F). Collectively, these findings further support the direct anti-

steatosis role of HMGCS2-OE in hepatocytes.  
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FIGURE 18 | HMGCS2 overexpression in vitro ameliorates lipid accumulation in HepG2 
cells. (A) Schematic representing timeline of in vitro experiment, starting with oleic acid 
treatment at 0-hours, adenovirus mediated overexpression of GFP (Ad-GFP) or HMGCS2 (Ad-
HMGCS2) at 24-hours and cell collection at 48-hours. (B) RT-qPCR and (C) western blot 
quantification of HMGCS2 levels in HepG2 cells. (D) Oil-red-O staining and (E) its 
quantification of Ad-GFP and Ad-HMGCS2 treated HepG2 cells in the absence (-) and presence 
(+) of oleic acid. (F) RT-qPCR of lipid synthesis (SREBP1C, ACC1, FASN) and accumulation 
(FSP27, PLIN2) genes in Ad-GFP and Ad-HMGCS2 treated HepG2 cells. Data represented as 
mean ± SEM. Statistical analysis performed by student’s t-test and two-way ANOVA. *P £ 0.05;          
**P £ 0.01, ***P £ 0.001; ****P £ 0.0001. (Created with Biorender.com).  
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3.7. Increased ketogenesis through HMGCS2 overexpression regulates central metabolic 

pathways in the liver  

To gain mechanistic insights into the metabolic improvements by HMGCS2-OE, we conducted a 

metabolomics analysis in our mouse model. Specifically, to capture early metabolic changes by 

HMGCS2-OE, rather than the final metabolic outcomes, liver tissue was harvested from HFD-

induced NAFLD mice (32-weeks on 45% kcal fat diet) just 4-days after Ad-HMGCS2 virus 

injection (Fig. 19A). Notably, acute HMGCS2-OE significantly decreased the transcript levels of 

lipid accumulation and synthesis genes, such as Plin2, Srebp1c and Fasn, in the liver, suggesting 

active modulation in lipid metabolism (Fig. 19B-C). A total of 119 metabolites were identified 

through an untargeted LC-MS-based metabolomics protocol combining triple quadrupole (QQQ) 

and quadrupole time-of-flight (QTOF) mass spectrometers. Partial Least Squares – Discriminant 

Analysis (PLS-DA), a supervised method of pattern recognition, was applied, which showed a 

clear distinction of the Ad-HMGCS2-treated group from the Ad-GFP control group, along both 

the primary (31.4%) and secondary (11.1%) components (Fig. 20A). Differential expression 

analysis for individual metabolites identified a total of 37 significantly (P < 0.05) differential 

metabolites between the two groups, as shown in the heatmap (Fig. 20B). Of these, 28 

metabolites were upregulated, while 9 were downregulated in Ad-HMGCS2 compared to Ad-

GFP mouse livers. To gain the functional insight on these metabolites, a quantitative pathway 

enrichment analysis using a KEGG metabolic pathway database was performed, generating the 

top 25 enriched metabolite sets (Fig. 20C). Specifically, we found a significant enrichment of 

HMGCS2-induced metabolites in central hepatic pathways, mostly upstream of ketogenesis, 

including glycolysis, pentose phosphate pathway (PPP), purine/pyrimidine metabolism, fatty acid 

degradation and the TCA cycle. Metabolites within these pathways were further specified 

through individual box plots in a pathway-metabolite summary schematic (Fig. 21). The 
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concentrations of metabolites and energy substrates feeding into these pathways, such as UDP-

glucose/galactose and hexoses in glycolysis, NADP+ in PPP, ADP ribose and GMP in purine 

metabolism, glutamine in purine and pyrimidine metabolism122, and NAD+ in TCA cycle, were 

decreased, while all other metabolic intermediates produced from these pathways were increased 

with HMGCS2-OE, suggesting an improved metabolic flux of these pathways. Notably, the 

concentration of Coenzyme A (CoA), associated with increased ketogenesis, was significantly 

greater in Ad-HMGCS2 mouse livers compared to Ad-GFP. In support of this increased 

ketogenesis, Ad-HMGCS2 mouse livers showed greater levels of the amino acids phenylalanine 

and tyrosine, feeding into ketogenic pathways, while reduced levels of glutamine, serine, and 

threonine, with the exception of aspartate, feeding into gluconeogenic pathways (Table 4). 

Additionally, metabolites involved in amino acid synthesis, specifically 2-aminoadipic acid in 

lysine biosynthesis and N-acetylglutamic acid in arginine biosynthesis, were increased with 

HMGCS2-OE. Together, these results suggest that the activation of ketogenesis through 

HMGCS2-OE can drive metabolic flux through upstream pathways, which may provide a 

mechanism of hepatic fat reduction.  

 To further understand the relevance of the altered metabolites in the context of 

ketogenesis, key metabolites involved in glycolysis and TCA cycle in our HMGCS2-OE model 

were compared with those measured in the two previously demonstrated Hmgcs2 deficient mouse 

models, including ASO-targeted Hmgcs2 knockdown101,102 and CRISPR/Cas9-mediated Hmgcs2 

knockout115 (Table 5). Importantly, CoA, pantothenic acid, succinate, and malate were increased 

by HMGCS2-OE, while being decreased with Hmgcs2 suppression (Hmgcs2 knockdown or 

knockout). NAD+ and NADP+ concentrations, however, were reduced in both overexpression and 

suppression models. While this may indicate abnormal metabolic activity in Hmgcs2-KO 

mice115,123, their depletion with HMGCS2-OE could be due to increased metabolic flux of the 
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TCA cycle and PPP, which utilize two molecules of NAD+ and NADP+, respectively. Together, 

ketogenesis-dependent metabolomic and metabolic outcomes seen in previous loss-of-function 

and our gain-of-function models collectively support the role of ketogenesis in hepatic metabolic 

regulation underlying the development and improvement of NAFLD, respectively.   
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FIGURE 19 | Acute HMGCS2 overexpression in vivo results in the reduction of lipid 
marker gene expression in livers of HFD-induced NAFLD mice. (A) Schematic of 32-weeks 
HFD-fed mice administered with adenovirus overexpressing GFP (Ad-GFP) or HMGCS2 (Ad-
HMGCS2) and maintained for 4 days prior to liver collection. (B) Liver RT-qPCR of lipid 
accumulation markers Pparg, Fsp27, Plin2 and (C) lipid synthesis mediators Srebp1c, Acc1, 
Fasn. Data represented as mean ± SEM. Statistical analysis performed by two-way ANOVA.  
*P £ 0.05; **P £ 0.01; ***P £ 0.001. (Created with Biorender.com).  
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FIGURE 20 | Acute HMGCS2 overexpression in vivo results in the differential expression of 
liver metabolites captured through an LC-MS/MS untargeted metabolomics approach. (A) 
Partial Least Squares-Discriminant Analysis (PLS-DA) score plot showing a separation of Ad-
GFP and Ad-HMGCS2 groups. (B) Heatmap showing differential expression of 37 significant        
(P < 0.05) metabolites between Ad-GFP and Ad-HMGCS2 mice. (C) Quantitative pathway 
enrichment analysis showing the top 25 enriched metabolite sets generated through the KEGG 
metabolic pathway database.  
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FIGURE 21 | An integrative pathway-metabolite schematic depicting key metabolomic 
changes seen in livers of acute HMGCS2 overexpression mice. Individual box plots of 
metabolites associated with key hepatic pathways (glycogenesis, glycolysis, pentose phosphate 
pathway, purine/pyrimidine metabolism, fatty acid metabolism, tricarboxylic acid cycle, and 
ketogenesis) in Ad-GFP and Ad-HMGCS2 mice. Data represented as mean ± SEM. Statistical 
analysis performed by student’s t-test. *P £ 0.05; **P £ 0.01, ***P £ 0.001. 
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Metabolite Classification Direction of Change P-value

Phenylalanine

Tyrosine

Serine 

Threonine

2-aminoadipic acid 

Glutamine

TABLE 4 | Changes in hepatic amino acid (AA) metabolite levels with HMGCS2 overexpression  

Aspartate

N-acetylglutamic acid 

Ketogenic
(or gluconeogenic) 

Gluconeogenic 

Gluconeogenic 

Gluconeogenic 

Gluconeogenic
(or ketogenic) 

Ketogenic
(or gluconeogenic) 

AA synthesis 

AA synthesis 

0.035 

0.034 

0.005 

0.023 

0.030 

0.063 

0.067 

0.041 
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Metabolite HMGCS2 OE Hmgcs2 ASO1, 2 Hmgcs2 KO3

Acetyl-CoA

Coenzyme A

Malate

NAD+

NADP+

Succinate

1 Cotter et al., JCI, 2014; 2 d’Avignon et al., JCI, 2018; 3 Arima et al., Nature Metabolism, 2021

TABLE 5 | Key metabolite changes in mouse models of Hmgcs2 overexpression and suppression 

Pantothenic acid NM

*NC = no change; NM = not measured

NC

NM

NC

NM

NM

*OE = overexpression; ASO = antisense oligonucleotide; KO = knockout
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3.8. SUMMARY OF RESULTS  

In the present study, mouse models of ketogenic insufficiency and activation through regulating 

the rate-limiting enzyme Hmgcs2, were utilized to examine the importance of hepatic ketogenesis 

as a lipid removal pathway in NAFLD pathogenesis and treatment, respectively. Postnatal 

Hmgcs2-KO mice showed rapid development of fatty liver in the presence of a fat-enriched 

dietary environment and adult Hmgcs2-HET mice presented with increased susceptibility to 

NAFLD-related metabolic dysfunction upon a HFD. Moreover, we showed that increased 

ketogenesis through HMGCS2-OE resulted in improvements in hepatosteatosis and overall 

metabolism in NAFLD mice.  
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DISCUSSION 
 
4.1. Ketogenesis is dysregulated in the presence of HFD-induced metabolic dysfunction  

The liver is a key metabolic organ involved in the maintenance of systemic energy homeostasis. 

As a nutrient sensor, the liver efficiently modulates metabolic pathways according to its dietary 

macronutrient environment124,125. In particular, the liver, under hormonal regulation, undergoes 

metabolic adaptations from the fed to the fasted state, transitioning from a high to low dietary 

carbohydrate content, respectively. In the fed state, insulin promotes the storage of glucose and 

fatty acids through pathways of glycogenesis and lipogenesis. In contrast, in the fasted state, 

glucagon stimulates the mobilization of energy substrate stores through glycogenolysis and 

lipolysis, while activating pathways of FAO and ketogenesis for alternative energy 

production126,127.  

 In NAFLD, a disruption of this energy homeostasis occurs. Specifically, perturbations in 

lipid metabolism, involving excess fatty acid supply and impaired removal, contribute to the 

buildup of excessive hepatic fat associated with NAFLD111,112. Ketogenesis can be activated in 

response to increased exogenous or endogenous fat in the liver, which can offload significant 

portions of hepatic fat through the conversion of oxidized fatty acids into energy-carrying ketone 

bodies for extra-hepatic tissues98,128-131. However, chronic lipid exposure, such as prolonged HFD 

feeding, can lead to ketogenic dysfunction, a plausible mechanism of NAFLD pathogenesis98,132. 

Herein, we demonstrate that NAFLD mice on 32-weeks of HFD present with significant 

reductions in fasting-induced plasma ketone levels and hepatic Hmgcs2 expression, indicating 

insufficient activation of the ketogenic pathway. Specifically, among all other enzymes in the 

ketogenic pathway, Hmgcs2 mRNA and protein levels were significantly increased with fasting, 

which was dysregulated with HFD-induced NAFLD. Together, these findings support the master 

regulatory role of Hmgcs2 in hepatic ketogenesis101.  
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  The findings of our study and others, however, show a discrepancy in the ketogenic 

response of HFD-fed mice because unlike our study and another132, ketone body level and hepatic 

Hmgcs2 mRNA expression were elevated in mice fed 16-weeks of HFD132-134. This difference 

can be mainly attributed to the durations of HFD exposure (32 weeks vs. 16 weeks) and the 

development of insulin resistance. Compared to moderate insulin resistance seen in mice fed 16-

weeks of HFD132-134, 32-weeks of HFD feeding results in severe insulin resistance in mice132. As 

insulin suppresses Hmgcs2 expression in hepatocytes135,136, it is reasonable to postulate that in the 

presence of hepatic insulin resistance, higher insulin levels inhibit ketogenesis. This possibility is 

supported by a recent study, demonstrating that NAFLD patients with insulin resistance show 

impaired ketogenesis, which correlates with their degree of intrahepatic lipid accumulation98. 

Diminished ketogenesis has also been previously reported in patients with NASH137, as well as in 

obese and diabetic patients138-140. Specifically, in one study, obese patients with fatty liver 

showed reduced total ketone body levels in comparison to obese patients without fatty liver100. 

These findings suggest that insulin resistance may be a contributor to ketogenic dysfunction in 

NAFLD, yet HMGCS2 expression has not been causally linked to reduced ketogenesis in 

NAFLD patients. In the present study, our loss- and gain-of-function experiments strongly 

suggest Hmgcs2 as a vital factor in NAFLD development and treatment. 

 

4.2. Postnatal fatty liver development is prevented by ketogenesis in a fat-enriched dietary 

environment  

Here we provided evidence to support a causal role of ketogenic deficiency in NAFLD, as loss of 

Hmgcs2 resulted in the severe and rapid development of fatty liver in postnatal mice. Notably, 

this postnatal fatty liver phenotype was consistently shown in a recent study using a different 

Hmgcs2-KO mouse model115, further emphasizing Hmgcs2 as a critical rate-limiting genetic 
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factor of ketogenesis and hepatic lipid metabolism. This dramatic phenotype is primarily 

contributed by the vital role of hepatic ketogenesis during the postnatal period. From 

approximately a few hours to 2-weeks post-birth, breast milk constitutes as the only source of 

exogenous energy for rodents. This high-fat to low-carbohydrate dietary ratio of breast milk (fat: 

~29% and carbohydrate: ~2%)141 activates hepatic ketogenesis in neonates39,44,46, and is 

demonstrated by a rise in plasma ketone and hepatic Hmgcs2 mRNA levels in WT postnatal mice 

from p0 to p14 seen in our study and from embryonic day 18.5 (E18.5) to postnatal day 7 (p7) as 

shown in another study115. However, in the absence of functional ketogenesis, this postnatal fat-

enriched dietary environment leads to the pathogenic accumulation of fat in the liver via 

insufficient disposal of excess fat-derived acetyl-CoA through the TCA cycle, as demonstrated by 

our study and another recent study using a different Hmgcs2-KO mouse model115.  

We achieved a nearly complete rescue of the severe lipid accumulation in ketogenesis-

deficient Hmgcs2-KO mouse livers by altering the nutritional environment, suggesting an 

interrelation between ketogenesis and a fat-enriched dietary environment in the development of 

the fatty liver. In comparison to the ketogenic composition of breast milk, the rodent chow diet is 

low in fat (~9%) and high in carbohydrates (~44.9%). As such, early weaning at p14, one week 

prior to the normal weaning at ~p2143, resulted in a substantial decrease in hepatic fat in Hmgcs2-

KO mice, confirmed by liver weight and histological and molecular markers of lipid 

accumulation. In particular, a reduction in Plin2 staining, which emphasizes small lipid 

droplets142, depicted a shift from diffuse microvesicular steatosis to focal macrovesicular steatosis 

at liver tissue periphery in early wean Hmgcs2-KO mice, associated with better clinical outcomes 

of fatty liver9. Although not tested, it is likely that the intrahepatic fat composition (i.e., 

triglyceride, cholesterol content) also changes with the dietary macronutrient environment of 

suckling Hmgcs2-KO mice.  
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 Our finding described herein of ketogenesis-deficient postnatal Hmgcs2-KO mice provide 

a successful preclinical model of the human condition of mHS deficiency, an inborn error of 

ketone body metabolism. These genetic errors of ketone metabolism are a subgroup within FAO 

disorders, and involve deficiencies in enzymes of ketogenesis (i.e., HMGCS2, HMGCL) and 

ketolysis (i.e., ACAT1, OXCT1/SCOT, MCT1/SLC16A1). Although patients often are 

asymptomatic, they can rapidly develop severe, life-threatening conditions upon periods of 

fasting or sickness, generally within their first year of life78,143,144. Specifically, hypoketotic 

hypoglycemia and fatty liver are common clinical presentations of mHS and mitochondrial 

HMGCL (mHL) deficiency81,85. Treatment and management of these conditions often involve 

reducing the utilization of FAO and ketogenesis pathways associated with these enzyme 

deficiencies. For acute treatment, an intravenous glucose infusion is commonly administered to 

patients, which results in the rapid secretion of insulin that subsequently suppresses adipose 

lipolysis-mediated fatty acid delivery to the liver for FAO and ketogenesis. For chronic 

management, patients are often advised to avoid fasting for long periods and reduce their high-fat 

dietary content143,145. Patients with mHL deficiency have also been advised to supplement with 

carbohydrate-rich diets with moderate protein restriction, specifically leucine, which feeds into 

the alternative branched-chain amino acid ketogenic pathway and involves HMGCL 

activity143,145,146. Additionally, in one previous study, a patient with carnitine acylcarnitine 

transferase (CACT) deficiency, a long-chain FAO disorder, was treated with low-fat skim milk, 

replacing the high-fat breast milk, and showed normal growth and development following one 

year of treatment without additional metabolic episodes147. To our knowledge, a similar reduction 

in milk fat content has not yet been clinically implemented for inborn errors of ketogenesis, 

including mHS and mHL deficiency. Thus, our early-weaning study in postnatal ketogenic 

deficient mice suggests that a modified form of this treatment may be helpful in treating mHS 
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and mHL patients, especially those presenting with fatty liver. As breast milk contains important 

nutrients for the development of the newborn148, complete removal of the breast milk diet may 

not be feasible, instead defatted breast milk149 or occasionally supplementing with low-fat milk 

formulations and high-carbohydrate dietary alternatives to reduce the overall intake of the high-

fat breast milk, can be tested. Moreover, supplementation with ketone ester formulations, which 

have previously shown benefits in patients with FAO disorders (i.e., MAD, CACT, CPT2 

deficiencies)150-152 and inborn errors of ketogenesis (i.e., mHL deficiency)152, as well as a 

reduction in the mother’s diet to that of low-fat during pregnancy and lactation, would be 

interesting avenues to explore in the treatment and prevention of fatty liver in our postnatal 

ketogenic deficient mice. Overall, these findings highlight the importance of the ketogenic 

pathway and the macronutrient dietary environment as crucial contributors to the development of 

fatty liver in postnatal mice.  

 

4.3. The degree of ketogenic activity impacts adult fatty liver development  

The implication of ketogenesis in the development and progression of fatty liver disease is further 

supported by our study using Hmgcs2-HET mice that exhibited reduced ketogenic function. 

Along with their underlying ketogenic insufficiency, exogenous HFD intake and the increased 

age of the adult mice, in comparison to postnatal mice, may all be compounding factors in the 

development of metabolic dysfunction, as the prevalence and severity of NAFLD and other 

metabolic conditions (i.e., T2D), increase in adulthood153,154. For example, while WT and 

Hmgcs2-HET mice were indistinguishable at the postnatal stage, upon HFD, adult Hmgcs2-HET 

mice showed worse metabolic dysfunction associated with NAFLD, including hyperglycemia 

and hepatosteatosis. This indicates that one functional Hmgcs2 allele is ketogenic insufficient in a 

fat-enriched dietary environment, being prone to the development of NAFLD. Similarly, adult 
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Hmgcs2-ASO mice with ketogenic insufficiency develop a more severe form of the NAFLD-like 

phenotype with increased hepatic inflammation and fibrosis, seen only upon HFD and not on a 

chow diet101. Thus, the findings of our study indicate that reduced ketogenesis may predispose to 

fatty liver development and metabolic complications in adulthood. As such, the measurement of 

fasting ketone levels, currently not a standard diagnostic method of screening metabolic 

disorders, could be critical in identifying patients who are susceptible to fatty liver disease 

development and associated liver diseases, including hepatocellular carcinoma (HCC). In fact, 

since lower HMGCS2 expression in HCC is associated with higher mortality and metastasis155-

157, detecting underlying disorders of ketone body metabolism could prevent metabolic and 

clinical consequences later in life. Moreover, as NAFLD pathogenesis has been associated with 

genes encoding mediators of lipid metabolism (i.e., PNPLA3, TM6SF2)1,2, it would be interesting 

to examine a genetic link associated with ketogenic mediators (i.e., HMGCS2 and HMGCL).   

 

4.4. Ketogenic activation provides a potential therapeutic approach to treat fatty liver 

disease  

Our findings, in support of previous studies in both postnatal115 and adult101,102 mice, strongly 

suggest ketogenic deficiency to be a key contributor in NAFLD pathogenesis. As such, the 

opposite, ketogenic activation, supported by our HMGCS2 overexpression study, may be a 

possible therapeutic strategy in the alleviation of NAFLD as an effective lipid disposal pathway. 

Overexpression of the human homolog of HMGCS2 in mice, resulting in a modest increase in 

plasma ketone levels (<1 mM), leads to significant reductions in plasma glucose and hepatic fat, 

indicating overall improvements in the fatty liver and metabolic conditions caused by long-term 

HFD feeding. A decrease in lipid accumulation in HMGCS2-overexpressed HepG2 cells further 

confirmed a hepatocyte-specific ketogenic role in lipid metabolism. Moreover, our findings 
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suggest a possible mechanism underlying the protective effects of dietary interventions against 

NAFLD and other metabolic conditions (e.g. hyperglycaemia and dyslipidemia), as a ketogenic 

diet23 and IF24-26 are known to activate ketogenesis. Although, no direct pharmacotherapeutic 

against NAFLD has been developed, current drugs, such as metformin158 and GLP-1 agonists159, 

being clinically used for the treatment of other metabolic diseases have shown benefits in 

alleviating different aspects of NAFLD pathology13. Among these, increased ketogenesis has 

been suggested as a mechanism of SGLT2 inhibitors mediating health benefits22. Therefore, it 

would be informative to test whether the metabolic benefits of dietary interventions and SGLT2 

inhibitors against NAFLD are mediated via Hmgcs2 activation.  

 Although HMGCS2’s expression and activity have not yet been assessed in NAFLD 

patients, multiple studies point towards a correlation between HMGCS2 expression and the 

advanced pathological presentation, clinical stage, and worse overall survival of HCC 

patients155,156. HMGCS2 expression was downregulated in tumor tissues and showed an 

antimetastatic potential in HCC157. Additionally, in mice, knockdown of HMGCS2 expression 

promoted HCC through increased cell proliferation and migration (i.e., metastasis)155, while a 

ketogenic diet increased HMGCS2 expression and inhibited HCC tumor growth160. Due to this 

anti-tumor activity, HMGCS2 may be a potential prognostic marker of HCC. Collectively, these 

studies support the clinical development and use of ketogenesis-activating therapies against 

NAFLD and associated metabolic diseases.  

 
4.5. Metabolomic changes underlying the improvement of fatty liver by ketogenic activation  

Our in vivo metabolomics analysis of liver metabolites suggests a potential mechanism of anti-

NAFLD effects of HMGCS2-OE, as it reveals pathways associated with oxidative (i.e., TCA), 

sugar (i.e., glucose), amino acid, lipid, and nucleotide (i.e., PPP, purine, pyrimidine) metabolism 
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to be particularly enriched. Notably, several key metabolites involved in oxidative metabolism 

showed a reverse trend with previous Hmgcs2 suppression models101,102,115, thereby strengthening 

our findings in HMGCS2-OE mice. In particular, CoA, regenerated through ketogenesis, and 

pantothenic acid, a precursor of CoA synthesis, were increased in the livers of HMGCS2-OE 

mice, while being reduced in Hmgcs2-ASO mice101, indicating abnormal lipid metabolism and 

TCA cycle in ketogenic insufficiency. Decreased CoA concentrations upon HFD have previously 

been shown161, and impaired CoA synthesis, involving precursors such as pantothenic acid, is 

associated with hepatosteatosis162. Thus, the increase of CoA strongly supports Hmgcs2-mediated 

activation of ketogenesis and improvement in hepatic oxidative metabolism. 

 

4.5.1. Oxidative metabolism.  

Succinate and malate, commonly linked to the TCA cycle, were found to be increased in 

HMGCS2-OE mice, while being reduced in Hmgcs2 suppression mouse models. In ketogenic 

insufficiency, a compensatory and dysfunctional increase in TCA flux was suggested for the 

maintenance of mitochondrial energetics and was associated with an accumulation of intrahepatic 

mitochondrial acetyl-CoA102. Similarly, increased TCA flux in HFD mice132 and NAFLD/NASH 

patients163,164 is associated with mitochondrial dysfunction, oxidative stress, and inflammation. 

Thus, increased concentrations of malate and succinate in the setting of ketogenic activation may 

suggest a reduced contribution of TCA flux in HMGCS2-OE mice. However, it is possible that 

these metabolite concentrations may be replenished through alternative pathways. Succinate, for 

example, may be recycled through ketolysis by the enzymatic activity of SCOT, which converts 

AcAc to AcAc-CoA for terminal ketone oxidation. Although SCOT is not expressed in 

hepatocytes, an intrahepatic ketone shuttle has been suggested as a mechanism of allowing for 

hepatocyte-produced AcAc to be transported and oxidized in neighbouring Kupffer cells of the 
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liver165. This may also explain the reduction in NAD+ levels, utilized in ketolysis in HMGCS2-

OE livers. Thus, in the setting of increased ketogenesis, hepatic Kupffer cells may subsequently 

increase rates of ketolysis, thereby consuming NAD+ and regenerating succinate. Alternatively, 

hepatic succinate accumulation may result from a compensatory inhibition of the succinate 

dehydrogenase (SDH) complex of the respiratory chain, which may occur in the setting of 

increased mitochondrial substrate flux (i.e., fatty acids), through chronic HFD exposure166,167 and, 

in our case, ketogenic activation. Thus, increased succinate levels in HMGCS2-OE may suggest 

an adaptive reduction in SDH activity to prevent ROS accumulation and mitochondrial 

dysfunction. On the other hand, increased levels of malate can be recycled through the malate-

aspartate shuttle168 as well as through malate-pyruvate cycling169. This possibility is supported by 

concurrent increases in hepatic aspartate and pyruvate levels in HMGCS2-OE livers. Further 

investigation through flux studies is required to understand the involvement of these anaplerotic 

and cataplerotic pathways in ketogenic activation and NAFLD improvement.  

 

4.5.2. Glucose metabolism.  

In accordance with phenotypic reductions in plasma glucose levels, the low hexoses and high 

glycolytic intermediate concentrations suggest reduced gluconeogenesis and activated glycolysis 

in HMGCS2-OE mice. Previously, a mechanism of increased mitochondrial import and 

decarboxylation of pyruvate has been proposed in relation to ketogenesis170,171, suggesting that 

the accumulation of pyruvate in HMGCS2-OE mice may likely be fluxed towards oxidative 

pathways, rather than gluconeogenesis and lipogenesis. The contrary has been presented in 

ketogenic insufficient mice, in which increased concentrations of mitochondrial acetyl-CoA 

contribute to the inhibition of the pyruvate dehydrogenase (PDH) complex involved in 

decarboxylation of pyruvate101. Additionally, HMGCS2-OE mice showed reduced hepatic 
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concentrations of UDP-glucose, a substrate of glycogenesis. As ketogenic insufficient mice show 

increased hepatic glycogen stores102, it is possible that upon activation of ketogenesis, these 

glycogen stores are mobilized through glycogenolysis39, thereby providing additional glucose 

substrate for glycolysis.  

 

4.5.3. Amino acid metabolism 

Activated ketogenesis and reduced gluconeogenesis in HMGCS2-OE mice may also be supported 

by increased concentrations of ketogenic amino acids (i.e., phenylalanine, tyrosine) and 

decreased levels of gluconeogenic amino acids (i.e., glutamine, serine, threonine), respectively. 

However, as phenylalanine and tyrosine can feed into the production of both acetyl-CoA and 

acetoacetyl-CoA for ketogenesis as well as fumarate for gluconeogenesis through TCA 

anaplerosis172,173, their contribution to either is unclear with the current data and would require 

further in vivo metabolomic flux studies in HMGCS2-OE mice. Moreover, hepatic levels of 2-

aminoadipic acid and N-acetylglutamic acid, involved in amino acid synthesis, were consistently 

greater in HMGCS2-OE mice. Since elevated amino acid catabolism has been associated with the 

development of NASH174, it is possible that Hmgcs2-mediated ketogenesis may increase amino 

acid synthesis for the alleviation of NAFLD pathogenesis, as amino acids serve as critical 

biomolecules in protein synthesis and detoxification in the liver175.  

 

4.5.4. Fatty acid metabolism 

It was notable that HMGCS2-OE mice showed increased concentration of short- (C3, C4, C6) 

and medium-chain (C8, C10) acylcarnitines in the liver. Acylcarnitines constitute as the by-

products of substrate catabolism, mainly resulting from FAO. LCFA require carnitine transport 

proteins, whereas SCFA and MCFA can readily enter the mitochondria. Thus, the buildup of 
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these short- and medium-chain acylcarnitines is unlikely related to increased inner mitochondrial 

fatty acid delivery. Another critical subcellular compartment for b-oxidation is the peroxisome. 

Peroxisomal b-oxidation breaks down VLCFA (>C16) and LCFA (>C12) into MCFA (C8-C12) 

and SCFA (<C8). These fatty acids are subsequently trans-esterified into short- and medium-

chain acylcarnitines by peroxisomal carnitine proteins, which are transported to the mitochondria, 

where they undergo complete b-oxidation, producing acetyl-CoA (Fig. 1)34-37. Although 

mitochondrial b-oxidation constitutes as the major pathway of fatty acid breakdown, it is possible 

that in the setting of increased mitochondrial Hmgcs2-mediated ketogenesis, peroxisomal b-

oxidation may be concurrently activated to alleviate mitochondrial stress40. Indeed, impairments 

in peroxisomal b-oxidation of VLCFA are associated with NAFLD pathogenesis in mice176. 

Additionally, it can be proposed that as the rate of fatty acid catabolism may surpass energy 

requirements under the conditions of enhanced ketogenesis, greater acylcarnitines and free CoA 

levels were produced by accumulating acyl-CoA intermediates which may be re-esterified into 

acylcarnitines through the carnitine shuttle system to maintain mitochondrial function177. Our 

findings are in contrast to previous studies, in which rodents chronically fed a HFD have shown 

reduced hepatic acylcarnitine levels, particularly of short- and medium-chain, indicating a 

dysregulation in FAO177,178. Altogether, the increased hepatic content of short- and medium-chain 

acylcarnitines suggest compensatory mechanisms of preventing mitochondrial dysfunction in the 

livers of HMGCS2-OE mice, although a closer evaluation of both mitochondrial and peroxisomal 

activities is required to make this conclusion.  
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4.5.5. Nucleotide metabolism  

We detected higher concentrations of intermediate metabolites of the PPP and its branching 

purine and pyrimidine nucleotide synthesis pathways in the HMGCS2-OE liver. This is a novel 

finding as there are very few studies to our knowledge that show a direct association of these 

pathways to liver disease. In one study, however, inhibition of dihydroorotate dehydrogenase 

(DHODH) involved in pyrimidine biosynthesis and overexpression of uridine phosphorylase 1 

(Upase1) involved in pyrimidine catabolism, promoted microvesicular steatosis, while uridine 

supplementation suppressed microvesicular steatosis in both mouse models179, suggesting an 

indirect protective and therapeutic role of the pyrimidine pathway in the fatty liver. Additionally, 

another study has reported that a reduction of the intermediates of purine and pyrimidine 

metabolism is observed in the diabetic pancreas and correlated with their insulin depletion180. 

Thus, increases in purine and pyrimidine synthesis in HMGCS2-OE may contribute to metabolic 

improvements in NAFLD, although further mechanistic interpretation of this will be required.  

 Overall, the activation of the ketone body synthesis pathway largely reprograms hepatic 

intermediary metabolism for improvements in NAFLD, suggesting an integrative role of 

ketogenesis in FAO, TCA, glycolysis/glycogenolysis, PPP and purine/pyrimidine metabolism. As 

many of these metabolic pathways are multidirectional and interrelated, future metabolomic flux 

and gene expression analysis studies in HMGCS2-OE models will be pertinent in enhancing our 

understanding of these metabolic pathways, their intermediates, and mediators, in ketogenic 

activation and NAFLD.  
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CONCLUSION  

The findings of our study demonstrate that Hmgcs2-mediated ketogenesis is a key contributor to 

NAFLD pathogenesis and treatment. Specifically, we show (1) that impaired ketogenesis in 

HFD-induced NAFLD mice is mediated by reduced hepatic expression of Hmgcs2; (2) that 

Hmgcs2-associated ketogenic deficiency and a fat-enriched dietary environment are both 

required for postnatal fatty liver development; (3) that insufficient level of ketogenic function or 

Hmgcs2 gene dosage promote adult-onset NAFLD upon HFD; (4) and that HMGCS2 

overexpression-mediated ketogenesis activation improves HFD-induced NAFLD and metabolic 

dysfunction. A limitation of this study, however, is the lack of hepatocyte-specific in vivo models 

for both Hmgcs2-KO and HMGCS2-OE, as ketogenesis can occur in extra-hepatic tissues, such 

as the kidney and intestine. We are currently exploring these to enhance the interpretation of our 

study. Overall, our findings suggest impaired ketogenesis and dysregulated hepatic Hmgcs2 

expression as possible markers of NAFLD progression and susceptibility, while proposing 

ketogenic activation as a possible therapeutic target in the clinical intervention of NAFLD. 
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