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A B S T R A C T 

The liver is a metabolically adaptable organ that is essential for controlling blood 

glucose and cholesterol levels. Fatty acids (FAs) are continuously flowing into the liver 

from a variety of sources, such as dietary sources, adipose tissue, endogenous synthesis 

from non-lipid precursors, intrahepatic lipid droplets, and recycling of triglyceride-rich 

leftovers. Triglycerides, which can be oxidised, stored, or released into the bloodstream 

as very low-density lipoproteins, are produced in the liver using FAs.  Many factors 

can influence intrahepatic FA partitioning, and while there is good evidence that both 

phenotype (e.g., sex, ethnicity, and adiposity) and dietary macronutrient composition 

can play a role in intrahepatic triglyceride accumulation, their interaction is still poorly 

understood. The processes of FA uptake, FA synthesis, and the intracellular 
partitioning of FAs into storage, oxidation, or secretory pathways are tightly regulated; 

an imbalance in these processes leads to intrahepatic triglyceride accumulation and is 

linked to the development of metabolic dysfunction-associated steatotic liver disease. 

This review's objectives are to investigate how phenotypes affect the delivery, 

synthesis, and disposal of FAs and to comprehend how the makeup of dietary 

macronutrients may affect how FAs are partitioned in the human liver in vivo. 
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INTRODUCTION 

The largest and most important internal organ for metabolism in the human body is the liver. In response to changes in 

energy demands, it may quickly switch between the metabolic responsibilities of energy storage and supply since it is a 
homeostatic regulator of systemic lipid and glucose metabolism and has a high degree of metabolic flexibility (Hodson & 

Gunn, 2019).  

 

Overview of the human liver's anatomy 

The liver acts as a mediator between the extra-hepatic organs that need energy and external and endogenous energy 

sources by occupying the metabolic crossroads. The portal vein, which supplies approximately 75% of the total blood 

flow, connects the liver, which is mainly made up of two lobes, to the gut. The hepatic artery provides the remaining 

blood supply, which is oxygenated blood from the systemic circulation (Trefts et al., 2017). The portal triad—the hepatic 

artery, the bile duct, and the portal vein—is essential to the transport of hepatic substrates. For instance, chylomicron 

remnants, long-chain FAs, lactate, pyruvate, and AAs reach the liver by the hepatic artery, while medium chain fatty 

acids (FAs), amino acids (AAs), and glucose enter through the portal vein (Trefts et al., 2017). Following metabolic 
conversions, the corresponding products—such as CO2, VLDL, ketones, and urea—are released into the systemic 

circulation and the hepatic venous drainage (from the left, right, and middle hepatic veins) (Trefts et al., 2017).  

Hepatocytes make up around 80% of the liver's parenchyma, with minor contributions from Kupffer cells, stellate cells, 

sinusoidal endothelial cells, and cholangiocytes (Ben-Moshe & Itzkovitz, 2019). According to Porat-Shliom (2024), each 

lobe is composed of lobules, which are characterized as either periportal or pericentral based on how close they are to the 

portal vein or the hepatic artery, respectively. These lobules are composed of plates of hepatocytes and sinusoids. 

According to Porat-Shliom (2024), hepatocytes in the periportal zone receive the most nutrients, whereas nutrient 
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concentrations gradually decrease as one moves toward the pericentral zone. The preservation of metabolic health 

depends on the cellular integrity and function of hepatocytes, which are the primary drivers of hepatic metabolic activity 

(Green et al., 2015) (Hodson & Gunn, 2019). 

 

Overview of the metabolism of FA in the human liver  
The liver has metabolic flexibility in health, meaning it may quickly switch between anabolic and catabolic processes in 

response to changes in nutrient flux (such as when a person is fasting and then fed) and in response to hormonal and 

nutritional demands (Samuel & Shulman, 2016). Insulin plays a key role in this by changing how substrates (such as FAs, 

glycerol, glucose, and lactate) are delivered to the liver and by changing post-translational events (such as 

phosphorylation and dephosphorylation) that shift hepatocellular metabolism from energy utilization to energy storage 

[i.e., the conversion of glucose to glycogen and FAs to triglyceride (TG) and the attenuation of hepatic glucose 

production] (Hodson & Gunn, 2019; Samuel & Shulman, 2016). Large amounts of FA (approximately 100 g/day; Frayn 

et al., 2006) are processed daily by the liver from a variety of sources, such as TG-rich remnants (i.e., chylomicron 

remnants (in the fed state) and the ongoing recycling of VLDL-TG) and non-esterified fatty acids (NEFAs) released from 

adipose TG lipolysis. By means of de novo lipogenesis (DNL), FAs can also be produced inside the hepatocyte from non-

lipid precursors, such as monosaccharides (glucose and fructose) or AAs. The channeling into these respective pathways 

depends on both nutritional state and metabolic health. The majority of FAs in the liver are primarily divided between 
two pathways: esterification to form primarily glycerolipids (TG and phospholipids) or mitochondrial oxidation (Hodson 

& Frayn, 2011). 

The accumulation of intrahepatic TG (IHTG) is thought to be caused by an imbalance between the transport of FAs to the 

liver, the synthesis of FAs inside the liver, and their removal from the liver (Diraison & Beylot, 1998; Sidossis et al., 

1998). Type 2 diabetes (T2D), cardiovascular disease, and the metabolic syndrome are all strongly linked to the net 

retention of IHTG, which has pathological repercussions (Targher et al., 2024). Few studies have looked into the 

underlying mechanisms causing changes in IHTG content, despite strong evidence that an individual's phenotype (age, 

ethnicity, adiposity, and sex), genetics, and dietary macronutrient composition may all contribute to IHTG accumulation 

(Marjot et al., 2020). Part of the reason for the paucity of the literature is the difficulty of studying human liver 

metabolism in vivo. In order to comprehend how dietary macronutrient composition can affect the partitioning of FAs in 

the liver in vivo in humans, this review will examine how phenotypes impact the corresponding pathways of FA delivery, 
synthesis, and disposal. Preclinical murine models and in vitro cell-line models have been demonstrated to replicate 

certain elements of human hepatic metabolism that cannot be performed in vivo in humans, despite the fact that this 

review concentrates on findings in humans (Gunes & Estall, 2024). Therefore, when available, we also present 

information from preclinical murine models to give mechanistic support for the findings observed in people. 

 

Triglyceride Intrahepatic  Accumulation   
IHTG accumulation is characterized by changes in hepatic FA partitioning (Fabbrini et al., 2010), and pathological IHTG 

accumulation, when unrelated to excessive alcohol consumption, is the first stage of steatotic liver disease associated 

with metabolic dysfunction [(MASLD); formerly known as non-alcoholic fatty liver disease (NAFLD)]. In 2023, Rinella 

et al. Because steatosis and systemic metabolic dysfunction are closely related, the term MASLD was coined (Rinella et 

al., 2023). Approximately 95% to 99% of individuals with NAFLD fit the criteria for MASLD, despite the fact that the 

two conditions have different classifications (Hagstrom et al., 2024). For the sake of simplicity, we shall refer to this 
review as MASLD. Metabolic dysfunction-associated steatotic liver disease includes a range of liver pathologies, from 

metabolic-associated steatohepatitis, advanced fibrosis, and more severe liver disease (i.e., cirrhosis) to steatosis, which 

is histologically defined as the presence of intracellular TG in >5% of hepatocytes, or >5.6% when evaluated by proton 

MRI or spectroscopy (Fabbrini et al., 2009). 

The clinical burden of MASLD encompasses more than just liver-related issues; it also includes cardiovascular disease, 

chronic renal disease, and other extra hepatic symptoms of some malignancies (Targher et al., 2024). Steatotic liver 

disease has been directly linked to the development of cardiovascular disease (Ren et al., 2023), the primary cause of 

death for individuals with MASLD (Younossi et al., 2023, 2024), according to Mendelian randomization studies. The 

most common type of liver disease globally is metabolic dysfunction-associated steatotic liver disease (Kalligeros et al., 

2023), and it is more common in those with type 2 diabetes (T2D) and those who are overweight or obese (Riazi et al., 

2022). According to a number of studies, MASLD and T2D commonly coexist and work in concert to raise the risk of 
unfavorable extra hepatic and hepatic outcomes (Mantovani et al., 2020). T2D and MASLD have a complicated and 

reciprocal relationship in which having one increases the risk of having the other. According to Hazlehurst et al. (2016), 

the likelihood of acquiring T2D is correlated with the severity of MASLD, and MASLD may either precede or encourage 

the development of T2D. 

Several anti-hyperglycaemic agents used to treat type 2 diabetes (T2D) have been shown in phase 2 and 3 clinical trials 

to have positive effects on MASLD and cardioprotective effects, despite the lack of an approved pharmacotherapy for the 

condition. These agents include sodium-glucose cotransporter-2 inhibitor (SGLT2i), glucagon-like peptide-1 (GLP-1) 

receptor agonists, and incretin receptor co-agonists (Mantovani et al., 2022).  
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Triglyceride Intrahepatic evaluation  
In vivo metabolism in humans Because the portal vein is inaccessible, direct evaluations of the human liver (by 

measurements of arteriovenous difference) are rarely carried out; as a result, the mechanisms behind the aetiology and 

course of disease have not yet been well clarified. Liver biopsies provided insight into molecular variations that may be 

important in the aetiology of illness. Because these techniques are intrusive and only capture one moment in time, they 
are unable to shed light on the causes and development of MASLD. A different strategy is to use surrogate indicators of 

liver fat metabolism, such as 3-hydroxybutyrate and VLDL-TG plasma concentrations, which provide some information 

about the oxidation and esterification pathways of hepatic FA, respectively (Donnelly et al., 2005; Havel et al., 1970; 

Kotronen et al., 2009). Using radioactive or stable-isotope tracers (Figure 1) is a more sophisticated method that offers 

the chance to track the fate of particular FA sources via hepatic esterification and oxidation pathways (Donnelly et al., 

2005; Havel et al., 1970; Hodson et al., 2007; Luukkonen et al., 2018; Miles et al., 2004; Parry et al., 2020; Sunny et al., 

2011), as reviewed by Umpleby (2015). 

VLDL-TG has been labeled ex vivo using radio-isotopes, which also enable tracking of the particles' in vivo destiny 

(Gormsen et al., 2006). When radio-tracers and positron emission tomography (PET) are used together, it is possible to 

investigate the metabolism of FA in the splanchnic bed and calculate flux rates by simultaneously measuring blood flow 

(Iozzo et al., 2010; Risikesan et al., 2024). Given that the liver receives an influx of nutrients from multiple FA sources 

and that humans spend a large proportion of the day in the postprandial state (McQuaid et al., 2011), the use of stable-
isotope tracer methodology has provided the opportunity to trace the fate of these through different hepatic pathways 

(Figure 1). 

 

 

Figure 1: The ins and outs of hepatic FA metabolism using stable-isotope tracer methodology. (1) The ingestion of a 

meal labelled with a [U-13C]FA (e.g., [U-13C]palmitic acid) allows for the tracing of exogenous fats. The [U-13C]FA is 

incorporated into chylomicrons in the enterocyte and appears in systemic circulation as TG-rich 13C-chylomicrons, (2) 
where it is quickly hydrolysed by adipose tissue lipoprotein lipase, creating 13C-chylomicron remnants that are taken up 

by the liver. Not all FAs from the hydrolysis of TG-rich 13C-chylomicrons are taken up across adipose tissue, causing a 

spillover of 13C-NEFAs that appear in the systemic plasma NEFA pool. (3) Endogenous pathways are labelled using an 

intravenous infusion of [2H2]palmitate complexed with human albumin, which equilibrates with the systemic plasma 

NEFA pool to allow for the tracing of the whole-body rate of appearance of NEFAs. Plasma NEFAs are taken up by the 

liver and introduced to the intrahepatic NEFA pool. (4) Given that water is used in the synthesis of FAs, the consumption 

of deuterated water (2H2O) is used to calculate the fractional synthesis of FA de novo. The 2H2O equilibrates with the 

total body pool, and 2H labels NADPH that is subsequently used for the formation of fatty acyl-chains during the process 

of DNL. (5) Depending on nutritional state and metabolic health (i.e., insulin resistance, liver fat content), intrahepatic 

FAs are partitioned towards oxidation or are esterified to form TGs and are incorporated into VLDL and secreted into 
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circulation, or stored within the hepatocyte. Abbreviations: CO2, carbon dioxide, DNL, de novo lipogenesis; FA, fatty 

acid; NEFA, non-esterified fatty acid; TG, triglyceride; VLDL, very-low density lipoprotein; OHB, 3-hydroxybutyrate. 

 

Delivery of Fatty Acid to Liver  

The intracellular lipolysis of subcutaneous and visceral adipose tissue TG provides the largest contribution to the 
continuous delivery of NEFAs to the liver, whereas the FAs released by the hydrolysis of dietary TG carried in 

chylomicrons (chylomicron-derived spillover NEFAs) constitute a smaller contribution (Piche et al., 2018). Insulin 

controls the lipolysis of adipose tissue TG by blocking the actions of hormone-sensitive lipase and adipose TG lipase. As 

a result, after consuming a mixed test meal, plasma concentrations of NEFAs reach their lowest level and are highest in 

the post-absorptive state when insulin levels are low (McQuaid et al., 2011).  On the other hand, intestinally produced 

chylomicrons transport dietary TG into the bloodstream and rise until they reach their maximum 2–4 hours after a mixed 

meal (Barrows et al., 2005; Hodson et al., 2007; McQuaid et al., 2011; Piche et al., 2018). Lipoprotein lipase (LPL), 

which is anchored on the endothelium surface of adipose tissue, hydrolyzes the TG content of chylomicrons in about five 

minutes, leaving behind residual particles. While most released FAs are absorbed in adipose tissue, some can be absorbed 

by the liver and spill into the systemic NEFA pool (Miles et al., 2004) (Figure 1). 

We and others have shown that chylomicron-derived spillover NEFAs can make up around 50% of the total plasma 

NEFA pool during the lowest postprandial NEFA concentrations (Barrows et al., 2005; McQuaid et al., 2011; Nelson et 
al., 2013; Piche et al., 2018). Some, but not all, people with obesity and insulin resistance have elevated plasma NEFAs 

(Karpe et al., 2011), which are frequently attributed to an increase in adipose tissue mass. Though the release of NEFAs 

from subcutaneous adipose tissue (per 100 g of tissue) decreases with increasing adiposity (Frayn & Humphreys, 2012; 

Karpe et al., 2011), the rate of appearance of NEFAs across the fasting and postprandial states has been demonstrated to 

be lower in obese individuals compared to lean individuals (McQuaid et al., 2011). Plotting the rate of NEFA appearance 

versus fasting insulin concentrations revealed similar results (Karpe et al., 2011), indicating that obese people may 

suppress adipocyte lipolysis to help get plasma NEFA concentrations back to normal (McQuaid et al., 2011).  

Although there is a noticeable decrease in systemic NEFA concentrations in the postprandial state, adipose-derived 

NEFAs remain the main source of FAs utilized for TG synthesis within the liver in both the fasting and postprandial 

states (Donnelly et al., 2005; Hodson et al., 2007, 2010; Jacome-Sosa & Parks, 2014; Lambert et al., 2014; McQuaid et 

al., 2011; Parry et al., 2020; Pramfalk et al., 2016). Lean and obese people, as well as those with and without MASLD, 
have different relative contributions of FAs from adipose tissue to VLDL-TG (Fabbrini et al., 2008; Hodson et al., 2007, 

2010; Umpleby et al., 2017). This could be because splanchnic-derived FA sources, such as IHTG, visceral adipose 

tissues, and DNL, contribute more to VLDL-TG in these individuals (Hodson et al., 2007, 2010; Nelson, Basu, Johnson, 

et al., 2007). Approximately 10–30% of hepatic FA delivery during the fasting state is thought to be due to visceral 

adipose tissue lipolysis, with the amount being proportionate to total visceral fat mass (Nielsen et al., 2004; Nielsen & 

Jensen, 2024; Nielsen et al., 2004; Risikesan et al., 2024). 

 

Dietary Fat  

The thoracic duct allows newly released chylomicrons containing dietary TG to reach the systemic circulation after being 

released into lymphatic channels. Only half of the chylomicron TG content is hydrolysed by LPL and absorbed by 

adipose tissue during the remnant generation process, according to evidence from a rat model (Hultin et al., 1996). Given 

that a normal chylomicron particle contains approximately 106 TG molecules, this is noteworthy (Frayn et al., 2006). 
FAs are released when chylomicron remnants in the bloodstream are hydrolysed by lysosomes after being absorbed by 

the liver through the LDL receptor or LDLR-related protein 1 (Hodson & Gunn, 2019). It is unknown how much 

chylomicron-derived TG contributes overall to IHTG synthesis; this will depend, in part, on the individual's phenotype 

and the frequency and quantity of dietary fat ingested.  

The relative contribution of FAs from chylomicron remnants against FAs obtained from chylomicron spillover was 

higher (about 15% versus 10%, respectively) in VLDL-TG, according to studies tracking the destiny of dietary fat over a 

period of 12 to 24 hours (Barrows & Parks, 2006; Donnelly et al., 2005). Furthermore, a decrease in chylomicron TG 

absorption across adipose tissue may result in a higher flux of chylomicron-derived FAs to the liver in people with insulin 

resistance and/or obesity (McQuaid et al., 2011). 

In line with the finding that the expression of adipose tissue LPL (and other FA trafficking genes) is down-regulated in 

obese compared to lean individuals (McQuaid et al., 2011), we have previously observed an inverse association between 
insulin resistance and chylomicron-derived spillover NEFAs (Piche et al., 2018). Reduced dietary fat extraction 

throughout adipose tissues may leave behind TG-rich chylomicron remnants, which the liver may absorb and use as a 

substrate for the synthesis of VLDL-TG or for storage in cytosolic lipid droplets.  

 

 

Hepatic uptake of Systemic FAs  

Fatty acid transport proteins (FATPs), fatty acid binding proteins, fatty acid translocase (CD36), and caveolins are among 

the transport proteins that absorb systemic FAs. The human liver's primary FATPs in health are FATP2 and FATP5, while 

CD36 is expressed at significantly lower levels (Miquilena-Colina et al., 2011). In contrast, patients with MASLD have 
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higher liver CD36 protein expression than control subjects (Greco et al., 2008; Miquilena-Colina et al., 2011). This is 

partially corroborated by human investigations that have shown that hepatic FA uptake is higher in obese people using 

PET combined with computed tomography (PET/CT) in conjunction with labeled palmitate (Immonen et al., 2018; Iozzo 

et al., 2010). Although FA transporters might exert a role in controlling hepatic FA flux, their role in the development of 

MASLD is unclear. 

 

Partitioning Inteahepatic Fatty Acid  

Intrahepatic FA production 

 Acetyl-CoA serves as a carbon source in de novo lipogenesis, which creates de novo FAs from non-lipid precursors. The 

16-carbon FA, palmitate, is created when fatty acid synthase elongates malonyl-CoA, which is created when acetyl-CoA 

carboxylase carboxylates acetyl-CoA. Despite being frequently regarded as the main product of DNL, palmitate 

(palmitoyl-CoA) can be extended to generate stearate (18:0). Both palmitate and stearate can then undergo additional 

desaturation to form palmitoleate (16:1) and oleate (18:1), respectively (Hodson & Fielding, 2013). The 

glycerophosphate backbone provided by carbohydrate metabolism can esterify FAs after they have been produced, 

lengthened, and desaturated to create TG. Sterol regulatory element binding protein 1c (SREBP1c) and carbohydrate 

response element binding protein (ChREBP) are the main transcriptional regulators of de novo lipogenesis. Due to the 

activation of ChREBP and SREBP1c brought on by rising glucose and insulin levels, DNL-derived FAs often contribute 
more to VLDL-TG in the postprandial state (Barrows & Parks, 2006; Timlin & Parks, 2005) (Hodson & Gunn, 2019). 

Fatty acid synthase, acetyl-CoA carboxylase, and other lipogenic genes are expressed when insulin increases the over-

expression of SREBP1c (Hodson & Gunn, 2019). 

Similarly, ChREBP promotes the activation of genes involved in glycolytic flux and gluconeogenesis as well as lipogenic 

genes in response to elevated blood glucose levels (Hodson & Gunn, 2019). Since insulin plays a role in the 

transcriptional control of DNL, hyperinsulinemia has been found to be closely linked to elevated DNL (Pramfalk et al., 

2016), regardless of body BMI index (Schwarz et al., 2003). The quantitative contribution of DNL to whole-body TG 

synthesis is modest when compared to the systemic transport of FAs to the liver (Donnelly et al., 2005; Lambert et al., 

2014). DNL is thought to generate only 1-2 g of freshly synthesised lipids per day in healthy persons (Hellerstein, 1999). 

Even following carbohydrate overfeeding, which significantly increases DNL, the contribution of de novo FAs to VLDL-

TG is less than 5 g per day (Schwarz et al., 1995). However, malonyl-CoA inhibits carnitine palmitoyltransferase 1 when 
DNL is increased, which results in less fatty acyl-CoA being transported into the mitochondria. Therefore, lower FA 

oxidation may result from constitutive up-regulation of DNL, as shown in individuals with MASLD (Lambert et al., 

2014; Smith et al., 2020) and insulin resistance (Pramfalk et al., 2016). It is unclear whether an increase in hepatic DNL 

is a cause or an effect of IHTG accumulation, despite the fact that DNL-derived FAs are thought to contribute 15% to 

38% of VLDL-TG in people with MASLD and 1% to 10% in those without MASLD (Lambert et al., 2014). Although 

this has not yet been proven in humans, DNL is in fact higher in those who are classified as insulin resistant (Pramfalk et 

al., 2016; Smith et al., 2020) and is thought to be a factor in the buildup of IHTG (Lambert et al., 2014).  

 

Ketogenesis and Oxidation  

FAs can be directed toward mitochondrial oxidation pathways in the liver, and the levels of 3-hydroxybutyrate in the 

blood are utilized as a stand-in indicator for hepatic FA oxidation. Delivery of FAs from adipose tissue to the liver is a 

major regulator of β-oxidation and ketogenesis in metabolically healthy persons, and postprandial reduction in adipose 
tissue TG lipolysis significantly suppresses ketogenesis. The main regulator of β-oxidation is the transcriptional factor 

peroxisome proliferator-activated receptor alpha (PPAR-α). Insulin has a suppressive effect on β-oxidation, while FAs 

and glucagon increase PPAR-α activity and β-oxidation. It is difficult and complex to directly measure human hepatic 

mitochondrial oxidation in vivo under dynamic conditions (i.e., after eating). A measure of whole-body FA oxidation is 

provided by studies that combine the collection of expired breath samples for 13CO2 levels with the administration of 

oral or injected 13C-labelled tracers (Figure 1). It is possible to determine whether exogenous FAs (13C-FAs given 

orally) or adipose-derived FAs (intravenously administered 13C-FAs) have undergone the ketogenic route by measuring 

the incorporation of 13C in plasma 3-hydroxybutyrate.  

For example, we previously demonstrated that the whole-body oxidation of dietary FAs is influenced by both FA 

composition and participant sex by adding uniformly labelled FAs (e.g., [U-13C]palmitate or [U-13C]linoleate) to a test 

meal (Parry et al., 2021). Others have adopted a different strategy, infusing many 13C-labelled tracers and using NMR to 
measure the 13C isotopomer analysis of plasma to ascertain the hepatic mitochondrial flow in people who have fasted 

overnight and those who have not (Sunny et al., 2011). In contrast to individuals with low IHTG, the scientists 

discovered that those with high IHTG had higher levels of mitochondrial fat metabolism pathways (such as the 

tricarboxylic acid cycle and anaplerosis), whereas there was no difference in 3-hydroxybutyrate turnover across the 

groups (Sunny et al., 2011). In contrast to individuals with low IHTG, the scientists discovered that those with high 

IHTG had higher levels of mitochondrial fat metabolism pathways (such as the tricarboxylic acid cycle and anaplerosis), 

whereas there was no difference in 3-hydroxybutyrate turnover across the groups (Sunny et al., 2011). Fu et al. (2023) 

used isotopomer analysis to show that fasting DNL in MASLD participants was linked to an increase in the tricarboxylic 
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acid cycle flow but a decrease in hepatic ketogenesis and β-oxidation. Hepatic DNL and ketogenesis have been reported 

to be strongly correlated in normoinsulinaemic persons, but not in hyperinsulinaemic individuals (Pramfalk et al., 2016). 

Since observations in a diet-induced mouse model of obesity and insulin resistance noted a progressive adaptation of 

hepatic ketogenesis during high-fat feeding, resulting in increased hepatic fat oxidation, our lack of association may be 

partially explained by the length of time an individual had been hyperinsulinaemic. This suggests that mitochondrial fat 
oxidation is stimulated rather than impaired during the onset of hepatic insulin resistance (Sunny et al., 2010). More 

recently, hepatic mitochondrial oxidation has been measured using the most advanced positional isotopomer NMR tracer 

analysis (PINTA) (Luukkonen et al., 2023; Petersen et al., 2024). Non-invasive understanding of hepatic mitochondrial 

function in both diseased and healthy individuals has been made possible by the use of PINTA (Luukkonen et al., 2023; 

Petersen et al., 2024). Despite having a similar FA delivery rate to the liver, Havel et al.'s early research (1970) showed 

that obese, hyperlipidemic, and normolipidemic people differed in how FAs were partitioned into their various pathways. 

By injecting 1-14C-palmitate in the post absorptive state, the authors discovered that while the percentage of FAs 

entering oxidation and esterification pathways was comparable in hyperlipidemic individuals, approximately two-thirds 

of FAs entering the liver in normolipidaemic individuals were partitioned towards oxidation rather than esterification 

pathways. 

According to more recent research, hepatic FA oxidation decreases with increasing MASLD severity (Moore et al., 

2022), indicating that FA oxidation deficits may play a role in the pathophysiology of metabolic dysfunction. According 
to Petersen et al. (2024), respondents in both groups responded similarly to glucagon, and hepatic mitochondrial 

oxidation, as measured by PINTA, was comparable between overweight people without hepatic steatosis and those with 

MASLD or metabolic-associated steatohepatitis. Methodological variations or variations in participant genotype may be 

the cause of the disparity in results (Luukkonen et al., 2023). Lipid hydrolysis within the liver It has been suggested that 

the breakdown of TG contained in lipid droplets is mediated by two key mechanisms in the liver: lipolysis and 

autophagy. Hepatic adipose TG lipase mediates lipolysis, and it has been observed that adipose TG lipase expression, 

along with that of its cofactor CG1-58, is down-regulated in liver biopsies of MASLD patients as compared to healthy 

participants (Kato et al., 2008). When lipid droplets are hydrolyzed in autolysosomes to release FAs into the cytosol, a 

highly selective type of lipid droplet-specific autophagy called lipophagy takes place; it has been proposed that lipophagy 

affects IHTG dynamics (Singh et al., 2009). Although the mechanisms governing lipophagy remain unclear, liver 

biopsies from MASLD patients have been found to have fewer protein markers of autophagy when compared to healthy 
control subjects (Rada et al., 2020). These findings are corroborated by preclinical rodent MASLD models that show 

impairments in autophagic flux. It is yet unknown how much each of these mechanisms contributes and if lipolysis and 

lipophagy happen concurrently or separately. Nevertheless, results from mouse models have demonstrated that IHTG 

accumulation is driven by a reduction in either pathway (Singh et al., 2009), pointing to a molecular connection between 

IHTG accumulation and either pathway malfunction. 

 

Esterification of fatty acids  

Hepatic portal delivery, which primarily reflects the mobilization of FAs from the visceral compartment, and systemic 

circulation are the two ways that fatty acids are transported to the liver (Figure 1). Fatty acyl-CoAs are created in the 

hepatocyte when acyl-CoA synthetases activate freshly supplied FAs. As an alternative, the fatty acyl-CoA pool may be 

produced from DNL or may result from the absorption of lipoprotein remnants and their breakdown within lysosomes. 

Fatty acyl-CoA will be directed towards either esterification or mitochondrial oxidation for glycerolipid synthesis, 
depending on the nutritional and hormonal status. Diacylglycerol acyltransferase (DGAT) enzymes catalyse the last stage 

of TG synthesis (Hodson & Gunn, 2019). There are two types of DGAT in hepatocytes: DGAT1 utilizes DNL-derived 

diacylglycerols, while DGAT1 esterifies exogenous FAs. While DGAT1 TG may be more focused on storage in lipid 

droplets, DGAT2 TG has been proposed to be preferentially partitioned to endoplasmic reticulum pools for instantaneous 

secretion in VLDL particles (McFie et al., 2021). The hydrolysis and re-esterification of TG from the intrahepatic pool, 

which entails the addition of a fatty acyl-CoA to a preexisting monoacylglycerol, is another method of TG production 

(Hodson & Gunn, 2019). 

 

Hepatic Fatty Acid Secretion  

The liver can release fatty acids and cholesterol esters that are esterified to TG as VLDL (Boren et al., 2022). A second 

lipidation step is necessary to form a mature VLDL1 particle. VLDL formation starts in the endoplasmic reticulum, 
where TGs are transferred to a developing apolipoprotein B-100 particle by microsomal TG transfer protein, creating a 

primordial VLDL2 particle with a small TG core (Boren et al., 2022). The precise mechanisms that underlie and govern 

this process are yet unknown, but it most likely involves an intrahepatic lipolysis-re-esterification cycle that exploits 

VLDL2 fusion and luminal lipid droplets as substrate pools. The most well-characterized lipases linked to VLDL 

construction in humans are carboxyl-esterase enzymes 1 and 2, which are thought to hydrolyse luminal lipid droplets for 

the second stage of VLDL1 lipidation (Ruby et al., 2017). Specialised transport vesicles release mature VLDL1 particles 

into the circulation after they have undergone vesicle-mediated transfer to the Golgi apparatus (Boren et al., 2022). The 

creation of VLDL-TG, especially VLDL1 particles, seems to be significantly influenced by both substrate availability 
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and insulin; however, the production and secretion of VLDL2 do not seem to be reliant on either of these factors (Karpe 

& Hamsten, 1995) or insulin (Malmstrom et al., 1998).  

Postprandially, an increase in insulin inhibits the release of VLDL1 by direct and indirect mechanisms, such as decreased 

NEFA flow to the liver and anti-lipolytic effects (Malmstrom et al., 1998). According to Mittendorfer et al. (2016), 

women release less moles of VLDL-TG than men do at a given insulin concentration. It is suggested that rather than 
possible variations in DNL, the observed differences in the secretion rate of VLDL-TG between men and women are due 

to variations in the integration of systemic FAs into VLDL-TG (Nielsen et al., 2003). Given that chylomicrons are more 

prevalent in the blood and compete with VLDL-TG for LPL activity, it is hypothesized that the direct inhibition of 

VLDL1 synthesis by insulin in the postprandial state may be a compensatory mechanism (Boren et al., 2022). The 

fractional extraction of TG from VLDL across subcutaneous abdominal adipose tissue is approximately four to five times 

lower than chylomicron TG extraction, as we have previously shown in healthy adults. This suggests that chylomicron 

TGs are the preferred substrate for lipoprotein lipase (Bickerton et al., 2007). An excess of TG in the endoplasmic 

reticulum promotes the production of VLDL1 and expands the amount of nascent VLDL particles that can enter the 

assembly and secretion route (Boren et al., 1990). VLDL, especially VLDL1 (Adiels et al., 2006), is overproduced in 

those with increased IHTG accumulation; this may be done to shield the liver from more TG overload. Fabbrini et al. 

(2008) found that the post-absorptive secretion rate of TG-rich VLDL1 particles was twice as high in people with 

elevated (∼22.7%) IHTG content as in people with normal liver fat levels (∼3.4% IHTG) after comparing individuals 

with body mass index and body fat matching. 

According to Umpleby et al. (2017), VLDL particles released by individuals with MASLD are larger and more TG-rich 

than those secreted by those without MASLD. VLDL secretion seems to have a limit, as evidenced by the plateau in 

VLDL1 secretion rates seen at IHTG levels greater than 10% (Fabbrini et al., 2008). Transgenic mice that over-express 

SREBP-1a and develop steatosis provide evidence that very large VLDL particles can surpass the diameter of the 

sinusoidal endothelial pores, causing their accumulation as IHTG (Horton et al., 1999). However, it is unclear what 

factors limit the secretion of VLDL-TG in humans. Furthermore, the genes encoding apolipoprotein B and microsomal 

TG transfer protein are down-regulated when steatosis occupies more than 30% of the liver's volume (Higuchi et al., 

2011), which may hinder the liver's ability to eliminate produced lipids. Lipids are partitioned toward their accumulation 

in intracellular lipid droplets rather than their export in carriers of a mutation in the Transmembrane 6 superfamily 2 
gene, which also results in a decrease in VLDL secretion (Sliz et al., 2018). Kinetic investigations in humans have shown 

that those with higher IHTG content had less of the inhibitory effect of insulin on VLDL1 production (Adiels et al., 

2007). 

Although the exact mechanisms underlying insulin's direct action on VLDL1 are yet unknown, they may be connected to 

hepatic insulin resistance and the buildup of lipid species in cytosolic lipid droplets that prevent the last stage of 

lipidation (Boren et al., 2022). There are also obvious sex differences in VLDL-TG metabolism, with adult males having 

greater plasma VLDL-TG concentrations than females for any given level of adiposity. This is mostly due to an increase 

in VLDL-TG secretion (Mittendorfer et al., 2016). Furthermore, over-secretion of VLDL1 particles causes elevated 

plasma VLDL-TG concentrations in obese males relative to their lean counterparts, while decreased clearance of VLDL1 

particles is the main cause of elevated systemic VLDL-TG concentrations in obese females (Mittendorfer et al., 2016). 

The development of hypertriglyceridemia and atherogenic dyslipidemia in individuals with elevated IHTG content is 

thought to be caused by the overproduction and poor clearance of VLDL1 (Taskinen et al., 2011). 
 

Diet's impact on partitioning and intrahepatic fat acid accumulation  

According to Yki-Jarvinen et al. (2021), a number of studies have looked at how dietary macronutrient manipulation 

affects IHTG responses, but very few have looked into the ways that diet or macronutrient composition can influence the 

mechanisms that underlie IHTG accumulation. In a 3-week overfeeding study, for instance, Luukkonen et al. (2018) 

showed that consuming a hyper-caloric diet (+1000 kcal/day) high in saturated fat led to a higher buildup of IHTG than 

consuming a hyper-caloric diet high in free sugars or unsaturated fats (+1000 kcal/day). According to the authors, 

compared to baseline responses, consumption of a diet enriched in free sugars or unsaturated fat had little effect on 

lipolysis, while saturated fat reduced the ability of insulin to suppress adipocyte lipolysis during a euglycaemic–

hyperinsulinaemic clamp with the co-infusion of [2H5]glycerol. The high-sugar diet significantly raised DNL, but neither 

the saturated nor unsaturated fat diets did (Luukkonen et al., 2018). According to Rosqvist et al. (2014, 2019), in both 
lean and overweight people, a hyper caloric diet high in saturated fat causes a higher level of IHTG accumulation than a 

hyper caloric diet high in polyunsaturated fat. 

The authors showed that dietary fat composition had no effect on the rate of hepatic FA uptake as determined by PET 

(Rosqvist et al., 2019). This suggests that factors other than hepatic FA uptake may be more important in regulating 

IHTG buildup. Polyunsaturated FAs may be partitioned preferentially to enter oxidation pathways in comparison to 

saturated FAs, according to limited data in humans (Parry et al., 2021; Sahini & Borlak, 2014; Schmidt et al., 1999; Srnic 

et al., 2024). We have recently shown that polyunsaturated FAs preferentially enter oxidation pathways over saturated 

FAs, even when hepatocellular metabolism is pushed towards esterification due to an over-expression of DNL (Srnic et 

al., 2024). According to our earlier research, persons without metabolic disorder who do not experience significant body 

weight gain also exhibit the negative effects of a diet high in saturated fat on IHTG accumulation (Parry et al., 2020). 
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While there were no discernible differences in whole-body FA oxidation, the rate at which NEFA and DNL appeared, or 

the contribution of FA sources in VLDL-TG between diets, we discovered that consuming a diet high in eucaloric 

saturated fats for four weeks increased IHTG content more than consuming a diet high in sugar (Parry et al., 2020). 

Although the overfeeding of dietary saturated fats consistently increases an inflammatory response and stimulates the 

synthesis of ceramides (Luukkonen et al., 2018; Rosqvist et al., 2019), processes that may favor IHTG accumulation, it is 
unclear why a diet high in saturated fat had such a profound effect on IHTG. The role of ceramide synthesis in dietary 

saturated fat-mediated IHTG accumulation was supported by Rosqvist et al. (2019), who showed that the differential 

effects of a diet enriched in either saturated fat or polyunsaturated fat on IHTG content are eliminated after adjusting for 

changes in C16 serum ceramides (which are thought to reflect ceramides of hepatic origin). 

 

Impact of food composition on the kinetics of VLDL-TG 

IHTG content and VLDL-TG concentrations are strongly correlated (Adiels et al., 2006; Donnelly et al., 2005), and the 

FA composition of VLDL-TG is thought to represent the IHTG composition (Donnelly et al., 2005). Systemic VLDL-TG 

concentrations can be significantly impacted by changes in either VLDL secretion, clearance, or both (Mittendorfer et al., 

2016). VLDL-TG concentrations are a combination of secretion and clearance. Nevertheless, little research has been 

done on the connection between food and VLDL dynamics. Umpleby et al. (2017) investigated the effects of a hyper-

caloric diet with a low (6% total energy) or high (26% total energy) sugar content on post-absorptive lipoprotein kinetics, 
as determined by stable-isotope tracing, in a 12-week randomised crossover study involving men with (n = 11) and 

without (n = 14) MASLD. The authors discovered that when healthy participants consumed a diet rich in free sugars, 

their synthesis of TG-rich VLDL1 increased in comparison to those who consumed a low-sugar diet. This was 

accompanied by an increase in the contribution of DNL-derived FAs to VLDL1-TG. The high-sugar diet had no effect on 

DNL or the secretion or clearance rate of VLDL1 in MASLD participants, indicating that they were already functioning 

at their best. 

Both the MASLD and control groups experienced a roughly twofold rise in IHTG content following the high-sugar diet, 

despite similar increases in body weight (about 2 kg) following either diet (Umpleby et al., 2017). However, the 

production and clearance rate of VLDL1 or VLDL2 particles did not change when adults with hypercholesterolemia were 

fed a standardised eucaloric diet for six weeks (52%/32%/16% total energy from carbohydrates, fats, and protein, 

respectively) that varied in FA composition of saturated fat/monounsaturated fat (14%/7% and 7%/14% of energy intake, 
respectively) (Gill et al., 2003). It's unknown if same results would be seen in diets that alter the kind and quantity of a 

macronutrient ingested (such as a high-fat diet made up of saturated fats). 

 

Meal frequency's impact on IHTG accumulation  

The frequency of nutrient consumption is a feature of human dietary patterns that is frequently disregarded in 

physiological feeding research. Koopman et al. (2014) showed in a short, thorough investigation that, regardless of total 

caloric intake and changes in body weight, meal frequency and macronutrient composition can both have significant 

effects on IHTG buildup. During the 6-week intervention period, the authors demonstrated that in lean males, consuming 

40% excess energy from sugar-sweetened beverages 2-3 hours after each main meal led to a significant relative increase 

(+110%) in IHTG content. However, when the sugar-sweetened beverages were consumed with the main meal, they had 

no effect on IHTG. Additionally, snacking with a beverage high in fat similarly raised participants' IHTG level (relative 

increase +40%), but this impact was much less pronounced than that shown after snacking with beverages sweetened 
with sugar (Koopman et al., 2014).  

 

It is possible that repeated hepatic uptake of dietary sugars would lead to a sustained up-regulation in DNL and a 

corresponding down-regulation in hepatic FA oxidation, maintaining hepatocellular metabolism towards FA 

esterification, even though the mechanisms underlying these findings are still unclear. Apolipoprotein B-100 expression 

is decreased and microsomal TG transfer protein activity is impaired when SREBP1c is over-expressed in bovine 

hepatocytes. This results in decreased VLDL synthesis and VLDL-TG export, which in turn causes the deposition of 

IHTG (Li et al., 2014). It is necessary to do additional research to clarify the ways in which the frequency of nutrient 

intake influences the processes behind the accumulation of IHTG.  

 

 

 

 

CONCLUSION  

IHTG accumulation may be influenced alone or in combination by a variety of variables that control the synthesis, 

export, partitioning, and intrahepatic delivery of FAs (Figure 2). Hepatic FA metabolism disturbances have far-reaching 

effects and are strongly linked to a higher risk of cardiometabolic diseases, such as T2D and MASLD. 
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Figure 2: Hepatic FA partitioning in healthy individuals (a) and in those with MASLD (b). (a) When insulin 

concentrations are low, as seen in the fasting state, the hydrolysis of adipose tissue TG releases NEFAs that are taken up 

by the liver and mix with FAs from the cytosolic TG pool. Within the liver, FAs can be used for energy production via β-

oxidation or for TG synthesis. FAs esterified to TGs are either incorporated into VLDL and exported into the systemic 

circulation or partitioned to storage within cytosolic lipid droplets. Dietary fat is packaged into chylomicrons as TG in 

enterocytes and enters the circulation. Chylomicrons quickly undergo hydrolysis by adipose tissue lipolysis, liberating 

FAs to be taken up in adipose tissue, thereby creating chylomicron remnants, which are taken up by the liver. Some FAs 

will escape uptake across adipose tissue and appear in the systemic NEFA pool. Dietary sugars and other non-lipid 

precursors can be used to form FAs in the liver via DNL. The secretion of insulin suppresses adipose tissue lipolysis and 
stimulates FA uptake across adipose tissue and increases DNL, thereby shifting the cellular metabolism of FA from 

oxidative to esterification pathways. (b) The production and secretion of large, TG-rich VLDL particles is up-regulated in 

the presence of elevated intrahepatic TG content owing to the increased delivery and uptake of NEFAs and chylomicron 

remnants, increased DNL and excessive TG storage in cytosolic lipid droplets. Abbreviations: DNL, de novolipogenesis; 

FA, fatty acid; MASLD, metabolic dysfunction-associated steatotic liver disease; NEFA, non-esterified fatty acid; TG, 

triglyceride; VLDL, very-low density lipoprotein. 

 

Although it is generally known that food composition and an individual's phenotype (such as sex and obesity) have a 

significant impact on IHTG buildup, little is known about how these factors interact with liver metabolism in vivo. The 

intricacy of how food content and an individual's phenotype affect the control of intrahepatic FA metabolism has been 

partially outlined by studies employing stable-isotope tracers. According to available data, meals high in saturated fats or 
those characterized by a high consumption of free sugars cause the buildup of IHTG, likely through a number of different 

but poorly understood pathways, regardless of total body weight growth. Few studies have examined the processes 

behind the impact of variations in dietary fat composition on human IHTG content, despite the fact that it is widely 

known that intrahepatic metabolism of FA varies by saturation. Improvements in imaging methods, along with preclinical 

and in vitro models that mimic features of metabolic disease (Deja et al., 2024), may help clarify the additional 

underlying mechanisms that underlie the intricate series of events that can result in IHTG accumulation. 

 

Conflict of Interests  

None declared. 

 

 

REFERENCES  

1. Adiels, M., Taskinen, M. R., Packard, C., Caslake, M. J., Soro-Paavonen, A., Westerbacka, J., Vehkavaara, 

S., Hakkinen, A., Olofsson, S. O., Yki-Jarvinen, H., & Boren, J. (2006). Overproduction of large VLDL particles 

is driven by increased liver fat content in man. Diabetologia,  49(4),  755–765. 



Ajitabh Ranjan, et al., Liver deposits of fat metabolic processes: The impact of dietary habits and phenotypes on the 

risk of intrahepatic triglycerides formation. Int. J Med. Pharm. Res., 6(1): 402‐415, 2025 

411 

 

2. Adiels, M., Westerbacka, J., Soro-Paavonen, A., Häkkinen, A. M., Vehkavaara, S., Caslake, M. J., Packard, 

C., Olofsson, S. O., Yki-Järvinen, H., Taskinen, M. R., & Borén, J. (2007). Acute suppression of VLDL 

secretion rate by insulin is associated with hepatic fat content and insulin 

resistance. Diabetologia,  50(11),  2356–2365 

3. Barrows, B. R., & Parks, E. J. (2006). Contributions of different fatty acid sources to very low-density 
lipoprotein-triacylglycerol in the fasted and fed states. Journal of Clinical Endocrinology & 

Metabolism,  91,  1446–1452. 

4. Ben-Moshe, S., & Itzkovitz, S. (2019). Spatial heterogeneity in the mammalian liver. Nature Reviews 

Gastroenterology & Hepatology, 16(7), 395–410 

5. Bickerton, A. S., Roberts, R., Fielding, B. A., Hodson, L., Blaak, E. E., Wagenmakers, A. J., Gilbert, M., Karpe, 

F., & Frayn, K. N. (2007). Preferential uptake of dietary fatty acids in adipose tissue and muscle in the 

postprandial period. Diabetes, 56(1), 168–176. 

6. Boren, J., Taskinen, M. R., Bjornson, E., & Packard, C. J. (2022). Metabolism of triglyceride-rich lipoproteins in 

health and dyslipidaemia. Nature Reviews Cardiology, 19(9), 577–592. 

7. Boren, J., Wettesten, M., Sjoberg, A., Thorlin, T., Bondjers, G., Wiklund, O., & Olofsson, S. O. (1990). The 

assembly and secretion of apoB 100 containing lipoproteins in Hep G2 cells. Evidence for different sites for 

protein synthesis and lipoprotein assembly. Journal of Biological Chemistry, 265(18), 10556–10564. 
8. Deja, S., Fletcher, J. A., Kim, C. W., Kucejova, B., Fu, X., Mizerska, M., Villegas, M., Pudelko-Malik, N., 

Browder, N., Inigo-Vollmer, M., Menezes, C. J., Mishra, P., Berglund, E. D., Browning, J. D., Thyfault, J. P., 

Young, J. D., Horton, J. D., & Burgess, S. C. (2024). Hepatic malonyl-CoA synthesis restrains gluconeogenesis 

by suppressing fat oxidation, pyruvate carboxylation, and amino acid availability. Cell Metabolism, 36(5), 

1088–1104.e12. 

9. Diraison, F., & Beylot, M. (1998). Role of human liver lipogenesis and reesterification in triglycerides secretion 

and in FFA reesterification. American Journal of Physiology, 274, E321–E327. 

10. Donnelly, K. L., Smith, C. I., Schwarzenberg, S. J., Jessurun, J., Boldt, M. D., & Parks, E. J. (2005). Sources of 

fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. Journal 

of Clinical Investigation, 115(5), 1343–1351. 

11. Fabbrini, E., Conte, C., & Magkos, F. (2009). Methods for assessing intrahepatic fat content and steatosis. 
Current Opinion in Clinical Nutrition and Metabolic Care, 12(5), 474–481. 

12. Fabbrini, E., Mohammed, B. S., Magkos, F., Korenblat, K. M., Patterson, B. W., & Klein, S. (2008). Alterations 

in adipose tissue and hepatic lipid kinetics in obese men and women with nonalcoholic fatty liver disease. 

Gastroenterology, 134(2), 424–431. 

13. Fabbrini, E., Sullivan, S., & Klein, S. (2010). Obesity and nonalcoholic fatty liver disease: Biochemical, 

metabolic, and clinical implications. Hepatology, 51(2), 679–689. 

14. Frayn, K. N., Arner, P., & Yki-Jarvinen, H. (2006). Fatty acid metabolism in adipose tissue, muscle and liver in 

health and disease. Essays in Biochemistry, 42, 89–103. 

15. Frayn, K. N., & Humphreys, S. M. (2012). Metabolic characteristics of human subcutaneous abdominal adipose 

tissue after overnight fast. American Journal of Physiology- Endocrinology and Metabolism, 302(4), E468–

E475. 

16. Fu, X., Fletcher, J. A., Deja, S., Inigo-Vollmer, M., Burgess, S. C., & Browning, J. D. (2023). Persistent fasting 
lipogenesis links impaired ketogenesis with citrate synthesis in humans with nonalcoholic fatty liver. Journal of 

Clinical Investigation, 133(9), e167442. 

17. Gill, J. M., Brown, J. C., Caslake, M. J., Wright, D. M., Cooney, J., Bedford, D., Hughes, D. A., Stanley, J. C., & 

Packard, C. J. (2003). Effects of dietary monounsaturated fatty acids on lipoprotein concentrations, 

compositions, and subfraction distributions and on VLDL apolipoprotein B kinetics: Dose-dependent effects on 

LDL. American Journal of Clinical Nutrition, 78(1), 47–56. 

18. Gormsen, L. C., Jensen, M. D., & Nielsen, S. (2006). Measuring VLDL-triglyceride turnover in humans using 

ex vivo-prepared VLDL tracer. Journal of Lipid Research, 47(1), 99–106. 

19. Greco, D., Kotronen, A., Westerbacka, J., Puig, O., Arkkila, P., Kiviluoto, T., Laitinen, S., Kolak, M., Fisher, R. 

M., Hamsten, A., Auvinen, P., & Yki-Jarvinen, H. (2008). Gene expression in human NAFLD. American Journal 

of Physiology-Gastrointestinal and Liver Physiology, 294(5), G1281–G1287. 
20. Green, C. J., Pramfalk, C., Morten, K. J., & Hodson, L. (2015). From whole body to cellular models of hepatic 

triglyceride metabolism: Man has got to know his limitations. American Journal of Physiology-Endocrinology 

and Metabolism, 308(1), E1–E20. 

21. Gunes, A., & Estall, J. L. (2024). Is MASLD lost in translation in mice? Trends in Endocrinology and 

Metabolism, 35(6), 459–461. 

22. Hagstrom, H., Vessby, J., Ekstedt, M., & Shang, Y. (2024). 99% of patients with NAFLD meet MASLD criteria 

and natural history is therefore identical. Journal of Hepatology, 80(2), e76–e77. 



Ajitabh Ranjan, et al., Liver deposits of fat metabolic processes: The impact of dietary habits and phenotypes on the 

risk of intrahepatic triglycerides formation. Int. J Med. Pharm. Res., 6(1): 402‐415, 2025 

412 

 

23. Havel, R. J., Kane, J. P., Balasse, E. O., Segel, N., & Basso, L. V. (1970). Splanchnic metabolism of free fatty 

acids and production of triglycerides of very low density lipoproteins in normotriglyceridemic and 

hypertriglyceridemic humans. Journal of Clinical Investigation, 49(11), 2017–2035. 

24. Hazlehurst, J. M., Woods, C., Marjot, T., Cobbold, J. F., & Tomlinson, J. W. (2016). Non-alcoholic fatty liver 

disease and diabetes. Metabolism, 65(8), 1096–1108 

25. Hellerstein, M. K. (1999). De novo lipogenesis in humans: Metabolic and regulatory aspects. European Journal 

of Clinical Nutrition, 53(Suppl 1), s53–s65. 

26. Higuchi, N., Kato, M., Tanaka, M., Miyazaki, M., Takao, S., Kohjima, M., Kotoh, K., Enjoji, M., Nakamuta, M., 

& Takayanagi, R. (2011). Effects of insulin resistance and hepatic lipid accumulation on hepatic mRNA 

expression levels of apoB, MTP and L-FABP in non-alcoholic fatty liver disease. Experimental and Therapeutic 

Medicine, 2(6), 1077–1081. 

27. Hodson, L., Bickerton, A. S., McQuaid, S. E., Roberts, R., Karpe, F., Frayn, K. N., & Fielding, B. A. (2007). 

The contribution of splanchnic fat to VLDL triglyceride is greater in insulin-resistant than insulin-sensitive men 

and women: Studies in the postprandial state. Diabetes, 56(10), 2433–2441. 

28. Hodson, L., & Fielding, B. A. (2013). Stearoyl-CoA desaturase: Rogue or innocent bystander? Progress in Lipid 

Research, 52(1), 15–42. 

29. Hodson, L., & Frayn, K. N. (2011). Hepatic fatty acid partitioning. Current Opinion in Lipidology, 22(3), 216–
224. 

30. Hodson, L., & Gunn, P. J. (2019). The regulation of hepatic fatty acid synthesis and partitioning: The effect of 

nutritional state. Nature Reviews Endocrinology, 15(12), 689–700. 

31. Hodson, L., McQuaid, S. E., Humphreys, S. M., Milne, R., Fielding, B. A., Frayn, K. N., & Karpe, F. (2010). 

Greater dietary fat oxidation in obese compared with lean men: An adaptive mechanism to prevent liver fat 

accumulation? American Journal of Physiology-Endocrinology and Metabolism, 299(4), E584–E592 

32. Horton, J. D., Shimano, H., Hamilton, R. L., Brown, M. S., & Goldstein, J. L. (1999). Disruption of LDL 

receptor gene in transgenic SREBP-1a mice unmasks hyperlipidemia resulting from production of lipid-rich 

VLDL. Journal of Clinical Investigation, 103(7), 1067–1076. 

33. Hultin, M., Savonen, R., & Olivecrona, T. (1996). Chylomicron metabolism in rats: Lipolysis, recirculation of 

triglyceride-derived fatty acids in plasma FFA, and fate of core lipids as analyzed by compartmental modelling. 
Journal of Lipid Research, 37(5), 1022–1036. 

34. Immonen, H., Hannukainen, J. C., Kudomi, N., Pihlajamaki, J., Saunavaara, V., Laine, J., Salminen, P., 

Lehtimaki, T., Pham, T., Iozzo, P., & Nuutila, P. (2018). Increased liver fatty acid uptake is partly reversed and 

liver fat content normalized after bariatric surgery. Diabetes Care, 41(2), 368–371. 

35. Iozzo, P., Bucci, M., Roivainen, A., Nagren, K., Jarvisalo, M. J., Kiss, J., Guiducci, L., Fielding, B., Naum, A. 

G., Borra, R., Virtanen, K., Savunen, T., Salvadori, P. A., Ferrannini, E., Knuuti, J., & Nuutila, P. (2010). Fatty 

acid metabolism in the liver, measured by positron emission tomography, is increased in obese individuals. 

Gastroenterology, 139(3), 846–856.e6 

36. Jacome-Sosa, M. M., & Parks, E. J. (2014). Fatty acid sources and their fluxes as they contribute to plasma 

triglyceride concentrations and fatty liver in humans. Current Opinion in Lipidology, 25(3), 213–220. 

37. Kalligeros, M., Vassilopoulos, S., Vassilopoulos, A., Shehadeh, F., Lazaridou, I., Mylonakis, E., Promrat, K., & 

Wands, J. R. (2023). Prevalence and risk factors of nonalcoholic fatty liver disease, high-risk nonalcoholic 
steatohepatitis, and fibrosis among lean United States adults: NHANES 2017–2020. Annals of 

Gastroenterology, 36, 670–677. 

38. Karpe, F., Dickmann, J. R., & Frayn, K. N. (2011). Fatty acids, obesity, and insulin resistance: Time for a 

reevaluation. Diabetes, 60(10), 2441–2449. 

39. Karpe, F., & Hamsten, A. (1995). Postprandial lipoprotein metabolism and atherosclerosis. Current Opinion in 

Lipidology, 6(3), 123–129. 

40. Kato, M., Higuchi, N., & Enjoji, M. (2008). Reduced hepatic expression of adipose tissue triglyceride lipase and 

CGI-58 may contribute to the development of non-alcoholic fatty liver disease in patients with insulin 

resistance. Scandinavian Journal of Gastroenterology, 43(8), 1018–1019. 

41. Koopman, K. E., Caan, M. W., Nederveen, A. J., Pels, A., Ackermans, M. T., Fliers, E., la Fleur, S. E., & Serlie, 

M. J. (2014). Hypercaloric diets with increased meal frequency, but not meal size, increase intrahepatic 
triglycerides: A randomized controlled trial. Hepatology, 60(2), 545–553. 

42. Kotronen, A., Seppala-Lindroos, A., Vehkavaara, S., Bergholm, R., Frayn, K. N., Fielding, B. A., & Yki-

Jarvinen, H. (2009). Liver fat and lipid oxidation in humans. Liver International, 29(9), 1439–1446. 

43. Lambert, J. E., Ramos-Roman, M. A., Browning, J. D., & Parks, E. J. (2014). Increased de novo lipogenesis is a 

distinct characteristic of individuals with nonalcoholic fatty liver disease. Gastroenterology, 146(3), 726–735. 

44. Li, X., Li, Y., Yang, W., Xiao, C., Fu, S., Deng, Q., Ding, H., Wang, Z., Liu, G., & Li, X. (2014). SREBP-1c 

overexpression induces triglycerides accumulation through increasing lipid synthesis and decreasing lipid 

oxidation and VLDL assembly in bovine hepatocytes. Journal of Steroid Biochemistry and Molecular Biology, 

143, 174–182. 



Ajitabh Ranjan, et al., Liver deposits of fat metabolic processes: The impact of dietary habits and phenotypes on the 

risk of intrahepatic triglycerides formation. Int. J Med. Pharm. Res., 6(1): 402‐415, 2025 

413 

 

45. Luukkonen, P. K., Porthan, K., Ahlholm, N., Rosqvist, F., Dufour, S., Zhang, X. M., Lehtimaki, T. E., Seppanen, 

W., Orho-Melander, M., Hodson, L., Petersen, K. F., Shulman, G. I., & Yki-Jarvinen, H. (2023). The PNPLA3 

I148M variant increases ketogenesis and decreases hepatic de novo lipogenesis and mitochondrial function in 

humans. Cell Metabolism, 35(11), 1887–1896.e5. 

46. Luukkonen, P. K., Sadevirta, S., Zhou, Y., Kayser, B., Ali, A., Ahonen, L., Lallukka, S., Pelloux, V., Gaggini, 
M., Jian, C., Hakkarainen, A., Lundbom, N., Gylling, H., Salonen, A., Oresic, M., Hyotylainen, T., Orho-

Melander, M., Rissanen, A., Gastaldelli, A., … Yki-Jarvinen, H. (2018). Saturated fat is more metabolically 

harmful for the human liver than unsaturated fat or simple sugars. Diabetes Care, 41(8), 1732–1739. 

47. Malmstrom, R., Packard, C. J., Caslake, M., Bedford, D., Stewart, P., Yki-Jarvinen, H., Shepherd, J., & 

Taskinen, M. R. (1998). Effects of insulin and acipimox on VLDL1 and VLDL2 apolipoprotein B production in 

normal subjects. Diabetes, 47(5), 779–787. 

48. Mantovani, A., Byrne, C. D., & Targher, G. (2022). Efficacy of peroxisome proliferator-activated receptor 

agonists, glucagon-like peptide-1 receptor agonists, or sodium-glucose cotransporter-2 inhibitors for treatment 

of non-alcoholic fatty liver disease: A systematic review. Lancet Gastroenterology & Hepatology, 7(4), 367–378. 

49. Mantovani, A., Scorletti, E., Mosca, A., Alisi, A., Byrne, C. D., & Targher, G. (2020). Complications, morbidity 

and mortality of nonalcoholic fatty liver disease. Metabolism, 111, 154170. 

50. Marjot, T., Moolla, A., Cobbold, J. F., Hodson, L., & Tomlinson, J. W. (2020). Nonalcoholic fatty liver disease 
in adults: Current concepts in etiology, outcomes, and management. Endocrine Reviews, 41(1), 66–117. 

51. McFie, P. J., Chumala, P., Katselis, G. S., & Stone, S. J. (2021). DGAT2 stability is increased in response to 

DGAT1 inhibition in gene edited HepG2 cells. Biochimica et Biophysica Acta (BBA) – Molecular and Cell 

Biology of Lipids, 1866(9), 158991. 

52. McQuaid, S. E., Hodson, L., Neville, M. J., Dennis, A. L., Cheeseman, J., Humphreys, S. M., Ruge, T., Gilbert, 

M., Fielding, B. A., Frayn, K. N., & Karpe, F. (2011). Downregulation of adipose tissue fatty acid trafficking in 

obesity: A driver for ectopic fat deposition? Diabetes, 60(1), 47–55. 

53. Miles, J. M., Park, Y. S., Walewicz, D., Russell-Lopez, C., Windsor, S., Isley, W. L., Coppack, S. W., & Harris, 

W. S. (2004). Systemic and forearm triglyceride metabolism: Fate of lipoprotein lipase-generated glycerol and 

free fatty acids. Diabetes, 53(3), 521–527. 

54. Miquilena-Colina, M. E., Lima-Cabello, E., Sanchez-Campos, S., Garcia-Mediavilla, M. V., Fernandez-
Bermejo, M., Lozano-Rodriguez, T., Vargas-Castrillon, J., Buque, X., Ochoa, B., Aspichueta, P., Gonzalez-

Gallego, J., & Garcia-Monzon, C. (2011). Hepatic fatty acid translocase CD36 upregulation is associated with 

insulin resistance, hyperinsulinaemia and increased steatosis in non-alcoholic steatohepatitis and chronic 

hepatitis C. Gut, 60(10), 1394–1402. 

55. Mittendorfer, B., Yoshino, M., Patterson, B. W., & Klein, S. (2016). VLDL triglyceride kinetics in lean, 

overweight, and obese men and women. Journal of Clinical Endocrinology and Metabolism, 101(11), 4151–

4160. 

56. Moore, M. P., Cunningham, R. P., Meers, G. M., Johnson, S. A., Wheeler, A. A., Ganga, R. R., Spencer, N. M., 

Pitt, J. B., Diaz-Arias, A., Swi, A. I. A., Hammoud, G. M., Ibdah, J. A., Parks, E. J., & Rector, R. S. (2022). 

Compromised hepatic mitochondrial fatty acid oxidation and reduced markers of mitochondrial turnover in 

human NAFLD. Hepatology, 76(5), 1452–1465. 

57. Nelson, R. H., Basu, R., Johnson, C. M., Rizza, R. A., & Miles, J. M. (2007). Splanchnic spillover of 
extracellular lipase-generated fatty acids in overweight and obese humans. Diabetes, 56(12), 2878–2884. 

58. Nelson, R. H., Mundi, M. S., Vlazny, D. T., Smailovic, A., Muthusamy, K., Almandoz, J. P., Singh, E., Jensen, 

M. D., & Miles, J. M. (2013). Kinetics of saturated, monounsaturated, and polyunsaturated fatty acids in 

humans. Diabetes, 62(3), 783–788. 

59. Nielsen, S., Guo, Z., Albu, J. B., Klein, S., O'Brien, P. C., & Jensen, M. D. (2003). Energy expenditure, sex, and 

endogenous fuel availability in humans. Journal of Clinical Investigation, 111(7), 981–988. 

60. Nielsen, S., Guo, Z., Johnson, C. M., Hensrud, D. D., & Jensen, M. D. (2004). Splanchnic lipolysis in human 

obesity. Journal of Clinical Investigation, 113(11), 1582–1588. 

61. Nielsen, S., & Jensen, M. D. (2024). Insulin regulation of regional lipolysis in upper-body obese and lean 

humans. JCI Insight, 9(9), e175629. 

62. Parry, S. A., Rosqvist, F., Cornfield, T., Barrett, A., & Hodson, L. (2021). Oxidation of dietary linoleate occurs 
to a greater extent than dietary palmitate in humans. Clinical Nutrition, 40(3), 1108–1114. 

63. Parry, S. A., Rosqvist, F., Mozes, F. E., Cornfield, T., Hutchinson, M., Piche, M. E., Hulsmeier, A. J., 

Hornemann, T., Dyson, P., & Hodson, L. (2020). Intrahepatic fat and postprandial glycemia increase after 

consumption of a diet enriched in saturated fat compared with free sugars. Diabetes Care, 43(5), 1134–1141. 

64. Petersen, K. F., Dufour, S., Mehal, W. Z., & Shulman, G. I. (2024). Glucagon promotes increased hepatic 

mitochondrial oxidation and pyruvate carboxylase flux in humans with fatty liver disease. Cell Metabolism, 

36(11), 2359–2366.e3. 

65. Piche, M. E., Parry, S. A., Karpe, F., & Hodson, L. (2018). Chylomicron-derived fatty acid spillover in adipose 

tissue: A signature of metabolic health? Journal of Clinical Endocrinology and Metabolism, 103(1), 25–34. 



Ajitabh Ranjan, et al., Liver deposits of fat metabolic processes: The impact of dietary habits and phenotypes on the 

risk of intrahepatic triglycerides formation. Int. J Med. Pharm. Res., 6(1): 402‐415, 2025 

414 

 

66. Porat-Shliom, N. (2024). Compartmentalization, cooperation, and communication: The 3Cs of Hepatocyte 

zonation. Current Opinion in Cell Biology, 86, 102292. 

67. Pramfalk, C., Pavlides, M., Banerjee, R., McNeil, C. A., Neubauer, S., Karpe, F., & Hodson, L. (2015). Sex-

specific differences in hepatic fat oxidation and synthesis may explain the higher propensity for NAFLD in men. 

Journal of Clinical Endocrinology and Metabolism, 100(12), 4425–4433. 
68. Pramfalk, C., Pavlides, M., Banerjee, R., McNeil, C. A., Neubauer, S., Karpe, F., & Hodson, L. (2016). Fasting 

plasma insulin concentrations are associated with changes in hepatic fatty acid synthesis and partitioning prior to 

changes in liver fat content in healthy adults. Diabetes, 65(7), 1858–1867. 

69. Rada, P., Gonzalez-Rodriguez, A., Garcia-Monzon, C., & Valverde, A. M. (2020). Understanding lipotoxicity in 

NAFLD pathogenesis: Is CD36 a key driver? Cell Death & Disease, 11(9), 802. 

70. Ren, Z., Simons, P., Wesselius, A., Stehouwer, C. D. A., & Brouwers, M. (2023). Relationship between NAFLD 

and coronary artery disease: A Mendelian randomization study. Hepatology, 77(1), 230–238. 

71. Riazi, K., Azhari, H., Charette, J. H., Underwood, F. E., King, J. A., Afshar, E. E., Swain, M. G., Congly, S. E., 

Kaplan, G. G., & Shaheen, A. A. (2022). The prevalence and incidence of NAFLD worldwide: A systematic 

review and meta-analysis. The Lancet Gastroenterology & Hepatology, 7(9), 851–861. 

72. Rinella, M. E., Lazarus, J. V., Ratziu, V., Francque, S. M., Sanyal, A. J., Kanwal, F., Romero, D., Abdelmalek, 

M. F., Anstee, Q. M., Arab, J. P., Arrese, M., Bataller, R., Beuers, U., Boursier, J., Bugianesi, E., Byrne, C. D., 
Castro Narro, G. E., Chowdhury, A., Cortez-Pinto, H., … Newsome, P. N., NAFLD Nomenclature Consensus 

Group. (2023). A multisociety Delphi consensus statement on new fatty liver disease nomenclature. Journal of 

Hepatology, 79(6), 1542–1556. 

73. Risikesan, J., Heeboll, S., Kumarathas, I., Sondergaard, E., Johansen, R. F., Ringgaard, S., Aagaard, N. K., 

Sandahl, T. D., Villadsen, G. E., Gormsen, L. C., Frystyk, J., Jensen, M. D., Gronbaek, H., & Nielsen, S. (2024). 

Similar insulin regulation of splanchnic FFA and VLDL-TG in men with nonalcoholic hepatic steatosis and 

steatohepatitis. Journal of Lipid Research, 65(7), 100580. 

74. Rosqvist, F., Iggman, D., Kullberg, J., Cedernaes, J., Johansson, H. E., Larsson, A., Johansson, L., Ahlstrom, H., 

Arner, P., Dahlman, I., & Riserus, U. (2014). Overfeeding polyunsaturated and saturated fat causes distinct 

effects on liver and visceral fat accumulation in humans. Diabetes, 63(7), 2356–2368. 

75. Rosqvist, F., Kullberg, J., Stahlman, M., Cedernaes, J., Heurling, K., Johansson, H. E., Iggman, D., Wilking, H., 
Larsson, A., Eriksson, O., Johansson, L., Straniero, S., Rudling, M., Antoni, G., Lubberink, M., Orho-Melander, 

M., Boren, J., Ahlstrom, H., & Riserus, U. (2019). Overeating saturated fat promotes fatty liver and ceramides 

compared with polyunsaturated fat: A randomized trial. Journal of Clinical Endocrinology and Metabolism, 

104(12), 6207–6219. 

76. Ruby, M. A., Massart, J., Hunerdosse, D. M., Schonke, M., Correia, J. C., Louie, S. M., Ruas, J. L., Naslund, E., 

Nomura, D. K., & Zierath, J. R. (2017). Human carboxylesterase 2 reverses obesity-induced diacylglycerol 

accumulation and glucose intolerance. Cell Reports, 18(3), 636–646. 

77. Sahini, N., & Borlak, J. (2014). Recent insights into the molecular pathophysiology of lipid droplet formation in 

hepatocytes. Progress in Lipid Research, 54, 86–112. 

78. Samuel, V. T., & Shulman, G. I. (2016). The pathogenesis of insulin resistance: Integrating signaling pathways 

and substrate flux. Journal of Clinical Investigation, 126(1), 12–22. 

79. Schmidt, D. E., Allred, J. B., & Kien, C. L. (1999). Fractional oxidation of chylomicron-derived oleate is greater 
than that of palmitate in healthy adults fed frequent small meals. Journal of Lipid Research, 40(12), 2322–2332. 

80. Schwarz, J. M., Linfoot, P., Dare, D., & Aghajanian, K. (2003). Hepatic de novo lipogenesis in 

normoinsulinemic and hyperinsulinemic subjects consuming high-fat, low-carbohydrate and low-fat, high-

carbohydrate isoenergetic diets. American Journal of Clinical Nutrition, 77(1), 43–50. 

81. Schwarz, J. M., Neese, R. A., Turner, S., Dare, D., & Hellerstein, M. K. (1995). Short-term alterations in 

carbohydrate energy intake in humans. Striking effects on hepatic glucose production, de novo lipogenesis, 

lipolysis, and whole-body fuel selection. Journal of Clinical Investigation, 96(6), 2735–2743. 

82. Sidossis, L. S., Mittendorfer, B., Walser, E., Chinkes, D., & Wolfe, R. R. (1998). Hyperglycemia-induced 

inhibition of splanchnic fatty acid oxidation increases hepatic triacylglycerol secretion. American Journal of 

Physiology, 275, E798–805. 

83. Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., Tanaka, K., Cuervo, A. M., & Czaja, M. J. 
(2009). Autophagy regulates lipid metabolism. Nature, 458(7242), 1131–1135. 

84. Sliz, E., Sebert, S., Wurtz, P., Kangas, A. J., Soininen, P., Lehtimaki, T., Kahonen, M., Viikari, J., Mannikko, M., 

Ala-Korpela, M., Raitakari, O. T., & Kettunen, J. (2018). NAFLD risk alleles in PNPLA3, TM6SF2, GCKR and 

LYPLAL1 show divergent metabolic effects. Human Molecular Genetics, 27(12), 2214–2223. 

85. Smith, G. I., Shankaran, M., Yoshino, M., Schweitzer, G. G., Chondronikola, M., Beals, J. W., Okunade, A. L., 

Patterson, B. W., Nyangau, E., Field, T., Sirlin, C. B., Talukdar, S., Hellerstein, M. K., & Klein, S. (2020). 

Insulin resistance drives hepatic de novo lipogenesis in nonalcoholic fatty liver disease. Journal of Clinical 

Investigation, 130(3), 1453–1460 



Ajitabh Ranjan, et al., Liver deposits of fat metabolic processes: The impact of dietary habits and phenotypes on the 

risk of intrahepatic triglycerides formation. Int. J Med. Pharm. Res., 6(1): 402‐415, 2025 

415 

 

86. Srnic, N., Dearlove, D., Johnson, E., MacLeod, C., Krupa, A., McGonnell, A., Frazer-Morris, C., O'Rourke, P., 

Parry, S., & Hodson, L. (2024). Greater oxidation of dietary linoleate compared to palmitate in humans 

following an acute high-carbohydrate diet. Clinical Nutrition, 43(10), 2305–2315. 

87. Sunny, N. E., Parks, E. J., Browning, J. D., & Burgess, S. C. (2011). Excessive hepatic mitochondrial TCA cycle 

and gluconeogenesis in humans with nonalcoholic fatty liver disease. Cell Metabolism, 14(6), 804–810. 
88. Sunny, N. E., Satapati, S., Fu, X., He, T., Mehdibeigi, R., Spring-Robinson, C., Duarte, J., Potthoff, M. J., 

Browning, J. D., & Burgess, S. C. (2010). Progressive adaptation of hepatic ketogenesis in mice fed a high-fat 

diet. American Journal of Physiology-Endocrinology and Metabolism, 298(6), E1226–E1235. 

89. Targher, G., Byrne, C. D., & Tilg, H. (2024). MASLD: A systemic metabolic disorder with cardiovascular and 

malignant complications. Gut, 73, 691–702. 

90. Targher, G., Corey, K. E., Byrne, C. D., & Roden, M. (2021). The complex link between NAFLD and type 2 

diabetes mellitus—mechanisms and treatments. Nature Reviews Gastroenterology & Hepatology, 18(9), 599–

612. 

91. Taskinen, M. R., Adiels, M., Westerbacka, J., Soderlund, S., Kahri, J., Lundbom, N., Lundbom, J., Hakkarainen, 

A., Olofsson, S. O., Orho-Melander, M., & Boren, J. (2011). Dual metabolic defects are required to produce 

hypertriglyceridemia in obese subjects. Arteriosclerosis, Thrombosis, and Vascular Biology, 31(9), 2144–2150. 

92. Timlin, M. T., & Parks, E. J (2005). Temporal pattern of de novo lipogenesis in the postprandial state in healthy 
men. American Journal of Clinical Nutrition, 81(1), 35–42. 

93. Trefts, E., Gannon, M., & Wasserman, D. H. (2017). The liver. Current Biology, 27(21), R1147–R1151. 

94. Umpleby, A. M. (2015). HORMONE MEASUREMENT GUIDELINES: Tracing lipid metabolism: The value of 

stable isotopes. Journal of Endocrinology, 226(3), G1–G10. 

95. Umpleby, A. M., Shojaee-Moradie, F., Fielding, B., Li, X., Marino, A., Alsini, N., Isherwood, C., Jackson, N., 

Ahmad, A., Stolinski, M., Lovegrove, J. A., Johnsen, S., Jeewaka, R., Wright, J., Wilinska, M. E., Hovorka, R., 

Bell, J. D., Thomas, E. L., Frost, G. S., & Griffin, B. A. (2017). Impact of liver fat on the differential 

partitioning of hepatic triacylglycerol into VLDL subclasses on high and low sugar diets. Clinical Science, 

131(21), 2561–2573. 

96. Yki-Jarvinen, H., Luukkonen, P. K., Hodson, L., & Moore, J. B. (2021). Dietary carbohydrates and fats in 

nonalcoholic fatty liver disease. Nature Reviews Gastroenterology & Hepatology, 18(11), 770–786. 
97. Younossi, Z. M., Golabi, P., Paik, J. M., Henry, A., Van Dongen, C., & Henry, L. (2023). The global 

epidemiology of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH): A 

systematic review. Hepatology, 77(4), 1335–1347. 

98. Younossi, Z. M., Golabi, P., Price, J. K., Owrangi, S., Gundu-Rao, N., Satchi, R., & Paik, J. M. (2024). The 

global epidemiology of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among patients with 

type 2 diabetes. Clinical Gastroenterology and Hepatology, 22(10), 1999–2010.e8. 

 




