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4.1  Introduction

NAFLD is an emerging metabolic disease that is affecting almost 25% of the world 
population [1]. In NAFLD there is a high prevalence of obesity (51%), metabolic 
syndrome (43%), and type 2 diabetes (T2D, 23%) [2]. Alteration in glucose and 
lipid metabolism and increased insulin resistance (IR) are highly common [3–7].

IR is a characteristic feature of patients with T2D and is also common in obese 
subjects regardless of T2D. Most of the subjects diagnosed with NAFLD are obese, 
so it is not surprising to find that the majority of patients with NAFLD have insulin 
resistance and T2D [8–10]. However, impaired insulin action is often detected also 
in nonobese NAFLD [3] that are as IR as obese and diabetic NAFLD [11].

IR is the inability of a known amount of endogenous (or exogenous) insulin to 
stimulate glucose metabolism in several organs, in particular muscle, liver, and adi-
pose tissue (Fig. 4.1). However, insulin exerts its effects not only on glucose but also 
on lipids and protein metabolism. Insulin stimulates lipogenesis and protein synthe-
sis and inhibits lipolysis and protein catabolism. In conditions of IR, the antilipo-
lytic effect of insulin is impaired as well as its anabolic/anticatabolic effects. Thus, 
IR is present not only in liver and muscle but also in adipose tissue with the conse-
quence of overflow of fatty acids to the liver that increases the risk of NAFLD [12].

In this chapter, I reviewed the current knowledge on IR in NAFLD and its impact 
on the metabolic cross talk among liver, muscle, and adipose tissue.
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Fig. 4.1 Insulin resistance (IR) is the inability of insulin to stimulate glucose metabolism in sev-
eral organs, in particular muscle, liver, and adipose tissue. This results in increased glucose produc-
tion (EGP) and insufficient glucose disposal. Adipose tissue IR results in increased lipolysis and 
overabundance of circulating fatty acids, which in turn may contribute to the worsening of insulin 
resistance and ectopic fat accumulation. Insulin is exerting its effects also on protein metabolism 
and IR results in excess muscle catabolism and increased circulating amino acids (AA)
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4.2  What Is Insulin Resistance and How We Can Measure It

Insulin is one of the most important metabolic hormones, and it is essential for 
the homeostasis of glucose, lipids, and protein. Insulin exerts its effects binding to 
its membrane receptors and is transmitted through the cell by a series of protein–
protein interactions starting with the phosphorylation of insulin receptor substrates 
(IRS-1 and -2), which leads to the activation of PI3K and phosphorylation of Akt, 
which are the main signals involved in the metabolic effects of insulin [13, 14]. In 
the liver insulin regulates also the transcription factor Foxo1. Insulin-mediated Akt 
phosphorylation of Foxo1 leads to the decreased transcription of PEPCK that in 
turn decreases gluconeogenesis (GNG) and endogenous glucose production (EGP). 
Insulin also stimulates glucose uptake in muscle and liver by stimulating glyco-
gen synthesis and glycolysis. Table 4.1 shows the most used indexes, divided in 
those based on samples taken during fasting state or during oral glucose tolerance 
test (OGTT). Hepatic and adipose tissue IR can be assessed using fasting measure-
ments, while reliable measurements of peripheral insulin resistance are obtained 
using OGTT challenge.

4.2.1  Assessment of Peripheral (Muscle) Insulin Resistance

Insulin resistance in vivo is assessed in several ways. The gold standard method is 
the euglycemic hyperinsulinemic clamp where insulin is infused in pharmacologi-
cal doses and glucose is infused along to maintain plasma glucose concentration 
at constant levels (around 5 mmol/L) [15]. An insulin infusion rate of 40 mU/min/
m2 or higher is infused to evaluate peripheral insulin resistance since at this dose 
endogenous glucose production (EGP) is almost suppressed. Given the complexity 
of the clamp, several indexes have been developed and used to assess the degree of 
insulin resistance [16] and summarized in Table 4.1.

Fasting indexes are HOMA-IR and QUICKI that are based on the product of 
fasting glucose and insulin concentrations. They are widely used since they are 
measured after an overnight fasting. Recently, Isokuortti et al. have determined 
the HOMA-IR cutoff for NAFLD (liver fat ≥5.56%, based on the Dallas Heart 
Study) that was 2.0 [17]. However, this cutoff should be taken cautiously since 
the same authors found a large inter-laboratory variation for HOMA-IR (25%) 
due mainly to inter-assay variation in insulin (25%) rather than glucose (5%) 
measurements [17]. The most reliable indexes are based on glucose and insulin 
concentrations measured during the OGTT. The most used are the Matsuda index 
[18] and the OGIS index [19]. The last one has the advantage that is an estimate 
of glucose clearance based on a mathematical model. Not only OGIS correlates 
with both glucose disposal during the clamp but also with glucose clearance dur-
ing OGTT [16]. OGIS has been used in a few studies in subjects with NAFLD and 
was found also associated to increased liver fibrosis [16, 20]. It should be con-
sidered that in subjects with diabetes insulin secretion is often impaired [21] and 
thus glucose concentrations (and consequently HOMA and OGTT indexes) are 
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Table 4.1 Formulas for surrogate indexes of insulin resistance/insulin sensitivity using fasting or 
OGTT measurements of metabolic parameters

Based on Tissue Formula
Fasting measurements
HOMA-IR Peripheral/liver (I0 mU/mL × G0 mmol/L)/22.5
QUICKI Peripheral/liver 1/(log I0 mU/mL + log G0 mg/dL)
FIRI Peripheral (I0 mU/mL × G0 mg/dL)/25
IGR Peripheral I0 mU/mL × G0 mg/dL
ISI Bennett Peripheral 1/(ln G0 mg/dL × ln I0 mU/L)
TG/HDL-Chol Liver Tg/HDL-Chol
Hep-IR Liver EGP × I0 mU/L
Adipo-IR Adipose tissue FFA × I0 mU/L
Lipo-IR Adipose tissue RaGly × I0 mU/L
OGTT measurements
OGIS Peripheral f (G0, G90, G120, I0, I90, D)a

ISI Matsuda Peripheral 104/√ [(G0 mg/dL × I0 mU/mL) × (Gmean × Imean)]
SiOGTT Peripheral 1/[log(G0 + G30 + G90 + G120) mg/dL + log 

(I0 + I30 + I90 + I120) mU/mL]
ISI Stumvoll Peripheral 0.157 − 0.00004576 × I120(pmol/L) −  

0.000299 × I0(pmol/L) − 0.00519 × G120(mmol/L)

BIGTT Peripheral exp (4.9 − (0.00402 × I0 pmol/L) − (0.000556 × I30 
pmol/L) − (0.00127 × I90 pmol/L) − (0.152 × G0 
mmol/L) − (0.00871 × G30 
mmol/L) − (0.0373 × G120 
mmol/L) − (0.145 × gender) − (0.0376 × BMI)

eMCRdem Peripheral 18.8 − 0.271 × BMI − 0.0052 × I120 
pmol/L − 0.27 × G90 mmol/L

eMCRnodem Peripheral 13 − 0.0042 × I120 pmol/L − 0.384 × G90 
mmol/L − 0.0209 × I0 pmol/L

HepIR OGTT Liver (G0 mg/dL + G30 mg/dL)/100/2 × (I0 mU/mL + I30 
mU/mL)/2

LIRI Liver −0.091 + log (I mean × 6) × 0.4 + log (FM/
weight × 100) × 0.346 − log HDL-C mg/
dL × 0.408 + log BMI × 0.435

Note. ALB albumin, ALT alanine aminotransferase, AST aspartate aminotransferase, AUC area under 
the receiver operating curve, BIGTT β-cell function, insulin sensitivity index derived from oral glu-
cose tolerance test, BMI body mass index, eMCRdem metabolic clearance rate estimation including 
demographic parameters, eMCRnodem metabolic clearance rate estimation without demographic 
parameters, FIRI fasting insulin resistance index, HDL-C high density lipoprotein cholesterol, G 
glucose, HepIR OGTT hepatic insulin resistance index, HOMA homeostasis model of assessment, I 
insulin, IFG impaired fasting glucose, IGR insulin to glucose ratio, IR insulin resistance, ISI insulin 
sensitivity index, LIRI liver insulin resistance index, NFS non-alcoholic fatty liver disease fibrosis 
score, OGIS oral glucose insulin sensitivity index, QUICKI quantitative insulin sensitivity check 
index, SiOGTT insulin sensitivity index derived from oral glucose tolerance test, TG triglycerides
aG0, G90 and G120 are the plasma concentration of glucose measured at baseline, 90 and 120 min 
during OGTT; I0, and I90 are the plasma concentration of insulin measured at baseline and 90 min 
during OGTT. D is the oral glucose dose (g/m2 body surface area). The formula can be found at the 
following website: http://webmet.pd.cnr.it/ogis/
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altered not because of insulin resistance but because of impaired insulin secretion 
[22]. For this reason, in diabetic subjects only the hyperinsulinemic euglycemic 
clamp or the infusion of tracers can give a reliable measurement of muscle insulin 
resistance.

4.2.2  Assessment of Endogenous Glucose Production 
and Hepatic Insulin Resistance

In fasting state glucose is produced mainly by the liver (90%) and in part by the 
kidney (max 10%) [23]. Endogenous glucose production (EGP) can be estimated 
noninvasively by the infusion of a tracer (i.e., glucose labelled with either a radioac-
tive or a stable isotope). The euglycemic hyperinsulinemic clamp with lower doses 
of insulin (e.g., 10 mU/min/m2) is used together with the infusion of tracers to mea-
sure hepatic insulin resistance (given by the changes in EGP). A measure of hepatic 
insulin resistance (Hep-IR) is the % suppression during insulin infusion [24]. The 
dose response insulin-EGP is hyperbolic (Fig. 4.2) and thus the product of insulin 
times EGP is a surrogate measure of hepatic IR [24, 25]. For this reason, Hep-IR is 
often and more easily estimated in fasting state [16, 25]. Other indexes have been 
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Fig. 4.2 The hyperbolic function relates insulin concentration to glucose production (EGP) (Panel 
a) or to FFA/Lipolysis (Panel b). As subjects become more insulin-resistant, the curve moves to the 
right, meaning that higher insulin concentrations are needed to maintain the same rates of lipolysis, 
EGP, or FFA concentrations. These relationships are true in both fasting and hyperinsulinemic 
state (redrawn from [24])
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derived using OGTT data without tracer infusion and validated against the tracers 
[26, 27] (Table 4.1). However, these indexes were never tested in large cohort of 
subjects or after intervention (e.g., weight loss or drug).

4.2.3  Assessment of Lipolysis and Adipose Tissue 
Insulin Resistance

Lipolysis, i.e., the rate of adipose tissue triglyceride (TG) hydrolysis, is measured 
by the infusion of labeled glycerol and calculating rate of appearance (Ra-glycerol) 
since the free fatty acids (FFA) can be retained and re-esterified to TG [10]. Thus 
FFA release reflects on in part lipolysis. On the other hand, glycerol cannot be used 
for TG synthesis since the adipocytes lack the enzyme glycerol kinase [10]. The 
hydrolysis of one mole of TG results in the release of a mole of glycerol into the 
systemic circulation.

The euglycemic hyperinsulinemic clamp with lower doses of insulin (e.g., 
10 mU/min/m2) is used to measure adipose tissue IR measuring the suppression 
of free fatty acids or lipolysis. Similar to EGP also the dose response insulin-FFA 
concentrations or insulin-lipolysis follow a hyperbolic curve (Fig. 4.2) [3, 24, 28, 
29]. Thus, the product of insulin times FFA (Adipo-IR) or the product of insulin 
times Ra-glycerol (Lipo-IR) are surrogates measure of adipose tissue IR in fasting 
state [28]. As stated above since in subjects with diabetes insulin secretion is often 
impaired (especially in postprandial state) only fasting Adipo-IR is reliable while 
OGTT suppression of FFA does not follow a hyperbolic relationship [3, 28].

4.3  Insulin Resistance: Impact of the Liver-Pancreas 
Cross Talk

The pancreas has an important role in the regulation of glucose homeostasis through 
the secretion of vital hormones, like insulin and glucagon. The pancreas releases 
the hormones directly into the portal vein, and thus they first reach the liver since 
their primary role is the regulation of glucose production and the maintenance of 
glucose concentration (Fig.  4.3). In the following paragraphs, I will discuss the 
mechanism of insulin and glucagon secretion and the importance of the cross-talk 
liver-pancreas I NAFLD.

4.3.1  Insulin Secretion and Clearance in NAFLD

Insulin is secreted by the pancreatic β-cells in response to hyperglycemia and is 
important to maintain the glucose concentrations within a tight range [12]. The beta 
cells produce proinsulin, and the enzymatic cleavage of proinsulin results in equi-
molar secretion of insulin and c-peptide into the portal vein [12]. Most of secreted 
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insulin is degraded by the liver and in part by the kidney and the muscle (around 
60%); on the other hand, c-peptide is not degraded by the liver, but it is mainly 
excreted through the kidney [30], and for this reason it is used to estimate prehepatic 
insulin secretion and insulin clearance [31, 32].

The main action of insulin is to suppress EGP, to promote glycogen synthesis 
and store glucose in the liver and in the muscle, to increase glycolysis (Figs. 4.3 and 
4.4). Moreover, the effect on the adipose tissue is to inhibit lipolysis and promote 
lipogenesis also by stimulating glucose uptake in the adipose tissue where it is con-
verted to glycerol-3P and used to synthesize TG.

Increased peripheral insulin concentration is a compensatory mechanism to 
overcome peripheral insulin resistance since more insulin is required to have the 
same metabolic effects [12, 33]. The liver metabolizes most of the secreted insulin 
and by reducing insulin clearance acts as a modulator of peripheral insulin concen-
trations following the increased insulin demand due to peripheral insulin resistance. 
In the pathophysiology of type 2 diabetes, insulin secretion is increased following 
as subjects progress from NGT to IGT, but when beta cell failure causes a decrease 
in insulin secretion, they develop type 2 diabetes [32, 33].

In insulin resistance state insulin clearance is decreased, contributing to periph-
eral hyperinsulinemia [31] (Fig. 4.3). Several studies have demonstrated that sub-
jects with NAFLD have reduced insulin clearance proportionally to the degree of 
liver fat [4, 25, 34, 35]. However, the mechanisms that regulate hepatic insulin 
clearance are still unknown. Moreover, insulin clearance is not a static process but 
is rather influenced by several factors, like nutrient intake and some hormones.
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Fig. 4.3 The pancreas main hormones are insulin and glucagon that are secreted into the portal 
vein and thus they first reach the liver and then the systemic circulation. The main actions of insulin 
in the liver are the inhibition of EGP and the increased lipogenesis. Glucagon increases EGP thus 
contributing to hepatic IR. Great part of the insulin secreted is degraded in the liver during the first 
pass. In NAFLD insulin clearance is decreased in proportion to hepatic fat
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4.3.2  Glucagon Secretion in NAFLD

Glucagon is the other important hormone secreted by the α-cells of the pancreas, 
with opposite actions compared to insulin [12] (Figs. 4.3 and 4.4). The α-cells pro-
duce pro-glucagon, a 160-amino-acid polypeptide, and by enzymatic cleavage, glu-
cagon is secreted into the portal vein [12]. Proglucagon is produced also by the 
intestinal L-cell [12, 36, 37] although different enzymes in a tissue-specific manner 
are converting proglucagon to glucagon, GLP-1, and other peptides like GLP-2 or 
oxyntomodulin [12].

Glucagon regulates hepatic metabolism by stimulating gluconeogenesis, glyco-
genolysis, and net hepatic glucose output [38–40] (Figs. 4.3 and 4.4). Thus, insulin 
and glucagon have opposite effects on glucose metabolism. In T2D fasting plasma 
glucagon levels are increased despite the hyperglycemia and fail to be reduced by 
the postprandial hyperinsulinemia observed after meal ingestion [33, 40–43]. In 
NAFLD, glucagon concentrations are increased [44], even in nondiabetic subjects, 
possibly contributing to increased EGP and hepatic insulin resistance.

4.3.3  Incretin Effect on Insulin Secretion

The incretins (glucagon-like peptide 1, GLP-1, and glucose-dependent insulino-
tropic polypeptide, GIP) are hormones that are secreted by the intestinal cells in 
response to nutrients (Fig. 4.4) and are able to potentiate the insulin secretion [45]. 
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Fig. 4.4 In response to increased blood glucose, e.g., after a meal or OGTT, insulin is increased 
and glucagon decreased. Ingested glucose stimulates the release of incretin hormones like GLP-1 
and GIP by the intestine, which stimulate insulin secretion and inhibit glucagon release. The figure 
shows main action of insulin and glucagon on liver, muscle, and adipose tissue. In IR state most of 
insulin actions are impaired in all tissues
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GLP-1 is produced from enzymatic cleavage of proglucagon produced by the intes-
tinal epithelial L cells. However, since proglucagon is produced also by pancreatic 
α-cells, both GLP-1 and glucagon can be released by the pancreas [46] and the 
gastrointestinal tract [37].

GLP-1 and glucagon are tightly related since GLP-1 not only stimulates insulin 
secretion but also inhibits glucagon release (Fig. 4.3). GLP-1 modulates hepatic, 
but not peripheral glucose metabolism, by suppressing EGP independently of glu-
cagon [12, 47–51]. A new study just showed that insulin can regulates the α-cells 
and promotes the release of GLP-1 in a time- and dose-dependent manner under 
high-glucose conditions [52]. Thus, GLP-1 is important not only because it stimu-
lates insulin secretion but also for its independent effect on hepatic insulin resis-
tance. This is very important since GLP-1 receptor agonists (GLP-1RA) are a new 
class of antidiabetic drugs that are important in reducing hepatic fat and improving 
hepatic insulin sensitivity by decreasing EGP and increasing hepatic glucose uptake 
[47, 53–56].

Only few studies have looked at GLP-1 action in NAFLD, finding that it is often 
impaired although not always its secretion is compromised [44, 57]. Treatment of 
NAFLD with GLP-1RA has been shown to be effective [53, 54, 56] although the 
mechanisms of action are still not completely elucidated. The effect on adipose tis-
sue and lipolysis is controversial although the treatment with GLP-1RA is effective 
on weight loss [58], and improves adipo-IR and lipotoxicity [47, 54].

4.4  Muscle Insulin Resistance in NAFLD

4.4.1  Impact on Glucose Metabolism

Impaired muscle glucose uptake and disposal are the principal defects associated 
with peripheral insulin-resistant state (Fig. 4.1). Most of the subjects with NAFLD 
have reduced muscle insulin sensitivity independent of obesity or diabetes [3, 7, 16, 
25, 59, 60]. Moreover, muscle IR is present long before significant TG accumula-
tion in the liver (at 1.5%) as shown by the recent paper by Bril et al. [59].

In NAFLD, decreased insulin-stimulated glucose disposal during the hyperin-
sulinemic clamp is proportional to hepatic fat accumulation and mainly due to a 
significant reduction in non-oxidative glucose disposal comparable with the one 
observed in T2D without NAFLD [11, 25, 59]. Also when measured by indexes 
derived by OGTT, insulin resistance was higher in subjects with NAFLD, and this 
is evident already in children [61].

In nondiabetic subjects with NAFLD, glucose tolerance seems to be independent 
of the degree of hepatic steatosis, while nondiabetic NAFLD with significant fibro-
sis (F2–F4) has worse glucose tolerance independent of obesity [16] (Fig. 4.5). This 
is confirmed by the strong inverse association between insulin sensitivity measured 
by OGIS and degree of liver fibrosis [16, 20].
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4.4.2  Impact on Protein Metabolism

The muscle is where protein are stored. Insulin regulates also protein metabolism by 
stimulating protein synthesis and reducing protein catabolism. In insulin- resistant state, 
despite high insulin concentrations, protein catabolism is not suppressed (Fig. 4.1) and 
fasting amino acid concentrations, in particular the concentrations of essential amino 
acids, like branched chain amino acids (BCAA), are increased [62–64]. Several studies 
have reported increased fasting BCAA concentrations in NAFLD also related to the 
severity of this disease, in particular to presence of NASH and fibrosis [62, 65–67]. 
BCAA have been associated also to hepatic IR since they stimulate mTOR1 [64]. 
However, if BCAA or other amino acids are simple biomarkers of IR or active play-
ers has still to be demonstrated. What is known is that subjects with NAFLD have 
decreased lean body mass and are more sarcopenic compared to subjects without 
NAFLD [68–70]; this condition is worsened in subjects with fibrosis F3–F4 [70]. We 
have hypothesized that this might be associated to muscle IR, i.e., reduced protein net 
balance due to increased protein catabolism and reduced protein anabolism [62].

4.5  Hepatic Insulin Resistance in NAFLD

4.5.1  Impact on Hepatic Glucose Production

The liver is the principal organ that produces glucose (EGP) [23]. Hepatic insulin 
resistance is defined as a defect of insulin to suppress EGP during fasting and/or 
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during insulin infusion (Fig. 4.1). Hepatic IR is strongly associated to hepatic fat 
accumulation [25, 59]. In general fasting hepatic IR is increased proportionally to 
the degree of hepatic steatosis and is already present even when hepatic TG are less 
than 5% [25, 59]. It is important to note that nondiabetic subjects with NAFLD have 
increased fasting hepatic insulin resistance compared to non-NAFLD and similar 
to T2D without NAFLD and having T2D and NAFLD further increases hepatic IR 
[11, 25, 59]. Ortiz-Lopez et al. reported that in NAFLD with normal glucose toler-
ance (NGT), insulin-mediated suppression of EGP is preserved [71]. However, it 
has been shown that even the % suppression is similar, the dose response insulin- 
EGP is shifted to the right, indicating the need of higher insulin concentrations than 
subjects without NAFLD to suppress EGP or in other words they are more insulin- 
resistant [3]. In general, having have prediabetes or T2D is in general associated to 
lower suppression of EGP [25, 71].

4.5.2  Impact on Gluconeogenesis

The liver produces glucose through glycogenolysis and gluconeogenesis (GNG). 
After overnight fasting, more than 50% of the glucose is synthesized from gluco-
neogenic precursors such as lactate/pyruvate, glucogenic amino acids, and glycerol 
[38, 72, 73]. Glycerol used for gluconeogenesis comes mainly from the hydrolysis 
of triglycerides in the adipose tissue, while the amino acids comes from muscular 
proteolysis (Fig. 4.1). Almost all amino acids are glucogenic and they are alanine, 
glutamic acid and glutamine, glycine, arginine, asparagine, aspartic acid, cysteine, 
serine, valine, phenylalanine, tyrosine, isoleucine, tryptophan, methionine, histi-
dine, threonine, proline, while lysine and leucine are used to produce ketone bod-
ies. Fasting endogenous glucose production is tightly regulated and in nondiabetic 
subjects, endogenous glucose production (EGP) by the liver is relatively similar 
among subjects when whole body fluxes are normalized by lean body mass [38, 
74]. In diabetic subjects, EGP is increased proportionally to fasting plasma glucose 
[23, 33, 38].

High rates of glucose production are mainly due to increased GNG flux [38]. In 
NAFLD, GNG fluxes tend to be increased as a consequence of increased glycerol 
and amino acid concentrations [75], indicating increased peripheral lipolysis and 
protein catabolism. The visceral fat is often increased in these subjects, and it is 
related to increased insulin resistance [4]. This tissue is also highly lipolytic making 
VF an important contributor of glucogenic substrates since it is drained by the portal 
vein. We have shown that GNG flux is increased proportionally to VF, while there 
is no correlation between GNG and the amount of TG stored in the liver [4, 25, 76].

Hepatic IR is also due to impaired suppression of GNG since it has been shown 
that glycogenolytic fluxes are similarly suppressed in non-diabetic and T2D sub-
jects during the euglycemic hyperinsulinemic clamp [77]. Insulin exerts its effects 
on the liver by reducing glycogenolysis and after a meal by stimulating glycogen 
synthesis (Fig. 4.4). The effects on the gluconeogenesis are mild and indirect since 
the release of most of gluconeogenic precursors (i.e., glycerol and amino acids) is 
insulin-dependent (Fig. 4.1) and high insulin concentrations decrease lipolysis (i.e., 
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glycerol release from the adipose tissue) and proteolysis (i.e., amino acid release 
from the muscle) both in fasting and feeding state [14]. So it is likely that increased 
gluconeogenesis is a compensatory mechanism for the hepatic metabolism of sub-
strates in excess [10, 75].

4.5.3  Impact on Hepatic De Novo Lipogenesis

Insulin also promotes lipogenesis and triglyceride production in the liver. Moreover, 
insulin promotes the de novo synthesis of fatty acid (DNL) first palmitate and then 
for elongation stearic acid, and for desaturation palmitoleic acid and oleic acid. The 
main DNL precursors are carbohydrates that, if they cannot be oxidized or stored 
as glycogen, are then stored as TG [10, 75, 78, 79]. DNL is increased in subjects 
with NAFLD, particularly after high carbohydrate and/or high fructose intake [10, 
78, 80]. Donnelly et al. have estimated that in NAFLD about 26% of intrahepatic 
TG (IHTG) are from DNL, 59% from FFA (i.e., derived from peripheral lipolysis), 
and 15% from TG of the diet [80]. In subjects with NAFLD, DNL is increased up 
to three times the rate observed in healthy subjects [81]. However, not all subjects 
with NAFLD have increased DNL, particularly if they have PNPLA3 148M allele 
since these subjects have lower DNL and expression of the lipogenic transcription 
factor SREBP1c [82]. Moreover, DNL rates are highly dependent on meal com-
position. We have recently shown that carbohydrate overfeeding stimulated DNL 
by +98% and increased IHTG +33% [79]; also fat overfeeding increased IHTG, 
+55% if the diet was rich in saturated fat vs +15% for diet rich in unsaturated fat 
+15% (p < 0.05), but this was due to excess fat since the rates of hepatic DNL were 
unchanged compared to baseline [79].

4.6  Adipose Tissue Insulin Resistance in NAFLD

4.6.1  Impact on Lipolysis

IR is present not only in the liver and the muscle but also at the level of the adipose 
tissue (Fig. 4.1). The main effect of insulin in the adipose tissue is glucose uptake 
for triglyceride synthesis and inhibition of lipolysis. In presence of IR, there is an 
excess lipolysis and FFA release despite high circulating levels of insulin. This is 
more evident during fasting state when insulin is low [11, 28, 59, 83–85]. However, 
also diet composition seems to be implicated in the worsening of adipose tissue 
IR.  We have shown that overfeeding with saturated fatty acids increased fasting 
lipolysis compared to diet with similar caloric intake but rich in unsaturated fat or 
carbohydrates [79]. Excess FFA from the adipose tissue determines an overflow to 
the liver and other organs (Fig. 4.1) which in presence of high insulin concentrations 
favors intracellular TG re-esterification and ectopic fat accumulation not only in the 
liver but also in other organs including pancreas and heart [21, 86].
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4.6.2  Impact on Lipogenesis

Insulin also promotes lipogenesis and adiposity (Fig. 4.4). Excess carbohydrate pro-
motes adipogenesis since glucose is also used as a precursor of glycerol-3P and used 
for TG synthesis. DNL occurs mainly in the liver although we cannot exclude that 
it might be active also in the adipose tissue [87]. Ectopic fat accumulates only when 
the subcutaneous adipose tissue is not able to store excess fat and glucose since lipo-
genesis is impaired [86, 88, 89]. This adipose tissue is often found inflamed, resis-
tant to the antilipolytic effect of insulin, with increased release of pro-inflammatory 
adipokines and reduced secretion of adiponectin [86, 88, 89]. This not only impairs 
fatty acid oxidation but also promotes the synthesis of lipotoxic lipids that may act 
as signals that worsen IR, glucose, and lipid metabolism (see below).

4.7  Lipotoxicity, Glucotoxicity, and IR

Lipotoxicity is the accumulation of lipids that impair metabolic signaling, lead-
ing to alteration in glucose and lipid metabolism, insulin resistance, and impaired 
insulin secretion [90]. Impaired triglyceride synthesis or partial hydrolysis of TG 
can lead to the production and accumulation of lipid species like diacylglycerols 
(DAG) and ceramides [5, 14, 91, 92]. Production of lipotoxic metabolites like DAG 
can cause insulin resistance by activating PKCε [13, 93]. In humans, lipid infusion 
induces muscle IR by transient increase in total and cytosolic DAG content [93]. 
The activated PKCε binds to the insulin receptor and inhibits its tyrosine kinase 
activity interfering with the ability of insulin to phosphorylate IRS-2 on tyrosine 
residues. Hepatic cytosolic DAG were observed also in human livers of subjects 
with NAFLD and correlated with activation of PKCε [94]. A stepwise increase in 
DAG and the product/precursor ratio (TAG/DAG) was observed from normal livers 
to NAFL to NASH [92].

Other lipotoxic compounds are ceramides and in general saturated fat. However, 
total hepatic ceramides are often similar among NAFLD/NASH and controls [92, 
94]. This is likely because increased hepatic ceramide accumulation and/or de novo 
synthesis is more associated to presence of insulin resistance rather than NAFLD 
due to genetic predisposition [91, 95].

Lipotoxicity has been almost exclusively attributed to saturated fat that either 
comes from the diet or is synthesized from de novo lipogenesis (DNL). Studies 
in cells have shown that the incubation with oleic acid (18:1) results in immediate 
incorporation into triglyceride (TG) and increases TG accumulation. On the other 
hand, the incubation with palmitic acid (C16:0) results in poor incorporation into tri-
glyceride and causes apoptosis [96]. The co-incubation of C18:1 and C16:0 reduces 
apoptosis and stimulates palmitate incorporation into TG [96]. However, when tri-
glyceride synthesis is impaired, e.g., in cells from Dgat1 null mice, both incubation 
with oleate and palmitate leads to lipotoxicity [96], indicating that accumulation of 
excess FA in cellular triglyceride stores may be protective against lipotoxicity.
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Glucotoxicity, i.e., the toxic effects of hyperglycemia and excess carbohydrate 
intake on cells and tissues, is as harmful as lipotoxicity [5]. As previously discussed, 
hyperglycemia and excess carbohydrate intake can favor DNL, i.e., synthesis of 
palmitate (a saturated fat and a precursor of ceramides and other lipotoxic lipids) [5, 
79]. Glucotoxicity and lipotoxicity are closely interrelated, and both contribute to 
the deterioration of insulin resistance and impaired insulin secretion [5, 90]. In par-
ticular, glucotoxicity alters IRS-1 signal, promotes JNK activation, and determines 
IR not only in liver but also in muscle, initiating a vicious cycle [5].

4.8  Genetic Vs Metabolic NAFLD

Although NAFLD is not a genetic disease, several polymorphisms have been asso-
ciated to increased risk of development and progression of NAFLD showing that 
subjects carrying the gene variant for PNPLA3, hypo-betalipoproteinemia, DGAT, 
or TM6SF2 are more likely to have NAFLD [97–99]. An interesting observation 
was that although these subjects have NAFLD, their insulin-resistant state is no 
different from subjects without the gene variant and no NAFLD [4, 98]. Moreover, 
when subjects with NAFLD homozygous either for the rs738409 PNPLA3 G allele 
(PNPLA3-148MM) or the C allele (PNPLA3-148II) were placed on a hypocalo-
ric low-carbohydrate diet for 6  days, those at high risk of NAFLD (with the G 
allele) had a better metabolic outcome with higher decrease in steatosis and bet-
ter improvement in peripheral IR despite similar weight loss [100]. The PNPLA3 
protein has lipase activity towards TG in hepatocytes and retinyl esters in hepatic 
stellate cells; the I148M substitution leads to a loss of function promoting intra-
hepatic TG accumulation [101]. PNPLA3 variant was not associated to alteration 
in peripheral lipolysis or hepatic fatty acid oxidation when subjects with NAFLD 
were matched for hepatic triglyceride accumulation [100]. On the other hand in 
TM6SF2 E167K variant carriers hepatic lipid synthesis from unsaturated fatty acids 
is impaired [79] and together with reduced VLDL secretion could contribute to 
increased intrahepatic TG [102].

However, it should be noted that different mechanisms explain the pathophysiol-
ogy of metabolic NAFLD vs genetic NAFLD. In metabolic NAFLD, the subcutane-
ous adipose tissue is not able to store excess caloric intake, then fat accumulates as 
ectopic fat in other tissues like liver, muscle, pancreas, and heart [86, 88, 89]. This 
has also been supported by genetic studies [103, 104]; using integrative genomic 
approaches these authors have found that a cluster of genes associated with insulin 
resistance (of which the most important is PPARG) was also associated to a reduced 
capacity of subcutaneous tissue to expand, resulting in ectopic fat accumulation, 
NAFLD, and higher visceral-to-subcutaneous adipose tissue ratio [103, 104].
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4.9  Insulin Resistance and NAFLD: Chicken or Egg?

Although it is recognized that IR is strongly associated to NAFLD, if IR precedes/
causes NAFLD [105] or the other way around [106] has been long debated. Recent 
cross-sectional studies have shown that impairment in peripheral insulin sensitivity 
is present already in subjects with minimal hepatic TG accumulation (i.e., less than 
5%) [59]. Currently there are no longitudinal studies that have properly addressed 
this point. This is due to many reasons, mainly because (1) data are lacking, as 
NAFLD has been recognized as a metabolic disease only in recent years and (2) 
the assessment of presence of IR is no trivial (see previous paragraphs). Metabolic 
studies in subjects carrying genetic risk factors for NAFLD and overfeeding studies 
involving non-IR subjects helped answering, at list in part, this question. It is now 
recognized that NAFLD has two main phenotypes: genetic (type 1) vs metabolic 
(type 2) NAFLD but only metabolic NAFLD is associated to IR [4, 7, 107].

Overfeeding/inactivity studies of non-IR subjects helped understanding the mech-
anism of development of NAFLD/IR. Several overfeeding studies have shown that 
the decrease in insulin sensitivity precedes the development of NAFLD. Knudesen 
et al. showed that 14 days of inactivity and overfeeding (+50%) induced IR as early 
as day 3, while body fat and visceral fat were increased significantly only after 
14 days [108]. The recent paper by Peterson et al. has shown that overfeeding by 
40% for 8 weeks (56 days) decreased peripheral glucose disposal, in particular non-
oxidative disposal rate, at low (10  mU/min·m2) but not at high (50  mU/min·m2) 
insulin infusion rates and although it increased body weight by 7.6 kg (of which 
+4.2 kg of body fat), there was no clinically significant change in hepatic fat that 
was 1.5% at baseline and 2.2% at the end of study [109]. However, also visceral fat 
was low at baseline (0.58 kg) and 0.94 kg at the end of study.

Although large prospective studies on this topic are still lacking, it seems that 
only subjects with the “metabolic” NAFLD are more insulin-resistant and at 
increased risk of T2D [9–11], while subjects with the “genetic” NAFLD are more at 
risk of HCC and chronic liver disease [7, 99].

4.10  Conclusions

In subjects with NAFLD, IR is more pronounced at the level of the muscle, where 
glucose uptake is reduced, but it is present also in the liver, where insulin does 
not properly suppress hepatic glucose production, and in the adipose tissue, where 
peripheral lipolysis is high despite high insulin concentrations [8, 25, 59]. Genetic 
NAFLD dissociates from metabolic NAFLD since very often these subjects do not 
have IR or increased DNL.
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