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Abstract

The accumulation of an excessive amount of body fat can cause type 2 diabetes, and the risk

of type 2 diabetes increases linearly with an increase in body mass index. Accordingly, the
worldwide increase in the prevalence of obesity has led to a concomitant increase in the prevalence
of type 2 diabetes. The cellular and physiological mechanisms responsible for the link between
obesity and type 2 diabetes are complex and involve adiposity-induced alterations in p-cell
function, adipose tissue biology, and multi-organ insulin resistance, which are often ameliorated
and can even be normalized with adequate weight loss.

Introduction

Adipose tissue is the body’s major fuel reserve and provides an important transportable
energy source that is critical for survival when food is scarce. The high energy density

and hydrophobic nature of triglyceride make it a five-fold better fuel per unit mass than
glycogen; triglycerides are compactly stored as an oil inside adipocytes and produce ~9.3
kcal per gram when oxidized, whereas glycogen is stored intracellularly as a gel, containing
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approximately 2 grams of water for every gram of glycogen, and produces only 4.1 kcal

per gram when oxidized (Klein et al., 2002). During starvation, the duration of survival is
determined by the size of the adipose tissue mass. Men who are lean die after approximately
60 days of starvation when more than 35% of body weight is lost (Leiter and Marliss, 1982),
whereas people with extreme obesity can tolerate long-term fasting; the longest known
duration of fasting was reported in a man with extreme obesity who fasted for 382 days,
consuming only acaloric fluids, vitamins and minerals, resulting in a 60% loss in body
weight without adverse effects (Stewart and Fleming, 1973). Adipose tissue also produces
and secretes adipokines and exosomes, which are involved in the regulation of important
physiological functions, such as appetite, reproductive function and insulin action (Funcke
and Scherer, 2019).

The accumulation of an excessive amount of body fat induces a constellation of metabolic
abnormalities and diseases, including insulin resistance, atherogenic dyslipidemia (high
plasma triglyceride and low plasma HDL-cholesterol concentrations), nonalcoholic fatty
liver disease (NAFLD), B-cell dysfunction, prediabetes, and type 2 diabetes. In general, a
progressive increase in body mass index (BMI), which provides an index of adiposity, is
associated with a progressive increase in the risk of developing type 2 diabetes (Colditz et
al., 1995). However, fat and triglyceride distribution modify the risk of adiposity-induced
metabolic dysfunction (Klein et al., 2002). People who are obese with a predominant
increase in upper body fat (abdominal subcutaneous and intra-abdominal fat), intrahepatic
triglyceride content, intramyocelluar lipid content and pancreatic fat) are at higher risk of
developing type 2 diabetes than those with a lower body (gluteofemoral) fat phenotype. In
fact, increased gluteofemoral body fat mass is associated with decreased plasma triglyceride
and increased HDL-cholesterol concentrations, decreased fasting blood glucose and insulin
concentrations, increased oral glucose tolerance and insulin sensitivity, and decreased risk of
type 2 diabetes in people who are lean, overweight or obese (Manolopoulos et al., 2010).

Type 2 diabetes is caused by multi-organ insulin resistance, in conjunction with a decline

in B-cell insulin secretory function (Bogardus and Tataranni, 2002). The worldwide increase
in the prevalence of obesity is likely responsible for the recent increase in the prevalence

of type 2 diabetes because obesity influences both insulin action and B-cell function. In this
article, we will review the cellular and physiological mechanisms responsible for the link
between excess adiposity and type 2 diabetes and the therapeutic metabolic effects of weight
(fat) loss.

B-cell physiology and insulin kinetics

Pancreatic p-cells secrete insulin directly into the portal vein for delivery to the liver, which
is the major site for insulin clearance. Plasma insulin concentration is determined by the
balance between the rate of insulin secretion and the rate of insulin removal by the liver
and extrahepatic tissues. A large portion (~50%) of the insulin secreted from p-cells and
delivered to the liver is cleared during first pass transit and an additional 20% is cleared
through subsequent passes; the remaining 30% of secreted insulin is primarily removed

by the kidneys (about 20%) and skeletal muscle (about 10%) (Duckworth et al., 1998).

The increase in both basal and postprandial plasma insulin concentrations observed in
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people with obesity is caused by both increased pancreatic insulin secretion and decreased
fractional extraction and clearance of portal and peripheral plasma insulin (Gastaldelli et al.,
2021; Kotronen et al., 2008; Kotronen et al., 2007; Smith et al., 2020a).

Pancreatic p-cell function is a critical determinant of whether people with obesity develop
type 2 diabetes. Plasma insulin concentrations and the rate of insulin secretion during
basal conditions and after glucose ingestion is typically greater in people with obesity

who do not have type 2 diabetes than people who are lean (van Vliet et al., 2020).

This increase in insulin secretion rate and plasma insulin concentration is often able to
overcome the resistance to insulin action, so that fasting blood glucose concentration and
oral glucose tolerance are normal. However, a progressive decline in -cell function causes
a progressive decline in glycemic control, resulting in prediabetes and ultimately type 2
diabetes (Gastaldelli et al., 2004; Weyer et al., 1999).

It is likely that the number of pancreatic p-cells, per se, influences the secretion of insulin
during both basal and postprandial conditions. Pancreatic B-cell mass, often expressed as

the relative volume (ratio of the p-cell area to exocrine area assessed at autopsy), is about
50% greater in people with obesity than in people who are lean. However the relative p-cell
volume in those with impaired fasting glucose or type 2 diabetes is about 50% lower than
the relative volume in lean people because of B-cell apoptosis (Butler et al., 2003). It is
unlikely that the increase in p-cell mass associated with obesity is simply caused by insulin
resistance, because weight gain in mice fed a high-fat diet is associated with an increased
proliferation in B-cell mass before the development of insulin resistance (Mosser et al.,
2015) and both basal and postprandial insulin secretion rates are greater in people with
obesity than in lean people when both groups are matched on insulin sensitivity (van Vliet et
al., 2020). The mechanism(s) responsible for -cell hyperplasia in people with obesity is not
known, but could be related to stimulation by specific nutrients, insulin, incretins and growth
factors associated with high-calorie diet consumption and obesity (Linnemann et al., 2014).

Increased plasma free fatty acid (FFA) concentrations associated with obesity and type 2
diabetes can have adverse effects on B-cells. During basal conditions, circulating FFAs are
responsible for about 30% of insulin secretion in people with or without diabetes (Boden et
al., 1998). An acute (1.5 to 6 hours) increase in plasma FFAs, induced by infusing a lipid
emulsion, increases glucose-stimulated insulin secretion, whereas a more prolonged increase
in FFAs for 24 to 48 hours decreases glucose-stimulated insulin secretion in relationship

to insulin sensitivity (Carpentier et al., 1999; Paolisso et al., 1995).. However, it has been
argued that the results from studies that infused a lipid emulsion are not clinically relevant,
because the plasma FFA concentrations achieved during those studies were much higher
than the usual range found in people with obesity or type 2 diabetes and the composition

of the plasma FFA profile generated by hydrolysis of lipid emulsion triglycerides is not
physiologic (Weir, 2020). In addition, increases in plasma glucose are probably more
harmful to B-cells than FFAs; mild increases in plasma glucose (11 mg/dL) causes
phenotypic changes in gene expression that adversely affect p-cells function, growth, and
survival (Ebrahimi et al., 2020). Nonetheless, this does not mean that the concept of B-cell
“lipotoxicity” is incorrect, but that other lipid mediators, such as increased p-cell production
of long-chain acyl-CoA esters, ceramides, phosphatidic acid and diacylglycerides, rather
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than plasma FFAs, are involved (Weir, 2020). It is likely that increases in plasma FFAS,
triglycerides and glucose act synergistically, known as “glucolipotoxicity” (Poitout and
Robertson, 2008), or possibly in combination with excess plasma amino acids, known as
“nutrient-induced metabolic stress,” (Prentki et al., 2020) cause p-cell dysfunction and
death, mediated by oxidative, mitochondrial, and endoplasmic reticulum stress, and B-cell
dedifferentiation.

Adipose tissue biology and insulin resistance

Adipose tissue must have considerable metabolic flexibility to be able to cope with the large
and rapid changes in energy balance during feeding and fasting throughout the day and to
adjust to more long term changes in energy balance that cause adipose tissue expansion

or reduction. The increase in adipose tissue mass after chronic positive energy balance is
caused by an accumulation of triglycerides in adipocytes, which increases adipocyte size and
requires structural remodeling to provide the scaffolding needed to support the expanded
adipocyte mass. The specific adaptive responses of adipose tissue to its expansion are an
important determinant of adipose tissue health and systemic metabolic homeostasis, and
differences in responses likely contribute to the heterogeneity in metabolic health observed
in people with obesity (Crewe et al., 2017; Scherer, 2016; Smith et al., 2019).

Studies conducted in a variety of mouse models of obesity demonstrate a series of complex
but interactive biological processes in adipose tissue that contribute to whole-body insulin
resistance, including: 1) adipocyte hypoxia, due to inadequate oxygen delivery and increased
adipocyte oxygen demand (Seo et al., 2019; Sun et al., 2012), which stimulates adipose
tissue fibrogenesis and macrophage chemotaxis (Halberg et al., 2009; Khan et al., 2009)

and can suppress adipose tissue branched-chain amino acid catabolism thereby increasing
plasma branched-chain amino acid concentrations (Bianchi et al., 2003; Lo et al., 2013); 2)
increased number and relative proportion of adipose tissue proinflammatory immune cells
(macrophages and T cells) and the expression of genes that encode proinflammatory proteins
(Crewe et al., 2017); 3) decreased adipose tissue production and secretion of adiponectin, an
insulin-sensitizing hormone (Straub and Scherer, 2019); 4) increased adipose tissue lipolytic
activity and the release of FFASs into the circulation (Petersen and Shulman, 2018); and 5)
metabolically-deleterious alterations in the cargo content of exosomes derived from adipose
tissue macrophages (Liu et al., 2019; Thomou et al., 2017; Ying et al., 2017). Although each
of these factors have been shown to cause insulin resistance in mouse models and reversing
their effects improve insulin action, their importance in the pathogenesis of insulin resistance
in people is less clear or not yet validated.

Many of the abnormalities in adipose tissue observed in obese rodents have also been
identified in subcutaneous adipose tissue in people with obesity, including decreased
interstitial adipose tissue partial pressure of oxygen (Cifarelli et al., 2020), increased rates
of fibrogenesis and expression of genes involved in extracellular matrix formation (Beals
et al., 2021), increased proinflammatory macrophage and T cell content and expression of
genes that encode proinflammatory proteins (Fuchs et al., 2021), production of exosomes
that can induce insulin resistance (Fuchs et al., 2021), and alterations in expression of
genes involved in branched-chain amino acid catabolism (Cifarelli et al., 2020). However,
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the mean differences in many of these outcome measures between people with obesity

who were “insulin-sensitive” and those who were “insulin-resistant” were often small,

albeit statistically significant, and there was often considerable overlap in individual values
between the two obese groups. Although these findings suggest many of these alterations are
more closely associated with excess adiposity than insulin resistance, it is possible that these
factors in aggregate induce insulin resistance.

Since the discovery in mice that adipose tissue produces proinflammatory cytokines that
cause insulin resistance (Hotamisligil et al., 1993) and the finding that obesity in people is
associated with an accumulation of adipose tissue macrophages (Weisberg et al., 2003), it
has been proposed that adipose inflammation is a major driver of insulin resistance in people
with obesity. Although inflammatory macrophages and the expression of genes that encode
inflammatory proteins are increased in subcutaneous abdominal adipose tissue in people
with “metabolically unhealthy obesity” compared with those with “metabolically healthy
obesity” (Fuchs et al., 2021), it is difficult to determine whether these associations are a
cause or an effect of insulin resistance. In fact, studies conducted in mouse models have
found: i) insulin resistance causes an infiltration of proinflammatory macrophages in adipose
tissue (Shimobayashi et al., 2018); ii) adipose tissue inflammation is part of the normal
remodeling that occurs with an increase in body fat (Wernstedt Asterholm et al., 2014); and
iii) suppressing adipose tissue inflammation causes insulin resistance (Zhu et al., 2020). The
importance of adipose tissue immune cells and inflammation as a cause of insulin resistance
in people with obesity is not resolved and requires further study.

If adipose tissue regulates metabolic function in other organs, it must somehow
communicate with these organs. Several potential signaling mechanisms have been proposed
that involve the secretion of adipose tissue products into the circulation that are then
delivered to target tissues. These products include proinflammatory proteins, adiponectin,
FFAs and exosomes, which are discussed below.

Chronic, low-grade, inflammation, manifested by increased proinflammatory immune cells
and expression of genes that encode proinflammatory proteins, is present in people with
obesity. However, the increase in adipose tissue gene expression often does not translate

to an increase in plasma concentrations of the encoded proteins, and many of these
cytokines act locally. A recent study that evaluated plasma cytokines every hour for 24
hours in people with obesity who were insulin-sensitive and those who were insulin-resistant
found no difference in 24-hour plasma concentration area-under-the-curves for a battery

of cytokines, with the exception of plasminogen activator-1 (PAI-1) (Fuchs et al., 2021).
Plasma PAI-1 concentration was much greater in the obese insulin-resistant group than the
obese insulin-sensitive group, and plasma PAI-1 was inversely correlated with measures of
both hepatic and skeletal muscle insulin sensitivity. PAI-1 is produced by adipocytes and
adipose tissue macrophages (encoded by SERPINEI). In rodent models, adipocyte-specific
PAI-1 overexpression causes insulin resistance whereas whole-body and adipocyte-specific
knockouts of PAI-1 improve insulin action (Alessi et al., 2007). These results suggest
adipose tissue production of most cytokines, with the exception of PAI-1, have local
paracrine effects, but do not have direct effects on systemic metabolic function.
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Plasma adiponectin concentrations are often inversely associated with percent body fat,
directly associated with insulin sensitivity (Straub and Scherer, 2019; Tschritter et al.,
2003), and can be considered a biomarker of adipose tissue health (Li et al., 2021; Scherer,
2019). In rodents, adiponectin has anti-inflammatory, anti-fibrotic and insulin-sensitizing
effects and increases pancreatic B cell survival and regeneration (Li et al., 2021; Rutkowski
et al., 2013; Ye et al., 2015). The mechanism responsible for the pleiotropic therapeutic
effects of adiponectin is likely mediated, at least in part, by increasing ceramidase activity
and decreasing intracellular ceramide levels, which occurs when adiponectin binds to
adiponectin cell surface receptors 1 and 2 (Holland et al., 2011).

Obesity is associated with an increased rate of release of FFAs into the bloodstream

and delivery of FFAs to body tissues (Mittendorfer et al., 2009). Although there is a
widespread belief that increased plasma FFA concentrations are an important cause of

liver and muscle insulin resistance in people with obesity, this notion has been questioned
because of conflicting data from different studies and the questionable extrapolation of data
from experimental manipulations to real world conditions (Karpe et al., 2011). During basal
conditions, the rate of release of FFAs into the bloodstream in relation to body fat mass is
lower in people with obesity than in people who are lean; however, because of the large
volume of body fat, the rate of release of FFAs in relation to body fat-free mass is greater

in people with obesity than in people who are lean (Mittendorfer et al., 2009). Lipolysis of
adipose tissue triglycerides is very sensitive to insulin (Conte et al., 2012; van Vliet et al.,
2020), so the postprandial suppression of lipolysis and plasma FFA concentrations is often
the same in people who are lean or obese because the greater postprandial increase in plasma
insulin in people with obesity can compensate for their increase in fat mass (McQuaid et al.,
2011; van Vliet et al., 2020). Experimental increases in plasma FFAs, induced by infusing

a lipid emulsion and heparin, impairs, whereas suppression of plasma FFAs by treatment
with acipimox, a nicotinic acid derivative that blocks adipose tissue hormone sensitive
lipase, increases insulin-stimulated glucose disposal and insulin-mediated suppression of
endogenous glucose production (Boden et al., 1994; Santomauro et al., 1999). However,

the changes in plasma FFA concentrations in these studies were much greater than the

usual small differences (or no differences) in fasting plasma FFA concentrations observed
between lean people and people with obesity and between people with obesity who are
insulin-sensitive and those who are insulin-resistant (Arner and Ryden, 2015; Fabbrini et
al., 2009; Gastaldelli et al., 2017; Karpe et al., 2011). Nonetheless, it is possible that the
specific intracellular metabolism of fatty acids, which can produce toxic products (e.g.
reactive oxygen species, diacylglycerol and ceramides), rather than the amount of fatty acids
delivered to a tissue, determines whether plasma FFAs have adverse effects on metabolic
function.

The correlation between visceral (intra-peritoneal) adipose tissue mass, insulin resistance
and risk of developing type 2 diabetes (Kissebah et al., 1982) has led to the belief that an
increase in visceral fat is a major contributor to insulin resistance because of an increased
release of FFAs directly into the portal circulation. However, only about 20% of FFAs
delivered to the liver are derived from lipolysis of visceral fat in people with obesity,
whereas about 80% are derived from lipolysis of subcutaneous fat (Nielsen et al., 2004). But
there was a large range in values among individuals and the percentage of FFAs delivered
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to the liver from visceral adipose tissue lipolysis was as high as 50% in some participants,
suggesting visceral fat might be an important contributor to hepatic insulin resistance and
steatosis in some people. Only about 14% of total FFAS that appeared in the systemic
circulation are derived from splanchnic sources (comprised of FFAs released from both
subcutaneous and visceral fat). In addition, removal of about one-third of visceral fat by
laparoscopic omentectomy does not affect insulin sensitivity in people with type 2 diabetes
(Fabbrini et al., 2010b). Therefore, although FFAs released from visceral fat could influence
hepatic insulin sensitivity, they are unlikely to be an important cause of insulin resistance in
other tissues.

Recently, it has been shown that adipose tissue derived exosomes, which are small
membrane bound extracellular vesicles that contain microRNAS, bioactive lipids and
regulatory proteins, regulate metabolic function in other organs. Injecting exosomes isolated
from adipose tissue macrophages obtained from lean mice into obese mice improves liver
and muscle insulin sensitivity, whereas injecting exosomes isolated from adipose tissue
macrophages obtained from obese mice induces liver and muscle insulin resistance in

lean mice (Ying et al., 2017). This study also showed the effect of exosomes on insulin
action was mediated by the transfer of specific microRNAs. People with “metabolically-
unhealthy obesity” (defined as prediabetes and high intrahepatic triglyceride content)

have a much greater number of exosomes in plasma than people who are lean or those

with “metabolically-healthy obesity” (defined as normal glucose tolerance and normal
intrahepatic triglyceride content) (Freeman et al., 2018; Fuchs et al., 2021). Moreover,
plasma and adipose tissue-derived exosomes obtained from people with metabolically-
unhealthy obesity, but not from people who are lean or those with metabolically-healthy
obesity, decrease insulin-signaling in muscle myotubes and hepatocytes (Fuchs et al., 2021).

In summary, the data from studies conducted in animal models and in people demonstrate
that obesity-induced alterations in adipose tissue metabolism, extracellular matrix formation,
immune cells (primarily macrophages) and inflammation (primarily SERPINEI) are
involved in regulating metabolic function in other organs (Figure 1). Differences in

these factors among individuals likely contribute to the heterogeneity in metabolic health
associated with obesity in people.

Hepatic glucose and lipid metabolism

The liver is the major source of endogenous glucose production. During basal conditions
about 80% of endogenous glucose production is derived from hepatic glycogenolysis
(glucose produced from the breakdown of liver glycogen) and gluconeogenesis (glucose
produced from precursors such as lactate, glycerol and amino acids), and about 20%

is derived from gluconeogenesis by the kidneys (Alsahli and Gerich, 2017). In lean

people, glycogenolysis and gluconeogenesis contribute equally to total endogenous glucose
production, but the contribution of gluconeogenesis is much higher in people with obesity
or type 2 diabetes (Gastaldelli et al., 2000). An increase in gluconeogenesis is responsible
for fasting hyperglycemia, and impaired suppression of endogenous glucose production and
gluconeogenesis after meal ingestion contributes to postprandial hyperglycemia in people
with prediabetes and type 2 diabetes (Gastaldelli et al., 2007).
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Insulin in the portal vein is the major regulator of hepatic glucose production. During basal
conditions, about 70% of the blood delivered to the liver comes from the portal vein and
about 30% from the hepatic artery. Moreover, the concentration of insulin in the portal vein
is about three times higher than the concentration in the hepatic artery and portal blood flow
nearly doubles after ingestion of a mixed-meal (Dauzat et al., 1994). People with obesity
typically have an impairment in the ability of insulin to suppress hepatic glucose production,
but often have normal basal and postprandial hepatic glucose production rates because

of increased insulin secretion (Smith et al., 2020a). However, increased hepatic glucose
production occurs when the increased secretion of insulin is not adequate to compensate for
insulin resistance as in people with impaired fasting glucose or when the secretion of insulin
decreases as in people with type 2 diabetes (Groop et al., 1989; Natali et al., 2000). Insulin
resistance in adipose tissue has indirect effects on hepatic glucose metabolism because
impaired suppression of adipose tissue lipolysis increases the release of fatty acids that are
delivered to the liver, which increases hepatic gluconeogenesis (Ader and Bergman, 1990).

Obesity and type 2 diabetes also have adverse effects on intrahepatic lipid metabolism
and are a major cause of nonalcoholic fatty liver disease (NAFLD); about two-thirds of
adults with obesity or type 2 diabetes have NAFLD (Browning et al., 2004; Leite et al.,
2009). Hepatic steatosis is primarily caused by an increased production of triglycerides,
not a decrease in either the oxidation of fatty acids or the export of triglycerides through
very-low-density-lipoprotein (VLDL) secretion (Fabbrini et al., 2008; lozzo et al., 2010).
Insulin resistance and chronic hyperinsulinemia increase hepatic de novo lipogenesis (fatty
acid synthesis from glucose) and the delivery of lipogenic substrates to the liver (i.e.
glucose, fatty acids released from hydrolysis of subcutaneous and intra-peritoneal adipose
tissue triglycerides, fatty acids released from hepatic hydrolysis of plasma triglycerides,
and fatty acids that spill over into the systemic circulation during postprandial lipolysis of
triglycerides in chylomicrons) (Donnelly et al., 2005; Fabbrini et al., 2010a; Smith et al.,
2020b; Ter Horst et al., 2021). In fact, hepatic steatosis is unlikely to occur in people who
do not have significant insulin resistance (Fabbrini et al., 2009; Ter Horst et al., 2017).
Even people with a genetic variant of the patatin-like phospholipase domain-containing 3
gene (PNPLAZ3), which markedly increases the risk of NAFLD, are unlikely to develop
hepatic steatosis in the absence of obesity and concomitant insulin resistance (Stender et
al., 2017). In addition, both insulin resistance and increased intrahepatic triglyceride content
are likely responsible for the increase in hepatic VLDL-triglyceride secretion rate and
hypertriglyceridemia observed in people with obesity and NAFLD and those with type 2
diabetes (Packard et al., 2020).

The molecular mechanisms responsible for hepatic insulin-resistant glucose metabolism

in people with obesity are not completely clear. Data from genetically modified rodent
models and the limited data from studies conducted in humans demonstrate a decrease

in hepatic insulin receptor number and function, in conjunction with proximal insulin
signaling defects, cause a decrease in downstream insulin signaling pathways (Petersen
and Shulman, 2018; Ter Horst et al., 2021). Although intrahepatic triglycerides per se

are inert and do not directly impair insulin action, their production is associated with the
formation of metabolically bioactive lipids, namely ceramides and diacylglycerols (DAGS)
that can cause insulin resistance. Studies conducted in genetically modified rodents have
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shown that both ceramides, specifically those containing saturated C16 and C18 acyl

chains (C16:0 and C18:0), and DAGs, specifically the sr-1,2-DAG stereoisomer, can inhibit
proximal insulin signaling by affecting phosphorylation of insulin receptor substrate (IRS),
phosphoinositide-3-kinase (PI3K), protein kinase C-theta (PKC-®), and protein kinase B
(PKB also known as AKT) (Petersen and Shulman, 2018). The potential clinical relevance
of these findings is supported by studies showing alterations in both intrahepatic ceramides
and DAGs in people with NAFLD (Apostolopoulou et al., 2018; Luukkonen et al., 2016; Ter
Horst et al., 2017).

Skeletal muscle glucose metabolism

During basal conditions, plasma free fatty acids serve as the primarily fuel for skeletal
muscle. After glucose or mixed-meal ingestion, the increase in plasma insulin suppresses
the lipolysis of adipose tissue triglycerides, decreases plasma free fatty acid concentrations
and stimulates muscle glucose uptake, which causes a switch in the predominant muscle fuel
from fatty acids to glucose. Insulin-stimulated muscle glucose uptake involves the binding
of insulin to myocyte insulin receptors, which initiates a cascade of intracellular signaling
events that result in the translocation of glucose transporter 4 (GLUTA4) to the plasma
membrane, which is necessary for glucose transport into the cell. After entering the myocyte
glucose is immediately phosphorylated and can be oxidized for fuel via glycolysis or stored
as glycogen (i.e. non-oxidative glucose disposal). Normally, approximately 30% of ingested
glucose is taken up by skeletal muscle, of which 50% is oxidized, 35% is stored as glycogen
and about 15% undergoes non-oxidative glycolysis, which produces lactate, alanine, and
pyruvate (Kelley et al., 1988; Woerle et al., 2003). People with obesity and people with

type 2 diabetes typically have an impairment in both insulin-stimulated muscle glucose
oxidation and glycogen synthesis caused by a downregulation in the number and function
of insulin receptors and multiple defects in post-receptor insulin signaling (Mitrakou et al.,
1990; Petersen and Shulman, 2018). In addition, increases in intramyocellular lipid and
intermyocellular adipose tissue are associated with obesity, type 2 diabetes, and impaired
skeletal muscle insulin signaling (Kiefer et al., 2021; Virkamaki et al., 2001), suggesting
alterations in muscle lipid distribution and metabolism contribute to the pathogenesis of
insulin resistance (Kiefer et al., 2021; Virkamaki et al., 2001).

Effect of weight (fat) loss

Weight loss can have profound therapeutic effects on metabolic function, type 2 diabetes and
diabetes comorbidities (Cohen et al., 2020; Gomez-Ambrosi et al., 2017; Klein et al., 2002)
(Figure 2). Moderate 5%-10% weight loss improves glycemic control, plasma triglyceride
and HDL-cholesterol concentrations and blood pressure (Wing et al., 2011). Greater weight
loss can achieve diabetes remission, but the rate of remission depends primarily on the
duration of diabetes, the ability of weight loss to improve p-cell function, and the criteria
used to define remission (Camastra et al., 2011; Taylor et al., 2018). The ability of weight
loss to induce diabetes remission has been demonstrated in randomized controlled trials that
compared bariatric surgery with medical therapy: i) 73% of patients who had diabetes for
less than 2 years achieved diabetes remission (defined as glycated hemoglobin [HbAlc]
<6.2% without diabetes medications) at 24 months after laparoscopic adjustable gastric
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banding and 20% weight loss (Dixon et al., 2008); ii) 42% of patients who had diabetes for
a mean of 8 years achieved diabetes remission (defined as HbAlc <6.0% without diabetes
medications) at 12 months after Roux-en-Y gastric bypass surgery and 28% weight loss
(Schauer et al., 2012); and iii) 75% of patients who had diabetes for a mean of 6 years
achieved diabetes remission (defined as HbAlc <6.5% without diabetes medications) at

24 months after Roux-en-Y gastric bypass surgery and 33% weight loss (Mingrone et al.,
2012). However, the durability of diabetes remission after bariatric surgery decreases over
time and is associated with weight regain; only about 50% of patients maintain remission
of diabetes (defined as no diabetes medications and either fasting plasma glucose <100
mg/dL or <126 mg/dL, or HbAlc <6.0%) 5 to 10 years after surgery (Arterburn et al., 2013;
Brethauer et al., 2013; Sjostrom et al., 2004).

Recently, the ability to induce diabetes remission with a structured weight management
program incorporated into a medical care setting was demonstrated by the DIRECT trial
(Lean et al., 2018; Lean et al., 2019). This cluster-randomized trial was conducted within
primary care practices in the United Kingdom in patients with type 2 diabetes diagnosed in
the previous 6 years (mean 3 years) and not being treated with insulin. Diabetes remission
(defined as HbAlc <6.5% [<48 mmol/mol] without diabetes medications) was achieved in
46% of patients at the end of 12 months and an average weight loss of approximately 10%
(10 kg). Remission varied with the amount of weight loss and occurred in 7% of participants
who lost 0-5 kg, 34% who lost 5-10 kg, 57% of participants who lost 10-15 kg, and 86% of
participants who lost 15 kg or more.

In contrast to weight (fat) loss achieved by negative energy balance induced by bariatric
surgery, diet therapy, or pharmacotherapy, surgical removal of adipose tissue does not
result in metabolic benefits. For example, the removal of large amounts of subcutaneous
abdominal adipose tissue (10 kg of adipose tissue which was equal to a 12% body weight
loss and a decrease in 20% of total body fat mass) by using liposuction does not improve
adipose tissue, liver or skeletal muscle insulin sensitivity or plasma lipids in women with
obesity or obesity with type 2 diabetes (Klein et al., 2004), and removing approximately
30% of intra-abdominal adipose tissue by laparoscopic omentectomy does not improve
whole-body insulin sensitivity in people with obesity and type 2 diabetes (Fabbrini et al.,
2010b). These results demonstrate that fat loss must be induced by negative energy balance
to achieve metabolic benefits.

Weight loss has potent effects on insulin action and even 5% weight loss improves
multiorgan (adipose tissue, liver and skeletal muscle) insulin sensitivity (Lim et al., 2011;
Magkos et al., 2016). However, the degree of functional improvement in response to a
given amount of weight loss is not the same among all organs, and the amount of weight
loss needed to achieve maximum metabolic benefits among different organs systems is
not clear, and will likely differ from person-to-person based on the severity and duration
of the metabolic abnormality. In general, insulin sensitivity in the liver (insulin-mediated
suppression of glucose production) and adipose tissue (insulin-mediated suppression of
lipolysis) are probably maximally improved with 5%-8% weight loss, whereas greater
amounts of weight loss cause a further increase in skeletal muscle insulin sensitivity
(insulin-mediated increase in glucose disposal) (Magkos et al., 2016; Petersen et al., 2005).
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Large weight loss can achieve remission of type 2 diabetes. For example, in the DIRECT
trial, 57% of participants who lost 10%-15% body weight and 86% of participants who lost
>15% body weight achieved remission of their diabetes (Lean et al., 2018).

The cellular mechanisms responsible for the therapeutic effects of weight loss on metabolic
function are not clear. Adipose tissue is very responsive to negative energy balance and

a decrease in body weight. A progressive increase in diet-induced weight loss causes

a progressive decrease in whole-body, subcutaneous and intra-abdominal adipose tissue
masses due primarily to a decrease in adipocyte size. Progressive weight loss also causes
progressive changes in adipose tissue biology, manifested as a stepwise down-regulation of
metabolic pathways and genes involved in lipid synthesis, extracellular matrix remodeling
and collagen synthesis, plasminogen activator inhibitor-1 (PAI-1) production and oxidative
stress (Magkos et al., 2016). However, the improvement in multi-organ insulin sensitivity
after 5% weight loss is usually not associated with a decline in either circulating or
subcutaneous adipose tissue markers of inflammation, suggesting the beneficial effect of
5% weight loss on insulin action is not mediated by a reduction in systemic or adipose
tissue markers of inflammation. Progressive weight loss also causes a progressive decline in
intrahepatic triglyceride content and improvement in liver histological features of NAFLD.
In fact, intrahepatic triglyceride is particularly sensitive to negative energy balance; even 48
hours of treatment with a low-calorie diet causes a large decrease in intrahepatic triglyceride
content (Kirk et al., 2009). The sensitivity of adipose tissue and the liver to small decreases
in body weight suggest the therapeutic effects of weight loss are mediated, at least in part,
by alterations in adipose tissue and liver physiology and the effect of adipose tissue on
systemic signaling mechanisms, such as adiponectin, PAI-1 and exosomes released from
adipose tissue.

Conclusions

Obesity, particularly when associated with increased abdominal and intra-abdominal fat
distribution and increased intrahepatic and intramuscular triglyceride content, is a major risk
factor for prediabetes and type 2 diabetes because it causes both insulin resistance and p-cell
dysfunction. Accordingly, the worldwide increase in the prevalence of obesity has led to

the concomitant increase in the prevalence of type 2 diabetes. A better understanding of the
mechanisms responsible for the adverse effects of excess body fat on the factors involved

in the pathogenesis of type 2 diabetes can lead to novel therapeutic interventions to prevent
and treat this debilitating disease. A series of studies conducted in mouse models and in
people have demonstrated alterations in adipose tissue biology that link obesity with insulin
resistance and B-cell dysfunction. These alterations include adipose tissue fibrosis (increased
rates of fibrogenesis and expression of genes involved in extracellular matrix formation),
inflammation (increased proinflammatory macrophage and T cell content and the production
of PAI-1), and the production of exosomes that can induce insulin resistance. However, none
of these factors can influence systemic metabolic function without a mechanism for adipose
tissue communication with other organs. It is possible that several adipose tissue secretory
products that are released into the bloodstream, including PAI-1, adiponectin, FFAs and
exosomes, are involved in this signaling process, but additional research is needed to fully
assess their clinical importance. In addition, it is also likely that cross-talk among adipose
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tissue, the liver, muscle and pancreatic islets contribute to insulin resistance and hepatic
steatosis (Figure 3). Decreasing body fat mass by inducing a negative energy balance, not
by surgical removal, can ameliorate or normalize obesity-induced metabolic dysfunction and
can even achieve diabetes remission if there is adequate restoration of p-cell function.
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Klein et al. examine the cellular and physiological mechanisms that explain why people
with obesity develop metabolic dysfunction and type 2 diabetes. They also review the
effects of weight loss, induced by negative energy balance, on adipose tissue biology and
multi-organ system function that can cause remission of diabetes.
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Multi-organ therapeutic effects of weight loss
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Figure 3.
Inter-organ cross-talk in the pathogenesis of metabolic dysfunction in people with obesity.

CO2 = carbon dioxide, HSC = hepatic stellate cell, FFA = free fatty acid, PAI-1 =
plasminogen activator inhibitor-1, TG = triglyceride, TGRL = triglyceride-rich lipoprotein,
VLDL = very-low-density lipoprotein.
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