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Abstract

* Type 2 diabetes is characterized by multiple pathophysiologic abnormalities
which collectively have been referred to as the Ominous Octet:
— Muscle insulin resistance — reduced glucose uptake
— Hepatic insulin resistance — excessive glucose production
— Adipocyte insulin resistance — accelerated lipolysis and elevated circulating
levels of FFA and insulin-resistance provoking adipocytokines
— Progressive p-cell failure and apoptosis
— Increased alpha cell secretion of glucagon and increased hepatic sensitivity to
glucagon
— Reduced incretin effect due to beta cell resistance to GLP-1 and GIP
— Increased renal glucose production
— Elevated renal tubular glucose reabsorption
— Brain insulin resistance and altered neurotransmitter dysfunction leading to
impaired appetite suppression and weight gain.
* Insulin resistance in muscle and liver are the earliest detectable abnormalities
in the natural history of type 2 diabetes.
* With time, progressive p-cell failure ensues and, in the presence of insulin
resistance, individuals progress from normal glucose tolerance to impaired
glucose tolerance to overt type 2 diabetes.

Keywords
Pathophysiology of T2DM - Insulin resistance - Beta cell failure - Liver, muscle,
adipocyte - Ominous octet

Key Points

» Type 2 diabetes is characterized by multiple pathophysiologic abnormalities
which collectively have been referred to as the Ominous Octet:
— Muscle insulin resistance — reduced glucose uptake
— Hepatic insulin resistance — excessive glucose production
— Adipocyte insulin resistance — accelerated lipolysis and elevated circulating
levels of FFA and insulin-resistance provoking adipocytokines
— Progressive p-cell failure and apoptosis
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— Increased alpha cell secretion of glucagon and increased hepatic sensitivity to
glucagon
— Reduced incretin effect due to beta cell resistance to GLP-1 and GIP
— Increased renal glucose production
— Elevated renal tubular glucose reabsorption
— Brain insulin resistance and altered neurotransmitter dysfunction leading to
impaired appetite suppression and weight gain.
* Insulin resistance in muscle and liver are the earliest detectable abnormalities in
the natural history of type 2 diabetes.
* With time, progressive p-cell failure ensues and, in the presence of insulin
resistance, individuals progress from normal glucose tolerance to impaired glu-
cose tolerance to overt type 2 diabetes.

Maintenance of Normal Glucose Homeostasis

In order to appreciate the multiple pathophysiologic disturbances responsible for the
development of impaired glucose metabolism in individuals with type 2 diabetes
mellitus (T2DM), a review of the whole body, organ, and cellular mechanisms
involved in the maintenance of normal glucose homeostasis in the postabsorptive
state (10—12-h overnight fast) and following ingestion of a typical mixed meal is
warranted (DeFronzo 1998, 1997, 2009; DeFronzo and Ferrannini 2010). During the
sleeping and throughout the postabsorptive state, the great majority of total body
glucose disposal takes place in insulin independent tissues, primarily the brain and
other neural tissues which account for ~50% of all glucose utilization. Brain glucose
utilization is insulin independent and saturates at a plasma glucose concentration of
~40 mg/dl (DeFronzo and Ferrannini 2010; Grill 1990). Since the normal fasting
plasma glucose (FPG) concentration is ~70-80 mg/dl, this provides a large window
of protection against cerebral neuroglycopenia. During the postabsorptive state,
~25% of glucose disposal takes in the splanchnic area (liver plus gastrointestinal
tissues) and is insulin independent. Insulin-dependent tissues, primarily muscle and
to a lesser extent adipose tissue, account for the remaining ~25% of glucose
utilization. Basal glucose utilization averages ~2.0 mg/kg per min and is precisely
matched by the rate of endogenous glucose production. Approximately 85% of
endogenous glucose production is contributed by the liver and the remaining
~15% by the kidney. The ratio of insulin to glucagon in the portal circulation is
the primary regulator of hepatic glucose production (Cherrington 1999), while in the
kidney insulin is primary regulator of renal glucose production (Meyer et al. 1998a).
Glucagon has been reported to have no effect on renal glucose production (Stumvoll
et al. 1998). Glycogenolysis and gluconeogenesis contribute approximately equally
to the basal rate of hepatic glucose production, while gluconeogenesis is responsible
for all of renal glucose production (Cherrington 1999; Gerich et al. 2001).
Following ingestion of glucose or a mixed meal, the plasma glucose concentra-
tion rises resulting in the stimulation of insulin secretion by the pancreatic beta cells
(DeFronzo and Ferrannini 2010; Ferrannini and DeFronzo 2015). The combination
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of hyperinsulinemia and hyperglycemia (i) stimulates glucose uptake by splanchnic
(liver and gut) and peripheral (muscle and adipose) tissues and (ii) suppresses
endogenous (hepatic and renal) glucose production (DeFronzo 1998, 1997, 2009;
DeFronzo and Ferrannini 2010, 1987; Ferrannini and DeFronzo 2015; DeFronzo
etal. 1985, 1981; Ferrannini et al. 1985; Mandarino et al. 2001). Muscle accounts for
the majority (~80-85%) of glucose uptake by peripheral tissues, with a small amount
(~5%) being disposed of by adipocytes. Although fat accounts for only a small
amount of glucose disposal, it contributes to the maintenance of total body glucose
homeostasis by regulating the release of free fatty acids (FFA) from stored triglyc-
erides and through the production of adipocytokines that influence insulin sensitivity
in muscle and liver (Bays et al. 2004; Groop et al. 1989; Bergman 2000). Lipolysis is
highly sensitive to insulin, and the rise in plasma insulin concentration following
glucose/meal ingestion results in a decline in plasma FFA concentration (Groop et al.
1989). FFA inhibit glucose uptake in muscle and stimulate hepatic glucose produc-
tion (Belfort et al. 2005; Bajaj et al. 2005; Groop et al. 1991). As the plasma FFA
concentration declines following glucose/meal ingestion, muscle glucose uptake is
increased and hepatic glucose production is inhibited. Thus, the reduction in plasma
FFA concentration in response to the increases in plasma insulin and glucose
concentrations plays an important role in the maintenance of normal glucose homeo-
stasis (Bays et al. 2004; Groop et al. 1989; Bergman 2000; Belfort et al. 2005).
Glucagon secretion by the alpha cell also plays a central role in the regulation of
fasting and postprandial glycemic (Cherrington 1999; Baron et al. 1987). During
fasting conditions, approximately half of total hepatic glucose output is dependent
upon glucagon, and inhibition of basal glucagon secretion with somatostatin reduces
hepatic glucose output and plasma glucose concentration. After a meal glucagon
secretion is inhibited by insulin, and the decline in plasma glucagon plays a pivotal
role in the suppression of hepatic glucose production and maintenance of normal
postprandial glucose tolerance. If, following a meal, glucose enters from both the
liver and gastrointestinal tract, postprandial hyperglycemia will ensue. Within the
pancreas, approximately 70% of the beta cells are in direct communication with
nonbeta cells, including alpha cells, through gap junctions containing connexin
proteins (Bosco et al. 2010; Orci et al. 1975; Benninger and Piston 2014). In
addition, beta cells can influence alpha cell secretion via intraislet blood flow (Jain
and Lammert 2009). Thus, the local paracrine effect of insulin, as well as the rise in
circulating plasma insulin concentration, conspires to inhibit glucagon secretion.
Following oral glucose administration, the amount of insulin which is secreted is
2.5-3 fold greater than if glucose were given intravenously to mimic the plasma
glucose concentration observed following glucose ingestion. This is referred to as
the incretin effect and is related to the release of glucagon-like peptide-1 (GLP-1)
from the L cells in the distal small bowel/large intestine and glucose-dependent
insulinotropic polypeptide (previously called gastric inhibitory polypeptide) (GIP)
from the K cells in the early part of the small intestine (Drucker 2006, 2013; Holst
2007; Nauck and Meier 2016). Collectively, GLP-1 plus GIP account for 60—70% of
the insulin that is secreted during a meal. All nutrients (glucose, protein, fat)
stimulate GLP-1 and GIP secretion, but glucose is the most potent. GLP-1, but not
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GIP, also inhibits glucagon secretion, and the decline in plasma glucagon concen-
tration contributes to suppression of hepatic glucose production following meal
ingestion. Within minutes after ingestion of a meal, circulating levels of GLP-1
and GIP increase. This occurs long before nutrients can reach the K cells in the
duodenum and the L cells in the more distal intestine. This rapid release of GLP-1
and GIP is mediated via neural impulses that are carried to the hypothalamus and
back to the intestinal cells via the vagus nerve (Nauch and Meier 2016). GLP-1 and
GIP bind to their respective receptors on the f cell, leading to activation of adenyl
cyclase and an increase in insulin secretion (Drucker 2006, 2013; Holst 2007; Nauck
and Meier 2016). Importantly, the stimulation of insulin secretion by GLP1 and GIP
is glucose-dependent; that is, insulin release is augmented in the presence of
hyperglycemia and wanes as the blood glucose concentration returns to
normoglycemic levels. Similarly, the inhibitory effect of GLP-1 on glucagon secre-
tion wanes as the plasma glucose concentration returns to its baseline level, allowing
hepatic glucose production to increase, thereby preventing hypoglycemia.

The route of glucose entry into the body also plays an important role in glucose
homeostasis (Cherrington 1999; DeFronzo et al. 1978a; Ferrannini et al. 1980). IV
glucose exerts a modest effect to increase splanchnic glucose uptake, and the
increase in SGU is directly proportional to the increase in plasma glucose concen-
tration (DeFronzo et al. 1985). Similarly, intravenous insulin exerts only a small
stimulatory effect on splanchnic (liver plus gut) glucose uptake. In contrast, when
glucose is ingested, splanchnic glucose uptake increases markedly in direct propor-
tion to the negative hepatic artery-portal vein glucose concentration gradient
(Cherrington 1999). As this gradient widens, a neural reflex is activated in which
vagal activity is enhanced and sympathetic nerves innervating the liver are inhibited.
These neural changes stimulate hepatic glycogen synthase, inhibit glycogen phos-
phorylase, and augment liver glucose uptake and glycogen formation. Consequently,
following oral glucose administration, splanchnic tissues remove ~30—40% of the
ingested glucose. This is in marked contrast to IV glucose/insulin administration,
where muscle accounts for the majority (~85%) of glucose disposal.

Natural History of Prediabetes and Type 2 Diabetes

Type 2 diabetes mellitus (T2DM) occurs in a two-step process in which insulin
resistant-normal glucose tolerant (NGT) individuals progress to “prediabetes”
(impaired glucose tolerance [IGT] and impaired fasting glucose [IFG]) and then to
overt type 2 diabetes (DeFronzo 1998, 2009; Weyer et al. 1999; Lyssenko et al.
2005; Jallut et al. 1990; Saad et al. 1991; Kahn et al. 2014; Kanat et al. 2015). The
progression from NGT to “prediabetes” to diabetes is characterized by worsening
beta cell failure, and overt type 2 diabetes becomes established when the compen-
satory increase in insulin secretion no longer is sufficient to offset the underlying
insulin resistance (DeFronzo 2009). Thus, in ethnic populations where insulin
resistance is mild-moderate, i.e., Asians, beta cell failure must be quite severe before
overt T2DM becomes manifest (Abdul-Ghani et al. 2007a; Yang and Weng 2014). In
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contrast, in ethnic populations where insulin resistance is more severe, a more
modest degree of beta cell failure will lead to the development of diabetes. It also
should be emphasized that the cut points for the diagnosis of diabetes are quite
arbitrary and not based upon the pathophysiologic disturbances that characterize the
disease. Thus, the 2-h plasma glucose concentration of >200 mg/dl is based upon
~10% of the diabetic population having proliferative retinopathy. Although no one
would argue that such individuals have diabetes, it is obvious that the diabetic state
must have been present long before the onset of proliferative retinopathy. Consistent
with this, prediabetic individuals have an incidence of peripheral neuropathy, micro-
albuminuria, and background retinopathy that ranges from 10% to 20% (Group
DPPR 2007; Nagi et al. 1997; Plantinga et al. 2010; Bongaerts et al. 2012). Thus, the
microvascular complications are present long before the diagnosis of diabetes is
established by current criteria. A more rational approach would be to establish the
diagnosis of diabetes based upon its pathophysiology (DeFronzo 2009), although the
practicality of this approach is difficult since the requisite clinical tools to quantitate
the underlying core defects, i.e., insulin resistance and beta cell failure, are not
currently available in clinical practice.

The natural history of T2DM has been well described in multiple populations
(DeFronzo 1998, 2009; Lyssenko et al. 2005; Jallut et al. 1990; Kahn et al. 2014;
Saad et al. 1989, 1988; Martin et al. 1992; Haffner et al. 1995; Lillioja et al. 1993;
Dowse et al. 1996; Weyer et al. 2001; Eriksson et al. 1989) and is reviewed in
references (DeFronzo 2009; Kahn et al. 2014; and DeFronzo and Abdul-Ghani
2011). Individuals destined to develop T2DM inherit a set of genes from their
parents that make their tissues resistant to insulin (DeFronzo 1998, 1997, 2009;
Gulli et al. 1992; Groop and Lyssenko 2008; Pratipanawatr et al. 2001; Pendergrass
et al. 2007; DeFronzo et al. 2015; Fuchsberger et al. 2016), although the genetic
basis of the insulin resistance remains largely undefined. With the advent of genome-
wide association studies, more than 100 SNPs (single nucleotide polymorphisms) in
genes have been linked to T2DM (Morris et al. 2012). Most of these SNPs are in
introns and would be best referred to as genetic loci rather than genes. The mech-
anisms by which these loci increase the risk for T2DM remain largely undefined.
Thus, SNPs in the TCF7L2 gene most consistently have been found in T2DM
patients (Grant et al. 2006; Lyssenko et al. 2007), yet it remains undefined how
these SNPs disrupt glucose metabolism and cause diabetes. Exceptions are a few
variants in exons which influence gene function, i.e., SLC30A8 (encodes a zinc
transporter that is required for insulin storage in beta cells), KCNJ11 (encodes ATP-
dependent potassium channel), GCKR (encodes a glucokinase regulatory protein),
and PPARY (encodes nuclear transcription factor that regulates genes involved in
insulin action) (Morris et al. 2012; Flannick et al. 2014; Sladek et al. 2007; Diabetes
Genetics Initiative of Broad Institute of Harvard and MIT et al. 2007; Deeb et al.
1998). With the exception of the later, most of these known exonic SNPs are
associated with beta cell function. When viewed in toto, these genetic variants
account for, at most, only 10-20% of the risk for diabetes (DeFronzo et al. 2015;
Morris et al. 2012). Further, 54% of nondiabetic individuals carry these risk variants
for T2DM (Morris et al. 2012). In a prospective study of ~2700 individuals followed
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for 8 years, all individuals became progressively more obese, but only those with
high genetic risk (>12 risk alleles) developed diabetes because of an inability to
augment insulin secretion sufficiently to offset the obesity-associated insulin resis-
tance (Lyssenko et al. 2008). Although genes play a major role in the development of
T2DM, the majority of the heritability (85%) cannot be accounted for by currently
known SNPs. Alternative explanations for the high heritability of T2DM include
gene-environment interactions and epigenetic modifications (DNA methylation and
chromatin modifications) (DeFronzo et al. 2015).

The insulin resistance involves the muscle, liver, and adipocytes (DeFronzo 1998,
1997, 2009). Hepatic insulin resistance is manifested by overproduction of glucose
during the postabsorptive state despite the presence of fasting hyperinsulinemia
(DeFronzo et al. 1989) and impaired suppression of hepatic glucose production
(HGP) by insulin (Groop et al. 1989), as occurs following a meal (Ferrannini et al.
1988). Muscle insulin resistance (DeFronzo et al. 1985, 1979a; Groop et al. 1989;
Pendergrass et al. 2007; Bajaj and DeFronzo 2003) is manifest by impaired glucose
uptake following carbohydrate ingestion and results in postprandial hyperglycemia
(Groop et al. 1989). Although the insulin resistance has a strong genetic background
(DeFronzo 1997; Groop and Lyssenko 2008; Morino et al. 2005), the current
explosion of diabetes that has enveloped Westernized countries primarily results
from the epidemic of obesity and physical inactivity (James 2008). Both obesity
(DeFronzo et al. 1978b) and physical inactivity (Koivisto and DeFronzo 1986) are
insulin-resistant states and, when superimposed on the genetic component of insulin
resistance, place a major stress on the pancreatic 3 cells to augment their secretion of
insulin to offset the defect in insulin action (DeFronzo 1998, 1997, 2009; Saad et al.
1991; Kahn et al. 2014; Kanat et al. 2015; Diamond et al. 1995). Initially, the
pancreatic f cells respond by augmenting their secretion of insulin to offset the
insulin resistance and glucose tolerance remains normal. However, with time the f
cells begin to fail, resulting in postprandial plasma hyperglycemia followed by
fasting hyperglycemia and eventually overt diabetes (DeFronzo 1998, 1997, 2009;
Saad et al. 1991; Kahn et al. 2014; Kanat et al. 2015; Bergman et al. 2002; Kahn
2003). Collectively, the insulin resistance in muscle and liver and B-cell failure
comprise the Triumvirate (DeFronzo 1998). The resultant hyperglycemia
(glucotoxicity) (Rossetti et al. 1990; Yki-Jarvinen and DA 2015) and accumulation
of fat and toxic lipid metabolites in muscle/liver (lipotoxicity) (Bays et al. 2004,
2008) cause a further decline in insulin sensitivity, but it is the progressive p-cell
failure that determines the rate of disease progression.

Over the last 50 years, the incidence of T2DM has increased epidemically. This
cannot be explained by an abundance of novel genetic mutations and clearly is
associated with the epidemic of obesity (James 2008) and lipotoxicity (Bays et al.
2004, 2008), which cause insulin resistance in muscle and liver and promote beta
cell failure (DeFronzo 1998, 2009).

The relative contributions of insulin resistance and p-cell failure to the develop-
ment of T2DM vary among different ethnic groups (Abdul-Ghani et al. 2007a; Yang
and Weng 2014). However, progressive p-cell failure superimposed upon a back-
ground of genetic/acquired insulin resistance represents the core pathophysiologic
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defects responsible for the development of overt diabetes (DeFronzo 1998, 1997,
2009; Kahn et al. 2014; Bergman et al. 2002; Kahn 2003).

The natural history of T2DM is depicted by a prospective 6-year study carried out
by Felber and colleagues (Jallut et al. 1990) (Fig. 1). In this European population,
subjects had a euglycemic insulin clamp to quantitate insulin sensitivity and an oral
glucose tolerance test (OGTT) to characterize glucose tolerance and provide a
measure of insulin secretion. Weight gain was associated with the development of
insulin resistance, but glucose tolerance remained normal because of a compensatory
increase in insulin secretion. With time the obese NGT individuals progressed to
impaired glucose tolerance (IGT) in association with a further worsening of the
insulin resistance. Although the rise in plasma glucose concentration is modest,
people with IGT are in a very precarious position, since they are maximally/near-
maximally insulin resistant and their p-cell function is severely impaired even
though, in absolute terms, their plasma insulin response is increased (DeFronzo
1998, 2009). However, it is important not to equate insulin secretion with beta cell
function. These are two very different physiologic parameters and this distinction
will be discussed below. With time, the p cells cannot maintain their high insulin
secretory rate and obese IGT individual progresses to overt diabetes as the result of a
marked decrease in insulin secretion without further or minimal change in insulin
sensitivity (Fig. 1). This inverted U-shaped curve describing the relationship
between the plasma insulin response and increase in plasma glucose concentration
has been referred to as Starling’s curve of the pancreas (DeFronzo 1998) and is
characteristic of the natural history of T2DM in many diverse ethnic populations
(DeFronzo 1998; DeFronzo 2009; Lyssenko et al. 2005; Jallut et al. 1990; Kahn et al.
2014; Saad et al. 1989; Martin et al. 1992; Saad et al. 1988; Haffner et al. 1995;
Lillioja et al. 1993; Dowse et al. 1996; Weyer et al. 2001; Eriksson et al. 1989;
DeFronzo and Abdul-Ghani 2011; UK Prospective Diabetes Study (UKPDS) Group
1998; Levy et al. 1998) and during the development of diabetes in primates (Hansen
and Bodkin 1986; Guardado-Mendoza et al. 2009).

Beta-Cell Function and Insulin Secretion

Early in the natural history of T2DM, the plasma insulin response to hyperglycemia
is increased as the beta cells increase their secretion of insulin in an attempt to offset
the underlying insulin resistance (Fig. 1). However, the hyperinsulinemic response
should not be interpreted to mean that the f cell is functioning normally. To the
contrary, it is now clear that the p-cell failure occurs much earlier in the natural
history of T2DM and is more severe than previously appreciated. In the San Antonio
Metabolism (SAM) study and Veterans Administration Genetic Epidemiology Study
(VAGES) (DeFronzo 2009; Gastaldelli et al. 2004; Ferrannini et al. 2005; Abdul-
Ghani et al. 2006a, b), NGT (n = 318), 259 IGT (n = 259), and T2DM (n = 201)
subjects had an OGTT to evaluate overall glucose tolerance and insulin secretion and
a euglycemic insulin clamp to measure insulin sensitivity. Simply measuring the
plasma insulin response to a glucose challenge does not provide a valid index of f-
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cell function (Ahrén and Taborsky 2003). The B cell responds to an increment in
plasma glucose (AG) with an increment in plasma insulin (AI) (Ahrén and Taborsky
2003). Thus, a better measure of B-cell function is AI/AG. However, the p cell also
recognizes the severity of insulin resistance and adjusts its secretion of insulin to
offset the defect in insulin action (DeFronzo 1998; Kahn et al. 2014; Diamond et al.
1995; Ahrén and Taborsky 2003; Reaven et al. 1989; Bergman 1989). Thus, the gold
standard measure of f-cell function is the insulin secretion/insulin resistance
(AI/AG =+ IR), or so-called disposition, index.

If one plots the insulin secretion/insulin resistance index (AI/AG -+ IR) in NGT,
IGT, and T2DM subjects as a function of the 2-h plasma glucose concentration
(OGTT), it can be seen that the decline in beta cell function begins long before the
onset of “prediabetes” (DeFronzo 2009; Gastaldelli et al. 2004; Ferrannini et al.
2005; Abdul-Ghani et al. 20064, b). Subjects in the upper tertile of “normal” glucose
tolerance (2-h PG = 120-139 mg/dl) have lost two-thirds of their p-cell function,
while subjects in the upper tertile of IGT (2-h PG = 180-199 mg/dl) have lost
~80-85% of their B-cell function. Similar results have been described in other
populations (Saad et al. 1989, 1988; Weyer et al. 2001; Ferrannini et al. 2011;
American Diabetes Association 2008). Most biomedical phenomena occur as a log
function (Fig. 2). When the natural log of the 2-h plasma glucose concentration
(OGTT) is plotted against the natural log of the insulin secretion/insulin resistance
(B-cell function) index, these two variables are strongly and linearly related
(r =0.91, p < 0.00001), and it is not possible to define cut points that distinguish
NGT from IGT or IGT from T2DM. Rather, glucose intolerance is a continuum, and
subjects move up and down this curve as a function of the insulin secretion/insulin
resistance index. Therefore, the current diagnostic criteria (Zimmet et al. 1978) for
IGT and T2DM are quite arbitrary and glucose tolerance should be viewed as a
continuum of risk. The higher the 2-h plasma glucose concentration, even within the



190 R. A. DeFronzo

o
-I-
o
|
O
q
7}
=z
| X
@,
M L 5—s—2-Hour PG
V S PP S S DS S  (moldl)
S F g S (Mo
NGT IGT T2DM

Fig. 2 Insulin secretion/insulin resistance (disposition) index (defined as increment in insulin/
increment in glucose - insulin resistance [AINS/AGLU = IR]) in individuals with normal glucose
tolerance (NGT), impaired glucose tolerance (IGT) and type 2 diabetes mellitus (T2DM) as a
function of the 2-h plasma glucose (PG) concentration in lean (circles) and obese (squares) subjects.
(From Diabetes 58:773-795, 2008)

range of IGT, the greater is the risk for microvascular complications. Further, as a
predictor of future development of T2DM, a 1-h plasma glucose concentra-
tion > 150 mg/dl during the OGTT is a much better predictor than the 2-h plasma
glucose (Abdul-Ghani et al. 2006c, 2007b, 2009a; Abdul-Ghani and DeFronzo
2009).

Although the insulin secretion/insulin resistance (disposition) index has proven
useful in understanding the progression from NGT to IGT to T2DM, it should be
emphasized that the plasma insulin response during the OGTT is the composite of
two variables which move in opposite directions: (i) insulin secretion by the beta
cells and (ii) metabolic clearance rate of insulin. Thus, the curvi-linear relationship
between ([AI/AG] = IR) and (2-h PG) during the OGTT is lost if AC-peptide is
substituted for Al (DeFronzo et al. 2014). This indicates that the linear relationship
between the log of these two variables holds only if one uses the incremental plasma
insulin response during the OGTT. Stated otherwise, the body is capable of reading
the severity of insulin resistance and adjusting insulin secretion, insulin clearance, or
the composite of the two to achieve a plasma insulin concentration that offsets the
underlying insulin resistance (DeFronzo et al. 2014). This is consistent with the well-
established observation that the metabolic clearance rate of insulin is reduced in
insulin resistant states (Jones et al. 1997; Flier et al. 1982).

Beta Cell Glucose Sensitivity and Rate Sensitivity

A characteristic defect in the patient with T2DM is the “blindness” of the beta cell to
a rise in plasma glucose concentration. When beta cell function is evaluated using
glucose sensitivity (i.e., slope of the insulin secretion/plasma glucose dose response
during the OGTT or hyperglycemic clamp), the slope is markedly reduced (Fig. 3)
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Fig. 3 Plot of insulin secretion rate against the concomitant plasma glucose concentration in
subjects with normal glucose tolerance (NGT), impaired glucose tolerance (IGT), and type 2
diabetes (T2D) by quartile of fasting hyperglycemia. The mean slope of the fitting functions
measures B-cell glucose sensitivity. (Source: Ferrannini et al., J Clin Endocrinol Metab
90:493-500, 2005)

(DeFronzo et al. 2015, 2014; Ferrannini et al. 2005; Marachett and Ferrannini 2015;
Mari et al. 2002). The decline in beta cell glucose sensitivity is a continuum, starting
within the range of normal glucose tolerance and progressively deteriorating as
subjects move to IGT and then to T2DM (Fig. 3). Reduced glucose sensitivity is a
powerful predictor of the development of diabetes, independent of insulin resistance
and other classic phenotype predictors (Mari et al. 2002). Although decreased
glucose sensitivity and reduced insulin secretion/insulin resistance index are uni-
formly observed in subjects with T2DM and IGT, they are numerically independent
of each other across the entire range of glucose tolerance (DeFronzo et al. 2014; Mari
et al. 2002; Ferrannini and Mari 2014, 2004). In animal models of diabetes,
decreased glucose transport and glucokinase activity have been shown to explain
the impairment in beta cell glucose sensitivity (Drucker 2006). In addition to the
defect in glucose sensitivity, the beta cell response to the rate of rise in plasma
glucose concentration also is impaired in T2DM patients, although this defect occurs
later in the natural history of diabetes and is not observed in IGT (Ferrannini et al.
2005).

Beta Cell Function in IGT and IFG

IGT and IFG are “prediabetic” states with a similar and high rate of progression to
T2DM (reviewed in reference (DeFronzo and Abdul-Ghani 2011) and (Ferrannini
and Mari 2014)). However, the pathophysiologic disturbances present in these two
prediabetic states are quite distinct (DeFronzo and Abdul-Ghani 2011; Abdul-Ghani
et al. 2006a, b, ¢, 2009a; Daniele et al. 2014; Kanat et al. 2012). IFG subjects
manifest a defect in the early insulin response (0—30 min) during the OGTT (and 1st
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phase [0—10 min] insulin response during IV glucose administration) and hepatic
insulin resistance. This results in an excessive early rise in plasma glucose during the
OGTT. However, since the late insulin response (60—120 min during the OGTT) is
intact and muscle insulin sensitivity is not impaired, the plasma glucose concentra-
tion at 2 h returns to its basal, albeit elevated level. Individuals with IGT have defects
in both the early (030 min) and late (60—120 min) plasma insulin response during
the OGTT (and 1st [0—10 min] and 2nd [10—120 min] phase insulin response during
IV glucose administration) and muscle insulin resistance. Thus, although the FPG
concentration is not increased in IGT subjects, following glucose ingestion the
plasma glucose concentration rises progressively and remains elevated after 2 h.
Both IGT and IFG individuals manifest impaired beta cell sensitivity to glucose
while rate sensitivity is intact (Ferrannini et al. 2005; DeFronzo et al. 2014).

In summary, beta cell function is severely impaired long before the onset of T2DM
and even before the development of IGT. Individuals in the upper tertile of IGT
(Gastaldelli et al. 2004; Ferrannini et al. 2005, 2011; Abdul-Ghani et al. 2006a, b)
have lost over 80% of their B-cell function, while subjects in the upper tertile of NGT
have lost over 50% of their p-cell function. Even more ominous are studies demon-
strating a significant reduction in p-cell mass in prediabetic (IFG/IGT) individuals
(Butler et al. 2003; Henquin and Rahier 2011; Stefan et al. 1982) with a further
decrease in p-cell mass with progression to overt diabetes (Butler et al. 2003; Henquin
and Rahier 2011; Stefan et al. 1982; Westermark and Wilander 1978; Sakuraba et al.
2002). This presents a major problem, since no therapeutic intervention has been
shown to increase p-cell mass in humans.

Type 2 Diabetes with Hypoinsulinemia

In typical T2DM individuals, hyperinsulinemia and insulin resistance precede the
onset of diabetes. However, severe insulin deficiency, with or without impaired
tissue insulin sensitivity, can lead to the type 2 diabetic phenotype, and this is best
exemplified by patients with maturity onset diabetes of youth (MODY) (Polonsky
1995; McCarthy and Froguel 2002; Steck and Winter 2011), which is characterized
by early age of onset, autosomal dominant inheritance with high penetrance, mild-to-
moderate fasting hyperglycemia, and impaired insulin secretion.

MODY-1 originally was described by Fajans and shown to result from a nonsense
mutation in exon 7 of the hepatic nuclear factor (HNF4a) gene, resulting in impaired
glycolysis in the beta cell (Bell et al. 1991). Subsequently, it was demonstrated that
MODY in French families resulted from mutations in the glucokinase gene on
chromosome 7p (MODY-2) (Vaxillaire and Froguel 2008). More than eight specific
mutations in different genes have been shown to cause MODY including glucoki-
nase and seven transcription factors (Polonsky 1995; McCarthy and Froguel 2002;
Steck and Winter 2011; Bell et al. 1991; Vaxillaire and Froguel 2008): MODY-
1 = HNF4a; MODY-2 = glucokinase; MODY-3 = HNFla; MODY-4 = insulin
promoter factor 1; MODY-5 = HNF1f; MODY-6 = neurogenic differentiation 1/f-
cell E-box transactivator 2; MODY-7 = KLF11 or Kruppel-like factor 11 that
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regulates Pdx1 transcription in f cells; MODY-8 = carboxyl-ester lipase gene.
HNFla, HNF1p, and HNF4a constitute a network of transcription factors that
function collectively during embryonic development and during adulthood to regu-
late insulin gene expression. The hallmark defect in MODY individuals is impaired
insulin secretion in response to glucose and other secretagogues. However, periph-
eral tissue resistance to insulin and abnormalities in hepatic glucose metabolism also
has been shown to play a role in the development of impaired glucose homeostasis
(Beck-Nielsen et al. 1988; Mohan et al. 1988). Although glucokinase mutations are
characteristic of MODY-2, genetic studies in typical older-onset type 2 diabetic
individuals have shown that glucokinase mutations account for less than 1% of the
common form of T2DM (Elbein et al. 1994). The characteristic phenotype of
glucokinase MODY is mild fasting hyperglycemia that is present at birth with little
deterioration with age and usually does not require treatment with antidiabetic
medications. Using graded glucose infusions, glucokinase mutations have been
shown to be associated with a right-shift in the insulin dose-response curve (Byrne
et al. 1994). Diabetes associated with mutations in the two most common transcrip-
tion factors, HNFla and HNFIB, is not present at birth, usually develops in
adolescents/young adults, is progressive requiring treatment, and is associated with
microvascular complications. A number of other transcription factor mutations have
been described in the PDX-1, NEURODI1, PAX4, and KLF11 genes, but they are
rare.

Mitochondrial gene mutations also have been associated with an insulinopenic
type of diabetes (Alcolado et al. 2002). Beta cells contain a mixture of normal and
mutated mitochondrial DNA referred to as heteroplasmy. The degree of hetero-
plasmy differs within tissues and within specific cell types but, if sufficiently severe,
can lead to impaired insulin secretion and T2DM. These mitochondrial mutations are
inherited maternally and usually associated with sensorineural deafness. The onset
of diabetes usually occurs in the third to fourth decade and is progressive, often
requiring insulin therapy.

Cerasi, Luft, Hales, and coworkers (Efendic et al. 1988; Davies et al. 1993; Cerasi
1995) have championed the view that insulin deficiency represents the primary
defect responsible for glucose intolerance in typical type 2 diabetic patients who
do not have glucokinase or other MODY mutations. Accordingly, these investigators
have described lean Caucasians with mild fasting hyperglycemia (<140 mg/dl,
7.8 mmol/L) who demonstrate a major defect in the early insulin response
(0-30 min) and insulin deficiency at all time points during an OGTT. A low plasma
insulin response has also been described in oriental populations including Japanese
(Abdul-Ghani et al. 2007a) and Chinese (Yang and Weng 2014; Li et al. 2004), who
present with typical T2DM. Unfortunately, few of these studies have provided
information about insulin sensitivity. However, the great majority of these individ-
uals have a low BMI (18-22 kg/m?), making it likely that they are insulin sensitive.
As discussed earlier, these individuals would require a major loss of beta cell
function and/or mass in order to develop overt T2DM. This does not mean that
they have more beta cell failure (as opposed to more insulin deficiency) than the
more typical obese T2DM patient encountered in Western societies. Thus, if one
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were to calculate the insulin secretion/insulin resistance index ([AI/AG] =+ IR), beta
cell function is likely to be similarly reduced to levels observed in typical obese
T2DM patients seen in the USA and Europe (Abdul-Ghani et al. 2007a).

Normal insulin sensitivity with severely impaired insulin secretion has been
demonstrated in a minority of T2DM individuals (Arner et al. 1991; Ferrannini et
al. 1997) and in some African American T2DM patients (Banjeri and Lebovitz 1992;
Mbanya et al. 2000). Thus, impaired insulin secretion, in the absence of or in the
presence of only mild/moderate insulin resistance, can lead to the development of
typical T2DM. However, in non-Asian populations, a pure p-cell defect resulting in
typical T2DM is uncommon.

First-Phase Insulin Secretion

When glucose is administered intravenously, insulin secretion is biphasic with an
early burst of insulin release within the first 10 min followed by a progressively
increasing phase of insulin secretion that persists as long as the hyperglycemic
stimulus is present (DeFronzo et al. 1979b). The beta cell response is determined
by: (i) glucose sensitivity, (ii) rate sensitivity, (iii) potentiation which includes
multiple factors: time related effect of hyperglycemia; enzymatic/molecular changes
within the beta cell, neurohormonal factors, i.e. GLP-1/GIP, autocrine effect of
insulin to stimulate its own release, change in plasma FFA/beta cell lipid levels,
etc. (Ferrannini et al. 2005; Mari et al. 2002; Ferrannini and Mari 2014, 2004).
Because of the more gradual rate of rise in plasma glucose concentration when
glucose is ingested, the 1st phase insulin response observed with IV glucose is not
observed (DeFronzo et al. 1979b). Although the early (0—30 min) insulin response
during the OGTT has been assumed to reflect the 1st phase insulin response to IV
glucose, this is more an assumption than proven fact. Loss of first-phase insulin
secretion is a highly characteristic and early abnormality in patients destined to
develop T2DM (DeFronzo 1998, 1997, 2009). Most T2DM subjects manifest a
reduction in early phase insulin secretion during the OGTT (0-30 min) and IVGTT
(0—-10 min). This early defect in insulin secretion becomes evident when the FPG
concentration exceeds >110-120 mg/dl (6.1-6.7 mmol/L) (DeFronzo 1998, 1997,
2009; Bergman et al. 2002; Kahn 2003; Abdul-Ghani et al. 2006a, b; Brunzell et al.
1976). The early defect in insulin secretion during the OGTT is most obvious if the
incremental plasma insulin response from 0 to 30 min is expressed relative to the
incremental plasma glucose response over the same time interval (Aly_3o/AGg_30).
The defect in 1st phase insulin secretion can be partially restored with tight meta-
bolic control with insulin (Li et al. 2004; Vague and Moulin 1982; Kosaka et al.
1980; Garvey et al. 1985; Weng et al. 2008), and these intensively insulin-treated
T2DM patients can maintain good glycemic control for many months, sometimes
years, after restoration of normoglycemia with no, or reduced dose of, antidiabetic
medication (Yang and Weng 2014; Li et al. 2004; Weng et al. 2008; Hu et al. 2011;
Park and Choi 2003). Normalization of plasma glucose levels and marked improve-
ment in beta cell function also have been reported after bariatric surgery (Ferrannini
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and Mingrone 2009; Nannipieri et al. 2011). These results indicate that, at least part
of, the defect is acquired secondary to metabolic decompensation (see subsequent
discussion on glucotoxicity and lipotoxicity). Loss of the first phase of insulin
secretion has important pathogenic consequences, since this early burst of insulin
primes insulin target tissues, especially the liver, that are responsible for the main-
tenance of normal glucose homeostasis (Luzi and DeFronzo 1989). If first phase
insulin secretion is abolished experimentally in humans, hepatic glucose production
fails to suppress normally and there is an excessive early rise in plasma glucose
following glucose ingestion.

Pathogenesis of 3-Cell Failure (Fig. 4)

Age. Numerous studies (Muller et al. 1996; Rosenthal et al. 1982) have demon-
strated that aging is associated with a modest decline in B-cell function, as well as
decrease in tissue sensitivity to insulin (DeFronzo 1979). This is consistent with the
well-established observation that the incidence of diabetes increases progressively
with advancing age. However, factors other than age play a more prominent role in
the progressive deterioration in f-cell function observed in T2DM.

Genes. T2DM and p-cell failure clusters in families, and studies in first-degree
relatives of T2DM parents and in twins have provided strong evidence for the
genetic basis of the p-cell dysfunction (Gautier et al. 2001; Vauhkonen et al. 1997;
Vaag et al. 1995). A number of genes, most notably transcription factors, have been
associated with p-cell dysfunction and T2DM in multiple ethnic populations (Groop
and Lyssenko 2008; DeFronzo et al. 2015; Fuchsberger et al. 2016; Morris et al.
2012; Grant et al. 2006; Lyssenko et al. 2007; Flannick et al. 2014; Sladek et al.
2007; Helgason et al. 2007; Steinthorsdottir et al. 2007; Ahlqvist et al. 2011;
Imamura and Maeda 2011; Kahn et al. 2012; Teo et al. 2015). In Finnish families
with T2DM impaired insulin secretion is an inherited trait with evidence for a
susceptibility locus on chromosome 12 (Watanabe et al. 1999). Of the genes
associated with beta cell failure, the transcription factor TCF7L2 is best established
(Grant et al. 2006; Helgason et al. 2007). Lyssenko et al. (Lyssenko et al. 2007) have
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shown that the T-allele of single nucleotide polymorphism rs7903146 of the
TCF7L2 gene is associated with impaired insulin secretion in vivo and reduced
responsiveness to glucagon-like peptide 1 (GLP-1). Further, both the CT and TT
genotypes predict T2DM in multiple ethnic groups (Cauchi et al. 2006). In the
Malmé and Botnia studies, both the CT and TT genotypes were associated with a
decrease in diabetes-free survival time (Lyssenko et al. 2007). TCF7L2 encodes for
a transcription factor involved in Wnt signaling, which plays a central role in the
regulation of fp-cell proliferation and insulin secretion and is essential for Wnt
signaling (Welters and Kulkarni 2008). This has important clinical implications
since the stimulatory effect of GLP-1 receptor agonists is mediated via the Wnt
signaling pathway. A number of other transcription factors also have been associated
with impaired insulin secretion in T2DM including GCK, a gene responsible for
MODY-2; SLC30AS, a zinc transporter involved in maintaining the appropriate
amount of zinc in P-cell secretion granules; KCNJ11 and ABCC8 which encode the
subunits of the ATP-sensitive potassium channel; and others (Kahn et al. 2012). A
variant in the MTNR1B gene (which encodes the melatonin receptor) also has been
shown to be associated with T2DM, and cultured human islets carrying the risk allele
have reduced f-cell function and survival (Lyssenko et al. 2009). Impaired p-cell
function in T2DM also has been associated with epigenetic modifications (De Jesus
and Kulkarni 2014) and microRNA patterns (Ozcan 2014).

At present no known therapeutic interventions have been shown to reverse
genetic-related factors responsible for impaired insulin secretion. However, a recent
study suggests that this may be achievable. In the diabetic GK rat, impaired insulin
secretion is explained by a variant of the ADRA2 gene, which results in over-
expression of the alpha 2A-adrenergic receptor in islets (Rosengren et al. 2010).
When human islets carrying the ADRA2A variant were treated with yohimbine, an
inhibitor of the receptor, insulin secretion was normalized (Tang et al. 2014).
Treatment of human carriers with yohimbine also improved insulin secretion
(Tang et al. 2014).

Insulin resistance. Insulin resistance is present in the great majority of T2DM
patients and places an increased demand on the P cells to hypersecrete insulin,
thereby contributing to the progressive p-cell failure in T2DM (DeFronzo 1998,
1997, 2009; Kahn et al. 2014; Diamond et al. 1995; Bergman et al. 2002; Kahn
2003). The precise mechanism(s) via which insulin resistance causes p-cell failure
remain(s) unknown. It commonly is stated that the p cell, by being forced to
continuously hypersecrete insulin, eventually wears out. Although simplistic in
nature, this explanation lacks a mechanistic cause. Nonetheless, p cell “unloading”
with thiazolidinediones in IGT subjects markedly enhances f-cell function and
reduces the conversion of IGT to T2DM (Xiang et al. 2006; DeFronzo et al.
2011). An alternate hypothesis is that the basic etiology of the insulin resistance
also is responsible for the B-cell failure. Thus, excess deposition of toxic lipid
metabolites (long chain-fatty acyl CoAs, diacylglycerol, and ceramides) in liver
and muscle impairs insulin signaling, causing insulin resistance in these organs.
This is referred to as lipotoxicity (DeFronzo 1998, 1997, 2009; Bays et al. 2004,
2008). Increased fat deposition in the pancreas of humans with T2DM has been
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demonstrated using magnetic resonance imaging and associated with beta cell failure
(Lim et al. 2011; Tushuizen et al. 2007). Although it cannot be documented that the
pancreatic fat is localized to the beta cell because of spatial resolution, beta cell fat
accumulation has been demonstrated in rodent models of diabetes and linked to beta
cell dysfunction (Lee et al. 2010). Physiologic elevated of the plasma FFA concen-
tration in NGT humans for as little as 48—72 h has been shown to markedly inhibit
insulin secretion (Kashyap et al. 2003). Insulin is secreted in a one-to-one ratio with
islet amyloid polypeptide (IAPP), and in insulin resistant states such as T2DM, IAPP
secretion, along with insulin secretion, is increased and has been associated with -
cell failure (Guardado-Mendoza et al. 2009; Montane et al. 2012; Westermark et al.
2011). IAPP is especially toxic to the  cell in the presence of elevated intracellular
fat content (Clark et al. 1988). Further, as IAPP ammulates it coalesces and
encroaches upon the f cell, leading to p cell destruction (Guardado-Mendoza et al.
2009; Westermark and Wilander 1978; Westermark et al. 2011; Ritzel et al. 2007).
Lastly, studies in the p-cell insulin receptor knock out (BIRKO) mouse (Kulkarni et
al. 1999) and in humans with gly — arg substitution of codon 972 of IRS-1 (Sigal et
al. 1996; Marchetti et al. 2002; Goldfine and Kulkarni 2012) have demonstrated that
defects in insulin signaling in the P cell are associated with impaired insulin
secretion. Thus, the insulin receptor on the beta cell plays a key role in modulating
insulin secretion and its inhibition, not only impairs insulin action in liver and
muscle, but also impedes insulin secretion.

Lipotoxicity. Lipid accumulation in the  cell (Bays et al. 2004, 2008; Lim et al.
2011; Tushuizen et al. 2007; Lee et al. 2010) and chronic elevation of the plasma FFA
concentration (Kashyap et al. 2003) impair insulin secretion, and this has been referred
to as lipotoxicity. A physiologic increase in the plasma FFA concentration for as little
as 48—72 h markedly impairs insulin secretion in genetically predisposed individuals
(Kashyap et al. 2003). In vivo studies in rodents (Higa et al. 1999; Matsui et al. 2004)
and in vitro studies (Igoillo-Esteve et al. 2010; Lupi et al. 2002) have shown that beta
cell fat accumulation, both directly and indirectly via activation of inflammatory
pathways, inhibits insulin secretion. Incubation of human pancreatic islets for 48 h
with FFA (oleate-to-palmitate ratio 2:1) impairs both the acute and late insulin
response, inhibits insulin mRNA expression, reduces islet insulin content, and acti-
vates apoptotic pathways (Lupi et al. 2002). Peroxisome proliferator—activated recep-
tor (PPAR) y agonists have been shown to prevent all of these deleterious effects of
FFA (Higa et al. 1999; Matsui et al. 2004; Lupi et al. 2004; Gastaldelli et al. 2007a;
DeFronzo et al. 2013a). Consistent with these in vitro observations, both rosiglitazone
and pioglitazone markedly improve the insulin secretion/insulin resistance index in
vivo in type 2 diabetic humans (Gastaldelli et al. 2007a; DeFronzo et al. 2013a).
Weight loss, which mobilizes fat out of the p cell, also reverses lipotoxicity and
preserves B-cell function (Lim et al. 2011). Elevated plasma FFA levels and accumu-
lation of toxic lipid metabolites can activate inflammatory pathways, including NFkB/
IkB, toll-like receptor-4, and others, and increase reactive oxygen species (ROS) (Teo
et al. 2015; Igoillo-Esteve et al. 2010; Lupi et al. 2002; Sriwijitkamol et al. 2006;
Abdul-Ghani et al. 2008, 2009b; Reyna et al. 2008; Eizirik et al. 2008), thereby
impairing insulin secretion and activating apoptotic pathways.
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Glucotoxicity. Chronically elevated plasma glucose levels impair -cell function
both in vivo and in vitro in animals and humans, and this glucotoxic effect of
hyperglycemia on beta cell function has been referred to as glucotoxicity (Rossetti
et al. 1990; Yki-Jarvinen and DA 2015; Zhang et al. 2013). Chronic exposure of
isolated human islets in vitro to elevated plasma glucose levels impairs insulin
secretion (Patane et al. 2002; Andreozzi et al. 2004), while in rats, elevation of the
mean day-long plasma glucose concentration in vivo by as little as 16 mg/dl leads to
a marked inhibition of glucose-stimulated insulin secretion (Leahy et al. 1987).
Similar observations have been made in subtotal pancreatectomized dogs (Imamura
et al. 1988). Studies by Rossetti et al. (Rossetti et al. 1987a) have provided definitive
proof of the glucotoxicity concept. Partially pancreatectomized diabetic rats have
severe defects in both first- and second-phase insulin secretion compared with
control rats. Phlorizin, an inhibitor of SGLT2/SGLT1 transport in the kidney,
normalizes the plasma glucose profile by inducing glucosuria without change in
any other circulating metabolites and restores to normal both the first and second
phases of insulin secretion. In humans both dapaglifiozin (Merovci et al. 2015, 2016)
and empagliflozin (Ferrannini et al. 2014) inhibit renal glucose transport, induce
glucosuria, lower the plasma glucose concentration, and markedly improve beta cell
function in T2DM patients. These studies with SGLT2 inhibitors provide definitive
proof for the glucotoxic effect of hyperglycemia on beta cell function. In humans
correction of hyperglycemia with insulin (Li et al. 2004; Vague and Moulin 1982;
Garvey et al. 1985; Weng et al. 2008; Andrews et al. 1984; Bunck et al. 2011)
improves beta cell function, but these studies are difficult to interpret since insulin
therapy also reverses lipotoxicity. Chronic hyperglycemia also causes muscle insulin
resistance (Yki-Jarvinen et al. 1996; Copeland et al. 2008; McClain et al. 2002;
Rossetti et al. 1987b), which can be ameliorated by inducing glucosuria and reduc-
ing the plasma glucose concentration with an inhibitor of renal glucose transport
(Merovci et al. 2014). Glucotoxicity also has been implicated in the development of
hyperglucagonemia in diabetic dogs (Starke et al. 1985) and rodents (Jamison et al.
2011). Two mechanisms have been implicated in hyperglycemia-induced beta cell
dysfunction: (i) O-linked glycosylation of serine and threonine residues of nuclear
and cystolic proteins secondary to increased hexosamine flux and (ii) oxidative stress
(reviewed in references (Rossetti et al. 1990) and (Yki-Jarvinen and DA 2015)). Beta
cells are especially sensitive to oxidative stress because they contain low levels of
antioxidant enzymes (Tiedge et al. 1997).

IAPP. Excessive IAPP secretion resulting in amyloid deposition within the
pancreas also contributes to progressive p-cell failure in T2DM (Hansen and Bodkin
1986; Haataja et al. 2008; Guardado-Mendoza et al. 2009; Montane et al. 2012;
Westermark et al. 2011; Clark et al. 1988). Convincing evidence for a pathogenic
role of IAPP has been generated in rodents (Bretherton-Watt et al. 1989; Ohsawa et
al. 1989), baboons (Guardado-Mendoza et al. 2009; Howard 1986; Cox et al. 2006),
and humans (Westermark and Wilander 1978; Clark et al. 1988; Ritzel et al. 2007,
Chavez et al. 2008; Huang et al. 2007). The natural history of pancreatic amylin
deposition in humans parallels that in rodents and primates (Howard 1986). In
baboons, as the amyloid area of the pancreatic islets increases from <5% to
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>51%, there is a progressive decline in the log of HOMA-B, which correlates
strongly with the increase in FPG concentration (Hansen and Bodkin 1986). It
follows that insulin sensitizing interventions (i.e., thiazolidinediones and weight
loss), by reducing insulin secretion and therefore IAPP secretion (insulin and IAPP
are co-secreted in a one-to-one molar ratio), should preserve p-cell function. Con-
sistent with this, rosiglitazone has been shown to protect human islets against [APP
toxicity by a PI-3 kinase-dependent pathway (Lin et al. 2005).

Incretins. The insulin response following glucose ingestion is ~2.5-fold greater
than a similar level of hyperglycemia created by intravenous glucose (Nauck et al.
1986a), and this has been referred to as the incretin effect. Two hormones, glucagon-
like peptide-1 (GLP-1) and glucose-dependent insulinotrophic polypeptide, account
for 90% of the incretin effect and, following oral glucose, they account for 60—70%
of the insulin that is secreted (Nauck et al. 1986b). In T2DM and NGT obese
subjects, the incretin effect is characteristically lost (Nauck et al. 1986a; Michaliszyn
et al. 2014; Holst et al. 2011; Muscelli et al. 2008); this could be explained by a
decrease in GLP-1/GIP secretion or resistance to GLP-1/GIP. A small decline in
GLP-1 secretion or a delayed GLP-1 response has been reported in some studies
(Drucker 2013; Nauck and Meier 2016; Nauck et al. 2011), while GIP secretion
generally has been normal (Drucker 2013; Nauck and Meier 2016; Holst and
Gromada 2004). In contrast, there is severe resistance to the beta cell stimulatory
effect of both GLP-1 and GIP (Drucker 2013; Nauck and Meier 2016; Michaliszyn
et al. 2014; Hojberg et al. 2009; Vilsboll et al. 2002; Tura et al. 2014). The resistance
to GLP-1 is observed in individuals with IGT and worsens with progression to
T2DM (Meier et al. 2001). GLP-1 resistance can be overcome by infusing high
doses of GLP-1 (Zander et al. 2002) or administration of GLP-1 receptor antagonists
(RA) (Bunck et al. 2011; Chang et al. 2003; Degn et al. 2004) to generate pharma-
cologic plasma levels (70-90 pM) of the incretin. This explains why GLP-1 RAs, but
not DPP-4 inhibitors, overcome the incretin defect and cause a normalization/near
normalization of beta cell function (Bunck et al. 2011; Chang et al. 2003; Kapitza et
al. 2016). Tight glycemic control for as little as 4 weeks can improve the insulin
secretory response to both GLP-1 and GIP (Hojberg et al. 2009). Studies in patients
with diabetes secondary to chronic pancreatitis and typical T2DM also suggest that
the incretin defect in T2DM is, in part, an acquired disturbance related to poor
metabolic control (Knop et al. 2007). Thus, p-cell resistance to GLP-1 and GIP is
another manifestation of glucotoxicity.

In Utero Fetal Malnutrition

Low birth weight in humans and primates is associated with the development of IGT
and T2DM later in life (Eriksson 1996; Martin-Gronert and Ozanne 2012). Poor
nutrition and impaired fetal growth (small babies at birth) are associated with
impaired insulin secretion and/or reduced p-cell mass, as well as insulin resistance
(Phillips 1996). Thus, an environmental influence, i.e., impaired fetal nutrition
leading to an acquired defect in insulin secretion or reduced P-cell mass, when
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superimposed on insulin resistance, could eventuate in T2DM later in life. During
normal aging, with the onset of obesity or with a worsening of the genetic compo-
nent of the insulin resistance, the p cell would be called upon to augment its secretion
of insulin to offset the defect in insulin action. If f-cell mass (or function) is reduced
(or impaired) by an environmental insult during fetal life, this could lead to the
development of IGT and eventually overt T2DM. Over nutrition during fetal devel-
opment also has been associated with the onset of obesity and T2DM later in life
(Godfrey etal. 2017; Cox et al. 2013). Thus, both the fetal and maternal environment
during gestation can have a profound effect on the development of obesity and
diabetes in adulthood.

Beta Cell Mass

With a few exceptions, the majority of pancreatic autopsy studies have demonstrated
a reduction in beta cell mass, volume, ranging from 20% to 50% (Henquin and
Rahier 2011; Yoon et al. 2003; Rahier et al. 2008; Hanley et al. 2010; Marselli et al.
2014). A decrease in beta cell mass volume also has been described in prediabetic
individuals with IFG (Butler et al. 2003; Yoneda et al. 2013). In a well-controlled
study involving 57 T2DM and 52 nondiabetic subjects of European descent, beta
cell mass was reduced by ~35% (Henquin and Rahier 2011) (Fig. 5). This study
makes two additional points: (i) within the T2DM and nondiabetic groups, there was
considerable overlap so that a clear separation between the two groups is difficult to
discern; and (ii) the alpha cell mass is similar between the two groups, indicating that
the hyperglucagonemia in T2DM patients results from a reduced paracrine effect of
insulin and/or decreased circulating levels of insulin to inhibit glucagon secretion.
The mechanism(s) responsible for the decreased beta cell mass in T2DM remain
controversial. Increased apoptosis consistently has been observed in pancreatic
samples obtained at autopsy (Hanley et al. 2010; Yoneda et al. 2013; Wang et al.
2013), but accelerated autophagy also has been described (Masini et al. 2009).
Evidence to support defects in beta cell replication (Gianani 2011; Desgraz et al.
2011), neogenesis (Bonner-Weir et al. 2008; Halban et al. 2010), and trans-
differentiation of mature beta cells (Bonner-Weir et al. 2008) also has been gener-
ated. Whatever are the mechanisms, reduced beta cell mass alone cannot explain the
reduction in insulin secretion, especially in the early developmental stages of T2DM
for the following reasons: (i) at the time of diagnosis of T2DM over 80% of beta cell
function has been lost (Fig. 2), whereas beta cell mass is, at most, reduced by
20-40%; (ii) estimates of beta cell mass in T2DM subjects overlap considerably
with those in nondiabetic individuals (Fig. 5); (iii) following bariatric surgery full
recovery of beta cell function with resolution of hyperglycemia is observed
(Ferrannini and Mingrone 2009); (iv) treatment with GLP-1 RAs and thiazolidi-
nediones markedly increase or even restore normal beta cell function (Gastaldelli et
al. 2007a; DeFronzo et al. 2013a; Bunck et al. 2011; Chang et al. 2003; Kapitza et al.
2016); and (v) studies with isolated islets from T2DM individuals consistently have
demonstrated a severe defect in insulin secretion (Marchetti et al. 2004; Del Guerra
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ALPHA AND BETA CELL MASS IN TYPE 2 DIABETIC AND
NON-DIABETIC SUBJECTS
Henquin & Rahier, Diabetologia 54:1720-25, 2011
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Fig.5 Beta cell and alpha cell mass in 57 type 2 diabetic and 52 nondiabetic individuals. On mean,
beta cell mass was decreased by ~35% in diabetic subjects. There was no difference in alpha cell
mass. (From Henquin et al., Diabetologia 54:1720-1725, 2011)

et al. 2005). It is likely that light and EM studies have greatly underestimated the
number of living, but functionally incompetent beta cells, due to the marked reduced
number/absence of insulin granules.

Summary. Although insulin resistance in liver and muscle are well established
early in the natural history of the disease, overt T2DM does not occur in the absence
of progressive p-cell failure.

Insulin Resistance and Type 2 Diabetes Mellitus

Cross-sectional and long-term, prospective longitudinal studies have demonstrated that
hyperinsulinemia precedes the onset of T2DM in ethnic populations with a high
incidence of T2DM (DeFronzo 1998, 1997, 2009; Saad et al. 1989; Haffher et al.
1995; Weyer et al. 2001, 2000; Gulli et al. 1992; Reaven et al. 1989; Godfrey et al. 2017,
Cox et al. 2013; Yoon et al. 2003; Rahier et al. 2008; Hanley et al. 2010; Sicree et al.
1987; Lillioja et al. 1991). The euglycemic insulin clamp, minimal model, and insulin
suppression techniques have provided direct quantitative evidence that the progression
from normal to impaired glucose tolerance is associated with the development of severe
insulin resistance, whereas the fasting and glucose-stimulated plasma insulin concen-
trations (Fig. 1) are increased in absolute terms (see earlier discussion about insulin
secretion). The major exception to this is the development of T2DM in Asian
populations, where insulin deficiency is the predominant pathophysiologic abnormality
(Abdul-Ghani et al. 2007a; Yang and Weng 2014; Ma et al. 2014). As discussed earlier,
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this most likely is explained by the low BMI (18-20 kg/m?) which renders them insulin
sensitive and requires a major reduction (>80%, i.e., similar to that in TIDM) in insulin
secretion before diabetes becomes manifest.

From the historical prospective, Himsworth and Kerr, using a combined oral
glucose and IV insulin tolerance test, were the first to demonstrate that tissue
sensitivity to insulin was diminished in T2DM patients (Himsworth and Kerr
1939). Subsequently, Reaven et al. using the insulin suppression test, provided
further evidence that T2DM individuals were resistant to insulin (Reaven et al.
1989; Ginsberg et al. 1975). Muscle insulin resistance in T2DM also was demon-
strated with direct infusion of insulin into the brachial (forearm muscle) and femoral
(leg muscle) arteries, with radioisotope turnover studies, with the frequently sampled
IV glucose tolerance test, and with the minimal model technique (DeFronzo 1998,
1997, 2009; Ferrannini et al. 1988; Bergman 1989; Butterfield and Whichelow 1965;
Katz et al. 1994).

Definitive evidence of insulin resistance in lean, as well as obese T2DM individ-
uals, was provided by DeFronzo et al., with the more physiologic euglycemic insulin
clamp technique (Fig. 6) (DeFronzo 1998, 1997, 2009; Groop et al. 1989; Eriksson
et al. 1989; Pendergrass et al. 2007; DeFronzo et al. 1979a, 1978b; Bajaj and
DeFronzo 2003). Because diabetic patients with severe fasting hyperglycemia
(>180-200 mg/dl, 10.0-11.1 mmol/l) are insulinopenic (Fig. 1) and because insulin
deficiency is associated with the emergence of intracellular defects in insulin action,
initial studies focused on diabetic subjects with mild to modest elevations in the
fasting plasma glucose concentration (mean = 150 + 8 mg/dl, 8.3 £+ 0.4 mmol/l).
Insulin-mediated whole-body glucose disposal in these lean T2DM subjects was
reduced by ~40-50%, providing conclusive proof of the presence of
moderate—severe insulin resistance. Six additional points are noteworthy: (i) lean

Total glucose uptake
(mg/m?+min)

0

0 50 100 150 200 250
Insulin concentration (uU/mL)

Fig. 6 Dose-response curve relating the plasma insulin concentration to the rate of insulin-
mediated whole-body glucose uptake in control (solid circles, solid line) and type 2 diabetic
(open circles, dashed line) subjects. *p < 0.01 vs. control subjects. (Source: Groop L, et al. Journal
of Clinical Investigation 1989;84:205-215. Reproduced with permission of American Society for
Clinical Investigation)
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T2DM individuals with marked fasting hyperglycemia (198 £+ 10 mg/dl) have a
severity of insulin resistance that is only slightly (10-20%) greater than in diabetics
with mild fasting hyperglycemia; (ii) the defect in insulin action is observed at all
plasma insulin concentrations, spanning the physiologic and pharmacologic range
(Fig. 6); (iii) maximally stimulating plasma insulin concentrations cannot elicit a
normal glucose metabolic response in diabetic patients with overt fasting hypergly-
cemia; (iv) individuals with IGT are nearly as insulin resistance as individuals with
T2DM; (v) obese NGT individuals are as insulin resistant as lean T2DM subjects;
and (vi) insulin resistance in obese T2DM individuals is only slightly greater than
that in obese NGT or lean T2DM subjects. Virtually all investigators have demon-
strated that lean T2DM subjects are resistant to the action of insulin (DeFronzo 1998,
1997, 2009; Eriksson et al. 1989; Bergman et al. 2002; Kahn 2003; Cox et al. 2013;
Yoon et al. 2003; Rahier et al. 2008; Hanley et al. 2010; Firth et al. 1987; Campbell
et al. 1988; Bogardus et al. 1984).

Glucose-Mediated Glucose Uptake

Glucose (hyperglycemia) exerts its own effect to stimulate glucose uptake. In T2DM
patients, the mass action effect of hyperglycemia also is impaired in T2DM (Del
Prato et al. 1997).

Site of Insulin Resistance in Type 2 Diabetes

Both the liver and muscle, the two tissues primarily responsible for the maintenance
of normal glucose homeostasis following ingestion of an oral glucose load, are
severely resistant to insulin in T2DM individuals (reviewed in references (DeFronzo
1998; DeFronzo 1997; DeFronzo 2009)). However, adipose tissue (Groop et al.
1989; Guilherme et al. 2008), kidney (Meyer et al. 1998a; Gerich et al. 2001),
gastrointestinal tract (Honka et al. 2013), brain (Blazquez et al. 2014; Kleinridders et
al. 2014), and pancreatic beta cells (Kulkarni et al. 1999; Oliveira et al. 2014) also
are resistant to insulin. When discussing insulin resistance, it is important to distin-
guish what tissues are responsible for the insulin resistance in the basal (fasting) state
and what tissues are responsible for insulin resistance in the insulin-stimulated
(prandial) state.

Liver. The brain and all neuronal tissues have an obligate need for glucose and
are responsible for ~50% of glucose utilization under basal or fasting conditions
(DeFronzo and Ferrannini 2010; Grill 1990). This glucose demand is met by glucose
production by the liver (80-90%) and kidneys (10-20%) (DeFronzo and Ferrannini
2010). In nondiabetic individuals, endogenous (liver plus kidneys) glucose produc-
tion (EGP) following an overnight fast occurs at the rate of ~2.0 mg/kg per min
(DeFronzo 1998, 1997, 2009; DeFronzo et al. 1989) (Fig. 7). In T2DM individuals,
the basal rate of EGP is increased, averaging ~2.5 mg/kg ' per min (DeFronzo 1998,
1997, 2009; Lyssenko et al. 2008) (Fig. 7). This amounts to the addition of an extra
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Fig. 7 Summary of HGP in 77 normal-weight type 2 diabetic subjects (open circles) with fasting
plasma glucose concentrations ranging from 105 to >300 mg/dl; 72 control subjects matched for
age and weight are shown by solid circles. In the 33 diabetic subjects with fasting plasma glucose
levels <140 mg/dl (shaded area), the mean rate of HGP was identical to that of control subjects. In
diabetic subjects with fasting plasma glucose concentrations >140 mg/dl, there was a progressive
rise in HGP that correlated closely (» = 0.847, p < 0.001) with the fasting plasma glucose
concentration. (Source: DeFronzo RA, et al. Metabolism 1989;38:387-395. Reproduced with
permission of Elsevier)

25-30 g of glucose to the systemic circulation every night in an 80-kg person. In
NGT subjects with FPG = 85-90 mg/dl, the basal rate of EGP averages ~2 mg/kg
per min. In T2DM subjects, EGP is increased and the FPG concentration rises in
direct proportion to the increase in the basal rate of EGP (r = 0.847, p < 0.001). The
excessive glucose production by the liver and kidney occurs despite fasting plasma
insulin levels that are increased 2.5- to 3-fold, indicating resistance to the suppres-
sive effect of insulin on EGP. Similar observations consistently have been made by
others (Groop et al. 1989; Ferrannini et al. 1988; Firth et al. 1987; Campbell et al.
1988; Shulman et al. 1985; Chen et al. 1988; Henry et al. 1986). The increase in
basal EGP is explained entirely by an increase in hepatic and renal (the kidney
contains little glycogen) gluconeogenesis (DeFronzo and Ferrannini 1987;
Magnusson et al. 1992; Consoli et al. 1990). In addition to insulin resistance,
multiple other factors contribute to the accelerated rate of basal HGP including: (i)
increased circulating glucagon levels and enhanced hepatic sensitivity to glucagon
(Baron et al. 1987; Matsuda et al. 2002; Unger et al. 1970); (ii) increased substrate
(fatty acids, lactate, amino acids, glycerol) delivery (DeFronzo and Ferrannini 1987;
Magnusson et al. 1992; Consoli et al. 1990; Gastaldelli et al. 2000; Samuel and
Shulman 2016); (iii) lipotoxicity leading to increased expression and activity of
phosphoenolpyruvate carboxykinase and pyruvate carboxylase (Tordjman et al.
2004), the rate-limiting enzymes for gluconeogenesis; (iv) increased expression
and activity of glucose-6-phosphatase, the rate-limiting enzyme for glucose escape
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Fig. 8 Dose-response curve relating the plasma insulin concentration to the suppression of HGP in
control (solid circles, solid line) and type 2 diabetic (open circles, dashed line) subjects with
moderately severe fasting hyperglycemia. *p < 0.05, **p < 0.01 vs. control subjects. (Source:
Groop L, et al. Journal of Clinical Investigation 1989;84:205-215. Reproduced with permission of
American Society for Clinical Investigation)

from the liver; in rodents increased G6Pase activity results from glucotoxicity (Clore
et al. 2000); and (v) resistance to the suppressive effect of GLP-1 on glucagon
secretion and stimulatory effect of GLP-1 on insulin secretion, resulting in an
increase in the portal glucagon/insulin ratio.

It is noteworthy that an increase in EGP does not occur until the FPG exceeds
~140 mg/dl (DeFronzo 1998, 2009; DeFronzo et al. 1989) (Fig. 7). Thus, in subjects
with IFG and T2DM individuals with mild fasting hyperglycemia, reduced glucose
clearance accounts for the increase in FPG concentration. Further, the decrease in
glucose clearance occurs in noninsulin-dependent tissues and resides, at least in part,
in the splanchnic (gastrointestinal and liver) bed (Alatrach et al. 2017). Following
glucose or mixed meal ingestion, both the liver and kidney of T2DM patients are
resistant to the suppressive effect of insulin on glucose production (Gerich et al. 2001;
DeFronzo et al. 1978a; Ferrannini et al. 1988). Using the euglycemic insulin clamp in
combination with isotopic glucose, the dose-response relationship between endoge-
nous (hepatic plus renal) glucose production and the plasma insulin concentration has
been examined (Groop et al. 1989) (Fig. 8). The following points deserve emphasis: (i)
the dose-response curve relating inhibition of EGP to the plasma insulin concentration
is very steep, with a half-maximal insulin concentration (ED50) of ~30—40 pU/ml; (ii)
in T2DM subjects the dose-response curve is shifted rightward, indicating resistance to
the inhibitory effect of insulin on EGP; however, high physiologic plasma insulin
concentrations (~100 uU/ml) can overcome the insulin resistance and cause a normal/
near normal suppression of EGP; (iii) the severity of hepatic/renal insulin resistance is
related to the level of glycemic control. In T2DM patients with mild fasting hyper-
glycemia, a rise in plasma insulin concentration of 100 pU/ml causes a complete
suppression of EPG. However, in diabetic subjects with more severe fasting hyper-
glycemia, the ability of the same plasma insulin concentration to suppress EGP is
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impaired, indicating that there is an acquired component of hepatic/renal insulin
resistance that becomes progressively worse with deteriorating glycemic control; (iv)
in NGT subjects the kidney contributes ~10-20% of total EGP under fasting condi-
tions. The kidney contains little glycogen but possesses all of the gluconeogenic
enzymes required to produce glucose (Gerich et al. 2001; Ekberg et al. 1999; Moller
et al. 2001). Renal gluconeogenesis is inhibited by insulin (Meyer et al. 1998a;
Gustavson et al. 2004) and stimulated by epinephrine (Stumvoll et al. 1995) but not
glucagon (Stumvoll et al. 1998; Gustavson et al. 2004). In T2DM subjects, the basal
rate of renal glucose production is increased (Meyer et al. 1998b) despite the presence
of fasting hyperinsulinemia, indicating resistance to the suppressive effect of insulin
on renal glucose output.

Muscle. Following ingestion of glucose or intravenous glucose administration,
muscle is the major site of insulin-mediated glucose disposal in humans (DeFronzo
1998, 1997, 2009; DeFronzo et al. 1985; Ferrannini et al. 1985). Using the euglycemic
insulin clamp technique in combination with radiolabeled glucose to measure total
body glucose disposal (DeFronzo 1998, 1997, 2009; DeFronzo et al. 1985, 1978a,
1979a; Groop et al. 1989; Lillioja et al. 1993; Weyer et al. 2001; Eriksson et al. 1989;
Pendergrass et al. 2007; Bajaj and DeFronzo 2003; Abdul-Ghani et al. 2006a; Kahn et
al. 2012; Firth et al. 1987; Campbell et al. 1988; Bogardus et al. 1984; Shulman et al.
1985; Chen et al. 1988; Henry et al. 1986; Reaven 1988; Kolterman et al. 1981), it
conclusively has been demonstrated that lean type 2 diabetic individuals are severely
resistant to insulin compared with age-, weight-, and sex-matched controls. By
combining femoral arterial/venous catheterization with the insulin clamp, muscle
insulin resistance has been documented to account for 85-90% of the defect in total
body glucose disposal in T2DM subjects (DeFronzo et al. 1985; Pendergrass et al.
2007) (Fig. 9). Following the start of insulin infusion, there is a 20-30 min delay in
muscle glucose uptake and the rate of insulin-stimulated glucose disposal remains
50% less than in control subjects even if the insulin infusion is continued for an
additional 60 min to compensate for the delayed onset of insulin action. Impaired
insulin-stimulated muscle glucose uptake in T2DM subjects also has been demon-
strated using the limb catheterization technique (Pendergrass et al. 2007; Butterfield
and Whichelow 1965; Cline et al. 1999; Zierler and Rabinowitz 1963; Bonadonna et
al. 1996). It is noteworthy that NGT obese subjects are as insulin resistant as lean
T2DM individuals and that muscle is the major tissue responsible for the insulin
resistance (DeFronzo 1998, 2009; Groop et al. 1989; Jallut et al. 1990; Pendergrass et
al. 2007; DeFronzo et al. 1978b; Reaven et al. 1989; Himsworth and Kerr 1939;
Bogardus et al. 1984; Reaven 1988). Obese T2DM individuals are only modestly
more insulin resistant than lean T2DM or obese NGT subjects.

In T2DM subjects multiple intramyocellular defects in insulin action have been
demonstrated (reviewed in references (DeFronzo 1998; DeFronzo 1997; DeFronzo
2009; Bajaj and DeFronzo 2003)), including impaired insulin signal transduction
(DeFronzo 2009, 2010; Cusi et al. 2000), reduced glucose transport and phosphor-
ylation (Pendergrass et al. 2007; Cline et al. 1999; Bonadonna et al. 1996; Rothman
et al. 1992; Mandarino et al. 1995, 1987), decreased glycogen synthesis (DeFronzo
1997; Groop et al. 1989; Mandarino et al. 1987; Shulman et al. 1990), and impaired
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Fig. 9 Time course of change in leg glucose uptake in type 2 diabetic (open circles, dashed line)
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glucose oxidation (DeFronzo 1997; Groop et al. 1989, 1991; Jallut et al. 1990;
Shulman et al. 1990).

Insulin signal transduction. The first step in insulin action involves its binding
to and the activation of the insulin receptor by phosphorylating 3 key tyrosine
residues on the p chain of the receptor (DeFronzo 1997, 2010; Bajaj and DeFronzo
2003; Cusi et al. 2000; Tanijuchi et al. 2006; Saltiel and Kahn 2001; Musi and
Goodyear 2006) (Fig. 10). This causes the translocation of insulin receptor substrate-
1 (IRS)-1 to the plasma membrane, where it interacts with the insulin receptor and
also undergoes tyrosine phosphorylation on contiguous tyrosine residues. This
results in activation of PI-3 kinase and Akt, leading to (i) glucose transport into
the cell, (ii) activation of nitric oxide synthase, increased nitric oxide generation, and
arterial vasodilation (Kashyap and DeFronzo 2007; Kashyap et al. 2005;
Montagnani et al. 2001), and (iii) stimulation of multiple intracellular metabolic
processes involved in glucose, protein, and lipid metabolism.

DeFronzo and colleagues were the first to demonstrate in humans that tyrosine
phosphorylation of IRS-1 by insulin was severely impaired in muscle of lean T2DM
individuals (DeFronzo 2009, 2010; Cusi et al. 2000; Hundal et al. 2002), in obese
NGT individuals (Cusi et al. 2000), and in the insulin-resistant NGT offspring of two
T2DM parents (Pratipanawatr et al. 2001) (Fig. 11). A similar defect has been
demonstrated by others in human muscle from T2DM individuals (Bajaj and
DeFronzo 2003; Krook et al. 2000; Kim et al. 2002; Hundal et al. 2002; Bouzakri
et al. 2003). Impaired insulin signaling leads to (i) decreased glucose transport, (ii)
impaired nitric oxide generation causing endothelial dysfunction, and (iii) multiple
defects in intramyocellular glucose metabolism.

In contrast to the severe defect in IRS-1 activation, the mitogen-activated protein
(MAP) kinase pathway, which alternatively can be activated by Shc, is normally
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Fig. 11 Consequences of impaired insulin signaling in individuals with type 2 diabetes mellitus.
See text for more detailed description

responsive to insulin (Cusi et al. 2000) (Fig. 11). Activation of the MAP kinase
pathway stimulates multiple intracellular pathways involved in inflammation, cellular
proliferation, and atherosclerosis (DeFronzo 2010; Wang et al. 2004; Draznin 2006;
Hsueh and Law 1999). Inhibition of the insulin signaling pathway at the level of IRS-1
impairs glucose transport, leading to glucose intolerance and hyperglycemia which
stimulates insulin secretion. Because the MAP kinase pathway is normally sensitive to
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insulin (Cusi et al. 2000; DeFronzo 2010; Krook et al. 2000; Hsueh and Law 1999),
the hyperinsulinemia, which results as a compensatory response to insulin resistance,
leads to excessive stimulation of the MAP kinase pathway with activation of multiple
intracellular pathways involved in inflammation and atherogenesis. This, in part, can
explain the strong association between insulin resistance and atherosclerotic cardio-
vascular disease in nondiabetic, as well as in type 2 diabetic, individuals (DeFronzo
2010, 2006; Hanley et al. 2002; Isomaa et al. 2001; Rutter et al. 2005; Bonora et al.
2007; Howard et al. 1998). Further, in the insulin resistant, hyperinsulinemic NGT
offspring of two T2DM parents, the MAP kinase pathway is overactive (Pratipanawatr
et al. 2001) despite the defect in the PI-3 kinase pathway. This may explain why many
newly diagnosed T2DM patients present with clinically manifest atherosclerotic
cardiovascular complications. The only class of oral antidiabetic drugs that simulta-
neously augment insulin signaling through the IRS-1/PI-3 kinase pathway and inhibit
the MAP kinase pathways is the thiazolidinediones (Miyazaki et al. 2003).

Route of glucose administration: oral versus intravenous. The disposal of
glucose differs markedly depending upon whether the glucose is ingested or admin-
istered intravenously. The euglycemic insulin clamp, by maintaining plasma glucose
and insulin levels constant, represents the gold standard for quantitation of insulin
sensitivity. However, the normal route of glucose administration in everyday life is
via the gastrointestinal tract. Using a double tracer technique (1-'*C-glucose orally
and 3-*H-glucose intravenously) in combination with hepatic vein catheterization,
the disposal of oral versus intravenous glucose has been examined in healthy, normal
glucose-tolerant and type 2 diabetic subjects (DeFronzo et al. 1985, 1978a, ¢, 1983;
Ferrannini et al. 1980, 1988). Following an overnight fast with fasting plasma
glucose and insulin concentrations of 90 mg/dl and 11 mU/ml, respectively, the
splanchnic tissues (primarily reflect the liver) take up glucose at ~0.5 mg/kg per min
(Fig. 12), and splanchnic (hepatic) glucose uptake is not augmented by insulin
concentrations in excess of 1000 uU/ml. Hyperglycemia increases splanchnic
(hepatic) glucose uptake, but only indirect proportion to the rise in plasma glucose
concentration. Insulin does not increase splanchnic (hepatic) glucose uptake above
that observed with hyperglycemia alone. In contrast, following glucose ingestion
splanchnic (hepatic) glucose uptake increases 4.5-fold, despite plasma insulin and
glucose concentrations that are much lower than those achieved with intravenous
glucose plus insulin (Fig. 12). In type 2 diabetic individuals, hepatic glucose uptake
following oral glucose is markedly impaired (by >50%) despite higher plasma
glucose and insulin concentrations than in nondiabetic subjects. These results
demonstrate that T2DM individuals lack the gut effect responsible for enhancing
hepatic glucose uptake following glucose ingestion. Studies in dogs have shown that
the gut effect is related to a widening of the portal vein to hepatic artery glucose
concentration gradient which, in turn, results in inhibition of the SNS, stimulation of
hepatic glucokinase and glycogen synthase, inhibition of hepatic glucose produc-
tion, and a reduction in glucose uptake by peripheral tissues (Cherrington 1999).

Summary. In summary, multiple pathophysiologic disturbances: impaired insulin
secretion, decreased muscle glucose uptake, increased HGP, and decreased hepatic
glucose uptake, contribute to the glucose intolerance in type 2 diabetic individuals.
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Cellular Mechanisms of Insulin Resistance

In order for insulin to initiate its stimulatory effect on glucose metabolism, it must first
bind to specific receptors that are present on the cell surface of all insulin target tissues
(DeFronzo 1998, 1997, 2009, 2010; Cusi et al. 2000; Tanijuchi et al. 2006; Saltiel and
Kahn 2001; Musi and Goodyear 2006) (Fig. 10). Following binding to and activation of
its receptor, “‘second messengers” are generated that activate a cascade of phosphoryla-
tion-dephosphorylation reactions leading to insulin’s multiple actions on glucose, lipid,
and protein metabolism. The first step in glucose utilization involves activation of the
glucose transport system, leading to glucose influx into insulin target tissues such as
muscle and adipocytes (Fig. 13). The intracellular free glucose subsequently is metab-
olized by a series of enzymatic steps that are under the control of insulin. Of these, the
most important are glucose phosphorylation (catalyzed by hexokinase), glycogen syn-
thase and phosphorylase (which control glycogen synthesis), phosphofiructokinase
(PFK) and PDH (which regulate glycolysis and glucose oxidation, respectively), the
Krebs cycle, and the mitochondrial oxidative phosphorylation chain.

Insulin Receptor/Insulin Receptor Tyrosine Kinase

The insulin receptor is a glycoprotein consisting of two a-subunits and two p-sub-
units linked by disulfide bonds (DeFronzo 1998, 1997, 2009, 2010; Cusi et al. 2000;
Tanijuchi et al. 2006; Saltiel and Kahn 2001; Musi and Goodyear 2006) (Fig. 10).
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Fig. 13 Intramyocellular INTRACELLULAR GLUCOSE METABOLISM
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The a-subunits are entirely extracellular and contain the insulin-binding domain.
The P-subunits have an extracellular domain, a transmembrane domain, and an
intracellular domain that expresses insulin-stimulated kinase activity directed
towards its own tyrosine residues. Phosphorylation of the f-subunit, with subsequent
activation of insulin receptor tyrosine kinase, represents the first step in the action of
insulin on glucose metabolism. Three tyrosine moieties on the B-subunit are essen-
tial for the action of insulin. Mutagenesis of any of these three major phosphoryla-
tion sites (at residues 1158, 1163, and 1162) impairs insulin receptor (IR) kinase
activity and inhibits the metabolic and growth promoting effects of insulin (Chou et
al. 1987). Serine phosphorylation of the insulin receptor and/or IRS-1 inhibits
tyrosine phosphorylation of the IR/IRS-1 and causes insulin resistance. Multiple
intracellular disturbances have been shown to increase serine phosphorylation of the
insulin receptor and IRS-1, including ectopic lipid deposition (Belfort et al. 2005;
DeFronzo 2010; Bajaj et al. 2010; Adams 2nd et al. 2004; Krssak et al. 1999;
Petersen et al. 2005, 2002; Lara-Castro and Garvey 2008), mitochondrial dysfunc-
tion (Rains and Jain 2011), inflammation (Rains and Jain 2011; Romeo et al. 2012;
Arkan et al. 2005; de Alvaro et al. 2004; Lebrun and Van Obberghen 2008; Shi et al.
2006), endoplasmic reticulum (ER) stress (Herschkovitz et al. 2007; Boden 2009;
Sengupta et al. 2010; Shah et al. 2004), and increased hexosamine flux (Yki-Jarvinen
and DA 2015; Zhang et al. 2013; Liu et al. 2010) (reviewed in reference (DeFronzo
et al. 2015)).

Insulin Receptor Signal Transduction

Following its activation, insulin receptor tyrosine kinase phosphorylates specific
intracellular proteins, of which at least nine have been identified (Saltiel and Kahn
2001; Musi and Goodyear 2006; Virkamaki et al. 1999). In muscle insulin-receptor
substrate-1 (IRS-1) is the major docking protein that interacts with the insulin
receptor tyrosine kinase and undergoes tyrosine phosphorylation in regions
containing specific amino acid sequence motifs that, when phosphorylated, serve
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as recognition sites for proteins containing src-homology 2 (SH2) domains. Muta-
tion of these specific tyrosines impairs the ability of insulin to stimulate muscle
glycogen synthesis, glucose oxidation, and other acute metabolic and growth pro-
moting effects of insulin (Chou et al. 1987). In liver, IRS-2 serves as the primary
docking protein that undergoes tyrosine phosphorylation and mediates insulin’s
effect on hepatic glucose production, gluconeogenesis, and glycogen formation
(Kerouz et al. 1997).

Once phosphorylated, the tyrosine residues of IRS-1 mediate an association
with the 85-kDa regulatory subunit of phosphatidylinositol-3 kinase (PI-3
kinase), resulting in activation of the enzyme (DeFronzo 1998, 1997, 2009;
Saltiel and Kahn 2001; Musi and Goodyear 2006; Krook et al. 2000; Sun et al.
1992) (Fig. 10). PI-3 kinase is comprised of an 85-kDa regulatory subunit and a
110-kDa catalytic subunit. The 110-k Da subunit catalyzes the 3-prime phos-
phorylation of phosphatidylinositol (PI), PI-4-phosphate, and PI-4,5-diphos-
phate, activating the glucose transport system and stimulating glycogen
synthase via a process that involves activation of PKB/Akt and inhibition of
kinases, such as glycogen synthase kinase (GSK)-3, and activation of protein
phosphatase 1 (PP1). Inhibitors of PI-3 kinase impair glucose transport and block
the activation of glycogen synthase and hexokinase (HK)-II expression
(DeFronzo 2010; Saltiel and Kahn 2001; Musi and Goodyear 2006; Krook et
al. 2000; Sun et al. 1992; Cross et al. 1994; Osawa et al. 1996). The action of
insulin to increase protein synthesis and inhibit protein degradation also is
mediated by PI-3 kinase.

Other proteins with SH2 domains, including the adapter protein Grb2 and Skc,
also interact with IRS-1 and become phosphorylated following exposure to insulin
(DeFronzo 2010; Saltiel and Kahn 2001; Musi and Goodyear 2006; Krook et al.
2000). Grb2 and Shc link IRS-1/IRS-2 to the mitogen-activated protein (MAP)
signaling pathway (Fig. 11), which plays an important role in the generation of
transcription factors and promotes cell growth, proliferation, and differentiation
(Saltiel and Kahn 2001; Krook et al. 2000). Inhibition of the MAP kinase pathway
prevents the stimulation of cell growth by insulin but has no effect on the metabolic
actions of the hormone (Lazar et al. 1995). In T2DM patients, the MAP kinase
pathway retains its sensitivity to insulin despite severe resistance in the PI-3 kinase/
Akt pathway and plays a role in the accelerated atherogenesis that is characteristic of
people with diabetes (DeFronzo 2010).

Insulin stimulates glycogen synthesis by simultaneously activating glycogen
synthase and inhibiting glycogen phosphorylase (Dent et al. 1990; Newgard et al.
2000). This effect is mediated via the PI-3 kinase pathway which inhibits glycogen
synthase kinase-3 and activates protein phosphatase 1 (PP1). PP1 is believed to be
the primary regulator of glycogen metabolism. In skeletal muscle, PP1 associates
with a specific glycogen-binding regulatory subunit, causing dephosphorylation
(activation) of glycogen synthase. PP1 also phosphorylates (inactivates) glycogen
phosphorylase. Multiple studies have demonstrated that inhibitors of PI-3 kinase
abolish glycogen synthase activity and impair glycogen synthesis (Musi and Good-
year 2006; Sheperd et al. 1995).
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Insulin Signaling Defects in Type 2 Diabetes
Insulin Receptor Number and Affinity

In type 2 diabetic patients, both insulin receptor and postreceptor defects contribute
to the development of insulin resistance. Although some studies have demonstrated a
modest 20-30% reduction in insulin binding to monocytes and adipocytes from
T2DM patients, this has not been a consistent finding (DeFronzo 1998, 1997, 2009;
Freidenberg et al. 1987; Caro et al. 1987, 1986; Trichitta et al. 1989). Decreased
insulin binding results from a reduction in the number of insulin receptors without
change in insulin receptor affinity. The relevance of these findings in monocytes and
adipocytes to muscle and liver is unclear, since insulin binding to solubilized
receptors obtained from skeletal muscle and liver is normal in obese and lean
diabetic individuals (Caro et al. 1987, 1986; Klein et al. 1995). Further, a decrease
in insulin receptor number cannot be demonstrated in more than half of T2DM
subjects, and the correlation between reduced insulin binding and the severity of
insulin resistance is weak (Kashiwagi et al. 1983; Lonnroth et al. 1983; Olefsky and
Reaven 1977). Defects in insulin receptor internalization and processing have been
identified in syndromes of severe insulin resistance and diabetes. However, the
insulin receptor gene has been sequenced in T2DM individuals from diverse ethnic
populations, and with rare exception, physiologically significant mutations have not
been observed (Moller et al. 1989; Kusari et al. 1991). This excludes a structural
gene abnormality in the insulin receptor as a cause of common type T2DM.

Insulin Receptor Tyrosine Kinase Activity

In skeletal muscle, adipocytes, and hepatocytes from normal weight and obese diabetic
subjects, most (DeFronzo 1998, 1997, 2009; Cusi et al. 2000; Caro et al. 1986;
Kashiwagi et al. 1983; Lonnroth et al. 1983; Nolan et al. 1994), but not all (Klein et
al. 1995), investigators have found a reduction in insulin receptor tyrosine kinase
activity (Fig. 11). This defect cannot be explained by reduced insulin receptor number
or insulin receptor binding affinity. Restoration of normoglycemia by weight loss can
correct the defect in insulin receptor tyrosine kinase activity (Freidenberg et al. 1988),
indicating that the defect is acquired secondary to some combination of hyperglyce-
mia, disturbed intracellular glucose metabolism, hyperinsulinemia, and/or ectopic lipid
accumulation — all of which improved after weight loss. Of note, when fibroblasts are
cultured in a medium containing a high glucose concentration, insulin receptor
tyrosine kinase activity is inhibited (Kellerer et al. 1994). In insulin-resistant obese
nondiabetic and type 2 diabetic subjects studied with the insulin clamp and muscle
biopsies, a significant decrease in insulin receptor tyrosine phosphorylation has been
demonstrated (Cusi et al. 2000). However, when examined in normal glucose-tolerant,
insulin-resistant individuals (offspring of two diabetic parents who are at high risk of
developing T2DM), a normal increase in insulin receptor tyrosine phosphorylation
was observed (Pratipanawatr et al. 2001). These findings indicate that impaired insulin
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receptor tyrosine kinase activity in T2DM patients is acquired secondary to hypergly-
cemia or some other metabolic disturbance. Ectopic lipid accumulation in muscle and
liver (Belfort et al. 2005; DeFronzo et al. 2015; DeFronzo 2010; Bajaj et al. 2010;
Adams 2nd et al. 2004; Krssak et al. 1999; Petersen et al. 2005, 2002; Lara-Castro and
Garvey 2008; Yu et al. 2002) causes insulin resistance by increasing tissue levels of
diacylglycerol (DAG), fatty acyl CoAs, and ceramides. These toxic lipid metabolites
accumulate in obesity and T2DM and activate PKCO in muscle (Krook et al. 2000;
Szendroedi et al. 2014) and PKCS (Bezy et al. 2011) and PKCe (Samuel et al. 2004,
2007) in liver, leading to serine phosphorylation of IRS proteins and inhibition of
insulin signaling. Ceramide levels in plasma (Haus et al. 2009) and muscle (Adams
2nd et al. 2004; Larsen and Tennagels 2014) also are increased in T2DM individuals
and are linked to insulin resistance. The length of fatty acid chains (Turpin et al. 2014)
and site of cellular compartmentalization (Cantley et al. 2013) play an important role in
promoting insulin resistance. Therapies, such as caloric restriction and thiazolidi-
nediones, that reduce ectopic lipid accumulation enhance insulin signaling and
improve insulin sensitivity (DeFronzo 2009, 2010).

IRS-1 and PI-3 Kinase Defects

In insulin-resistant obese nondiabetic subjects, the ability of insulin to activate
insulin receptor and IRS-1 tyrosine phosphorylation in muscle is modestly reduced,
while in T2DM individuals insulin-stimulated insulin receptor and IRS-1 tyrosine
phosphorylation are severely impaired (DeFronzo 2009; Cusi et al. 2000) (Fig. 11).
Association of the p85 subunit of PI-3 kinase with IRS-1 and activation of PI-3
kinase also are greatly attenuated in obese nondiabetic and type 2 diabetic subjects
compared to lean healthy controls (DeFronzo 2009; Cusi et al. 2000; Krook et al.
2000; Kim et al. 2002) (Fig. 11). The decrease in insulin-stimulated association of
the p85 regulatory subunit of PI-3 kinase with IRS-1 is closely correlated with the
reduction in insulin-stimulated muscle glycogen synthase activity and in vivo
insulin-stimulated glucose disposal (Cusi et al. 2000). Impaired regulation of PI-3
kinase gene expression by insulin also has been demonstrated in skeletal muscle and
adipose tissue of type 2 diabetic subjects (Andreelli et al. 1999). In animal models of
diabetes, an 80-90% decrease in insulin-stimulated IRS-1 phosphorylation and PI-3
kinase activity has been reported (Folli et al. 1993).

The insulin-resistant, normal glucose-tolerant offspring of two type 2 diabetic
parents are at high risk of developing T2DM later in life. In muscle IRS-1 tyrosine
phosphorylation and association of p85 protein/PI-3 kinase activity with IRS-1 are
markedly decreased despite normal tyrosine phosphorylation of the insulin receptor,
and these insulin signaling defects are correlated closely with the severity of insulin
resistance, measured with the euglycemic insulin clamp technique (Pratipanawatr et
al. 2001). In summary, impaired association of PI-3 kinase with IRS-1 and its
subsequent activation are characteristic abnormalities in type 2 diabetic patients,
and these defects are correlated closely with in vivo muscle insulin resistance. A
common mutation in the IRS-1 gene (Gly 972 Arg) has been associated with T2DM,
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insulin resistance, and obesity, but the physiologic significance of this mutation
remains to be established (Hitman et al. 1995).

In contrast to the insulin resistance in the PI-3 kinase pathway, activation of the
MAP kinase pathway by insulin in insulin-resistant type 2 diabetic and obese non-
diabetic individuals is completely intact (DeFronzo 1998, 1997, 2009, 2010; Cusi et
al. 2000; Krook et al. 2000; Kim et al. 2002). Insulin normally stimulates MEK1
activity and ERK1/2 phosphorylation and activity in insulin-resistant obese non-
diabetic and type 2 diabetic patients. Intact stimulation of the MAP kinase pathway
by insulin in the presence of insulin resistance in the PI-3 kinase pathway plays an
important role in the development of atherosclerosis (DeFronzo 2010). Since the
metabolic (PI-3 kinase) pathway is impaired, plasma glucose levels rise, leading to
stimulation of insulin secretion and hyperinsulinemia. Because insulin receptor func-
tion is normal or only modestly impaired, this leads to excessive stimulation of the
MAP kinase (mitogenic) pathway in vascular tissues, with resultant proliferation of
vascular smooth muscle cells, increased collagen formation, and increased production
of growth factors and inflammatory cytokines (DeFronzo 2010; Wang et al. 2004;
Hsueh and Law 1999; Jiang et al. 1999). Excessive stimulation of the MAP kinase
pathway can be demonstrated long before the onset of T2DM (Pratipanawatr et al.
2001) and explains, in part, why 10-20% of T2DM patients at the time of initial
diagnosis present with clinical evidence of atherosclerotic cardiovascular disease.

Glucose Transport (GLUT/SLC2A and SGLT/SLC5A Transporters)

Activation of the insulin signal transduction system stimulates glucose transport by
promoting translocation of glucose transporters from an intracellular pool (associated
with low-density microsomes) to the plasma membrane and their subsequent activation
after insertion into the plasma membrane (Shepherd and Kahn 1999; Garvey 1998).
There are five major facilitative glucose transporters with distinctive tissue distributions
(Bell et al. 1990; Joost et al. 2002) (Table 1). GLUT4 is the insulin regulated transporter
and is found in insulin-sensitive tissues, such as muscle and adipocytes. GLUT4 has a

Table 1 Classification of glucose transport and HK activity according to their tissue distribution
and functional regulation

Organ Glucose transporter HK Classification
Brain GLUTI1 HK-I Glucose dependent
Erythrocyte GLUTI1 HK-I Glucose dependent
Adipocyte GLUT4 HK-IT Insulin dependent
Muscle GLUT4 HK-IT Insulin dependent
Liver GLUT2 HK-IVL Glucose sensor
GK B cell GLUT2 HK-IVB (glucokinase) Glucose sensor
Gut GLUT3-symporter - Sodium dependent
Kidney GLUT3-symporter - Sodium dependent

Source: DeFronzo RA. Pathogenesis of type 2 diabetes: metabolic and molecular implications for
identifying genes. Diabetes Reviews 1997;5:177-269
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K., of ~5 mmol/L, which is close to the plasma glucose concentration, and is associated
with hexokinase (HK)-II (Bell et al. 1990; Joost et al. 2002). In adipocytes and muscle
of NGT individuals, insulin markedly increases GLUT4 concentration in the plasma
membrane in association with a reciprocal decline in the intracellular GLUT4 pool.
GLUT! is the predominant glucose transporter in insulin-independent tissues such as
brain and erythrocytes, but also is found in muscle, adipocytes, brain, and kidneys. In
the kidney GLUT]1 is found in the S2/S3 segment of the proximal tubule, where it
participates in glucose reabsorption in concert with SGLT1. GLUT1 is located primar-
ily in the plasma membrane, where its concentration does not change after exposure to
insulin. GLUT1 has a low K,,, (~1 mmol/L) which is well suited for its function to
mediate basal glucose uptake; it is found in association with HKI (Rogers et al. 1975).
GLUT?2 is the major glucose transporter in liver and pancreatic  cells, where it is found
in association with a specific hexokinase, HKIV, or glucokinase (Matchinsky 1996).
GLUT? has a very high K., (~15-20 mmol L"), which allows the intracellular glucose
concentration to rise in direct proportion to the increase in plasma glucose concentra-
tion. This unique characteristic allows these cells to function as glucose sensors.
GLUT2 also is found in association with SGLT2 in the S1 segment of the renal
proximal tubular cells, where it participates in glucose reabsorption.

Glucose transport activity in muscle and adipocytes of T2DM patients is severely
impaired (Krook et al. 2000; Shepherd and Kahn 1999; Garvey 1998; Garvey et al. 1988;
Zierath et al. 1996). In adipocytes from human and rodent models of T2DM, GLUT4
mRNA and protein content are markedly reduced, and the ability of insulin to stimulate
translocation and activate the GLUT4 transporter is decreased. In contrast to adipocytes,
muscle tissue from lean and obese T2DM subjects exhibits normal levels of GLUT4
mRNA and protein, demonstrating that transcriptional and translational regulation of
GLUT4 is not impaired (Pedersen et al. 1990; Eriksson et al. 1992). These differences in
GLUT4 expression between muscle and adipocytes demonstrate the tissue-specific
regulation of this glucose transporter in man. Using a novel triple-tracer technique, the
in vivo dose-response curve for the action of insulin on glucose transport in forearm
skeletal muscle has been examined in T2DM subjects and has been shown to be
severely impaired (Pendergrass et al. 2007; Bonadonna et al. 1996, 1993). Impaired
in vivo muscle glucose transport in T2DM also has been demonstrated using MRI
(Cline et al. 1999) and PET (Williams et al. 2001). Since the number of GLUT4
transporters in muscle of T2DM subjects is normal, decreased GLUT4 translocation
and reduced intrinsic activity of the glucose transporter are responsible for the defect in
muscle glucose transport. Large populations of type 2 diabetic individuals have been
screened for GLUT4 mutations (Choi et al. 1991). Such mutations are very uncommon
and, when detected, have been of questionable physiologic significance.

Glucose Phosphorylation

Glucose phosphorylation and glucose transport are tightly coupled (Perriott et al.
2001). Hexokinase isoenzymes (HK-I-HK-IV) catalyze the intracellular conversion
of free glucose to glucose-6-phosphate (G-6-P) (Bell et al. 1990; Joost et al. 2002;
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Rogers et al. 1975; Printz et al. 1995) (Table 1). HK-I, HK-II, and HK-III are single-
chain peptides that have a very high affinity for glucose and demonstrate product
inhibition by G-6-P. HK-1V, also called glucokinase, has a lower affinity for glucose
and is not inhibited by G-6-P. Glucokinase (HK-IVB) is the glucose sensor in the f§
cell, while hepatic HK-IVL plays a central role in regulating hepatic glucose
metabolism.

HK-II transcription in human skeletal muscle is regulated by insulin, whereas
HK-I mRNA and protein levels are not affected by insulin (Mandarino et al. 1995;
Vogt et al. 2000; Pendergrass et al. 1998a). Physiologic hyperinsulinemia for as little
as 2—4 h increases HK-II cytosolic activity, protein content, and mRNA levels by
50-200% in healthy nondiabetic subjects, and this is associated with HK-II translo-
cation from the cytosol to the mitochondria. In forearm muscle of lean T2DM
individuals, insulin-stimulated glucose transport and glucose phosphorylation (mea-
sured with the triple tracer technique) are markedly impaired (Pendergrass et al.
2007; Bonadonna 1996; Bonadonna et al. 1993). However, the defect in glucose
phosphorylation exceeds that of glucose transport, leading to an increase in the
intracellular free glucose concentration within the space that is accessible to glucose.
Thus, while both glucose transport and glucose phosphorylation are severely resis-
tant to insulin in T2DM, impaired glucose phosphorylation (HK-II) appears to be the
rate-limiting step for insulin action. Studies using *'P-NMR in combination with
1-'*C-glucose also have demonstrated that both muscle glucose transport and
glucose phosphorylation are resistant to insulin in T2DM subjects, but results from
this study suggest that the glucose transport defect exceeds the defect in glucose
phosphorylation (Cline et al. 1999). Because of methodologic differences, the results
of the triple tracer (Pendergrass et al. 2007; Bonadonna 1996; Bonadonna et al.
1993) and MRI (Cline et al. 1999) studies cannot be reconciled at present. None-
theless, both studies clearly demonstrate that both muscle glucose phosphorylation
and glucose transport are severely impaired in T2DM patients. Decreased basal
muscle HK-II activity and mRNA levels and impaired insulin-stimulated HK-II
activity have been reported by other investigators in T2DM patients (Pendergrass
et al. 1998a; Ducluzeau et al. 2001) as well as in subjects with IGT (Lehto et al.
1995). Since both defects are present in IGT and in the NGT of offspring of two
diabetic parents, they cannot be explained by glucose toxicity.

Although several nucleotide substitutions have been found in the HKII gene in
T2DM individuals, none are close to the glucose and ATP binding sites and none
have been associated with insulin resistance (Lehto et al. 1995; Laakso et al. 1995;
Echwald et al. 1995). Thus, an abnormality in the HKII gene is unlikely to explain
the insulin resistance in common variety T2DM.

Glycogen Synthesis

Glucose-6-phosphate either can be converted to glycogen or enter the glycolytic
pathway. Of the glucose that enters the glycolytic pathway, ~90% is oxidized and the
remaining 10% is released as lactate (anaerobic glycolysis). At physiologic plasma
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insulin concentrations, glycogen synthesis and glucose oxidation contribute approx-
imately equally to glucose disposal in muscle. However, with increasing plasma
insulin concentrations, glycogen synthesis becomes the dominant pathway
(DeFronzo 1998, 1997, 2009; Groop et al. 1989; Thiebaud et al. 1982). Impaired
insulin-stimulated glycogen synthesis is a characteristic finding in all insulin-resis-
tant states including obesity, IGT, diabetes, and the metabolic syndrome in all ethnic
groups and represents the major defect in insulin-mediated whole body glucose
disposal (DeFronzo 1998, 1997, 2009, 2010; Groop et al. 1989; Gulli et al. 1992;
Shulman et al. 1990; Golay et al. 1988; Lillioja et al. 1986; Del Prato et al. 1993).
Impaired glycogen synthesis occurs early in the natural history of T2DM and can be
documented in the insulin-resistant normal glucose-tolerant offspring of two diabetic
parents, in the insulin-resistant first-degree relatives of type 2 diabetic individuals,
and in the insulin-resistant normoglycemic twin of a monozygotic twin pair in which
the other twin has T2DM (Gulli et al. 1992; Pratipanawatr et al. 2001; Rothman et al.
1995; Yki-Jarvinen et al. 1987).

Glycogen synthase is insulin-regulated and controls the rate of muscle glycogen
synthesis (Dent et al. 1990; Sheperd et al. 1995; Pendergrass et al. 1998a; Yki-
Jarvinen et al. 1987; Frame and Cohen 2001; Cohen 1999). Insulin stimulates
glycogen synthase by initiating a cascade of phosphorylation-dephosphorylation
reactions, which ultimately lead to the activation of PP1 (also called glycogen
synthase phosphatase). The regulatory subunit of PP1 contains two serine phos-
phorylation sites. Phosphorylation of site 2 by cAMP-dependent kinase (PKA)
inactivates PP1, while phosphorylation of site 1 by insulin activates PP1, leading to
the stimulation of glycogen synthase. Phosphorylation of site 1 of PP1 by insulin in
muscle is catalyzed by insulin-stimulated protein kinase 1 (ISPK-1). Because of
their central role in muscle glycogen formation, the three enzymes — glycogen
synthase, PP1, ISPK-1 — have been extensively studied in the individuals with
T2DM.

Glycogen synthase exists in an active (dephosphorylated) and an inactive (phos-
phorylated) form (Dent et al. 1990; Newgard et al. 2000; Sheperd et al. 1995). Total
glycogen synthase activity in T2DM subjects is reduced, and the ability of insulin to
convert glycogen synthase from the inactive to active form is severely impaired
(Cusi et al. 2000; Mandarino et al. 1987; Damsbo et al. 1991; Thorburn et al. 1990).
The defect in insulin-stimulated glycogen synthase is evident in the normal glucose-
tolerant, insulin-resistant relatives of T2DM individuals (Vaag et al. 1992). In
insulin-resistant nondiabetic, as well as diabetic, Pima Indians activation of muscle
PP1 (glycogen synthase phosphatase) by insulin is severely reduced (Nyomba et al.
1990). Since PP1 dephosphorylates glycogen synthase, leading to its activation, the
defect in PP1 plays an important role in the muscle insulin resistance of T2DM.

In vivo studies have demonstrated that insulin does not increase glycogen syn-
thase mRNA or protein expression in human muscle (Mandarino et al. 1995;
Pratipanawatr et al. 2002; Vestergaard et al. 1993). However, glycogen synthase
mRNA and protein levels are reduced in muscle of type 2 diabetic patients, and these
abnormalities in transcription and translation contribute, in part, to the decreased
glycogen synthase activity (Vestergaard et al. 1993, 1991). The major abnormality in



7 Pathogenesis of Type 2 Diabetes Mellitus 219

T2DM is the inability of insulin to dephosphorylate and activate glycogen synthase
as a result of the impairment in insulin receptor signaling (see previous discussion).

Sequencing of the glycogen synthase gene has revealed either no mutations or
rare nucleotide substitutions that cannot explain the defect in insulin-stimulated
glycogen synthase activity (Majer et al. 1996; Orho et al. 1995; Bjorbaek et al.
1994). Several silent nucleotide substitutions in the PP1 and ISPK-1 genes have been
identified in the Danish population, but the mRNA levels of both genes were normal
in skeletal muscle (Bjorbaek et al. 1995). No structural gene abnormalities in the
catalytic subunit of PP1 were detected in Pima Indians (Procharzka et al. 1995).
Thus, neither mutations in the PP1 and ISPK-1 genes nor abnormalities in their
translation can explain the impaired enzymatic activities of glycogen synthase and
PP1 that have been observed in vivo. Similarly, there is no evidence that glycogen
phosphorylase plays a role in the disturbance in glycogen formation in T2DM
(Schalin-Jantti et al. 1992).

In summary, although glycogen synthase activity and glycogen synthesis are
severely impaired in type 2 diabetic individuals, the basic molecular etiology of
the defect remains to be elucidated.

Glycolysis and Glucose Oxidation

Glycolysis accounts for the disposal of approximately half of insulin-stimulated muscle
glucose uptake (Groop et al. 1989; Thiebaud et al. 1982; Del Prato et al. 1993). Of the
total glycolytic flux, glucose oxidation accounts for ~90% and anaerobic glycolysis
(generation of lactate) accounts for the remaining 10%. Phospho-fructokinase (PFK)
and pyruvate dehydrogenase (PDH) play pivotal roles in the regulation of glycolysis
and glucose oxidation, respectively. In type 2 diabetic individuals, the ability of insulin
to stimulate the glycolytic/glucose oxidative pathway is impaired (Groop et al. 1989;
Thiebaud et al. 1982; Del Prato et al. 1993). Although one study suggested that PFK
activity is modestly reduced in muscle biopsies from type 2 diabetic subjects (Falholt et
al. 1988), most evidence indicates that the PFK activity is normal (Mandarino et al.
1987; Vestergaard et al. 1993). Insulin has no effect on muscle PFK activity, mRNA
levels, or protein content in either nondiabetic or diabetic individuals (Vestergaard et al.
1993). PDH is a key insulin-regulated enzyme whose activity in muscle is acutely
stimulated by insulin (Mandarino et al. 1986). PDH is part of a very large complex of
proteins known as the pyruvate dehydrogenase complex (PDC) (Sugden and Holness
2006). Three subunits (E1, E2, E3) catalyze the sequential decarboxylation, acetyl-CoA
formation, and reduction of NAD" to NADH, respectively. In type 2 diabetic patients,
insulin-stimulated PDH activity is decreased in human adipocytes and in skeletal
muscle (Mandarino et al. 1986; Kelley et al. 1992) and plays an important role in the
muscle insulin resistance.

Obesity and T2DM are insulin-resistant states associated with accelerated FFA
turnover and FFA oxidation (DeFronzo 1998, 1997, 2009; Groop et al. 1989, 1991,
1992) which would be expected, according to the Randle cycle (Randle et al. 1963),
to inhibit PDH activity and consequently glucose oxidation. The end product of fatty
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acid oxidation, AcCoA, is a potent inhibitor of PDH. Further, fatty acid oxidation
consumes NAD" which is required for the Krebs cycle to turn normally. NAD" also
is a cofactor in the glycolytic pathway. Thus, the conversion of NAD" to NADH
during fatty acid oxidation leads to defects in both glycolysis and glucose oxidation.
Fatty acyl CoAs, in addition to inhibiting the insulin signaling pathway (see previous
discussion), inhibit glycogen synthase and glucose transport and phosphorylation in
muscle (Wititsuwannakul and Kim 1977; Johnson et al. 1992; Dresner et al. 1999;
Pendergrass et al. 1998b; Kolaczynski et al. 1996). In the liver intracellular fatty acid
metabolites stimulate gluconeogenesis and cause hepatic insulin resistance
(Bevilacqua et al. 1987; Ferrannini et al. 1983; Bajaj et al. 2002; Roden et al.
1996; Williamson et al. 1966; Chen et al. 1999; Massillon et al. 1997; Kim et al.
2001; Gastaldelli et al. 2006). Reduction in the plasma FFA concentration with
acipimox (Bajaj et al. 2005) and pioglitazone (Bajaj et al. 2010) reduce the
intramyocellular concentrations of fatty acyl CoAs and diacylglycerol, leading to a
marked improvement in insulin sensitivity in T2DM and obese nondiabetic individ-
uals. Since the rates of basal and insulin-stimulated glucose oxidation are not
reduced in the normal glucose-tolerant offspring of two diabetic parents or in the
first-degree relatives of type 2 diabetic subjects, while they are decreased in overtly
diabetic subjects, the FFA-induced defect in glucose oxidation and insulin resistance
must be an acquired defect.

Mitochondrial Function

Mitochondrial dysfunction has been described in the muscle, as was as in liver, in
experimental animals and humans with type 2 diabetes and obesity (Abdul-Ghani et
al. 2008; Patti and Corvera 2010; Ritov et al. 2005; Petersen et al. 2004; Mogensen et
al. 2007; Patti et al. 2003; Abdul-Ghani and DeFronzo 2008; Befroy et al. 2007).
Reduced mitochondrial density (Morino et al. 2005; Ritov et al. 2005), impaired
mitochondrial function secondary to reduced expression of key molecules in the
oxidative phosphorylation chain (Petersen et al. 2004; Mogensen et al. 2007), and
decreased expression of PGC-1 (the master controller of mitochondrial biogenesis)
(Patti et al. 2003) all have been implicated in the disturbed mitochondrial function in
T2DM patients. In muscle, impaired mitochondrial function has been proposed to
activate redox-sensitive serine kinases which phosphorylate IRS proteins, causing
insulin resistance (Rains and Jain 2011). Although it is unclear whether insulin
resistance causes mitochondrial dysfunction or vice versa, once established it will
aggravate the insulin resistant state.

Summary
In summary, postreceptor defects in insulin action primarily are responsible for the

insulin resistance in T2DM. Reduced insulin binding is not a characteristic feature of
T2DM patients and, when present, is modest and secondary to down regulation of
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the insulin receptor by chronic hyperinsulinemia. In overtly diabetic patients, mul-
tiple postbinding abnormalities have been documented: impaired insulin signal
transduction, decreased glucose transport and phosphorylation, diminished glycogen
synthase activity, reduced PDH activity and glucose oxidation, and mitochondrial
dysfunction. Elevated plasma FFA/FFA oxidation and ectopic lipid deposition play a
major contributory role in the development of muscle insulin resistance. Importantly,
the insulin resistance is present long before the onset of overt diabetes and can be
demonstrated in the normal-glucose-tolerant, insulin-resistant offspring of two dia-
betic parents, in the first degree NGT relatives of individuals with diabetes, and in the
“prediabetic” state, i.e., IGT.

Inflammation

Type 2 diabetes is now recognized to be associated with a generalized state of
inflammation (Lumeng and Saltiel 2011). Circulating levels of proinflammatory
cytokines, e.g., tumor necrosis factor-alpha, interleukin-6, and other inflammatory
cytokines, are increased, macrophage infiltration can be found in adipocytes and to a
lesser extent in muscle, and there is a shift in anti-inflammatory (M2) to pro-
inflammatory (M1) macrophages (Romeo et al. 2012; Lumeng and Saltiel 2011;
Feuerer et al. 2009; Bertola et al. 2012; Cai et al. 2005). These inflammatory
cytokines can cause insulin resistance by activating down-stream kinases, including
IkB-kinase-f, Jun amino-terminal kinase 1 (JNK1), and p38 MAP kinase which
phosphorylate serine residues in IRS proteins, thereby rendering them resistant to
tyrosine phosphorylation by insulin (Morino et al. 2005; Sriwijitkamol et al. 2006;
Abdul-Ghani et al. 2008; Arkan et al. 2005; de Alvaro et al. 2004; Shi et al. 2006).
These pro-inflammatory cytokines also stimulate the production of suppressors of
cytokine signaling (SOCs) which inhibit the action of IRS proteins (Lebrun and Van
Obberghen 2008; Howard and Flier 2006). Macrophage infiltration and inflamma-
tion in adipose tissue stimulates lipolysis and inhibits adiponectin, an insulin sensi-
tizing, anti-inflammatory glycoprotein. Of note, treatment of T2DM patients with
high dose salicylates, which inhibit the IkB/NFkB pathway, improves glycemic
control and reduces the HbAlc by ~0.4% (Goldfine et al. 2010).

Increased plasma FFA levels and intracellular levels of toxic lipid metabolites can
activate toll-like receptors (TLR). TLR4 is an integral component of the innate
immune system, stimulates the IkB/NFkB system, and causes insulin resistance
(Abdul-Ghani et al. 2008; Shi et al. 2000).

ER Stress and Unfolded Protein Response

The endoplasmic reticulum (ER) provides the skeletal backbone for the synthesis
and folding of secreted proteins. When the synthesis of proteins exceeds the capacity
of the ER to remove the proteins, ER stress results and initiates the unfolded protein
response (UPR). To alleviate the stress, three signaling pathways are activated:
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IREla, PERK, and ATF6a (Ron and Walter 2007). In T2DM, this feedback loop is
disrupted by phosphorylation of PERK and IRE1a, leading to the activation of JNK
and the development of insulin resistance (Eizirik et al. 2008; Herschkovitz et al.
2007; Ron and Walter 2007; Boden et al. 2008). Elevated plasma fatty acids, which
are commonly observed in T2DM and obesity, can elicit ER stress and activate the
UPR (Herschkovitz et al. 2007). ER stress also can lead to activation of the mTOR
(mammalian target of rapamycin) pathway, leading to inhibition of insulin signaling
by blocking insulin-stimulated tyrosine phosphorylation of IRS1 and IRS2 (Shah et
al. 2004) and augmenting the degradation of IRS1 (Ozcan et al. 2008).

The Adipocyte, FFA Metabolism, and Lipotoxicity

Deranged adipocyte metabolism and altered fat topography play a central role in the
pathogenesis of T2DM (DeFronzo 1998, 1997, 2009, 2010, 2004; Bays et al. 2004,
2008; Groop et al. 1989; Kashyap et al. 2003; Reaven 1988; Bonadonna and
DeFronzo 1991): (i) fat cells are resistant to the antilipolytic effect of insulin, leading
to day-long elevation in the plasma FFA concentration (DeFronzo 1998, 1997, 2009,
2010; Bays et al. 2004, 2008; Groop et al. 1989; Kashiwagi et al. 1983; Lonnroth et
al. 1983; Olefsky and Reaven 1977); (ii) elevated plasma FFA levels stimulate
gluconeogenesis (Bevilacqua et al. 1987; Ferrannini et al. 1983; Bajaj et al. 2002;
Roden et al. 1996; Williamson et al. 1966; Chen et al. 1999; Massillon et al. 1997,
Kim et al. 2001; Gastaldelli et al. 2006), induce hepatic insulin resistance
(Bevilacqua et al. 1987; Ferrannini et al. 1983; Bajaj et al. 2002; Roden et al.
1996; Williamson et al. 1966; Chen et al. 1999; Massillon et al. 1997), cause muscle
insulin resistance (Sun et al. 1992; Wititsuwannakul and Kim 1977; Johnson et al.
1992; Dresner et al. 1999; Pendergrass et al. 1998b; Ferrannini et al. 1983; Bajaj et
al. 2002; Roden et al. 1996; Kim et al. 2001; Thiebaud et al. 1983), and impair
insulin secretion (Kashyap et al. 2003; Carpentier et al. 2000); (iii) dysfunctional fat
cells produce excessive amounts of insulin resistance—inducing, inflammatory, and
atherosclerotic-provoking adipocytokines and fail to secrete normal amounts of
insulin-sensitizing adipocytokines such as adiponectin (Bays et al. 2004, 2008);
(iv) enlarged fat cells are insulin resistant and have diminished capacity to store fat
(Salans et al. 1974; Bray et al. 1977). When the capacity of adipocyte to store fat is
exceeded, lipid “overflows” into muscle, liver, and p cells, causing muscle/hepatic
insulin resistance and impaired insulin secretion (reviewed in references (Bays et al.
2004) and (Bays et al. 2008)) (Fig. 14). Excess fat deposition in the liver can initiate
an inflammatory response resulting in NAFLD/NASH (Yki-Jarvinen 2015; Gaggini
et al. 2013), while accumulation of fat in arterial smooth muscle cells promotes
atherogenesis (reviewed in reference (DeFronzo 2010)) (Fig. 14). Collectively, these
disturbances in adipocyte biology and lipid metabolism are referred to as lipotoxicity
(Bays et al. 2004, 2008; DeFronzo 2010) (Table 2). Pioglitazone reduces hepatic fat
content and increases hepatic glucose uptake in T2DM patients (Bajaj et al. 2003)
and reduces hepatic fat content, inflammation and fibrosis in patients with NASH
(Belfort et al. 2006). Another form of lipotoxicity relates to the distribution of fat
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Fig. 14 Altered fat
topography (visceral fat
excess) is strongly associated
with insulin resistance, while
ectopic fat deposition in
muscle and liver causes
insulin resistance in these
tissues. Ectopic fat deposition
in the beta cell and arteries
cause beta cell dysfunction
and promotes atherogenesis

DeFronzo RA et al,
JCEM 89:463-478, 2004
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Table 2 Lipotoxicity plays a major role in the development of type 2 diabetes and accelerated
cardiovascular disease. See text for a detailed discussion
(1) Elevated plasma FFA levels
(2) Increased intracellular levels of toxic lipid metabolites
Fatty acyl CoAs
Diacylglycerol
Ceramides
(3) Altered fat topography
Increased visceral fat
(4) Ectopic fat
Muscle
Liver
Pancreas
Arteries

within the body. Thus, visceral adiposity is strongly associated with both insulin
resistance (DeFronzo 2009, 2010; Bays et al. 2004; Gastaldelli et al. 2000, 2007b;
Reaven 1988) and accelerated atherosclerosis (Lapidus et al. 1984; Despres et al.
1990). The amount of visceral fat correlates strongly with the amount of liver fat and
is closely associated with NAFLD (Gastaldelli et al. 2007b). It is controversial as to
whether visceral fat is casually related to hepatic fat content or only correlatively
related (Frayn 2000; Seidell and Bouchard 1997). Omental and mesenteric adipo-
cytes are lipolytically more active than and secrete more inflammatory cytokines
than subcutaneous adipocytes (Frayn 2000; Seidell and Bouchard 1997; Tchernof
and Despres 2013), and this “portal” hypothesis could be the link between visceral
adiposity and hepatic steatosis. However, surgical removal of omental fat in humans
does not improve insulin sensitivity (Fabbrini et al. 2010). It also has been postulated
that the fatty liver produces one or more factors, e.g., fetuin-A, that cause peripheral
insulin resistance (Pal et al. 2012). The liver of individuals with NAFLD/NASH also
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overproduces a number of factors that are associated with atherosclerotic cardiovas-
cular disease including VLDL triglycerides, C-reactive protein, fibrinogen, coagu-
lation factors (VII-IX, XI, XII), plasminogen activator inhibtor-1, while production
of insulin-like growth factor binding protein is reduced.

In type 2 diabetic subjects, both lean and obese, peripheral adipocytes are
characterized by marked insulin resistance to the antilipolytic effect of insulin,
resulting in elevated fasting plasma FFA levels and impaired suppression of plasma
FFA during a meal or insulin clamp (Groop et al. 1989, 1991). Multiple studies have
demonstrated that a physiologic elevation in the plasma FFA concentration stimu-
lates HGP and impairs insulin-stimulated glucose uptake in liver and muscle (Randle
etal. 1963; Wititsuwannakul and Kim 1977; Johnson et al. 1992; Dresner et al. 1999;
Pendergrass et al. 1998b; Kolaczynski et al. 1996; Bevilacqua et al. 1987; Ferrannini
et al. 1983; Bajaj et al. 2002; Roden et al. 1996; Williamson et al. 1966; Chen et al.
1999; Massillon et al. 1997; Kim et al. 2001; Gastaldelli et al. 2006; Boden and
Shulman 2002; Griffin et al. 1999; Itani et al. 2002; Richardson et al. 2005;
Mandarino et al. 1996; Kelley and Mandarino 2000), while chronically elevated
plasma FFA levels inhibit insulin secretion (Kashyap et al. 2003; Carpentier et al.
2000), especially in genetically prone individuals. Elevated FFA in muscle impairs
glucose oxidation (Thiebaud et al. 1983; Mandarino et al. 1996; Kelley and
Mandarino 2000), inhibits glycogen synthase (Randle et al. 1963; Wititsuwannakul
and Kim 1977; Johnson et al. 1992), decreases both glucose transport and glucose
phosphorylation (Dresner et al. 1999; Pendergrass et al. 1998b), and markedly
impairs insulin signaling (Belfort et al. 2005). At the molecular level, increased
plasma FFA levels and intramyocellular fatty acylCoA and diacylglycerol levels
cause a dose-related inhibition of muscle insulin receptor tyrosine phosphorylation,
IRS-1 tyrosine phosphorylation, PI-3 kinase activity, and Akt serine phosphorylation
(Belfort et al. 2005) (Fig. 15). Conversely, reduction in the plasma FFA concentra-
tion with acipimox or pioglitazone in T2DM individuals enhances insulin sensitivity
by ~30% in association with an increase in insulin signaling, glycogen synthesis, and
glucose oxidation (Bajaj et al. 2005, 2010; Liang et al. 2013).

Fatty acids can enter the myocyte and hepatocyte via the fatty acid transporter or
directly by passing through the plasma membrane lipid bilayer. Once in the cell,
fatty acids can be converted to triglycerides, which are inert, or to toxic lipid
metabolites such as fatty acyl CoAs, diacylglycerol, and ceramides. Both magnetic
resonance spectroscopy and muscle biopsy have demonstrated that the
intramyocellular triglyceride content is increased in type 2 diabetic subjects and
levels of fatty acyl CoAs, DAG, and ceramides (Bajaj et al. 2005, 2010; Adams
2nd et al. 2004; Krssak et al. 1999; Petersen et al. 2005; Lara-Castro and Garvey
2008; Szendroedi et al. 2014; Samuel et al. 2004, 2007; Ellis et al. 2000; Coletta et
al. 2009), all of which inhibit insulin signaling (Belfort et al. 2005, 2006; Yu et al.
2002; Ozcan et al. 2008; Bonadonna and DeFronzo 1991; DeFronzo 2004,
Thiebaud et al. 1983; Carpentier et al. 2000; Salans et al. 1974; Bray et al. 1977,
Yki-Jarvinen 2015; Gaggini et al. 2013; Bajaj et al. 2003; Gastaldelli et al. 2007b;
Lapidus et al. 1984; Liang et al. 2013; Ellis et al. 2000; Montell et al. 2001), are
increased in muscle in diabetic subjects.
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Fig. 15 Elevated intracellular levels of fatty acyl CoAs (FACo0A) and diacylglycerol (DAG) inhibit
insulin signaling by activating serine kinases and PKC isoforms, causing serine phosphorylation of
the insulin receptor and insulin receptor substrate-1. Increased intracellular ceramide levels inhibit
insulin signaling by activating tyrosine protein phosphatases, which cause dephosphorylation of
tyrosine residues on the insulin receptor and IRS-1

In T2DM individuals and in the normal-glucose-tolerant, insulin-resistant oft-
spring of two diabetic parents, the expression of PGC-1 and multiple other genes
involved in oxidative phosphorylation is markedly reduced in muscle and strongly
correlated with the defects in glucose oxidation and whole body (muscle) insulin
sensitivity (DeFronzo 2010; Patti and Corvera 2010; Patti et al. 2003; Coletta et al.
2009). Treatment of diabetic patients with thiazolidinediones activates peroxisome
proliferation-activated y coactivator (PGC-1) and multiple mitochondrial genes
leading to a reduction in intramyocellular lipid, fatty acyl CoA, and DAG concen-
trations and enhanced insulin sensitivity in muscle and liver (Coletta et al. 2009).
The decrement in muscle fatty acyl CoA content is closely related to the improve-
ment in insulin-stimulated muscle glucose disposal (Bajaj et al. 2010; Coletta et al.
2009). Acipimox, a potent inhibitor of lipolysis, also reduces intramyocellular fatty
acyl CoA content and improves insulin-mediated glucose disposal (Bajaj et al. 2005,
2004; Liang et al. 2013). Intramyocellular levels of diacylglycerol (Yu et al. 2002;
Szendroedi et al. 2014; Boden and Shulman 2002; Griffin et al. 1999; Itani et al.
2002; Montell et al. 2001) and ceramides (Adams 2nd et al. 2004; Larsen and
Tennagels 2014; Turpin et al. 2014; Cantley et al. 2013; Folli et al. 1993) also
have been shown to be elevated in type 2 diabetic and obese nondiabetic subjects and
to contribute to the insulin resistance and impaired insulin signaling in muscle.

In obese nondiabetic and obese T2DM subjects, the increase in vascular supply
fails to match the increase in adipocyte mass. This results in hypoxia, necrosis of fat
cells, infiltration with M1 inflammatory macrophages surrounding dead adipocytes,
increased expression of proinflammatory cytokines and chemokines (Trayhurn 2013;
Weisberg et al. 2003), fibrosis, and impaired release of adiponectin (Turer and Scherer
2012). Inflamed adipose tissue renders the fat cell resistant to the antilipolytic effect of
insulin and inhibits insulin-stimulated glucose uptake (Kotronen et al. 2008).
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Alpha Cell and Glucagon

In T2DM individuals the basal plasma glucagon concentration is increased and fails
to suppress normally after a meal (Cherrington 1999; Baron et al. 1987; Matsuda
et al. 2002; Unger et al. 1970; Reaven et al. 1987; Boden et al. 1983). The important
contribution of the elevated fasting plasma glucagon concentration to the accelerated
basal rate of hepatic glucose production (HGP) in type 2 diabetic individuals was
provided by Baron et al. (Baron et al. 1987) who demonstrated that the elevated basal
rate of HGP correlated closely with the increase in fasting plasma glucagon concen-
tration. Reduction in the plasma glucagon concentration by 44% with somatostatin
resulted in a 58% decrease in basal HGP (Fig. 16). These results conclusively
demonstrate the pivotal role of hyperglucagonemia in the pathogenesis of fasting
hyperglycemia in T2DM. There also is evidence that the liver is hypersensitive to the
stimulatory effect of glucagon on hepatic gluconeogenesis (Matsuda et al. 2002).
The increase in plasma glucagon is related to four factors: (i) reduced local paracrine
effect of insulin due to reduced beta cell mass (Henquin and Rahier 2011), (ii)
resistance to GLP-1 (Sandoval and D’Alessio 2015), (iii) glucotoxicity (Jamison et
al. 2011; Abdul-Ghani and DeFronzo 2007), and (iv) increased proglucagon con-
version to glucagon in gastrointestinal cells (Sandoval and D’Alessio 2015). Alpha
cell mass is not increased in T2DM individuals (Henquin and Rahier 2011).
Amino acids are potent glucagon secretagogues. Nonetheless, plasma glucagon levels
decline following a meal in normal glucose-tolerant subjects, due to the release of insulin
and GLP-1, and the decrease in portal vein glucagon concentration contributes to the
suppression of HGP (Cherrington 1999). In contrast, following ingestion of a mixed meal
in T2DM patients there is a paradoxical rise in plasma glucagon concentration which
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Fig. 16 Effect of somatostatin (SRIF) infusion with basal insulin replacement on basal (fasting)
hepatic glucose production (HGP) (left) and plasma glucagon concentration (right) in normal
glucose-tolerant control (CON) and type 2 diabetic (DIAB) subjects. Normalization of the plasma
glucagon concentration reduced HGP by 58% to values observed in CON subjects. (Source: Baron
AD, et al. Diabetes 1987;36:274-283)
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antagonizes the decline in HGP, resulting in postprandial hyperglycemia (Wahren et al.
1976; Mitrakou et al. 1992). Further, the diabetic liver is hypersensitive to glucagon
(Matsuda et al. 2002). Thus, deranged glucagon secretion by the pancreatic a cell
contributes to both fasting and postprandial hyperglycemia in T2DM patients.

The Kidney: Increased Glucose Reabsorption

With a glomerular filtration rate of ~180 L/day and a mean day-long plasma glucose
concentration of ~100 mg/dl, the kidney filters ~180 grams of glucose every day
(Abdul-Ghani et al. 2015, 2011; DeFronzo et al. 2017). About 90% of the filtered
glucose is reabsorbed by the SGLT2 transporter in the S1 segment of the proximal
convoluted, and the remaining 10% of the filtered glucose is reabsorbed by the
SGLT1 transporter in the S2/S3 segment of the proximal tubule (Abdul-Ghani et al.
2015, 2011; DeFronzo et al. 2017; Wright et al. 2011). The result is that no glucose
appears in the urine. Although the SGLT1 transporter has been referred to as a low
capacity transporter, under conditions of SGLT2 blockade the SGLT1 transporter can
reabsorb up to 30-40% of the filter glucose load (Abdul-Ghani et al. 2013).

In TIDM and T2DM animal models, the maximal renal tubular reabsorptive
capacity for glucose (Tmg) is increased (Noonan et al. 2001; Dominguez et al.
1994; Kamran et al. 1997). In humans with TIDM (Mogensen 1971) and T2DM
(Farber et al. 1951), the Tm for glucose is increased. In one study, SGLT2 mRNA and
protein levels were found to be increased in cultured human proximal renal tubular
cells from T2DM patients (Rahmoune et al. 2005). However, a more recent study has
found down regulation of SGLT2 and a marked up regulation of SGLT1 in kidney
biopsies from type 2 diabetic individuals (Norton et al. 2017). However, the increase in
TmG is not the major pathophysiologic abnormality responsible for the increase in
renal glucose reabsorption. More importantly, the renal threshold for glucose spillage
in the urine is markedly increased and this abnormality occurs early in the natural
history of T2DM (DeFronzo et al. 2013b). Thus, in T2DM patients with a HbAlc of
6.5%, the renal threshold has increased from ~180 mg/d to ~205 mg/dl and continues
to rise progressively with worsening glycemic control (DeFronzo et al. 2013b). Thus,
in individuals with a HbAlc of 8%, the renal threshold is ~220-230 mg/dl. Thus,
during the evolution of man, an adaptive response by the kidney to conserve glucose,
which is essential to meet the energy demands of the body (especially the brain and
other neural tissues which have an obligate need for glucose), becomes maladaptive in
the diabetic patient. Instead of excreting glucose in the urine to correct the hypergly-
cemia, the kidney augments it reabsorption of glucose and this provides the rationale
for development of the SGLT?2 inhibitor class of drugs for the treatment of T2DM.

The Brain

The brain, along with the beta cell, alpha cell, muscle, liver, kidney, adipocyte, and
gastrointestinal tract, forms the eighth component of the Ominous Octet (Fig. 17).
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Fig. 17 The Ominous Octet describing the major pathophysiologic defects which involve multiple
organs in type 2 diabetes. See text for a more detailed explanation. (Source: DeFronzo RA. Diabetes
2009;58:773-795)

The current epidemic of diabetes, which has enveloped westernized countries over
the last 50 years, is being driven by the epidemic of obesity (Hedley et al. 2004).
Porte and colleagues (Porte 2006; Schwartz et al. 2000; Plum et al. 2006) were
among the first to demonstrate that, in rodents, insulin was a powerful appetite
suppressant. Injection of insulin into the third ventricle of baboons inhibits appetite
(Woods et al. 1979), and this appetite suppressant effect of insulin has been
documented across a variety of different species (reviewed in reference (Kullmann
et al. 2016)). Obese individuals, both diabetic and nondiabetic, are resistant to
insulin and manifest compensatory hyperinsulinemia. Nonetheless, despite the pres-
ence of hyperinsulinemia food intake is increased in obese subjects and obese
individuals tend to progressively gain weight. Thus, the insulin resistance in periph-
eral tissues and liver extends to the brain.

Using functional magnetic resonance imaging (MRI), the cerebral response to an
ingested glucose load has been studied (Matsuda et al. 1999; ten Kulve et al. 2015).
After glucose ingestion, two hypothalamic areas consistently show inhibition in NGT
individuals: the lower posterior hypothalamus, which contains the ventromedial
nuclei, and the upper posterior hypothalamus, which contains the paraventricular
nuclei. Both of these hypothalamic areas are key centers for appetite regulation.
Following glucose ingestion, the magnitude of the inhibitory response is reduced in
obese, insulin-resistant, and normal glucose-tolerant subjects, and there is a delay in
the time taken to reach the maximum inhibitory response, even though the plasma
insulin response was markedly increased in the obese group (Matsuda et al. 1999).
Similar results have been reported by others in obese nondiabetic, as well as in obese
and lean T2DM individuals (ten Kulve et al. 2015; van Bloemendaal et al. 2014).
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Table 3 Ominous octet for obesity. Hypothalamic resistance to appetite suppressing hormones and
altered neurotransmitter levels contribute increase energy intake

(1) GLP-1 resistance

(2) PYY resistance

(3) Amylin resistance

(4) Insulin resistance

(5) Leptin resistance

(6) Elevated CNS serotonin levels

(7) Decreased CNS dopamine levels

(8) Altered CNS catecholamine levels

Whether the impaired functional MRI response in obese subjects contributes to or is a
consequence of the insulin resistance and weight gain remains to be determined.
Nonetheless, these results suggest that the brain, like other organs (liver, muscle,
and fat) in the body, is resistant to insulin. In rodents, there is considerable evidence
that the brain directly contributes to insulin resistance via enhanced neural output to
peripheral tissue, including muscle and adipocytes, as well as the liver (Obici et al.
2002, 2001; Jastreboff et al. 2013). However, it is unclear whether similar disturbances
are present in higher vertebrates, including man (Edgerton and Cherrington 2015).

In addition to insulin resistance, there are at least 7 other pathophysiologic
disturbances that contribute to the dysregulation of appetite in the brain and one
can create an Ominous Octet for obesity which includes resistance to the appetite
suppressant effect of GLP-1, PYY, amylin, and leptin, as well as reduced neuronal
dopamine levels, increased neuronal serotonin levels, and altered neuronal catechol-
amine levels in the hypothalamus and other CNS centers involved with appetite
regulation (Table 3). This constellation of physiologic disturbances explains why
weight loss is refractory to lifestyle intervention with pharmacologic therapy
(Dansinger et al. 2007; Knowler et al. 2002; Gregg et al. 2012). Because obesity is
an insulin resistant state, this places stress on the beta cell to enhance its secretion of
insulin and, thus, contributes to the progressive decline in beta cell function that
characterizes T2DM.

Gut Microbiota

The gut microbiota harbor trillions of microorganisms and comprise 1-2 kg of an
individual’s body weight. The neonatal intestinal tract is colonized by the bacteria from
the mother and surrounding environment after birth and by age 3—4 the gut microbiota
composition closely resembles that of the adult (Patterson et al. 2016; Bauer and Duca
2016; Blandino et al. 2016). Evidence is starting to accumulate that an individuals’
microbial signature could be an important risk factor for the development of obesity and
diabetes. Both obesity and diabetes are characterized by a state of low grade inflam-
mation. In mice, genetic models of obesity and diabetes are associated with “metabolic
endotaxemia” and increased levels of lipopolysaccharide (LPS) (Turnbaugh et al. 2006;
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Cani et al. 2009). Further, the gut microbiota can produce a variety of metabolites (i.e.,
short-chain fatty acids, conjugated fatty acids and neuroactive metabolites such as
GABA and serotonin) which can be absorbed and influence the metabolism of the
host. Of the short chain fatty acids, butyrate appears to be particularly important by its
ability to enhance insulin secretion (Tilg and Moschen 2014). In female twins discor-
dant for obesity, transplantation of human gut microbiota from each twin was able to
reproduce the obese or lean phenotype in germ free mice (Ridaura et al. 2013). In
patients with T2DM butyrate-producing bacteria have been reported to be reduced
compared to nondiabetic healthy control subjects (Qin et al. 2012). Following treatment
of T2DM patients with metformin, a unique signature of gut microbiome shifts
characterized by a depletion of butyrate-producing taxa with a reduction in LPS-
triggered local inflammation has been described (Forslund et al. 2015). Although the
role of the gut microbiota in the development of T2DM is in its infancy, it seems clear
that certain bacterial strains and the pharmabiotics they produce can have positive or
negative effects on systemic glucose metabolism. The importance of these effects will
require additional study to define their role in the pathogenesis of T2DM.

Implications for Therapy

Identification of the pathophysiologic abnormalities responsible for T2DM has
important therapeutic implications (DeFronzo 2009) (Fig. 16). First, effective con-
trol of glycemia in T2DM patients will require the use of multiple drugs used in
combination to correct the multiple pathophysiologic disturbances. Second, the
selection of antidiabetic medications should be based upon their ability to correct
known pathogenic abnormalities and NOT simply on their ability to reduce HbAlc
levels. Third, therapy must be started early in the natural history of T2DM to prevent
the progressive B-cell failure and loss of beta cell mass. Fourth, since T2DM is a
disease that affects both the microvasculature (retinopathy, nephropathy, neuropa-
thy) and macrovascular (MI, stroke, PVD), preference should be given to anti-
diabetic agents that reduce both microvascular and macrovascular complications.
The treatment of T2DM is discussed in detail in Pathogenesis of Type 2 Diabetes
Mellitus.
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