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Abstract Weight gain and obesity are driving the global
epidemic of type-2 diabetes through metabolic and inflam-
matory pathways that cause insulin resistance and impair
pancreatic f-cell function, the two important factors that are
directly responsible for the development of this disease in
susceptible populations. Lifestyle methods and modest
weight loss are powerful at preventing and managing type-2
diabetes, but sustaining substantial weight loss is problem-
atic. Bariatric surgery provides exceptional sustained weight
loss and remission of type-2 diabetes in 50-85% of subjects,
especially if treated early before irreparable f-cell damage
has occurred. In addition, there is substantial evidence that
bariatric surgery provides additional comorbidity and qual-
ity-of-life improvements and reduces mortality in patients
with type-2 diabetes. There is an association between the
extent of weight loss and remission of type-2 diabetes.
Diversionary bariatric procedures such as gastric bypass and
biliopancreatic diversion induce a rapid non-weight-loss-
associated improvement in glycemic control. Several
mechanisms have been proposed for this exciting and novel
effect that may provide key insights into the pathogenesis of
type-2 diabetes. A range of novel surgical, endoluminal
procedures/devices, and pharmacologic therapies are likely
to evolve when we better understand how bariatric surgery
enables long-term changes in energy balance and non-
weight-related metabolic improvements. Bariatric surgery
should be considered for adults with BMI > 35 kg/m2 and
type-2 diabetes, especially if the diabetes is difficult to
control with lifestyle and pharmacologic therapy. Although
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all bariatric procedures produce exceptional results in the
management of type-2 diabetes, choice of procedure requires
a careful risk—benefit analysis for the individual patient.

The diabesity epidemic

Obesity and type-2 diabetes are likely to be the two greatest
public health problems of the coming decades [1]. There is a
strong relationship between obesity and type-2 diabetes, and
the term “diabesity,” introduced by Shafrir, has been coined
to suggest a single problem [2, 3]. The adjusted relative risk of
developing type-2 diabetes in those with a body mass index
(BMI) of greater than 35 kg/m2 18 93 (95% confidence interval
(CI) = 81-107) for women [4] and 42 (95% CI = 22-81) for
men [5] compared with those of one with a BMI <22 and
<23 kg/m?, respectively. Approximately half of those diag-
nosed with type-2 diabetes are obese [6]. In addition, the
increase in the prevalence of diabetes over recent decades has
been disproportionately included people extremely obese [7].
A substantial portion of the health costs attributed to
obesity is related to type-2 diabetes. The socioeconomic
impact of type-2 diabetes and its complications are sub-
stantial to individuals, their families, and to society [8]. In
particular, it is an inexorably progressive disease that leads
to deterioration of multiple organs and systems and is the
most common cause of adult blindness, limb amputations,
and renal failure in Western countries as well as the leading
independent risk factor for coronary artery disease [9].

Pathophysiology: obesity and type-2 diabetes

Type-2 diabetes is a heterogeneous group of conditions
broadly characterized by insulin resistance, a state of reduced
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responsiveness of insulin-mediated glucose uptake to circu-
lating insulin, and an inadequacy of the pancreatic f3 cells to
provide sufficient insulin for current requirements [10].
Adipose tissue is an important endocrine organ that
communicates with the brain and peripheral tissues regu-
lating appetite and metabolism [11]. Excess adipose tissue,
especially visceral fat, delivers a range of metabolic and
inflammatory factors, including free fatty acids [12] and
proinflammatory cytokines such as tumor necrosis factor o
and interleukin-6 [13], that via a number if intracellular
pathways, induce insulin resistance in key metabolic
organs, including liver, skeletal muscle, and adipose tissue
[14]. One adipose tissue factor, adiponectin, improves
insulin sensitivity, but circulating levels are unfortunately
lower in obesity, metabolic syndrome, and type-2 diabetes
[15]. Indeed, obesity, especially central obesity, sets up a
complex metabolic and inflammatory cascade that drives
much of the more serious weight-related disease (Fig. 1).
Pancreatic f§ cells are usually able to adapt to a changing
metabolic load. Diabetes ensues as a result of inadequate
adaptation of ff-cell function to cater to sufficient insulin
secretion. While there are inherited tendencies to f-cell
failure, the current diabesity epidemic is driven by an
acquired reduction in f-cell mass, mainly due to f-cell
apoptosis or programmed cell death [16]. As the diabetes
state progresses there is continued f-cell deterioration and
a point of no return is reached when a permanent diabetes
state arises, one that must be treated with insulin [17]. The
metabolic stress of obesity and type-2 diabetes is associ-
ated with lipotoxicity, glucotoxicity, inflammatory cyto-
kines, leptin, and islet cell amyloid—all factors that act in a
vicious cycle of reduced f-cell mass and failure [18, 19].

Obesity related type-2 diabetes
One result of Metabolic and inflammatory cascade
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Fig. 1 The complex metabolic and inflammatory milieu that drives
many of the more serious consequences of obesity and positive
energy balance. Weight loss appears to be the best therapy for treating
and attenuating this process

Preserving and enhancing f-cell function should be a
fundamental aim in the prevention and management of
type-2 diabetes. Early and intensive treatment of type-2
diabetes is known to improve health outcomes and quality
of life [20-23].

Nonsurgical weight loss and type-2 diabetes

Weight control is perhaps the most important way of pre-
venting and treating type-2 diabetes, with weight loss
reducing morbidity and mortality [24]. The durable effect
of modest weight loss associated with practical achievable
lifestyle interventions in preventing the development of
type-2 diabetes in those at high risk of the disease has been
shown to be a 58% risk reduction in both the US and
Finnish diabetes prevention studies [25, 26]. Recently, the
early results from the intensive lifestyles intervention arm
of the US “Look Ahead” study demonstrated improved
glycemic control and reduced cardiovascular risk associ-
ated with weight loss [27]. Intentional weight loss through
diet and exercise is associated with better control, fewer
complications, and reduced mortality [24, 28, 29]. A sys-
tematic review indicates that improvement in blood glu-
cose control is closely related to degree of weight loss [30].

Unfortunately, despite the impressive effect of weight
loss, currently available lifestyle, dietary, and pharmaco-
logic strategies provide only small to modest levels of
weight loss, with diabetics experiencing greater difficulty
in losing weight than nondiabetics [30-33], and achieving
and sustaining substantial weight loss in those with type-2
diabetes has been an elusive goal [32].

Bariatric surgery and type-2 diabetes

An early study to show this clinical improvement consisted
of 608 patients followed for up to 14 years after a Green-
ville-type open gastric bypass [34]. Weight loss was 55%
of excess weight at 10 years and 49% at 14 years. There
were 146 type-2 diabetic patients, and 121 (83%) achieved
and maintained a nondiabetic clinical state with normal
fasting plasma glucose, HbAlc, and serum insulin levels.
In addition, 150 of 152 patients with impaired glucose
tolerance became normoglycemic. The weight loss was
accompanied by major improvements or remission of other
obesity-related comorbidity, including hypertension, sleep
apnea, and infertility. This study also showed a significant
reduction in mortality in the patients treated surgically
when compared to a similar morbidly obese group who did
not proceed with operation, principally due to reduced
cardiovascular deaths [29]. However, remission of type-2
diabetes was less likely in older subjects and in those who
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had a longer history of type-2 diabetes [35]. In addition, the
authors of this study were the first to observe rapid
remission of type-2 diabetes and hypothesize that the
diversionary component of some bariatric procedures may
provide benefit beyond that of weight loss [36].

Numerous subsequent studies have demonstrated high
rates of type-2 diabetes remission with bariatric surgery,
but most have serious methodologic weakness [37]. Many
did not enrol consecutive patients, report biochemical
measures, or accurately define diabetes remission, and
follow-up was often very poor. Few studies meet the
minimum GRADE criteria standards and report follow-up
rates of at least 80% [38, 39]. Remission rates reported in
the ten studies that reached the minimal GRADE quality
were 92-97% (n = 2) for the malabsorptive procedures
biliopancreatic diversion of the duodenal switch variant
(BPD and BPD-DS), 78-83% (n = 4) for roux-en Y gastric
bypass (RYGB), and 45-73% (n = 4) for procedures
described as restrictive, i.e., laparoscopic adjustable gastric
banding (LAGB) and vertical banded gastroplasties
(VBG). The only data considered to be of moderate or high
quality were from three studies of largely restrictive pro-
cedures where the extent of weight loss appears critical in
the delivery of benefit to blood pressure, dyslipidemia, and
glycemic control [40-42]. A summary of these three
studies follows.

The extent of weight loss is important

The Swedish Obese Subjects study group reported major
reductions in the prevalence and incidence of type-2 dia-
betes after a range of bariatric surgical procedures, with the
majority being gastroplasty. This study involved over 2000
subjects electing to undergo bariatric surgical procedure
who were then compared to well-matched controls. A
major reduction in the prevalence of type-2 diabetes at 2, 8,
and now 10 years following surgical intervention was
reported, and more recent mortality data indicate a major
reduction in the mortality of patients with diabetes in the
surgically treated group [43—45]. This study provides the
most detailed and compelling evidence of the effect of
bariatric surgery on the natural history of type-2 diabetes.

An Italian study by Pontiroli et al. [40] prospectively
studied 143 patients who had LAGB surgery over a 3-year
period and compared the metabolic results at 1 year with
those of 120 obese patients who had conventional dietary
weight loss therapy. They report greater weight loss in the
surgically treated group along with improvements in blood
pressure, dyslipidemia, and glycemic control that were
proportional to the degree of weight loss. Greater metabolic
improvements were seen in those with type-2 diabetes and
HbAlc levels fell significantly from a mean of 8.2% at
baseline to 5.9% at 3 years. While only 45% of those with
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type-2 diabetes went into remission, the glycemic control
for the group with diabetes was exceptional.

Currently there is only one published randomized con-
trolled trial of surgery compared with conventional therapy
for the treatment of type-2 diabetes and this was from our
group in Australia [42]. Randomized patients had been
diagnosed with type-2 diabetes for less than 2 years at
recruitment and their BMI was in the 30-40-kg/m? range.
Remission, defined as Hbalc <6.2, fasting plasma glucose
<7 mmol/l, and not on any hypoglycemic therapy, was
achieved by 22 (73%) in the surgical group and 4 (13%) in
the conventionally treated group. Surgical and conven-
tional therapy groups had lost a mean of 20.7 + 8.6% and
1.7 £+ 5.2% of weight, respectively, at 2 years. Remission
of type-2 diabetes was strongly related to weight loss. The
pattern of weight loss, changes in HbAlc, and remission of
type-2 diabetes over the 2-year period is shown in Fig. 2a—
c. There was also significant improvement in dyslipidemia,
with a greater mean fall in triglyceride and rise in HDL
cholesterol levels in those treated surgically, and only 4
(13%) surgically treated compared with 21 (70%) fulfilled
the ATPIII criteria for the metabolic syndrome at 2 years.
We have recently shown that the LAGB therapy provided
in this randomized study was cost effective, indeed was
dominant, indicating that there would be cost savings over
a patient’s lifetime if treated surgically [46, 47].

There is little doubt that achieving and sustaining weight
loss in obese patients has a profound clinical effect in
successfully managing type-2 diabetes and that weight loss
appears to be the main mode of action in nondiversionary
bariatric surgery.

Early intervention to preserve f-cell function

In an earlier study, our group in Australia reported a 64%
remission in type-2 diabetes 1 year after LAGB surgery,
with a further 26% having improved glycemic control, and
10% had little change [48]. Remission was strongly pre-
dicted by greater weight loss and a shorter history of dia-
betes. Improvement in insulin sensitivity was best
predicted by the extent of weight loss, but improvement in
f-cell function or secretion was predicted by a shorter
history of diabetes [49]. Schauer et al. [SO] showed clinical
remission in 83% of patients with type-2 diabetes and the
remaining 17% improved significantly following RYGB
surgery. This study found that a shorter history of diabetes
and milder disease was associated with an increased like-
lihood of remission.

Timing appears to be a key factor in achieving remission
of type-2 diabetes following bariatric surgery through
improvement in f-cell function. This is to be expected
given the progressive deterioration of f-cell function [20,
51] which characterizes this disease. The metabolic and
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Fig. 2 a-c Percentage weight loss, HbAlc, and remission of type-2
diabetes following LAGB surgery compared with conventional
surgery. Assessments for remission were performed at 6-month
intervals out to 2 years

inflammatory milieu (Fig. 1) produces a vicious cycle of f-
cell deterioration and loss of f-cell mass, largely through
increased apoptosis, leading to increasing levels of hypo-
glycemic therapy [18]. There is a reversible component of
f-cell deterioration, with weight loss improving f-cell
responsiveness to glucose [52, 53]. If the bariatric surgical
procedure is performed before irreversible f-cell failure

has occurred, then durable weight loss will be accompanied
by a high likelihood of long-term remission [34, 54].

Given the close relationship between positive energy
balance, excess weight, and the development of type-2
diabetes, it is hardly surprising that weight loss provides
such an impressive therapeutic effect. Indeed, the vicious
cycle that drives the development of type-2 diabetes
through both insulin resistance and progressive f-cell
deterioration is significantly reversed through negative
energy balance and significant sustained weight loss [55].
The inflammatory and metabolic milieu depicted in Fig. 1
as driving obesity-related disease is substantially reversed
with weight loss. Taylor [55] has recently, perhaps pro-
vocatively, described the time course of diabetes devel-
opment and its remission following bariatric surgery in a
review entitled “Pathogenesis of type-2 diabetes: tracing
the reverse route from cure to cause.”

Diversionary surgery: benefits beyond that of weight
loss

Despite the paucity of any medium- or high-quality clinical
data regarding diversionary procedures such as RYGB and
BPD, there appears to be early improvement in glucose
tolerance in patients with type-2 diabetes, an effect beyond
that expected for comparable weight loss [34, 38]. The
evidence for this effect is now compelling and raises new
questions about the gut and its role in the pathogenesis of
type-2 diabetes [56] and the possibility that surgery may be
manipulated to limit the weight reduction effect and to
maximize its anti-diabetes effect to treat patients with type-
2 diabetes who do not have a major weight problem [57].
Revealing the mechanism(s) of this non-weight-loss effect
of bariatric surgery is extremely exciting as it is likely to
provide a host of novel therapies for type-2 diabetes. Is the
effect a rapid improvement in insulin sensitivity, stimula-
tion of pancreatic f-cell secretion, or, perhaps, a combi-
nation of both? There are several mechanisms proposed for
this early effect on glucose tolerance.

Activation of the enteroinsular axis

Incretins are gastrointestinal hormones that are released
from luminal enteroendocrine cells as a response to
ingested nutrients to stimulate pancreatic insulin secretion.
Ingestion of glucose produces an insulin release that is
greater than that of intravenous glucose—the difference is
the incretin effect. The enteroinsular axis hormones glu-
cagon-like peptide-1 (GLP-1) from L cells and glucose-
dependent insulinotrophic peptide (GIP) from K cells are
incretins that account for much of this effect and act on the
pancreatic f3 cells via a common mechanism [38]. Obesity
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and type-2 diabetes have independent effects on incretin
effects through unknown mechanisms.

The hindgut or lower intestinal hypothesis

There is now excellent evidence that nutrient ingestion
following diversionary bariatric surgery has an exaggerated
L-cell stimulatory effect that increases GLP-1 and peptide
YY (PYY) release that may have appetite-suppressive and
incretin effects [58, 59]. Direct evidence of an incretin
effect was shown when comparing intravenous and oral
glucose tolerance tests in nine women with type-2 diabetes
1 month post-RYGB and in ten matched dietary weight loss
controls who had lost the same amount of weight. The
RYGB patients had a sixfold response in GLP-1 and a
fivefold greater incretin effect after oral glucose, but there
was no similar effect in the diet-induced weight loss group.
There was also a significantly greater reduction in post-
prandial glucose levels in the RYGB weight loss group [60].
There was no significant difference in GIP, fasting glucose,
or peak glucose levels between groups. This provides
excellent evidence of an early incretin effect and improved
area-under-the-curve glucose tolerance that is not related
directly to the weight loss. This exaggerated L-cell response
supports the hypothesis that the hind gut may be responsible
for the improved glucose tolerance. A number of studies
demonstrate that ileal transposition can also stimulate L-cell
activity, potentially enhancing satiety and weight loss and
improving metabolic outcomes [61, 62]. These studies also
support a hind gut effect of diversionary surgery. It is of
interest that GLP-I receptor agonists and inhibitors of
dipeptidyl peptidase (DPP)-1V, an enzyme that breaks down
GLP-1, are now established therapies for type-2 diabetes. A
benefit from the GLP-1 receptor agonists is that they assist
with modest weight loss. There are also data from animal
models that suggest GLP-I receptor agonists and DPP-IV
blockers increase ff-cell mass [18].

The foregut or upper gastrointestinal hypothesis

There is now a growing body of evidence that foregut
intervention, in particular, exclusion of the duodenum, may
improve glucose tolerance. First posed by Pories, this
hypothesis was elegantly explored by Rubino in a series of
experiments using animal models [36, 63]. He demon-
strated, using a Goto-Kakizaki type-2 diabetic rat model,
that duodenal—jejunal bypass (DJB) improved glucose tol-
erance with no weight difference between those with DJB
and controls. In addition, he was able to switch the glucose
tolerance effect on and off by reintroducing the passage of
food through the duodenum. The hypothesis that there was a
foregut effect through exclusion of the duodenum was thus
supported, and the authors further propose that there may be
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a “duodenal factor,” perhaps an anti-incretin, that may
explain the duodenal exclusion effect seen. His team sub-
sequently showed that a duodenal sleeve that excludes the
nutrients from the duodenal surface improved glucose tol-
erance. These developments have led to promising pre-
liminary human studies of DJB and the use of
endoscopically placed duodenal sleeves as a treatment for
type-2 diabetes, potentially extending surgical treatment for
diabetes into a weight category where substantial weight
loss is not the prime target [57, 64, 65]. A range of novel
procedures is being investigated to try and exploit the
“antidiabetic” effects of gastrointestinal surgery.

Insulin sensitivity

Much of the non-weight-loss effect of bariatric surgery has
explored the incretin pancreatic-stimulating effect. Perhaps
more important is the effect on insulin sensitivity. A New
Zealand group has described early improvements in insulin
sensitivity within 6 days of RYGB surgery [66]. Weight loss
has a profound effect on improving insulin sensitivity and
reversing the metabolic and inflammatory cascade (Fig. 1).
A recent study compared banding and gastric-enteral anas-
tomosis procedures in C57B16 mice that were fed a high-fat
diet. Intestinal gluconeogenesis increased after the diver-
sionary procedure, but not after gastric banding. This
enhanced intestinal gluconeogenesis is sensed in the portal
vein and signaled centrally to reduce food intake and
improve hepatic insulin sensitivity. Interestingly, this effect
was abolished by portal vein denervation in GLUT-2
knockout mice, suggesting signaling pathways for the effect
on food intake and insulin sensitivity. Another animal model
has confirmed that a combination of an incretin effect and
improved insulin sensitivity may be dually responsible for
the improved glucose tolerance [67].

Hypoglycemia

There have now been a number of reports of severe
hypoglycemia in patients following RYGB [68-71]. The
exact pancreatic pathology has been debated, but it is clear
that it is a serious concern for some patients. It has been
proposed that this may be an example of “too much of a
good thing” [72]. Dietary changes have been used to try
and treat the hypoglycemia. One group has suggested that
hypoglycemia occurs in patients who have lost gastric
restriction and that revisional surgery may help; others
have resorted to subtotal pancreatectomy to treat patients
with a serious intractable problem [68-71].

It should be recognized that diversionary procedures
have a down side, with increased invasiveness, higher
perioperative morbidity and mortality, and greater long-
term nutritional concerns than less invasive, adjustable, and
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easily reversible procedures such as the laparoscopic
adjustable gastric band [73, 74]. Choice of procedure
requires a careful risk-benefit analysis.

American Diabetes Association—Standards of Medical
Care—2009

Until very recently there has been little interest in bariatric
surgery as a therapy for type-2 diabetes, but in its most
recent “Standards of Medical Care in Diabetes - 2009” the
American Diabetes Association has indicated a positive,
but cautioned, approach [75]. ADA key evidence-based
recommendations are:

e Bariatric surgery should be considered for adults with
BMI > 35 kg/m? and type-2 diabetes, especially if the
diabetes is difficult to control with lifestyle and
pharmacologic therapy.

e Although small trials have shown glycemic benefits for
bariatric surgery in patients with type-2 diabetes and
BMI of 30-35 kg/m?, there is currently insufficient
evidence to generally recommend surgery in those with
BMI < 35 outside a research protocol.

e The long-term benefits, cost effectiveness, and risks of
bariatric surgery in individuals with type-2 diabetes
should be studied in well-designed randomized con-
trolled trials with optimal medical and lifestyle therapy
as the comparator.

Conclusion

There is clear evidence that bariatric surgery is associated
with a 50-85% diabetes remission rate in the severely
obese, that early intervention is more likely to provide
remission [76], and that death related to type-2 diabetes
and overall mortality is reduced [29, 45, 77].

There is an enormous burden in those currently eligible
for surgery (BMI > 35), yet we know few receive surgical
therapy [78]. Current guidelines provide information about
when bariatric surgery could be considered; however, when
will bariatric surgery be a standard of care for the recently
diagnosed type-2 diabetic at BMI = 40 when they are not
reaching weight loss and key diabetes targets of glycemic
control, dyslipidemia, and hypertension within a year of
diagnosis? [79]. Let’s move to where healthcare providers
have high-quality data and consensus regarding those who
will clearly benefit from surgery.

The future of bariatric and metabolic surgery and the
discoveries that have been made are very exciting. Novel
therapies are bound to emerge, but we need to move for-
ward ethically and scientifically with properly designed
and conducted studies in both animal models and humans.
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