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  Pref ace   

 A few years ago, I had the great pleasure of chairing a course with Dr. Bruce Wolfe 
on Metabolic Syndrome and its management. This was a well-attended course that 
provided clarity on what we as medical professionals are trying to achieve in this 
patient population. My coeditors, Dr. Sayeed Ikrammudin and Dr. Bruce Wolfe, 
presented the nascent biology of the disease and the cause of infl ammation with 
such aplomb that the attendees were truly riveted by the material. There were sev-
eral other presentations delivered by experts in bariatric surgery on the outcomes of 
weight loss surgery in metabolic syndrome. At the close of the course, Bruce and 
I were approached by Richard Hruska, editor at Springer, about creating a textbook 
based on the course. 

 As we committed to the book, I wanted Sayeed to be a part of the project. For 
those of you who don’t know either Bruce or Sayeed, they are two of the most 
thoughtful and consummate scientists I know. Both have spent considerable time 
delving into disease etiology and incretin effect on diabetes and metabolic syn-
drome. With their help, we created a textbook that is a resource for all medical 
professionals and gives the most up-to-date research on the topic. This is a textbook 
that is comprehensive in its focus on metabolic syndrome with medical and surgical 
perspectives from experts in the fi eld. This book is a resource for everyone involved 
in the care of the patient with diabetes and/or metabolic syndrome. Sayeed, Bruce, 
and I are proud of the fi nished product, and we know you, the reader, will appreciate 
the clarity this book provides.  

 New York, NY, USA      Marina     Kurian, M.D., F.A.C.S., F.A.S.M.B.S.    
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 1      Definition, History, and Management 
of the Metabolic Syndrome 
and Management Gaps       

       Josep     Vidal       and     Amanda     Jiménez    

1.1             Historical Perspective 

  As nicely reviewed by Enzi et al., a report of the association between visceral obe-
sity and  cardiovascular disease (CVD)   was already provided by Morgagni back in 
the eighteenth century using macroscopic anatomical description [ 1 ]. As summa-
rized below, many have followed and refi ned the observational skillfulness of the 
Italian anatomist. Over time, clinical observations on the clustering of cardiovascu-
lar risk factors evolved into pathophysiological constructs and, lately, into the clini-
cal entity we now know as the metabolic syndrome (MetS). 

 Early in the twentieth century, several European physicians suggested that meta-
bolic abnormalities such as hypertension and diabetes often presented in the same 
individual [ 2 ,  3 ] (Table  1.1 ). The recognition of the clustering of CVD risk factors 
was fi rst categorized as a syndrome by Kylin when he proposed the “hypertension–
hyperteglycemia–hypeuricemia syndrome” in 1923 [ 4 ]. In the mid-twentieth cen-
tury, Jean Philippe Vague fostered the importance of body fat distribution as 
determinant of the association of several CVD risk factors in a particular subject. In 
1947, Vague fi rst described the sexual dimorphism of body fat distribution [ 5 ]. A 
few years later, he portrayed the closer association between android obesity, diabe-
tes, hypertension, and atherosclerosis as compared to that between CVD risk factors 
and the gynoid type of body fat distribution [ 6 ]. The relationship between body fat 
distribution and metabolic complications of obesity was later further emphasized by 
several independent groups. Kassebah et al. hypothesized disparate morphology 
and metabolic behavior of fat cells accounting for the differential association of 
CVD risk factors with different body fat distributions [ 7 ]. Contemporarily, Albrink 
described the relationship between obesity, hypertriglyceridemia, and low 
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HDL-cholesterol plasma concentration [ 8 ]. Furthermore, in the mid-1990s a 
Swedish group suggested that body fat distribution or a highly correlated factor 
(genetic, hormonal, or behavioral) could help explain the sex differences observed 
in the incidence of coronary heart disease [ 9 ].    Terms similar to MetS were used to 
describe the association of cardiovascular risk factors already in the mid-1960s of 
last century. Camus named “metabolic tri- syndrome” the association of gout, diabe-
tes, and hypelipidemia [ 10 ]. Avogaro proposed the term “plurimetabolic syndrome” 
to describe the association of obesity, diabetes, hyperlidemia, hypertension and 
CVD [ 11 ]. Finally, in 1977 Haller defi ned a “metabolic syndrome” as the confl u-
ence of obesity, diabetes mellitus, hyperlipoproteinemia, hyperuricemia, and hepatic 
esteatosis [ 12 ]. Of note, the authors underlined the potentiating effect of the 

   Table 1.1     Chronological   overview of the history of the metabolic syndrome   

 Year  Authors  Contribution 

 1765  Morgagni JP [ 1 ]  Macroscopic anatomic description of the association 
between visceral obesity and CV disease 

 1921  Hitzenberger K [ 2 ]  Description of the relationship between diabetes mellitus and 
hypertension 

 1922  Marañon G [ 3 ]  Description of the relationship diabetes mellitus and 
hypertension 

 1923  Kylin E [ 4 ]  Description of a syndrome of diabetes mellitus, 
hypertension, and hyperuricemia 

 1947  Vague JP [ 5 ]  Description of the android and gynoid types of obesity 

 1956  Vague JP [ 5 ]  Connection between android obesity and diabetes, 
hypertension, gout, and atherosclerosis 

 1966  Camus JP [ 10 ]  Description of the metabolic tri-syndrome: gout, diabetes, 
and hyperlipidemia 

 1967  Avogaro P [ 11 ]  Description of the plurimetabolic syndrome (hyperlipidemia, 
obesity, diabetes, hypertension) 

 1968  Menhert H, 
Kuhlman H [ 14 ] 

 Description of the syndrome of affl uence 

 1977  Haller H [ 12 ]  Relationship between the metabolic syndrome and 
atherosclerosis 

 1980  Albrink MJ [ 8 ]  Relationship between obesity, hypertriglyceridemia, and low 
HDL-cholesterol 

 1981  Hanefeld M, 
Leonhardt W [ 13 ] 

 Metabolic syndrome: T2DM, hyperinsulinemia, obesity, 
hypertension, hyperlipidemia, gout, and trombophilia 

 1982  Kissebah AH [ 7 ]  Description of the disparate morphology and metabolic 
behavior of fat cells in different body fat distributions 

 1988  Reaven GM [ 17 ]  Syndrome X (insulin resistance as the common link) 

 1989  Kaplan NM [ 20 ]  The deadly quartet (central adiposity, IGT, 
hypertriglyceridemia, hypertension) 

 1991  De Fronzo RA, 
Ferrannini E [ 21 ] 

 Description of the multifaceted insulin resistance syndrome 

 1992  Larsson B [ 9 ]  Relationship between body fat and sex differences in 
cardiovascular disease 

J. Vidal and A. Jiménez
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combination of risk in atherosclerosis. The term “metabolic syndrome” was also 
used by Hanefeld and Leonhardt in 1981 to depict the association of diabetes, 
hyperinsulinemia, obesity, hypertension, hyperlidemia, gout, and thrombophilia 
[ 13 ]. From the early descriptions of the cluster of CVD risk factors, it was under-
scored that lifestyle was associated with the presence of the metabolic disturbances 
[ 3 ]. This was the basis for Mehnert and Kuhlmann to jointly name the clinical mani-
festations described above as “syndrome of affl uence” [ 14 ]. 

 On the occasion of the Banting Medal address at the 1988 annual meeting of the 
American Diabetes Association, Gerald M Reaven fi rst introduced the term 
Syndrome X [ 15 ]. According to its pathophysiology, insulin-resistant nondiabetic 
individuals would be at increased risk to be somewhat glucose intolerant, hyperten-
sive, and present with a form of dyslipidemia best described by the presence of 
elevated plasma triglycerides and low plasma HDL-cholesterol concentrations. The 
notion of a syndrome was proposed by Reaven to acknowledge that insulin resis-
tance underlies several downstream manifestations. The number of these alterations 
present in a particular individual would vary depending upon the presence of addi-
tional factors. For instance, type 2 diabetes would not occur in the presence of insu-
lin resistance unless a subject is unable to secrete enough insulin to overcome the 
defect in insulin action [ 16 ]. The X in the name of the entity was used to capture 
attention to the fact that the importance of insulin resistance as CVD risk factor was 
relatively unknown [ 17 ]. As a whole, the term Syndrome X served Reaven to 
emphasize the importance of insulin resistance and its manifestations as cardiovas-
cular risk factors. The list of manifestations associated with insulin resistance was 
further expanded by several authors following the initial description by Reaven and 
will be discussed in the next chapter in this book. As insulin resistance was deemed 
the underpinning mechanism of Syndrome X, obesity or body fat distribution were 
not in the defi nition of the syndrome. The group by Reaven had shown that not all 
obese individuals are insulin resistant, and reciprocally nor are all insulin resistant 
individuals are obese [ 18 ]. As derived from the seminal study of the European 
Group for the Study of Insulin Resistance, only approximately 25 % of the variabil-
ity in degree of insulin resistance in nondiabetic individuals would be accounted for 
by differences in degree of obesity [ 19 ]. 

 It was only 1 year after Reaven’s Banting Medal address, that Kaplan vindicated 
again the importance of upper-body obesity as major contributor to other CVD risk 
factors often times present in some individuals [ 20 ]. Kaplan defi ned the deadly 
quartet as the combination of central adiposity, glucose intolerance, hypertriglyceri-
demia, and hypertension. The author acknowledged the importance of insulin resis-
tance and the accompanying hyperinsulinemia as key intermediaries in the 
pathogenesis of the cluster of CVD risk factors. Furthermore, Kaplan recognized 
that genetic and environmental factors would be involved in its pathogenesis, since 
each of the different components of the quartet may occur in the absence of the oth-
ers. However, following on Vague’s work, he call into attention the fact that obesity 
was being oversight as a major contributor to the CVD risk not captured by the 
traditional CVD risk factors. The inclusion of obesity in a multifaceted syndrome 
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characterized by insulin resistance/hyperinsulinemia was further endorsed by 
DeFronzo and Ferrannini in 1991 [ 21 ]. 

 In summary, this historical overview clearly underscores that the observations on 
the confl uence of certain CVD risk factors in some individuals more often than by 
chance are not novel. Although some disagreement on its pathophysiology exists, 
historical concordance could be found in that such CVD risk factors are tightly 
linked to our lifestyle and would be alleviated by means of interventions aiming at 
lifestyle modifi cation.   

1.2     The Definition of the Metabolic Syndrome 

 In 1998, the  World Health Organization (WHO)   was fi rst in proposing a formal defi -
nition of the MetS [ 22 ].    Several organizations followed (Table  1.2 ) [ 24 – 30 ]. 
Nonetheless, despite this sequence starting 15 years ago, the MetS defi nition still 
appears to be a work in progress and is seen rooted in controversy regarding its 
clinical utility [ 23 ]. 

   By providing a defi nition of the MetS, the group of WHO experts aimed at 
emphasizing the CVD risk associated with the coexistence in one individual of 
hypertension, upper body obesity, and dyslipidemia, with or without  hyperglycemia   
[ 22 ]. They call attention to the fact that despite each component of the cluster con-
veying increased CVD risk, the combination of the different component was consid-
ered much more powerful. Furthermore, for those with normal glucose tolerance the 
concurrence of other components would put them at risk for future diabetes. The 
defi nition was presented embedded in a report on the diagnosis and classifi cation of 
diabetes. For the diagnosis of the MetS either some degree of glucose intolerance 
and/or insulin resistance (as assessed from a hyperinsulinemic euglycemic clamp) 
was required. The  diagnosis of   the MetS would be made if two additional risk fac-
tors were present (Table  1.2 ). 

 Shortly after the WHO report had been published,    the European Group for the 
Study of Insulin Resistance (EGIR)    suggested some amendments to the proposed 
defi nition (Table  1.2 ) [ 24 ]. The  EGIR   experts considered as premises that (1) the 
diagnosis of the MetS was intended at easily identifying a group of patients with 
mild anomalies which, in combination, increase CVD risk, and (2) that insulin resis-
tance was the underlying mechanism. From that perspective, the EGIR experts pro-
posed fasting plasma insulin as simple measure of insulin sensitivity and to restrict 
the diagnosis of the MetS to nondiabetic individuals. In the presence of insulin 
resistance, the MetS would be diagnosed in the presence of two additional risk fac-
tors: impaired fasting but nondiabetic hyperglycemia, enlarged waist circumfer-
ence, mildly elevated blood pressure, and elevated triglycerides and/or low 
HDL-cholesterol (Table  1.2 ). To strength the simplicity and feasibility of the diag-
nosis, the EGIR proposal left out of the defi nition the microalbuminuria criterion 
that was part of the WHO proposal. 

 In 2001, a new set of diagnostic criteria for the MetS was issued by the  National 
Cholesterol Education Program (NCEP-ATPIII)   (Table  1.2 ) [ 25 ]. The  NCEP-ATPIII   
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criteria aimed at easily identifying subjects in whom the CVD risk reduction associ-
ated with LDL-cholesterol lowering therapy could be threatened because of the 
presence of metabolic abnormalities often times associated with overweight or obe-
sity. It was acknowledged that insulin resistance, a proinfl ammatory state, and a 
prothrombotic state were part of the syndrome but were left out of the defi nition 
because these were unfeasible to detect in routine clinical practice. At variance with 
previous defi nitions no single criterion was required for the diagnosis, but rather the 
diagnosis of the MetS was made in the presence of any combination of three of a set 
of fi ve components. As previously endorsed by others, the MetS was considered a 
risk enhancer of CVD and T2DM. Nonetheless, as suggested by the WHO, the 
diagnosis of the MetS was applicable to subjects with T2DM. 

 The  American Association of Clinical Endocrinologists (AACE)   was next (2003) 
in joining the work in progress towards  a   defi nition of the MetS [ 26 ]. The criteria 
included were similar to those proposed by the WHO and ATP (obesity, elevated 
blood pressure, elevated triglycerides, low HDL-cholesterol), but the number of risk 
factors needed was not specifi ed and the diagnosis was left to clinical judgment. As 
for the EGIR, the diagnosis would no longer apply when T2DM is present. 
Additional factors to inform clinical judgment included a family history of T2DM, 
hypertension or CVD, polycystic ovarian syndrome, advancing age, or a sedentary 
lifestyle. 

 In 2006, a new proposal came from the  International Diabetes Federation (IDF)   
(Table  1.2 ) [ 27 ]. The proposal aimed at an easy to use  and   worldwide valid defi ni-
tion of a set of criteria that would allow the identifi cation of subjects at considerably 
increased risk of developing CVD and/or T2DM. The IDF experts considered the 
obesity epidemic to be one of the main drivers of the high prevalence of the 
MetS. The 2001-ATP III defi nition was used as a starting point to be modifi ed and 
updated to refl ect current knowledge. At variance with the NCEP-ATPIII defi nition, 
the IDF proposal included central obesity as required criterion for the diagnosis. 
The rationale for this requirement was that central obesity was found more strongly 
correlated with the other MetS components than is any other parameter. Gender and 
ethnic-group specifi c cut-points for the waist circumference were proposed to 
acknowledge group-differences in body fat distribution. Two of for additional fac-
tors were required for the diagnosis of the MetS (Table  1.2 ). Of note, contemporar-
ily to the IDF proposal, the  American Heart Association/National Heart, Lung, and 
Blood Institute (AHA/NHLBI)   slightly modifi ed the NCEP-ATPIII criteria but did 
not obligatorily mandated an enlarged waist circumference for the diagnosis of 
MetS to be made [ 28 ]. The  AHA/NHLBI   considered that the different consideration 
of the obesity criterion between the two proposals would have minor effects since 
most individuals with the MetS according the AHA/NHLBI criteria would test posi-
tive for it. 

   The remaining differences between the  IDF      and the AHA/NHLBI were dis-
cussed in a joint meeting in 2009 and resulted in a harmonized defi nition of the 
MetS (Table  1.2 ) [ 29 ]. As a result, abdominal obesity was not considered any more 
a prerequisite for the diagnosis but rather given equal consideration to the other four 
components. The diagnosis would be made in the presence of any combination of at 
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least three out of the fi ve agreed criteria (Table  1.2 ). Interestingly, it was recom-
mended that until more data was available the IDF cut-point for waist circumfer-
ence were used in non-Europeans, and either the IDF (male ≥94, female ≥80) or 
AHA/NHLBI (male ≥102, female ≥88) for people of European origin. As previ-
ously proposed separately by the two organizations the diagnosis of the MetS would 
not exclude subjects with T2DM.   

 The fi nal chapter of this evolutionary history was made public in 2010 and came, 
interestingly, from a WHO expert consultation [ 30 ]. In our opinion, that report con-
tains several important statements. First, it was acknowledged that a formal diagno-
sis of the MetS is rarely made in routine clinical practice and has not been widely 
adopted in national guidelines for the prediction of CVD or T2DM. Second, the 
MetS should be considered as a pre-morbid condition rather than a clinical diagnosis. 
Thus, the diagnosis of the MetS does not apply to those with already existing T2DM 
or CVD. Third, efforts should be placed in elucidating the mechanisms underlying 
the clustering of the different components of the MetS rather than in developing new 
or revised defi nitions. Finally, it was concluded that despite the MetS could be useful 
as educational concept, it has limited practical utility as management tool. 

 In summary, over the last two decades we have witnessed a work in progress in 
search of clinically useful defi nition of the MetS. The existence of multiple defi ni-
tions for the MetS has inevitably led to confusion. Proposals have varied depending 
on the underlying views of the proponents. It looks as if at the current stage we have 
not succeeded in our aim.  

1.3     What Is in the Diagnosis? 

  According to the current of state of the art,    the MetS could be best conceptualized 
as a recognizable cluster of physical and biochemical abnormalities occurring in 
one individual more often than expected by chance and for which the direct underly-
ing cause is not well understood. The use of statistical analysis techniques appears 
to confi rm the view that the different components of the MetS are part of a single 
entity [ 31 ]. In sharp contrast, over the last years the MetS has rather been used as 
clinical tool for the identifi cation of individuals at high risk for CVD and T2DM. As 
a result, the concept of the MetS has been distorted and questioned [ 23 ,  32 ]. 

 A recent systematic review and meta-analysis of 87 studies, in which either the 
NCEP-ATPIII or the AHA/NHLB defi nition was used, clearly illustrates the predic-
tive value of the MetS for CVD outcomes [ 33 ]. The diagnosis of the MetS was associ-
ated with a twofold increase in risk for incident CVD, CVD mortality, myocardial 
infarction, and stroke. Risk estimates varied little whether derived from any of the two 
defi nitions. Moreover, the estimated relative risk for CVD mortality, myocardial 
infarction, and stroke were only slightly smaller when the analysis was restricted to 
the subgroup of nondiabetic subjects with the MetS. The estimated relative risks were, 
respectively, 1.75 (95 % CI: 1.19–2.58); 1.62 (95 % CI: 1.31–2.01); and 1.86 (95 % CI: 
1.10–3.17). However, to what extent the diagnosis of the MetS accomplishes the goal 
of identifying individuals at high-risk for CVD is less obvious. 
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 The performance of the MetS as compared to the widely used  Framingham Risk 
Score (FRS)   for the identifi cation of subjects at risk for CVD has been reported in 
several studies including different populations [ 34 – 37 ]. In 2004, Stern et al. found 
the MetS had a lower sensitivity and was associated with a higher rate of false- 
positivity as compared to the FRS for the identifi cation of incident CVD when 
applied to the San Antonio Heart Study population [ 34 ]. Likewise, McNeil et al. 
found the MetS did not improve coronary heart disease prediction beyond the level 
achieved by the FRS when applied the nondiabetic and CVD-free population par-
ticipating in the Atherosclerosis Risk in Communities study [ 35 ]. Similar results 
were reported by Woodward [ 36 ] and Wannamethee [ 37 ] in prospective studies in 
which either Scottish men or women or British men with no history of CVD at 
baseline were followed up to 13.7 years and 20 years respectively. Although an in 
depth discussion of the reasons accounting for the poorer performance of the MetS 
as compared to the FRS in predicting CVD can be found elsewhere [ 30 ] and is 
beyond the scope of this review, we would like to emphasize three aspects. First, 
predicting tools such as the FRS may be more informative for risk estimation 
because of the inclusion of a set of unrelated factors rather than a set of intertwined 
components arising, potentially, from a single underlying mechanism. Second, 
whereas the FRS provides an estimate of absolute risk for CVD, the MetS informs 
on an individual’s relative risk compared to those without the MetS. Thus, the diag-
nosis of the MetS would not represent an equivalent risk for someone with an abso-
lute risk in the low range as compared to someone with a high baseline risk. Finally, 
in a recent report involving Finnish and Swedish populations, no difference was 
found between the predictive value of CVD of a full defi nition of the MetS and its 
individual components [ 38 ]. Thus, discussion of the predictive value of the MetS in 
predicting CVD clearly exemplifi es how the misuse of the MetS conceptual frame-
work has resulted in distortion of its signifi cance. 

 The ability of the MetS in predicting incident  T2DM   as compared to simpler 
measures has also been questioned [ 23 ]. It has been shown that the relative risk for 
incident T2DM is up to fi ve times higher in individuals with the MetS compared 
with those without the syndrome [ 39 ]. Despite some controversy exists, it has been 
suggested that fasting plasma glucose accounts for a large proportion of the T2DM 
predictive capacity of the MS [ 40 ,  41 ]. Furthermore, Stern et al. demonstrated that 
the Diabetes Predicting Model outperformed the MetS in predicting T2DM in the 
San Antonio Heart Study and Mexico City Diabetes Study [ 34 ]. Numerous diabetes 
risk scores are now available that provide good estimates of the chance of individu-
als developing diabetes in the mid- or long-term future [ 42 ]. For that matter, the 
MetS does not appear to be the universal ideal diabetes risk score. 

 To put what is in the diagnosis of the MetS into clinical perspective, we may 
wonder if being diagnosed with the MetS because of the presence of fasting plasma 
glucose of 101 mg/dl, systolic blood pressure of 137 mmHg, and fasting triglycer-
ides of 151 mg/dl, would imply a fi vefold larger risk for CVD and a twofold larger 
risk for T2DM as compared with the same individual not fulfi lling any of the MetS 
components because of a fasting plasma glucose of 99 mg/dl, systolic blood pres-
sure of 134 mmHg, and fasting triglycerides of 149 mg/dl. In brief, we could well 
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conclude that the MetS is not the best available tool for the prediction of CVD or 
T2DM. Further than this being a scientifi cally or clinically unresolved question, the 
low degree of implementation of the MetS as screening tool in CVD or T2DM pre-
vention programs throughout the world would support this view [ 30 ]. Nonetheless, 
this does not detract from the fact that the MetS enfolds the concept of a number of 
cardiovascular risk factors presenting together in some individuals, and that these 
risk factors either individually or as group may benefi t from lifestyle interventions.   

1.4     Current Management Caveats 

 Major limitations for advancing in the defi nition of the best management strategies 
for the MetS include the lack of a consensus defi nition, the vagueness of its predic-
tive ability for CVD and T2DM outcomes, and the lack of a unifying pathogenic 
 hypothesis   (Table  1.3 ). In the absence of an agreed defi nition, it is hard to set the 
proper patient selection criteria to be used in clinical trials evaluating therapeutic 
strategies and it becomes delicate to compare results across different studies using 
different defi nitions. Variation in the strength of association between the 16 poten-
tial combinations leading to the diagnosis of the MetS and CVD and/or T2DM 
hampers accurate trial design. The lack of a unifying underpinning mechanism 
questions whether the MetS is best treated targeting a single factor or, alternatively, 
confronting each component separately. At the end of the day, from the management 

   Table 1.3     Major limitations in the management strategies  of   the metabolic syndrome   

 Limitation  Consequence(s) 

 Lack of consensus defi nition  –  Diffi cult to set proper patient selection criteria to be 
used in clinical trials 

 –  Diffi cult to compare among clinical trials using 
different defi nitions 

 Vagueness of predictive value for 
CVD and T2DM outcomes 

 – Diffi cult to proper trial design 

 – Diffi cult to ascertain the impact of interventions 

 –  Diffi cult to compare among clinical trials with 
different distribution of combinations leading to 
diagnosis of the MetS 

 Lack of unifying hypothesis  –  Diffi cult to identify therapeutic targets aiming at 
pleiotropic effects 

 Lifestyle interventions  – Not validated specifi cally in subjects with the MetS 

 – Limited effi cacy of current approaches 

 –  Limited evidence of an effect on cardiovascular 
outcomes 

 Bariatric surgery  – Not validated specifi cally in subjects with the MetS 

 –  Unfeasible because of the large prevalence of the 
MetS 

 Drug therapy targeting each 
component separately 

 –  Specifi c therapeutic goals not set for subjects with the 
MetS 
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point of view it looks as if we have not gone too far from the historical concept of 
the “syndrome of affl uence” mentioned earlier in this chapter [ 3 ,  14 ]. Lifestyle 
modifi cation aiming at weight loss and increased physical activity is the foundation 
of current management of the MetS. Although evidence coming from studies target-
ing specifi cally MetS patients is lacking, several studies have shown such lifestyle 
interventions simultaneously impact more than one component of the MetS [ 43 ]. 
However, it should be emphasized that further than adequate lifestyle modifi cation, 
targeting each individual component is central to additionally decrease the CVD 
burden associated with the MetS. 

     Modest weight loss   positively infl uences all the components of the MetS. Meta- 
analysis of nine studies of non-pharmacological weight loss interventions for adults 
with pre-diabetes has shown that weight loss in the 5–10 % range relative to base-
line is associated with a signifi cant decrease in the incidence of diabetes [ 44 ]. Data 
from the  Diabetes Prevention Program (DPP)   would suggest the risk of diabetes is 
decreased by 16 % for every kilogram of weight loss in subjects at high-risk for 
diabetes because of impaired glucose tolerance at baseline [ 45 ]. Although at 
10-years follow-up subjects in the lifestyle intervention of group in the DPP had 
maintained only a 2 kg weight loss relative to baseline, the incidence of diabetes 
was still reduced by 34 % compared with the placebo group [ 46 ]. Importantly, the 
prevalence of all the MetS components among the DPP participants meeting the 
diagnostic criteria at baseline (53 %) was reduced after 3 years of the beginning of 
the intervention [ 47 ]. In a systematic review, systolic blood pressure was found 
reduced by 4.5 mmHg and diastolic blood pressure by 3.2 mmHg in patients with 
primary hypertension assigned to weight loss as compared to the corresponding 
control interventions [ 48 ]. Similarly, Dattilo et al. reported on the benefi ts of modest 
weight loss on blood lipids and lipoproteins [ 49 ]. A review of the several studies 
that have evaluated the infl uence of hypocaloric diets differing in macronutrient 
composition on the MetS is beyond the scope of this review [ 50 ]. However, accord-
ing to the literature, a diet low in saturated fat, higher in unsaturated fats, high in 
complex carbohydrates and low in sodium taking an individual’s personal prefer-
ences would appear to be advisable. On the other hand, although there is no specifi c 
data on subjects with the MetS, it has been shown that physical activity and aerobic 
exercise capacity are associated with decreased CVD risk and all-cause and CVD 
mortality [ 51 ]. Physical activity and exercise intervention have been linked to 
improved blood pressure, increased HDL-cholesterol, and decreased triglycerides 
[ 52 ,  53 ]. The relative contributions of physical activity and weight loss on improved 
cardiometabolic profi le are diffi cult to disentangle. Nevertheless, regular exercise 
appears to play an important role in weight maintenance in those who have success-
fully lost weight, and there may be additional benefi t from the combination of the 
two elements [ 54 ]. Finally, it is important to underscore that there is no conclusive 
data on the benefi cial effects of intentional dietary weight loss interventions on 
cardiovascular events [ 55 ,  56 ]. The only currently approved weight loss drug orli-
stat has been shown to increase the proportion of subjects achieving modest weight 
loss and maintenance, along with diabetes prevention and sustained improvement of 
CVD risk factors [ 57 ]. However, as well as for non-pharmacological weight loss 
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interventions, evidence is lacking on its impact on CVD events. Admittedly, accord-
ing to a recent WHO report subjects with T2DM should no longer be diagnosed 
with the MetS [ 30 ]. Nonetheless, although the intensive lifestyle intervention pro-
vided in the seminal Look AHEAD trial was associated with sustained modest 
weight loss and improved CVD risk factors in subjects with T2DM, the trial was 
terminated earlier because these modifi cations did not translated ultimately into 
reductions in CVD events [ 58 ]. Interestingly, it has been recently been shown that a 
Mediterranean diet supplemented either with olive oil or nuts may not only ease the 
control of the several components of the MetS [ 59 ] but also decrease CVD mortality 
(Estruch R, personal communication).  

    Bariatric surgery      is currently considered the best approach for achieving and 
maintaining major weight loss in severely obese subjects [ 60 ]. Bariatric surgery is 
associated with changes in all the MetS components, with larger effects associated 
with techniques associated with larger weight loss [ 60 ,  61 ]. The Swedish Obese 
Subjects Study demonstrated that bariatric surgery is associated with an 83 % risk 
reduction of developing T2DM as compared to usual care at 15-years follow [ 62 ]. 
Post-hoc analysis has shown this effect is not limited to subjects with a body mass 
index >40 kg/m 2  but rather benefi ts those with any degree of obesity [ 63 ]. 
Furthermore, bariatric surgery has been associated with reduced all-cause mortality 
and CVD mortality [ 64 – 66 ]. Of relevance to this chapter, the data discussed in this 
paragraph has not been derived from studies limited to MetS patients. Nonetheless, 
elevated fasting insulin (a crude estimate of insulin resistance) was found to predict 
the benefi t of bariatric surgery on CVD above and beyond the body mass index [ 66 ]. 
The health benefi ts of bariatric surgery will be discussed in further depth in upcom-
ing chapters in this book. However, it should be emphasized that according to har-
monized defi nition the MetS is present in approximately 34.3 % of the US population 
aged >20 years, and in 59.8 % of those in that population presenting with a body 
mass index in the obesity range [ 67 ]. Thus, even in the absence of randomized clini-
cal trials evaluating the effects of bariatric surgery specifi cally in subjects with the 
Mets, it would appear unfeasible to make bariatric surgery available to this large 
amount of subjects.   

   The use of  pharmacotherapy      in the MetS could be envisioned as a means of tar-
geting the potentially underlying pathogenic mechanism or as therapy for the indi-
vidual components of the syndrome. Insulin resistance and impaired adipose tissue 
endocrine function leading to a low-grade infl ammatory state have been suggested 
as underlying the MetS [ 24 ,  27 ]. Currently, no drug therapy is approved for the latter 
but metformin or glitazones are available to alleviate insulin resistance. On the other 
hand, specifi c therapeutic targets for the control of waist circumference, glycemia, 
lipid, and blood pressure for MetS patients have not been issued. Rather, the thera-
peutic goals for glycemia, lipids, and blood pressure are defi ned based on risk- 
estimates independent of the presence of the MetS [ 25 ,  68 ,  69 ].   

    Metformin therapy      was associated with an approximately 31 % reduction in the 
incidence of T2DM in the DPP [ 47 ]. Likewise, time-limited treatment with rosigli-
tazone reduces the short- (by 60 %) and longer-term (by 39 %) incidence of diabetes 
[ 70 ,  71 ]. However, the effect of metformin on diabetes prevention and other CVD 
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risk factors was smaller than that with lifestyle intervention. On the other, although 
data would suggest metformin reduces the risk of CVD in subjects with T2DM [ 72 ], 
this outcome measure should be demonstrated in nondiabetic subjects as subjects 
with T2DM would currently be excluded from the MetS category [ 30 ]. Finally, the 
DREAM trial did not only fail to show a positive impact of rosiglitazone on CVD 
outcomes in subjects with impaired glucose tolerance at baseline, but rather was 
associated with an increased risk of heart failure [ 73 ]. In summary, although insulin 
resistance is considered at the core of the MetS, data would not endorse its use as 
fi rst line therapy.   

 The American Diabetes Association standards of care do acknowledge metfor-
min has a strong evidence base for diabetes prevention and demonstrated long-term 
safety [ 68 ]. It is also stated that for other drugs, issues of cost, side effects, and lack 
of persistence of effect in some studies require consideration. Finally,  metformin   
use for diabetes prevention is only recommended for those at very-high risk defi ned 
as those with a history of gestational diabetes mellitus, the very obese, and/or those 
with more severe or progressive hyperglycemia. No specifi c mention is made of 
those with the MetS. 

 According to current NCEP-ATPIII guidelines LDL-cholesterol, rather than tri-
glycerides or HDL-cholesterol, is the major CVD modifi able risk factor in subjects 
with the MetS [ 25 ]. It is only after LDL has been treated that the other components 
of dyslipdemia should be addressed. Therapeutic targets for  LDL-cholesterol   in 
MetS patients are to be defi ned according to the absolute CVD risk estimated using 
standard methods. Thus, the MetS is not considered a CVD-risk equivalent nor a 
high-risk category in itself. No specifi c goal for HDL-C is set by the NCEP-ATPIII 
guidelines, as there insuffi cient evidence to specify a therapy goal. If triglycerides 
are 150–200 mg/dL, a specifi c drug therapy to reduced triglyceride-rich lipopro-
teins is not indicated. For those with triglycerides 200–499 mg/dL, a non-HDL cho-
lesterol target is set at 30 mg/dL higher than that for the LDL-cholesterol target set 
according to the patient absolute risk for CVD. In that setting, statin use to reach the 
LDL-cholesterol goal continues to be fi rst line-therapy and triglyceride-lowering 
drug (nicotinic acid or fi brate) be considered as second line. Statins are associated 
with an increase in  HDL-cholesterol   (5–10 %) and a reduction in triglycerides 
(7–30 %). Furthermore, statins are highly effective in decreasing CVD mortality 
and morbidity [ 74 ]. Evidence for CVD reduction for fi brates is not as robust as it is 
for statins, although data would suggest subjects with atherogenic dyslipidemia 
may benefi t [ 75 ]. Thus, data supports that attention should be addressed to the 
attainment of  LDL-cholesterol   goals in subjects with the MetS, despite this lipid 
fraction not being part of the MetS defi nition. 

 Management of elevated blood pressure and hypertension is another key target in 
 CVD risk reduction   in the MetS patient, although there are no guidelines for blood 
pressure management specifi c to this population. The 7th report of the Joint National 
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 
Pressure (7th JNC) has recommended that target blood pressure should be less than 
140/90 mmHg in those without diabetes or chronic kidney disease [ 69 ]. According 
to these guidelines, drug therapy for those with the MetS and falling in the 
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pre- hypertension category (systolic blood pressue 120–139 mmHg and/or diastolic 
blood pressure 80–89 mmHg) is not indicated. The MetS is not considered among 
the compelling indications for individual drug classes in the 7th JNC report. Thus, 
hypertension in subjects with the MetS should be treated according to the hyperten-
sion stage. Of note, the Navigator Trial showed valsartan therapy for 5 years, along 
with lifestyle modifi cation, in subjects with impaired glucose tolerance was associ-
ated with a relative reduction of 14 % in the incidence of T2DM but did not reduce 
the rate of CVD events [ 76 ].  

1.5     Conclusions 

 For more than a century it has been recognized that some CVD risk factors cluster 
in certain individuals more often than by chance. The term MetS nicely illustrates 
this concept. However, the MetS is of limited practical utility for the identifi cation 
of subjects at increased of either CVD or T2DM when used as diagnostic construct. 
Likewise, the diagnostic of the MetS is of limited utility as management tool. All 
the components of the MetS benefi t from lifestyle modifi cations aiming at weight 
loss and increased physical activity. However, it is less clear to what extent the diag-
nosis of the MetS should guide decisions involving the use of additional therapies 
either medical or surgical.     
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2.1             Introduction 

 Current interest in the concept of the metabolic syndrome (MS) dates back from the 
late 1980s, when Reaven, in his Banting Lecture at the American Diabetes 
Association, described a cluster of abnormalities, whose combined risk of develop-
ing future diabetes and  cardiovascular risk (CVD)   is greater than that of the risk of 
individual components [ 1 ]. This cluster was termed “Syndrome X” by Reaven and 
later came to be known by various other names such as Metabolic Syndrome (MS) 
and Insulin Resistance Syndrome. The history of the concept of MS and its manage-
ment are discussed elsewhere in this book. This chapter attempts to analyze the vari-
ous defi nitions of MS currently in use and to establish the need to modify it for 
different ethnic groups and populations, based on currently available evidence.  

2.2     Current Criteria Used for MS 

 The original defi nition of MS included hyperinsulinemia, impaired glucose tolerance, 
hypertriglyceridemia, low HDL cholesterol, and hypertension [ 1 ]. More expanded 
defi nitions have been proposed over the past two decades with the inclusion of 
alternative parameters like central obesity, microalbuminuria, endothelial dysfunc-
tion, infl ammation, and prothrombotic state [ 2 ]. Further, the scientifi c community is 
also debating as to whether the presence of non-alcoholic fatty  liver   disease 
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(NAFLD) should be included  as   a diagnostic criterion for MS and the varying 
components used [ 3 ,  4 ]. Unfortunately, the existence of various defi nitions has led 
to considerable ambiguity and the question has arisen whether MS should be con-
sidered as a specifi c entity at all. Yet, in its defense, MS has, over time, made physi-
cians and patients aware of the interactions between the individual components of 
the syndrome and the benefi ts of lifestyle modifi cations in its management. The 
commonly used defi nitions for MS include those put forward by the WHO (1999) 
[ 5 ], EGIR (1999) [ 6 ], NCEP- ATP III (2001) [ 7 ], IDF (2005) [ 8 ] and these are sum-
marized in Table  2.1 . The major distinction between the defi nitions mainly lies in 
the risk variables included and the differing levels of importance given to each of 
these variables.

   Apart from the above major defi nitions there also exist other defi nitions with 
minor variations. For instance, in 2004, the  NCEP defi nition   was revised by lower-
ing the threshold for fasting glucose to ≥100 mg/dl according to the American 
Diabetes Association (ADA) criteria for impaired fasting glucose (IFG) [ 9 ]. Also 
the South Asian modifi ed (SAM)— NCEP    defi nition   has been introduced for use in 
individuals of the South Asian ethnicity [ 9 ].  

2.3     Extending the Current Definitions 

  Since one of the major  disadvantages   in diagnosing MS is the variability in the 
different criteria used, an attempt was made by several major organizations like 
International Diabetes Federation (IDF) Task Force on Epidemiology and 
Prevention, National Heart, Lung, and Blood Institute (NHLBI), American Heart 
Association (AHA), World Heart Federation, International Atherosclerosis Society, 
and International Association for the Study of Obesity to unify the criteria for diag-
nosis of MS. It was agreed upon by these organizations that though there should not 
be an obligatory component for MS diagnosis, waist circumference plus any com-
bination of the other parameters would categorize an individual as having metabolic 
syndrome. Other than waist circumference, which is ethnicity specifi c, all other 
components would have a single set of cut points [ 10 ]. Table  2.2  describes these 
unifi ed criteria in detail.

   Initially, the criteria used for identifying people with MS were based on the data 
derived from Caucasian populations. Since there is suffi cient evidence to prove that 
the currently used criteria may not be able to precisely characterize risk in non- 
Caucasian populations, this may result in over- or under-estimation of risk. To over-
come this, we have proposed the use of a novel parameter called index of central 
obesity (ICO) which is the ratio of waist circumference to height [ 18 ]. Using this 
index could preclude the need for cut points specifi c for the ethnic groups. Moreover, 
bringing such alterations would enhance the continued feasibility, utility and suste-
nance of the criteria. 

 The IDF Consensus Group has further highlighted several other parameters that 
should be tested by further research to determine their predictive power [ 2 ]. 
Elucidating the following additional factors will facilitate the further refi nement of 
the defi nition and validation of the same in the existing ethnic groups:
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•    Abnormal distribution of body fat.  
•   Vascular dysregulation indicated by endothelial dysfunction and microalbuminura.  
•   Insulin resistance assessed by fasting insulin and FFA levels.  
•   Proinfl ammatory state indicated by elevated hs-CRP, TNF-a, IL-6, and decreased 

adiponectin.  
•   Prothrombotic state refl ected by the fi brinolytic and clotting factors.  
•   Hormonal factors in the pituitary–adrenal axis.      

2.4     Use of MS for Identifying CVD and Type 2 Diabetes Risk 

    A number of longitudinal studies  have         ascribed the cardiovascular risk associated 
with MS. Meta-analyses have shown that metabolic syndrome was associated with 
a higher cardiovascular risk in women when compared to men [ 19 ]. In subjects 

   Table 2.2     Unifi ed criteria for clinical  diagnosis of MS   and ethnicity specifi c cut points for waist 
circumference [ 10 ]   

 MS components  Categorical cut points 

 Increased waist circumference 

 Elevated triglycerides (drug treatment for elevated 
triglycerides is an alternate indicator) 
 Low HDL-C 

 Elevated blood pressure/antihypertensive drug treatment in a 
patient with a history of hypertension is an alternate indicator 
 Elevated fasting plasma glucose (drug treatment is an 
alternate indicator) 

 Population and country-specifi c 
defi nitions 
 ≥150 mg/dl (1.7 mmol/l) 

 <40 mg/dl (1.0 mmol/l) in 
males; <50 mg/dl 
(1.3 mmol/l) in females 
 Systolic ≥130 and/or diastolic 
≥85 mmHg 
 ≥100 mg/dl 

 Waist circumference cut points for different ethnic groups 

 Population  Organization 

 Recommended waist 
circumference threshold for 
abdominal obesity (cm) 

 Men  Women 

 Europid 
 Caucasian 

 United states 
 Canada 
 European 

 Asian (including Japanese) 
 Asian 
 Japanese 
 China 
 Middle East, Mediterranean 
 Sub-Saharan African 
 Ethnic Central and South 
American 

 IDF [ 9 ] 
 WHO [ 11 ] 

 AHA/NHLBI (ATP III) [ 12 ] 
 Health Canada [ 13 ] 
 European Cardiovascular 
Societies [ 14 ] 
 IDF [ 9 ] 
 WHO [ 15 ] 
 Japanese Obesity Society [ 16 ] 
 Cooperative Task Force [ 17 ] 
 IDF [ 9 ] 
 IDF [ 9 ] 
 IDF [ 9 ] 

 ≥94 
 ≥94 (↑risk) 
 ≥102 (↑↑risk) 
 ≥102 
 ≥102 
 ≥102 

 ≥90 
 ≥90 
 ≥85 
 ≥85 
 ≥94 
 ≥94 
 ≥90 

 ≥80 
 ≥80 (↑risk) 
 ≥88 (↑↑risk) 
 ≥88 
 ≥88 
 ≥88 

 ≥80 
 ≥80 
 ≥90 
 ≥80 
 ≥80 
 ≥80 
 ≥80 
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without type 2 DM, it was shown that in the group with MS, the incidence of CVD 
was 10.2 % as compared to 4.9 % in the group without MS [ 20 ]. Irrespective of the 
defi nition used, MS was noted to be associated with an increased risk of CVD mor-
tality. In non-obese men with MS, the CVD mortality after a follow-up of 10 years 
was found to be 1.99 % as compared to 0.53 % in those without MS [ 21 ]. 

 Prospective studies show that MS predicts the occurrence of type 2 diabetes. 
Ford et al. have performed a meta-analysis on the results from 16 prospective stud-
ies and concluded that irrespective of the defi nition of MS, it predicted incident 
diabetes [ 22 ]. Also MS is closely associated with NAFLD (non-alcoholic fatty liver 
disease), on account of the effects of insulin resistance in increasing hepatic free 
fatty acid fl ux by inhibiting lipolysis and increasing de novo lipogenesis [ 23 ]. Thus 
metabolic syndrome can be considered a tool for assessment of CVD and diabetes 
risk. Recent studies showing an association of metabolic syndrome with  polycystic 
ovary syndrome (PCOs)   [ 24 ], Parkinson’s disease [ 25 ], and so on present the pos-
sibility of further extensions to the defi nition of MS and thus increase its utility as a 
clinical entity.     

2.5     Extending MS Definitions to Children and Adolescents 

 Owing to the exponentially escalating rates  of   childhood obesity worldwide, dis-
eases of adults have started occurring in children as well. Since the pathogenesis of 
obesity and metabolic syndrome are intimately interconnected, it is highly likely 
that the epidemic of childhood obesity would be paralleled by an increase in the 
prevalence of MS in this population, with grave implications for cardiovascular 
morbidity and mortality in the future. Though there are many diffi culties in directly 
transposing the adult defi nition to children, it is commonly defi ned as the co- 
occurrence of three or more of the risk factors viz. obesity, dyslipidemia, hyperten-
sion, and impaired glucose tolerance. In utero conditions and early childhood 
environment have been known to predispose children to the development of the 
component risk factors of MS [ 26 ].  

2.6     Prevalence and Long-Term Consequences of MS 
in Children and Adolescents 

  The prevalence of metabolic  syndrome   was found to be 38.7 % in a group of mod-
erately obese children and 49.7 % in severely obese children in the United States 
[ 27 ]. In a group of Italian obese children and adolescents aged 6–16 years, the 
prevalence was found to be 23.3 % according to the WHO defi nition [ 28 ]. In a study 
done in 2008 on a group of African American and Caucasian children, the preva-
lence was found to be 18.7 %, 21 %, 13.4 %, 25.1 % by Weiss’s defi nition [ 27 ], 
Cook’s criteria [ 29 ], Cruz’s criteria [ 30 ], and Ford’s criteria [ 31 ] respectively. 
Despite the signifi cant variability observed, MS was higher in the obese compared 
to the normal weight children and adolescents in both ethnic groups. Similarly when 
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MS was assessed in an adolescent population using NCEP III and WHO criteria, it 
was found to vary from 4.2 to 8.4 % [ 32 ]. In a population of Asian Indian children, 
MS prevalence was found to be 2.2 by the NCEP criteria and 1.5 % by the IDF 
criteria in the adolescents in the age group of 16–17 years [ 33 ]. However, large 
population-based studies on MS are yet to be carried out in Asian Indian children 
and adolescents.  

 The presence of metabolic syndrome or its risk factors in childhood might impose 
 long-term consequences   on health during adult life; however, there are only limited 
longitudinal studies assessing this problem. Subjects with higher BMI, blood pres-
sure, and triglycerides during childhood were found to develop MS in their adult life 
and further it was observed that a higher risk of MS was found in people in the above 
75th percentile of BMI for the age and sex [ 34 ]. In the Bogalusa Heart study and the 
Cardiovascular risk in Young Finns Study, youth with MetS (MS) were at two to 
three times increased risk of having high carotid intima medial thickness and type 2 
diabetes as adults, compared with those free of MetS as youth [ 35 ].  

2.7     Current Definitions of MS in Children and Adolescents 

  There are numerous criteria existing to defi ne MS in children, which have created a 
lot of ambiguity. This is evident from a  review   by Ford and Li (2008), which reports 
over 40 defi nitions used for diagnosis of MS [ 36 ]. In parallel, a comparative study 
of the existing defi nitions of MS in children showed that the prevalence varied 
between 0 and 60 % in the same sample of children [ 37 ]. This uncertainty is further 
compounded by the existence of different threshold values for the components of 
MS like obesity where cut-points like 85th, 95th, and 98th percentile of BMI have 
been adopted by various defi nitions. Tables  2.3  lists the key criteria used by various 
organizations for diagnosing MS in children and adolescents.

   Among children and adolescents, BMI is a predictor of coronary artery disease 
risk and the Centers for Disease Control (CDC) and International Obesity Task 
Force (IOTF) have proposed obesity cut points for diagnosis of MS [ 41 ,  42 ]. Using 
a distribution approach, a BMI of above the 85th percentile is considered as the “at 
risk” category for overweight and a BMI of above 95th percentile is categorized as 
overweight [ 27 ]. Though data from numerous multi-cohort studies have demon-
strated a strong association between obesity and MS prevalence, obesity per se can-
not be considered as a conclusive marker for identifying children at MS and 
consequently CAD risk. Distribution of body fat has been shown to play a crucial 
role in the occurrence of metabolic complications and particularly visceral fat accu-
mulation is associated with childhood MS and CAD risk in future [ 43 ]. Though 
waist circumference is a robust surrogate marker for measuring visceral fat accumu-
lation, reference values for this measure exist only for some developing nations like 
US, UK, and Canada. Table  2.4  details some of the MS defi nitions in children that 
incorporate waist circumference as one of the primary components.

   The increasing demand for a clinically accessible tool for the identifi cation of 
MS in children and adolescents led the IDF to propose a new simple defi nition built 
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   Table 2.3     Diagnostic criteria for MS in  children   according to the WHO, NCEP, and IDPAIA 
criteria   

 WHO [ 38 ]  NCEP [ 39 ]  IDPAIA [ 40 ] 

 Obesity/
abdominal obesity 

 BMI >95th percentile  Waist >90th 
percentile 

 BMI >85th 
percentile 

 Blood pressure  SBP >95th percentile 
for age, sex, and stature 
NHBPEP 

 SBP or DBP >90th 
percentile specifi c 
for age and sex 

 SBP or DBP 
>90th and 95th 
percentiles 

 Fasting plasma 
glucose 

 Hyperinsulinemia 
 Prepubertal >15 mU/l 
 (Stage 1 Tanner) 
 Pubertal >30 mU/l 
 (Stages 2–4 Tanner) 
 Postpubertal ≥20 mU/l 
 (Stage 5 Tanner) 
 Fasting glucose ≥6.1 mM/l 
 Glucose intolerance glucose 
at 120 min ≥7.8 mM/l 

 Fasting glucose 
≥110 mg/dl 

 Plasma insulin 
>15 μm/l 

 Serum 
 Triglycerides 

 >105 mg/dl for <10 years 
 >136 mg/dl for ≥10 years 

 >110 mg/dl  >100 mg/dl 

 Serum HDL 
cholesterol 

 HDL <35 mg/dl  HDL ≤40 mg/dl  HDL ≤ 45 mg/dl 
 LDL >100 mg/dl 

 Total cholesterol  >95th percentile  NA  >150 mg/dl 

 Metabolic syndrome  Three or more risk factors  Three or more 
risk factors 

   I DPAIA  I Guidelines of prevention of atherosclerosis in childhood and adolescence  

   Table 2.4     Metabolic syndrome defi nitions in children and  adolescents   according to various 
authors   

 Cook 
et al. [ 29 ] 

 de Ferranti 
et al. [ 44 ] 

 Weiss 
et al. [ 27 ]  Ford [ 31 ] 

 Cruz and 
Goran [ 30 ] 

 Obesity/
abdominal obesity 

 WC ≥90th 
percentile 

 WC >75th 
percentile 

 BMI-Z 
score ≥2 

 WC ≥90th 
percentile 

 WC ≥90th 
percentile 

 Blood pressure  BP ≥90th 
percentile 

 BP >90th 
percentile 

 BP >95th 
percentile 

 BP ≥90th 
percentile 

 BP ≥90th 
percentile 

 Fasting glucose  ≥110 mg/dl  ≥110 mg/dl  Glucose 
intolerance 
according to 
ADA criteria 

 ≥110 mg/dl  Glucose 
intolerance 
according to 
ADA criteria 

 Triglycerides  ≥110 mg/dl  ≥100 mg/dl  >95 the 
percentile 

 ≥110 mg/dl  ≥90 the 
percentile 

 HDL Cholesterol  ≤40 mg/dl  <50 mg/dl 
(except in 
boys aged 
15–19 years in 
whom it is <45) 

 HDL <5th 
percentile 

 ≤40 mg/dl 
(age specifi c, 
NCEP) 

 HDL ≤10th 
percentile 

 Metabolic 
syndrome 
defi nition 

 Presence 
of three or 
more criteria 

 Presence of 
three or more 
criteria 

 Presence of 
three or more 
criteria 

 Presence of 
three or more 
criteria 

 Presence of 
three or more 
criteria 

  Unifi ed IDF defi nition for MS in children and adolescents  
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  Table 2.5      Simplifi ed  IDF 
defi nition      for MS in children 
and adolescents [ 45 ]  

 Age group: 6 < 10 

 Obesity: waist circumference ≥90th percentile 

 According to IDF criteria, MS cannot be diagnosed 
under 10 years 

 Age group: 10 < 16 

 Obesity: waist circumference ≥90th percentile 

 Triglycerides: ≥150 mg/dl 

 HDL: <40 

 Blood pressure: systolic BP >130 or diastolic BP >85 

 Glucose: FPG >100 or type 2 diabetes 

 Age group ≥16 

 Adult criteria 

on previous studies that used the modifi ed adult criteria. Since unequivocal evidence 
supports the association of abdominal obesity with multiple risk factors and cardio-
vascular risk, waist circumference has been included as the major essential criterion 
in the  IDF defi nition   for MS (Table  2.5 ). Moreover,    among obese young people with 
similar BMI, insulin sensitivity has been found to be lower in subjects with higher 
abdominal obesity. In order to account for the ethnic origin of the children and 
variation in the development of the child, percentiles rather than absolute values of 
waist circumference are used. However, the IDF suggests that MS should not be 
diagnosed in children below 10 years, yet advocates that weight reduction should be 
strongly recommended in such children [ 45 ]. 

2.8        Controversies Regarding the Metabolic Syndrome 

  Due to the existence of various criteria for metabolic syndrome, there are concerns 
over the existence of the syndrome itself. Every combination of the proposed risk 
factors could impart a different degree of risk for the occurrence of CVD [ 46 ]. Also 
the risk for the occurrence of CVD due to MS appears to be equal to that of the sum 
of its components. There are also other CVD risk factors that are not included as 
 components   of MS like the infl ammatory markers [ 47 ]. Hence MS would not 
account for the actual underlying CVD risk that an individual is subjected to. 
Though insulin resistance has been widely accepted as a causative factor in the 
pathogenesis of MS, it is likely that insulin resistance could be just another demon-
stration of an underlying causative factor. Even if MS is identifi ed, the patient is 
treated only for its individual components. There is no unifying treatment strategy 
for MS as a whole and this might raise questions about the utility of diagnosing MS 
[ 48 ]. Further, it communicates to the patients that they have a disease even if they 
do not have one and hence detracts from the need to prioritize treatment based on 
benefi ts, risks, and cost. 

 In pediatric population, though efforts have been made to create a unique defi ni-
tion of MS, there is a lot of dispute on the best components of MS to be considered 
and age, gender and ethnicity specifi c cut points for the risk components are still 
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lacking. Further, the defi nition is complicated by the effect of growth and puberty 
and this raises the demand for defi nitions that employ continuous risk scores that 
could improve the clinical utility of diagnosing MS in the pediatric population [ 49 ].   

2.9     Utility of the Diagnosis of Metabolic  Syndrome   

  Irrespective of the question of a common etiology underlying the components of 
MS, identifi cation of MS clearly recognizes individuals at heightened risk for type 
2 diabetes and CVD [ 50 – 52 ]. The recommendations proposed by NCEP-ATPIII 
clearly state that there is a dire need for emphasizing lifestyle interventions to com-
bat CVD risk factors [ 23 ]. Hence the diagnosis of MS leads to enhanced treatment 
strategies. Also research on MS could throw light on the pathophysiological mecha-
nisms that link insulin resistance and CVD risk factors. Overall, the concept of MS 
has come to stay. It is particularly useful in young obese people and its predictive 
value on the occurrence of MS in adult life has been consistently demonstrated. This 
highlights the need for rigorous intervention strategies particularly in youth with 
MS which can help to stem the looming epidemic of type 2 diabetes and CVD.      
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 3      Understanding Diabetes Mellitus: 
Pathophysiology       

       Meera     Shah      and     Adrian     Vella     

         Type 2 diabetes arises out of a  complex   interaction between the genes and the envi-
ronment. It is characterized by hyperglycemia which is the result of inadequate 
insulin secretion for the prevailing insulin action. In addition, the ability of glucose 
itself to stimulate its own uptake and suppress its own release—otherwise termed 
glucose effectiveness—is also impaired. Prolonged hyperglycemia is ultimately a 
major contributor to the macrovascular and microvascular complications of type 2 
diabetes. 

3.1     Predisposition to Type 2 Diabetes 

  Genome-wide association studies (GWAS) have helped identify multiple genetic 
variants at multiple loci that are associated with type 2 diabetes. In addition  to 
  affecting diabetes risk, these and other loci also may affect quantitative traits such 
as the insulin response to an oral glucose challenge [ 1 ]. Interestingly, many of these 
variants seem to be associated with a decrease in insulin secretion (at least as mea-
sured by peripheral insulin concentrations) rather than defects in insulin action. 
This might be explained by the suggestion that defects in insulin secretion are more 
important in the pathogenesis of type 2 diabetes. Alternatively, it is reasonable to 
posit that environmental contributions to defective insulin action far outweigh any 
genetic contribution, making detection of a genetic contribution harder. Finally, it is 
also important to note that most GWAS studies examining quantitative traits have 
used qualitative methodology for the measurement of insulin secretion and action 
which may be prone to errors such as those introduced by hepatic extraction of 
insulin [ 2 ]. Nevertheless, many of the genes identifi ed by GWAS as being 
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associated with type 2 diabetes may help shed light on the pathogenesis of the dis-
ease. A few examples are discussed below (Table  3.1 ) [ 3 ]: 

   The gene encoding transcription factor 7-like 2 ( TCF7L2 ) on chromosome 10q, 
and its association with type 2 diabetes, was discovered in 2006 [ 4 ]. Subsequent 
analysis of data from the Diabetes Prevention Program suggested that the diabetes- 
associated allele(s) at this locus increased the risk of progression to diabetes and 
impaired post-challenge insulin secretion [ 5 ,  6 ]. 

 An alanine substitution (Pro12ala) in the peroxisome proliferator-activated 
receptor γ ( PPARG ) gene has been found to confer a 20 % reduced risk of develop-
ing diabetes compared to the more common proline homozygotes [ 7 ]. Despite the 
modest contribution to the risk of diabetes, the  PPAR- γ receptor is a proven thera-
peutic target with signifi cant effects on glycemic control. Another therapeutic target 
is  KCNJ11 , an ATP-sensitive potassium channel involved in the depolarization of 
the β cell, leading to insulin release. Sulfonylureas can activate these channels and 
are used in forms of congenital diabetes where there is an activating gene mutation 
causing loss of depolarization [ 8 ].  KCNQ1  is a gene that encodes a potassium chan-
nel protein and mutations in this have been shown to increase the risk of type 2 
diabetes in predominantly Asian populations [ 9 ]. 

 As noted above, type 2 diabetes is a polygenic disorder with a strong environ-
mental infl uence. Several monogenic forms of diabetes have also been identifi ed, 
including maturity-onset diabetes of the young (MODY) and maternally inherited 
diabetes and deafness (MIDD). The MODY subtypes share the common 

   Table 3.1     Genetic variants associated with  type 2 diabetes   with corresponding odds ratios for 
developing diabetes   

 Gene  Name  Function  Chromosome  Odds ratio 

 PPARG  Peroxisome proliferator- 
activated receptor ϒ 

 Regulates adipocyte 
differentiation 

  3  1.19 

 KCNJ11  Potassium inwardly 
rectifying channel, 
subfamily J, member 11 

 Part of the sulfonylurea 
receptor complex and 
therefore important in 
insulin secretion 

 11  1.14 

 TCF7L2  Transcription factor 
7-like 2 

 Encodes a transcription 
factor that regulates 
proglucagon gene 
expression in the 
intestine 

 10  1.37 

 SLC30A8  Solute carrier family 
30 (zinc transporter), 
member 8 

 Zinc transporter 
involved in insulin 
storage and secretion 

  8  1.12 

 HHEX  Hematopoietically 
expressed homeobox 

 Transcription factor that 
is important in 
pancreatic development 

 10  1.13 

 KCNQ1  Potassium voltage-gated 
channel, KQT-like 
subfamily, member 1 

 Encodes protein for 
potassium channel 

 11  1.42 
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characteristics of autosomal dominant inheritance associated with early age of onset 
of diabetes that is not associated with obesity and, at least initially, is not insulin- 
requiring. The MODY genes may provide useful insights into the physiology of 
glucose homeostasis—for example a mutation in glucokinase (MODY2), the 
enzyme necessary for phosphorylation of glucose, alters the set-point for insulin 
secretion. European studies have estimated that up to 5 % of patients with type 2 
diabetes may in fact have MODY [ 10 ]. 

 A small group of patients may have diabetes associated with rare genetic syn-
dromes, including the congenital loss of β cells, pancreatic developmental disor-
ders, and inborn errors of metabolism. Chromosomal disorders such as Turner and 
Klinefelter syndromes are associated with a higher prevalence of diabetes, in the 
latter thought partly due to concomitant obesity [ 11 ].   

3.2     Interaction Between Defects in Insulin Secretion 
and Insulin Action 

   Insulin inhibits hepatic glucose production  and      stimulates glucose uptake in the 
skeletal muscle. It also stimulates intravascular lipolysis and lipogenesis in the adi-
pose tissue, inhibits lipolysis in adipose tissue and inhibits the production of very 
low-density lipoprotein (VLDL) in the liver. The net effect of these actions is to 
lower serum glucose, fatty acid and triglyceride concentrations and to increase lipo-
protein lipase activity in the adipocyte. When insulin is unable to perform these 
actions at concentrations that are normally adequate, a state of insulin resistance is 
reached. 

 The relationship between insulin secretion and insulin action has been widely 
studied and the debate continues as to which one precedes the other in type 2 diabe-
tes. Individuals with impaired fasting glucose (IFG) have been shown to have a 
similar inverse relationship between insulin secretion and action but their disposi-
tion index (a marker of β-cell function) decreases with increasing fasting glucose, 
suggesting that there is no fi xed glucose threshold above which β-cell function dete-
riorates [ 12 ]. This also implies that these defects are seen earlier than the current 
accepted defi nitions of impaired fasting glucose, which may in turn have therapeu-
tic implications. Others have noted phenotypic differences between individuals in 
whom the primary defect is β-cell dysfunction (lean diabetic) and those who have a 
defect in tissue sensitivity to insulin (obese diabetic) [ 13 ], although this is not a reli-
able clinical tool. 

 Physiologic studies on individuals with  impaired glucose tolerance (IGT)   have 
also confi rmed defects in both insulin secretion and insulin action (Fig.  3.1 ). Hepatic 
insulin resistance along with impairment in fi rst phase insulin secretion accounts for 
fasting hyperglycemia seen in IFG [ 14 ], although heterogeneity in insulin sensitiv-
ity within this group has led to some authors reporting abnormal peripheral insulin 
sensitivity as well [ 15 ]. Individuals with IGT have reduced second-phase insulin 
secretion (by about 30 % when compared IFG) and greater insulin resistance at the 
level of the skeletal muscle [ 14 ,  16 ]. Hence IFG and IGT are distinct metabolic 
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entities and the defects of insulin secretion and action are additive in individuals 
with combined IFG and IGT. These conclusions seem to hold true even when vari-
ous methodologies for quantifying insulin secretion and measuring insulin action 
are taken into account. In addition, for a given percentage body fat, women show 
decreased insulin action when compared to men highlighting the contribution of 
gender on glucose metabolism [ 2 ].

   In type 2 diabetes, fasting hyperglycemia is primarily due to an increase in 
 endogenous hepatic glucose production (EGP).   In the post-prandial state, the cause 
for hyperglycemia is multifactorial. Inadequate suppression of EGP leads to hyper-
glycemia, which in large part is due to hepatic insulin resistance [ 17 ]. The severity 

  Fig. 3.1    Relationship of insulin action (Si,  top panel ), insulin secretion (ɸ,  middle panel ), and 
disposition index (DI,  lower panel ) with fasting glucose  concentrations   ( left ) and area above basal 
after oral glucose challenge ( right ). The inset panels represent the rank transformed values of Si, 
ɸ, and DI plotted against fasting and area above basal glucose values.  Reproduced with permission 
from Sathananthan et al. Clinical Endocrinology (2012) 76, 212–219        
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of hepatic insulin resistance has been shown to positively correlate with liver 
triglyceride content [ 18 ]. Insulin resistance at the level of the skeletal muscle also 
reduces the peripheral uptake of glucose, though this is probably a secondary con-
tributory  mechanism  . Multiple defects in the insulin signaling cascade have been 
identifi ed, and insulin-enhanced glucose uptake mediated by glucose transporter 4 
(GLUT-4) is diminished [ 19 ]. Additionally, insulin action in the liver and peripheral 
tissues is inhibited by higher circulating concentrations of free fatty acids and 
triglycerides. 

 Peripheral insulin concentrations are refl ective of pancreatic insulin secretion 
after having undergone hepatic extraction, which in turn is affected by obesity, eth-
nicity, and β-cell function [ 20 ]. Hepatic insulin extraction is decreased in individu-
als with type 2 diabetes, thus contributing to peripheral hyperinsulinemia. 

 Perhaps the best way to characterize the pathogenic mechanisms is via lessons 
learnt from longitudinal studies involving patients that progress from  normal glu-
cose tolerance (NGT)   to IGT to type 2 diabetes. The 10 years cumulative incidence 
of diabetes in individuals with fasting plasma glucose (FPG) in the 100–109 mg/dL 
range is about 10 %, while that risk doubles if FPG is between 110 and 125 mg/dL 
[ 21 ]. This suggests a continuum in β-cell dysfunction, which is characterized by the 
progressive loss of the β-cell’s ability to compensate for increases in glucose 
concentrations. 

 The evolution of a predisposed individual toward diabetes has been studied in 
large prospective trials. When Pima Indians with NGT were followed over a 5-year 
period, progressors to diabetes were on average heavier, and showed a faster decline 
in insulin-stimulated glucose disposal and insulin secretion when compared to non- 
progressors suggesting that defects in both insulin secretion and action were early 
occurrences in the pathogenesis of type 2 diabetes [ 22 ]. These have been shown to 
happen between 3 and 6 years before the actual diagnosis of diabetes and are accel-
erated by weight gain [ 23 ].    

3.3     Bihormonal Defects and Their Role in the Pathogenesis 
of Hyperglycemia 

     In the post-prandial state, type 2 diabetes is characterized by unsuppressed glucagon 
production and delayed and defective insulin secretion. The main stimulus for insu-
lin secretion and its regulation is the prevailing glucose concentration. Additionally, 
circulating amino acids, free fatty acids and incretins augment insulin secretion, 
while catecholamines, cortisol,       growth hormone, leptin and tumor necrosis factor-α 
reduce β-cell response. 

 Insulin is  usually      secreted in a pulsatile manner and the amplitude or frequency 
of pulses increase in response to appropriate stimuli. In people with impaired glu-
cose tolerance and type 2 diabetes, this pulsatility is disordered resulting in inap-
propriate insulin concentrations for the level of prevailing glucose. Disordered 
pulsatility also decreases expression of multiple mediators of the insulin signaling 
cascade [ 24 ]. 
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 Both prolonged and acute exposure to hyperglycemia adversely affects β-cell 
function, in part through chronic oxidative stress, with resulting impairment in insu-
lin gene expression and β-cell apoptosis [ 25 ]. Low birth weight infants are more 
susceptible to developing diabetes; one hypothesis is that in utero malnutrition may 
prime the β cell to adapt poorly to subsequent states of over-nutrition [ 26 ]. 

 Individuals with type 2 diabetes also have elevated circulating free fatty acid 
concentrations which impair  β-cell function  . Histologically, these islet cells are 
deposited with amyloid, but these changes interestingly are only subsequent to and 
do not precede, the defects in insulin secretion [ 27 ]. β-cell mass in individuals with 
type 2 diabetes is also decreased by about 30 %, when compared to non-obese non- 
diabetic individuals [ 28 ]. 

 Αlpha-cell mass in the pancreas remains relatively unchanged, and evidence of 
 α-cell dysfunction   is seen through impaired glucagon suppression by hyperglyce-
mia and diminished responses to hypoglycemia [ 29 ]. It is uncertain whether this 
results from an inherent defect in the α-cells of people with type 2 diabetes or a 
manifestation of decreased intra-islet insulin that would normally suppress gluca-
gon secretion. 

 Shah et al. showed that in response to a mixed meal, impaired glucose tolerance 
was a result of the lack of glucagon suppression in the presence of relative insulin 
insuffi ciency, as seen in the diabetic state (Fig.  3.2 ) [ 30 ]. Further studies using 

  Fig. 3.2    Non-diabetic subjects were infused with a prandial glucose infusion and insulin was 
infused to mimic a “diabetic” panel B or “non-diabetic” panel A post-prandial profi le. Glucagon 
was then infused at time zero to prevent a fall in glucagon (non-suppressed) or at 2 h to allow a 
transient fall in glucagon (suppressed). During the “diabetic” insulin profi le, lack of glucagon sup-
pression resulted in a marked increase in both the peak glucose concentration and the area above 
basal of glucose because of impaired suppression of glucose production.  Reproduced with permis-
sion from Shah et al. Am J Physiol Endocrinol Metab 277:E283–E290, 1999        
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infusions of [1- 14 C] labeled galactose confi rmed this to be mainly as a result of gly-
cogenolysis [ 31 ].

   Incretin hormones, released by the L cells of the small intestine in response to an 
enteral nutrient load, augment insulin release and are trophic to β cells. Lower con-
centrations of incretins such as glucagon-like peptide 1 (GLP-1) and gastric inhibi-
tory polypeptide (GIP) have been observed in people with impaired fasting glucose, 
impaired glucose tolerance and in people with type 2 diabetes [ 32 ]. However it is 
more likely that these changes are a consequence of, and not a cause of the diabetic 
state and their role in the pathogenesis of type 2 diabetes continues to be debated 
[ 33 ,  34 ].      

3.4     Defects in Carbohydrate Metabolism in Type 2 Diabetes 

   There is a prolonged elevation of  glucose      concentrations following a carbohydrate- 
containing meal in people with type 2 diabetes, and this is a result of a multitude of 
factors. There is a failure of suppression of EGP in the immediate post-prandial 
period. Additionally, it takes longer for EGP to reach nadir levels when compared 
to individuals without diabetes [ 35 ]. Post-prandially, the main sources of glucose 
are from hepatic gluconeogenesis and glycogenolysis, as the rate of appearance of 
ingested glucose is no different from normal individuals [ 36 ]. Both sources of EGP 
are increased early on in diabetes, perhaps gluconeogenesis to a greater degree [ 37 ]. 
To answer the question if the increase in EGP is due to hepatic insulin resistance, 
Basu et al. studied individuals with and without type 2 diabetes in a hyperglycemic 
state while insulin was infused at concentrations that spanned the physiologic range 
[ 38 ]. As expected, EGP was higher in the group with diabetes when compared to 
those without diabetes at lower and higher concentrations of insulin, suggesting 
hepatic insulin resistance. Additionally, the liver is also resistant to the inhibitory 
effect of hyperglycemia per se. 

 The rate of glucose disappearance is lower in people with type 2 diabetes, and 
this is due to decreases in both splanchnic and muscle glucose uptake with defects 
in glucokinase activity likely accounting for the former [ 39 ]. Delays in insulin 
secretion after a meal, as seen in type 2 diabetes, results in higher peak glucose 
concentrations whereas insulin resistance prolongs hyperglycemia [ 40 ]. Therefore, 
defects in both insulin secretion and action work in concert to promote higher post- 
prandial glucose concentrations (Fig.  3.3 ).

   Glucose is an important regulator of its own metabolism, a phenomenon termed 
“glucose effectiveness.” When non-diabetic individuals were infused with 35 g of 
intravenous glucose while their basal insulin levels were clamped, they exhibited a 
modest rise in plasma glucose concentrations, unlike the stark hyperglycemia seen 
in patients with type 2 diabetes. This was found to be due to impaired glucose- 
induced stimulation of glucose uptake and not glucose-induced suppression of glu-
cose production [ 41 ]. This regulatory mechanism is lost in people with type 2 
diabetes, further contributing to the hyperglycemic state.    
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3.5     Defects in Protein Metabolism in Type 2 Diabetes 

   In contrast to its effect on fat and glucose metabolism,       the effects of insulin on 
whole-body protein synthesis and breakdown appear to be much more diminutive in 
individuals with type 2 diabetes [ 42 ]. This is quite different from individuals with 
type 1 diabetes, where absolute insulin defi ciency results in whole body protein 
catabolism and defects in skeletal muscle protein synthesis [ 43 ]. When free fatty 
acids are infused to induce insulin resistance, there is a decreased rate of protein 
breakdown but little to no effect on the rate of protein synthesis as measured by the 
rate of protein disappearance [ 44 ]. There also seems to be post-absorptive insulin 
resistance of regional protein metabolism, although adiposity and elevated free fatty 
acid concentrations alone may have contributory roles independent of insulin action 
[ 45 ,  46 ]. In men, the degree of hyperglycemia seems to correlate directly with 
increased protein turnover and while this is not evident in women, the presence of 
lower body obesity seems protective [ 47 ]. The mechanisms by which this occurs is 

  Fig. 3.3    Principle defects in type 2 diabetes. (1) Decreased insulin secretion ( DeFronzo RA, et al.: 
New concepts in the pathogenesis and treatment of non-insulin-dependent diabetes mellitus. Am J 
Med 75:52–81, 1983 ). (2) Decreased insulin action ( DeFronzo RA, et al.: Effects of insulin on 
peripheral and splanchnic glucose metabolism in non-insulin-dependent (type II) diabetes melli-
tus. J Clin Invest 76:149–55, 1985 ). (3) Decreased glucagon suppression ( Shah P, et al.: Impact of 
lack of suppression of glucagon on glucose tolerance in humans. Am J Physiol Endocrinol Metab 
277:E283–E290, 1999 ). (4) Decreased glucose effectiveness ( Basu A, et al.: Impaired Basal 
Glucose Effectiveness in NIDDM: Contribution of Defects in Glucose Disappearance and 
Production, Measured Using an Optimized Minimal Model Independent Protocol. Diabetes 
46:421–432, 1997 )       
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unclear-fatty acids and their metabolites may impact protein metabolism by their 
effects on the insulin signaling pathway, but other human studies have shown this to 
be independent of the insulin signaling cascade [ 48 ]. 

 Therefore in type 2 diabetes and other insulin-resistant states, there is limited 
protein catabolism and preserved lean body mass, except in instances where there 
is poor glycemic control; with adequate glycemic control the defects are normal-
ized [ 49 ]. People with type 2 diabetes have also been found to have increased 
circulating levels of clotting factors such as tissue plasminogen activator and plas-
minogen activator inhibitor-1 [ 50 ], implying abnormal hepatic and endothelial 
protein synthesis.    

3.6     Defects in Fat Metabolism in Type 2 Diabetes 

   Concentrations of free fatty acids are elevated  in      individuals with type 2 diabetes in 
the fasting and post-prandial states, leading to impairment of insulin secretion and 
insulin-stimulated glucose uptake [ 51 ]. Studies have shown that a chronic elevation 
of free fatty acids impairs β-cell function leading to increased basal insulin secretion 
but ineffective insulin secretion in the presence of glucose [ 52 ]. Excessive amounts 
of free fatty acids can result in β-cell apoptosis [ 25 ], which in rodents at least occurs 
even in the absence of amyloid deposition, suggesting that free fatty acids alone 
were toxic to these cells [ 53 ]. 

 During the evolution of type 2 diabetes, adipocytes develop resistance to the 
anti- lipolytic activity of insulin with resulting elevations in free fatty acid concen-
trations in both the fasting and post-prandial state. As β-cell function declines and 
insulin secretion is attenuated, the situation worsens. Interestingly, the ability of 
insulin to suppress lipolysis is affected by body fat distribution; upper body obesity 
is typically more insulin-resistant than lower body obesity [ 54 ]. 

 There are several effects of high free fatty acid levels on the liver. Hepatic insulin 
extraction is impaired, contributing further to hyperinsulinemia [ 55 ]. This in turn 
promotes the expression of lipogenic enzymes and diminished fatty acid oxidation, 
leading to increased production of very low-density lipoprotein (VLDL) and 
triglycerides [ 56 ]. In addition, there is upregulation of enzymes involved in gluconeo-
genesis, with the net result of increasing hepatic glucose output [ 57 ]. 

 At the level of the muscle, free fatty acids decrease glucose uptake by inhibiting 
glucose transport, glucose phosphorylation, and muscle glycogen synthase. These 
abnormalities are thought to happen early in the pathogenesis of diabetes and as 
concentrations of intramyocellular lipid increase with weight gain and dietary indis-
cretion, insulin resistance also increases [ 58 ]. 

 Factors released from adipose tissue such as leptin and adiponectin have also been 
studied in the pathogenesis of type 2 diabetes. Leptin, which is secreted by adipo-
cytes, sends signals to the hypothalamus about fat stores and has biologic effects on 
the pancreas. Animal models defi cient in the pancreatic leptin receptor were found to 
have reduced insulin secretory response to glucose, poor islet growth, and glucose 
intolerance when challenged with a high fat diet [ 59 ], suggesting that leptin is an 
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important mediator of obesity-related type 2 diabetes. A defi ciency in adiponectin, a 
cytokine derived from adipocytes, has been shown to correlate with insulin resis-
tance, hyperinsulinemia, obesity, and type 2 diabetes [ 60 ]. It has also been shown to 
adversely affect the cardiovascular risk profi le particularly in men [ 61 ]. It remains to 
be seen if either adipokine becomes a viable clinically relevant therapeutic target for 
diabetes.       
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4.1             Introduction and Purpose 

 The traditional approach to management  of   type 2 diabetes has been targeting both 
glycemic control and associated risk factors that drive cardiovascular disease risk 
(blood pressure, dyslipidemia, pro-thrombotic tendency). This approach empha-
sizes a “treating to goal” approach to blood pressure, hemoglobin A1c and LDL, 
primarily through prescribing antihypertensives, antidiabetics and lipid-lowering 
medications and by assuring that all patients are on aspirin. This approach pays 
slight attention to weight management as a way to reduce all components that are 
contributing to cardiovascular risk. This is changing, in part driven by the observa-
tion of dramatic improvement in the metabolic and cardiovascular risk profi le of 
patients with type 2 diabetes who undergo bariatric surgery. This has sparked respect 
for weight loss as a powerful remediator of dysglycemia and even of cardiovascular 
risk in persons with type 2 diabetes. The metabolic and weight loss response with 
bariatric surgery has also stimulated interest in gut peptides as potential medical 
therapies for both producing and sustaining weight loss and improving multiple 
metabolic benefi ts, as well. A new development is the adoption by medical societies 
of recommendations that physicians who treat patients with type 2 diabetes should 
restructure their treatment approaches to more weight-centric approaches, as evi-
denced by the 2013 American Association of Clinical Endocrinologists (AACE) 
Comprehensive Diabetes Management Algorithm [ 1 ]. 

 The primary focus of this chapter is to explore the role of   medical approaches    ( as 
opposed to surgical approaches )  using lifestyle intervention to achieve weight man-
agement  as a pathway to improving the metabolic profi le, symptoms, and 
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functionality of patients with type 2 diabetes. The chapter will review the evidence 
for health benefi t from medically induced weight loss in persons with type 2 
diabetes, and will limit its scope to interventions that use lifestyle alone, without 
adjunctive medications. 

 Evidence for the protean and powerful effects of weight loss, even modest 
amounts of weight loss, will primarily derive from the Look AHEAD  Study  . This 
randomized controlled study [ 2 ] of lifestyle intervention versus support condition is 
chosen to illustrate the impact of weight loss in individuals with type 2 diabetes 
because of its diverse population (overall there were 59 % women, 37 % ethnic 
minorities, 14 % had prior cardiovascular disease, the average BMI was 36 kg/m 2 ) 
and the average duration of diabetes was 6.8 years) [ 3 ], large size (>5000 partici-
pants), relatively long period of follow-up (publication of results of at least 8 years 
minimum observation), excellent delivery of a state-of-the-art lifestyle intervention 
[ 4 ] and excellent retention (8-year retention was 94 %, when deceased persons were 
removed from the denominator) [ 5 ]. 

 The discussion will be organized around eight questions, as follows:

    1.    Can persons with diabetes successfully lose  weight  ?   
   2.     What is the effect of weight loss achieved with lifestyle intervention on glyce-

mic measures, cardiovascular risk factors, and concomitant medications use in 
persons with type 2 diabetes?   

   3.    Can persons with diabetes and severe obesity achieve weight loss and associ-
ated health benefi ts with modest  weight loss  ?   

   4.    Can lifestyle intervention in overweight and obese persons with type 2 diabetes 
reduce  cardiovascular events  ?   

   5.    Can lifestyle intervention induce  diabetes remission  ?   
   6.    What is the prevalence of obstructive sleep  apnea      in persons with diabetes? Can 

weight loss improve sleep apnea?   
   7.    What are the benefi ts of lifestyle intervention on improvement in  feeling and 

function   (Quality of Life, Depression, Mobility, Sexual Dysfunction, Urinary 
Stress Incontinence).   

   8.    What’s the  bottom line  ? Does lifestyle intervention for overweight and obese 
persons with type 2 diabetes reduce health care costs?     

4.2      Efficacy of Lifestyle Intervention in Patients with Diabetes 

 Look AHEAD has provided a framework for comparing intensive lifestyle inter-
vention with a control condition (diabetes support and education). A number of 
ancillary studies, substudies and subanalyses of this large trial have yielded answers 
to all the above questions. One must be cautious and recognize the limitations of 
relying on this one study. While more studies might be needed for a defi nitive deter-
mination, the quality of the studies and the quantity of data make Look AHEAD 
often the best source to judge the effect of lifestyle intervention.
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    1.     Can persons with diabetes successfully lose  weight  ? It is well known that persons 
with type 2 diabetes lose less weight than persons without type 2 diabetes [ 6 ]. Some 
of the reasons for this are the use of medications for diabetes that promote weight 
gain, such as insulin, thiazolidinediones and insulin  secretagogues [ 7 ]. Persons 
with diabetes are also more likely to be taking common medications for chronic 
disease management that also promote weight gain, such as many antidepressants 
and beta-blockers for hypertension [ 7 ]. In the Look AHEAD Intensive Lifestyle 
Intervention, those persons who were on insulin, other diabetes medications or no 
medications lost 7.4 ± 7.2, 8.7 ± 6.9, and 9.3 ± 6.8 %, respectively at one year [ 8 ]. 

 Weight loss is also more diffi cult in patients with type 2 diabetes because 
when patients enter negative energy balance, the risk of hypoglycemia increases 
and patients may eat to defend against hypoglycemia. In Look AHEAD, a medi-
cation management algorithm [ 4 ] was used to reduce hypoglycemia risk with 
weight loss. Medications were reduced at the start of negative energy balance, 
with the degree of reduction based on baseline glycemic control. Persons with 
lower hemoglobin A1c or lower plasma glucose levels were deemed to be at 
higher risk and requiring greater medication reduction, especially for insulin and 
insulin secretagogues. Once weight had reached plateau and energy balance was 
neutral, patients were monitored for glycemia and medications readjusted. 

 Other challenges to successful weight loss in persons with type 2 diabetes 
include the possible presence of established cardiovascular disease and periph-
eral neuropathy, which make exercise more challenging. Patients who are man-
aging a chronic disease may have competing demands on their time and this may 
make it diffi cult to adhere to the behavioral components that are predictive of 
weight loss success. In Look AHEAD, there was a direct and linear relationship 
between the amount of weight loss in the fi rst year and quartile of visit atten-
dance, use of meal replacements and minutes of physical activity, emphasizing 
the importance of adherence to weight loss success [ 8 ]. Further, there was a 
graded relationship between baseline A1c and amount of weight loss, with those 
with A1c ≥9 % losing less weight over the fi rst year than those with A1c 7–8.9 %. 
Those with A1c <7 % lost most weight over the fi rst year [ 9 ]. 

 Look AHEAD is ample demonstration that one should not be nihilistic about 
a person with type 2 diabetes being able to lose weight. Figure  4.1  demonstrates 
the weight loss over 8 years in Look AHEAD. The mean weight loss at 1 year 
was −8.6 % of initial weight for those in the Intensive Lifestyle Intervention 
group vs. −0.7 % for those in the control condition, Diabetes Support and 
Education ( P  < 0.001) [ 10 ]. At 4 years, mean weight loss was −4.7 % of initial 
weight for those in the Intensive Lifestyle Intervention group vs. −1.1 % for 
those in Diabetes Support and Education ( P  < 0.001) [ 11 ]. At 8 years [ 5 ], mean 
weight loss stayed the same as at 4 years for those in the Intensive Lifestyle 
Intervention (−4.7 %) and the support condition weight loss was −2.1 %. These 
results are displayed graphically year by year in Fig.  4.1 .

   In terms of predictors of success over the long term, a 4 years analysis of pat-
terns associated with success again revealed that attendance at counseling ses-
sions and amount of physical activity were related to 4 years weight loss in a 
graded fashion with greater adherence translating into more weight loss [ 12 ]. 
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However, for participants in the Intensive Lifestyle Intervention, initial weight 
loss was a strong predictor of ultimate weight loss [ 12 ]. This is illustrated graphi-
cally in Fig.  4.2 , which shows that weight loss at year 1 was predictive of ability 
to achieve signifi cant weight loss at year 4. The initial weight loss was highly 
variable in year 1, with roughly one-third achieving 5 % loss or less, one-third 
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  Fig. 4.1     Weight loss   in Look AHEAD over minimum 8 years of observation. Mean (+SE) weight 
loss from baseline among participants in the Intensive Lifestyle Intervention (ILI;  n  = 2570) and 
Diabetes Support and Education (DSE;  n  = 2575). Differences between groups are signifi cant 
( P  < 0.001 for all years). The between-group difference in weight loss after 8 years minimum follow-
 up was 2.6 %       

  Fig. 4.2     Weight loss   (percent loss from baseline) at 1 year in Look AHEAD predicts probability 
of clinically signifi cant weight loss at 4 years. Participants in the Intensive Lifestyle Intervention 
(ILI) were categorized according to 1 year loss. The proportion who achieved ≥10 %, 5–9.9 %, and 
<5 % were, respectively, 38, 30, and 31 %. Of those who lost ≥10 % in year 1, 70 % achieved 5 % 
or more weight loss in year 4. Of those who lost 5–9.9 % in year 1, 40 % achieved 5 % or more 
weight loss in year 4. Of those who achieved <5 % in year 1, only 22 % achieved 5 % or more loss 
at year 4 [ 12 ]       
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achieving 5–9.9 % loss and one-third achieving ≥10 % loss. If one looks at ≥5 % 
weight loss at year 4, 70 % of those who achieve ≥10 % in year 1 meet this bench-
mark at year 4, while only 40 % of those who lost 5–9.9 % in year 1 did and only 
22 % of those who lost less than 5 % at year 1 did so. Clearly, initial weight loss 
is important, because it is predictive of ultimate weight loss.

   We will use the Look AHEAD study and the weight loss achieved and sustained 
over the 1, 4, and 8 years of observation to demonstrate effects on metabolic risk 
factors, symptoms, and functional issues in patients with type 2 diabetes.    

   2.     What is the effect of  weight loss   achieved with lifestyle intervention on glycemic 
measures, cardiovascular risk factors, and concomitant medication use in per-
sons with type 2 diabetes? The impact of negative energy balance on glycemia is 
immediate. But once weight loss has reached a plateau, and weight is stable there 
is a strong effect on glycemia of even modest weight loss, such as was achieved 
in Look AHEAD. As demonstrated in Table  4.1 , the glycemic changes associated 

   Table 4.1      Weight loss   and risk factor changes at years 1 and 4 for Look AHEAD intensive life-
style intervention and diabetes support and education participants   

 Year 1 
ILI 

 Year 1 
DSE   P -value 

 Year 4 
ILI 

 Year 4 
DSE   P -value 

 Weight change (kg)  −8.6  −0.63  <0.001  −4.66  −1.01  <0.0001 

 Weight change (%)  −8.6  −0.7  <0.001  −4.7  −1.1  <0.001 

 A1c (%)  −0.64  −0.14  <0.001  −0.20  −0.08 %  <0.001 

 Glucose (mg %)  −21.5  −7.2  <0.001 

 % on insulin, 
none at baseline 

 1.7  3.7  <0.001  6.9  11  <0.001 

 % on insulin, 
baseline use 

 80.6  91.6  <0.001  77.4  88  <0.001 

 % on hypertension 
medications, 
none at baseline 

 16.4  21.9  <0.001  43  47.2  <0.001 

 % on hypertension 
medications, 
baseline use 

 81.3  89.9  <0.001  85  92.7  <0.001 

 Systolic blood 
pressure (mmHg) 

 −6.8  −2.8  <0.001  −4.66  −3.41  0.01 

 Diastolic blood 
pressure (mmHg) 

 −3.0  −1.8  <0.001  −3.44  −3.19  0.29 

 LDL (mg/dL)  −5.2  −5.7  0.49  −18.88  −22.77  0.01 

 HDL (mg/dL)  +3.4  +1.4  <0.001  +3.95  +2.58  0.001 

 TG (mg/dL)  −30.3  −14.6  <0.001  −22.91  −27.51  0.13 

 % on Lipid-
lowering medication, 
none at baseline 

 17.6  25.3  <0.001  47.2  53.2  <0.001 

 Albumen-to 
creatinine ration 
(>30.0 μg/mg) (%) 

 −3.9  −1.5  0.002 

 Fitness increase 
from baseline (%) 

 20.4  5.0  <0.001  5.1  1.1  <0.001 
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with weight loss at years 1 [ 10 ] and 4 [ 11 ] demonstrated clinically  signifi cant 
reductions in hemoglobin A1c for those who were in the intensive lifestyle inter-
vention, both at year 1 and at year 4. This improvement occurred in the presence 
of lesser medication use. Of patients who were not on insulin at baseline, there 
were fewer who started insulin in the lifestyle intervention group, compared to 
those on diabetes support and education [ 11 ]. In addition, at year 1, there were 
signifi cant benefi ts associated with lifestyle intervention in systolic blood pres-
sure, HDL cholesterol, reduction in lipid lowering and antihypertensive medica-
tions and in fi tness; these benefi ts persisted at year 4. The signifi cant benefi ts 
seen with lifestyle intervention at year 1 did not persist to year 4 for diastolic 
blood pressure and triglycerides. Albumen/creatinine ratio was signifi cantly 
improved with lifestyle intervention in year 1.

        3.     Can persons with diabetes and severe obesity achieve weight loss and associated 
health benefi ts with modest  weight loss  ? This is a frequent question, since many 
health professionals have a negative perception of persons with more severe obe-
sity being able to loss enough weight to derive health benefi t. The ability to lose 
weight and the changes in risk factors has been evaluated in the large Look 
AHEAD population among individuals with class I, II, and III obesity [ 13 ,  14 ]. 
These results are illustrated in Fig.  4.3 . There was no signifi cant difference 
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blood pressure (DBP; mmHg), triglycerides (TG; mg/dL), high-density lipoprotein cholesterol 
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however, the weight loss in the overweight category is signifi cantly less than the obese categories, 
albeit without clinical signifi cance [ 13 ]       
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among classes of those persons with diabetes and any class of BMI, in terms of 
proportion of weight lost at year 1 and 4, although those in the overweight 
 category loss slightly less weight which was signifi cantly different from the 
obese categories. Further, the impact of this modest weight loss (roughly 9 %) on 
improvements was the same for all cardiovascular risk factors, across all BMI 
classes [ 13 ]. Therefore there is no reason to be overly pessimistic about lifestyle 
intervention, even in those with BMI 0.40 kg/m 2 .

       4.     Can lifestyle intervention in overweight and obese persons with type 2 diabetes 
reduce  cardiovascular events  ? Despite the above noted reductions in glycated 
hemoglobin and initial fi tness and intermediate cardiovascular endpoints, after a 
median follow-up of 9.6 years, the Look AHEAD study was stopped for futility. 
The composite primary outcome (death from cardiovascular causes, nonfatal 
myocardial infarction, nonfatal stroke, or hospitalization for angina) occurred in 
403 patients in the intervention group and 418 in the control group. At the end of 
the study, the difference in weight loss was only 2.5 % between the two groups 
[ 15 ]. It may take more weight loss to achieve benefi ts in reduction in cardiovas-
cular events. In the SOS study, which demonstrated risk reduction for cardiovas-
cular events [ 16 ] and also mortality [ 17 ], the difference between the surgical 
weight loss and the control groups was 16 % [ 16 ,  17 ], much more than the life-
style intervention in Look AHEAD. Also, among individuals with no cardiovas-
cular disease at baseline in Look AHEAD, the hazard ratio for the endpoint was 
0.86 (0.72–1.02) compared to 1.13 (0.90–1.42). Thus, lifestyle-induced weight 
loss may be simply ineffective for secondary prevention of cardiovascular dis-
eases and may be more appropriate for primary prevention. Whatever the case, 
we are unable to demonstrate randomized clinical trial evidence for reduction of 
cardiovascular events and mortality with weight loss achieved through lifestyle 
intervention.    

   5.    Can lifestyle intervention induce  diabetes remission  ? In Look AHEAD, some 
patients in both treatment groups (lifestyle and support) achieved partial or com-
plete remission of type 2 diabetes, defi ned as transition from meeting diabetes 
criteria to a prediabetes or nondiabetic level of glycemia (fasting plasma glucose 
<126 mg/dL and hemoglobin A1c <6.5 % with no antihyperglycemic medica-
tion) [ 18 ]. The lifestyle group had more episodes of remission (partial or com-
plete), with prevalences of 11.5 % (95 % CI, 10.1–12.8 %) during the fi rst year 
and 7.3 % (95 % CI, 6.2–8.4 %) at year 4, compared with 2.0 % for the support 
group at both time points (95 % CIs, 1.4–2.6 % at year 1 and 1.5–2.7 % at year 4) 
( P  < 0.001 for each) [ 18 ]. There were 9.2 % (95 % CI, 7.9–10.4 %), 6.4 % (95 % 
CI, 5.3–7.4 %), and 3.5 % (95 % CI, 2.7–4.3 %) of lifestyle participants who  had 
  continuous, sustained remission for at least 2, at least 3, and 4 years, respectively, 
compared with less than 2 % of DSE participants (1.7 % [95 % CI, 1.2–2.3 %] 
for at least 2 years; 1.3 % [95 % CI, 0.8–1.7 %] for at least 3 years; and 0.5 % 
[95 % CI, 0.2–0.8 %] for 4 years) [ 18 ]. Of course these results are extremely 
modest, but they do provide at least preliminary evidence that complete or partial 
remission may be possible in type 2 diabetes with medical management, espe-
cially if greater weight loss can be achieved and sustained.   
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   6.    What is the prevalence of obstructive sleep apnea in persons with diabetes? Can 
weight loss improve sleep apnea? Both obesity and type 2 diabetes are risk 
 factors for obstructive sleep apnea (OSA). In the Sleep AHEAD study, partici-
pants at one site ( n  = 305) participated in unattended  somnography      at baseline 
[ 19 ]. Over 86 % of participants had OSA with an apnea–hypopnea index (AHI) 
of 5 events/h. There were 30.5 % of the participants with moderate OSA 
(15 < AHI < 30), and 22.6 % had severe OSA (AHI ≥ 30), with severe obesity 
being associated with greater risk for severe OSA. At this study site, at year 1 
[ 19 ], participants in the lifestyle intervention lost 10.8 kg vs. 0.6 kg ( P  < 0.00 l) 
for the support condition and the adjusted (SE) decrease from baseline in AHI 
was 9.7 (2.0) events per hour ( P  < 0.001). There were more than three times as 
many participants in the intervention group than in the support group with total 
remission of OSA, and the prevalence of severe OSA among ILI participants was 
half that of the DSE group [ 19 ]. Most interestingly, there is a graded response to 
weight loss  in   AHI improvement (see Fig.  4.4 ) [ 19 ]. In  the      51 participants who 
lost 10 or more kg, the reduction in AHI was signifi cantly better than those who 
lost weight [ 19 ]. After 4 years, despite weight regain, benefi ts persisted with 
greater maintenance of weight loss associated with greater improvements in AHI 
[ 20 ]. Remission of OSA at 4 years was fi ve times more common with intensive 
lifestyle intervention (20.7 %) than diabetes support and education (3.6 %) [ 20 ].

       7.    What are the benefi ts of weight loss on  hepatic steatosis   in persons with type 2 
diabetes? In a substudy population, 96 participants in Look AHEAD underwent 
proton magnetic resonance spectroscopy (MRS) to quantify fatty infi ltration of 
the liver, with hepatic steatosis defi ned as 5.5 % being non-alcoholic fatty liver 
disease [ 21 ]. Figure  4.5  shows the relationship between weight loss and reduc-
tion of hepatic steatosis as measured by MRS and the greater the weight loss the 
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greater the reduction in hepatic steatosis. However, while there were group 
differences in steatosis, with the lifestyle intervention group reducing steatosis 
on average 50.8 % (vs. 22.8 % in the support group;  P  > 0.04), there were no 
group differences in mean ALT and ASP.

       8.     What are the benefi ts of lifestyle intervention on improvement in  feeling and 
function   (Quality of Life, Depression, Mobility, Sexual Dysfunction, and Urinary 
Stress Incontinence)? While reducing risks for other diseases is important, 
equally important is improving how patients feel and function. There is a known 
graded response to weight loss achieved through lifestyle intervention and 
improvement in quality of life as measured by the Impact of Weight—Quality of 
Life Assessment Tool [ 22 ]. Indeed, in Look AHEAD, at year 1,  quality of life  
improved more in the group undertaking lifestyle intervention than those in the 
support condition [ 23 ]. 

 In Look AHEAD, there were fewer patients who developed potentially sig-
nifi cant symptoms of  depression  (defi ned as Beck Depression Inventory [ 24 ] 
score ≥10) in the lifestyle intervention group as compared to the support condi-
tion [ 25 ]. At 1 year, the incidence of BDI ≥10 was signifi cantly lower in the ILI 
than in the DSE group (6.3 % vs. 9.6 %;  P  < 0.001) indicating that weight loss 
does not precipitate depression and may protect from it. Furthermore partici-
pants in the lifestyle intervention with and without symptoms of depression at 
baseline lost 7.8 ± 6.7 % and 8.7 ± 6.9 %, respectively, a difference not consid-
ered clinically meaningful. 

 Look AHEAD also assessed functionality. For participants in the lifestyle 
intervention, compared to the support condition, there was attenuation in the 
decline in  mobility  that occurs with aging [ 26 ]. For adults with knee pain, 
there was improvement in function for those in the lifestyle intervention, 
compared to those who were in the support condition [ 27 ]. 
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the largest weight loss (≥10 %) had a signifi cantly higher median percent reduction in steatosis of 
79.5 % vs. 13.7 % for those with weight loss of +1 to −1 % [ 21 ]       
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 In overweight and obese women with type 2 diabetes participating in Look 
AHEAD,  urinary stress incontinence  improved in those who were randomized 
to the lifestyle intervention as compared to the control condition [ 28 ]. Look 
AHEAD demonstrated the same fi nding in men [ 29 ].  Sexual dysfunction  was 
also studied in Look AHEAD and there was improvement in measures of sexual 
function for participants in the lifestyle intervention compared to the support 
condition. There was improvement in erectile function for men [ 30 ] and sexual 
dysfunction in women [ 31 ].    

   9.    What is the  bottom line     ? Does lifestyle intervention for obese and overweight 
persons with type 2 diabetes reduce health care costs? A recently published anal-
ysis from Look AHEAD [ 32 ] analyzed the impact of the lifestyle intervention on 
use and costs of medical services, with the support condition as comparator. In 
the lifestyle group, annual hospitalizations were reduced by 11 % ( P  = 0.004) and 
hospital days by 15 % ( P  = 0.01). The cost savings for hospitalizations were 
10 % less in the lifestyle group ( P  = 0.04). Medication cost savings were 7 % less 
in the lifestyle group compared to the support group ( P  < 0.001). Over 10 years, 
the relative cost savings per person in the lifestyle group were $5280 (95 % 
CI = $3385-$7175). However, there were no differences in outpatient costs and 
the savings were not observed in those with a history of cardiovascular disease. 
The costs of conducting the Look AHEAD intervention have not been reported 
so cost-effectiveness cannot yet be calculated [ 32 ].       

4.3    Summing Up and Path Forward 

 The benefi ts of weight loss in type 2 diabetes span improvement in risk factors, 
reduction in the need for concomitant medications, improvements in a variety of 
measures of feeling and function, partial remission of type 2 diabetes, and reduc-
tions in health care costs. However, even with the best lifestyle interventions, some 
patients are not able to achieve 5 % weight loss and long-term maintenance of 
weight loss is extremely challenging. The next steps are to develop effective strate-
gies to fi rst, maximize initial weight loss so as to maximize initial health benefi ts; 
and second, to develop effective strategies to improve the maintenance of the 
reduced body weight. 

 The most optimistic path forward would almost certainly derive from advanced 
understanding of the biology of energy balance regulation and targeting appetite 
and other metabolic pathways with pharmacotherapy. Indeed, there would be little 
room to advance on intensity of lifestyle intervention. Look AHEAD had a minimum 
of 32 90-min face-to-face sessions with a trained interventionist in the fi rst year. 
This would be diffi cult and expensive to duplicate in practice. Turning to pharma-
cotherapy, there are now four new medications approved for long-term use in weight 
management (phentermine/topiramate ER, lorcaserin, liraglutide 3 mg and naltrex-
one/bupropion SR) and one older medication (orlistat). All of these medications 
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have demonstrated effi cacy in overweight and obese patients with type 2 diabetes 
[ 33 – 36 ]. In every case, when medications are used with lifestyle therapy, there are 
greater numbers of patients who achieve a meaningful benchmark—5 % weight 
loss—than those who are receiving placebo and the lifestyle intervention. Further, 
the average weight loss is greater in pharmacotherapy-treated arm, meaning that the 
impact on targeted health outcomes is likely to be greater. Last, medications will 
sustain weight loss as long as they are taken. 

 Finding ways to achieve successful weight loss in patients with type 2 diabetes is 
an imperative considering the disease burden that type 2 diabetes imposes on the US 
population. Addressing these two issues—obesity and type 2 diabetes—will go a 
long way to addressing the root cause of the epidemic of non-communicable dis-
eases of the twenty-fi rst century.     
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 5      Adipocyte Dysfunction, Inflammation, 
and Insulin Resistance in Obesity       

       Cyrus     Jahansouz     

         Only recently has the complexity of adipose tissue become more apparent and 
appreciated. The two well-known forms of adipose tissue have been recognized: 
brown and white. Historically, these have been seen as two separate entities, with 
brown adipose tissue (BAT) primarily playing its role in thermogenesis through 
uncoupling protein 1, and white adipose tissue (WAT) with its role as fat storage 
[ 1 – 4 ]. Even this concept is riddled with controversy given the transdifferentiation 
and plasticity that exists between these two, as observed with alterations in tempera-
ture, pregnancy and lactation, and fasting and obesity [ 5 ,  6 ]. This chapter, however, 
focuses on white adipose tissue, and its derangement with the onset and progression 
of obesity and insulin resistance. It begins with a brief overview characterizing 
white adipose tissue and the adipocyte, and then proceeds to a discussion regarding 
the multifaceted dysfunction that accompanies obesity. 

5.1     White Adipose Tissue 

   Less than 50 % of white adipose tissue is  composed      of preadipocytes and lipid-fi lled 
adipocytes [ 7 ,  8 ]. White adipose tissue is also composed not only of precursors, but 
also stromal cells, endothelial cells, fi broblasts, and a multitude of immune cells 
including macrophages, lymphocytes, natural killer cells, and mast cells [ 5 ,  9 ,  10 ]. 
M1 Macrophages, induced by pro-infl ammatory cytokines, are found in equal 
amounts to M2 macrophages, induced by anti-infl ammatory cytokines [ 11 ]. The 
mature adipocytes are responsible for synthesis, storage (in the form of the lipid 
droplet), and mobilization of triglycerides [ 12 ,  13 ]. Adipocytes are organized into 
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lobules separated and surrounded by loose connective tissue organized in an extra-
cellular matrix composed primarily of collagen [ 13 ]. 

 In humans, the major fat depots are intra-abdominal including omental and mes-
enteric (visceral), lower body including gluteal, intramuscular, subcutaneous lower 
body, and subcutaneous upper body fat [ 14 ] The distribution of WAT within these 
sites varies signifi cantly between sexes and individuals, with central obesity por-
tending a higher risk of diabetes, dyslipidemia, and several other comorbidities, 
along with mortality [ 15 ]. The importance of this distribution is noteworthy even in 
normal weight individuals with centrally focused obesity [ 16 ]. Signifi cant func-
tional regional differences lie with regards to free fatty acid (FFA) release, hyperpla-
sia and/or hypertrophy, preadipocyte characteristics, and adipocytokine secretion 
[ 14 ,  17 – 19 ]. 

 Innervation to WAT is primarily mediated via the sympathetic nervous system 
(SNS). Youngstrom and Bartness supplied evidence when single neuron tract trac-
ing was used to demonstrate postganglionic sympathetic innervation bidirectionally 
[ 20 ]. Along with insulin, SNS is a primary mediator of lipolysis in WAT [ 21 ]. 
Mansfi eld fi rst observed this in 1913 after witnessing that patients with hemiplegia 
and cancer cachexia only mobilized lipid from their neurally intact leg [ 21 ,  22 ]. 
Further evidence in support of SNS function has been observed in a number of ani-
mal models in which surgical denervation of SNS to WAT blocks or attenuates 
lipolysis with food deprivation [ 23 – 26 ].    

5.2     Brief Overview: Adipocyte Function 

    As noted above, the lipid  droplets      composing the adipocytes are specialized in 
energy storage and release. Glucose transport and lipogenesis are stimulated by 
insulin. Once activated by insulin, glucose transport activity is redistributed from 
intracellular to the plasma membrane [ 27 ,  28 ]. The transport is mediated via mem-
brane transporters belonging to the Major Facilitator Superfamily, part of the Glut 
protein family [ 29 ]. Most studied is Glut4, whose role has been highlighted in sce-
narios in which mice without Glut4 in adipose tissue develop adipocyte and sys-
temic insulin resistance, whereas mice with overexpression are protected [ 30 ,  31 ]. 
The uptaken glucose then serves as the substrate for pyruvate and glycerol-3- 
phosphate and then the production of triglycerides. The other manner of increasing 
lipid storage is via direct uptake, in which insulin remains the main regulator. Fatty 
acids delivered via diet are esterifi ed and bound to a glycerol backbone, and then 
stored as triglycerides in the lipid droplet. Triglycerides can then be hydrolyzed 
back into fatty acids and 2-monoacylglycerol by  lipoprotein lipase (LPL).   Notably, 
the LPL gene promoter is activated by the transcription factors sterol regulatory 
element- binding protein (SREBP) 1 and 2, and  peroxisome proliferator-activated 
receptor γ (PPARγ)   [ 32 ,  33 ]. While PPARγ is expressed in many tissues, it is 30–40-
fold higher in WAT [ 34 ]. Its importance in lipid homeostasis is no more highlighted 
in serving as the main target for the thiazolidinedione receptor class of 
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insulin-sensitizing drugs, in serving its role in adipogenesis [ 35 – 37 ]. Thus, adipo-
cytes have a crucial role in controlling circulating FFA levels (Fig.  5.1 ).

   More recently, the endocrine role of adipocytes has been gaining attention 
given its relative complexity and underlying pathologic involvement in a number 
of disease states. Adipose tissue synthesizes and secretes a number of different 
proteins with systemic action, termed adipocytokines, or adipokines [ 38 – 40 ]. 
While more than 100 different adipokines have been identifi ed, proteomic studies 
have indicated the possibility of several hundreds. Their roles vary, and include 
controlling appetite, insulin sensitivity, blood pressure, hemostasis, and infl amma-
tion [ 12 ,  41 ,  42 ]. They also affect several organs, including the liver, pancreas, and 
muscle, along with the central nervous system [ 43 ]. The adipocyte’s role in infl am-
mation has been of particular interest given its ability to secrete a variety of the 
well-known cytokines and chemokines including TNF-α, IL-1β, IL-6, IL-10, and 
several others [ 44 ,  45 ]. Few others have garnered particular interest as well, nota-
bly leptin and adiponectin. Leptin, fi rst identifi ed by Friedman and colleagues in 
1994, serves a primarily antidiabetic role modulating food intake and energy 
expenditure, regulating hepatic lipogenesis, and enhancing muscle fatty acid oxi-
dation [ 43 ,  46 – 48 ]. It has been shown to protect mice from obesity as well [ 49 ]. 
Thus, leptin concentration increases as the proportion of stored fat increases [ 50 ]. 
Adiponectin has roles in insulin sensitizing, as an anti-infl ammatory agent, and is 
anti-atherogenic in character [ 51 – 53 ].     
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  Fig. 5.1    Lean adipose in insulin-sensitive state. The  adipocyte      is responsive to insulin stimulation, 
thus prompting glucose uptake via Glut4 transporter, and free fatty acid uptake (FFA). Glucose is 
converted to glycerol and is combined with FFA to form triglycerides. PPARγ promotes triglycer-
ide synthesis and lipoprotein lipase activity. As noted, the drug class of thiazolidinediones (TZD) 
increases PPARγ activity. Adapted from Guilherme et al. [ 60 ]       
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5.3     Obesity and Changes to the Adipocyte and WAT 

     Globally, it has long been observed that  the            prevalence of obesity has been on the 
rise. This is not only true in the adult population, but also alarmingly so in the pedi-
atric population, with potentially signifi cant impact on the future of health care [ 54 ]. 
Long-known associated risks of obesity include type 2 diabetes mellitus (T2DM), 
cardiovascular disease, arthritis, and increased mortality, among others [ 55 – 58 ]. 
These pathologic outcomes are the product of signifi cant changes resulting primar-
ily from an energy imbalance, and start at the level of cellular mechanisms involv-
ing the adipocyte, its relation its neighboring cells, and beyond with its interplay 
with the body as a whole. 

 With persistent consumption of calories in excess of expenditure naturally comes 
the demand for increasing storage capacity. During states of excess, lipogenic 
enzymes, localized in the cytoplasm and endoplasmic reticulum (ER), synthesize 
triglyceride, which is then incorporated into the fat droplet. Adipocytes have a sig-
nifi cant capacity to synthesize and store triglycerides. Early on, adipocytes compen-
sate for the increase FFA load by increased expression of enzymes associated with 
triglyceride synthesis [ 59 ]. With progression, accommodation occurs via hypertro-
phy and hyperplasia [ 60 ]. Regional tissue variability associated with adipogenesis 
has been observed. Intraperitoneal (visceral) fat general enlarges via hypertrophy, 
whereas regions of subcutaneous fat tend to expand via hyperplasia [ 61 ]. It has been 
suggested in animal models that hyperplasia occurs fi rst in increasing the number of 
preadipocytes, and then proceeding to mature adipocytes [ 62 ]. While much remains 
to be delineated, larger cells release more FFA, which may underlie the signifi cance 
of fat distribution and elevated free fatty acid levels in obesity. This was portrayed 
in a mouse model in which overdevelopment of subcutaneous adipose tissue resulted 
improved glucose and lipid homeostasis [ 63 ]. Thus, and not surprisingly, visceral 
adipose tissue is signifi cantly linked to increased risk of cardiovascular disease and 
a strong predictor for developing T2DM, and may act as a surrogate marker for 
ectopic fat distribution, namely the liver and muscle [ 64 ,  65 ]. Another regional dif-
ference is the signifi cantly greater FFA release in upper body in addition to the 
aforementioned visceral fat, when compared to the nonobese or lower body-obese 
state. Hence, lower body stores, mainly the gluteo-femoral region, may be viewed 
as a protective metabolic region [ 66 ]. Aging and sedentary lifestyles also serve as 
factors in increasing the ratio of visceral to subcutaneous fat [ 67 ]. 

 Histologically, beyond the changes to the adipocytes themselves, macrophage 
infi ltration increases in WAT. Macrophages typically organize in a ring around the 
adipocyte; such organization is specifi c to adipose tissue, and more prevalent in 
visceral WAT than subcutaneous WAT, and intimates their role in the phagocytosis 
of necrotic adipocytes [ 68 ]. In contrast to the relative balance of M1 and M2 mac-
rophages, these macrophages are M1, and thus pro-infl ammatory in nature. T-cell 
infi ltration is also present in WAT without an increase in systemic circulation, pre-
sumably due to dysfunctional adipokine release, discussed below [ 69 ]. Not surpris-
ingly, accompanying the pro-infl ammatory state is fi brosis of the extracellular 
matrix, organized in clusters and fi brotic bundles, and surrounding adipocytes [ 70 ]. 
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Interestingly, M2 macrophages expressing higher levels of tumor growth factor β 
(TGFβ), which stimulates collage VI production, were found in greater number. 
They also express increased IL-1, suggesting more of a pro-infl ammatory role con-
trasting M2 macrophages in the non-obese state [ 71 ]. It has been shown that patients 
with a higher degree of adipose tissue fi brosis were found to lose less fat mass after 
gastric bypass, and that fi brosis may serve a protective role in omental WAT in limit-
ing hypertrophy and its associated deleterious effects [ 70 ].      

5.4     Excessive FFA, Ectopic Fat Deposition, 
and Insulin Resistance 

       Naturally, with progression of  obesity                  comes an increased release of FFAs into the 
blood stream [ 72 ]. Circulating levels of FFAs are a signifi cant mediator connecting 
obesity with insulin resistance. Elevated levels have been shown to cause insulin 
resistance in both animals and humans, with an acute decrease in levels resulting in 
enhanced insulin activity and peripheral glucose uptake [ 73 ,  74 ]. With the accumu-
lation of fatty acids and its metabolites, activation via phosphorylation of serine 
kinases such as JNK and IKK results in blocking and inactivating insulin receptors. 
Said mechanism is present in a multitude of cells including adipocytes, myocytes, 
and hepatocytes [ 75 – 77 ]. Knockout mouse models of JNK and IKK show resistance 
to the effects of high fat diet on insulin receptor signaling [ 78 ,  79 ]. JNK is required 
for FFA-mediated macrophage release of infl ammatory cytokines such as TNFα, 
IL-6, and MCP-1 [ 80 ]. Additionally, FFAs may induce insulin resistance via their 
activation of  Toll-like receptors (TLR)   on adipocytes and macrophages, as mutation 
of TLR4 prevents obesity and insulin resistance in mice on a high fat diet [ 60 ,  81 ,  82 ]. 
Mice with myeloid-specifi c TLR4 deletion became obese on a high fat diet but were 
protected from insulin resistance [ 83 ]. Cells from TLR4 knock out mice were unre-
sponsive to the infl ammatory effects of FFAs [ 82 ,  84 ]. One of the end results is 
decreased membrane mediated glucose transport via disruption of Glut4. As such, 
hyperinsulinemia ensues as compensation [ 84 ] (Fig.  5.2 ).

   At a cellular level, obesity decreases the rate of lipid turnover, and is related to 
decreased catecholamine stimulated lipolysis given the sympathetic innervation of 
WAT [ 85 – 87 ]. The primary mediators of lipolysis are adipose triglyceride lipase 
(ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (MGL) [ 88 ]. 
HSL is responsible for converting triacylglycerol to diacylglycerol and monoacylg-
lycerol, while  ATGL   participates in fat mobilization and  MGL   in the fi nal hydroly-
sis of the 2-monoacylglycerols produced by HSL [ 89 ]. ATGL is important for basal 
lipolysis, whereas HSL is important during catecholamine-stimulated lipolysis, via 
the SNS, as previously noted [ 90 ]. Obesity results in signifi cantly decreased HSL 
and ATGL in obese patients. Regionally, ATGL is not signifi cantly different between 
omental and subcutaneous storage depots, but  HSL   does differ and is much higher 
in omental stores correlating with adipocyte size and fasting plasma insulin concen-
trations [ 91 ]. The activity of HSL is further affected by a blunted catecholamine 
response seen in obesity, correlating with the notion that catecholamines exert their 
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strongest infl uence over visceral fat [ 92 ]. Hypertrophy, observed more so in visceral 
obesity, correlates with a decrease in lipolytic activity governed by a higher density 
of α-2 adrenergic receptors, and a lower density of lipolytic β-1/2 adrenergic recep-
tors presumably in an effort to limit contributing to the already elevated circulating 
FFA levels [ 92 ,  93 ]. 

 Once FFA storage capacity has been met coupled with the decreased lipid mobi-
lization, a spillover effect is observed, at which point organs are exposed to the 
deleterious effects of unoxidized FFA. Increased hepatic FFA uptake results in 
hepatic steatosis, then worsening insulin resistance and hyperglycemia in addition 
to leading to nonalcoholic steatotic hepatitis (NASH)    [ 94 ]. Evidence suggests that 
hepatic fat is strongly associated with insulin resistance [ 95 ,  96 ]. As visceral fat 
increases, so does hepatic delivery via the splanchnic bed, more selectively so than 
increases in subcutaneous fat do [ 94 ]. This in turn stimulates hepatic VLDL- 
triglyceride production [ 97 ]. FFA deposition and intracellular accumulation may 
also be observed in muscle, pancreatic β-cells, and the heart, which exacerbate 

  Fig. 5.2    Hypertrophic adipocyte in infl ammatory state. Adipocyte hypertrophy results in increased 
free fatty acid (FFA). With the increased  FFA      comes mitochondrial oxidative stress and endoplas-
mic reticulum stress. This in turn results in increased reactive oxidative species (ROS) and activa-
tion of the unfolded protein response (UPR). Infl ammatory cytokines like TNFα lead to increased 
activation of the proinfl ammatory pathway NF-κB, decreased cellular insulin responsiveness, and 
decreased PPARγ and lipoprotein lipase activity. Adapted from Guilherme et al. and de Ferranti 
et al. [ 60 ,  101 ]       
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insulin resistance perpetuating a vicious cycle [ 98 ]. Elevated circulating FFA is 
also associated with inhibition of carbohydrate oxidation and glycogen synthesis 
in muscle [ 99 ]. The direct lipotoxicity to pancreatic β-cells is signifi cant as it can 
lead to their dysfunction and apoptosis hindering their capacity to accommodate 
the metabolic derangement at a time of increased insulin requirements [ 100 ,  101 ]. 
In rodents, lipid accumulation in cardiac myocytes results in cellular damage and 
ventricular dysfunction [ 98 ]. The effects of ectopic distribution of adipose tissue 
are observed as well in lipodystrophic patients with defects in triglyceride storage 
in adipose tissue, and in mice without WAT, as both populations exhibit severe 
insulin resistance. Upon surgical transplantation of functional adipose tissue in 
mice, there is a dramatic reversal of hyperglycemia, hyperinsulinemia, and insulin 
resistance [ 102 ,  103 ]. 

 As noted earlier, the effective nature of thiazolidinediones is due to their action 
on PPARγ receptors which stimulate FFA uptake by subcutaneous adipocytes 
resulting in decreased ectopic fat distribution and the increased insulin sensitivity 
[ 104 ].  PPARγ   is also present in macrophages where they negatively regulate a 
multitude of infl ammatory genes [ 105 ]. In PPARγ knockout mice, insulin resis-
tance is impaired, and worsens following high-fat feeding [ 106 ,  107 ]. An impor-
tant aspect of adipocyte dysfunction arises from downregulation of PPARγ by 
infl ammatory cytokines, and in particular TNFα, both from macrophages and 
adipocytes. TNFα has been shown to negatively impact PPARγ in many ways, 
including transcription, posttranscription, and translation [ 108 ]. When treated with 
TNFα, PPARγ mRNA is more rapidly turned over in adipocytes [ 109 ]. Another 
factor negatively affecting PPARγ expression in preadipocytes and adipocytes is 
hypoxia. This may also be the underlying reason for the inhibited adipocyte 
differentiation in a hypoxic state [ 110 ].        

5.5     Hypoxia and Inflammation 

     As indicated by the histologic  changes            accompanying obesity, infl ammatory 
changes are a signifi cant driver of pathogenicity as well. With the advent of hyper-
plasia and more so hypertrophy comes macrophage infi ltration and aggregation 
around necrotic adipocytes. Adipocytes enlarge to accommodate for the increased 
FFA load. However, their growth will then reach a limit given restraints from oxy-
gen tension, which could explain the ensuing cell death and initiation of macro-
phage infi ltration [ 68 ,  111 ]. The degree of infi ltration correlates with obesity and 
insulin resistance regardless of BMI. Thus, of two similarly obese patients, the 
patient with increased macrophage infi ltration will exhibit worse insulin resistance 
[ 112 ]. The concept of hypoxia-induced infl ammation is supported given that adipo-
cytes can increase in size to up to 200 μM in the obese state which is similar to or 
greater than that of normal oxygen diffusion distance, and although lean patients 
have the ability to increase postprandial blood fl ow to WAT, no such increase in 
blood fl ow is observed in obese patients [ 113 ,  114 ]. Both qualitative and quantita-
tive studies via the hypoxyprobe system and needle-type fi ber-optic O 2  sensor, 
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respectively, have also demonstrated hypoxia present in adipose tissue in the obese 
mouse model [ 8 ,  115 ,  116 ]. Macrophage tissue infi ltration is evident in hypoxic tis-
sue areas as well, thus providing a link between hypoxia, adipocyte stress and apop-
tosis, and infl ammation [ 114 ]. In humans, the PO 2  of oxygen has been observed to 
be decreased in the adipose tissue of obese patients, when compared to lean coun-
terparts, with PO 2  levels inversely correlating with percent body fat [ 117 ]. 

 One of the main aspects lending support to hypoxia as a factor in infl ammation 
is the up-regulation of hypoxic induced factors, mainly  hypoxia-inducible factor 1α 
(HIF-1α)  , a key regulator of oxygen homeostasis [ 118 ]. Using a transgenic mouse 
model of HIF-1α overexpression, adipose tissue fi brosis and increased local infl am-
mation are observed [ 119 ]. With selective pharmacologic and genetic inhibition of 
HIF-1α activity, high-fat diet-fed obese mice demonstrated signifi cant metabolic 
improvements and reduced infl ammation in WAT [ 120 ]. A key role in the increased 
infl ammation may be the role HIF-1α has in downregulating the expression of 
PPARγ [ 110 ].      

5.6     Inflammation, Endoplasmic Reticulum, 
and Mitochondria 

       As the demand for increased lipid storage expands,                   so does the capacity and activity 
of the adipocyte endoplasmic reticulum, which is responsible for synthesizing pro-
teins, forming lipid droplets, and regulating cholesterol [ 101 ]. Thus, with obesity 
and increasing FFA load, ER “stress” develops. This state is characterized by its 
functional disturbance in which case proper folding and modifi cation of proteins 
and lipid droplet creation are disturbed [ 101 ]. The ER is able to identify the imbal-
ance in supply and production via the Unfolded Protein Response (UPR), which is 
subsequently activated through its three arms: PKR-like eukaryotic initiation factor 
2α kinase (PERK), inositol-requiring enzyme-1 (IRE-1), and activating transcrip-
tion factor-6 (ATF-6) [ 121 ,  122 ].  PERK   activation leads to decreased protein trans-
lation and increased expression of a multitude of genes, including those related to 
apoptosis [ 123 ]. Another  UPR   response is to induce transcription of chaperones to 
assist with the increasing volume of unfolded proteins. IRE-1 contributes to the 
increase in chaperone proteins produced to assist with the unfolded protein load, 
while ATF-6 is responsible for increasing the expression of ER degradation- 
enhancing α-mannosidase like protein (EDEM) facilitating the clearance of chaper-
one proteins [ 124 ,  125 ]. The increased chaperone load is likely responsible for the 
increased oxidative stress via increased  reactive oxidative species (ROS)   from 
mediating oxidation-reduction reactions [ 121 ,  126 ]. IRE-1 also upregulates JNK 
and IKK resulting in increased expression of infl ammatory genes responsible for 
increased cytokine production [ 127 ,  128 ]. While the goal of such changes brought 
about by UPR  are   for preserving cell function and stressor accommodation, the end 
result of inadequate adaptation may yet be apoptosis [ 121 ]. 

 Mitochondria also exhibit signs of distress, not only in adipocytes, but in multi-
ple organs as well. Increases in FFA causes increased release of  ROS   in obese 
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patients [ 129 ]. Lipid infusion in lean human subjects results in decreased mRNAs 
for many mitochondrial genes [ 130 ]. Mitochondrial dysfunction is evident in the 
pancreas, liver, and muscle as well [ 125 ,  131 ,  132 ]. In the pancreas, insulin produc-
tion is negatively affected by ROS. In muscle, there is decreased fat oxidation and 
ectopic fat accumulation contributing to insulin resistance [ 133 ]. Increased intra-
myocellular lipid content has been observed with down-regulation of genes encod-
ing mitochondrial respiratory complexes I–IV, and genes responsible for cytochrome 
c oxidase complexes I and III which are subunits of the electron transport chain 
[ 134 ,  135 ].  PPARγ   is responsible for controlling mitochondrial gene subsets, and 
with its reduced activity may contribute to the decreased mitochondrial function 
[ 136 ]. Also contributing to the decreased mitochondrial function is the increased 
amount of infl ammatory cytokines [ 137 ]. Notably, with the mitochondrial dysfunc-
tion comes decreased fatty acid oxidation and metabolites that inhibit glucose trans-
port [ 138 ]. 

 The presence of  ROS   associated with obesity is thought to play a central role in 
the decreased mitochondrial activity [ 139 ]. Once again, with the elevated FFA lev-
els in obesity comes increased ROS [ 140 ]. In diabetic patients, endothelial cells 
portray elevated ROS via NADPH oxidase activation [ 141 ]. Mice overexpressing 
superoxide dismutase 2 have decreased levels of ROS, improved hepatic insulin 
sensitivity, and normalization of glucose and insulin levels [ 142 ]. In rats, soleus 
muscle exposure to nitric oxide donors caused decreased insulin sensitivity, and 
were associated with decreased insulin-stimulated phosphorylation of insulin recep-
tor (IR) and insulin receptor substrate-1 (IRS-1), critical in the insulin intracellular 
signaling pathway [ 143 ]. Other kinases are also activated, including JNK and NFκB, 
further inhibiting IRS-1 progressing insulin resistance [ 144 – 146 ]. 

  Uncoupling proteins (UCP)   are mitochondrial inner membrane proteins that 
mediate the coupling of electrons through the electron transport chain, primarily 
allowing for a proton leak through the inner membrane [ 147 ]. UCP2 is expressed in 
several tissues, and because of its distribution in multiple tissues, it has been hypoth-
esized to have a signifi cant role in decreasing ROS, thus protecting against oxidative 
stress [ 148 ,  149 ]. At the same time, several studies have shown that increased UCP2 
production leads to decreased insulin secretion from pancreatic β cells, predispos-
ing to diabetes mellitus [ 150 – 152 ]. In UCP2 knockout mice, pancreatic islets have 
increased insulin secretion in response to glucose when compared to wild-type mice 
[ 153 ]. Furthermore, double-mutant leptin/UCP2 knockouts also have improved beta 
cell function independent of obesity [ 153 ]. FFAs seem to be a key mediator of 
UCP2 as in preadipocytes, UCP2 mRNA expression increases signifi cantly when 
exposed to FFAs [ 154 ].        

5.7     Inflammation and Adipocytokines 

     The complex role of the adipocyte as  an            endocrine organ has gained signifi cant 
attention given its ability to secrete several different types of factors. With the infi l-
tration of macrophages into adipose tissue, cytokine secretion accompanies and 
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infl uences the adipose tissue environment. FFAs have been shown to strongly stimu-
late  TNF-α   production in macrophages via TLR4 receptor activating NFκB [ 155 ]. 
Further activation from ER stress and UPR along with secretion from adipocytes 
also increases local TNF-α concentration [ 121 ]. Conversely, TNF-α secretion inhib-
its lipoprotein lipase activity, thus increasing FFA release from adipocytes [ 156 ]. 
Thus, a vicious paracrine loop develops that perpetuates the macrophage-adipocyte 
infl ammatory state [ 157 ]. TNF-α leads to activation of JNK1 via phosphorylation of 
IRS-1 and its inhibition, as mentioned above, linking TNF-α with insulin resistance 
[ 158 ]. The cycle is worsened as adipocyte hypertrophy develops given their capac-
ity for increased FFA release [ 63 ]. TNF-α also decreases adiponectin secretion, 
whose actions result in increased insulin sensitivity by decreasing hepatic glucose 
production and increasing fatty acid oxidation in both liver and muscle [ 159 ]. 
Multiple studies have implicated low adiponectin levels as a strong indicator for the 
development of insulin resistance and T2DM [ 160 ,  161 ]. Adiponectin-defi cient 
mice develop insulin resistance in the setting of elevated TNF-α and reduced respon-
siveness to PPARγ [ 161 ]. Adiponectin acts via its two receptors, AdipoR1 and 
AdipoR2. AdipoR1 is universally expressed whereas AdipoR2 is primarily local-
ized to the liver. Mouse knockouts of these two receptors have increased lipid accu-
mulation, and infl ammation, and exhibit increased insulin resistance [ 43 ,  160 ,  162 ]. 

 Whereas adiponectin production is decreased in hypertrophic and infl amed tis-
sue, leptin production is signifi cantly increased [ 50 ]. In leptin-defi cient mice mod-
els and humans, leptin administration leads to decreased hyperphagia and reduced 
body mass [ 163 ]. However, it has also been seen to increase IL-6 and TNF-α pro-
duction by macrophages [ 164 ]. Leptin acts via a number of different pathways 
including the JAK-STAT pathway which regulates the expression of anorexic neu-
ropeptides, and the phosphatylinositol-3-kinase pathway which stimulates insulin 
sensitivity in peripheral tissues [ 43 ,  165 ]. The interesting concept of leptin resis-
tance, similar to insulin resistance, has also been proposed, and been shown in states 
of infl ammation whereby subsequent metabolic stress negatively regulates leptin 
signaling [ 166 ]. Similar resistance has been proposed to be evident in the hypo-
thalamus as well [ 167 ]. Overall, energy expenditure and appetite remains poorly 
controlled even as leptin levels increase in obese patients [ 43 ,  163 ]. 

 Other chemokines play important roles in attracting macrophages and perpetuat-
ing the infl ammatory response, including IL-6 and monocyte chemotactic protein I 
(MCP-I). Other factors are also released from adipocytes, which increase macro-
phage diapedesis, including PECAM-I and ICAM-I [ 168 – 170 ].      

5.8     Conclusion 

 The complexity that characterizes insulin resistance is underscored by the remark-
able evolution of our understanding of the adipocyte and its role in metabolic 
homeostasis. The mechanisms underlying the progression from an insulin sensitive 
state to that of adipocyte dysfunction, infl ammation, and local and systemic insulin 
resistance are complex, and include a series of vicious cycles that perpetuate the 
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infl ammatory state. As we continue to delineate the mechanisms that accompany 
the changes in the adipocyte correlating with obesity, potential therapeutic targets 
will continue to emerge. For now, surgery will continue to serve as one of the main-
stays in the treatment of obesity, and will remain a source for potential answers in 
reversing some of the deleterious effects of obesity and insulin resistance.     

   References 

    1.    Cannon B, Hedin A, Nedergaard J. Exclusive occurrence of thermogenin antigen in brown 
adipose tissue. FEBS Lett. 1982;150:129–32.  

   2.    Cannon B, Nedergaard J. Brown adipose tissue: function and physiological signifi cance. 
Physiol Rev. 2004;84:277–359.  

   3.    Cinti S, Zancanaro C, Sbarbati A, Cicolini M, Vogel P, Ricquier D, Fakan S. Immunoelectron 
microscopical identifi cation of the uncoupling protein in brown adipose tissue mitochondria. 
Biol Cell. 1989;67:359–62.  

    4.    Frontini A, Rousset S, Cassard-Doulcier AM, Zingaretti C, Ricquier D, Cinti S. Thymus 
uncoupling protein 1 is exclusive to typical brown adipocytes and is not found in thymocytes. 
J Histochem Cytochem. 2007;55:183–9.  

     5.    Cinti S. The adipose organ: morphological perspectives of adipose tissues. Proc Nutr Soc. 
2001;60:319–28.  

    6.    Cinti S. Transdifferentiation properties of adipocytes in the adipose organ. Am J Physiol 
Endocrinol Metab. 2009;297(5):E977–86. doi:  10.1152/ajpendo.00183.2009    .  

    7.    Hausman GJ. Anatomical and enzyme histochemical differentiation of adipose tissue. Int J 
Obes. 1985;9 Suppl 1:1–6.  

     8.    Trayhurn P. Hypoxia and adipocyte physiology: implications for adipose tissue dysfunction 
in obesity. Annu Rev Nutr. 2014;34:207–36. doi:  10.1146/annurev-nutr-071812-161156    .  

    9.    Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante Jr AW. Obesity is 
associated with macrophage accumulation in adipose tissue. J Clin Invest. 
2003;112(12):1796–808.  

    10.    Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia 
LA, Chen H. Chronic infl ammation in fat plays a crucial role in the development of obesity- 
related insulin resistance. J Clin Invest. 2003;112(12):1821–30.  

    11.    Aron-Wisnewsky J, Tordjman J, Poitou C, Darakhshan F, Hugol D, Basdevant A, Aissat A, 
Guerre-Millo M, Clément K. Human adipose tissue macrophages: m1 and m2 cell surface 
markers in subcutaneous and omental depots and after weight loss. J Clin Endocrinol Metab. 
2009;94(11):4619–23. doi:  10.1210/jc.2009-0925    .  

     12.    Trayhurn P. Hypoxia and adipose tissue dysfunction in obesity. Physiol Rev. 2013;93(1):1–
21. doi:  10.1152/physrev.00017.2012    .  

     13.    Bastard J, Feve B. Physiology and physiopathology of adipose tissue. Paris: Springer; 2013.  
     14.    Tchkonia T, Thomou T, Zhu Y, Karagiannides I, Pothoulakis C, Jensen MD, Kirkland 

JL. Mechanisms and metabolic implications of regional differences among fat depots. Cell 
Metab. 2013;17(5):644–56. doi:  10.1016/j.cmet.2013.03.008    .  

    15.    Shuster A, Patlas M, Pinthus JH, Mourtzakis M. The clinical importance of visceral adipos-
ity: a critical review of methods for visceral adipose tissue analysis. Br J Radiol. 
2012;85(1009):1–10. doi:  10.1259/bjr/38447238    .  

    16.    Kahn SE, Prigeon RL, Schwartz RS, Fujimoto WY, Knopp RH, Brunzell JD, Porte Jr 
D. Obesity, body fat distribution, insulin sensitivity and Islet beta-cell function as explana-
tions for metabolic diversity. J Nutr. 2001;131(2):354S–60.  

    17.    Peinado JR, Jimenez-Gomez Y, Pulido MR, Ortega-Bellido M, Diaz-Lopez C, Padillo FJ, 
Lopez-Miranda J, Vazquez-Martínez R, Malagón MM. Cellular and molecular basis of 

5 Adipocyte Dysfunction, Infl ammation, and Insulin Resistance in Obesity

http://dx.doi.org/10.1152/ajpendo.00183.2009
http://dx.doi.org/10.1146/annurev-nutr-071812-161156
http://dx.doi.org/10.1210/jc.2009-0925
http://dx.doi.org/10.1152/physrev.00017.2012
http://dx.doi.org/10.1016/j.cmet.2013.03.008
http://dx.doi.org/10.1259/bjr/38447238


72

 functional differences among fat depots. Proteomics. 2010;10(18):3356–66. doi:  10.1002/
pmic.201000350    .  

   18.    Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N, Kirkland JL, Jensen MD. Regional 
differences in cellular mechanisms of adipose tissue gain with overfeeding. Proc Natl Acad 
Sci U S A. 2010;107(42):18226–31. doi:  10.1073/pnas.1005259107    .  

    19.    Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen J, Lustgarten J, Scrable H, Khosla 
S, Jensen MD, Kirkland JL. Fat tissue, aging, and cellular senescence. Aging Cell. 
2010;9(5):667–84. doi:  10.1111/j.1474-9726.2010.00608.x    .  

    20.    Youngstrom TG, Bartness TJ. Catecholaminergic innervation of white adipose tissue in the 
Siberian hamster. Am J Physiol. 1995;268(3 Pt 2):R744–51.  

     21.    Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white adipose tissue and the 
control of lipolysis. Front Neuroendocrinol. 2014;35:473. doi:  10.1016/j.yfrne.2014.04.001    . 
pii: S0091-3022(14)00043-0.  

    22.    Mansfeld G, Muller F. Der Einfl uss der Nervensystem auf die Mobilisierung von Fett. Arch 
Physiol. 1913;152:61–7.  

    23.    Hales CN, Luzio JP, Siddle K. Hormonal control of adipose tissue lipolysis. Biochem Soc 
Symp. 1978;43:97–135.  

   24.    Bray GA, Nishizawa Y. Ventromedial hypothalamus modulates fat mobilisation during fast-
ing. Nature. 1978;274(5674):900–2.  

   25.    Bamshad M, Aoki VT, Adkison MG, Warren WS, Bartness TJ. Central nervous system ori-
gins of the sympathetic nervous system outfl ow to white adipose tissue. Am J Physiol. 
1998;275(1 Pt 2):R291–9.  

    26.    Bartness TJ, Shrestha YB, Vaughan CH, Schwartz GJ, Song CK. Sensory and sympathetic 
nervous system control of white adipose tissue lipolysis. Mol Cell Endocrinol. 2010;318(1- 
2):34–43. doi:  10.1016/j.mce.2009.08.031    .  

    27.    Suzuki K, Kono T. Evidence that insulin causes translocation of glucose transport activity to 
the plasma membrane from an intracellular storage site. Proc Natl Acad Sci U S A. 
1980;77(5):2542–5.  

    28.    Cushman SW, Wardzala LJ. Potential mechanism of insulin action on glucose transport in the 
isolated rat adipose cell. Apparent translocation of intracellular transport systems to the 
plasma membrane. J Biol Chem. 1980;255(10):4758–62.  

    29.    Thorens B, Mueckler M. Glucose transporters in the 21st century. Am J Physiol Endocrinol 
Metab. 2010;298(2):E141–5. doi:  10.1152/ajpendo.00712.2009    .  

    30.    Abel ED, Peroni O, Kim JK, Kim YB, Boss O, Hadro E, Minnemann T, Shulman GI, Kahn 
BB. Adipose-selective targeting of the GLUT4 gene impairs insulin action in muscle and 
liver. Nature. 2001;409(6821):729–33.  

    31.    Carvalho E, Kotani K, Peroni OD, Kahn BB. Adipose-specifi c overexpression of GLUT4 
reverses insulin resistance and diabetes in mice lacking GLUT4 selectively in muscle. Am J 
Physiol Endocrinol Metab. 2005;289(4):E551–61.  

    32.    Schoonjans K, Peinado-Onsurbe J, Lefebvre AM, Heyman RA, Briggs M, Deeb S, Staels B, 
Auwerx J. PPARalpha and PPARgamma activators direct a distinct tissue-specifi c transcrip-
tional response via a PPRE in the lipoprotein lipase gene. EMBO J. 1996;15(19):5336–48.  

    33.    Schoonjans K, Gelman L, Haby C, Briggs M, Auwerx J. Induction of LPL gene expression 
by sterols is mediated by a sterol regulatory element and is independent of the presence of 
multiple E boxes. J Mol Biol. 2000;304(3):323–34.  

    34.    Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM. mPPAR gamma 2: tissue- 
specifi c regulator of an adipocyte enhancer. Genes Dev. 1994;8:1224–34. doi:  10.1101/
gad.8.10.1224    .  

    35.    Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson TM, Kliewer SA. An 
antidiabetic thiazolidinedione is a high affi nity ligand for peroxi-some proliferator-activated 
receptor gamma (PPAR gamma). J Biol Chem. 1995;270:12953–6.  doi:  10.1074/
jbc.270.22.12953    .  

   36.    Spiegelman BM. PPAR-gamma: adipogenic regulator and thiazolidinedione receptor. 
Diabetes. 1998;47:507–14. doi:  10.2337/diabetes.47.4.507    .  

C. Jahansouz

http://dx.doi.org/10.1002/pmic.201000350
http://dx.doi.org/10.1002/pmic.201000350
http://dx.doi.org/10.1073/pnas.1005259107
http://dx.doi.org/10.1111/j.1474-9726.2010.00608.x
http://dx.doi.org/10.1016/j.yfrne.2014.04.001
http://dx.doi.org/10.1016/j.mce.2009.08.031
http://dx.doi.org/10.1152/ajpendo.00712.2009
http://dx.doi.org/10.1101/gad.8.10.1224
http://dx.doi.org/10.1101/gad.8.10.1224
http://dx.doi.org/10.1074/jbc.270.22.12953
http://dx.doi.org/10.1074/jbc.270.22.12953
http://dx.doi.org/10.2337/diabetes.47.4.507


73

    37.    Tang QQ, Lane MD. Adipogenesis: from stem cell to adipocyte. Annu Rev Biochem. 
2012;81:715–36. doi:  10.1146/annurev-biochem-052110-115718    .  

    38.    Bastard JP, Maachi M, Lagathu C, Kim MJ, Caron M, Vidal H, Capeau J, Feve B. Recent 
advances in the relationship between obesity, infl ammation and insulin resistance. Eur 
Cytokine Netw. 2006;17(1):4–12.  

   39.    Antuna-Puente B, Fève B, Fellahi S, Bastard JP. Adipokines: the missing link between insu-
lin resistance and obesity. Diabetes Metab. 2008;34(1):2–11.  

    40.    Frühbeck G, Gómez-Ambrosi J, Muruzabal FJ, Burrell MA. The adipocyte: a model for 
integration of endocrine and metabolic signaling in energy metabolism regulation. Am J 
Physiol Endocrinol Metab. 2001;280(6):E827–47.  

    41.    Dahlman I, Elsen M, Tennagels N, Korn M, Brockmann B, Sell H, Eckel J, Arner P. Functional 
annotation of the human fat cell secretome. Arch Physiol Biochem. 2012;118(3):84–91. doi:  
10.3109/13813455.2012.685745    .  

    42.    Rajala MW, Scherer PE. The adipocyte: at the crossroads of energy homeostasis, infl amma-
tion, and atherosclerosis. Endocrinology. 2003;144(9):3765–73.  

        43.    Cao H. Adipocytokines in obesity and metabolic disease. J Endocrinol. 2014;220(2):T47–59. 
doi:  10.1530/JOE-13-0339    .  

    44.    Coppack SW. Pro-infl ammatory cytokines and adipose tissue. Proc Nutr Soc. 
2001;60(3):349–56.  

    45.    Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance and glucose homeo-
stasis. Nature. 2006;444:847–53.  

    46.    Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of 
the mouse obese gene and its human homologue. Nature. 1994;372:425–32.  

   47.    Cohen P, Miyazaki M, Socci ND, Hagge-Greenberg A, Liedtke W, Soukas AA, Sharma R, 
Hudgins LC, Ntambi JM, Friedman JM. Role for stearoyl-CoA desaturase-1 in leptin- 
mediated weight loss. Science. 2002;297:240–3.  

    48.    Kamohara S, Burcelin R, Halaas JL, Friedman JM, Charron MJ. Acute stimulation of glucose 
metabolism in mice by leptin treatment. Nature. 1997;389:374–7.  

    49.    Wang MY, Orci L, Ravazzola M, Unger RH. Fat storage in adipocytes requires inactivation 
of leptin’s paracrine activity: implications for treatment of human obesity. Proc Natl Acad Sci 
U S A. 2005;102(50):18011–6.  

     50.    Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, Ohannesian 
JP, Marco CC, McKee LJ, Bauer TL, et al. Serum immunoreactive-leptin concentrations in 
normal- weight and obese humans. N Engl J Med. 1996;334(5):292–5.  

    51.    Brakenhielm E, Veitonmaki N, Cao R, Kihara S, Matsuzawa Y, Zhivotovsky B, Funahashi T, 
Cao Y. Adiponectin-induced antiangiogenesis and antitumor activity involve caspase- 
mediated endothelial cell apoptosis. Proc Natl Acad Sci U S A. 2004;101(8):2476–81.  

   52.    Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, Mori Y, Ide T, Murakami K, 
Tsuboyama-Kasaoka N, Ezaki O, Akanuma Y, Gavrilova O, Vinson C, Reitman ML, 
Kagechika H, Shudo K, Yoda M, Nakano Y, Tobe K, Nagai R, Kimura S, Tomita M, Froguel 
P, Kadowaki T. The fat-derived hormone adiponectin reverses insulin resistance associated 
with both lipoatrophy and obesity. Nat Med. 2001;7(8):941–6.  

    53.    Yokota T, Oritani K, Takahashi I, Ishikawa J, Matsuyama A, Ouchi N, Kihara S, Funahashi 
T, Tenner AJ, Tomiyama Y, Matsuzawa Y. Adiponectin, a new member of the family of sol-
uble defense collagens, negatively regulates the growth of myelomonocytic progenitors and 
the functions of macrophages. Blood. 2000;96(5):1723–32.  

    54.    World Health Organization. World health statistics. Geneva: World Health Organization; 
2014.  

    55.    Picot J, Jones J, Colquitt JL, Gospodarevskaya E, Loveman E, Baxter L, Clegg AJ. The 
clinical-effectiveness and cost- effectiveness of bariatric (weight loss) surgery for obesity: a 
systematic review and economic evaluation. Health Technol Assess. 2009;13(41):1–190. 
doi:  10.3310/hta13410    . 215-357, iii-iv.  

   56.   Colquitt JL, Picot J, Loveman E, Clegg AJ. Cochrane Database Syst Rev. 2009;(2):CD003641. 
doi:   10.1002/14651858.CD003641.pub3    .  

5 Adipocyte Dysfunction, Infl ammation, and Insulin Resistance in Obesity

http://dx.doi.org/10.1146/annurev-biochem-052110-115718
http://dx.doi.org/10.3109/13813455.2012.685745
http://dx.doi.org/10.3109/13813455.2012.685745
http://dx.doi.org/10.1530/JOE-13-0339
http://dx.doi.org/10.3310/hta13410
http://dx.doi.org/10.1002/14651858.CD003641.pub3


74

   57.    Must A, Spadano J, Coakley EH, Field AE, Colditz G, Dietz WH. The disease burden associ-
ated with overweight and obesity. JAMA. 1999;282(16):1523–9.  

    58.    Adams KF, Schatzkin A, Harris TB, Kipnis V, Mouw T, Ballard-Barbash R, Hollenbeck A, 
Leitzmann MF. Overweight, obesity, and mortality in a large prospective cohort of persons 50 
to 71 years old. N Engl J Med. 2006;355(8):763–78.  

    59.    Frayn KN, Shadid S, Hamlani R, Humphreys SM, Clark ML, Fielding BA, Boland O, 
Coppack SW. Regulation of fatty acid movement in human adipose tissue in the postabsorp-
tive- to-postprandial transition. Am J Physiol. 1994;266:E308–17.  

       60.    Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dysfunctions linking obesity to 
insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol. 2008;9(5):367–77. doi:  10.1038/
nrm2391    .  

    61.    Tchkonia T, Giorgadze N, Pirtskhalava T, Tchoukalova Y, Karagiannides I, Forse RA, 
DePonte M, Stevenson M, Guo W, Han J, Waloga G, Lash TL, Jensen MD, Kirkland JL. Fat 
depot origin affects adipogenesis in primary cultured and cloned human pre- adipocytes. Am 
J Physiol Regul Integr Comp Physiol. 2002;282(5):R1286–96.  

    62.    Avram MM, Avram AS, James WD. Subcutaneous fat in normal and diseased states 3. 
Adipogenesis: from stem cell to fat cell. J Am Acad Dermatol. 2007;56:472–92.  

     63.    Kim JY, van de Wall E, Laplante M, Azzara A, Trujillo ME, Hofmann SM, Schraw T, Durand 
JL, Li H, Li G, Jelicks LA, Mehler MF, Hui DY, Deshaies Y, Shulman GI, Schwartz GJ, 
Scherer PE. Obesity-associated improvements in metabolic profi le through expansion of adi-
pose tissue. J Clin Invest. 2007;117(9):2621–37.  

    64.    Després JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature. 
2006;444(7121):881–7. Review.  

    65.    Thomas EL, Parkinson JR, Frost GS, Goldstone AP, Doré CJ, McCarthy JP, Collins AL, 
Fitzpatrick JA, Durighel G, Taylor-Robinson SD, Bell JD. The missing risk: MRI and MRS 
phenotyping of abdominal adiposity and ectopic fat. Obesity (Silver Spring). 2012;20(1):76–
87. doi:  10.1038/oby.2011.142    .  

    66.    Guo Z, Hensrud DD, Johnson CM, Jensen MD. Regional postprandial fatty acid metabolism 
in different obesity phenotypes. Diabetes. 1999;48(8):1586–92.  

    67.    Gavi S, Feiner JJ, Melendez MM, Mynarcik DC, Gelato MC, McNurlan MA. Limb fat to 
trunk fat ratio in elderly persons is a strong determinant of insulin resistance and adiponectin 
levels. J Gerontol A Biol Sci Med Sci. 2007;62(9):997–1001.  

     68.    Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, Wang S, Fortier M, Greenberg 
AS, Obin MS. Adipocyte death defi nes macrophage localization and function in adipose tis-
sue of obese mice and humans. J Lipid Res. 2005;46(11):2347–55.  

    69.    Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, Otsu M, Hara K, Ueki 
K, Sugiura S, Yoshimura K, Kadowaki T, Nagai R. CD8+ effector T cells contribute to mac-
rophage recruitment and adipose tissue infl ammation in obesity. Nat Med. 2009;15(8):914–
20. doi:  10.1038/nm.1964    .  

     70.    Divoux A, Tordjman J, Lacasa D, Veyrie N, Hugol D, Aissat A, Basdevant A, Guerre-Millo 
M, Poitou C, Zucker JD, Bedossa P, Clément K. Fibrosis in human adipose tissue: composi-
tion, distribution, and link with lipid metabolism and fat mass loss. Diabetes. 
2010;59(11):2817–25. doi:  10.2337/db10-0585    .  

    71.    Henegar C, Tordjman J, Achard V, Lacasa D, Cremer I, Guerre-Millo M, Poitou C, Basdevant 
A, Stich V, Viguerie N, Langin D, Bedossa P, Zucker JD, Clement K. Adipose tissue tran-
scriptomic signature high- lights the pathological relevance of extracellular matrix in human 
obesity. Genome Biol. 2008;9:R14.  

    72.    Campbell PJ, Carlson MG, Nurjhan N. Fat metabolism in human obesity. Am J Physiol. 
1994;266:E600–5.  

    73.    Kelley DE, Mokan M, Simoneau JA, Mandarino LJ. Interaction between glucose and free 
fatty acid metabolism in human skeletal muscle. J Clin Invest. 1993;92:91–8.  

    74.    Santomauro AT, Boden G, Silva ME, Rocha DM, Santos RF, Ursich MJ, Strassmann PG, 
Wajchenberg BL. Overnight lowering of free fatty acids with Acipimox improves insulin 

C. Jahansouz

http://dx.doi.org/10.1038/nrm2391
http://dx.doi.org/10.1038/nrm2391
http://dx.doi.org/10.1038/oby.2011.142
http://dx.doi.org/10.1038/nm.1964
http://dx.doi.org/10.2337/db10-0585


75

resistance and glucose tolerance in obese diabetic and nondiabetic subjects. Diabetes. 
1999;48:1836–41.  

    75.    Capurso C, Capurso A. From excess adiposity to insulin resistance: the role of free fatty 
acids. Vascul Pharmacol. 2012;57(2-4):91–7. doi:  10.1016/j.vph.2012.05.003    .  

   76.    Greene MW, Sakaue H, Wang L, Alessi DR, Roth RA. Modulation of insulin- stimulated 
degradation of human insulin receptor substrate-1 by Serine 312 phosphorylation. J Biol 
Chem. 2003;278(10):8199–211.  

    77.    Gao Z, Zhang X, Zuberi A, Hwang D, Quon MJ, Lefevre M, Ye J. Inhibition of insulin sen-
sitivity by free fatty acids requires activation of multiple serine kinases in 3T3–L1 adipo-
cytes. Mol Endocrinol. 2004;18(8):2024–34.  

    78.    Hirosumi J, Tuncman G, Chang L, Görgün CZ, Uysal KT, Maeda K, Karin M, Hotamisligil 
GS. A central role for JNK in obesity and insulin resistance. Nature. 
2002;420(6913):333–6.  

    79.    Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, Shoelson SE. Reversal of 
obesity- and diet-induced insulin resistance with salicylates or targeted disruption of Ikkβ. 
Science. 2001;293:1673–7.  

    80.    Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W, Grivennikov S, 
Wynshaw-Boris A, Scadeng M, Olefsky JM, Karin M. JNK1 in hematopoietically derived 
cells contributes to diet-induced infl ammation and insulin resistance without affecting obe-
sity. Cell Metab. 2007;6:386–97.  

    81.    Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate immunity and 
fatty acid-induced insulin resistance. J Clin Invest. 2006;116:3015–25.  

     82.    Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, Prada PO, Hirabara SM, Schenka AA, 
Araújo EP, Vassallo J, Curi R, Velloso LA, Saad MJ. Loss-of-function mutation in Toll-like 
receptor 4 prevents diet-induced obesity and insulin resistance. Diabetes. 2007;56:1986–98.  

    83.    Saberi M, Woods NB, de Luca C, Schenk S, Lu JC, Bandyopadhyay G, Verma IM, Olefsky 
JM. Hematopoeitic cell specifi c deletion of Toll-like receptor 4 ameliorates hepatic and adi-
pose tissue insulin resistance in high fat-fed mice. Cell Metab. 2009;10(5):419–29. 
doi:  10.1016/j.cmet.2009.09.006    .  

     84.    Olefsky JM, Glass CK. Macrophages, infl ammation, and insulin resistance. Annu Rev 
Physiol. 2010;72:219–46. doi:  10.1146/annurev-physiol-021909-135846    .  

    85.    Arner P, Bernard S, Salehpour M, Possnert G, Liebl J, Steier P, Buchholz BA, Eriksson M, 
Arner E, Hauner H, Skurk T, Rydén M, Frayn KN, Spalding KL. Dynamics of human adipose 
lipid turnover in health and metabolic disease. Nature. 2011;478(7367):110–3. doi:  10.1038/
nature10426    .  

   86.    Arner P, Andersson DP, Thörne A, Wirén M, Hoffstedt J, Näslund E, Thorell A, Rydén 
M. Variations in the size of the major omentum are primarily determined by fat cell number. 
J Clin Endocrinol Metab. 2013;98:E897–901.  

    87.    Sam S, Mazzone T. Adipose tissue changes in obesity and the impact on metabolic function. 
Transl Res. 2014;164:284. doi:  10.1016/j.trsl.2014.05.008    . pii: S1931-5244(14)00176-5.  

    88.    Fredrikson G, Tornqvist H, Belfrage P. Hormone-sensitive lipase and monoacylglycerol 
lipase are both required for complete degradation of adipocyte triacylglycerol. Biochim 
Biophys Acta. 1986;876:288–93.  

    89.    Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-Gruenberger R, Riederer 
M, Lass A, Neuberger G, Eisenhaber F, Hermetter A, Zechner R. Fat mobilization in adipose 
tissue is promoted by adipose triglyceride lipase. Science. 2004;306:1383–6.  

    90.    Rydén M, Jocken J, van Harmelen V, Dicker A, Hoffstedt J, Wirén M, Blomqvist L, Mairal 
A, Langin D, Blaak E, Arner P. Comparative studies of the role of hormone-sensitive lipase 
and adipose triglyceride lipase in human fat cell lipolysis. Am J Physiol Endocrinol Metab. 
2007;292:E1847–55.  

    91.    Berndt J, Kralisch S, Klöting N, Ruschke K, Kern M, Fasshauer M, Schön MR, Stumvoll M, 
Blüher M. Adipose triglyceride lipase gene expression in human visceral obesity. Exp Clin 
Endocrinol Diabetes. 2008;116:203–10.  

5 Adipocyte Dysfunction, Infl ammation, and Insulin Resistance in Obesity

http://dx.doi.org/10.1016/j.vph.2012.05.003
http://dx.doi.org/10.1016/j.cmet.2009.09.006
http://dx.doi.org/10.1146/annurev-physiol-021909-135846
http://dx.doi.org/10.1038/nature10426
http://dx.doi.org/10.1038/nature10426
http://dx.doi.org/10.1016/j.trsl.2014.05.008


76

     92.    Lafontan M, Langin D. Lipolysis and lipid mobilization in human adipose tissue. Prog Lipid 
Res. 2009;48(5):275–97. doi:  10.1016/j.plipres.2009.05.001    .  

    93.    Lafontan M, Berlan M. Fat cell alpha 2-adrenoceptors: the regulation of fat cell function and 
lipolysis. Endocr Rev. 1995;16:716–38.  

     94.    Lewis GF, Carpentier A, Adeli K, Giacca A. Disordered fat storage and mobilization in the 
pathogenesis of insulin resistance and type 2 diabetes. Endocr Rev. 2002;23(2):201–29.  

    95.    Fabbrini E, Magkos F, Mohammed BS, Pietka T, Abumrad NA, Patterson BW, Okunade A, 
Klein S. Intrahepatic fat, not visceral fat, is linked with metabolic complications of obesity. 
Proc Natl Acad Sci U S A. 2009;106(36):15430–5. doi:  10.1073/pnas.0904944106    .  

    96.    Boden G, Chen X. Effects of fat on glucose uptake and utilization in patients with non-
insulin- dependent diabetes. J Clin Invest. 1995;96:1261–8.  

    97.    Kissebah AH, Adams PW, Wynn V. Plasma free fatty acid and triglyceride transport kinetics 
in man. Clin Sci Mol Med. 1974;47:259–78.  

     98.    Schaffer JE. Lipotoxicity: when tissues overeat. Curr Opin Lipidol. 2003;14:281–7.  
    99.    Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL, Cline GW, Shulman 

GI. Mechanism of free fatty acid-induced insulin resistance in humans. J Clin Invest. 
1996;97:2859–65.  

    100.    Lupi R, Dotta F, Marselli L, Del Guerra S, Masini M, Santangelo C, et al. Prolonged exposure 
to free fatty acids has cytostatic and pro-apoptotic effects on human pancreatic islets: evi-
dence that beta cell death is caspase mediated, partially dependent on ceramide pathway, and 
Bcl-2 regulated. Diabetes. 2002;51:1437–42.  

       101.    de Ferranti S, Mozaffarian D. The perfect storm: obesity, adipocyte dysfunction, and met-
abolic consequences. Clin Chem. 2008;54(6):945–55. doi:  10.1373/clinchem. 2007.
100156    .  

    102.    Gavrilova O, Marcus-Samuels B, Graham D, Kim JK, Shulman GI, Castle AL, Vinson C, 
Eckhaus M, Reitman ML. Surgical implantation of adipose tissue reverses diabetes in 
lipoatrophic mice. J Clin Invest. 2000;105(3):271–8.  

    103.    Langin D. In and out: adipose tissue lipid turnover in obesity and dyslipidemia. Cell Metab. 
2011;14:569–70.  

    104.    Wang YX. PPARs: diverse regulators in energy metabolism and metabolic diseases. Cell Res. 
2010;20:124–37.  

    105.    Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome proliferator-activated 
receptor-γ is a negative regulator of macrophage activation. Nature. 1998;391(6662):79–82.  

    106.    Hevener AL, Olefsky JM, Reichart D, Nguyen MT, Bandyopadyhay G, Leung HY, Watt MJ, 
Benner C, Febbraio MA, Nguyen AK, Folian B, Subramaniam S, Gonzalez FJ, Glass CK, 
Ricote M. Macrophage PPARγ is required for normal skeletal muscle and hepatic insulin 
sensitivity and full antidiabetic effects of thiazolidinediones. J Clin Invest. 
2007;117(6):1658–69.  

    107.    Odegaard JI, Ricardo-Gonzalez RR, Goforth MH, Morel CR, Subramanian V, Mukundan L, 
Red Eagle A, Vats D, Brombacher F, Ferrante AW, Chawla A. Macrophage-specifi c PPARγ 
controls alternative activation and improves insulin resistance. Nature. 2007;447(7148):
1116–20.  

    108.    Zhang B, Berger J, Hu E, Szalkowski D, White-Carrington S, Spiegelman BM, Moller 
DE. Negative regulation of peroxisome proliferator-activated receptor-γ gene expression con-
tributes to the antiadipogenic effects of tumor necrosis factor-α. Mol Endocrinol. 
1996;10:1457–66.  

    109.    Christianson JL, Nicoloro S, Straubhaar J, Czech MP. Stearoyl CoA desaturase 2 is required 
for PPARγ expression and adipogenesis in cultured 3T3-L1 cells. J Biol Chem. 
2007;283:2906–16.  

     110.    Yun Z, Maecker HL, Johnson RS, Giaccia AJ. Inhibition of PPARγ2 gene expression by the 
HIF-1-regulated gene DEC1/Stra13: a mechanism for regulation of adipogenesis by hypoxia. 
Dev Cell. 2002;2(3):331–41.  

    111.    Trayhurn P, Wang B, Wood IS. Hypoxia in adipose tissue: a basis for the dysregulation of 
tissue function in obesity? Br J Nutr. 2008;100(2):227–35. doi:  10.1017/S0007114508971282    .  

C. Jahansouz

http://dx.doi.org/10.1016/j.plipres.2009.05.001
http://dx.doi.org/10.1073/pnas.0904944106
http://dx.doi.org/10.1373/clinchem. 2007.100156
http://dx.doi.org/10.1373/clinchem. 2007.100156
http://dx.doi.org/10.1017/S0007114508971282


77

    112.    Strissel KJ, Stancheva Z, Miyoshi H, Perfi eld 2nd JW, DeFuria J, Jick Z, Greenberg AS, Obin 
MS. Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes. 
2007;56:2910–8.  

    113.    Goossens GH, Bizzarri A, Venteclef N, Essers Y, Cleutjens JP, Konings E, Jocken JW, 
Cajlakovic M, Ribitsch V, Clément K, Blaak EE. Increased adipose tissue oxygen tension in 
obese compared with lean men is accompanied by insulin resistance, impaired adipose tissue 
capillarization, and infl ammation. Circulation. 2011;124(1):67–76. doi:  10.1161/
CIRCULATIONAHA.111.027813    .  

     114.    Karpe F, Fielding BA, Ilic V, Macdonald IA, Summers LK, Frayn KN. Impaired postprandial 
adipose tissue blood fl ow response is related to aspects of insulin sensitivity. Diabetes. 
2002;51(8):2467–73.  

    115.    Rausch ME, Weisberg SP, Vardhana P, Tortoriello DV. Obesity in C57BL/6J mice is charac-
terised by adipose tissue hypoxia and cytotoxic T-cell infi ltration. Int J Obes (Lond). 
2008;32(3):451–63.  

    116.    Ye J, Gao Z, Yin J, He Q. Hypoxia is a potential risk factor for chronic infl ammation and 
adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. Am J Physiol 
Endocrinol Metab. 2007;293(4):E1118–28.  

    117.    Pasarica M, Sereda OR, Redman LM, Albarado DC, Hymel DT, Roan LE, Rood JC, Burk 
DH, Smith SR. Reduced adipose tissue oxygenation in human obesity: evidence for rarefac-
tion, macrophage chemotaxis, and infl ammation without an angiogenic response. Diabetes. 
2009;58(3):718–25. doi:  10.2337/db08-1098    .  

    118.    Cancello R, Henegar C, Viguerie N, Taleb S, Poitou C, Rouault C, Coupaye M, Pelloux V, 
Hugol D, Bouillot JL, Bouloumié A, Barbatelli G, Cinti S, Svensson PA, Barsh GS, Zucker 
JD, Basdevant A, Langin D, Clément K. Reduction of macrophage infi ltration and chemoat-
tractant gene expression changes in white adipose tissue of morbidly obese subjects after 
surgery-induced weight loss. Diabetes. 2005;54(8):2277–86.  

    119.    Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm I, Attie AD, Sherwani S, Wang ZV, 
Landskroner-Eiger S, Dineen S, Magalang UJ, Brekken RA, Scherer PE. Hypoxia-inducible 
factor 1alpha induces fi brosis and insulin resistance in white adipose tissue. Mol Cell Biol. 
2009;29(16):4467–83. doi:  10.1128/MCB.00192-09    .  

    120.    Sun K, Halberg N, Khan M, Magalang UJ, Scherer PE. Selective inhibition of hypoxia- 
inducible factor 1α ameliorates adipose tissue dysfunction. Mol Cell Biol. 2013;33(5):904–
17. doi:  10.1128/MCB.00951-12    .  

       121.    Gregor MF, Hotamisligil GS. Thematic review series: adipocyte biology. adipocyte stress: the 
endoplasmic reticulum and metabolic disease. J Lipid Res. 2007;48(9):1905–14.  

    122.    Mori K. Tripartite management of unfolded proteins in the endoplasmic reticulum. Cell. 
2000;101(5):451–4.  

    123.    Su Q, Wang S, Gao HQ, Kazemi S, Harding HP, Ron D, Koromilas AE. Modulation of the 
eukaryotic initiation factor 2 alpha-subunit kinase PERK by tyrosine phosphorylation. J Biol 
Chem. 2008;283:469–75.  

    124.    Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Görgün CZ, 
Hotamisligil GS. Chemical chaperones reduce ER stress and restore glucose homeostasis in 
a mouse model of type 2 diabetes. Science. 2006;313(5790):1137–40.  

     125.    Eizirik DL, Cardozo AK, Cnop M. The role for endoplasmic reticulum stress in diabetes mel-
litus. Endocr Rev. 2008;29(1):42–61.  

    126.    Haynes CM, Titus EA, Cooper AA. Degradation of misfolded proteins prevents ER-derived 
oxidative stress and cell death. Mol Cell. 2004;15(5):767–76.  

    127.    Wu J, Kaufman RJ. From acute ER stress to physiological roles of the unfolded protein 
response. Cell Death Differ. 2006;13:374–84.  

    128.    Deng J, Lu PD, Zhang Y, Scheuner D, Kaufman RJ, Sonenberg N, Harding HP, Ron 
D. Translational repression mediates activation of nuclear factor kappa B by phosphorylated 
translation initiation factor 2. Mol Cell Biol. 2004;24(23):10161–8.  

    129.    Wojtczak L, Schonfeld P. Effect of fatty acids on energy coupling processes in mitochondria. 
Biochim Biophys Acta. 1993;1183:41–57.  

5 Adipocyte Dysfunction, Infl ammation, and Insulin Resistance in Obesity

http://dx.doi.org/10.1161/CIRCULATIONAHA.111.027813
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.027813
http://dx.doi.org/10.2337/db08-1098
http://dx.doi.org/10.1128/MCB.00192-09
http://dx.doi.org/10.1128/MCB.00951-12


78

    130.    Richardson DK, Kashyap S, Bajaj M, Cusi K, Mandarino SJ, Finlayson J, DeFronzo RA, 
Jenkinson CP, Mandarino LJ. Lipid infusion decreases the expression of nuclear encoded 
mitochondrial genes and increases the expression of extracellular matrix genes in human 
skeletal muscle. J Biol Chem. 2005;280(11):10290–7.  

    131.    Qatanani M, Lazar MA. Mechanisms of obesity-associated insulin resistance: many choices 
on the menu. Genes Dev. 2007;21:1443–55.  

    132.    Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, Rothman DL, DiPietro L, Cline GW, 
Shulman GI. Mitochondrial dysfunction in the elderly: possible role in insulin resistance. 
Science. 2003;300(5622):1140–2.  

    133.    Coletta DK, Mandarino LJ. Mitochondrial dysfunction and insulin resistance from the out-
side in: extracellular matrix, the cytoskeleton, and mitochondria. Am J Physiol Endocrinol 
Metab. 2011;301:749–55.  

    134.    Chanseaume E, Malpuech-Brugère C, Patrac V, Bielicki G, Rousset P, Couturier K, Salles J, 
Renou JP, Boirie Y, Morio B. Diets high in sugar, fat, and energy induce muscle type specifi c 
adaptations in mitochondrial functions in rats. J Nutr. 2006;136(8):2194–200.  

    135.    Heilbronn LK, Gan SK, Turner N, Campbell LV, Chisholm DJ. Markers of mitochondrial 
biogenesis and metabolism are lower in overweight and obese insulin-resistant subjects. J 
Clin Endocrinol Metab. 2007;92:1467–73.  

    136.    Evans RM, Barish GD, Wang YX. PPARs and the complex journey to obesity. Nat Med. 
2004;10:355–61.  

    137.    Yasuhara R, Miyamoto Y, Akaike T, Akuta T, Nakamura M, Takami M, Morimura N, Yasu 
K, Kamijo R. Interleukin-1beta induces death in chondrocyte-like ATDC5 cells through 
mitochondrial dysfunction and energy depletion in a reactive nitrogen and oxygen species- 
dependent manner. Biochem J. 2005;389:315–23.  

    138.    Lowell BB, Shulman GI. Mitochondrial dysfunction and type 2 diabetes. Science. 
2005;307:384–7.  

    139.    Bloch-Damti A, Bashan N. Proposed mechanisms for the induction of insulin resistance by 
oxidative stress. Antioxid Redox Signal. 2005;7:1553–67.  

    140.    Lambertucci RH, Hirabara SM, Silveira Ldos R, Levada-Pires AC, Curi R, Pithon-Curi 
TC. Palmitate increases superoxide production through mitochondrial electron transport 
chain and NADPH oxidase activity in skeletal muscle cells. J Cell Physiol. 
2008;216:796–804.  

    141.    Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T, Etoh T, Hashimoto T, 
Naruse M, Sano H, Utsumi H, Nawata H. High glucose level and free fatty acid stimulate 
reactive oxygen species production through protein kinase C-dependent activation of NADPH 
oxidase in cultured vascular cells. Diabetes. 2000;49:1939–45.  

    142.    Zhai L, Ballinger SW, Messina JL. Role of reactive oxygen species in injury-induced insulin 
resistance. Mol Endocrinol. 2011;25:492–502.  

    143.    Carvalho-Filho MA, Ueno M, Hirabara SM, Seabra AB, Carvalheira JB, de Oliveira MG, 
Velloso LA, Curi R, Saad MJ. S-nitrosation of the insulin receptor, insulin receptor substrate 
1, and protein kinase B/Akt: a novel mechanism of insulin resistance. Diabetes. 
2005;54:959–67.  

    144.    Krebs M, Roden M. Molecular mechanisms of lipid-induced insulin resistance in muscle, 
liver and vasculature. Diabetes Obes Metab. 2005;7:621–32.  

   145.    Talukdar I, Szeszel-Fedorowicz W, Salati LM. Arachidonic acid inhibits the insulin induction 
of glucose-6-phosphate dehydrogenase via p38 MAP kinase. J Biol Chem. 
2005;280:40660–7.  

    146.    Martins AR, Nachbar RT, Gorjao R, Vinolo MA, Festuccia WT, Lambertucci RH, Cury- 
Boaventura MF, Silveira LR, Curi R, Hirabara SM. Mechanisms underlying skeletal muscle 
insulin resistance induced by fatty acids: importance of the mitochondrial function. Lipids 
Health Dis. 2012;11:30.  

    147.    Diano S, Horvath TL. Mitochondrial uncoupling protein 2 (UCP2) in glucose and lipid 
metabolism. Trends Mol Med. 2012;18(1):52–8. doi:  10.1016/j.molmed.2011.08.003    .  

C. Jahansouz

http://dx.doi.org/10.1016/j.molmed.2011.08.003


79

    148.    Diao J, Allister EM, Koshkin V, Lee SC, Bhattacharjee A, Tang C, Giacca A, Chan CB, 
Wheeler MB. UCP2 is highly expressed in pancreatic alpha-cells and infl uences secretion 
and survival. Proc Natl Acad Sci U S A. 2008;105(33):12057–62. doi:  10.1073/
pnas.0710434105    .  

    149.    Emre Y, Hurtaud C, Karaca M, Nubel T, Zavala F, Ricquier D. Role of uncoupling protein 
UCP2 in cell-mediated immunity: how macrophage-mediated insulitis is accelerated in a 
model of autoimmune diabetes. Proc Natl Acad Sci U S A. 2007;104(48):19085–90.  

    150.    Souza BM, Assmann TS, Kliemann LM, Gross JL, Canani LH, Crispim D. The role of 
uncoupling protein 2 (UCP2) on the development of type 2 diabetes mellitus and its chronic 
complications. Arq Bras Endocrinol Metabol. 2011;55(4):239–48.  

   151.    Affourtit C, Brand M. On the role of uncoupling protein 2 in pancreatic beta cells. Biochim 
Biophys Acta. 2008;1777(7-8):973–9.  

    152.    Brand M, Affourtit C, Esteves T, Green K, Lambert A, Miwa S, et al. Mitochondrial super-
oxide: production, biological effects, and activation of uncoupling proteins. Free Radic Biol 
Med. 2004;37(6):755–67.  

     153.    Zhang C, Baffy G, Perret P, Krauss S, Peroni O, Grujic D, et al. Uncoupling protein-2 nega-
tively regulates insulin secretion and is a major link between obesity, beta cell dysfunction, 
and type 2 diabetes. Cell. 2001;105(6):745–55.  

    154.    Thompson M, Kim D. Links between fatty acids and expression of UCP2 and UCP3 mRNAs. 
FEBS Lett. 2004;568(1-3):4–9.  

    155.    Nguyen MT, Satoh H, Favelyukis S, Babendure JL, Imamura T, Sbodio JI, Zalevsky J, 
Dahiyat BI, Chi NW, Olefsky JM. JNK and tumor necrosis factor-alpha mediate free fatty 
acid-induced insulin resistance in 3T3-L1 adipocytes. J Biol Chem. 2005;280:35361–71.  

    156.    Wang S, Soni KG, Semache M, Casavant S, Fortier M, Pan L, Mitchell GA. Lipolysis and the 
integrated physiology of lipid energy metabolism. Mol Genet Metab. 2008;95:117–26.  

    157.    Hajer GR, van Haeften TW, Visseren FL. Adipose tissue dysfunction in obesity, diabetes, and 
vascular diseases. Eur Heart J. 2008;29(24):2959–71. doi:  10.1093/eurheartj/ehn387    .  

    158.    Aguirre V, Uchida T, Yenush L, Davis R, White MF. The c-Jun NH(2)-terminal kinase pro-
motes insulin resistance during association with insulin receptor substrate-1 and phosphory-
lation of Ser(307). J Biol Chem. 2000;275:9047–54.  

    159.    Goldstein BJ, Scalia R. Adiponectin. A novel adipokine linking adipocytes and vascular 
function. J Clin Endocrinol Metab. 2004;89:2563–8.  

     160.    Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T, Iwabu M, Okada-Iwabu M, 
Kawamoto S, Kubota N, Kubota T, Ito Y, Kamon J, Tsuchida A, Kumagai K, Kozono H, 
Hada Y, Ogata H, Tokuyama K, Tsunoda M, Ide T, Murakami K, Awazawa M, Takamoto I, 
Froguel P, Hara K, Tobe K, Nagai R, Ueki K, Kadowaki T. Targeted disruption of AdipoR1 
and AdipoR2 causes abrogation of adiponectin binding and metabolic actions. Nat Med. 
2007;13:332–9.  

     161.    Maeda N, Shimomura I, Kishida K, Nishizawa H, Matsuda M, Nagaretani H, Furuyama N, 
Kondo H, Takahashi M, Arita Y, Komuro R, Ouchi N, Kihara S, Tochino Y, Okutomi K, 
Horie M, Takeda S, Aoyama T, Funahashi T, Matsuzawa Y. Diet-induced insulin resistance 
in mice lacking adiponectin/ACRP30. Nat Med. 2002;8:731–7.  

    162.    Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, Sugiyama T, Miyagishi M, 
Hara K, Tsunoda M, Murakami K, Ohteki T, Uchida S, Takekawa S, Waki H, Tsuno NH, 
Shibata Y, Terauchi Y, Froguel P, Tobe K, Koyasu S, Taira K, Kitamura T, Shimizu T, Nagai 
R, Kadowaki T. Cloning of adiponectin receptors that mediate antidiabetic metabolic effects. 
Nature. 2003;423:762–9.  

     163.    Munzberg H, Myers Jr MG. Molecular and anatomical determinants of central leptin resis-
tance. Nat Neurosci. 2005;8:566–70.  

    164.    Tilg H, Moschen AR. Adipocytokines: mediators linking adipose tissue, infl ammation and 
immunity. Nat Rev Immunol. 2006;6:772–83.  

    165.    St-Pierre J, Tremblay ML. Modulation of leptin resistance by protein tyrosine phosphatases. 
Cell Metab. 2012;15:292–7.  

5 Adipocyte Dysfunction, Infl ammation, and Insulin Resistance in Obesity

http://dx.doi.org/10.1073/pnas.0710434105
http://dx.doi.org/10.1073/pnas.0710434105
http://dx.doi.org/10.1093/eurheartj/ehn387


80

    166.    Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D. Hypothalamic IKKbeta/NF-kappaB 
and ER stress link overnutrition to energy imbalance and obesity. Cell. 2008;135:61–73.  

    167.    Baskin DG, Figlewicz LD, Seeley RJ, Woods SC, Porte Jr D, Schwartz MW. Insulin and 
leptin: dual adiposity signals to the brain for the regulation of food intake and body weight. 
Brain Res. 1999;848:114–23.  

    168.    Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, Kitazawa R, Kitazawa S, Miyachi H, 
Maeda S, Egashira K, Kasuga M. MCP-1 contributes to macrophage infi ltration into adipose 
tissue, insulin resistance, and hepatic steatosis in obesity. J Clin Invest. 
2006;116(6):1494–505.  

   169.    Nomiyama T, Perez-Tilve D, Ogawa D, Gizard F, Zhao Y, Heywood EB, Jones KL, Kawamori 
R, Cassis LA, Tschöp MH, Bruemmer D. Osteopontin mediates obesity-induced adipose tis-
sue macrophage infi ltration and insulin resistance in mice. J Clin Invest. 2007;
117(10):2877–88.  

    170.    Curat CA, Miranville A, Sengenès C, Diehl M, Tonus C, Busse R, Bouloumié A. From blood 
monocytes to adipose tissue resident macrophages: induction of diapedesis by human mature 
adipocytes. Diabetes. 2004;53(5):1285–92.    

C. Jahansouz



81© Springer Science+Business Media New York 2016
M. Kurian et al. (eds.), Metabolic Syndrome and Diabetes, 
DOI 10.1007/978-1-4939-3220-7_6

        C.   Jahansouz ,  M.D.      (*) 
  Department of Surgery ,  University of Minnesota ,   420 Delaware St. SE, 
MMC 195 ,  Minneapolis ,  MN   55455 ,  USA   
 e-mail: jahan023@umn.edu  

 6      Bile Acids, the Microbiome 
and Metabolic Disease-Implications 
for Surgery       

       Cyrus     Jahansouz     

6.1             Obesity, Diabetes Mellitus, and the Microbiome 

    Perhaps one of the most  exciting         frontiers of medicine is the exploration of the 
human gut fl ora, or the microbiome. While it remains with potential as a target for 
future therapeutics, defi ning a healthy microbiome and pathologic variant remains a 
daunting task. In a pioneering study to further characterize healthy variation, the 
Human Microbiome Project Consortium in 2012 presented the microbiota of 242 
healthy Western subjects from 18 different anatomic sites, including the distal gut, 
and while signifi cant interindividual variation existed, metabolic pathways remained 
stable [ 1 ,  2 ]. As indicated by Arumugam et al.,   Bacteroidetes    phyla dominate the 
gut microbiome. In their analysis, 33 samples across several nations formed three 
distinct clusters:  Bacteroidetes ,  Prevotella , and  Ruminococcus  [ 3 ]. Generally, the 
gut microbiome is shared among family members with variation present in each 
individual’s microbial community [ 4 ]. Diet does have a critical impact [ 4 – 6 ]. As an 
example, in a comparison of microbiome in children from Europe and from rural 
Africa, the microbiome of African children displayed signifi cantly increased bacte-
rial richness and diversity, leading the authors to conclude that gut microbiome 
coevolved with their polysaccharide-rich diet [ 6 ].     

6.2     Changes in the Microbiome in Obesity and T2DM 

    Obesity is associated with  a   signifi cant  decrease         in microbiome diversity and rich-
ness [ 5 ]. In a study of obese and non-obese Danish individuals, obese individuals 
shared an “infl ammatory” phenotype, having a higher prevalence of  Bacteroides  
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and  R. gnavus , which have been associated with Infl ammatory Bowel Disease [ 6 – 8 ]. 
Patients characterized as having a low gene count had a greater prevalence of obesity, 
insulin resistance, fatty liver, and low-grade infl ammation than patients with a high 
gene count. Low gene count patients were also more prone to gaining more weight 
over time [ 5 ,  9 ]. In another study by Vrieze et al., male humans with metabolic 
syndrome were the recipients of either autologous microbiota or that of lean donors. 
Six weeks after small intestinal infusion, recipients from lean donors experienced 
increased insulin sensitivity, along with increased levels of butyrate- producing 
microbiota [ 10 ]. Perhaps one of the most telling studies was performed by Ridaura 
et al. who transplanted fecal microbiota from adult twin pairs discordant for obesity 
into germ-free mice. Not only were these obesity-associated phenotypes transmis-
sible, cohousing with lean co-twin’s microbial recipient prevented increasing body 
mass and adverse metabolic outcomes [ 11 ]. Diet had an integral role, and when 
mice were fed a low-fat, high-fi ber diet, they were protected against the effects of 
obese microbiota [ 12 ]. 

 Correlations between shifts in the microbiome and obesity have been observed, 
although causality remains to be discerned. In general, one of the noteworthy obser-
vations has been the increased ratio of the phylum Firmicutes to the phylum 
Bacteroidetes seen with obesity [ 13 – 15 ]. This concept was initially proposed by 
Turnbaugh et al. who also demonstrated that obese microbiome has perhaps an 
increased capacity to harvest energy from the diet [ 16 ]. Further support for the 
Firmicutes to Bacteroidetes ratio was lent after the observation that this ratio is 
decreased with percentage reduction in body weight [ 13 ]. However, this observation 
has been met with some controversy, as other studies have failed to identify the dif-
ference in this ratio between obese and lean patients [ 17 ,  18 ]. Perhaps controversy 
in this regard lies in the fact that these are entire phylum changes, and more spe-
cifi c family and species levels changes should be pursed to characterize pathogen 
with phenotypic changes. For example, Zhang et al. assessed contributions of host 
genetics and diet in altering the microbiome in mice. Sixty-fi ve species-level phylo-
types were correlated with differences induced by diet, with diet explaining 57 % of 
the total structural variation in gut microbiome. Genetic mutation accounted for 12 %. 
Barrier-protecting  Bifi dobacterium  species were nearly absent in all animals, with 
an observed increase in  Desulfovibrionaceae , a sulfate-reducing and endotoxin- 
producing bacteria, in all animals with impaired glucose tolerance [ 19 ]. 

 Not surprisingly, T2DM in humans is associated with microbial shifts as well. In 
a study by Qin et al., a protocol for a metagenome-wide association study was 
developed to study 345 Chinese individuals. Patients with T2DM portrayed moder-
ate intestinal dysbiosis as indicated by a decrease in butyrate-producing  Roseburia 
intestinalis  and  F. prausnitzii , along with an increase in opportunistic pathogens 
including  Bacteroides caccae ,  Clostridiales , and  Escherichia coli . Lean patients in 
this study exhibited an enriched population of butyrate-producing bacteria [ 20 ]. 
Similarly, Karlsson et al. studied the gut meganome in 145 European women with 
normal, impaired, or diabetic glucose control. This group similarly displayed 
increases in  Clostridiales  species, and decreases in  Roseburia intestinalis  and 
 F. prausnitzii  [ 21 ,  22 ]. They also illustrated increased Proteobacteria, increased 
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expression of microbial genes involved in oxidative stress, and decreased genes 
involved in vitamin synthesis [ 9 ,  21 ,  22 ]. Another protective bacterium identifi ed is 
 Akkermansia municiphila , a mucin-degrading bacterium, negatively associated with 
type 1 and type 2 diabetes mellitus [ 20 ], while  Bacteroidetes  and  Prevotella  are 
increased in proportion to a decrease in  Firmicutes  and  Clostridia  [ 21 – 23 ].     

6.3     Implicated Metabolic Pathways: LPS and Increased Gut 
Barrier Leak 

  Circulating  lipopolysaccharide (LPS)   is an integral and early step in the develop-
ment of insulin resistance and diabetes having been observed in mice and humans 
[ 24 – 26 ]. Mice fed a high fat diet had two to three times increased levels of circulat-
ing LPS [ 26 ]. CD-14 mutant mice, which are resistant to LPS, are also resistant to 
high-fat diet-induced insulin resistance [ 26 ,  27 ]. Cani et al. administered antibiotics 
to mice on a high-fat diet, demonstrating that changes in the gut microbiome are 
responsible for endotoxemia and the subsequent infl ammatory cascade, correlating 
strongly with intestinal permeability [ 27 ]. In patients with diabetes mellitus, LPS 
levels are signifi cantly elevated, leading to increased secretion of pro-infl ammatory 
cytokines [ 4 ,  28 ]. In mice fed a high-fat diet for 3 months, LPS was elevated in the 
presence of diabetes, and related this to increased gut permeability in the ileum and 
cecum [ 29 ]. Obese patients and rodents exhibit increased richness of LPS-producing 
bacteria, notably increased  Enterobacteriacaea  and  Desulfovibrionaceae , corre-
sponding with increased circulating LPS [ 30 ]. In obese human adolescents under-
going an exercise and diet program, fecal  Enterobacteriaceae  was signifi cantly 
decreased [ 31 ,  32 ]. Once systemic, LPS binds LPS-binding protein and is recog-
nized by CD14 and TLR4 [ 33 ,  34 ]. This in turn leads to a pro-infl ammatory response 
and production of infl ammatory cytokines potentially linking the microbiome to the 
diabetic phenotype [ 35 ].   

6.4     Changes Following Bariatric Surgery 

   Following the gastric bypass,       there is an increase in richness and diversity of the gut 
microbiome associated with white adipose tissue genes [ 36 ]. In a study comparing 
nine individuals, with three in each of normal weight, morbidly obese, and post- 
gastric bypass groups,  Firmicutes  was dominant in the fi rst two groups, but decreased 
in post-gastric bypass individuals with a proportional increase in Gammaproteobacteria 
[ 15 ].  Akkermansia  was also increased in the post-gastric bypass population. 
Graessler et al. compared patients before and 3 months following gastric bypass, 
having also observed a reduction in Firmicutes, with an increase in  Proteobacteria . 
However, they also observed a decrease in  F. prausnitzii  correlating directly with 
fasting blood glucose levels [ 37 ]. Furet et al. observed an increase in  F. Prausnitzii  
correlating with improved circulating CRP and IL6 in 30 patients with T2DM fol-
lowing gastric bypass. In an interesting and telling study performed by Liou et al., 
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shifts observed following RYGB are conserved between humans, mice and rats, 
observing an increase in  Gammaproteobacteria  ( Escherichia ) and  Verrucomicrobia  
( Akkermansia ). Transferring gut microbiota from mice having undergone RYGB to 
germ-free mice resulted in weight loss and decreased fat mass relative to recipients 
of microbiota from mice following sham surgery [ 38 ]. 

 In a study by Monte et al., 15 morbidly obese patients with T2DM underwent 
RYGB, with blood samples collected on day of surgery and 180 days after surgery. 
Interestingly, systemic infl ammation as measured by multiple cytokines, including 
MCP-1 and CRP, and bacterial LPS were signifi cantly reduced following surgery, 
possibly linking this improvement in systemic infl ammation as a mechanism under-
lying metabolic improvement [ 39 ]. 

 Certainly, further characterization of the microbiome is required; more important 
may be the role species have in altering gut physiology translating to systemic 
changes, particularly in diabetes. Much of this may involve gaining a stronger 
understanding of gut immunology at the enterocyte level given the known systemic 
infl ammation that characterizes white adipose tissue in T2DM.    

6.5     Possible Mediators of Change 

6.5.1     Bile Acids 

   Obese patients exhibit an  attenuated      fasting and post-prandial bile acid response 
compared to lean individuals [ 40 ]. Following RYGB, both fasting and post-prandial 
plasma bile acid responses are increased, and have been shown to correlate with 
improvement in glucose metabolism [ 41 ,  42 ]. Bile acids serve as ligands for both 
G-protein-coupled receptor TGR5, which increases GLP-1 production, and nuclear 
hormone receptor  farnesoid X receptor (FXR)   [ 43 ]. FXR induces formation of 
fi broblast growth factor-19, which enters portal circulation and inhibits bile acid 
synthesis via  CYP7A1 . Primary bile acids cholic acid and chenodeoxycholic acids 
are synthesized from cholesterol in the liver via  CYP7A1 . In the gut, the microbi-
ome converts primary bile acids into secondary bile acids by dehydroxylation, cre-
ating deoxycholic and lithocholic acids. Greater than 95 % of bile acids are 
reabsorbed by the gut and are transported back to the liver [ 40 ,  44 ,  45 ]. 

 In an interesting study performed at the University of Cincinnati, mouse FXR 
knockout models undergoing  vertical sleeve gastrectomy (VSG)   highlighted the 
signifi cance of the FXR receptor and the bile acid pathway in mediating metabolic 
improvement. FXR knockouts portray substantially reduced weight loss and 
decreased improvement in glucose tolerance following VSG. Along with these 
observations, changes in microbiome were also observed between wild-type mice 
undergoing VSG, and FXR knockouts undergoing VSG. Knockouts showed 
decreased abundance of one genus in the  Porphyromonadaceae  family in Knockout- 
VSG model.  Roseburia  was also increased in wild-type VSG model relative to wild- 
type shams, while no difference was observed between the knockout and sham FXR 
knockout models [ 46 ]. 
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 The intimate and complex relationship between bile acids and the microbiome is 
one that requires further research as we continue toward identifying physiologic 
roles for the multitude of bacterial species that comprise our gut microbiome.    

6.5.2     Short-Chain Fatty Acids 

   Short-chain fatty acids (SCFAs) including acetate, butyrate, and propionate are 
main colonic bacterial fermentation products that serve as main energy sources and 
have been established as essential nutrients acting as signaling molecules [ 47 ,  48 ]. 
Two orphan G-protein-coupled receptors, FFAR2 (formerly gpr 3) and FFAR3 (for-
merly gpr41), have been identifi ed as being activated by  SCFAs   [ 49 ]. 

 At this time,       it is appreciated that the SCFA–FFAR2 interaction has a signifi cant 
effect on infl ammatory responses. Priopionate and butyrate have been observed to 
reduce low-grade infl ammation and increase leptin [ 50 ,  51 ]. Butyrate-producing 
bacteria have been particularly implicated in studies involving fecal transplantation 
as a therapeutic modality for insulin resistance [ 52 ]. Oral administration of acetate 
and propionate reduced glycemia in diabetic KK-A (y) and wild-type rats [ 53 ]. 
Interestingly, incubation of human colonic epithelial cell line with butyrate has 
shown to increase transepithelial resistance by promoting assembly of tight junc-
tion, highlighting a potential correlation with metabolic endotoxemia and gut bar-
rier leak highlighted earlier [ 54 ]. Along these lines, propionate and butyrate reduce 
expression of pro-infl ammatory cytokines TNF-α and IL-6 in human adipose tissue, 
while butyrate has been shown to increase the secretion of the anti-infl ammatory 
cytokine IL-10 by human monocytes exposed to bacteria [ 55 ,  56 ]. 

 Substantial knowledge has been gained from mouse knockout models as well. 
FFAR2 knockout mice display exacerbated or unresolved infl ammation in models 
of colitis, arthritis, and asthma [ 57 ]. Kimura et al. demonstrated that FFAR2 knock-
out mice are obese on a normal diet, whereas mice overexpressing FFAR2 remain 
lean even on a high fat diet. This difference is abolished under germ-free conditions 
or after antibiotics. Furthermore, SCFA-mediated activation of FFAR2 suppresses 
insulin signaling in adipocytes thus inhibiting fat accumulation in adipose tissue 
[ 58 ]. De Vadder et al. were able to show that perhaps one mechanism by which 
SCFAs, particularly propionate and butyrate, mediate their infl uence is via activa-
tion of intestinal gluconeogenesis (IGN). Butyrate activates IGN gene expression 
via a cAMP-dependent mechanism, while propionate interestingly activates IGN 
via a gut-brain neural circuit involving FFAR3. This relationship is abolished with 
capsaicin-induced periportal nervous deafferentiation in rats [ 59 ]. 

 Altogether, as more data are accumulating, it is becoming clearer the impact the 
gut microbiome has on human metabolism, particularly through SCFAs. How we 
may utilize these fi ndings from a therapeutic perspective in alleviating diabetes 
remains to be seen.     
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6.6     Conclusion 

 Interest in the microbiome has increased considerably over the past few years, espe-
cially with the discovery of a divergence and pattern observed in obese and diabetic 
humans relative to lean and healthy humans. These changes in the microbiome 
strongly correlate along the spectrum of metabolic disease. How the human gut 
interacts with specifi c bacterial species remains a signifi cant, but necessary chal-
lenge to overcome. We, in the fi eld of bariatric surgery, have an important role in 
elucidating this puzzle given our signifi cant capacity to alter the microbiome fol-
lowing surgery. These changes clearly correlate with the dramatic metabolic 
improvement following bariatric surgery. The challenge has always been to isolate 
important physiologic changes following surgery, and relating them to the well- 
established phenotypic changes that occur. This is no different as it relates to the 
human gut microbiome.     
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7.1             On the Shoulders of Giants 

 Either the history of  metabolic surgery   is an anomaly or what we were taught in 
school is just wrong. In our science classes, already burdened by the enforced 
emphasis on rote, we memorized the names of the great scientists who were sancti-
fi ed by their singular inventions. We learned that Pasteur invented bacteriology, 
Kepler was the fi rst to recognize planetary motion, and that Watson and Crick 
single- handedly discovered the binary structure and function of DNA. 

 The development of  metabolic surgery,   at the least, leads us to question the belief 
that science is shaped by one person who has a singular idea and the skills to bring 
it all to fruition. As Pasteur put it, “Fortune favors the prepared mind.” In short, 
really, really study hard and you’ll make a great invention. So we faithfully did our 
homework and looked forward to winning the Nobel Prize. 

 Sir Isaac Newton, however, got it right. With humility he recognized “If I have 
seen farther than others, it is because I was standing on the shoulders of giants.” As 
one of the greatest thinkers in history, Newton impressed upon society the impor-
tance of our predecessors’ accomplishments in relation to our own. There is no fi eld 
of study that this philosophy rings more true than in the area of “metabolic surgery,” 
no doubt one of the major advances of the last century. 

 Metabolic surgery reveals that at least in the development of this great scientifi c 
breakthrough, progression came in zig-zag steps made by ordinary, caring surgeons in 
response to challenging situations, often with the help of PhD colleagues who were 
also swept up in the excitement of a puzzling observation. Even changing the name of 
the fi eld, once known as “ bariatric” from   the Greek (baros) to “metabolic” surgery 
came through multiple discussion and debates about the daring concept to name the 

        W.   Pories ,  M.D.      (*) 
  Department of Surgery, Brody School of Medicine ,  East Carolina University , 
  Greenville ,  NC   27858-4354 ,  USA   
 e-mail: pories@aol.com  

 7      The History of Metabolic Surgery       

       Walter     Pories     

mailto:pories@aol.com


92

new fi eld for “the operative manipulation of a  normal  organ or organ  system to achieve 
a biological result for a potential health gain,” as defi ned by Varco and Buchwald [ 1 ]. 

 This chapter therefore is a different type of history. It honors not individual “giants” 
but rather recognizes the struggles of the small band of surgeons who had the sensitiv-
ity to recognize that severe obesity was a disease. These surgeons,  frustrated with the 
toll of this progressive illness, determined that the severely obese deserved better care 
and who, over the objections of their colleagues and society, managed not only to 
devise operations that led to durable loss of about one-third of the patients’ original 
weights but also produced full and long-term remission of type 2 diabetes, hyperten-
sion, hyperlipidemias, polycystic ovary disease, and non- alcoholic steatotic hepatitis 
among others chronic diseases previously considered incurable. In addition, surpris-
ingly, these operations also led to reductions not only in long-term mortality but even 
the prevalence of solid cancers within 5 years. Even more important, these pioneers 
provided a framework for basic science and the study of mechanisms that should lead 
to long term control with medications and without surgery. 

 Accordingly, instead of focusing on individuals, this review focuses on the 
growth of ideas and the evolution of concepts. There are far too many pioneers to 
mention individually. In addition, this history will also note the infl uence of  concerns 
for patient safety, the impact of decisions by legal and insurance entities, the 
 challenge of providing access to the surgery for those who need it and some 
thoughts about the future of this exciting fi eld.  

7.2     Obesity Is Not a New Phenomenon 

 Severe obesity is not a new entity. In fact, the  Venus of Willendorf   (Fig.  7.1 ), per-
haps the oldest sculpture in the world, suggests that in what is now Lower Austria, 
this status was admired as long ago as 30,000 years ago.

  Fig. 7.1    The Venus  of   Willendorf       

 

W. Pories



93

   Even a few decades ago, it was still deemed desirable. Townsend et al. [ 2 ] nicely 
documented that “certain ethno-cultural groups  associate   large body sizes with mar-
riageability, attractiveness, fertility, and generosity … traditionally, some Pacifi c 
Islanders associate power and status with large body sizes and that …. Pacifi c 
Islanders with higher Body Mass Indices (BMI = kg/m 2 ),  compared to Whites with 
higher BMIs, were more likely to see themselves as either under or normal weight.” 

 The concept that being large adds to a powerful image is not limited to the 
Polynesian islands. Winston Churchill, Nikita Khrushchev, Louis XVIII, and many 
other international leaders come to mind. It is only recently that obesity in a 
 prominent person, such as Governor Christie, has become a disadvantage, enough 
to cause him to undergo the insertion of an adjustable gastric band.  

7.3     No, Severe Obesity Is a Disease! 

  There were others, however,    who recognized long ago that obesity was detrimental 
to health. Four hundred years before the birth of Christ, Hippocrates noted that “If 
we could give every individual the right amount of nourishment and exercise, not 
too little and not too much, we would have found the safest way to health.” 
Shakespeare had Falstaff complain “Thou seest I have more fl esh than another man, 
and therefore more frailty” and described Hamlet as “fat and scant of breath.” Kintz 
[ 3 ] probably summarized our change of thought most concisely, “Obesity isn't as 
cool as it used to be, back in the earlier centuries. Before it was a refl ection on your 
gross income, and now it's just gross.” 

 Prior to the 1950s, what is currently known as bariatric surgery did not exist. In 
1954 Kremen [ 4 ] and colleagues made the fi rst critical step with the recognition that 
severe obesity is a disease and that diets, exercise and medications were ineffective 
in almost all of the patients. Led by their clinical observation that extensive resec-
tion of intestine could lead to severe weight loss, they pursued experiments in dogs 
that demonstrated that by excluding 50–70 % of the small intestine, they could 
produce profound weight loss. 

 This conceptual breakthrough was followed and the origins of bariatric surgery 
later applied to human subjects through the development of what is known as the 
jejunoileal bypass (JIB) (Fig.  7.2 ). Payne built upon the work done in the 1950s by 
Kremen and developed his version of the JIB which was actually a jejunocolic shunt 
and identifi ed the associated metabolic changes 1963 [ 5 ]. Payne’s original  procedure 
involved the division of the small intestine 35–50 cm downstream from the  ligament 
of Treitz. The proximal end was then anastomosed to the proximal transverse colon. 
Both the jejunoileal and jejunocolic bypasses achieved the goal of weight loss and 
lowered serum cholesterol due to the decreased absorption of dietary fats. The one 
black mark on the history of metabolic surgery is that over 30,000 of these  operations 
were performed with multiple reports of severe malnutrition, mineral imbalances, 
diarrhea with 8–12 bowel movements/day, perianal excoriations, hepatic cirrhosis, 
hepatic failure, renal stones, severe dehydration, hypocalcemia, and poor vitamin 
absorption [ 6 ,  7 ] before Griffi n, in a scathing editorial, demanded these procedures 
be abandoned.
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   Even so, there were some successful cases and, for the fi rst time, there was 
 evidence that a surgical approach, if it was the right approach, could overcome 
severe obesity. That recognition and the drawbacks of the JIB procedure and its 
variations spurred innovative surgical options to safely achieve weight reduction in 
morbidly obese individuals. By the 1970s the jejunoileal bypass had been essen-
tially abandoned and attention was being directed towards a different approach. 

 The fi nding by Buchwald [ 8 ] that exclusion of the terminal ileum could provide 
long-term control of hyperlipidemias needs to be noted as well as a sentinel signal 
that the metabolic effects of intestinal surgery deserved investigation.   

7.4     The Currently Accepted Operations 

 The design of the current operations was led by Mason, appropriately often referred 
to as “the father of metabolic surgery” who documented, in a series of thoughtful 
and minutely recorded studies, that operations on the stomach and proximal small 
bowel, could achieve weight loss with far greater safety and better outcomes. In 
1967 Mason and Ito [ 9 ] developed the original  gastric bypass  . Their confi guration 
consisted of a horizontally oriented proximal gastric division with creation of a 
12 mm loop gastrojejunostomy anastomosis. Issues related to marginal ulceration 
as well as signifi cant bile refl ux sparked many variations to the gastric bypass 
 procedure culminating into the Roux Y confi guration by Griffen [ 10 ] with a more 
vertically oriented pouch that represents the standard procedure that is performed 
today. Mason also developed the operations to limit intake with a small gastric 

  Fig. 7.2     Jejuno-ileal bypass          
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pouch and a small outlet, i.e. the  vertical banded gastroplasty (VBG)    that   rose to 
prominence in the early 1980s. At that time it rivaled the Roux-en-Y gastric bypass; 
however it ultimately fell out of favor as many of the patients that underwent this 
procedure ultimately experienced signifi cant weight regain. The VBG procedure 
consisted of the creation of a vertical pouch with use of a circular stapler to create a 
gastric window followed by a non-cutting linear stapler to form a small vertically 
oriented pouch. The pouch itself is formed on the lesser curve side of the stomach 
and a narrowed stoma is created between the pouch and the distal stomach after 
application of a silastic band. The VBG was a modifi cation of the horizontal 
 gastroplasty procedure as described by Printen and Mason [ 11 ]. 

 In the meantime, in Italy, Scopinaro [ 12 ] pursued a series of detailed and 
 rigorous studies that led to the development of the most effective metabolic opera-
tion, i.e., the  biliopancreatic diversion (BPD)   procedure, which he described in 
1979. And, as Mason, he did far more than design an operation. He followed his 
patients with great care, conducted demanding clinical trials and reported his 
results with clarity and candor. The  BPD   still stands today as the most effective 
procedure in terms of weight loss and comorbidity resolution with remission rates 
of type 2  diabetes in the 92–95 % range. The concern is that the greater exclusion of 
gut from contact with food may be too radical with its harsh restrictive and malab-
sorptive characteristics [ 13 ]. The current version of his  BPD      consists of a horizontal 
gastrectomy, which leaves 200–500 mL of proximal stomach. The duodenal stump 
is then closed. A gastrojejunostomy with a 250 cm roux limb is subsequently 
 created. The long biliopancreatic limb is then anastomosed to the roux limb at a 
distance of 50 cm proximal to the ileocecal valve. This operation although rarely 
performed in the USA is thought to be an appropriate procedure for the obese 
 individuals with BMI’s >60 kg/m 2 . 

 Complications including a perceived higher incidence of protein calorie malnu-
trition, marginal ulceration and perforation provoked modifi cation of Scopinaro’s 
procedure and led Hess [ 14 ] and colleagues to add a duodenal switch procedure to 
Scopinaro’s  BPD.      The duodenal switch procedure was initially described by 
Dr. DeMeester [ 15 ] as a potential treatment for severe duodenogastric refl ux. Hess 
 successfully theorized that by adding this modifi cation to the original BPD, the 
benefi cial aspects of the BPD could be retained while eliminating its unwanted 
complications. 

 The biliopancreatic diversion with duodenal switch ( BDP-DS  ) has been 
 performed in the USA over the last 27 years. Key differences as it relates to the BPD 
include a 100 cm common channel (as opposed to 50 cm) and a different type of 
partial gastrectomy. The  gastrectomy   is created by removing the greater curvature 
of the stomach (i.e., sleeve gastrectomy). It is commonly done over a 40–60 French 
bougie. The antrum, pylorus and proximal duodenum are preserved. This effec-
tively provides a greater restrictive component by leaving a smaller gastric reservoir 
(150–200 mL) as compared to the original BDP. The duodenum is divided distal 
to the pylorus and a duodenojejunostomy is created between the proximal duode-
num and a 150 cm roux limb. Both the BPD and BPD-DS are currently performed 
totally laparoscopically by highly skilled minimally invasive surgeons [ 16 ,  17 ]. 
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Even so, that approach still led to more nutritional complications than the RYGB 
and is not widely used although there are champions who feel it is the best meta-
bolic operation. 

 During the late 1990s the Roux-Y gastric bypass had become the most widely 
performed bariatric surgical procedure. RYGB is considered to be the “gold 
 standard” of bariatric surgical procedures due to its effectiveness with weight loss 
and its acceptable complication profi le [ 18 ]. The procedure involves proximal 
 gastric pouch formation, roux limb formation, and performance of a gastrojejunos-
tomy.  Proximal pouch formation   involves creating a 15–30 mL gastric pouch by 
transecting the stomach (usually with a stapling device). The Roux limb is created 
by transecting the jejunum at a point 15–75 cm distal to the ligament of Treitz. An 
end to side jejunojejunostomy is then made 70–150 cm down the roux limb. Long 
limb bypass with roux limb segments greater than 150 cm are performed by some 
surgeons which imparts a signifi cant malabsorptive component to the operation 
[ 19 ]. The  gastrojejunostomy   is then fashioned by bringing the Roux limb alongside 
the gastric pouch without tension. This may be done in a retrocolic, antecolic, retro-
gastric, or antegastric confi guration. The particular confi guration chosen is largely 
surgeon dependent with confl icting data available regarding stricture and leak rates 
[ 20 ,  21 ]. Construction of the gastrojejunostomy anastomosis can be performed 
using one of several techniques. It can be created using a linear stapler, a circular 
stapler, or completely hand-sewn. There are studies available in the literature that 
support the use of each of the mentioned techniques [ 22 ]. 

 Sleeve gastrectomy had its beginnings as a component of the BPD-DS operation 
[ 23 ]. It is now being performed with increasing frequency as a  stand-alone procedure 
in   the treatment of morbid obesity. The technique is relatively novel and therefore 
has not yet been standardized in all of its steps (bougie calibration size, staple line 
reinforcement method, and type of stapler used) [ 24 ]. The longitudinal gastrectomy 
typically begins with dissection in  gastrocolic ligament along   the greater curvature 
of the stomach. This is carried all the way up to the level of the angle of His. A 
 calibration bougie is then placed and advance along the lesser curve through the 
pyloric channel. The stomach is then divided with sequential fi rings (4–6) of an 
endo-GIA stapling device alongside the bougie. The remnant stomach is then 
extracted from the largest port site which completes the procedure. Laparoscopic 
sleeve gastrectomy represents a relatively simplistic yet effective alternative for 
bariatric surgery candidates. 

   Gastric banding   is a restrictive technique used to treat morbid obesity that 
was introduced into clinical practice in the 1980s. The current version of gastric 
banding was popularized by Dr. Kuzmak [ 25 ] and involves the placement of an 
adjustable silicone band around the upper portion of the stomach. This technique 
effectively creates a small gastric pouch with a narrow stoma. The stoma diameter 
is adjusted to its proper size by injecting saline into a subcutaneously placed port 
that is  connected to the silicone band via a long silicone tube. This procedure is 
done laparoscopically and is considered the least extensive of the bariatric surgery 
procedures that are currently performed. The procedure consists of proximal 
stomach dissection through either a pars fl accida or perigastric technique to create 
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the pathway through which the band is passed and secured around the stomach. 
Most recently the perigastric technique has been largely abandoned because of 
higher posterior slippage rates [ 26 ].  

  Laparoscopy      was fi rst applied to metabolic surgery by Belachew with adjustable 
gastric banding [ 27 ]. This was shortly followed by Wittgrove with the game- 
changing demonstration that the complex Roux-en-Y gastric bypass (RYGB) could 
also be performed with this approach [ 28 ]. Subsequent to these developments many 
large series were published on the safety and effi cacy of the laparoscopic approach 
to bariatric surgery [ 29 ]. 

 The application of a robotic platform to assist in performing complex bariatric 
operations has gained some interest in recent years. Advocates of  robotic bariatric 
surgery   cite advantage when compared to laparoscopic surgery including (1) 
removal of counter-intuitive motion and instrument tremor, (2) decrease in the 
 physical demands of the operating surgeon, (3) 3-dimensional visualization, and (4) 
increased fl exibility and degree of movement is inherent in the robot arms [ 30 ]. 
To date all contemporary bariatric surgery operations have been successfully 
performed using robotic technology with comparable results to that of laparos-
copy [ 31 – 34 ].  

7.5     Measurement of Outcomes: Are the Claims Really True? 

  If the surgeons were startled by the  unexpected   result of metabolic surgery, their 
medical colleagues and, in fact, the public met the reports with disbelief. How could 
a simple intestinal operation cure diabetes, cut mortality by values as high as 80 % 
and even prevent solid cancers? It was just not possible! The reports were dismissed 
as just other previous surgical claims of miracles such as sympathectomy for periph-
eral vascular disease and removal of the carotid body for hypertension. The initial 
high mortality rates and epidemic of liability suits only confi rmed the general 
impression that metabolic surgery was a hoax. 

 What was needed was at least a long rigorous clinical observational study of a 
large group of patients who had undergone a standardized operation. Our group at 
East Carolina University was well suited for such a study. The 29 counties we serve 
in the rural part of eastern North Carolina hold an underserved and impoverished 
population in the USA who tended not to leave the region and who were burdened 
with a prevalence of severe obesity four times higher than in the rest of the USA. In 
that setting, we pursued the study of a standardized “Greenville gastric bypass” with 
a 30 mL. gastric pouch, a 1.0 cm gastrojejunostomy and a retrocolic 60 cm 
 alimentary limb. From 1980 to 1996, the study included 837 consecutive patients 
with a follow-up of 93 % with a mean of 9.2 years. 

 We could not duplicate that study today because the rules for human research 
have changed so sharply. In those years our approach was not only legal and appro-
priate but it also benefi ted the patients. We promised the participants (1) free care 
for their families, including their children, if the complied with follow-up. That 
action became illegal with congressional ruling that one could not charge the US 
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Government more than a private individual. Continuing that course would have 
made us ineligible to bill for Medicare. (It also stopped the time-honored practice 
of “professional courtesy,” i.e., the practice of giving free care to ministers, nuns, 
nurses, and colleagues.) We also had (2) a driver who picked the participants up at 
home and drove them to the clinic in a university van. That practice, also appreci-
ated by the patients, ceased with the university attorney’s ruling that the legal 
 liability was too great. Finally, (3) when we lost a patient to follow-up due to a 
change of name or address, we would seek the help of the sheriff who would 
 provide location and transport. That approach would certainly violate the rules of 
HIPAA today but, in fact, the patients loved the free transportation and the offi cers 
were glad to  perform duties that were not dangerous. This is not an argument 
against the protection of human subjects, which we support strongly, but rather an 
explanation on how we were able to achieve such results. The NIH study, i.e., the 
“Longitudinal Assessment of Bariatric Surgery (LABS)” shows that a 92 % 
 follow-up over time is still possible but so expensive that the NIDDK had to cancel 
it after only 7 years. 

 The data from these studies extending over 16 years were invaluable in 
 documenting that the gastric bypass produced durable weight loss of >100 lbs. with 
an 8 % regain over the following years and that at the point where the mean follow-
up was 9.2 years, the remission rate of type 2 diabetes was 83 % (Fig.  7.3 ) [ 35 ]. In 
addition, we noted the reduction of other comorbidities of the metabolic syndrome 
including hypertension and hyperlipidemias. Finally, these studies documented a 
reduction in mortality of 78 % in the diabetic cohort.
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   Since then, there have been ample corroborations of these observations, especially 
by the Swedish Obesity Group, the NIDDK funded study, “Longitudinal Assessment 
of Bariatric Surgery (LABS), the Surgical Review Company’s “BOLD” database, 
the NSQIP data base of the American College of Surgeons. There are variations in 
the data depending on the measures for full remission of diabetes, levels of blood 
pressure, duration of the disease, racial groups and differences in the operations but, 
overall, the data are all in accord in documenting the full and durable weight loss, 
remission of diabetes and comorbidities with a reduction in mortality. In addition, 
and still unexplained, is the reduction in the prevalence of solid cancer of about 
65 % within 5 years [ 36 ].   

7.6     Bariatric Surgery Centers of Excellence: 
The Pursuit of Safety 

 With the growing epidemic of obesity and diagrams depicting the surgical operations 
as just new variations of intestinal surgery, the procedures were quickly adopted by 
surgeons but too often with high morbidity and mortality rates. 

 The severely ill posed major technical  challenges      and the hospitals, the anesthesia 
services, the consulting medical colleagues and the support staff were not prepared 
for the diffi culties involved in caring for these patients. Most were hypertensive, 
diabetic with limited pulmonary and cardiac reserve and, as in the development of 
cardiac surgery, the initial patients were also the sickest. Basic  nursing equipment      
such as large wheel chairs, beds and adequate stretchers were frequently unavail-
able. Resources for imaging were not large or strong enough to address the  problems 
of patients weighing over 400 lbs. Anesthesiologists had diffi culties intubating 
these patients and calculating dosages for the anesthetic agents and fl uids. Many 
surgeons were not familiar with operating and caring for patients of this size. 
Sometimes the available instruments were not long enough to reach the diaphrag-
matic hiatus in open operations. Most important, members of the nursing staff were 
not yet familiar with the lack of abnormal vital signs and the subtle warnings that 
were the fi rst fi ndings of an anastomotic leak in these immunoincompetent patients. 
And no one was prepared with the rapid deterioration of these patients who could 
progress from a mild discomfort to a fatal problem in a matter of hours. Accordingly 
there were major disparities in morbidity and mortality rates among institutions 
with mortality rates in some hospitals that exceeded ten percent. Intensive care units 
were strained with the care of complications due to anastomotic leaks and sepsis. 
Public skepticism concerning the safety of bariatric surgical procedures grew rapidly. 
Carriers refused to cover the operations, malpractice suits exploded, and liability 
insurance premiums became unaffordable. It became the “perfect storm” that led to 
widespread denial of the only effective life-saving therapy for the severely obese. 

 In 2003, it was evident that this crisis needed to be addressed. Accordingly, the 
offi cers of the American Society for Bariatric Surgery (Drs. Champion, Pories, 
and Wittgrove) founded the  ASMBS      Centers of Excellence program to recognize 
those hospitals with the best outcomes. With the nationwide support of the 
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bariatric surgeon, they not only required data with full reporting of outcomes but 
also set demanding criteria that included the requirement for the presence of expe-
rienced surgeons, reporting of all bariatric cases within 24 h of surgery, hospital 
facilities that were fully equipped to care for these challenging cases, availability 
of the full breadth of relevant consultants and a well-trained hospital staff (  www.
surgicalreview.org    ) [ 37 ]. In addition, a landmark conference was held at 
Georgetown University in 2005 where world leaders of bariatric surgery con-
vened to help provide insight and consensus on what the standards of excellence 
should be. To assure quality control, the data were confi rmed by site visits con-
ducted by nurses experienced in the care of bariatric patients. Initially, the pro-
gram was to be managed by the ASMBS but the Society was warned by counsel 
that such an arrangement would not have the credibility of an independent entity. 
Further, it would make the  ASMBS      vulnerable to legal actions by hospitals denied 
certifi cation [ 38 ]. 

 To avoid these concerns, the  ASMBS    founded   the Surgical Review Corporation 
[ 38 ,  39 ] which, under the leadership of Gary Pratt, grew the program to include 425 
hospitals and 22 countries. The goal of such a program would be to improve the 
outcomes of bariatric surgery and reduce the overall expense for bariatric surgery 
patients (including cost related to complications and comorbid conditions) [ 38 ]. To 
keep track of the data, the corporation developed a software program, the  Bariatric 
Obesity Longitudinal Database (BOLD),    a      computer based entity that not only 
listed the presence or absence of a comorbidity but quantifi ed these diseases. For 
example, the query on diabetes offered fi ve possible answers: (1) no diabetes, (2) 
diabetes controlled by diet, (3) diabetes requiring the use of oral agents, (4) diabetes 
requiring the use of insulin, and (5) uncontrolled disease. Certifi cation also required 
completion with each operation and visit within 24 h, affording access to data in real 
time. That approach allowed close tracking. For example, it became possible at the 
end of a day to determine how many patients had diabetes, how many were insured 
and the number of and reasons for readmissions. 

 This process was well received by the bariatric surgical community and subse-
quently implemented. The results were impressive. In a matter of just 2 years, the 
hospitals who would not commit the effort to become centers stopped providing 
metabolic surgery and the 90 days mortality dropped to 0.3 % throughout the 
USA. That fi gure comes into focus when compared to the  mortality rates      of other 
common operations: coronary artery bypass graft, 2–4 %; colectomy, 4–6 %; pan-
createctomy, 6–10 %. The only common procedures that match bariatric surgery in 
safety are routine cholecystectomies and hip replacements. To emphasize the com-
parison even further, the 90-day mortality for normal deliveries in the USA is 0.1 %. 
These are remarkable fi gures given the fact that patients who undergo bariatric sur-
gery are usually grade III anesthetic risks due to diabetes, hypertension, cardiopul-
monary disease, immune-incompetence, and mental health challenges. Analyses of 
these data confi rm that surgeons meeting centers of excellence requirements pro-
duce better outcomes than those who do not adhere to these standards [ 40 – 42 ]. 
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 Although the  American College of Surgeons (ACS)   participated in the founding 
of the SRC, appointing four  ACS      leaders to the 12 member Board of Directors, 
that organization became increasingly concerned about the evaluation of sur-
geons by an outside, uncontrolled organization, the inclusion of hospital perfor-
mance as metric for surgical quality, disagreement about some of the 
requirements, and the use of the BOLD software instead of the NSQIP program 
that was in use by the College for other surgical specialties. Accordingly, the 
ACS developed its own Centers of Excellence program with differing require-
ments. By 2011, however, it became apparent that surgeons could not comply 
with two contradictory certifi cation programs and the two programs merged to 
continue under the direction of the ACS. Over 450 facilities in the US are now 
certifi ed as ACS Bariatric Surgery Centers of Excellence. A detailed description 
of the program, including the current requirements is available at   https://www.
facs.org/quality-programs/mbsaqip    .  

7.7     But How Does Metabolic Surgery Compare 
to the Best Medical Therapies? 

   Medical therapy   for the treatment of morbid obesity has traditionally involved a 
combination of diet, behavior modifi cation, medications, and exercise. According 
to a panel of experts at the National Institutes of Health [ 43 ] current medical 
models impart modest weight reduction that translates to a health benefi t for the 
patient. The problem remains that weight loss by these means are relatively 
short-lived. The poor durability for weight loss when medical therapy alone is 
instituted is the force that has driven the development of surgical solutions to the 
obesity epidemic. 

 Even so, in spite of the excellent results reported in a number of clinical series, 
the medical community remained unimpressed. The meta-analyses of the world’s 
literature published by Buchwald [ 8 ,  44 ] in addition to his reviews of the interna-
tional bariatric surgical data documented the progress of the fi eld better than that of 
any other specialty but even these vast databases were still not enough to convince 
the skeptics. What was really needed was a series of prospective, controlled, ran-
domized trials that compare the surgical outcomes to those achieved by intensive 
medical therapy published in the best journals even though it was recognized that 
few patients in the USA actually reach ideal treatment. 

 That challenge has now been met as well. Other chapters in this book provide the 
details on the randomized clinical trials [ 45 ], funded by the NIH and reported by 
Schauer [ 46 ], by Mingrone [ 47 ], and by Ikrammudin [ 48 ] in the New England 
Journal of Medicine and JAMA. All of these trials, in addition to more recent ones 
reached the same conclusion, i.e., that surgical therapy was far superior to even the 
most intensive medical therapy in terms of control of weight, diabetes, and the asso-
ciated comorbidities.   
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7.8     Changing Opinion: Acceptance of Metabolic Surgery 
as the Standard of Care 

 Even though the rates obesity 
and diabetes have become our 
most costly diseases, meta-
bolic surgery, the most effec-
tive therapy is still limited to 
less than 1 % of the population 
who could benefi t. The data are 
sobering. The prevalence of 
 obesity and diabetes   has dou-
bled in the last decade. Today 
over 70 % of US adults is over-
weight or obese [ 49 ]. One of 
every four adults over 65 is a 
diabetic. Finally the relation-
ship of obesity to hypertension, 
hyperlipidemia, peripheral 
vascular disease and cancers 
are well known [ 50 ].

   In spite of this national and growing epidemic to the point where obesity and its 
co-morbidities are our most costly diseases, insurance coverage for the most effec-
tive treatment has been a continuing and great challenge. In spite of the NIH 
Consensus Conference of 1991 that determined, based on rigorous long-term clini-
cal trials, that metabolic surgery should be considered for the severely obese with a 
 body mass index   (BMI = kg/m 2 ) ≥ 40 or a BMI ≥ 35 with signifi cant comorbidities, 
even 24 years later, securing coverage for the operations is a challenge due to 
demands by carriers that lack a scientifi c basis. Such requirements include a trial of 
diets for as long as 6 months, clearance by dieticians and psychiatrists—demands 
not expected of other abdominal procedures—as well as long delays. New and 
effective operations such as  gastric sleeve procedures   took years before they were 
approved in spite of excellent evidence that they were effective and safe. 

 Carriers often cite that they have provided ample support. By 2003 the number 
of  bariatric operations   in the USA increased from 16,000 to greater than 100,000 
[ 51 ]. Today, over 200,000 Americans undergo metabolic procedures with over 
350,000 performed annually throughout the world [ 52 ]. On closer examination, 
however, these numbers document that less than one percent of the American 
patients who could benefi t from the surgery actually get the operations. Until 
Sugerman [ 53 ] convinced the administrators of Medicare in 2005 that metabolic 
surgery should be covered, carriers would barely listen but, at least, that hurdle has 
been overcome. Unfortunately, the uninsured and patients covered by Medicaid, 
those most likely to be burdened with the metabolic syndrome, still have great dif-
fi culties getting the surgery they need. 

       But Doctor, if bariatric surgery is the most effective 
treatment for my diabetes, why didn’t you mention it?    
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 If there were a pill that, taken once, could produce a weight loss of 100 lbs. or 
more, achieve full remission of type 2 diabetes, hypertension, hyperlipidemia, and 
the other comorbidities and reduce mortality and even cut the chances for dying of 
cancer, the demand for such a medication would be overwhelming. And while 
there is no such pill, one of the safest abdominal operations can produce the same 
effect with an hour-long operation and 2 days in the hospital. It is amazing that so 
few have access to the surgery and even more amazing that their physicians do not 
recommend it. 

 The delays even in acceptance that obesity is harmful have been agonizing. It 
was not until 2013 that the American Medical Association classifi ed obesity as a 
disease; however, there still are those who don’t agree [ 54 ]. The  AMA’s   criteria 
when defi ning obesity as a disease was as follows: an impairment of the normal 
functioning of some aspect of the body, characteristic signs or symptoms, and harm 
or morbidity (AMA House of Delegates 2013 resolution 420). Obesity easily fulfi lls 
each of these criteria. Impairment of normal function  can   readily be seen as the 
hormones associated with appetite control are often deranged in the obese [ 55 ]. 
These hormones include leptin, ghrelin, insulin, and polypeptide YY. Characteristic 
signs and symptoms associated with obesity are joint pain, sleep apnea, immobility, 
type 2 diabetes, and cardiovascular disease. Finally, a large analysis of over 50 pro-
spective studies was performed and showed that all cause mortality increased by 
30 % in obese compared to normal weight individuals [ 56 ]. Moreover, subjects that 
had a BMI >39 kg/m 2  were observed to have a median survival reduction of 10 
years [ 14 ]. The AMA’s stance on obesity has magnifi ed the importance of producing 
an effi cient therapy to combat this disease.  

7.9     Providing a Voice: The Challenges of Educating 
the Public and Their Physicians 

 Even at this writing,  most   of the world remains unconvinced. Fortunately, through 
the leadership of Deitel, Sugerman, Buchwald, Scopinaro, Shikora, and Rosenthal, 
we now have three major publications with high impact values, “Surgery for Obesity 
and Allied Diseases” (SOARD), “Obesity Surgery” and “Bariatric Times” that offer 
reliable and trusted venues for reporting progress and offering quality articles that 
surgeons can send on to their colleagues. 

7.9.1     Assuring Access 

  It would not be fair to assign the  low   application of metabolic surgery solely to the 
skepticism of colleagues and the resistance of carriers. Socioeconomic factors have 
also been shown to play a major role in determining why so few people that meet 
current medical eligibility requirements actually undergo a bariatric surgical proce-
dure. In the USA, Martin and colleagues identifi ed factors that drive this disparity 
and they include race, income, education level, gender, and insurance type [ 57 ]. 
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In his study, he compared socioeconomic parameters of patients who by NIH criteria 
met eligibility requirements to undergo a bariatric procedure with individuals who 
did not. The results showed that patients who were eligible for surgery had lower 
family incomes, lower education levels, poor healthcare access, and were more 
likely to be non-white. Also, out of total 87,749 individuals who had a bariatric 
surgery procedure performed in the sample year 2006, most were white, with greater 
median incomes, and private insurance. By these results it seems as if the popula-
tion that would be best served with surgery are the very individuals who may not 
have access to it. Perhaps removal of any discriminatory behavior by third party 
payers may be a step in the right direction. 

 There is also a supply and demand discrepancy in terms of how prevalent obesity 
has become. Global eradication of obesity is not feasible given the current health 
care and surgical resources available throughout the world. In the USA alone, it is 
estimated that it would take 5500 surgeons doing 400 cases per year, each for 10 
years to treat the 22 million obese Americans [ 58 ]. The situation is even direr in 
developing nations. The response to this global crisis will indeed require both 
expanded surgical efforts as well as improved nonsurgical therapies to even begin 
to address the problem. Most would also agree that prevention of obesity through 
individual as well as societal philosophical changes on energy intake and expendi-
ture is also key.    

7.10     Opportunities for Basic Science: New Approaches 
to Study Mechanisms of Disease 

  In addition to providing the most  effective   therapies for our most costly and cruel 
chronic diseases, metabolic surgery has and continues to provide broad opportuni-
ties for basic research. Patients with diabetes can now be studied with the disease 
and then later without it. Access to tissues during surgery now provides ample spec-
imens of blood, muscle, liver, skin and adipose tissues. Surgery has now provided a 
new window and, with luck and better understanding, we may be able to eradicate 
the metabolic syndrome much earlier and without operations.   

7.11     Conclusions 

 The progress of metabolic surgery has been a remarkable achievement by a small 
group of surgeons, all active clinicians who have, in spite of great resistance and 
odds, offered a far better future for the severely obese and others burdened by the 
metabolic syndrome. We still have to exploit this great advance in medicine. As 
surgeons we must continue to focus on improving our craft and embrace the spirit 
of innovation which has allowed bariatric surgery to enjoy its current success. We 
must educate our non-bariatric colleagues that the surgery is effective and safe. We 
need to enlist their aid in the care of the bariatric patient who may present with a 
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complication unique to their modifi ed gastrointestinal anatomy. Lastly we must 
challenge our community to allow the at risk population much needed access to life- 
saving surgical therapy.     
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8.1             Introduction 

 Obesity is a strong risk factor for multiple types of cancer. The mechanisms under-
lying this association are multiple and include increased systemic infl ammation, 
increased alterations in the systemic hormonal milieu, and direct paracrine tumor- 
promoting effects of adipose tissue, adipose tissue stem cells, and mature adipo-
cytes. These complex mechanisms generate a carcinogenic milieu in multiple 
tissues in obesity.  

8.2     Epidemiology 

  The risk ratios for the incidence of  and   mortality from multiple cancers increase 
with increasing  body mass index (BMI).   Endometrial cancer demonstrates the 
strongest association with obesity, with a mortality risk ratio of 1.5 for overweight 
women (BMI 25–30), 2.5 for class 1 obesity (BMI 30–35), and over 6 in class 3 
obesity (BMI > 40). Other cancers that are strongly associated with obesity include 
colon, renal, pancreatic, and esophageal adenocarcinomas. Overall, obesity is esti-
mated to be a dominant causative factor in up to 20 % of all cases of cancer [ 1 ,  2 ]. 

 Exceptions exist to the positive correlation between obesity and cancer, 
including lung cancer, squamous cell cancer of the esophagus, cancers of the 
head and neck [ 1 – 3 ], prostate cancer [ 4 ,  5 ], and premenopausal breast cancer [ 2 ], 
all of which demonstrate no clear correlation with obesity, or in some cases, a 
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negative correlation. Body weight-independent risk factors such as hormonal 
status and smoking may explain these exceptions to the otherwise strong associa-
tion between obesity and cancer. Obesity not only affects cancer incidence and 
long-term mortality, but also infl uences treatment outcomes. For example, 
despite confl icting data regarding obesity’s effects on prostate cancer incidence, 
data clearly demonstrate decreased survival among obese patients compared to 
lean patients who develop prostate cancer [ 6 ]. Obese patients with colon cancer, 
lymphoma, and breast cancer also suffer worse treatment outcomes compared 
with lean patients with similar cancers matched for stage. The effects of obesity 
on treatment effi cacy may underlie some of these observations, including under-
dosing of chemotherapy, reduced delivery of radiation therapy, and technical 
challenges associated with extirpative surgery. Biologic effects of adipose tissue 
may also interfere with cancer therapy; increased aromatase activity from adi-
pose tissue may interfere with aromatase inhibitor therapy in obese breast cancer 
patients [ 7 ], for example. 

 In contrast to these data, in some cases obesity appears to exert a beneficial 
effect on survival in patients already diagnosed with cancer, a phenomenon 
termed the “obesity paradox.” While a strong risk factor for developing renal 
cell cancer, obesity predicts extended survival in those with a diagnosis of 
renal cell carcinoma, even after controlling for tumor stage [ 8 ]; similar albeit 
conflicting data exist in endometrial, head and neck, rectal, and esophageal 
cancers. The mechanisms underlying such protective effects are poorly defined 
and the associated epidemiologic data are complex and debated. Some argue 
that increased adipose tissue stores provide a protective “nutrient buffer” for 
obese patients undergoing cancer treatment. Along these lines, obesity appears 
to be associated with decreased chemo- and radiation-therapy toxicities which 
may contribute to increased treatment efficacy [ 9 ]. Alternatively, artifact may 
underlie observations that support the obesity paradox; for example, limita-
tions in BMI as a metric of obesity, which most studies utilize, may mask the 
effects of increased adiposity on cancer in older patients (who generally have 
higher levels of adiposity at lower BMI due to decreased muscle mass) or the 
disproportionate effect of visceral adipose tissue on cancer pathogenesis; 
alternative measures of obesity such as waist circumference or more sophisti-
cated measures of body fat may reveal hidden associations with cancer. 
Selection bias and other statistical confounders have also been suggested as 
explanations for the obesity paradox [ 10 ]. The obesity paradox therefore 
remains controversial. 

 The relationship between obesity and cancer risk is complex and multiple vari-
ables impact on this association. Multiple factors indirectly related to obesity, 
including gender, ethnicity, dietary factors, the presence of metabolic diseases 
including diabetes, and differences in body habitus, including subcutaneous and 
visceral adiposity, all contribute to cancer risk independent of BMI and confound 
epidemiologic analyses. Nonetheless, despite these complexities, obesity is clearly 
a dominant independent risk factor for cancer.   
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8.3     Inflammation 

  Infl ammation   is a dominant mechanism underlying the pathogenesis of cancer. 
Infl ammatory bowel disease, hepatitis, and pancreatitis among others are all associ-
ated with an increased risk of cancer in involved tissues independent of body weight. 
Immune leukocytes elaborate multiple cytotoxic molecules to carry out immune 
responses, all of which have potentially mutagenic effects; these include reactive 
oxygen species, free radicals, antibodies, and cytolytic proteins. Cytokine expres-
sion is also a fundamental component of immune and infl ammatory responses; 
cytokines potentiate leukocyte activation and proliferation, propagating infl amma-
tory responses via autocrine and paracrine effects. Cytokines exert multiple effects 
on nonimmune cells as well, including controlling endothelial cell function, angio-
genesis, and proliferation and apoptosis in multiple cell types. Conceptually, the 
combination of increased elaboration of mutagenic infl ammatory weapons com-
bined with increased expression of pro-proliferative cytokines creates an environ-
ment predisposed to carcinogenesis. 

 Obesity is associated with a state of chronic systemic low-grade infl ammation 
that has its genesis in adipose tissue and affl icts all tissues. This infl ammatory state 
is a direct consequence of failure of adipocyte nutrient buffering in the obese state. 
With progressive obesity, adipocyte nutrient storage capacity is overwhelmed. 
 Adipocytes increase   in size to a diameter beyond 100 μm, the diffusion distance of 
oxygen, which is thought to establish a state of cellular hypoxia within adipose tis-
sue. This hypoxic state, in parallel with direct, hypoxia-independent effects of nutri-
ent toxicity, triggers a series of cell stress responses in adipocytes, including 
endoplasmic reticulum and oxidative stresses, which in turn lead to adipocyte apop-
tosis and necrosis. These events generate an infl ammatory response designed to 
scavenge apoptotic and necrotic cells. This infl ammatory response is characterized 
by a diverse leukocyte infi ltrate that includes macrophages, T-cells, B-cells, NK 
cells, eosinophils, and other immune cell subtypes, within which adipose tissue 
macrophages play a central role, mediating local (adipose tissue-based) and sys-
temic insulin resistance and elaborating multiple pro-infl ammatory cytokines. 
Adipose tissue infl ammation is further amplifi ed as a result of direct effects of 
excess nutrients on leukocytes. Free fatty acids, glucose, and downstream metabo-
lites such as diacyglycerol, ceramides, and advanced glycation end-products, 
directly trigger infl ammation by binding and activating  Toll-like receptors (TLR)   
and receptors for advanced glycation end-products (RAGE)    expressed by leuko-
cytes, creating a positive feedback loop that perpetuates adipose tissue infl amma-
tion.  TLR and RAGE ligands   thus represent direct molecular links between 
metabolism and infl ammation. 

 Early in the development of obesity, adipocyte  hypertrophy   is modest and nutri-
ent excess, cell stress, and infl ammation remain confi ned to adipose tissue. With 
progressive obesity, however, adipocyte hypertrophic limits and nutrient storage 
capacity are exceeded, adipose tissue dysfunction progresses, and excess nutrients 
and metabolites overfl ow from adipose tissue into the systemic circulation. As other 
tissues not as well adapted to nutrient processing and storage as adipose tissue are 
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exposed to excess nutrients and metabolites, the same cell stress processes that ini-
tially unfold in adipose tissue “metastasize” to other organs, establishing a low- 
grade infl ammatory state in all tissues that underlies the pathogenesis of malignant 
and nonmalignant metabolic disease. Adipose tissue overfl ow and involvement of 
non-adipose tissues in infl ammatory and cell stress processes form the basis of sys-
temic metabolic disease. 

   Cytokines   are central mediators of the infl ammatory state in obesity and domi-
nant effectors of carcinogenesis on the context of overweight and obesity. TNF-α 
was one of the fi rst cytokines implicated in obesity. Bruce Spiegelman’s laboratory 
demonstrated in 1993 that adipose tissue in obesity was a primary source of TNF-α, 
and furthermore, that TNF-α played a central role in mediating insulin resistance in 
the context of obesity [ 11 ]. This discovery was one of the fi rst demonstrations of an 
immunoregulatory role for adipose tissue and a mechanistic link between infl amma-
tion and metabolism. While other cytokines have been implicated in obesity-related 
infl ammation, TNF-α remains a central player. TNF-α levels are elevated in adipose 
tissue and in serum in obese mice and humans. Independent of obesity, TNF-α also 
plays an important role in the pathogenesis of multiple types of cancer. TNF-α has 
been implicated in cancers of the skin, liver and lymphoid system in murine models; 
TNF-α knockout mice are protected from chemically induced skin and colon can-
cers [ 12 ,  13 ]. Similar murine models implicate other infl ammatory cytokines includ-
ing IL-1, IL-6, and IL-8 in carcinogenesis, and expression of these cytokines is also 
elevated in obesity. Human data confi rms a role for cytokines in cancer pathogene-
sis: for example, IL-6 and IL-8 gene polymorphisms are linked to gastric, colorec-
tal, and esophageal cancers [ 14 ,  15 ]. Adipose tissue macrophages are a dominant 
source of infl ammatory cytokines in obesity, although other cells within adipose 
tissue, including T-cells, B-cells, and adipocytes, also express infl ammatory 
cytokines.  

 The specifi c mechanisms by which infl ammatory cytokines contribute to  carci-
nogenesis   are multiple. Cytokines activate inducible nitric oxide synthase, and the 
resultant increase in nitric oxide levels has been shown to promote tumor prolifera-
tion, metastasis, and angiogenesis in multiple models [ 16 ]. Cytokines trigger NFκB 
signaling, a central cell signaling pathway in carcinogenesis that promotes infl am-
mation and regulates cancer cell proliferation and apoptosis to provide a growth 
advantage to cancer cells [ 17 ,  18 ]. Cytokines are also tropic factors, promoting cell 
proliferation in most non-transformed and transformed cells via multiple signaling 
pathways that include not only NFkB, but JAK/Stat, Akt, AMPK, and mTOR sig-
naling. For example, TNF-α promotes proliferation of stromal and endothelial cells, 
potentiating fi brosis and angiogenesis within the tumor microenvironment. IL-1 is 
similarly required for angiogenesis and tumorigenesis in multiple animal models 
[ 19 ,  20 ]. IL-6 and IL-8, also increased in expression in obesity, demonstrate a pro- 
proliferative action on a broad range of cell types. Finally, virtually all cytokines 
play important roles in cell adhesion, chemotaxis, and migration, which along with 
other infl ammatory chemokines, may contribute to tumor metastasis. 

    Type II diabetes      spans the interface between metabolism, infl ammation, and car-
cinogenesis, and is an independent risk factor for multiple cancers, with the highest 
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risk ratios associated with pancreatic and liver cancers. Infl ammation is a major 
contributor to the pathogenesis of diabetes independent of cancer. Aspirin, a potent 
anti-infl ammatory agent, was shown to ameliorate diabetes as early as 1901 [ 21 ], 
and modern anti-infl ammatory drugs such as salsalate, a salicylate-derivative, as 
well as anti-TNF-α and anti-IL-1 antibodies are currently in clinical trials as therapy 
for diabetes [ 22 – 24 ]. Parallel data demonstrate that long-term therapy with aspirin 
and non-steroidal anti-infl ammatory drugs reduce cancer risk [ 25 ,  26 ]. These obser-
vations demonstrate that infl ammation, metabolism, and carcinogenesis are inter-
twined, and that infl ammation-based therapy for metabolic disease has potential as 
cancer therapy.    

8.4     Endocrine Causes of Obesity-Related Cancer 

 Nutrient excess induces marked alterations in the  systemic hormonal milieu   charac-
terized by increased expression of multiple anabolic growth factors, including insu-
lin, IGF, steroid hormones, adipokines, and gut hormones. This hormonal 
environment promotes proliferation of pre-neoplastic and neoplastic cells. 

  Insulin   plays a dominant role in promoting a carcinogenic hormonal milieu in 
obesity. As adipose tissue buffering capacity is exceeded, free fatty acids spill into 
the systemic circulation, inducing systemic lipotoxicity in peripheral tissues. 
Skeletal muscle and the liver are primary targets. These tissues respond to excess 
lipids by shifting energy utilization from glucose to fatty acid oxidation. This shift 
in cellular energy homeostasis is the result of a transcriptional program that involves 
decreased expression of insulin receptors, glucose transporters, and insulin signal-
ing molecules and increased expression of enzymes involved in fatty acid catabo-
lism. These changes underlie skeletal muscle insulin resistance and lead to systemic 
hyperglycemia, to which pancreatic islet beta cells respond with a compensatory 
increase in insulin secretion. As diabetes progresses, pancreatic beta cell exhaustion 
eventually occurs as a result of chronic over-secretion of insulin, leading to end- 
stage insulin-dependent diabetes. Prior to this, however, cells throughout the body 
are exposed to elevated insulin levels. These responses underlie the development of 
peripheral insulin resistance and hyperinsulinemia, central metabolic features of 
obesity. 

    Hyperinsulinemia      in obesity has broad effects beyond glucose homeostasis. 
Insulin is a potent growth factor that promotes proliferation and inhibits apoptosis 
in virtually all benign and malignant cells. Insulin has also been shown to induce 
tumorigenesis in multiple in vitro and in vivo models. Increased insulin levels in 
humans are independently associated with multiple cancers, including those most 
strongly associated with obesity, such as colon, endometrial, pancreas, and breast 
[ 27 – 29 ]. Insulin receptor expression is increased in multiple cancers, including 
breast, prostate, hepatocellular, and leukemic cancers [ 30 ,  31 ]. Insulin also pro-
motes the expression of  insulin-like growth factor-1 (IGF-1),   a hormone secreted by 
the liver that stimulates the growth of numerous cancers. IGF-1 mediates its tropic 
effects by binding its own receptor as well as the insulin receptor, both of which are 
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over-expressed in many tumors [ 30 ]. IGF-1 also induces angiogenesis which has 
been linked to cancer progression [ 32 ]. Serum IGF-1 levels are increased in many 
cancers in humans, and murine studies demonstrate a growth-promoting effect of 
IGF-1 on the growth of multiple types of cancer [ 27 ,  29 ].   

    Steroid hormones      also contribute to obesity-related cancer. Steroid hormones are 
important contributing agents in multiple cancers independent of obesity, including 
breast, endometrial, and ovarian cancers, and serum levels of steroid hormone levels 
correlate directly with the risk of these cancers in humans [ 33 ,  34 ], while numerous 
in vitro and in vivo experimental models support a role for steroid hormones in 
tumor progression. A number of distinct mechanisms contribute to increased steroid 
hormone levels in obesity. Estrogen levels are increased as a result of increased 
adipose tissue mass, a site of conversion of androgens to estradiol by aromatase 
which is expressed in white adipose tissue. In postmenopausal women, adipose tis-
sue becomes a dominant source of estrogen as ovarian estrogen secretion dimin-
ishes; in obese premenopausal women, adipose tissue may also represent a dominant 
source of estrogen. Increased adipose tissue mass leads to increased expression of 
TNF-α, IL-6, and leptin, all adipose tissue products, and these cytokines and adipo-
kines induce aromatase expression by adipocytes, exacerbating adipose tissue ste-
roidogenesis [ 35 ]. Furthermore, insulin, IGF-1, and glucose, all increased in obesity, 
inhibit expression of sex hormone-binding globulin in the liver, increasing systemic 
steroid bioavailability [ 36 ]. Finally insulin induces ovarian and adrenal androgen 
synthesis, increasing androgen levels as well as estradiol levels by providing andro-
gen substrate for adipose tissue aromatase. Serum levels of steroid hormones cor-
relate positively with BMI [ 37 ], and are decreased with weight loss, with a reduction 
in cancer risk [ 38 ,  39 ]. Induction of obesity with high-fat diet in animals is associ-
ated with increased incidence and growth of steroid hormone-sensitive tumors. 
Steroid-sensitive breast cancer is strongly associated with obesity, which is more 
often associated with estrogen receptor (ER) +  breast cancers [ 40 ,  41 ]. Furthermore, 
while ER +  breast cancers generally have a more favorable prognosis than ER −  
tumors, this may not be true in the obese, as mortality associated with ER +  tumors 
is substantially higher in obese patients compared with lean patients [ 42 ], suggest-
ing that elevated circulating estrogen in obesity may stimulate ER +  breast cancer 
growth.   

   Dysregulated  adipokine      expression and activity contributes to the pro- 
carcinogenic state in obesity. Leptin, secreted primarily by adipocytes, and adipo-
nectin, secreted by both adipocytes and adipose tissue stromal cells, are dominant 
adipokines with pleiotropic and opposing effects. Leptin expression is increased in 
obesity, and while confl icting functional data exist, for the most part leptin appears 
to promote metabolic disease, insulin resistance, and infl ammation. Adiponectin in 
contrast is expressed at lower levels in obesity compared to lean states, and mani-
fests effects that oppose leptin, attenuating metabolic disease, insulin resistance, 
and infl ammation. Leptin and adiponectin manifest similar opposing effects on neo-
plastic growth, as serum levels of leptin correlate directly, and adiponectin levels 
correlate indirectly, with the risk of multiple cancers, including breast, colon, pros-
tate, endometrial, gastric, colorectal, and leukemic cancers [ 43 – 46 ]. In vitro and 
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in vivo models are also consistent with this dichotomy, with leptin promoting and 
adiponectin inhibiting proliferation, growth, angiogenesis, and invasion of multiple 
types of cancer cells and tumors in in vitro and in vivo models. Cancer cells mutate 
to take advantage of the effects of adipokines on tumorigenesis: hepatocellular and 
breast cancers up-regulate expression of the leptin receptor, a phenomenon that 
associated with worse prognosis [ 47 ]. Numerous adipokines in addition to leptin 
and adiponectin are dysregulated in obesity, contribute to metabolic disease, and are 
implicated in cancer pathogenesis, including visfatin, resistin, and apelin. This fam-
ily of proteins regulates diverse aspects of physiology that contribute to cancer pro-
gression, and targeting adipokine signaling holds promise as cancer therapy. Leptin 
antagonist peptides and adiponectin agonists are under study in preclinical models 
as potential therapeutic agents for breast endometrial and cancers [ 48 ,  49 ].    

8.5     Adipocyte-Tumor Cross Talk 

  Emerging data demonstrate that adipose tissue,    adipose tissue stem cells, and mature 
adipocytes directly promote cancer initiation and progression. Histologic data from 
human cancers support a role for adipocytes in cancer progression: steatosis in the 
liver and the pancreas has been linked to hepatocellular and pancreatic cancers, 
while adipocyte infi ltration of pancreas and breast tissues is associated with 
increased disease progression and aggressiveness of cancers in these organs [ 50 –
 52 ]. Data from in vitro cell culture models as well as in vivo murine models of 
cancer demonstrate that adipocytes potentiate proliferative and invasive capacities 
and in vivo progression and metastasis of multiple cancers [ 53 – 56 ]. 

 The anatomic basis of adipocyte-tumor cross talk is complex, and adipocytes and 
other adipose tissue components infl uence pre-neoplastic and neoplastic cells via 
multiple endocrine and paracrine mechanisms. Adipokines and steroid hormones 
secreted directly from canonical adipose tissue depots, as well as secondary endo-
crine effects of increased adipose tissue mass (e.g., hyperinsulinemia), exert tropic 
endocrine effects on multiple target tissues and have been implicated in carcinogen-
esis. Many tumors associated with obesity reside near anatomic adipose tissue 
depots, including renal, pancreatic, hepatic, and colon, and are thus also subject to 
paracrine effects of adipokines and other adipocyte products. Renal and pancreatic 
cancers arise in tissues surrounded by retroperitoneal and visceral fat and demon-
strate strong correlations with BMI. In addition to the endocrine effects of formal 
anatomic adipose tissue depots on remote tissues, adipocytes are central compo-
nents of the stromal microenvironment of multiple tissues in which tumors arise, 
and thus exert paracrine pre-neoplastic and neoplastic cells. Finally, provocative 
data demonstrate that adipose tissue stem cells are recruited to tumor tissues from 
remote sites, and migrate to tumors in response to tumor-secreted chemotactic fac-
tors and differentiate into adipocytes, fi broblasts, and endothelial cells that contrib-
ute to the tumor stromal microenvironment [ 57 ]. 

 Nutrient delivery is an important mechanism by which adipocytes promote car-
cinogenesis. Tumor cells and adipocytes participate in cross talk which reprograms 
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adipocyte metabolism to enhance metabolic energy substrate shuttling from adipo-
cytes to cancer cells: ovarian cancer cells, for example, inhibit lipogenesis and 
induce lipolysis in adipocytes, promoting free fatty acid transfer to tumor cells [ 58 ]; 
breast cancer cells similarly induce a dedifferentiated, fi brotic, glycolytic phenotype 
in adipocytes that predisposes peritumoral adipocytes to increased energy substrate 
transfer to tumor cells [ 59 ], while adipocytes provide glutamine to leukemia cells, 
contributing to chemoresistance [ 60 ].   

8.6     Other Contributors 

 Excess nutrients directly regulate tumor cell growth independent of adipocytes, 
infl ammatory leukocytes, or other accessory cells. Saturated  free fatty acids   pro-
mote cancer cell proliferation, while unsaturated free fatty acids promote apoptosis 
[ 61 ,  62 ], effects mediated in part via regulation of mTOR signaling [ 63 ]. Similar 
data demonstrate tumor-promoting effects of advanced glycation end products [ 64 ]. 
Obesity is also associated multiple micronutrient defi ciencies that are implicated in 
cancer pathogenesis, including defi ciencies of vitamin D, selenium, and magne-
sium. These observations have sparked study of dietary modifi cation and micronu-
trient supplementation for cancer prevention and treatment in the context of both 
obese and lean states. 

 Alterations in the  microbiome      in obese animals and humans have garnered sig-
nifi cant recent attention, and have also been implicated in cancer pathogenesis in the 
context of obesity [ 65 ]. Stool transfer from obese animals induces obesity in lean 
animals. Microbiome changes observed in obese humans include a shift in major 
bacterial archaea with an increase in gram-negative gut bacteria which is thought to 
contribute to increased absorption of lipopolysaccharide from the gut, exacerbating 
the infl ammatory state associated with obesity. A host of other systemic physiologic 
effects have been linked to obesity-related aberrations in the microbiome, including 
alterations in bile acid metabolism that may contribute to oxidative damage and 
mutagenesis. While a nascent fi eld, research into the role of the microbiome in obe-
sity and cancer is rapidly evolving.  

8.7     Cell Signaling Pathways Linking Energy Homeostasis 
and Carcinogenesis 

  Cellular metabolism   is tightly linked to cell survival, which is in turn determined by 
the balance between proliferation and apoptosis thresholds, which are regulated in 
response to nutrient delivery. Nonmalignant cells proliferate when nutrients are 
plentiful, but shift to a catabolic, non-proliferative, apoptosis-prone state when 
nutrients are scarce. In cancer, however, proliferation and apoptosis are uncoupled 
from nutrient status, allowing malignant cells to proliferate regardless of nutrient 
availability. This central feature of cancer cell metabolism provides tumor cells with 
a growth advantage and distinguishes malignant cells from nonneoplastic cells. 

R.W. O’Rourke



119

  Akt   is a dominant signaling mediator that links metabolism and proliferation in 
all cells. Akt is activated by insulin and regulates cellular glucose and lipid metabo-
lism. Akt in parallel promotes proliferation and inhibits apoptosis via activation of 
the downstream signaling mediator mammalian target of rapamycin (mTOR), thus 
linking nutrient status to cell proliferation.  AMP-activated protein kinase (AMPK)  , 
in contrast, is a central cell signaling mediator that is activated when nutrient stores 
are low. AMPK induces cellular catabolism by inhibiting Akt, and down-regulates 
proliferation by inhibiting mTOR, acting as a brake on cell proliferation when nutri-
ents are scarce. Akt and AMPK thus act as opposing forces that link cellular energy 
homeostasis with cell growth in response to nutrient availability. Levels of the adi-
pokine adiponectin, which are decreased in obesity, activate AMPK; the adipokine 
milieu in obesity thus predisposes cells towards an anabolic, proliferative state. 
Furthermore, multiple cancers exploit Akt-AMPK signaling to generate a growth 
advantage over non-neoplastic cells. Mutations in Akt and AMPK pathways are 
among the most common in all cancers and contribute to the decoupling of cancer 
cell proliferation from nutrient status. Activating mutations in Akt are present in 
20–100 % of human all tumors. Downstream regulatory genes that interact with Akt 
and AMPK to modify their functions are also commonly mutated in cancer, most 
notably PTEN and LKB1, tumor suppressor genes associated with multiple heredi-
tary and sporadic cancers. Oncogenic mutations in PTEN and LKB1 increase Akt 
activity and inhibit AMPK activity regardless of nutrient availability, further con-
tributing to the uncoupling cell proliferation from nutrient status commonly 
observed in malignant cells. 

 While debated, data suggest that long-term treatment with the diabetic agent 
metformin attenuates cancer risk [ 66 ]. One of a number of proposed mechanisms 
for this effect is activation of AMPK activity.    Similar data attribute a cancer- 
protective effect to the diabetic drugs thiazolidinediones. These observations have 
generated interest in the use of current and next-generation metabolic drugs as treat-
ment for cancer. Research exploring agents that regulate Akt and AMPK activity as 
cancer therapeutics are in progress. Agents targeting cell metabolism hold signifi -
cant promise for cancer prevention and therapeutics.  

8.8     Future Directions 

 Diet- and bariatric surgery-induced weight loss reduces the risk of obesity-related 
cancer [ 67 ,  68 ], and is associated with reductions in infl ammatory mediators, ana-
bolic hormones including insulin, IGF, and steroids, and serum adipokine levels. 
Surgical and non-surgical interventions appear to have qualitatively different 
mechanisms of action with respect to carcinogenesis. Bariatric surgery, but not 
diet- induced weight loss, may be associated with increased metabolic rate with a 
concomitant shift in cellular energy homeostasis towards catabolic AMPK- 
dominated signaling, suggesting that surgery infl uences energy homeostasis at the 
cellular level. These fi ndings reinforce the concept of cancer as a disorder of 
metabolism and suggest a role for bariatric and metabolic surgery in cancer 
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prevention. Pharmacologic therapy for cancer based on infl ammatory mediators, 
metabolic modulating drugs such as metformin and AMPK agonists, and adipokine-
based drugs are also areas of active research. An understanding of the molecular 
and cellular mechanisms that underlie the processes that mediate the link between 
obesity, metabolism, and carcinogenesis will lead to novel metabolism-based 
cancer therapy.     
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 9      Effect of Bariatric Surgery on Incretin 
Function       

       Blandine     Laferrère     

9.1             Introduction 

 Incidence of individuals classifi ed as obese and overweight is on the rise, with a 
total of 2.1 billion individuals affected worldwide [ 1 ]. The association of obesity 
with comorbidities such as type 2 diabetes (T2DM), cardiovascular diseases, 
cancer, fatty liver, lung disease, and osteoarthritis makes it a major public health 
problem. Although the treatment of obesity by diet and exercise tackles the two 
sides of the energy balance equation, changes in behavior are rarely sustained overtime 
and the resulting weight loss is often limited (4–10 %) and transient (a few months) 
[ 2 ]. On the contrary, bariatric surgery results in weight loss of large magnitude (up 
to 45 % total weight loss) [ 3 ], generally sustained up to 20 years after surgery [ 4 ]. 
 Surgical weight loss   is accompanied by the resolution and or improvement of most 
obesity associated comorbidities, particularly type 2 diabetes, as shown in observa-
tional studies [ 3 ,  5 ] and in randomized controlled trials [ 6 – 9 ]. Bariatric surgeries 
were initially classifi ed based on their presumed mechanism of action, i.e., gastric 
volume restriction, and reconfi guration of the small intestine to create malabsorp-
tion. Among bariatric surgeries currently performed, biliopancreatic diversion 
(BPD) and Roux-en-Y gastric bypass (RYGBP) include an element of restriction 
and malabsorption, while vertical sleeve gastrectomy (VSG), and adjustable gastric 
banding (AGB) are described as purely restrictive procedures. Currently, RYGBP 
and VSG are the two most common bariatric surgical procedures performed in the 
USA [ 10 ].  RYGBP   results in a small gastric pouch and the shunting of the gastric 
fundus, the pylorus, the duodenum, and the upper jejunum from ingested nutri-
ents. In  VSG     , the great curvature and the gastric fundus are removed, but the 
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continuity of the intestine is untouched. Interestingly, although the reconstructed 
anatomy of RYGBP and VSG is vastly different, their effects on weight loss and 
diabetes remission are comparable, at least in the fi rst 1–2 years after the surgery 
[ 11 ]. Although restriction and malabsorption may play a role after RYGBP and 
VSG, other mechanisms, not yet fully elucidated, such as gut hormones, seem to be 
involved in weight loss and remission of diabetes.  

9.2     RYGBP and Diabetes Remission 

   Meta-analyses,       observational studies, and more recently, randomized controlled tri-
als, show high rates of diabetes remission, from 40 to 80 %, after bariatric surgery 
[ 3 – 9 ]. The rate of remission depends on the type of surgery, the amount of weight 
loss, as well as patient characteristics pre-surgery [ 7 ,  12 – 14 ]. Shorter diabetes dura-
tion, better diabetes control, fewer oral medications and/or not being on insulin, 
undergoing a bypass type of surgery (BPD, RYGBP) rather than a purely restrictive 
one (AGB), the amount of weight loss, are all determinants of diabetes remission 
[ 12 ,  13 ,  15 ]. Weight loss, by either calorie  restriction   [ 16 ,  17 ] or by bariatric surgery 
[ 18 ,  19 ] improves insulin sensitivity and fasting blood glucose. In fact, both meth-
ods of weight loss improve glucose levels similarly if the amount of weight loss is 
matched [ 20 ]. The improvement of  blood glucose   is directly proportional to the 
amount of weight loss after AGB [ 13 ]. Caloric restriction corrects glucose and lipid 
toxicity [ 21 ]. Calorie intake decreases after bariatric surgery [ 22 ]. Decreased caloric 
intake and weight loss, together with beta cell reserve, are likely the major determi-
nants of long-term glucose control after bariatric surgery. However, the effect of 
RYGBP or of VSG on glucose control is very rapid and in part independent of 
weight loss. Not only do a signifi cant amount of patients leave the hospital without 
any medications and with greatly improved glucose levels [ 12 ], but the surgery 
improves diabetes in patients less or not obese [ 23 ,  24 ]. The rapid improvement in 
glucose levels prior to large weight loss after RYGBP suggests that factors indepen-
dent of weight loss may be responsible for the rapid and high rate of diabetes remis-
sion after this surgery [ 7 ,  6 ,  13 ,  14 ,  25 ]. Signals coming from the remodeling of the 
gut anatomy have been prime candidates. Past studies have focused on hormonal 
gut signals and neuronal gut-brain pathways, and more specifi cally, on the incretin 
hormone glucagon like peptide 1 (GLP-1). GLP-1 physiological effects include 
potentiation of glucose stimulated insulin release in the postprandial setting, sup-
pression of glucagon, slowing of gastric emptying, decrease of body weight by cen-
tral mechanisms, and favorable cardiovascular protection [ 26 ]. Because of the 
consistent and robust effect of RYGBP on GLP-1, GLP-1 has long been singled out 
as the prime candidate for mediating the effects of RYGBP surgery on satiety and 
glucose control. For the interest of this review, and because most data collected on 
the incretin effect were in patients undergoing RYGBP, this review will focus on 
RYGBP.    
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9.3     Importance of the Incretin Effect in Physiology 

  The incretin  effect   is the greater insulin response to oral glucose compared to an 
isoglycemic intravenous glucose load. Two gut hormones, GLP-1 and glucose- 
dependent insulinotropic peptide (GIP), secreted by the gut endocrine cells in 
response to the ingestion of nutrients, are responsible for the incretin effect, i.e., the 
enhancement of glucose stimulated insulin secretion [ 27 ,  28 ]. In the 1930s, La 
Barre [ 29 ] and Heller [ 30 ] identifi ed the glucose lowering properties of duodenal 
extracts administered intravenously, and La Barre named it “incretin.” Thirty years 
later, McIntyre showed that a rapid infusion of 60 g of glucose in the jejunum 
resulted in a much greater insulin response compared to the IV administration of an 
equivalent glucose load, and this in spite of lower glycemic levels [ 31 ]. The incretin 
effect was later quantifi ed with a ~40 % greater insulin release after oral compared 
to a matched IV glucose load in healthy normal weight and obese subjects [ 27 ]. 
About 30 years after the term incretin was invented, GIP was identifi ed as another 
main incretin [ 32 ]. Its original name, gastric inhibitory peptide, refers to the phar-
macological role of the peptide to decrease acid secretion and was later changed to 
glucose-dependent insulinotropic peptide, to refl ect its physiological incretin effect. 
About 10 years later, GLP-1 was isolated and recognized as a key incretin [ 33 ]. The 
incretin effect, the augmented response of insulin after oral glucose compared to 
matched IV glucose, or the enhancement of  glucose-stimulated insulin secretion 
(GSIS)  , is mediated by the two incretin hormones GLP-1 and GIP, released from gut 
endocrine cells in response to meals and acting on the beta cell to stimulate insulin 
secretion [ 34 ]. The release of the incretins GIP and GLP- 1   is proportional to the 
nutrient caloric load with fat and carbohydrate being the main stimulants [ 35 – 37 ] 
and is responsible for maintaining euglycemia in spite of highly variable oral loads. 
The concentration of circulating incretins is in the range of 10–30 ng/ml for GLP-1 
and 100–150 ng/ml for GIP. The concentration of circulating incretins is often not 
different between lean, obese with normal glucose tolerance (NGT) and individuals 
with T2DM [ 38 ], but may be altered with hyperglycemia [ 39 ,  40 ]. The incretin 
effect on insulin secretion is blunted in patients with T2DM [ 36 ,  41 ]. The adminis-
tration of exogenous pharmacological doses of GLP-1 or GLP-1 analogs restores 
insulin secretion and lowers blood glucose in diabetes, and the GIP effect can be 
restored after lowering glycemia [ 42 ]. Both GLP-1 and GIP have a trophic effect on 
the beta cell, in vitro, and in vivo in rodents [ 43 – 46 ]. This effect has not been dem-
onstrated in humans. GLP-1 has other important physiological effects. It inhibits 
glucagon, slows gastric emptying, decreases food intake and reduces body weight 
[ 47 ], and all of these effects make it an interesting tool for the treatment of over-
weight and obese individuals with T2DM. The half-life of GLP-1 and GIP is only a 
few minutes. Both hormones are rapidly degraded by the enzyme dipeptidyl pepti-
dase 4 (DPP-4). DPP-4 inhibitors and long acting GLP-1 analogs are now used in 
clinical practice to treat T2DM, and GLP-1 analogs were recently approved for by 
the FDA for weight loss.  
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9.4     Gastric Bypass Surgery Alters Gut Physiology 

  RYGBP  results   in a smaller gastric pouch (~30 ml), shunting the larger part of the 
stomach, pylorus, duodenum, and upper jejunum from ingested food. The emptying of 
the gastric pouch through the gastrojejunal anastomosis to the distal part of the jejunum 
is rapid for liquids [ 48 ]. Ingested nutrients travel rapidly through the alimentary limb to 
mix with secretions from the gastric remnant, gall bladder and exocrine pancreas in the 
common limb, distal to the jejuno-jejunal anastomosis. The acceleration of nutrient 
transit and the exposure of the various segments of the lower intestine to undigested 
nutrients is one of the main effects of RYGBP and triggers a greater release of most 
satiety and incretin gut peptides [ 49 – 51 ]. The chronic effect  of RYGBP      include remod-
eling of the gut with development of gut hypertrophy and increased intestinal meta-
bolic activity [ 52 ], with an increased expression of glucose transporters sodium glucose 
co-transporter 1 (SGLT1) and glucose transporter 2 (GLUT2) [ 53 ], of GLP-1, peptide 
YY (PYY), and glucagon like peptide 2 (GLP-2) [ 54 – 56 ]. Although bile acids stimu-
late GLP-1 release in vitro and in vivo [ 57 ], the temporal change in bile acid metabo-
lism after RYGBP is unlikely to explain the rise of GLP-1 release [ 58 ].   

9.5     Change of Incretins After RYGBP 

   With the  availability      of commercial kits for measuring GIP and GLP-1, publications 
reporting incretin levels after RYGBP abound (Table  9.1 ). Circulating concentra-
tions of GLP-1 and GIP increase after mixed meals/oral glucose loads, respectively 
by a factor 10 and 1.5, to reach peak levels of ~100 and 300 pM, respectively after 

    Table 9.1     Change   of nutrient stimulated GLP-1 and GIP after bariatric surgery   

 Reference  Surgery  Obese/T2DM  Stimulus  GLP- 1   GIP 

 Sarson et al. [ 76 ,  77 ]  RYGBP  OB  Meal  ↓ 

 Halverson et al. [ 78 ]  RYGBP  OB  OGTT  ↑ 

 Sirinek et al. [ 79 ]  RYGBP  OB  OGTT  ↓ 

 Naslund et al. [ 80 ]  JIB  OB  Meal  ↑  ↑ 
 Verdich et al. [ 81 ]  Diet  19 OB/12 lean  Meal  ↑  ↓ 
 Valverde et al. [ 82 ]  BPD/VBG  OGTT  ↑ 
 Korner et al. [ 83 ]  RYGBP  OB/lean  Meal  ↑  ↓ 
 Borg et al. [ 84 ]  RYGBP  OB  Meal  ↑ 
 Morinigo et al. [ 49 ]  RYGBP  OB  Meal  ↑ 
 Laferrère et al. [ 61 ]  RYGBP  OB/T2DM  OGTT  ↑  ↑ 
 Jorgensen et al. [ 85 ]  RYGBP  OB/T2DM/NGT  Meal  ↑  – 

 Jacobsen et al. [ 65 ]  RYGBP  OB  OGTT  ↑  – 

 Romero et al. [ 86 ]  VSG/RYGBP  OB/T2DM  Meal  ↑  ↑ 
 Mallipedhi et al. [ 87 ]  VSG/BPD  IGT/T2DM  OGTT  ↑  ↓ 
 Plourde et al. [ 88 ]  BPD  T2DM/NGT  Meal  ↑  ↓ 
 Kim et al. [ 64 ]  RYGBP  Lean T2DM  OGTT  ↑  ↓ 
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RYGBP. The effect of GBP on GLP-1 is robust [ 59 ] and reported in all studies 
(Table  9.1 ). In our laboratory, we have studied over 100 patients post RYGBP, and 
observed 100 % as “responders,” with a large increase in GLP-1 after either a meal 
test or a glucose tolerance test. The enhancement of GLP-1 is sustained for many 
years after the surgery, although the magnitude of GLP-1 release may vary overtime 
[ 60 ]. The effect of RYGBP on GIP is less consistent. GIP was shown to either 
increase [ 61 ], not change, or decrease [ 62 – 64 ], depending on the study. This differ-
ence may be related to variation in surgical techniques with different lengths of the 
biliopancreatic limb or to diabetes status. Both active and total GLP-1 levels are 
elevated after RYGBP, and the ratio of active-to-total GLP-1 decreases after surgery 
RYGBP [ 61 ,  65 ]. The interpretation of this change in the ratio of active-to-total 
GLP-1 is unclear [ 66 ]. In fact, circulating DPP-4 activity decreases after RYGBP 
[ 67 ], but not after weight loss by diet; however, circulating DPP-4 activity does not 
correlate with change in circulating incretins or of the incretin effect [ 67 ]. The 
incretin effect, measured by comparing insulin secretion after an oral glucose load 
and an isoglycemic glucose clamp, blunted in patients with T2DM [ 41 ], increases 
to levels of normal glucose tolerant individuals one month after surgery in patients 
with T2DM who go into remission [ 61 ], but did not increase signifi cantly in patients 
matched for body weight who underwent the same 10 % weight loss by calorie 
restriction [ 20 ]. The release of incretins GLP-1 and GIP and the recovery of the 
incretin effect persist years after the surgery in patients in diabetes remission 
(Laferrère, unpublished). So interestingly, levels of incretins are very high after 
RYGBP and the corresponding incretin effect on insulin secretion is restored to the 
level of controls. This raises the possible question of decreased beta cell sensitivity 
to incretins after the surgery. Yet the insulinotropic effect of GIP and GLP-1 is pre-
served in patients with normal glucose tolerance after RYGBP [ 68 ]. Whether this is 
also true in patients with diabetes is unknown. The mechanism responsible for the 
enhanced release of GLP-1 after RYGBP is the rapid emptying of the gastric pouch. 
Gastric emptying of liquid is accelerated after RYGBP [ 48 ,  69 – 71 ] and GLP-1 peak 
levels correlate positively with measures of gastric pouch emptying [ 49 ]. In a recent 
study, we administered a 600 kcal liquid meal with 1500 mg of acetaminophen to 
individuals before and after RYGBP. One year after the surgery, the mean body 
mass index decreased from 47.4 ± 6.6 to 29.6 ± 6.1 kg/m 2 . The acetaminophen curve 
was shifted to the left and the time-to-peak decreased (Fig.  9.1a ). Peak GLP-1 dur-
ing the meal was strongly correlated with peak acetaminophen ( r  2  = 0.356,  p  < 0.01) 
(Fig.  9.1b ). The enhanced GLP-1 release after RYGBP, observed after oral admin-
istration of a test meal, is entirely abolished if the meal is administered in the gastric 
remnant [ 72 ,  73 ], or delivered at a very slow rate of 4 kcal/min in the jejunal alimen-
tary limb [ 53 ]. These elegant experiments demonstrate the importance of the mode 
and rate of delivery of nutrients to the distal intestine. Restoring a more physiologi-
cal rate of gastric emptying by either infusing the meal in the gastric remnant with 
a functioning pylorus [ 72 ,  73 ], or by slowing the rate of the infusion [ 53 ], blunts the 
exaggerated GLP-1 release to pre-RYGBP levels or to levels observed in non- 
operated controls. GLP-1 has a trophic effect on the pancreas [ 43 – 46 ]. Whether the 
chronic and sustained elevation of postprandial GLP-1 after RYGBP has a 
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long- term trophic effect on the beta cell is unknown in humans. Rare cases of nesid-
ioblastosis have been shown in patients with neuroglycopenia after RYGBP [ 74 ]. 
An interesting study in pigs showed increased islet number and beta cell prolifera-
tion after RYGBP, in parallel with rise in GLP-1, demonstrating the effect of RYGBP 
on the plasticity of the endocrine pancreas in this animal model [ 75 ].   

  Fig. 9.1    Accelerate gastric pouch emptying after RYGBP. ( a ) Acetaminophen levels during a 600 
kcal liquid meal given before or 1 year after RYGBP surgery; ( b ) Strong relationship between 
gastric pouch emptying and GLP-1 release during a 600 kcal meal       
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9.6         Lessons from Rodent Models 

   Although   data in humans and pigs support a role for GLP-1 in controlling glucose 
after RYGBP, experiments with knock out (KO) animal models challenge the role 
of GLP-1 in the control of body weight and glucose after RYGBP or VSG. Berthoud 
et al. [ 89 ] showed that chronic brain infusion of exendin-9-39 into the lateral cere-
bral ventricle similarly increased food intake and body weight in both RYGBP and 
sham-operated rats, suggesting that, while contributing to the physiological control 
of food intake and body weight, central GLP-1 receptor signaling tone is not the 
critical mechanism uniquely responsible for the body weight-lowering effects of 
RYGBP. In a separate experiment, the same authors showed that obese GLP-1R-
defi cient mice lost the same amount of body weight and fat mass and maintained 
similarly lower body weight compared with wild- type mice after a RYGBP-like 
procedure [ 89 ]. GLP-1 levels are also enhanced after VSG in humans [ 90 ] and 
rodents [ 91 ], and are thought to be a mediator of diabetes remission after this sur-
gery [ 92 ]. However, VSG-operated GLP-1 receptor-defi cient mice respond simi-
larly to wild-type controls in terms of body weight loss, improved glucose tolerance, 
food intake reduction, and altered food selection [ 93 ]. These data demonstrate that 
GLP-1 receptor activity is not necessary for the metabolic improvements induced 
by VSG or RYGBP surgery in these animal models. The relevance of these KO 
experiments to clinical observations is unclear.   

9.7     Effect of RYGBP on the Incretins: Does It Matter for Beta 
Cell Function? 

   The main effect of  the   incretins   is enhancement of glucose stimulated-insulin secre-
tion. In order to single out the incretin effect from the weight loss effect of the 
surgery, we have used two approaches. One is to compare the effect of an oral 
glucose challenge to that of an isoglycemic IV glucose clamp on beta cell function, 
to quantify the incretin effect. Presumably, the change in beta cell response to oral 
glucose after RYGBP would engage neural and hormonal gut mechanisms, while 
the response to IV glucose would only be a function of the change in glycemia 
related to weight loss. The other approach is to block the effect of the endogenous 
incretins. Although there is no available GIP receptor inhibitor for human use, the 
specifi c GLP-1 receptor inhibitor exendin 9-39 has been used in four cross sec-
tional [ 94 – 97 ] studies and one longitudinal short term [ 98 ] study in post-RYGBP 
patients. Exendin 9-39 administration has little to no effect prior to surgery, but 
completely blunts the recovery of  beta cell glucose sensitivity (BCGS)  , or the insu-
lin secretin rate in response to incremental changes in blood glucose during a glu-
cose challenge, observed 1 week and 3 months after RYGBP [ 98 ]. The administration 
of Exendin 9-39 worsens postprandial glucose tolerance, although only minimally 
[ 97 ].  Exendin   9-39 suppresses insulin secretion in response to a meal by 50 % [ 94 ,  97 ] 

9 Effect of Bariatric Surgery on Incretin Function



132

and corrects the profound reactive hypoglycemia in patients with severe neurogly-
copenia [ 94 ]. So clearly the exaggerated GLP-1 response to ingestion of food or 
glucose plays a key role in postprandial insulin secretion and glycemic control 
after RYGBP. To assess beta cell function, we measured BCGS and the disposition 
index (DI), i.e. the relationship between insulin secretion and insulin sensitivity. 
Both measures were calculated using data from an oral glucose load and from a 
matched isoglycemic IV glucose load, collected on separate days, in patients with 
T2DM and severe obesity, before and at 1 month, then yearly for 3 years after 
RYGBP surgery. Prior to surgery, BCGS after either an oral or IV isoglycemic 
glucose challenge, was, as expected, signifi cantly impaired in patients with T2DM 
compared to lean controls, and to obese controls with normal glucose tolerance 
(NGT), matched for BMI. After RYGBP, all patients were in diabetes remission 
(HbA1C < 6.5 %, fasting glucose <126 mg/dl, on no diabetes medications). The 
BCGS and DI measured using parameters derived from the oral glucose 
test improved rapidly at 1 month and normalized to the levels of the lean and the 
obese NGT controls at 1 year. However, BCGS and DI measured after IV glucose 
administration improved only minimally and remained much impaired compared 
to that of the lean and obese NGT non-operated controls [ 99 ]. This experiment 
highlights the role of the incretins and other gut-mediated factors in the ameliora-
tion of beta cell response to oral nutrients after RYGBP. It also clearly shows a 
persistent beta cell defect that cannot be rescued with an IV glucose challenge, 3 
years after the surgery, even in persons who are in clinical diabetes remission. In 
humans, there is no evidence to date for a full recovery of beta cell function to IV 
stimuli in patients in diabetes remission [ 99 ]. 

 In order to distinguish between a caloric restriction/weight loss effect and an 
effect independent of weight loss, we compared individuals studied before and after 
RYGBP to individuals studied before and after an equivalent 10 % weight loss by 
caloric restriction with or without AGB. BCGS and DI after IV glucose stimulus 
improved signifi cantly and similarly after the two modes of weight loss. After the 
oral glucose challenge, beta cell function improved signifi cantly more after RYGBP 
than after diet. Results from this experiment underscore the importance of the 
engagement of the gut and the incretin effect, rather than weight loss, in the meta-
bolic response to nutrient stimulation after RYGBP [ 100 ].    

9.8     Conclusions 

 Bariatric surgery and its associated weight loss result in diabetes remission. The 
effect of the incretins hormones on postprandial insulin secretion and glucose con-
trol is amplifi ed after RYGBP, as a result of the accelerated passage of nutrients. 
The enhanced incretin effect rescues beta cell function, independent of weight loss. 
This effect, observed only during meals, may not play a predominant part in diabe-
tes remission after RYGBP.     
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10.1             Introduction 

 Increase in obesity has led to higher prevalence of type 2 DM (T2DM), a chronic and 
progressive disease marked by insulin resistance and the eventual loss of insulin 
secretion. While weight loss improves glucose tolerance in obese patients with 
T2DM, conventional medical management often fails to achieve sustained weight 
loss and glycemic control in severely obese patients [ 1 – 3 ]. Multiple studies have 
documented the effi cacy of bariatric surgery in attaining substantial weight loss as 
well as long-term improvement in diabetes and its associated comorbidities [ 4 – 10 ]. 

 The effect of bariatric surgery on insulin sensitivity and secretion differs depend-
ing on the type of surgery, with the greatest effect observed following malabsorptive 
procedures [ 4 ,  5 ,  11 ]. Metabolic improvement after restrictive procedures such as 
gastric banding (LAGB) appears to be driven mostly by weight loss [ 12 ]. Greater 
insulin sensitivity and insulin secretion after malabsorptive procedures such as 
Roux-en-Y gastric bypass (RYGB) and biliopancreatic diversion (BPD) are driven 
not only by greater weight loss but also by anatomical changes that alter gut hor-
mone secretion and nutrient transport. Sleeve gastrectomy (SG), initially thought to 
be mostly restrictive, also alters gut hormone secretion and leads to improvements 
in insulin sensitivity more comparable to RYGB than LAGB [ 13 ,  14 ]. 

 The mechanisms by which bariatric surgery improves glucose  homeostasis      in 
obese patients with T2DM have yet to be fully elucidated, and likely encompass 
both weight loss dependent and weight independent mechanisms. In the immediate 
postoperative period, before notable weight loss has even occurred, there is a rapid 
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decrease in fasting insulin and fasting glucose that refl ects increased hepatic insulin 
sensitivity [ 15 ,  16 ]. Following signifi cant weight loss several months after surgery, 
peripheral insulin sensitivity also improves, in parallel with the amount of weight 
loss. However, RYGB and SG are also associated with increased β-cell function and 
altered secretion of the incretin, glucagon-like peptide-1 (GLP-1), which occurs 
early and persists postoperatively. 

 This chapter discusses altered insulin sensitivity and insulin secretion after bar-
iatric surgery, focusing on the factors contributing to increased insulin secretion 
particularly after RYGB.  

10.2     Insulin Sensitivity 

         In obese diabetic patients, weight loss is accompanied by a corresponding increase 
in insulin sensitivity and increase in β-cell activity [ 17 ,  18 ]. It is also well estab-
lished that signifi cant caloric restriction improves glucose tolerance in diabetic 
patients [ 19 ]. Altered insulin sensitivity after bariatric surgery refl ects the impact of 
both caloric restriction and weight loss. 

 Profound improvements in fasting glucose concentration and insulin action have 
been noted early after bariatric surgery, often before signifi cant weight loss has even 
occurred [ 20 – 22 ]. Caloric restriction, which occurs immediately after all surgical 
interventions, likely plays an important role in the favorable metabolic changes 
observed, particularly in the early postoperative period [ 19 ,  22 ]. For example, after 
losing an equivalent amount of weight over about 3 weeks through RYGB or a 500 
kcal per day diet, obese diabetic patients exhibited similar improvements in insulin 
sensitivity, acute insulin response, and β-cell function as assessed by an intravenous 
glucose challenge [ 23 ]. This early improvement refl ects mostly improved hepatic 
insulin sensitivity from caloric restriction, as the profound negative calorie balance 
leads to decreased liver fat and increased insulin sensitivity [ 24 ], reduced basal 
glucose production, and increased liver clearance of insulin [ 25 ,  26 ]. 

 Subsequent change in peripheral insulin sensitivity varies by surgical procedure. 
After LAGB, further improvement in peripheral insulin sensitivity occurs more 
gradually and is in proportion to the amount of weight loss [ 12 ]. In contrast, RYGB 
leads to profound changes in insulin sensitivity and insulin action much more rap-
idly [ 27 – 32 ]. Moreover, several studies have noted greater improvement in T2DM 
and greater increase in insulin sensitivity after RYGB over time, even after equiva-
lent weight loss by dietary or restrictive interventions, suggesting weight- 
independent mechanisms [ 27 ,  28 ,  33 ]; however, these studies did not necessarily 
control for equivalent daily caloric intake. Others observe that the increased insulin 
sensitivity after RYGB occurs in proportion to weight loss, which is greater after 
malabsorptive surgery [ 34 ,  35 ]. 

 Improved peripheral insulin sensitivity is greater after BPD than after other pro-
cedures and occurs as early as 2 weeks postoperatively [ 6 ,  36 ,  37 ]. As noted by Mari 
 et al. , BPD increases insulin sensitivity regardless of the baseline glucose tolerance, 
and leads to a signifi cant decrease in insulin hypersecretion. Insulin sensitivity after 
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BPD has even been observed to exceed that of obese patients with normal glucose 
tolerance [ 37 ]. Neither weight loss nor GLP-1 secretion after oral glucose or meals 
appears to correlate with improved  insulin sensitivity after   BPD [ 36 ]. The factors 
contributing to improved insulin sensitivity remain unclear, although insulin sensi-
tivity after BPD is greater after an oral than an intravenous challenge, consistent 
with a mechanism linked to bypass of the duodenum and jejunum [ 38 ]. In addition, 
the diversion of bile acid to the ileum leads to decreased lipid absorption and 
increased bile acid reabsorption, which may affect glucose metabolism through 
increased binding of bile acids to farnesoid X receptor ( FXR  ) [ 39 ,  40 ]. Increased 
activation of FXR in the ileum activates fi broblast growth factor-19 (FGF-19), 
which then binds to the  fi broblast growth factor receptor-4 (FGFR-4)   and sup-
presses hepatic gluconeogenesis [ 40 ]. This mechanism is also likely to contribute to 
improved insulin sensitivity after RYGB and SG. 

 While the long-term effects of SG on weight loss and glycemic control need 
further study, SG has demonstrated metabolic effects beyond that of purely restric-
tive procedures such as LAGB. Changes in insulin sensitivity after SG are thought 
to be similar to RYGB, although results have been discrepant between studies [ 41 –
 44 ]. Abbatini et al. compared LAGB, SG, and RYGB and observed that T2DM 
improved similarly for RYGB and SG.  Sleeve gastrectomy   actually led to greater 
improvement in insulin sensitivity than RYGB when assessed by a euglycemic 
hyperinsulinemic clamp in the absence of any hypoglycemic medication [ 43 ]. 
Another study that assessed insulin sensitivity by applying a mathematical model to 
data from a mixed meal tolerance test found greater improvement in insulin sensi-
tivity after RYGB than SG [ 41 ]. Differences in study population and mechanistic 
studies may account for the discordant results, but further research into the impact 
of sleeve gastrectomy on glucose homeostasis is needed. 

 In summary, insulin sensitivity improves after bariatric surgery and weight loss. 
Initial improvement occurs largely due to caloric restriction and primarily refl ects 
improved hepatic insulin sensitivity, while subsequent improvement in peripheral 
insulin sensitivity occurs secondary to weight loss and possibly due to mechanisms 
specifi c to the surgical technique.    

10.3     β-Cell Function and Insulin Secretion 

    Assessment      of β-cell  function   is complicated because β-cells adapt to chronic 
stimuli with a standard set point of secretory capacity, but must also be able to 
respond to acute challenges such as feeding by promptly releasing suffi cient insulin 
to control glycemia. Bariatric surgery leads to greater insulin sensitivity and insulin 
action which relieves secretory pressure on the β-cell and leads to a decrease in total 
insulin secretion; it also improves β-cell response to dynamic changes. 

 Basal  β-cell function   is refl ected in fasting insulin and total insulin secretion. 
β-cell responsiveness to dynamic change is assessed using parameters such as the 
insulinogenic index (change in insulin relative to change in glucose over an interval 
of time),  acute insulin response (AIR)   to intravenous glucose, and β-cell glucose 
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sensitivity (measured as the slope of the insulin secretion to plasma glucose dose- 
response relationship) [ 45 ,  46 ].  Disposition index (DI)   is an overall measure of 
β-cell function that combines both insulin sensitivity and insulin secretion [ 15 ]. 
Comparison of insulin secretion patterns and changes in peripheral insulin and glu-
cose levels should take into account the altered dynamics of accelerated transit and 
absorption of nutrients after procedures such as RYGB, SG, and BPD. 

 After LAGB, the insulin curve is characterized by a parallel downward shift in 
concentration, consistent with increased insulin sensitivity [ 47 ,  48 ]. Early and 
dynamic insulin secretion is not necessarily improved, but DI increases after at least 
moderate weight loss [ 30 ,  33 ,  47 ]. Overall peripheral insulin levels decrease in pro-
portion to the degree of weight loss and are more consistent with increased hepatic 
clearance than reduced insulin secretion [ 12 ]. 

 Insulin secretion  after oral ingestion of nutrients   is singularly altered after RYGB, 
with an earlier and exaggerated rise in insulin concentration followed by rapid 
decline [ 28 ,  35 ,  48 – 53 ].    Intrinsic β-cell  function   recovers early on after RYGB, with 
several studies reporting an improved acute insulin response [ 18 ,  26 ,  31 ,  35 ,  47 ,  52 , 
 54 ,  55 ], although residual glucose intolerance persists [ 35 ,  49 ,  53 ]. Fasting insulin 
and total insulin output decrease after RYGB [ 31 ,  35 ,  48 ].  Insulinogenic index   also 
increases after RYGB [ 31 ,  49 ,  53 ,  56 ]. In contrast to LAGB, β-cell glucose sensitiv-
ity increases early after RYGB in response to an oral glucose challenge, although 
responsiveness to intravenous glucose is most notable several months after surgery, 
in parallel with weight loss [ 25 ,  35 ,  47 ]. Dutia et al. found that  β-cell glucose sensi-
tivity  , DI, and insulin secretion rapidly and markedly improved after an oral glucose 
tolerance test but these early changes were less apparent after an intravenous glu-
cose tolerance test, highlighting the importance of the oral route and gastrointestinal 
factors in the improvement of β-cell function after RYGB. 

 Further evidence of the impact of altered nutrient transport and glucose absorp-
tion after RYGB on β-cell function and insulin action is provided by the rare cases 
of severe postprandial hypoglycemia that arise only after RYGB but not LAGB 
[ 57 – 59 ].  Islet cell hypertrophy   may be involved based on surgical specimens from 
symptomatic patients treated with partial pancreatectomy, but this has been dis-
puted by later studies [ 58 – 60 ]. While the pathogenesis of this syndrome remains 
unclear, the condition is characterized by excessive insulin response despite 
improved insulin sensitivity [ 57 ,  61 ]. Given the exaggerated GLP-1 response fol-
lowing RYGB, it has been hypothesized that enhanced GLP-1 secretion contributes 
to excessive insulin response, and affected patients have been found to have greater 
insulin and GLP-1 response to meal tests relative to other postsurgical patients with-
out  postprandial   hypoglycemia [ 57 ,  61 – 63 ]. One study suggested that postprandial 
hypoglycemia could be successfully treated with a GLP-1 receptor antagonist, 
which avoided postprandial hypoglycemia by decreasing the exaggerated release of 
GLP-1 and insulin [ 63 ]. 

 In contrast to the exaggerated insulin response after RYGB, the major effect of 
BPD is a rapid and signifi cant decrease in insulin resistance [ 37 ]. Total insulin 
secretion decreases in parallel with the increase in insulin sensitivity in all patients 
after BPD, regardless of baseline glucose tolerance [ 36 ,  64 ]. Improvement in 
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 insulin sensitivity   and β-cell glucose sensitivity, as well as acute insulin response 
and DI, occurs as early as 1 week after BPD, before signifi cant weight loss has 
occurred [ 36 – 38 ,  64 ]. The early increase in insulin sensitivity and greater insulin 
response after oral glucose challenge but not to intravenous glucose challenge 
implicate early and rapid delivery of unabsorbed nutrients to the distal small intes-
tine as a mechanism for improvement in T2DM [ 38 ]. 

  Sleeve gastrectomy  , like RYGB, leads not only to improved insulin sensitivity 
but improved insulin secretion and an exaggerated postprandial increase in GLP-1 
[ 42 ,  43 ,  65 ,  66 ]. Insulin sensitivity improves rapidly and markedly after SG and 
fasting insulin decreases similarly to RYGB [ 7 ,  42 ,  67 ]. While further studies are 
needed, an increase in the insulinogenic index and early insulin response after SG 
correlates with baseline C-peptide levels, suggesting that SG similarly increases 
β-cell function [ 67 ]. 

 In summary,  β-cell function   progressively increases over time according to 
weight loss after restrictive procedures, leading to lower fasting insulin and total 
insulin secretion. RYGB and BPD also improve the dynamic responsiveness of the 
β-cell often before signifi cant weight loss has even occurred. While altered nutrient 
transit and glucose absorption may partly explain the changes in acute insulin 
response and β-cell glucose sensitivity, concurrent changes in gut hormone secre-
tion also infl uence further adaptation of β-cell function  .  

10.4     Mechanisms for Changes in Insulin Action and β-Cell 
Function 

 Caloric restriction and weight loss clearly play a signifi cant role in the improvement 
of insulin resistance and β-cell dysfunction after bariatric surgery. However, early 
and profound improvement in insulin sensitivity and insulin action, before signifi -
cant weight loss has even occurred, as well as the magnitude of improvement after 
surgeries such as RYGB and BPD, suggests that mechanisms independent of weight 
loss and specifi c to the surgical intervention may also account for the sustained and 
marked improvement of T2DM. 

10.4.1     Gut Hormone Secretion 

    Altered      nutrient transit after RYGB, SG, and BPD lead to changes in glucose 
absorption as well as the secretion of gut-derived hormones from enteroendo-
crine cells. The  incretin effect  , which is the greater insulin response after oral 
glucose compared with an equivalent intravenous glucose dose, is diminished in 
T2DM [ 68 ]. GLP- 1   and glucose-dependent insulinotropic polypeptide (GIP)    are 
the two incretins responsible for one-half to two-thirds of insulin secretion. 
GLP-1 is secreted mostly from ileal L cells while GIP is secreted from duodenal 
K cells, and both are rapidly inactivated by the enzyme dipeptidyl peptidase IV 
(DPP-IV). GLP-1 analogues and DPP-IV inhibitors have been developed as 

10 Effect of Bariatric Surgery on Insulin Secretion



146

antidiabetic medications, stressing the importance of GLP-1 in glucose regula-
tion [ 69 ,  70 ]. 

 Multiple studies have observed that postprandial secretion  of   GLP-1 is sub-
stantially and durably increased after RYGB, but not after LAGB or diet-induced 
weight loss [ 27 ,  28 ,  32 ,  48 ,  52 ,  62 ,  71 ]. The increase in GLP-1 occurs early after 
RYGB, before signifi cant weight loss has occurred, and is clearly related to the 
more rapid delivery of nutrients to the distal small intestine [ 27 ,  71 – 73 ]. 
Recovery of the incretin effect has been associated with exaggerated GLP-1 
secretion even after equivalent weight loss [ 71 ], although the insulinotropic 
effect of GLP-1 on β-cell function may be smaller than previously thought. 
Pharmacologic blockade of GLP-1 receptors with exendin (9-39) only mini-
mally decreases β-cell glucose sensitivity, glucagon suppression, and insulin 
secretion [ 74 – 76 ]. Interindividual variability in GLP-1 receptor response to 
GLP-1 may also play a role in the variable weight loss and range of glucose 
control achieved after RYGB [ 77 ]. 

  Postprandial changes in   GIP after RYGB have been inconsistent, likely 
refl ecting variability in surgical technique, test meal composition, and timing of 
blood sample collections [ 28 ,  29 ,  48 ,  78 ]. BPD leads to decreased fasting and 
stimulated GIP, while GLP-1 is increased but to a smaller extent than seen after 
RYGB [ 36 ]. Decreased  GIP   activity, as in GIP-receptor knockout mice, has 
been shown to cause hyperglycemia and impaired insulin secretion after oral 
administration of glucose, suggesting a role for GIP in the acute insulin response 
[ 79 ]. GIP infusion has been shown to mildly increase insulin secretion and 
decrease glucagon [ 80 ]. Decreased  GIP   secretion after bariatric surgery may 
refl ect restoration of the insulinotropic effect of GIP, which is impaired in 
T2DM [ 68 ,  81 ]. Although GIP may not mediate early recovery of β-cell func-
tion or insulin secretion, decreased GIP may contribute to decreased glucagon 
postoperatively and further potentiate incretin response by decreasing glucotox-
icity and secretory pressure on the β-cell. 

 Decreased  ghrelin  , an orexigenic peptide produced in the fundus and body of 
the stomach, is thought to decrease hunger and may also lead to lower HbA1c 
after RYGB and VSG [ 66 ,  82 ,  83 ]. Ghrelin increases after diet-induced weight 
loss and LAGB, where it correlated with insulin levels and hepatic insulin clear-
ance but not insulin sensitivity [ 32 ,  84 ,  85 ]. Reports of ghrelin levels after 
RYGB have been inconsistent, with some groups reporting a decrease while 
others have noted lack of change or an increase [ 50 ,  52 ,  86 – 88 ]. Differences 
between studies such as varying degrees of weight loss, postoperative intervals, 
study time points, and the use of assays measuring “active” octanoylated iso-
form versus total ghrelin likely account for the discrepant results. SG, through 
its resection of the fundus as well as a greater part of the stomach body, leads to 
decreased fasting and postprandial ghrelin [ 66 ]. While decreased ghrelin may 
attenuate hunger and contribute to further weight loss and thereby affect insulin 
sensitivity, it does not appear to infl uence insulin secretion or insulin sensitivity 
directly  .  
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10.4.2     Altered Nutrient Flow 

  Early and  rapid   delivery of unabsorbed nutrients to the distal small intestine may 
activate the “ileal brake” that potentiates the secretion of GLP-1 and Peptide YY, an 
anorexigenic hormone also elevated after RYGB that is known to slow intestinal 
transit time, increase satiety, and delay gastric emptying. Exaggerated GLP-1 secre-
tion helps to improve insulin secretion and insulin sensitivity while PYY facilitates 
maintenance of glycemic control by decreasing food consumption. Consistent with 
this hypothesis is the observation that the procedures most consistently leading to 
improved T2DM shorten the route of nutrient fl ow from the stomach to the intestine 
and increase the rate of transport of ingested nutrients [ 5 ,  7 ,  13 ,  30 ,  66 ]. 

 Rodent models of  ileal interposition (IT)     , a surgical procedure whereby a seg-
ment of the ileum is inserted into the proximal intestine so that there is no gastric 
restriction or duodenal bypass, provide further evidence for the role of the distal 
ileum in improving glucose tolerance. IT in different rodent models resulted in ele-
vated levels of GLP-1 and PYY and improvements in glucose tolerance, insulin 
sensitivity, and β-cell function [ 89 – 93 ]. Improvement in oral glucose tolerance after 
IT was reversed by inhibition of GLP-1 receptors with exendin (9-39), reinforcing 
the hypothesis that early and increased GLP-1 receptor activation contributes to 
improved insulin action after RYGB [ 93 ]. 

 Bypass of the proximal small intestine and exclusion of nutrient transit through 
the duodenum and jejunum has also been hypothesized to contribute to improve-
ment in T2DM.  Duodenal-jejunal bypass (DJB)   without gastric restriction in animal 
studies of both nonobese and diet-induced obese diabetic rats led to improvement in 
hyperglycemia independent of food intake and weight reduction [ 78 ,  94 ,  95 ]. 
Intestinal glucoregulatory hormones and vagal innervation may contribute to alle-
viation of hyperglycemia in this DJB model [ 95 ]. In humans,  DJB   had only a mod-
erate effect with improvement in HbA1c that mildly deteriorated by 12 months after 
surgery [ 96 ]. It is unclear if the glycemic impact of DJB lies in its alteration of the 
intestinal site of nutrient delivery or in its moderate weight loss. 

 Further evidence that exclusion of the proximal small intestine may affect glu-
cose homeostasis through unknown mechanisms can be derived from more recent 
studies of  endoluminal sleeves (ELS)   that allow nutrients to fl ow from the pylorus 
to the jejunum without contacting duodenal mucosa. Aguirre et al. demonstrated 
that despite less weight loss than similar rats that had undergone RYGB, rats treated 
with ELS attained similar improvement in glycemic control. Studies in humans 
have also demonstrated reduced HbA1c after various endoluminal duodenal-jejunal 
bypass sleeves, although investigation into safety, effi cacy, and long-term outcomes 
are ongoing [ 97 ,  98 ] .  

10.4.3     Bile Acids 

  Increased bile  acid   reabsorption has been proposed as a potential mechanism for 
improved insulin sensitivity after RYGB and BPD, but not LAGB [ 39 ,  40 ,  99 – 104 ]. 
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After RYGB, increased bile acids were two-fold higher and positively correlated 
with peak GLP-1 and adiponectin, and inversely correlated with 2-hour postpran-
dial glucose and thyroid stimulating hormone (TSH), implicating altered bile acid 
concentrations as a mechanism in glucose and lipid metabolism. Bile acids may 
affect insulin action through binding to the TGR5 receptor on L-cells, which release 
GLP-1 [ 100 ,  101 ]. Gerhard et al. also showed that diabetic patients achieving remis-
sion after RYGB had larger increases in fasting bile acids than non-diabetics or 
diabetics who did not go into remission[ [ 99 ]. 

 Altered enterohepatic recycling of bile acids and consequent increase in serum 
bile acids induced by IT in rats also suggest a mechanism for improved glycemia 
after BPD. Increased bile acids bind to FXR and stimulate secretion of FGF19, 
which subsequently inhibits hepatic glucose production and improves insulin sensi-
tivity [ 39 ,  40 ]. Whole body FXR knock-out mice have been shown to be refractory 
to the metabolic improvements seen in wild-type mice after SG [ 104 ]. In prospec-
tive human and animal studies, Pournaras et al. concluded that RYGB but not 
LAGB causes more rapid delivery of bile acids to the terminal ileum and therefore 
higher total bile acid levels, plasma GLP-1, PYY, and FGF19 [ 102 ]. Other studies 
have similarly found increases in plasma bile acids and FGF19 after RYGB, but 
Kohli et al observed that surgery-induced increase in bile acids did not correlate 
with postprandial insulin secretion or insulin sensitivity [ 100 ,  105 ].   

10.4.4     Microbiota 

  Data  from   mouse studies and humans have provided evidence that gut microbiota 
may play an important role in energy storage and possibly the development of obe-
sity and associated complications, although it remains unclear whether changes in 
the gut microbiome are a consequence or cause of obesity [ 106 ]. Bariatric surgery, 
though inducing anatomic, systemic, and environmental changes, may impact the 
composition of gut microbiota. Several studies have suggested that bariatric surgery 
shifts bacterial fl ora in obese patients toward profi les more similar to that of lean 
patients. Altered anatomy may play a key role in the changes in microbiota, as dif-
ferences in microbial ecology were most notable distal to the site of surgical manip-
ulation in rat models [ 106 – 109 ]. Transfer of gut microbiota from RYGB treated 
mice to non-operated, aseptic mice has been shown to be suffi cient to cause 
decreased weight and adiposity, possibly due to altered microbial synthesis of short- 
chain fatty acids [ 107 ]. Whether changes in microbiota affect insulin sensitivity or 
insulin secretion directly is unknown.   

10.4.5     Insulin Clearance 

   Early   improvement in hepatic gluconeogenesis and hepatic insulin sensitivity may 
account for the rapid decrease in fasting glucose and fasting insulin after 
RYGB. Bojsen-Moller et al. found that fasting hepatic insulin clearance increased 
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as early as 1 week and further at 3 months for both diabetic and normoglycemic 
patients after RYGB. Postprandial insulin clearance increased only in the T2DM 
patients, in whom the increased insulin clearance occurred as early as 1 week fol-
lowing surgery and persisted at 3 months and after 1 year [ 25 ]. Based on this study 
and others who have noted rapid improvement in fasting glucose and fasting insulin 
before signifi cant weight loss, it becomes plausible that nonenteral factors such as 
increased hepatic insulin sensitivity and insulin clearance account for some of the 
early improvement following caloric restriction [ 25 ,  110 ]. Early postoperative 
increases in plasma free fatty acids are followed by increased suppression consis-
tent with improved peripheral insulin sensitivity with progressive weight loss, as 
demonstrated during clamp studies in T2DM patients 1 year after RYGB [ 25  ].  

10.4.6     Other Mechanisms 

  G-protein coupled taste receptors   detect gut luminal contents and transmit signals 
that regulate nutrient transporter expression and nutrient uptake, as well as the 
release of gut hormones and neurotransmitters involved in the regulation of energy 
and glucose homeostasis.  Sweet taste receptors   are dysregulated in T2DM and may 
increase postprandial hyperglycemia by increasing glucose absorption. In rodent 
models, DJB has modulated sweet taste receptor expression and decreased glucose 
transport. Accelerated delivery of undigested nutrients to the lower small intestine 
after RYGB may also affect the regulation of taste receptors or glucose transporters 
on L cells, leading to increased PYY and GLP-1 secretion. The precise impact of 
altered gut hormone secretion due to altered taste receptor perception after bariatric 
surgery, and its consequences for insulin secretion and sensitivity, remains to be 
seen [ 111 ]. 

 Obesity and T2DM are known to alter circulating concentrations of many metab-
olites [ 112 – 114 ].  Metabolite   profi ling in diabetic patients has shown that weight 
loss after RYGB, but not diet-induced weight loss, leads to a decrease in fasting 
plasma concentrations of branched chain amino acids and their C3 and C5 acylcar-
nitine metabolites and correlates negatively with insulin sensitivity [ 115 ]. Similar 
alterations in metabolites have been observed after LAGB or RYGB in a nondia-
betic group following equivalent weight loss [ 116 ]. It is unclear whether changes in 
amino acid metabolism and possibly transport are unique to RYGB or a conse-
quence of improved insulin action.   

10.5     Conclusion 

 Improvement in T2DM after bariatric surgery is marked by profound changes in 
insulin sensitivity and insulin secretion due to weight loss associated and weight 
loss independent mechanisms. Caloric restriction and the amount of weight loss 
achieved by bariatric surgery signifi cantly account for improvements in insulin sen-
sitivity and action. Hepatic insulin sensitivity occurs early in response to caloric 
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restriction and peripheral insulin sensitivity improves further in parallel with weight 
loss. However, altered nutrient transport and glucose absorption leading to changes 
in gut hormone secretion also impact insulin sensitivity and β-cell function, with 
recovery of both basal and dynamic insulin secretion. The contribution of changes 
in bile acid reabsorption, microbiota, amino acid metabolism, and intestinal nutrient 
sensing and carbohydrate metabolism to β-cell function and glucose homeostasis 
are additional areas for ongoing research. Further understanding of how β-cell func-
tion and insulin sensitivity are altered by bariatric surgery has provided tremendous 
insight into the multiple endocrine functions of the gastrointestinal tract, and has 
highlighted potential therapeutic targets for the treatment of T2DM and obesity.     
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         Being overweight or obese is the main modifi able risk factor for type 2 diabetes. 
Obese adults are fi ve times more likely to be diagnosed with diabetes than adults of 
a healthy weight. Type 2  diabetes   is fast becoming the health burden of our time 
with billions of health care dollars worldwide being spent on the management of the 
complications of obesity related diabetes [ 1 ]. Currently 90 % of adults with type 2 
diabetes are overweight or obese. People with severe obesity are at greater risk of 
type 2 diabetes than obese people with a lower  body mass index (BMI)      [ 2 ]. People 
with diabetes are also at a greater risk of a range of chronic health conditions includ-
ing cardiovascular disease, blindness, amputation, kidney disease, and depression 
than people without diabetes. Diabetes leads to a twofold excess risk for cardiovas-
cular disease, and diabetic retinopathy is the leading cause of preventable sight loss 
among people of working age in Western Europe. It is also a major cause of prema-
ture mortality in the developed world [ 1 ]. 

 The huge cost of treating diabetes has led to much focus on bariatric surgery as 
an effective treatment. There is good evidence from  randomized controlled trials 
(RCTs)   that surgery is superior to medical therapy in improving diabetes control 
and the metabolic syndrome [ 3 ]. Surgery reduces the number of hypoglycemic 
medications required, including getting patients off insulin. Simply considering the 
reduced costs of diabetes treatment, surgery pays for itself within 2–3 years [ 4 ]. It 
also puts many diabetics into remission (normal HbA1c, normal fasting glucose, off 
all medication) and markedly reduces incidence of diabetes compared to matched 
patients not having surgery [ 5 ]. It is also accepted that the BMI threshold for surgery 
may be reduced by some 2.5 kg/m 2  for patients from the Asian population, as this 
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ethnic group has a greater susceptibility to diabetes and the metabolic syndrome, in 
theory as a consequence of increased density of visceral fat [ 6 ]. 

 Theories about how obesity leads to  type 2 diabetes      include abdominal  obesity   
causing fat cells to release pro-infl ammatory mediators. These chemicals can make 
the body less sensitive to the insulin it produces by disrupting the function of insulin 
responsive cells and their ability to respond to insulin [ 7 ]. 

       Obesity may also trigger changes to the body’s metabolism that cause adipose 
tissue to release increased amounts of fatty acids, glycerol, hormones, pro- 
infl ammatory cytokines and other factors that are involved in the development of 
insulin resistance. When insulin resistance is accompanied by dysfunction of pan-
creatic islet beta-cells it leads to failure to control blood glucose levels. 

       Type 2 diabetes is just one consequence of obesity. Obesity exerts its harmful 
effects on the body in many ways. It is generally accepted that obesity creates a pro- 
infl ammatory state in which circulating infl ammatory mediator levels rise contrib-
uting to end organ damage. The  metabolic syndrome   refers to a clustering of 
cardiovascular risk factors whose underlying pathophysiology may be related to 
insulin resistance.  Obesity and      the metabolic syndrome are also associated with an 
increased risk of some common cancers such as colon and endometrial cancer [ 8 ]. 

 The International Diabetes Federation (IDF) and American Heart Association 
defi nition of the metabolic syndrome has been agreed [ 9 ]. 

 Any three or more of the following factors constitute a diagnosis of  metabolic 
syndrome  :

•    Increased waist circumference: ethnicity specifi c—e.g., Caucasian men ≥94 cm 
and women ≥80 cm; South Asian men ≥90 cm and women ≥80 cm.  

•   Body mass index is over 30 kg/m 2 , central obesity can be assumed and waist 
circumference does not need to be measured.  

•   Raised triglycerides:
 –    >150 mg/dL (1.7 mmol/L)  
 –   Or specifi c treatment for this lipid abnormality     

•   Reduced HDL-cholesterol:
 –    <40 mg/dL (1.03 mmol/L) in men  
 –   <50 mg/dL (1.29 mmol/L) in women  
 –   Or specifi c treatment for this lipid abnormality     

•   Raised blood pressure:
 –    Systolic ≥130 mmHg  
 –   Diastolic ≥85 mmHg  
 –   Or treatment of previously diagnosed hypertension     

•   Raised fasting plasma glucose:
 –    Fasting plasma glucose ≥100 mg/dL (5.6 mmol/L)  
 –   Most people with type 2 diabetes will have metabolic syndrome based on 

these criteria       

 It is not only the adult population in whom the epidemic of diabetes is progress-
ing. Physicians are seeing more pediatric patients with obesity related complications 
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such as diabetes and more recently a worrying increase in fatty liver disease [ 10 ,  11 ]. 
Approximately 12.5 million (17 %) children and adolescents aged 2–19 years in the 
USA are obese [ 12 ].  Non-alcoholic fatty liver disease (NAFLD)   has emerged to 
become the most common form of pediatric chronic liver disease in the world. This 
is linked to the sharp rise in prevalence of morbid obesity in younger patients, along 
with the earlier onset of type 2 diabetes and the other components of the metabolic 
syndrome [ 13 ]. There is a strong association between the metabolic syndrome and 
NAFLD in younger patients, with most researchers agreeing  NAFLD   represents 
metabolic syndromes hepatic manifestation. Children with a diagnosis of NAFLD 
are also reported to have signifi cantly decreased quality of life. Diabetes, fatty liver 
disease, and the other components of the  metabolic syndrome      are all improved with 
weight loss [ 14 ]. 

       Weight loss in the obese, however achieved is benefi cial to health. For morbidly 
obese patients who consider and proceed with bariatric surgery there is a choice of 
which surgery to elect for. Traditionally this choice is between a restrictive proce-
dure such as gastric band (LAGB), sleeve gastrectomy (SG) and malabsorptive sur-
gery such as Roux-en-Y gastric bypass (RYGB), duodenal switch (DS), 
biliopancreatic diversion (BPD). Worldwide the three predominating surgeries are 
RYGB, SG and LAGB. The traditional teaching has been that the malabsorptive 
surgeries have a greater metabolic effect and the restrictive procedures, although 
good for weight loss, have a less dramatic metabolic benefi t, certainly in diabetic 
patients. 

  Gastric banding   has been in routine use since its introduction around 1993. Its 
popularity as a primary bariatric procedure increased throughout the 1990s and fi rst 
decade of this century. Surgeons and patients are attracted to the band for its ease of 
insertion as an ambulatory laparoscopic procedure, quick recovery and reproduc-
ibly good weight loss results. The safety profi le was recently highlighted in the 
November 2014 United Kingdom National Bariatric Surgery Registry reporting the 
collective results of the majority of UK bariatric surgeons. There were no reported 
deaths in the 3402 patients undergoing gastric banding in the UK from 2011 to 
2013. Only 0.8 % of patients were reported as having a complication within 30 days 
of surgery, showing that gastric banding is inherently safe. Excess weight loss 
(%EWL) with the band at 3 years postoperatively is 54 % in the UK Registry result-
ing in excellent resolution of most comorbidities [ 15 ]. 

 So how does gastric banding actually exert its benefi cial metabolic effects? The 
band is positioned around the upper part of the stomach just below the gastro esopha-
geal junction and can be fi lled with saline to restrict the amount of food consumed. In 
the early years of banding it was thought the band solely achieved its effect by physi-
cal restriction and the creation of a small gastric pouch. We now understand its mecha-
nisms of action a little better. The  laparoscopic adjustable gastric band (LAGB)   is 
ideally placed on the cardia of the stomach, just below the esophagogastric junction. 
In the past it was assumed that the presence of a band in this position caused a meal to 
accumulate in the pouch of stomach proximal to it, before gradually being released 
into the remainder of the gut. Thus, the band was thought to work by restricting 
the volume of food ingested to that able to be accommodated in the proximal pouch. 
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This small volume of food was thought to stretch the stomach and cause early satiety. 
Gradual emptying of the proximal pouch into the infra-band stomach was thought 
responsible for prolonged inter-meal satiation. Recent studies from Melbourne con-
fi rm that mechanism of action of  LAGB   is the induction of early and prolonged sati-
ety; however, the intraluminal events that lead to this are far more complex than simple 
retention of food in the proximal pouch [ 16 ]. The hormonal effects of gastric banding 
are now thought to contribute to a greater extent to the weight loss than the simple 
mechanism of portion restriction alone. By combining high-resolution video manom-
etry with nuclear studies of gastric emptying, the Australian group demonstrated that 
the expected physiology of a  LAGB   at its optimal volume does not cause a food bolus 
to rest above the band in the proximal pouch. Rather, the bolus will transit across the 
band in stages over a period of 45–60 s due to four to six repeated contractions of the 
lower esophagus. The infra-band stomach subsequently empties normally. These fi nd-
ings are important and emphasize the attention needed to each patient to ensure opti-
mal fi lling of the band to ensure weight loss without the creation of a pathological 
supra-band pouch and its consequent problems. 

 The endocrine function of the stomach is mainly exerted through the actions of 
ghrelin, an acylated peptide hormone that is the fi rst known and so far most exten-
sively studied endogenous orexigenic substance. The  satiety-hunger balance   is kept 
in check by many anorexigenic gut hormones among which is the deacylated form 
of ghrelin—des-acyl ghrelin. The interplay of gut hormones affects the brain 
directly, as most gut hormones cross the blood–brain barrier and bind to their 
respective receptors in the central nervous system. 

 The receptor for    ghrelin   is found on the same cells in the brain as the receptor for 
leptin the satiety hormone that has opposite effects from ghrelin. Although numer-
ous studies have investigated serum  ghrelin levels   following bariatric surgery, there 
is no solid agreement yet as to the direction or magnitude of its change, or even its 
impact on weight loss. Some studies have found an increase in ghrelin, some have 
found a decrease, and others have found no change in ghrelin following bariatric 
surgery. This indicates the complex nature of the exact relationship existing between 
gut hormones, hunger and the development of obesity. 

 Other hormones like  obestatin   and  nesfatin   are secreted from the stomach along 
with ghrelin, yet their physiological function is to be elucidated. The importance of 
the satiety-hunger balance can be seen in its most typical derangement—obesity. 
Some studies imply that ghrelin, along with other gut hormones, plays an important 
part in the pathophysiology of obesity. More importantly, it seems that the mecha-
nisms by which bariatric surgery procedures induce weight loss are primarily based 
on changing the gut hormone levels, including ghrelin  . 

 Weight loss reduces insulin  resistance     , and bariatric surgery is the most success-
ful way to induce and maintain weight loss. The procedures associated with the 
most weight loss have the most pronounced effects on insulin resistance. Reduction 
in peripheral insulin resistance occurs only once weight loss has been established, 
but hepatic insulin resistance can change earlier. The acute calorie restriction imme-
diately after  bariatric surgery      and before substantial weight loss improves insulin 
sensitivity. Thus, to establish the relative contribution of calorie restriction and factors 

M. Kurian and J. Loy



163

related to surgically induced changes in gastrointestinal structure and function 
remains diffi cult. The usual return of compensatory hunger after a period of calorie 
restriction and weight loss does not happen with bariatric surgery. Dixon and col-
leagues’ double-blind crossover study of weight-stable patients after laparoscopic 
adjustable gastric band surgery showed that an active band provided reduced hun-
ger after a fast, greater early satiation after a small meal, and prolonged satiety after 
meals. The effect, possibly due to gentle intraluminal pressure on vagal afferent 
mechanoreceptors at the gastric band, could be the main mechanism that allows 
patients to reduce meal size without a compensatory increase in meal frequency and 
maintain a substantially lower energy intake than before surgery. 

 Whilst there is accepted consensus that patients undergoing gastric bypass have 
earlier remission of type 2 diabetes, even before weight loss begins, patients with a 
gastric band can also achieve reasonable and sustained remission of diabetes rates. 
The theory as to the rapid improvement in diabetes in the RYGB patients relates to 
an early alteration of the gut hormone profi le and improved insulin sensitivity. It is 
accepted that in patients with a gastric band, no signifi cant incretin or gut hormone 
changes occur however. Improvement in glycemia, insulin secretion and insulin 
resistance is directly related to weight loss. With regular and careful follow-up, 
similar improvements in T2DM control with gastric banding and the more “meta-
bolic” RYGB can be obtained [ 17 ]. However, when comparing gastric banding and 
RYGB, improvements in T2DM are more marked in the latter [ 18 ]. Figure  11.1  

  Fig. 11.1    Mechanisms and comparisons of each of the three major bariatric procedures       
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below shows the mechanisms and comparisons of each of the three major bariatric 
procedures and how they can alter gut hormones.

    Bariatric surgery      provides additional benefi ts through improvements in other 
obesity-related co morbidities—e.g., dyslipidemia and obstructive sleep apnea. 
Additionally, health-related quality of life improves, symptoms of depression are 
reduced, and other psychosocial benefi ts are noted. Several studies have shown 
improvements in survival—specifi cally, reduced mortality from cardiovascular dis-
ease, cancer in women, and type 2 diabetes itself [ 19 – 21 ]. Available analyses sug-
gest that bariatric surgery is cost effective and, in some circumstances, reduces 
health-care costs [ 22 ]. Despite these fi ndings, surgery is underutilized; fewer than 1 
% of patients eligible for surgery are treated each year. Reasons include stigmatiza-
tion and discrimination against obese people and methods to treat obesity, profes-
sional boundaries (i.e., thinking of diabetes as a medical rather than surgical 
disorder), little awareness of surgical options in patients and physicians, barriers to 
access to surgical care, cost, and concerns about effectiveness and risks. 

 The growing body of evidence that weight  loss      achieved through bariatric sur-
gery produces health benefi ts, improving quality of life and reducing health care 
costs is hard to dismiss by health care providers. Whether the patient chooses a 
gastric band, bypass or sleeve is a matter for each individual patient to choose in 
conjunction with advice from their surgeon. Advocates of each surgery are able to 
produce convincing results for their preferred procedure and it is now accepted by 
the surgical body that each procedure is only as good as the correct patient selection, 
technical profi ciency in carrying out the surgery safely and offering close follow-up 
in conjunction with the patient’s primary care physician and whole team.    
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         In the USA, there are over 100 million Americans with diabetes and pre-diabetes 
and over 72 million Americans with obesity. Two thirds of adult onset diabetes is 
directly associated with obesity. 

   Diabetes   is a heterogeneous disease with three main types: type 1, type 2 and latent 
autoimmune diabetes.  Obesity      has been associated as a signifi cant risk factor for the 
development of type 2 diabetes. Individuals with a body mass index > 35 kg/m 2  are 20 
times more likely to develop diabetes than those with a BMI < 25 kg/m 2  [ 1 ]. The main 
condition that develops in type 2 diabetes is insulin resistance. In type 1 diabetes and 
LADA, lack of insulin production is the primary condition but one should be aware 
that many of these patients also develop a resistance to exogenous insulin if they 
become obese. It is generally well understood that any weight loss or improved dietary 
management can help to control diabetes. However, when these attempts prove inef-
fective, bariatric surgery is considered. In 1995, Walter Pories published an article in 
the  Annals of Surgery  titled, “Who would have thought it? An operation proves to be 
the most effective therapy for adult-onset diabetes mellitus” [ 2 ]. Almost 20 years later, 
bariatric surgery has proven to be an effective treatment for obesity related diabetes. 
This chapter reviews the current role of the Sleeve Gastrectomy in the treatment of 
obesity related diabetes. Concepts reviewed include diabetes outcomes by BMI, dura-
tion of diabetes, time to resolution, C-peptide production, Pouch/Bougie size, and 
comparison to other procedures. The heterogeneity of diabetes and the variations in 
sleeve gastrectomy technique make it diffi cult to analyze outcomes but many reason-
able conclusions can be made.  

 The  sleeve gastrectomy      (or gastric  sleeve  ) has emerged as an acceptable proce-
dure for almost any bariatric patient. During the open bariatric surgery era, it was 
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the restrictive component of the Duodenal Switch [ 3 ]. The advent of  laparoscopic 
bariatric surgery         facilitated the sleeve gastrectomy as a fi rst stage, lower risk option 
in high risk patients [ 4 ]. In the last 5 years, it has proven to be a reasonable single 
stage option for the lower BMI group of patients and for patients with unique con-
traindications to adjustable gastric banding or intestinal bypass procedures [ 5 ,  6 ]. In 
addition, recent reports have revealed that the sleeve can yield durable diabetes 
improvement [ 7 ]. There is also some proof that removing the volume part of the 
stomach (greater curvature) also removes most of the cells that produce  ghrelin  , 
which may also contribute better than expected weight-loss results and diabetes 
outcomes in the absence of malabsorption [ 8 ]. 

 Historically, Buchwald et al. [ 9 ] revealed a gradation of effect  on   diabetes resolu-
tion based on the procedure being purely restrictive versus having a large component 
of malabsorption. The  Bilopancreatic Diversion/Duodenal Switch   had a 98.9 %  dia-
betes resolution   whereas the purely restrictive Gastroplasty procedures had a 71.6 % 
 diabetes resolution  . It is diffi cult to extrapolate these outcomes to the  sleeve gastrec-
tomy      but the pouch is generally smaller than with the duodenal switch and the gastric 
resection may contribute to diabetes resolution more than just a gastroplasty. At least 
it is reasonable to conclude that pure restriction can improve diabetes. 

 A 2009 systematic review of  sleeve gastrectomy      by Brethauer et al. [ 10 ] included 
10 studies and 754 patients with follow-up on comorbidities. The overall remission 
rate for diabetes was 56 % with an additional 37 % demonstrating improvement. A 
2010 systematic review by Gill et al. [ 11 ] including 27 studies and 673 patients 
revealed that diabetes resolved in 66.2 % and improved in 26.9 % of patients. Other 
small sleeve gastrectomy series have reported diabetes resolution rates from 80 to 
88.9 % at 1 year [ 12 – 15 ]. Menenakos et al. [ 16 ], in a prospective single center study 
with 1 year follow-up confi rmed a diabetes resolution rate of 84 % (30 of 36 diabet-
ics). These early reports did not comment on the duration or severity of diabetes or 
differentiate between BMI groups or pouch sizes. 

 The results of  sleeve gastrectomy      on diabetes when associated with  BMI      are 
limited to date. Basso et al. [ 17 ] reported a diabetes cure rate of 69 % in a higher 
BMI group of patients (BMI 54 kg/m 2 ) compared to 88 % cure in a lower BMI 
group (BMI 45 kg/m 2 ). Both groups had improvement, but the lower BMI group 
achieved a superior result. Magee et al. [ 18 ] reported a very low diabetes improve-
ment rate of only 23 % in a group of patients with a BMI > 60 kg/m 2 . Conversely, 
Abbatini et al. [ 19 ] reported a diabetes cure rate of 88 % (8/9) in nine low BMI 
(30–35 kg/m 2 ) diabetics undergoing sleeve gastrectomy compared to 0 % cure rate 
for nine diabetics under medical treatment. The one diabetic that was not cured was 
diabetic for 20 years. 

  Diabetes resolution   correlating with pouch size is controversial and may be more 
closely related to actual weight lost. Atkins et al. [ 20 ] reported a longitudinal retro-
spective study of 294 sleeve patients. 106 patients had a sleeve gastrectomy done 
using a 50 French bougie and 185 patients had it done using a 40 French bougie. 
Diabetes resolution was 5.2 times greater at 4 years postoperative with the smaller 
bougie. Similar outcomes were seen for dyslipidemia and hypertension. The 
%EBMIL was greater for the 40 French group (60.2 % compared to 45.4 %). 
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Spivak et al. [ 21 ] used a retrospective case control study of 66 patients undergoing 
a sleeve gastrectomy with a 42 French bougie and 54 patients undergoing a sleeve 
gastrectomy with a 32 French bougie. Both groups had the antral resection start 
1–2 cm from the pylorus. At 1 year, %excess weight loss was 67 and 65 % and dia-
betes resolution was 79 and 83 %. The difference was not signifi cant. Abdallah et al. 
[ 22 ] reported the impact of the extent of antral resection in a prospective random-
ized study of 105 patients. Fifty-two patients had the antral resection start 2 cm from 
the pylorus and 53 patients had the antral resection start 6 cm from the pylorus. The 
group with the staple line starting 2 cm from the pylorus had signifi cantly better 
weight loss (71.8%EWL at 2 years) compared to the 5 cm group (61%EWL at 
2 years). There were only 16 diabetics in the study but the group with the smaller 
antrum had a diabetes resolution of 80 % (4/5) and the group with the larger antrum 
had a diabetes resolution of only 36.4 % (4/11). 

 Time to resolution of diabetes after  sleeve gastrectomy      has been variably 
reported. Rizzello et al. [ 23 ] reported on 17 diabetics early after sleeve gastrectomy 
and noted that within 5 days of surgery there was a reduction in glucose, insulin, and 
insulin resistance that persisted beyond 60 days. The diabetes cure appeared rapid 
and before weight loss occurs. Rosenthal et al. [ 24 ] reported on 30 diabetics under-
going sleeve gastrectomy at 2 and 6 months postoperatively. At 2 months, diabetes 
resolution was 27 % and at 6 months it was 63 %. The best resolution was in those 
with a shorter duration of diabetes and better weight loss. Casella et al. [ 25 ] reported 
on the duration of diabetes as a prognostic factor. A group of 40 sleeve gastrectomy 
patients with diabetes duration less than 10 years had a 100 % diabetes remission 
rate whereas a group of 16 sleeve gastrectomy patients with diabetes duration more 
than 10 years had only a 31 % remission rate. Additional reports provide more detail 
on time to resolution. Shah et al. [ 26 ] noted that a diabetes cure can take more than 
1 month and up to 1 year. In a series of 53 diabetics, 81 % of patients were off dia-
betic medications at 1 month postoperative and 96 % at 1 year. Slater et al. [ 27 ] 
reported on a series of 22 diabetics with diabetes resolution of 62 % at 2 months and 
75 % at 12 months. The duration of cure has been reported to range from 69 % at 
3 years [ 28 ] to 100 % at 5 years [ 15 ] in studies with less than 25 patients. There are 
a myriad of reasons for the disparity in resolution between studies such as starting 
BMI, patient ethnic background, pouch size, duration of diabetes, etc. 

 There are reports comparing the time to diabetes resolution between the sleeve 
gastrectomy and the gastric bypass [ 14 ,  29 – 31 ]. They appear to have similar cure 
rates at 2, 4, and 12 months. Recent meta-analyses have confi rmed these similar rates 
out to 3 years with only a slight advantage for the Roux-en-Y gastric bypass. Yip 
et al. [ 32 ] reported a systematic review and meta-analysis including 33 studies and 
1375 patients.  Diabetes   resolution between the gastric bypass and the sleeve gastrec-
tomy was compared. Unique to this meta-analysis was defi ning the remission criteria 
of a hemoglobin A1c of <6.5 %. Most studies previously mentioned considered dia-
betes resolved if the patient was off of medication. In this study, diabetes remission 
at 3 years postoperative was 81 % for gastric bypass and 80 % for sleeve gastrec-
tomy. There was no signifi cant difference in either diabetes resolution or weight loss 
between the gastric bypass and sleeve gastrectomy at 3 years. The other two 
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meta-analyses [ 33 ,  34 ] confi rm these fi ndings with the exception that at some time 
points after surgery the gastric bypass may have slightly better weight loss and a 
slightly better resolution of diabetes—but neither is statistically signifi cant. One 
study does report a much higher diabetes resolution rate for the RNY compared to 
the sleeve gastrectomy. Lee et al. [ 35 ] reported on 60 low BMI (25–35 kg/m 2 ) dia-
betic in Taiwan with poor diabetic control (A1c >7.5). The  diabetes resolution   at 
12 months for the RNY in this group was 93 % compared to only 47 % for sleeve 
gastrectomy patient group. This study does suggest that the RNY may be superior for 
the more severe diabetics. However, other similar outcomes have yet to be reported. 
86 % of the patients in the study were RNY patients which may have skewed the 
conclusions. The authors also noted that the highest cure rates were in those with 
diabetes for less than 5 years and with BMI > 30 kg/m 2  (presumably this group has 
more obesity related insulin resistance). Interestingly, all of these studies presumably 
represent a time point when the surgeon has already optimized the gastric bypass 
technique but may still be relatively early in the sleeve gastrectomy technique. These 
reviews suggest that this early sleeve technique is comparable to the more estab-
lished gastric bypass technique. The sleeve gastrectomy diabetes resolution rates 
may continue to improve with surgeon experience and patient selection. 

 Comparative studies between the adjustable gastric band and the sleeve gastrec-
tomy show the sleeve to have a superior diabetes resolution. Omana et al. [ 36 ] com-
pared 49 sleeve patients with 74 band patients. There were 29 diabetics and 17 
diabetics in each group, respectively. The sleeve group had a higher BMI of 52 kg/m 2  
compared to 44 kg/m 2  in the band group yet the sleeve diabetes resolution was 100 % 
and only 48 % for the bands. Abbattini et al. [ 37 ] reported similar outcomes with a 
band diabetes resolution rate of 60.8 % compared to 80.9 % for the sleeve group. 

 Bariatric surgery versus medical  therapy      studies have recently revealed how 
effective surgery is compared to medical therapy for diabetes treatment outcomes. 
Schauer et al. [ 38 ] randomized 150 patients with uncontrolled diabetes to receive 
intensive medical therapy alone or medical therapy and either Roux-en-Y gastric 
bypass or a sleeve gastrectomy. This group of patients had a mean HgA1c of 9.3 % 
preoperatively and thus they represented a group that would be diffi cult to cure with 
surgery. In addition, the endpoint of a HgA1c of 6.0 % off medications was consid-
ered stringent but of course desirable. At 3 years postoperatively, only 5 % of the 
medical therapy group met the endpoint while 38 % of the gastric bypass and 24 % 
of the sleeve group met the endpoint. This suggests the Roux-en-Y to be slightly 
superior but the sleeve pouch size may have also skewed the results. 

 All of these studies confi rm that the  sleeve gastrectomy      does improve diabetes. It 
is superior to adjustable gastric banding and has outcomes similar to the gastric 
bypass. Its limitations parallel the other procedures. The greater the amount of 
weight loss, generally the higher the rate of diabetes resolution. The smaller pouch 
(bougie size and antral resection) generally yields better weight loss and diabetes 
resolution. A duration of diabetes greater than 3 years and certainly more than 
10 years has a lower resolution rate. Those patients with early diabetes and only oral 
medications are likely to have an acceptable cure rate with a sleeve gastrectomy. 
Ultimately, the decision between a sleeve gastrectomy and a Roux-en-Y gastric 
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bypass in diabetics may often need to be based on nondiabetic factors such as: risk, 
need for anticoagulation, history of nephrolithiasis, need to use NSAIDS, prior 
intestinal surgery, the presence of Barrett’s esophagus, the presence of Crohn’s dis-
ease, history of organ transplantation, etc. Fortunately, the  sleeve gastrectomy      is 
universally indicated as the procedure can always be converted to a gastric bypass 
or a second stage duodenal switch if indicated later. In fact, if the only goal is dia-
betes resolution in the most severe and obese diabetic even with a high medical risk, 
a two stage duodenal switch with the fi rst stage being a sleeve gastrectomy has 
proven to be an excellent option [ 39 ,  40 ]. 

 Finally, it is wise to use caution when offering an intestinal bypass procedure to 
a diabetic because it may yield a higher cure rate of diabetes. The benefi t of diabetes 
resolution could be offset by bypass related complications such as ulcer, intestinal 
obstructions, vitamin defi ciencies, dumping, etc. In fact, the most severe diabetics 
may have minimal pancreatic function and a bypass procedure may not yield a 
higher cure rate of diabetes due to the lack of beta cell function. These patients may 
still be on signifi cant doses of insulin and have all the side effects of intestinal 
bypass procedures. Interestingly, this group may benefi t from a sleeve gastrectomy 
as they would at least reduce their exogenous insulin usage and not be subjected to 
the bypass related complications and side effects.    
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13.1             History 

  Gastric bypass (GBP)      was developed and described by Drs. Mason and Ito in 1967 
[ 1 ]. The procedure was created on the basis of the weight loss initially observed in 
patients undergoing partial gastrectomy for treatment of ulcers. Over the past several 
decades, the gastric bypass has been modifi ed into its current most performed form, 
using a  Roux-en-Y limb (RYGBP)  . According to the American Society for Metabolic 
and Bariatric Surgery (ASMBS), 179,000 bariatric surgeries were performed in 
2013, of which 34.2 % were RYGBP.  

13.2     Procedure 

    Gastric   bypass  procedure  s typically involve creating a proximal gastric pouch reservoir 
with a surgical anastomosis between the pouch and the small intestine. Thus oral intake 
“bypasses” the remaining stomach, duodenum and some variable portion of the small 
intestine, depending upon how much intestinal bypass is performed. The procedure 
is most commonly accepted with creation of a Roux-en- Y limb of jejunum for 
 anastomosis to the proximal gastric pouch; however, techniques for creating a loop 
gastrojejunostomy are also done in some parts of the world.  Gastric pouch creation   is 
accomplished with surgical stapling devices, the more modern iterations of these sta-
plers (and those used uniformly in laparoscopic gastric bypass) typically staple and 
transect the tissue between the rows of staples, creating what has been called a “divided” 
gastric bypass. In contrast, when performed via “open” surgical access, many surgeons 
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did not transect the gastric pouch from the distal gastric remnant, creating a gastric 
bypass with “in continuity” gastric stapling. The gastric pouch volume recommended 
is small, on the order of 25–30 cm 3  or less, but there is controversy as to whether pouch 
volume is a critical component of the procedure from the perspective of the metabolic 
effects of the surgery which will be described in detail below. It is likely that a small 
gastric pouch volume contributes primarily to the restrictive effect of the procedure, 
specifi cally infl uencing the degree of weight loss and, perhaps, the risk of weight regain 
following the procedure, although these issues are also controversial and not well 
proven in the surgical scientifi c literature. 

 Gastric  bypass   is often referred to as the “gold standard” for bariatric surgical 
procedures, in part because the initial weight loss induced by the surgical procedure 
is somewhat greater and overall less variable than other commonly performed pro-
cedures like the adjustable gastric band and the sleeve gastrectomy. The average 
morbidly obese patient undergoing gastric bypass surgery will typically lose between 
60 and 75 % of their calculated excess body weight, and total excess weight is deter-
mined by comparison of preoperative body weight to Metropolitan Life tables, 
which provide information regarding Ideal Body Weight. In contrast, the typical 
excess weight loss following the restrictive sleeve gastrectomy procedure is in the 
range of 50–60 % of excess, while the adjustable gastric band procedure typically 
results in excess weight loss below 50 % of excess  .  

13.3     Post op Management and Complications 

     The current overall mortality rate for bariatric surgery, according to the American 
Society for Metabolic and Bariatric Surgery, is approximately 0.1 %, with the overall 
possibility of major complications 4.3 %. Complications of  RYGBP      include 
 anastomotic leaks, internal hernia, stomal stenosis, marginal ulcers, cholelithiasis, 
dumping syndrome, changes in nutritional absorption, along with any other issues 
that may occur as a consequence of surgery (i.e., wound infections, atelectasis, 
pneumonia, deep vein thrombosis, etc.). 

 Patients who have undergone  laparoscopic RYGBP   are selectively examined post-
operatively with a double contrast (water-soluble contrast and barium sulfate)  upper 
gastrointestinal series (UGI)  . The purpose of the study is to evaluate for the presence of 
an anastomotic leak. If no evidence of leak is apparent, patients are initiated on a clear 
liquid diet, with a rate often no greater than 60 mL/h initially. After the patient tolerates 
the liquid diet for 24 h, some surgeons advance the diet to pureed food (with no added 
sugar). The pureed diet is continued for 1 month postoperatively, after which regular 
food may be gradually incorporated. Patients should be instructed to abstain from any 
foods and liquids that are high in simple carbohydrates and to avoid sugars and sweets.  

13.3.1     Anastomotic Leaks 

  The two sites  of   anastomoses (gastrojejunostomy and jejunojejunostomy) may 
serve as a potential source of complications. Anastomotic leak risks range from 0.8 
to 6 %, with most generally occurring within 1 week of surgery, but may occur up 
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to 1 month postoperatively. The patient presentation may include signs such as 
low- grade fevers, respiratory distress and/or tachycardia (greater than 120 beats 
per minute). If a leak is suspected clinically, even if imaging is negative, emergent 
surgical exploration is indicated, and is often done laparoscopically. To test for a 
possible leak intraoperatively, methylene blue or endoscopy may be utilized. For 
evaluation with the dye test, methylene blue with saline is injected via a nasogas-
tric tube while a bowel clamp is placed distal to the gastrojejunostomy. To evaluate 
endoscopically, saline is used to submerge the gastrojejunostomy while the roux-limb 
is clamped and the pouch is insuffl ated via the endoscope. Air bubbles present in 
the saline around the pouch may indicate the presence of a leak. Treatment for an 
anastomotic leak includes drainage, broad-spectrum antibiotic coverage and 
 identifi cation/repair of the defect when feasible. A gastric tube may be placed for 
feeding or intravenous feedings may be used.   

13.3.2     Stomal Stenosis 

    Stomal stenosis      is a stricture that may form at the gastrojejunal anastomosis. 
Incidence of stomal stenosis after RGYBP is reported to be between 3.1 and 15.7 %. 
The etiology of stenosis may be related to the method used for anastomosis, with the 
greatest risk seen in the use of a 21 mm circular staple, followed in order by a 
25 mm circular stapler, linear stapler, and hand-sewn anastomosis [ 2 ]. Patients present 
1–2 months postoperatively with nausea, vomiting, dysphagia, and/or gastroesoph-
ageal refl ux, with ultimate progression of intolerance of oral intake. Diagnosis is 
made by endoscopy or upper GI series. Treatment is endoscopic dilation as the 
preferred and less invasive option. A therapeutic endoscope is inserted through the 
gastrojejunostomy along with a balloon dilator which is pneumatically insuffl ated 
based on the stoma size. The complication rate is about 3 %, and repeated dilation 
may be required for some patients. Surgical revision is reserved for patients who 
have persistent stenosis despite repeated endoscopic dilations  .  

13.3.3     Marginal Ulcers 

   Marginal ulcers   are mucosal erosions that occur at the gastrojejunal anastomosis, 
most commonly on the jejunal side. The ulcers typically occur when the gastric 
remnant is stapled but not divided. The incidence is reported to be between 0.6 and 
16 %. Possible etiologies of marginal ulcers include nonsteroidal anti- infl ammatory 
(NSAID)    drug use, Helicobacter pylori (H. pylori) infection, smoking, poor tissue 
perfusion secondary to excess tension or ischemia at the anastomosis, increased 
exposure to acid in the gastric pouch due to gastrogastric fi stula formation, and 
presence of foreign material (suture or staples). Patient presentation includes 
nausea, pain, with possible bleeding and/or perforation. Diagnosis is made by 
upper endoscopy. Initial management includes medical treatment with gastric acid 
suppression (proton pump inhibitors) with or without sucralfate. Patients should be 
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strongly encouraged to stop NSAID use and smoking. Patients with H. pylori 
colonization should be treated with triple therapy (proton pump inhibitor, clarithro-
mycin and amoxicillin) .  

13.3.4     Cholelithiasis 

   Cholelithiasis   may develop in up to 38 % of patients undergoing gastric bypass 
surgery, and up to 41 % of these patients become symptomatic. Rapid loss of weight 
can contribute to the formation of gallstones by increasing the lithogenicity of bile. 
This risk can be signifi cantly reduced to 2 % when patients are postoperatively 
treated with a 6 month course of ursodeoxycholic acid [ 3 ]. Unfortunately compli-
ance with ursodeoxycholic acid prophylaxis may be poor due to gastrointestinal 
side effects of the medication. Symptomatic patients should be evaluated preopera-
tively or intraoperatively for cholelithiasis and should have a cholecystectomy per-
formed at the time of gastric bypass if gallstones are present. Asymptomatic patients 
may be managed expectantly as a minority will come to cholecystectomy during 
follow-up .  

13.3.5     Dumping Syndrome 

   Dumping syndrome   is a well-known physiologic phenomenon associated with 
gastric bypass, as it occurs in procedures that involve partial or complete gastrec-
tomy. Dumping typically occurs when patients ingest high levels of simple carbo-
hydrates. Hormones thought to be involved in this mechanism include 
enteroglucagon, vasoactive intestinal peptide (VIP), peptide YY (PYY), pancre-
atic polypeptide, and neurotensin. Dumping may be divided into early and late 
phenomena. Early dumping occurs within 15–30 min of ingestion and is due to 
rapid gastric emptying. The high osmolality of the food causes rapid fl uid shifts 
from the plasma into the bowel, which leads to hypotension and refl ex sympa-
thetic nervous system activation. Patients will present with symptoms of colicky 
abdominal pain, diarrhea, nausea, and tachycardia. Late dumping occurs 1–3 h 
after meal ingestion, and presents with symptoms of hypoglycemia (dizziness, 
fatigue, diaphoresis, weakness, confusion). Rapid gastric emptying leads to a 
high glucose concentration, which is rapidly absorbed and triggers insulin secre-
tion, leading to the signs and symptoms of hypoglycemia. Sigstad’s scoring sys-
tem may be used for diagnosing dumping syndrome, where a score greater than 
seven is suggestive of dumping, and a score less than four suggests other diagno-
ses. To avoid dumping, patients are advised to avoid foods high in simple carbo-
hydrates, and are encouraged to eat diets with high fi ber content, complex 
carbohydrates, and high protein content. Furthermore, patients are instructed to 
eat small, frequent meals (up to six per day), and to avoid drinking with meals or 
in the fi rst 2 h after a meal. If these fi rst line measures fail, somatostatin analogue 
use may be considered, which are administered subcutaneously three times a day 
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or intramuscularly once every 2–4 weeks. Although dumping is an unpleasant 
consequence that patients may have to withstand, the condition actually aids the 
patient in adhering to the prescribed dietary restrictions by acting as negative 
feedback to the ingestion of sugar  [ 4 ].  

13.3.6     Nutritional Changes 

 Changes in  nutritional   needs are important to be considered when managing a 
 post- gastric bypass patient. Patients are advised to obtain a signifi cant amount of 
their daily calories from protein (50–60 g per day). Daily supplementation also 
includes 500 μg of vitamin B12, 1200 mg of calcium, and a multivitamin tablet. 
Women who menstruate are also asked to take 650 mg of ferrous sulfate daily. 
Serum levels of these supplements should be checked during regular clinic appoint-
ments [ 5 ].   

13.4     Endocrine Physiology After Gastric Bypass 

 Gastric  bypass      not only alters the anatomy of gastrointestinal tract, but also the 
hormonal and neural mechanisms that control the physiologic function. In particular, 
the peptide hormones ghrelin and peptide YY, and leptin have been examined to 
evaluate the neural changes evident post-RYGBP. 

13.4.1     Ghrelin 

   Ghrelin   is a 28 amino acid peptide, produced by the A cells in the oxyntic glands of 
the stomach fundus in increased concentrations during periods of fasting or starvation. 
Ghrelin is low after eating, with hyperglycemia and in obesity. It binds to the growth 
hormone secretagogue receptor, stimulating release of growth hormone, increases 
intake of food and produces weight gain. 

  Weight loss   achieved through caloric restriction alone is associated with an 
increase in plasma ghrelin concentration. Increased concentrations have also been 
seen in weight loss through lifestyle modifi cations, chronic exercise, cancer anorexia, 
cardiac cachexia, hepatic cachexia and anorexia nervosa. In contrast, cross-sectional 
and prospective studies have shown an alteration in the levels of ghrelin post-gastric 
bypass surgery. These fi ndings imply that the increased levels may contribute to 
weight regain. Therefore, in order to maintain weight loss, the appropriate method 
must inhibit the normal compensatory rise in ghrelin [ 6 ]. 

 Gastric bypass patients lack the normal premeal increase in plasma ghrelin, with 
cumulative secretion of ghrelin decreased [ 7 ]. The reduced ghrelin secretion seen 
after surgery may contribute to the improved glucose tolerance. Ghrelin normally 
stimulates the secretion of insulin counterregulatory hormones (i.e., glucagon), sup-
presses adinopectin secretion and inhibits insulin secretion. Several studies have 
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observed low and/or suppressed ghrelin levels following RYGB. One prospective 
study by Geloneze et al., demonstrated a signifi cant drop in ghrelin concentrations 
in both diabetic and nondiabetic patients 1 year after the surgery [ 8 ]. Furthermore, 
ghrelin levels decreased even with a 38 % loss in weight, a change that would nor-
mally be expected to stimulate ghrelin release. Additionally, ghrelin levels in RYGB 
patients were approximately one fourth as high as in those in body mass index- 
matched patients who had comparable weight loss following biliopancreatic divi-
sion or adjustable gastric banding surgeries. Some studies have demonstrated the 
opposite, however, showing an increase in ghrelin concentration in patients who 
have achieved substantial weight loss after surgery. These differences may be attrib-
uted to surgical differences at the various centers, such as the sizes of the gastric 
pouch, Roux limb, gastrojejunal stoma, and biliopancreatic limb. An override inhi-
bition model has been described, in which an empty stomach and duodenum acutely 
increase ghrelin levels, whereas there is a paradoxical inhibition when continuously 
present after RYGBP. This model predicts that bariatric surgeries that do not elimi-
nate the sites of major ghrelin-producing tissue from coming in contact with food 
would be ineffective at inhibiting ghrelin. The location of the staple line within the 
stomach may also determine the degree of ghrelin suppression, as the gastric fundus 
holds the majority of cells responsible for producing ghrelin  [ 6 ].  

13.4.2     PYY 

   Peptide YY (PYY)   is a 36 amino acid hormone secreted from the L cells in the 
mucosa of the ileum and the H cells in the colon and rectum. PYY is released in 
response to food intake, in particular fatty foods. It inhibits vagally stimulated gastric 
acid secretion, and when released into the bloodstream can inhibit gastric emptying 
and intestinal motility, therefore delaying the delivery of additional ingested food to 
the intestine, a concept known as the “ileal brake”. PYY also signals to the brain, 
specifi cally to the neuropeptide Y2 receptors in the hypothalamus, causing a disinhi-
bition of the release of anorectic peptides (alpha-melanocyte- stimulating hormone 
(α-MSH) and cocaine-and-amphetamine- regulated-transcript) causing a decrease in 
food intake. Infusion of PYY decreases the 24 h food intake in both lean and obese 
patients [ 9 ]. Obese patients are known to have lower levels of fasting PYY plasma 
levels in comparison to normal weight control individuals, suggesting that PYY defi -
ciency may contribute to the development of obesity.   

13.4.3     Leptin 

   Leptin   is a hormone encoded by the ob gene and is expressed primarily in adipocytes. 
In mice, leptin administration causes a decrease in food intake through various 
mechanisms. Leptin decreases the content of neuropeptide Y (NPY) mRNA and 
increases the content of proopiomelanocortin (POMC) mRNA in neurons within the 
arcuate nucleus of the hypothalamus. Alpa-MSH, produced by the cleavage of POMC, 
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decreases food intake. In humans, BMI and body fat show a strong correlation with 
leptin production. The concentration of leptin normally refl ects the amount of adi-
pose tissue present. Excessive eating also increases serum leptin concentrations, 
whereas fasting and weight loss reduces serum leptin concentrations. Signifi cant 
reductions in leptin can be seen in the early postoperative period following RYGBP, 
even when the BMI is within the morbidly obese range  [ 10 ].   

13.5     Glucose and Insulin: Early Effects 

  The long  term   effects of  RYGBP   on glucose metabolism and diabetes are evident 
and have often been correlated to the decrease in BMI. However, the effects on 
glucose metabolism are apparent within days postoperatively, before weight loss 
has been achieved [ 11 ]. Patients seen 3 weeks postoperatively showed signifi cant 
decreases in blood glucose, insulin, and leptin levels when compared to their preop-
erative values [ 10 ]. Patients with type 2 diabetes on oral hypoglycemic agents may 
become euglycemic without medications within 3 weeks of surgery, and exhibit 
rapid normalization of blood glucose levels.  

13.5.1     GIP and GLP-1, Insulin 

     Glucose-dependent insulinotropic polypeptide (GIP)    and   glucagon-like peptide 
(GLP-1)    are incretins released from the duodenal K cells and ileal L cells, respec-
tively. Their combined effect is responsible for approximately 50 % of postprandial 
insulin secretion. In addition to its stimulatory effect on insulin secretion, GLP-1 
also delays gastric emptying, decreases appetite, promotes weight loss, inhibits 
 glucagon, and may enhance insulin sensitivity. In T2DM patients, the incretin effect 
on insulin secretion is impaired. Studies evaluating GLP-1 levels after gastric 
bypass have consistently shown signifi cant increases in GLP-1, by factor of 5–10 in 
response to a meal or to oral glucose. The effect of GBP on GIP levels has yielded 
less consistent results, as elevated and decreased levels have been reported. 
However, the incretin effect on insulin secretion has been reported, normalized to 
the levels of nondiabetic controls at 1 month and 1 year postoperatively [ 12 ]. A 
study by Kindel et al. on rats showed that administration of the GLP-1 antagonist, 
exendin 9–39, reversed the improved glucose tolerance after duodenojejunal bypass 
[ 13 ]. Use of exendin 9–39 in a study testing human subjects showed improved post-
prandial hypoglycemia after GBP [ 14 ]. A prospective study examined the effect of 
weight loss versus GBP on incretins. Although it showed that both surgical and 
non-surgical weight loss resulted in a similar decrease in fasting glucose and fasting 
insulin, recovery of early insulin secretion after oral glucose and the improvement 
in incretin levels and effect were only seen in the GBP group. This data suggests 
that GBP has a weight loss-independent effect on glucose balance. Cross-sectional 
data has shown that these effects are evident even 20 years after bypass, when 
 compared to non-surgical obese controls [ 15 ]. 
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 The mechanism behind the improved incretin effect after GBP has been  suggested 
by the foregut and hindgut hypotheses demonstrated in rats. The  foregut hypothesis   
suggests that exclusion of the upper gut, rather than sole weight loss, enhances glucose 
tolerance. Rats who has undergone gastrojejunal bypass exhibited better glucose 
 tolerance when compared to sham-operated pair-fed controls with equal body 
weight and in rats with gastrojejunal anastomosis. The hindgut hypothesis states 
that rapid stimulation of the ileum by food causes an increase in GLP-1 levels, and 
thus a positive effect on glucose tolerance. 

 It is well known that amino acids are linked to insulin resistance and diabetes. 
Studies have also looked at the reduction in circulating  branched-chain amino acid 
(BCAA)   and aromatic amino acids levels after GBP. GBP patients had lower levels 
of BCAA and phenylalanine (Phe) and tyrosine (Tyr) when compared to a match 
control group that lost the same amount of weight through diet. Better glycemic 
control and improved insulin secretion was seen in patients that had greater reduc-
tions in BCAAs, Tyr, and Phe   .   

13.6     Surgery and Metabolic Syndrome 

  Obesity         is associated with many comorbid conditions, and predisposes to the 
 development of glucose intolerance, T2DM, dyslipidemia, hypertension, obstructive 
sleep apnea, and many others. Therefore, treating obesity with bariatric surgery 
causes a reduction in the obesity-related comorbidities and metabolic syndrome. 

13.6.1     Long Term Effects of Obesity and Diabetes 

   Several   studies have shown partial or complete resolution of type 2 diabetes mellitus 
(T2DM) following gastric bypass. When studied over a 5-year period after RYGBP, 
patients with preoperative T2DM exhibit normal fasting blood glucose levels (<110) 
and decrease in hemoglobin A1c (HbA1c) to normal levels (≤5.5 %) [ 16 ]. 

 Bariatric surgery has been proven superior to medical management alone for the 
improvement in T2DM, as seen in short-term randomized trials [ 17 ]. The 3-year 
results from the  Surgical Treatment and Medications Potentially Eradicate Diabetes 
Effi ciently (STAMPEDE) trial   of 150 patients, found that gastric bypass and sleeve 
gastrectomy were superior to intense medical treatment alone in obese diabetic 
patients. Patients who underwent surgical interventions exhibited better glycemic 
control and reduction in cardiovascular risk factors, with decreased dependence on 
pharmacological management of T2DM. The mean BMI of patients in the study 
was 36 ± 3.5, and a mean HgbA1c of 9.3 ± with average duration of diabetes 
8.3 ± 5.1 years. At the 3-year end point of the trial, only 5 % of the medical-therapy 
group was able to reach the target HgbA1c of ≤6 %, whereas 38 % of the gastric 
bypass group ( p  < 0.001) and 24 % of the sleeve gastrectomy group ( p  < 0.01) were 
able to achieve the goal. Furthermore, 80 % of subjects that were able to achieve 
glycemic control at the 1-year mark but relapsed at 3 years were in the medical- therapy 
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group. The gastric bypass group had the most signifi cant reduction in use of diabetic 
medications, when compared with both the sleeve-gastrectomy and medical- therapy 
groups. The surgical groups also showed sustained control in cardiovascular markers 
(with lower triglyceride levels and higher high-density lipoprotein (HDL) levels) 
with a reduction in the number of medications needed to manage hyperlipidemia.  

13.6.2     Low BMI Diabetics and RYGBP 

  Gastric  bypass   has been shown to produce signifi cant improvement in diabetes in 
obese patients with BMI less than 35 kg/m 2 . An analyses of 675 patients performed 
by Reis et al. showed a signifi cant ( p  < 0.001) reduction in BMI, fasting plasma 
glucose, and HgbA1c levels after bariatric surgery, with 84 % of these patients dem-
onstrating a resolution of T2DM (HgbA1c <7 %). Patients who had undergone 
RGYBP (both laparoscopic and open), mini-gastric bypass, and laparoscopic ileal 
resection showed the highest effi ciency for diabetes resolution. RYGBP patients 
had improved glucose and insulin levels and increased GLP-1 and PYY secretion 
within a few months of surgery .   

13.6.3     Weight Regain After RYGBP 

   It  is    known   that some amount of weight gain occurs after bariatric surgery, when 
compared to the lowest weight observed between 18 and 24 months postoperatively. 
Regain is most commonly seen between 2 and 5 years post-GBP. Factors that may 
contribute to weight regain include the type of surgery performed, presence of binge 
eating disorders, patient compliance with support groups, and the preoperative 
BMI. A retrospective study evaluating weight regain 10 years after surgery found a 
signifi cant increase in BMI in morbidly obese (<50 kg/m 2 ) and super obese (>50 kg/
m 2 ) patients, with no difference in those with short limb (10 cm afferent limb, 40 cm 
Roux-en-Y limb, 15–20 mL gastric pouch) versus long limb (100 cm afferent limb, 
100 cm Roux-en-Y limb, and 15–20 mL gastric pouch) surgeries. Despite the weight 
gain found in this study, there was a low mortality rate (3.1 %) among the 209 sub-
jects, and the obesity-related comorbidities remained low (assessed by the medica-
tions used by the subjects) [ 18 ].  

13.6.4     Weight Regain After RYGBP and Relation to Diabetes 

 There has been confl icting evidence about weight regain after RGYBP and the 
potential reemergence of diabetes. Some studies have shown that weight regain 
after GBP leads to recurrence of  T2DM  , whereas others have shown that weight 
regain did not have an associated relapse of diabetes. The reemergence of T2DM is 
theorized to be due to loss of peripheral insulin sensitivity that occurs with weight 
regain (from increased caloric intake). However, there is likely a multifactorial 
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contribution to the recurrence of T2DM. These factors may include the loss of the 
foregut or hindgut hormonal action over time, due to possible receptor down regula-
tion within the pancreatic beta cells or the peripheral tissues. A retrospective cohort 
study published by DiGiorgi et al. interestingly found that patients that regained 
weight and had T2DM recurrence or worsening had lower initial BMIs preopera-
tively, versus those whose T2DM resolved or improved. Although obesity is a 
known risk factor for the development of T2DM, many patients with the disease are 
not obese. It is possible that patients who are prone to develop T2DM at lower BMI 
levels may have lower inherent insulin production or may have signifi cant insulin 
resistance with minimal weight gain. This phenomenon was demonstrated in the 
study, as patients who had recurrence of their T2DM had lower BMI levels and 
were on insulin preoperatively, suggesting they had more severe T2DM. 

 A recent clinical trial study by Tamboli et al. in 45 RYGBP patients found that 
early weight regain (at 1 and 2 years postoperatively) did not affect insulin sensitiv-
ity. Subjects who had at least 5 % weight regain within the fi rst and second preop-
erative years did not have reductions in either peripheral or hepatic insulin sensitivity 
[ 19 ]. At this time, more longitudinal studies are needed to evaluate the role of 
weight regain and the recurrence of T2DM after GBP  .      
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14.1             Introduction 

 Current prescribed interventions for type 2 diabetes ( T2D  )    and other metabolic 
disorders along with lifestyle modifi cations often do not result in meaningful 
improvement in cardiovascular outcomes [ 1 – 4 ]. In contrast, an emerging body of 
literature from the past decade has described dramatic and sustained improve-
ments in both blood sugar and cardiovascular outcomes in individuals with T2D 
that undergo surgery for morbid obesity. Various surgical options exist for the 
treatment of obesity and its comorbidities, but the biliopancreatic diversion and 
duodenal switch (BPD-DS) results both in the greatest weight reduction and most 
pronounced improvement in obesity related metabolic conditions [ 5 ].  

14.2     Biliopancreatic Diversion and Duodenal Switch 

   Indications      for bariatric surgery are BMI > 40 or 35 kg/m 2  with a comorbidity such as 
diabetes. While performed on less than 1 % of eligible patients,  bariatric surgery   is the 
most effective treatment for obesity and metabolic conditions [ 6 ]. Robust long term data 
shows that bariatric surgery patients, maintain excess weight loss of greater than 50 %, 
and considerably, have a signifi cant risk reduction of mortality [ 7 – 9 ]. This reduction in 
mortality is largely due to a reduction in cardiovascular events and improvement in 
metabolic conditions. Gastric bypass (GB), laparoscopic adjustable gastric banding 
(LAGB), and now the vertical sleeve gastrectomy (SG) are the more commonly per-
formed operations. While these procedures result in sustained weight loss and resolve 
comorbidities, there are populations in which these interventions are not universally 
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effective. For example, those with a BMI > 50 kg/m 2  rarely achieve a BMI < 35 kg/m 2  
and are subject to weight recidivism [ 10 ]. 

 The biliopancreatic diversion with duodenal switch (BPD-DS) combines a 
restrictive component (sleeve gastrectomy) with a signifi cant intestinal rearrange-
ment. The biliopancreatic diversion with or without duodenal switch induces the 
greatest weight loss and resolution of metabolic conditions, making it the most 
effective weight loss operation. These results are durable beyond 15-year follow-up 
[ 11 ,  12 ]. Despite this, BPD-DS constitutes only a minority of weight loss opera-
tions. This unpopularity may be explained by several factors, including the  perceived 
rate of nutritional complications, the higher surgical risk, and the increased technical 
challenge of doing the procedure laparoscopically. Large series, however, from 
specialty centers have demonstrated this procedure can be performed with acceptable 
risk and nutritional complications. 

 Scopinaro originally described the  biliopancreatic diversion (BPD)  . This procedure 
maintained malabsorption while eliminating the long blind limb believed to contribute 
to many of the long-term problems with  jejunoileal bypass (JIB)  , particularly  cirrhosis. 
A distal gastrectomy was performed with a Roux-en-Y reconstruction anastomosing a 
250 cm distal Roux limb to the proximal stomach, with the long biliopancreatic limb 
connected at 50 cm from the ileocecal valve thus creating a very short common 
 channel [ 13 ]. 

 While an improvement on the  JIB  , the Scopinaro procedure is associated with a 
dumping syndrome and marginal ulcers. The  BPD   was modifi ed by Marceau to create 
the  duodenal switch (DS)   with vertical (or sleeve) gastrectomy rather than a distal 
gastrectomy and anastomosing the Roux limb to the stapled (non-divided) proximal 
duodenum. This technique preserves the pylorus, theoretically reducing dumping 
and ulcers [ 14 ]. Hess and Hess further modifi ed the duodenal switch with the division 
of the duodenum, leading to the modern-day BPD-DS [ 15 ]. 

 The current laparoscopic BPD-DS, as originally described by Gagner, consists of 
a sleeve gastrectomy with an alimentary limb of approximately 150–200 cm anasto-
mosed to the proximal duodenum, and a variable 50–100 cm common channel [ 16 ]. 

 Successful implementation of this operation hinges on patient selection and 
maintaining patient follow-up. Due to the inherent malabsorptive nature of the 
BPD-DS, patients must be fully engaged in preoperative education and commit to 
lifelong maintenance and follow-up. They must be aware of the more intense 
 vitamin supplementation and higher protein intake requirements. Patients need to 
undergo full nutritional and psychological counseling, and demonstrate understand-
ing of appropriate expectations. In general, we reserve BPD-DS for patients with 
BMI > 50 kg/m 2 , those with diabetes for >5 years, those that are insulin dependent, 
or those who have insuffi cient weight loss or diabetes resolution after vertical 
sleeve gastrectomy. A team approach is necessary to ensure patients are well 
 prepared to navigate through this surgical journey. If patients are considered higher 
risk, due to very high BMI (>60 kg/m 2 ), multiple comorbidities, unfavorable body 
habitus, or questionable psychosocial circumstance, we consider and often prefer a 
staged approach. Here, a vertical sleeve gastrectomy can be performed fi rst to allow 
for signifi cant weight loss, with later conversion to BPD-DS. Indeed, the 
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introduction of the now popular sleeve gastrectomy as a stand-alone weight loss 
and metabolic procedure is the result of this strategy. There is limited long-term 
data as to how many of these patients will benefi t from conversion to BPD-DS [ 17 ]. 
Using this strategy, Iannelli reported that DS could be avoided in nearly two-thirds 
of patients who undergo a sleeve fi rst [ 18 ]. 

 Much discussion and reservation is had about technical demands of BPD-DS and 
perioperative considerations. In most large and current series, particularly published 
in the laparoscopic era, the risks for BPD-DS are generally comparable to laparo-
scopic gastric bypass. Ikramudin, noted that the only signifi cant difference between 
DS and GB was a slightly higher ER visit rate [ 19 ]. In 5-year follow-up of a  randomized 
trial comparing duodenal switch to gastric bypass in the super-obese, both groups 
were noted to have a similar number of adverse events, but the DS group needed 
more reoperations. The patients in the DS group were much more likely to have a 
BMI < 40 kg/m 2 , have lower fasting glucose, and have lower serum lipids [ 20 ]. 
Therefore, it is important to contextualize the relative risk of this procedure with the 
fact that it is the most effective intervention for obesity and metabolic comorbidities. 
In the meta-analysis by Buchwald, it appeared that the benefi t of BPD-DS came at 
a signifi cantly higher risk, with mortality reported at 1.1 % [ 21 ]. As stated earlier, 
many series from large centers demonstrate mortality at a rate 0.5–0.6 %, particu-
larly in the laparoscopic era [ 15 ,  22 ]. 

 In terms of the nutritional defi ciencies long-term data suggest that >75 % of 
patients actually have adequate parameters. Low levels of iron, hemoglobin, vitamin 
D, vitamin A, and calcium range from 10 to 20 % of patients. Only about 3 % of 
patients are frankly defi cient in any one of the above parameters [ 23 ]. Clearly, with 
the shorter common channels, BPD-DS necessitates more intense supplementation 
than gastric bypass. This largely explains the fi ndings of Scandinavian randomized 
trial between GB and DS, where DS patients were noted to require more adjust-
ments for defi ciencies over the baseline vitamin regimen [ 24 ]. In 5-year follow- up, 
Serum concentrations of vitamin A, 25-hydroxyvitamin D, and ionized calcium 
decreased signifi cantly and parathyroid hormone increased signifi cantly after duodenal 
switch compared with gastric bypass. There was no difference in B vitamins, folate 
or prevalence of anemia [ 20 ]. Very severe nutritional defi ciencies can be “rescued” 
by limb lengthening, but this is rarely necessary (4 %)  [ 15 ].  

14.3     Diabetes 

   The  link      between weight loss surgery and improvement in diabetes is now well 
established. Reported results are striking, with more than 50 % of patients with 
HbA1C <7 and many free from medications. The results are striking given the varied 
modalities used in various reports, along with inconsistent techniques and terminology. 
In the comprehensive meta-analysis involving 136 studies and over 22,000 patients, 
Buchwald reported 77 % resolution or improvement in diabetes in patients 
 undergoing bariatric surgery. Of note, only 15 % of all patients were diabetic. 
Procedure-specifi c resolution was 48 % for LAGB, 68 % for vertical banded 
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gastroplasty (VBG), 84 % for gastric bypass and an incredible 98 % for BPD/DS, 
suggesting increasing impact on diabetes with greater manipulation of the gastroin-
testinal tract [ 21 ]. 

 The effect of BPD-DS on diabetes often occurs soon after surgery and lasts for 
decades after. With the BPD, Scopinaro reported that three-fourths of patients had 
normal fasting glucose just months after surgery. Within 1 year, the vast majority 
had fasting glucose under 90 mg/dl, and this phenomenon was maintained out to 10 
and 20-year follow-up. When examining those that do not see diabetes resolution, 
the usual pattern of long-standing diabetes and insulin dependence emerges, 
 suggesting residual beta cell mass is critical for the effect of BPD-DS [ 25 ]. Due to 
the scarce population that actually remain medication dependent after BPD-DS 
limited conclusions have been made in the literature about what factors will predict 
failure with this particular operation. Predictors are similar to those seen for gastric 
bypass, where duration and severity of diabetes are negative factors [ 26 ]. 

 There are certain populations that appear to benefi t more from BPD-DS than 
other bariatric surgeries. The super-morbidly obese (BMI > 50) are less likely to 
achieve high levels of weight loss and have signifi cant weight regain with gastric 
bypass [ 27 ]. Moreover, this group is less likely to resolve obesity related comorbidi-
ties. Prachand et al. found in a case controlled study that all super-morbidly obese 
patients who underwent BPD-DS were free of medication as compared to 60 % of 
patients who underwent gastric bypass. Signifi cantly, the patients in the BPD-DS 
cohort had more severe diabetes, further pointing to the potency of this procedure 
[ 28 ]. This difference was not seen in the short-term follow-up from the Scandinavian 
randomized trial between BPD-DS and GB. While the DS patients lost more weight, 
patients in both groups had improved glycemia. At 5 year follow-up, all patients had 
improvement in diabetes, on patient in the GB group was using oral medication, but 
DS patients had lower fasting blood glucose and lower HbA1c overall (5.6 % vs. 
4.8 %) It is important to note that there were only a small percentage of diabetic 
patients in this trial, and that a study with greater power would likely demonstrate a 
difference [ 20 ,  29 ]  .  

14.4     Metabolic Mechanism of BPD-DS 

  On  the   surface, one could conclude that the degree of weight loss directly correlates 
to the resolution of diabetes. In the randomized trial of medical weight loss to gastric 
banding, the ability of the patients to lose and sustain excess weight loss was the 
major predictor of diabetes resolution [ 30 ]. BPD-DS results in both massive weight 
loss and frequent resolution of diabetes. The mechanism by which diabetes is 
affected by BPD-DS does not appear to be totally a consequence of weight loss. We 
observe that parameters such as fasting glucose, oral glucose tolerance, HbA1C and 
dependence on medications often improve in the days to weeks following surgery. 
This improvement often occurs before signifi cant weight loss is achieved [ 31 ]. 
Additionally,  bariatric   procedures that escalate gastrointestinal rearrangement and 
increase malabsorption have a higher impact on diabetes resolution. Non-surgical 
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caloric restriction also does not have the rapid and early effect on diabetes, as does 
BPD-DS or gastric bypass. Results of randomized trials that compare BPD, gastric 
bypass and intensive medical therapy for diabetes show that surgery more fre-
quently resolves diabetes, with BPD trending towards the greatest impact [ 32 ]. 
Lastly, in several experimental surgical models where the GI tact is rearranged 
without restricting caloric intake such as the duodenal jejunal bypass and ileal trans-
position, glycemia dramatically improves. It would appear that the GI tract itself 
plays a role in regulating blood glucose levels [ 5 ]. 

 These dramatic clinical and experimental observations increase our appreciation 
for how the gut functions as an endocrine organ in addition to its role in digestion. 
Various portions of the GI tract elaborate an array of hormones, particularly pep-
tides that regulate glucose homeostasis, appetite and satiety. The nutrient stream 
and bile acids stimulates the production of these hormones. This fact is corroborated 
by the observation that orally ingested glucose raises insulin levels higher than IV 
glucose. Hormones that augment insulin secretion are called  incretins  . There likely 
are hormones that counter-regulate this process, or “anti-incretins” [ 33 ]. 

 Rapid transit of nutrients into the ileum results in a more pronounced secretion  of   
incretin hormones, in particular GLP-1 (glucagon like peptide-1), which then 
improves beta-cell secretion of insulin. The production of enteroglucagon and peptide 
YY are also increased by the L-cells of the ileum, affecting glucose metabolism, 
intestinal motility and satiety. Direct stimulation of the terminal ileum and cecum by 
food hydrolysate in patients with BPD-DS was shown to dramatically augment 
release of these hormones [ 34 ]. Further evidence that highlights the importance of the 
hindgut can be seen in the ileal transposition (IT). This is an experimental procedure 
that transposes the terminal ileum in to a more proximal position in the gut, resulting 
in earlier rise in GLP-1 and peptide YY in response to ingested food. Improved 
 glycemic control is observed without restriction or signifi cant weight loss [ 35 ]. 
Glycemic control was improved in 87 % of patients with type 2 diabetes and 
BMI < 35 kg/m 2  who underwent IT. Long-term data for this procedure is not available, 
but the importance of the hindgut and a weight loss independent mechanism to diabetes 
resolution by gastrointestinal rearrangement is illustrated [ 36 ,  37 ]. 

 The proximal gut or foregut probably also plays a role in glucose homeostasis. 
Overstimulation of the foregut by oral intake (duodenum and proximal jejunum), 
may result in a chronically hyperinsulinemic state and subsequent insulin resistance. 
Patients with  T2D   have chronically elevated levels of the hormone GIP (Glucose-
dependent insulinotropic polypeptide), an incretin. Sequestering the duodenum or 
proximal small bowel from the stream of nutrients, as is done in gastric bypass and 
BPD-DS, decreases GIP levels. Excluding the proximal small bowel also may sup-
press the release of “anti-incretins” that counteract the appropriate function of GIP 
[ 38 ]. The duodenal-jejunal bypass ( DJB  )    is an experimental procedure that 
excludes the duodenum, but does not result in signifi cant weight loss. In both lean 
and obese diabetic animals, this procedure results in improved glycemia and 
decreased levels of GIP [ 39 ]. Ramos reported a series of 20 patients with improved 
fasting glucose and signifi cantly reduced HbA1C. Eighteen of 20 patients were free 
of medication [ 40 ]. 
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 The hindgut and foregut mechanisms to improved glucose homeostasis are 
applicable to both the gastric bypass and BPD-DS. The greater malabsorption seen 
in BPD-DS together with the more signifi cant weight loss function synergistically 
with GI hormonal changes to yield a more pronounced metabolic effect. With 
decreased absorption of lipids, there is a more signifi cant depletion of intracellular 
energy stores and lower levels of plasma lipid concentrations [ 25 ]. This results in 
improved peripheral insulin sensitivity. Despite having better glycemic control and 
more pronounced beta-cell function, patients with BPD-DS have overall lower 
 levels of insulin secretion compared to gastric bypass [ 41 ]. Compared to gastric 
bypass, glucose metabolism after BPD-DS appears to be more effi cient and is a 
consequence of both enhanced insulin secretion, and enhanced insulin sensitivity [ 42 ] .  

14.5     Lipid Metabolism and BPD-DS 

   The  dramatic      metabolic effects of BPD- DS   are likely closely linked to the handling 
of high-energy nutrients, namely lipids. The obligate reabsorption of bile acids, 
rapid intestinal transit time, and limited mixture of nutrients with digestive enzymes 
increase lipid losses and decrease available circulating lipids. These fat losses are 
closely linked with the greater loss of percentage of body fat seen after BPD-DS. As 
noted by Strain et al., while all bariatric procedures reduce BMI, BPD-DS has the 
greatest impact on body mass composition [ 10 ]. Needless to say, the impact of body 
mass composition is critical in the improved insulin sensitivity seen after 
BPD-DS. This is not only due to the composition of the periphery, but also due to 
changes in gene expression that improve intracellular energy management [ 43 ]. 

 As a result of these mechanistic differences in lipid handling the clinical outcome 
on cardiovascular risk factors as measured by serum lipid profi les is generally  superior 
with BPD-DS. Buchwald noted in his meta-analysis a near 100 % improvement in 
circulating lipid levels [ 21 ]. When comparing the outcomes of super-obese patients 
undergoing either BPD-DS or GB, our group found nearly a threefold likelihood of 
improvement of lipid profi les. And, more recently the 5-year outcomes from the 
randomized study between gastric bypass and duodenal switch demonstrated that 
only BPD-DS resulted in sustained decrease in LDL [ 20 ]. 

 No doubt, the superior clinical impact of BPD-DS is multifactorial, but as stated 
earlier is probably linked to dietary fat loss due to intestinal rearrangement. The Canadian 
group recently reported that in their large experience, some patients who only had the 
intestinal component of BPD-DS (without sleeve gastrectomy) enjoyed nearly the same 
resolution of hyperlipidemia (82 %) as those that had a full BPD-DS (100 %). Those that 
had sleeve alone were only half as likely to have lipid profi le improvement (41 %) [ 44 ].    

14.6     Conclusion 

 Cardiovascular complications from poorly controlled type two diabetes result in 
signifi cant morbidity and mortality. Reversing this has proven challenging with 
medical therapy but early intervention is associated with the best outcomes [ 45 ]. 
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Few diabetics achieve an HbA1C <7 by conventional means [ 4 ]. Increasing the 
intensity of medical strategies has also yielded disappointing results [ 1 – 3 ]. 

 When compared to medical therapy, bariatric surgery is much more effective in 
improving glycemia and even allowing people to be medication free. This is now 
evident in randomized trials with short and medium-term follow-up [ 32 ,  46 ,  47 ]. 
There is a signifi cant risk reduction of microvascular and macrovascular events in 
actual 20-year follow-up [ 48 ]. While weight loss is an inherent benefi t of these 
 procedures, the metabolic improvements seen appear to occur in part through a 
weight independent mechanism [ 8 ,  49 ]. 

 Biliopancreatic diversion and duodenal switch is the most effective surgical 
 procedure both in terms of weight loss, resolution of diabetes and lipid metabolism. 
This is a complex procedure and has added surgical and nutritional risks. Many of 
these can be overcome with proper training and patient selection. Altered secretion 
of gut hormones by gastrointestinal rearrangement and depletion of intracellular 
energy stores improves insulin secretion and reduces peripheral insulin resistance. 
This not only makes BPD-DS the most effective metabolic procedure but also the 
most effi cient. While not all patients would be candidates for this procedure, there 
may be subpopulations that would most benefi t from BPD-DS. Further understanding 
the mechanism of BPD-DS may help us treat all patients with diabetes and associated 
metabolic disease.     
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15.1             Introduction 

  Type  2   diabetes mellitus (T2DM)    and obesity are predicted to be two of the greatest 
public health problems of the coming decades globally. Worldwide, the prevalence 
of Diabetes is increasing and vascular complications are the main cause of death [ 1 ]. 
Indeed, during 1988–2000 the annual all-cause mortality rates among T2DM 
patients were 25.2 per 1000 person-years compared with 9.5 per 1000 person-years 
in those without diabetes in the US population age 35–74 years. Cardiovascular 
(CV) disease  mortality   in this diabetic population was 11.1 per 1000 person-years 
compared to 3.4 per 1000 person-years in those without diabetes [ 2 ]. 

 The possibility that gastrointestinal surgeries may lead to improvement in 
 glucose homeostasis through mechanisms beyond reduced food intake and weight 
loss have been extensively explored. The different bariatric procedures can be 
mainly restrictive, malabsorptive, and mixed. As there is not an ideal operation, a 
number of variations of each of these procedures have been performed over the 
years, in order to optimize the results and decrease their disadvantages. Our incom-
plete understanding of the physiology of normal appetite and satiety regulation, and 
the pathophysiology of obesity, are certainly key points in explaining the multiple 
surgical alternatives. A quite recent meta-analysis supports the assumption that the 
most effective operations in relation to weight loss and resolution of associated 
diseases are the  biliopancreatic diversion (BPD)   and duodenal switch (DS)   . 
However, the overall morbidity is high and there is an increased risk of signifi cant 
malabsorption with an attendant requirement for indefi nite supplementation [ 3 ]. 
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 An analysis of 621 studies in the literature, including over 135,000 morbidly 
obese patients undergoing bariatric surgery, reported resolution of T2DM in 78 % 
of cases [ 4 ]. Furthermore, in a retrospective cohort of 7925 bariatric patients, deaths 
attributed to diabetes were reduced by a remarkable 92 % [ 5 ]. Thus, in the morbid 
obese patient with T2DM,  bariatric surgery   appears to be a highly effective treat-
ment alternative. However, when using a more restricted defi nition of diabetes reso-
lution, with complete remission defi ned as glycated hemoglobin (HbA 1c ) less than 
6 % and fasting blood glucose (FBG) less than 100 mg/dL off diabetic medications, 
Brethauer et al. [ 6 ] demonstrated long-term (5 years or more) complete remission of 
T2DM in 31 % of patients following gastric bypass, 9 % after sleeve gastrectomy 
and none after gastric banding. 

 On the other hand, the most frequent kind of T2DM, the hyperglycemia after the 
fourth decade of life in moderately obese subjects, is a progressive disease, and 
resolution, whether spontaneous or by treatment, is uncommon [ 7 ]. Saydah SH 
et al. [ 8 ] demonstrated that only 7 % of 404 adult diabetic patients from the 
NHANES study achieved HbA 1c  < 7 %, blood pressure <130/80 mmHg and total 
cholesterol < 200 mg/dL %. From the Steno2 study [ 9 ], approximately 17 % of the 
patients were able to reach HbA 1c  below 6.5 %. A strategy of intensive glucose 
control to lower the HbA 1c  value to 6.5 % yielded a 10 % relative reduction in major 
macrovascular and microvascular events [ 10 ]. In another study, an intensive glucose 
control in patients with poorly controlled T2DM had no signifi cant effect on the 
rates of major CV events, deaths, or microvascular complications [ 11 ]. In the 
ACCORD study [ 12 ], high risk T2DM patients submitted to intensive therapy to 
lower HbA 1c  had an increased mortality and no signifi cantly reduced major CV 
events, as compared with standard therapy. So, there is a clear need to offer diabetic 
patients an alternative treatment modality with better results. 

 A straightforward option would be to push the limits of the indication of the 
 different bariatric surgeries to non-morbid obese diabetic patients. However, it is not 
easy to justify some of the tactic components of the different bariatric operations, 
like the small stomach performed with the gastric bypass and the important malab-
sorption associated to the BPD-DS surgeries. Recent data have demonstrated that 
the good results of bariatric surgeries to morbid obese diabetic patients could not be 
reproduced for lower body mass index (BMI) patients. Schauer et al. [ 13 ] conducted 
a prospective, randomized, controlled trial in 150 obese patients with uncontrolled 
T2DM to receive either intensive medical therapy alone or intensive medical ther-
apy plus Roux-en-Y gastric bypass or sleeve gastrectomy. Mean BMI was 36. The 
primary end point was HbA 1c  level of 6.0 % or less. At 36 months, 38 % of patients 
following gastric bypass, 24 % after sleeve gastrectomy and 5 % in the intensive 
medical treatment were able to reach HbA 1c  ≤ 6. In another randomized trial at four 
teaching hospitals, Ikramuddin et al. [ 14 ] compared lifestyle-intensive medical 
management and Roux-en-Y gastric bypass surgery. The primary outcome was con-
sidered successful if patients achieved the composite of a triple end point: an HbA 1c  
of less than 7.0 %, an LDL cholesterol level of less than 100 mg/dL and systolic 
blood pressure less than 130 mmHg. After 12 months, 49 % of the patients in the 
gastric bypass group and 19 % in the lifestyle-medical management group achieved 
the primary end points. 
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 An alternative to the different bariatric surgeries would be an operation, specifi -
cally designed to the treatment of T2DM, and based on the pathophysiology of the 
disease; very much like a regular antidiabetic medication. 

 According to the literature, ileal interposition was fi rst described in 1928 [ 15 ]. 
Dorton in 1985 and Halberg in 1986 [ 16 ,  17 ] fi rst suggested its use for the treatment 
of obesity. Dr. E. Mason, in 1999 [ 18 ], suggested its use for both obesity and/or 
diabetes. In 2003, we proposed the combination of an ileal interposition up into the 
jejunum (JII-SG) or into the duodenum (DII-SG) associated to a tailored sleeve 
gastrectomy [ 19 ]. Further on, a selected group of 19 morbid obese patients had ileal 
interposition associated with a sleeve gastrectomy. In this highly selected group, 
diabetes was resolved early in the postoperative period [ 20 ] .  

15.2     Pathophysiology of T2DM and Ileal Interposition 
with Sleeve Gastrectomy 

    Under   normal physiological  conditions  , unabsorbed nutrients can achieve the distal 
small intestine (ileum), resulting in the activation of a neuroendocrine negative 
feedback mechanism, the “ileal brake.” These combined effects infl uence digestive 
process, ingestive behavior, glucose and lipid metabolism and involves a number of 
different mechanisms, including increased secretion of peptides, like glucagon-like 
peptide-1 (GLP-1) and peptide YY (PYY) from L cells of the ileum [ 21 ]. The 
relevance of the ileal brake as a potential target for weight and metabolic management 
is based on several fi ndings: First, activation of the ileal brake has been shown to 
reduce food intake and increase satiety levels. Second, activation of the ileal brake 
determines weight loss and improves glycemic control. Third, these effects seem to 
be maintained over time [ 22 ]. 

 The pathophysiology of T2DM involves failure of beta-cells to secrete adequate 
amounts of insulin,  insulin resistance (IR)   in peripheral tissues and liver, increased 
endogenous glucose production, accelerated lipolysis, defi ciency or incretin resis-
tance, hyperglucagonemia, increased glucose reabsorption in the kidneys, and insu-
lin resistance in the brain [ 23 ]. The complexity of the pathophysiology is such, that 
the whole is bigger than the sum of the parts. Furthermore, there are other key con-
cepts to be evaluated: (1) The pathophysiology of T2DM has also genetic and envi-
ronmental components; (2) The different hormones, peptides and other agents are 
part of a complex regulatory system, with emphasis that multiple redundant and 
compensatory factors exists; (3) There is no animal model that matches the complex 
etiology of human T2DM; (4) During the progression of the disease, diabetic patients 
have different responses to the therapy applied, a greater chance of hypoglycemia 
and they are prone to gain weight; (5) An individual approach is  suggested, with 
multiple targets (glycemic control, dyslipidemia normalization, blood pressure stabi-
lization, microalbuminuria reversion, adjustable and long-lasting weight control). 

 Although the cellular mechanisms underlying ileal interposition with sleeve 
 gastrectomy remains speculative, the operation intends to primarily target the patho-
physiology of T2DM. The fi rst characteristic of the operation is to provide an early 
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contact of ingested nutrients to the interposed distal ileum resulting in an early and 
signifi cant rise of glucagon-like peptide 1 (GLP-1), with its consequent impact on 
the defective early (fi rst-phase) insulin secretion. The second characteristic is the 
correction of the defective amplifi cation of the late phase plasma insulin response to 
glucose by GIP. Both characteristics were addressed in a publication of the hor-
monal changes before and after ileal interposition with sleeve gastrectomy [ 24 ]. The 
third characteristic is the amelioration of insulin resistance. An attractive hypothesis 
for the rapid improvement of insulin sensitivity and associated pancreatic beta-cell 
function could be related to short-circuiting the entero-hepatic bile acid recycling 
through an early reabsorption of primary bile acids. Another possibility could be 
related to surgical ablation of the majority of GIP-secreting intestinal K-cells. The 
association of variable amounts of stomach resection, tailored to weight, in a sleeve 
format intends to provide long-lasting control of obesity, to decrease caloric intake, 
to accelerate gastric emptying and to decrease the circulating levels of ghrelin. 
Based on the above pathophysiology, we assumed the possibility that the DII-SG 
would give better results in relation to JII-SG, as it addresses more aspects of the 
pathophysiology of the disease. These operations encompassed both the hindgut 
and foregut hypothesis. 

 All therapeutic procedures need to have effi cacy balanced against risk. As with 
obesity, TD2M remains a major cause of illness and death. Although bariatric sur-
gery appears to be the only procedure that determines a signifi cant and long-lasting 
treatment for diabetic morbid obesity patients, T2DM in patients with a lower BMI 
can be treated with medications. It is really not the same disease, nor the same 
patient.    

15.3     Animal Studies 

   Animal studies   have shown that ileal interposition surgery delays the onset of 
diabetes in University of California at Davis type 2 diabetes mellitus rats (UCD- 
T2DM). This effect may be related to increased nutrient-stimulated secretion of 
GLP-17–36 and PYY and improvements of insulin sensitivity, beta-cell function, 
and lipid metabolism [ 25 ]. 

 Patriti et al. [ 26 ] demonstrated in a nonobese type 2 diabetes rat model (Goto–
Kakizaki) that ileal interposition improved glucose tolerance and was associated 
with a higher GLP-1 levels. The same author also demonstrated that ileal interposi-
tion improves glucose metabolism and beta-cell function through an enhanced pro-
glucagon gene expression and L-cell number [ 27 ]. 

 Ileal interposition was compared to different operations in animal models. Boza 
et al. [ 28 ] observed that obese diabetic rats when submitted to an ileal interposition 
with sleeve gastrectomy had a signifi cant weight loss and diabetes improvement. 
The operation proved to be as effective as gastric bypass in the short term on weight 
progression, with no bypass of the proximal gut. In a nonobese rat model with 
T2DM, ileal interposition determined similar control of diabetes as BPD, with 
a better postoperative recovery  [ 29 ].  
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15.4     Technique 

 Two   different   techniques have been performed: ileal interposition up into the jeju-
num associated with a tailored sleeve gastrectomy and ileal interposition up into the 
duodenum associated with a tailored sleeve gastrectomy. A standard fi ve- to six-port 
laparoscopic technique is used after establishment of pneumoperitoneum. 

 The fi rst technique, JII-SG, starts with division of the jejunum 20 cm from the 
ligament of Treitz using a linear stapler. An ileal segment of 150–170 cm is created 
30 cm proximal to the ileocecal valve, interposing it peristaltically into the proximal 
jejunum. All three anastomoses are performed functionally side by side using 
45-mm linear staplers, with care taken to close mesenteric defects with interrupted 
3-0 polypropylene sutures. For standardization purposes, intestinal measurements 
are performed with traction along the antimesenteric border using a 10-cm marked 
atraumatic grasper. The tailored sleeve gastrectomy is performed according to pre-
operative BMI. It starts with devascularization of the greater curvature, beginning in 
the distal portion of the antrum, 5 cm proximal to the pylorus, or opposite to the 
incisura angularis or even 3 cm proximal to this point, using the Ultrasonic Scalpel 
or Ligasure. A 33-Fr Fouchet orogastric calibration tube is placed by the anesthesi-
ologist along the lesser curvature toward the pylorus. The gastric resection is per-
formed starting at the antrum or up in the body and continuing up to the angle of His 
using a linear 45- or 60-mm stapler. A 3-0 polypropylene running invaginating 
suture covers the staple line. 

 The second technique, DII-SG, is an ileal interposition up into the duodenum 
associated with a tailored sleeve gastrectomy. The sleeve gastrectomy is performed 
as mentioned earlier. After that, the devascularization along the greater curvature of 
the stomach continued to the duodenum, 3–4 cm beyond the pylorus. The duode-
num is transected using a 60-mm linear stapler. A 3-0 polypropylene running invag-
inating suture covers the duodenal staple line. The gastric pouch and proximal 
duodenum are then transposed to the lower abdomen through the mesocolon. An 
ileal segment of 150–170 cm is created 30 cm proximal to the ileocecal valve, inter-
posing and anastomosing it peristaltically to the proximal duodenum using a hand- 
sewing technique. A point in the jejunum 50 cm from the ligament of Treitz is 
measured and anastomosed to the distal part of the interposed ileum. Anastomoses 
are performed functionally using 45-mm linear staplers; with care taken to close 
mesenteric defects using interrupted 3-0 polypropylene sutures. The duodenum–
ileum anastomose is performed in a two layer fashion with interrupted sutures. The 
trocars openings are closed.   

15.5     Results and Discussion 

   Laparoscopic   ileal interposition associated with sleeve gastrectomy is a safe 
operation in a nonobese population with T2DM. DePaula et al. [ 30 ] evaluated early 
morbidity and mortality in 454 patients with a mean BMI 29.7 ± 3.6 kg/m 2  (range 
19–34.8). There was no conversion to open surgery. Mortality was 0.4 %. Major 
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complications were observed in 4.8 % of the patients and minor complications in 
11.2 %. Reoperations were performed on eight patients (1.7 %). Readmissions to 
the hospital occurred in 20 patients (4.4 %). In another study [ 31 ], 360 patients were 
studied. Early mortality was 0.27 %. The total number of surgical complications 
was 6.1 and 1.94 % of the patients required reoperations. 

 Both procedures, ileal interposition up into the jejunum and ileal interposition up 
into the duodenum with tailored sleeve gastrectomy, are considered effective opera-
tions for diabetic patients with BMI below 35. Following a prospective randomized 
controlled trial comparing the two versions; the duodenum–ileal interposition resulted 
in a greater percentage of patients with HbA 1c  below 6 (81.3 % versus 35.3 %) 
 compared to the jejunum–ileal interposition [ 32 ]. Although the duodenum–ileal inter-
position is certainly a more effective diabetic operation, the jejunum–ileal interposi-
tion does not bypass the duodenum and can be indicated for early and mild diabetes. 

 Sustainability of effect is evident. At a mean follow-up of 39.1 months, ranging 
25–61, mean HbA 1c  decreased from 8.7 to 6.2 % after the JII-SG and to 5.9 % fol-
lowing the DII-SG. Hemoglobin A 1c  below 7 % was seen in 89.9 % of the patients, 
below 6.5 % in 78.3 %, and below 6.0 % in 60.1 %. Although the difference between 
the two operations was not statistically signifi cant, the DII-SG provided a greater 
decrease in the HbA 1c  level and postprandial glucose compared to the JII-SG, and 
was utilized in more severely diabetic patients [ 33 ]. 

 Overall, 86.4 % of patients were off antidiabetic medications. Hari Kumar et al. 
[ 34 ] reported a series of patients with BMI < 35 submitted to the laparoscopic sleeve 
gastrectomy associated to ileal interposition with a 70 % remission rate of T2DM at 
a 9-month follow-up. Tinoco et al. [ 35 ] in a mid-term outcome of 30 patients, 
described an 80 % remission rate, and Goel et al. [ 36 ] demonstrated that after 
6 months of operation, 100 % of the patients with BMI < 35 submitted to JII-SG had 
HbA 1c  below 7 %. 

 Although the percentage of weight loss is a predictor of remission of diabetes in 
morbidly obese diabetic patients [ 37 ], glucose control was not related to the amount 
of weight loss in the subset of patients with diabetes and BMI below 35. The opera-
tions induced progressively greater weight loss across the normal weight, over-
weight, and obesity (BMI >30 and <35) groups and did not induced adverse 
problems like protein malnutrition, fat and vitamins malabsorption. 

 We cannot determine whether the favorable survival effect of this operation is 
related to glucose control or due to any other benefi cial effect. We speculate that 
beyond glycemic control, the two versions of ileal interposition associated with a 
tailored sleeve gastrectomy may eventually impact all-cause mortality as it statisti-
cally improves the usual risk variables, like cholesterol, triglycerides, weight, 
microalbuminuria and hypertension. It also provided an early and long-lasting con-
trol of postprandial glycemia. A relationship between mortality and postprandial 
glucose is known and is independent of the fasting glucose levels. Hypertension 
control was achieved in 87.5 % of patients without medication. The resolution rate 
of hypercholesterolemia and hypertriglyceridemia was 93.6 % and 81.8 %, respec-
tively. Microalbuminuria was diagnosed in 82 (40.6 %) patients in the preoperative 
period. Resolution was achieved in 71.1 %. 
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 DePaula et al. [ 38 ] also demonstrated that the operations induced changes on 
T2DM by mechanisms in part distinct from weight loss, principally involving resto-
ration of insulin sensitivity and improvement of ß-cell function through oral glucose 
tolerance test (OGTT) evaluation. According to this study, insulin sensitivity was 
fully restored, total insulin output increased and ß-cell glucose sensitivity doubled. 
Moreover, patients with normal weight, overweight, and BMI between 30 and 
35 kg/m 2  had similar postoperative HbA 1c  levels. 

 The results of these operations suggest to the clinician that surgery may be an 
alternative treatment for diabetic patients at lower BMI’s. More objective criteria of 
disease severity are certainly necessary, although surprisingly, we could not identify 
preoperative clinical predictors of success .     
 

   References 

    1.    Fox CS, Coady S, Sorlie PD, D’Agostino Sr RB, Pencina MJ, Vasan RS, Meigs JB, Levy D, 
Savage PJ. Increasing cardiovascular disease burden due to diabetes mellitus: the Framingham 
Heart Study. Circulation. 2007;115:1544–50.  

    2.    Gregg EW, Qiuping G, Cheng YJ, Venkat Narayan KM, Cowie CC. Mortality trends in men 
and women with diabetes, 1971 to 2000. Ann Intern Med. 2007;147:149–55.  

    3.    Buchwald H, Estok R, Fahrbach K, Banel D, Sledge I. Trends in mortality in bariatric surgery: 
a systematic review and meta-analysis. Surgery. 2007;142(4):621–32.  

    4.    Buchwald H, Estok R, Fahrbach K, Banel D, Jensen MD, Pories WJ, Bantle JP, Sledge 
I. Weight and T2DM after bariatric surgery: systematic review and meta-analysis. Am J Med. 
2009;122:248–56.  

    5.    Adams T, Gress R, Smith S, Halverson C, Simper S, Rosamond W, LaMonte M, Stroup A, 
Hunt S. Long-term mortality after gastric bypass surgery. N Engl J Med. 2007;357:753–61.  

    6.    Brethauer SA, Aminian A, Romero-Talamás H, Batayyah E, Mackey J, Kennedy L, Kashya 
SR, Kirwan JP, Rogula T, Kroh M, Chand B, Schauer PR. Can diabetes be surgically cured? 
Long-term metabolic effects of bariatric surgery in obese patients with type 2 diabetes melli-
tus. Ann Surg. 2013;258(4):628–37.  

    7.    Turner RC, Cull CA, Frighi V, Holman RR. Glycemic control with diet, sulfonylurea, metfor-
min, or insulin in patients with T2DM mellitus: progressive requirement for multiple therapies 
(UKPDS 49). UK Prospective Diabetes Study (UKPDS) Group. JAMA. 1999;281:2005–12.  

    8.    Saydah SH, Fradkin J, Cowie CC. Poor control of risk factors for vascular disease among 
adults with previously diagnosed diabetes. JAMA. 2004;291:335–42.  

    9.    Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O. Multifactorial intervention 
and cardiovascular disease in patients with type 2 diabetes. N Engl J Med. 2003;348:383–93.  

    10.    The ADVANCE Collaborative Group. Intensive blood glucose control and vascular outcomes 
in patients with type 2 diabetes. N Engl J Med. 2008;358:2560–72.  

    11.    The VADT Investigators. Glucose control and vascular complications in veterans with type 2 
diabetes. N Engl J Med. 2009;360:129–39.  

    12.    ACCORD Study Group. Effects of intensive glucose lowering in type 2 diabetes. N Engl J 
Med. 2008;358:2545–59.  

    13.    Schauer PR, Bhatt DL, Kirwan JP, Wolski K, Brethauer SA, Navaneethan SD, Aminian A, 
Pothier CE, Kim ESH, Nissen SE, Kashyap SR. Bariatric surgery versus intensive medical 
therapy for diabetes—3-year outcomes. N Engl J Med. 2014;370(21):2002–13.  

    14.    Ikramuddin S, Korner J, Lee WJ, Connett JE, Inabnet III WB, Billington CJ, Thomas AJ, 
Leslie DB, Chong K, Jeffery RW, Ahmed L, Vella A, Chuang LM, Bessler M, Sarr MG, Swain 

15 Ileal Interposition with Sleeve Gastrectomy for the Treatment of Type 2 Diabetes



204

JM, Laqua P, Jensen MD, Bantle JP. Roux-en-Y gastric bypass vs intensive medical manage-
ment for the control of type 2 diabetes, hypertension, and hyperlipidemia. The diabetes surgery 
study randomized clinical trial. JAMA. 2013;309(21):2240–9.  

    15.    Stone HB. Ann Surg. 1928;88(3):593–6.  
    16.    Kral JG. Obesity surgery – state of the art. In: Van Itallie TB, Hirsch J, editors. Recent advances 

in obesity research IV. London: John Libbey; 1985. p. 237–46.  
    17.    Smithy WB, Cuadros C, Johnson H, Kral JG. Effects of ileal interposition on body weight and 

intestinal morphology in dogs. Int J Obes. 1986;10:453–60.  
    18.    Mason EE. Ileal [correction of ilial] transposition and enteroglucagon/GLP-1 in obesity (and 

diabetic?) surgery. Obes Surg. 1999;9:223–8.  
    19.    DePaula AL, Macedo ALV, Prudente A, Silva L, Schraibman V, GozaniNeto J, Pinus J, Cury 

EK, Szajnbok P, DiDario RP, Bertocco L, Diniz K, Gaudencio J, Bebin L, D’Orto U, Cison D, 
Penhavel F. Neuroendocrine brake for the treatment of morbid obesity. Preliminary report. 
Einstein. 2005;3(2):110–4.  

    20.    De Paula AL, Macedo AL, Prudente AS, Queiroz L, Schraibman V, Pinus J. Laparoscopic 
sleeve gastrectomy with ileal interposition (“neuroendocrine brake”). Surg Obes Relat Dis. 
2006;2:464–7.  

    21.    Strader AD. Ileal transposition provides insight into the effectiveness of gastric bypass surgery. 
Physiol Behav. 2006;88:277–82.  

    22.    Maljaars PW, Peters HP, Mela DJ, Masclee AA. Ileal brake: a sensible food target for appetite 
control. A review. Physiol Behav. 2008;95:271–81.  

    23.    DeFronzo RA, et al. From the triumvirate to the ominous octet: a new paradigm for the treat-
ment of type 2 diabetes mellitus. Diabetes Care. 2009;58(4):773–95.  

    24.    DePaula AL, Macedo LAV, Schraibman V, Mota BR, Vencio S. Hormonal evaluation follow-
ing laparoscopic treatment of type 2 diabetes mellitus patients with BMI 20–34. Surg Endosc. 
2009;23:1724–32.  

    25.    Cummings PC, Strader DS, Stanhope KI, Graham JI, Lee J, Raybould HE, Baskin DG, Havel 
PJ. Ileal interposition surgery improves glucose and lipid metabolism and delays diabetes 
onset in the ucd-t2dm rat. Gastroenterology. 2010;138:2437–46.  

    26.    Patriti A, Facchiano E, Annetti C, Aisa MD, Galli F, Fanneli C, Donini A. Early improvement 
of glucose tolerance after ileal transposition in a non-obese type 2 diabetes rat model. Obes 
Surg. 2005;15:1256–64.  

    27.    Patriti A, Alsa MC, Sidoni A, Galli N, Donini A. How the hindgut can cure type 2 diabetes. 
Ileal transposition improves glucose metabolism and beta-cell function in Goto-Kakizaki rats 
through an enhanced Proglucagon gene expression an L-cell number. Surgery. 
2007;142:74–85.  

    28.    Boza C, Munoz R, Yung E, Mizone L, Gagner M. Sleeve gastrectomy with ileal transposition 
(SGIT) induces a signifi cant weight loss and diabetes improvement without exclusion of the 
proximal intestine. J Gastrointest Surg. 2011;15:928–34.  

    29.    Zhang GY, Wang TT, Cheng ZQ, Feng JB, Hu SY. Resolution of diabetes mellitus by ileal 
interposition compared with biliopancreatic diversion in a nonobese animal model of type 2 
diabetes. Can J Surg. 2011;54(4):243–51.  

    30.    DePaula A, Stival A, Halpern A, Vencio S. Thirty-day morbidity and mortality of the laparo-
scopic ileal interposition associated with sleeve gastrectomy for the treatment of type 2  diabetic 
patients with BMI <35: an analysis of 454 consecutive patients. World J Surg. 
2011;35(1):102–8.  

    31.    Celik A, Ugale S, Ofl uoglu H, Asci M, Celik BO, Vural E, Aydin M. Technical feasibility and 
safety profi le of laparoscopic diverted sleeve gastrectomy with ileal transposition (DSIT). 
Obes Surg. 2015;25:1184. doi:  10.1007/s11695-14-1518-1    .  

    32.    DePaula AL, Stival AS, Macedo A, Ribamar J, Mancini M, Halpern A, Vencio S. Prospective 
randomized controlled trial comparing 2 versions of laparoscopic ileal interposition associated 
with sleeve gastrectomy for patients with type 2 diabetes with BMI 21–34 kg/m2. Surg Obes 
Relat Dis. 2010;6:296–305.  

A.L. DePaula et al.

http://dx.doi.org/10.1007/s11695-14-1518-1


205

    33.    DePaula AL, Stival AR, DePaula CCL, Halpern A, Vencio S. Surgical treatment of type 2 
diabetes in patients with BMI below 35: mid-term outcomes of the laparoscopic ileal interposi-
tion associated with a sleeve gastrectomy in 202 consecutive cases. J Gastrointest Surg. 
2012;16(5):967–76.  

    34.    Hari Kumar KVS, Ugale S, Gupta N, Naik V, Kumar P, Bhaskar P, Modi KD. Ileal interposi-
tion with sleeve gastrectomy for control of type 2 diabetes. Diabetes Technol Ther. 
2009;11:785–9.  

    35.    Tinoco A, El-Kadre L, Aquiar L, Tinoco R, Savassi-Rocha P. Short-term and mid-term control 
of type 2 diabetes mellitus by laparoscopic sleeve gastrectomy with ileal interposition. World 
J Surg. 2011;35:2238–44.  

    36.    Goel R, Amin P, Goel M, Marik S. Early remission of type 2 diabetes mellitus by laparoscopic 
ileal transposition with sleeve gastrectomy surgery in 23–35 BMI patients. Int J Diabetes Dev 
Ctries. 2011;31(2):91–6.  

    37.    Dolan K, Hatzifotis M, Newbury L. A comparison of laparoscopic adjustable gastric banding 
and biliopancreatic diversion in superobesitiy. Obes Surg. 2004;14:165–9.  

    38.    DePaula AL, Halpern A, Muscelli E, Mari A, Stival A, Vencio V, Ferrannini E. Improvement 
in insulin sensitivity and b-cell function following ileal interposition with sleeve gastrectomy 
in type 2 diabetic patients: potential mechanisms. J Gastrointest Surg. 2011;15(8):1344–53.    

15 Ileal Interposition with Sleeve Gastrectomy for the Treatment of Type 2 Diabetes



207© Springer Science+Business Media New York 2016
M. Kurian et al. (eds.), Metabolic Syndrome and Diabetes, 
DOI 10.1007/978-1-4939-3220-7_16

               E.   Chousleb ,  M.D., F.A.C.S.    
  Specialty Physicians ,   North Miami Beach ,  FL ,  USA     

    S.   Chousleb ,  M.D.    
  FIU Herbert Wertheim College of Medicine ,   North Miami Beach ,  FL ,  USA     

    N.   Zundel ,  M.D., F.A.C.S., F.A.S.M.B.S.      (*) 
  Department of Surgery ,  FIU Herbert Wertheim College of Medicine , 
  17038 West Dixie Hwy Suite #210 ,  North Miami Beach ,  FL   33160 ,  USA   
 e-mail: drnazuma99@yahoo.com  

 16      Balancing Complications and Metabolic 
Benefit       
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16.1             Introduction 

 In evaluating  Bariatric Surgery   as a treatment for obesity, one must propose the 
same questions as if we were introducing a new medical therapy, First we need to 
defi ne the metabolic surgery and perform a limited evaluation of the safety profi le 
of each one of them.  Is it effective ? We review the effi cacy of the different proce-
dures in resolving diabetes with the caveat that the defi nition of resolution is not 
uniformly established as we see. The last question would be:  Is it better than cur-
rently available therapy ? We briefl y review medical therapy and the potential 
adverse effects from it. 

 According to the Centers for Disease Control, during the past 20 years, there has 
been an increase in obesity in the USA. More than one-third of US adults (35.7 %) 
and approximately 17 % of children and adolescents aged 2–19 years are obese. No 
state had a prevalence of obesity less than 20 %. With a rise in childhood obesity, 
this pandemic can potentially lead to a devastating health care crisis. 

 Worldwide, 382 million people have diabetes, and it is estimated by the 
International Diabetes Federation that by 2030 this number will rise to 552 million. 
Over 80 % of all type 2 diabetes mellitus patients are overweight and 50 % of these 
are obese [ 1 ]. Diabetes consumes approximately 11 % of the US health care budget 
($245 billion), and has a 10 year mortality rate of 51 %. Diabetes is responsible for 
68 % of fatal cardiovascular events and stroke according to the CDC. In the USA, 
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25.8 million people are affected which is 8.3 % of the population. Diabetes is the 
leading cause of kidney failure, non-traumatic lower limb amputation, blindness 
among adults, major cause of stroke and heart disease, and the seventh cause of 
death. 

  Bariatric surgery   emerged as an effective way to treat morbid obesity, and it was 
rapidly recognized to have the capability to improve diabetes mellitus type 2 
(T2DM), reduce cardiovascular events and improve survival [ 2 – 5 ]. It has been sug-
gested that 84 % of the patients with diabetes will undergo long-term remission 
after RYGB [ 6 ]. The bariatric  procedur  es most commonly performed are Roux-
en- Y gastric bypass (RYGB), laparoscopic adjustable gastric band (LAGB), laparo-
scopic sleeve gastrectomy (LSG) and biliopancreatic diversion (BPD) each with 
different magnitude in the excess weight loss, but with sustainable long-term results 
compared with medical group alone. 

 There is a misconception that  bariatric surgery   is extremely risky and that it has 
signifi cant short- and long-term complications; however, this idea is not supported 
by current literature. A meta-analysis of 361 studies which included a total of 85,085 
patients showed an overall mortality of 0.28 % within 30 days and a mortality of 
0.35 % within 2 years of surgery [ 7 ]. The Longitudinal Assessment of Bariatric 
Surgery Consortium published their prospective data in the New England Journal of 
Medicine demonstrating mortality from bariatric surgery was similar to that of any 
other general surgery procedure such as laparoscopic cholecystectomy [ 8 ]. 

 The fi rst report on control of diabetes after gastric bypass was described by 
Pories et al. [ 9 ] in 1987 where he demonstrated 83 % cure rate after gastric bypass 
(Greenville Bypass). A meta-analysis by Buchwald et al. in 2004 [ 10 ] reviewed a 
total of 22,094 patients that underwent bariatric procedures: the mean percentage of 
excess weight loss was 61.2 % and included LAGB, RYGB, BPD, and DS. Diabetes 
was completely resolved in 76.8 % of patients and resolved or improved in 86.0 %. 
Hyperlipidemia, improved in 70 % or more of patients. Hypertension was resolved 
in 61.7 % of patients and resolved or improved in 78.5 %. Obstructive sleep apnea 
was resolved in 85.7 % of patients. Currently randomized and non-randomized tri-
als have proven to effectively control diabetes and induce long-term remission with 
the different bariatric procedures. We review these procedures here and their impact 
on T2DM.  

16.2     Metabolic Benefits 

   The   mechanisms by which  bariatric surgery   improves glycemic control has been 
widely studied but are not completely understood. With the purely restrictive proce-
dures (LAGB, vertical band gastroplasty) the improvement on glycemic control is 
directly related to weight loss, however for those procedures that combine restric-
tion/malabsorption, two hypothesis have been proposed: the foregut hypothesis that 
emphasizes the importance of duodenal exclusion [ 11 ] and the hindgut hypothesis 
that emphasizes the benefi t to the rapid passage of undigested food to the distal 
ileum [ 12 ]. The details of these hypotheses go beyond the scope of this chapter and 
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are discussed elsewhere. However, it is worth mentioning that new endoscopic 
methods are being trialed to see the effects of duodenal exclusion with a barrier type 
device, as well as surgical techniques such as the duodeno-jejunal bypass. 

 The defi nition of remission has some variability between authors, and it is impor-
tant to distinguish between improvement and true remission. Blackstone and col-
leagues state that “remission should be defi ned as a threshold less than what would 
be expected to result in microvascular damage” [ 13 ], and some studies have shown 
that at a level of 5.7, HgA1c causes microvascular damage [ 14 ]. If remission is not 
obtained, improvement should be considered as a variable although it is much more 
diffi cult to objectively measure. Table  16.1  depicts a defi nition proposed by 
Brethauer and colleagues [ 15 ], to classify between cure and different levels of 
remission .

16.2.1       What Is the Evidence That Bariatric Surgery Improves 
T2DM? 

    Laparoscopic      Adjustable Gastric Band is a purely restrictive procedure. Dixon et al. 
evaluated the glycemic control of LAGB versus medical management with life style 
modifi cations in 60 obese patients (BMI < 30 and <40) in a randomized control trial 
with 2 year follow-up. Remission of type 2 diabetes was achieved by 22 (73 %) in 
the surgical group and 4 (13 %) in the conventional-therapy group [ 16 ], however the 
glycemic control was directly related with the weight loss. 

 Mingrone et al. [ 17 ] in non-blinded randomized trail included 60 patients with a 
BMI of >35 and a history of at least 5 years of T2DM with a HgA1c of >7. Patients 
were randomly assigned to either intense medical management, BPD or RYGB, and 
at 2 years, the remission of T2DM occurred in 75 % of RYGB patients, 95 % of the 
BPD patients and none of the medical management group. (Remission was defi ned 
as Fasting glucose level of 100 mg/dl and a HgA1c of <6.5). 

   Table 16.1    Defi nitions of glycemic outcomes after  bariatric surgery     

 Outcome  Defi nition 

 Complete 
remission 

 Normal measures of glucose metabolism (A1C < 6 %, FBG < 100 mg/dL) 
for 1 year in the absence of antidiabetic medications. 

 Partial remission  Sub-diabetic hyperglycemia (A1C 6–6.4 %, FBG 100–125 mg/dL) for 1 
year in the absence of antidiabetic medications. 

 Improvement  Signifi cant reduction in A1C (by >1 %) or FBG (by >25 mg/dL) OR 
reduction in A1C and FBG accompanied by a decrease in antidiabetic 
medication requirement (by discontinuing insulin or 1 oral agent, or 1/2 
reduction in dose) for at least 1-year duration. 

 Unchanged  The absence of remission or improvement as described earlier. 

 Recurrence  FBG or A1C in the diabetic range (≥126 mg/dL and ≥6.5 %, 
respectively) OR need for antidiabetic medication after initial complete or 
partial remission. 
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 At 2 years, the average baseline HgbA1c (8.65 ± 1.45 %) had decreased in all 
groups; patients in the two surgical groups had the greatest degree of improvement 
(average HgA1c, 7.69 ± 0.57 % in the medical-therapy group, 6.35 ± 1.42 % in the 
gastric-bypass group, and 4.95 ± 0.49 % in the biliopancreatic-diversion group). 

 Several Studies have compared sleeve gastrectomy, gastric bypass and gastric 
banding to medical therapy, and their results are pictured in Figs.  16.1 ,  16.2 ,  16.3 , 
and  16.4   

16.2.2           Is There a Metabolic Benefit in Patients with Lower BMI 
(<35 kg/m 2 )? 

   There is  no   doubt that improvement  of   glycemic control decreases cardiovascular 
events, and this raises the question: is there any benefi t in performing these proce-
dures in patients with BMI < 35 kg/m 2 ? 

 In 2006, Rubino et al. [ 11 ] used an animal model, nonobese T2DM rats, and they 
underwent either  duodeno-jejunal bypass (DJB)  , a stomach preserving RYGB, 
 gastro- jejunostomy (GJ)   and at 4 weeks they performed a duodenal exclusion. They 
noticed that DJB rats had markedly improved glucose tolerance, GJ rats had no dif-
ference in glucose tolerance until the rats where reoperated and the duodenum 
excluded. They concluded that the proximal exclusion of the proximal small intes-
tine plays an important role in the pathogenesis of diabetes. With this encouraging 
result, it was thought that surgical control of diabetes could be obtained in patients 
with lower BMI.     

  Fig. 16.1    Type 2 diabetes remission after bariatric surgery versus non-surgical  treatment   (control) 
for obesity [ 38 ]       
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  Fig. 16.2     Metabolic syndrome   remission after bariatric surgery versus non-surgical  treatment   
(control) for obesity [ 38 ]       

  Fig. 16.3    Change in plasma triglyceride concentrations (mmol/L) after bariatric surgery versus 
non-surgical  treatment   (control) for obesity [ 38 ]       
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16.3     Roux en Y Gastric Bypass 

  Lee et al. [ 18 ]    published a study in 2007 of 820 patients who underwent laparo-
scopic mini-gastric bypass. They identifi ed 201 patients who had impaired fasting 
glucose or T2DM. All the clinical data were prospectively collected and stored. 
Patients with BMI < 35 kg/m 2  were compared with those of BMI > 35 kg/m 2 . 
Successful treatment of T2DM was defi ned by HgbA1c < 7.0 %, LDL < 100 mg/dl, 
and triglyceride <150 mg/dl. Among the 201 patients 21.9 % had BMI < 35 kg/m 2 . 
Patients with BMI < 35 kg/m 2  are signifi cantly older, female predominant, had lower 
liver enzyme and C-peptide levels than those with BMI > 35 kg/m 2 . One year after 
surgery, fasting plasma glucose returned to normal in 89.5 % of BMI < 35 kg/m 2  
T2DM and 98.5 % of BMI > 35 kg/m 2  patients ( p  = 0.087) concluding that surgery is 
an available option and should be considered in patients with T2DM and a BMI < 35 
kg/m 2 . 

 Tavares de Sa et al. [ 19 ] reported a 48 % resolution of T2DM in 27 patients who 
underwent Roux-en-Y gastric bypass, and their defi nition of resolution was 
HgbA1c < 6 %. However the follow-up of these patients was only 20 months. The 
longest follow-up study comes from Cohen et al. [ 20 ] where he followed 66 patients 
prospectively for up to 6 years, and diabetes remission occurred in 88 % of cases. 
Mean HgbA1c decreased from 9.7 ± 1.5 to 5.9 ± 0.1 % ( p  < 0.001) .  

  Fig. 16.4    Change in plasma total cholesterol concentration (mmol/L) after bariatric surgery ver-
sus non-surgical  treatment   (control) for obesity [ 38 ]       
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16.4     Biliopancreatic Diversion 

   Improvement   in T2DM has also been studied in patients with BPD [ 16 ,  17 ]. Chiellini 
et al. [ 21 ] in the fi rst prospective study demonstrated an adequate control of T2DM 
in 5 patients with a BMI < 35 kg/m 2  with a rapid remission primarily related to 
improving insulin sensitivity. HgbA1c levels where reduced to 6.28 in 3 months and 
5.88 in 6 months. BMI decreased from 30.94 ± 1.05 to 25.36 ± 0.93 kg/m 2  in 12 
months after BPD and remained stable after 18 months. However, this study only 
assesses short-term benefi t, and more data is needed regarding long- term benefi ts. 
This procedure appears to be the most effective in controlling diabetes .  

16.5     Sleeve Gastrectomy 

 Proponents of the   sleeve gastrectomy  , emphasize that complications from sleeve 
gastrectomy are signifi cantly lower than RYGBP. Data from the SLEEVEPASS trial, a 
randomized prospective study involving 240 patients demonstrated a minor complica-
tion rate of 7.4 % vs. 17.1 % in bypass patients, similar major complication rates, and 
overall morbidity increased from 13.2 vs. 26.5 [ 22 ]. The SM-BOSS trial revealed early 
complication rates of 8.4 % vs. 17.2 % and major complications of 0.9 % vs. 4.5 %, 
although these differences did not reach statistical signifi cance [ 23 ]. 

 There are few reports regarding sleeve gastrectomy and improvement of diabe-
tes. Lee [ 24 ] reported 50 % remission of T2DM 1 year postoperatively, and the 
effect was attributed to decrease in insulin resistance. Alamo et al. [ 25 ] in a prospec-
tive cohort study of 49 patients, with a mean BMI of 31.6 kg/m 2 , identifi ed a remis-
sion of T2DM in 81 % of patients and improvement in 18 % at a 1 year follow-up. 

 In RCT comparing patients with SG to RYGB, Lee et al. [ 26 ] enrolled 60 patients 
with BMI under 35. The follow-up was 12 months, remission of diabetes was 
achieved in 93 % of RYGB group compared 46.7 % of the SG group. 

 This preliminary data shows that SG, though a restrictive procedure, might have 
antidiabetic effect in the early postoperative period related to hormone response, 
however this effect cannot be supported by the foregut or hindgut theory. 

 A study performed by Brethauer and colleagues [ 15 ] evaluates the outcomes of 
217 patients followed prospectively after different bariatric procedures with at least 
5 year follow-up .  

16.6     Ileal Transposition 

   Ileal transposition   alone or associated SG plus duodenal exclusion (DE) have dem-
onstrated in the animal model to be effective in metabolic control through different 
mechanisms, supporting the hindgut hypothesis. 
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 Kota [ 27 ,  28 ], in patients with mean BMI of 29, reported a 47 % remission rate 
with HgbA1c of <6.5 % and improvement in the remaining patients after IT plus 
SG. Adding DE may improve results with better glycemic and lipid control. 

 De Paula [ 29 ] reported 85 % control of T2DM and HgbA1c < 7 % with IT plus 
SG. In a study of 72 Pts with an average BMI of 27, 50 % achieved total remission 
without diabetes medication, 36 % partial remission and 13.9 improved. These stud-
ies showed that foregut exclusion plays an important role in T2DM control (Figs. 
 16.5  and  16.6 ).

16.7         Complications 

 The 30 day mortality is low and is estimated to be 0.1–0.3 % for LRYGB, LAGB, 
and SLG with a slightly higher mortality to up to 1.1 % for BPD or DS. The most 
common complications are leaks (3 %), wound infection (2.3 %), pulmonary events 
(2.2 %), and hemorrhage (1.6 %). 

 The long-term complications include vitamin and mineral defi ciencies, dumping 
syndrome, reactive hypoglycemia, and biliopancreatic diversion has been associ-
ated with the highest incidence of nutritional complications. 

 The Bariatric Outcomes Longitudinal database in 2012 compared the results of 
23,106 patients with metabolic syndrome to 163,470 without metabolic syndrome 
who underwent bariatric surgery. RYGB was the most common operation in 62 % 
of the patients followed by LAGB in 32 %. Patients that had metabolic syndrome 

  Fig. 16.5    Conventional  bariatric procedure  s (Rubino et al. Ref. [ 8 ])       

  Fig. 16.6     Novel metabolic interventions   (Rubino et al. Ref. [ 8 ])       
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had a higher rate of serious complications 2.4 % compared to 1 % of the patients 
without metabolic syndrome, and the readmission rate was also higher 6.2 % com-
pared to 4.7 % [ 30 ]. 

 Vitamin and mineral defi ciencies are common after malabsorptive procedures, 
thus patients require lifelong monitoring for nutritional defi ciencies. The most com-
mon vitamin defi ciencies are B1, B12, C, A, D, K, and folate. Of the mineral defi -
ciencies, iron is the most common one and needs lifelong supplementation to avoid 
related complications. Calcium and vitamin D absorption are also impaired and 
signifi cant bone mineral density loss can be observed 1 year out. Other defi ciencies 
in trace minerals such as zinc, copper, and selenium can also be observed to lesser 
proportion than iron. 

16.7.1     Recurrence Rate of Diabetes After Bariatric Surgery 

   In  the    Swedish   Obesity study the remission of diabetes after bariatric surgery was 
72 %, however in the long-term follow-up at 10 years the rate had fallen to 36 % and 
at 15 years only 30 % [ 31 ]. 

 Some studies show diabetes relapse in 24–43 % of the patients who initially had 
remission after RYGB. Interestingly weight gain was a not a good predictor of 
recurrence [    32 ].  

16.7.2     Is Intensive Medical Therapy a Better Alternative Than 
Surgery? 

  The  Action to Control Cardiovascular Risk in Diabetes (ACCORD)   [ 33 ]    determined 
whether there is a link between hypoglycemia and mortality in patients undergoing 
intensive medical therapy for T2DM (Intensive medical therapy HgbA1c < 6.0 % or 
standard medical therapy HgbA1c 7.0–7.9 %). 10,251 participants were enrolled in 
this retrospective study. The annual mortality among patients in the intensive glucose 
control arm was 2.8 % in patients who had episodes of hypoglycemia requiring med-
ical assistance, and for those who had hypoglycemia that didn’t require medical 
assistance, the mortality rate was 1.2 %. A similar pattern was seen among partici-
pants in the standard glucose control arm, 3.7 % vs. 1.0 %. 

 The  ORIGIN trial   [ 34 ] concluded that severe hypoglycemia is associated with an 
increased risk for cardiovascular outcomes in people at high cardiovascular risk and 
abnormal glucose metabolism, and they included 12,537 participants. Severe hypo-
glycemia was associated with a greater risk of cardiovascular events (HR: 1.58; 95 
% CI: 1.24–2.02,  p  < 0.001), mortality (HR: 1.74; 95 % CI: 1.39–2.19,  p  < 0.001), 
CV death (HR: 1.71; 95 % CI: 1.27–2.30,  p  < 0.001), and arrhythmic death (HR: 
1.77; 95 % CI: 1.17–2.67,  p  = 0.007). 

 A meta-analysis of randomized controlled trials that assessed the effect of 
intensive glucose lowering treatment on cardiovascular events and microvascular 
complications included 34,533 patients. 18,315 received intensive medical 
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therapy, and the overall results of this meta-analysis show limited benefi ts of 
intensive glucose lowering treatment on mortality and deaths from cardiovascular 
disease [ 35 ]. 

 In a review and meta-analysis published in BMJ 2013 [ 36 ], the results of the 
different randomized trials are evaluated head to head with conventional medical 
therapy, evidencing favorable results for the surgical groups in almost all meta-
bolic parameters. The results of this analysis are depicted on Figs.  16.1 ,  16.2 , 
 16.3 , and  16.4 .    

16.8     Discussion 

  The physiologic basis of how surgery improves  diabetes   is still not completely 
understood, with two main theories that do not fully explain the process. It has 
been seen that the improvement is not directly related to weight loss, because 
in most of the studies we see improvement in glycemic control before weight 
loss. 

 It is important to defi ne resolution of diabetes as demonstrated by Cheng et al. 
[ 14 ] where microvascular alterations are seen at HgbA1c level of 5.7 %. Should we 
be basing these defi nitions purely on HgbA1c levels? Is a level of <7 % enough, or 
should we aim for lower levels of <6.5 %, keeping in mind the potential risks of 
severe hypoglycemia. 

 Another key aspect is to identify the patients that are more likely to respond to 
surgery, with a goal to achieve glycemic control to reduce the microvascular com-
plications and cardiovascular events. Baseline BMI does not accurately predict the 
benefi ts of bariatric surgery. Patients with high visceral and hepatic fat accumula-
tion augment their risk for metabolic syndrome [ 37 ]. Nonalcoholic fatty liver exac-
erbates insulin resistance and may contribute to worsening of cardiovascular 
complications. The most important predictor for cardiovascular events in patients 
with diabetes was high fasting insulin levels, high triglycerides, total cholesterol, 
and low LDL [ 3 ]. 

 After the evaluation of the available clinical evidence, we can establish that bar-
iatric surgery resolves or improves hyperglycemia and metabolic syndrome in the 
majority of patients with BMI > 35 kg/m 2  and a good number of patients with 
BMI < 35 kg/m 2 . The patients who will most likely benefi t are the ones with diabetes 
of less than 5 years of duration. Patients with type II and III obesity are most likely 
to be responsive to bariatric surgery. Procedures like RYGB and BPD have higher 
remission rates compared to LAGB and LSG, and although all of them are safe, the 
safety profi le for the latter is more favorable. 

 Several questions come up regarding metabolic surgery, and the main one is 
“Can surgery cure diabetes or does it only slow the progression?” Some studies 
have shown a signifi cant rate of relapse, but by slowing the progression do we 
impact the rate of micro and macrovascular complications? If so, we might be 
reducing our patient’s long-term morbidity and mortality, however prospective ran-
domized trials will be needed to assess this question .     
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 17      Neural Modulation in the Treatment 
of Obesity       

       Michael     G.     Sarr       and     Todd     A.     Kellogg    

         With the obesity epidemic, multiple efforts have been directed at developing and 
evaluating new, novel, and innovative therapies to induce clinically relevant weight 
loss. The majority of  bariatric procedures   involve anatomic changes designed to 
restrict oral intake mechanically; these procedures are usually in conjunction with 
some other infl uences related to the neurohormonal sequelae of a duodenal bypass 
(Roux-en-Y gastric bypass) or the removal of the majority of the ghrelin-secreting 
tissue (sleeve gastrectomy). These procedures, however, require major surgery, and 
any less invasive, easily reversible intervention would generate tremendous interest 
if proven effective. 

 Recently, exploitation of  neural modulation   of physiologic function has become 
a viable option in several disciplines—cardiac, pulmonary, central nervous system, 
and, of course, gastrointestinal [ 1 – 5 ]. Research directed specifi cally at the brain–gut 
axis has had a long, renowned history in surgery—i.e., Dragsted’s work on the role 
of vagal innervation on acid secretion, gastric emptying, and other unanticipated/
unexpected and as yet poorly understood effects of vagotomy on appetite. The latter 
effects have spurned a renewed interest in the fi eld of obesity. 

17.1     Vagal Control of Upper Gut Function 

    Physiologically  ,  the   vagus nerves mediate the neural axis of acid secretion from the 
stomach as well as modulate gastric motility/emptying [ 6 ] via proximal gastric 
receptive relaxation and an ongoing, incompletely understood, and inconsistent 
effect on antropyloric contractile activity exploited by the Dragstedian operative 
strategy of vagotomy and pyloroplasty. The  vagus neural innervation   also modu-
lates pancreatic enzyme secretion involved in luminal digestion of ingested food. 
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In addition, vagal afferent pathways to the central nervous system serve as sensors 
of gastric distention, luminal nutrients, pH, and even more poorly understood 
signals from the mid gut. Thus, the vagus nerves are an active, two-way highway by 
which the brain and the gut communicate constantly. Thus, why not attempt to 
exploit this brain–gut axis to induce weight loss? 

 Early on (1970s/1980s), there was an interest in utilizing a truncal vagotomy to 
augment the effects of the various  gastric partitionings   (so-called “gastric sta-
plings”). Interest in vagotomy and appetite was based on observations in patients 
undergoing vagotomy for peptic ulcer disease. The scientifi c basis for this assump-
tion of a vagal role in satiety was, however, absent. Results were minimal at best, 
poorly documented, and even more poorly conceived, and well-designed, controlled 
studies were absent. The secondary concern and laboratory support of “adaptation” 
to the effects of complete neural transection (i.e., other neural pathways or end 
organ changes) which negate the initial effects have dampened markedly the inter-
est in operative vagotomy. 

 More recently, however, the appreciation of vagal  afferent  pathways involved in 
appetite [ 7 ,  8 ] and the feeling of satiation have refocused the concepts and interest 
in neural modulation in the treatment of obesity—i.e., gastric neural “stimulation” 
and “intermittent reversible vagal blockade” to be discussed below  .  

17.2     Gastric Stimulation/Pacing for Treatment of Obesity 

   Early  work   by Cigaina  from   Venice working originally with pigs and especially 
with the pig “Lucky” in the early 1990s [ 9 ] generated tremendous interest in this 
form of neural modulation of eating, satiety, and ultimately weight loss. Cigaina 
studied the eating habits of pigs after electrodes were implanted within the muscu-
lature of the gastric wall and showed that these pigs consumed less food per day and 
lost weight when the electrodes were “stimulated” electrically [ 9 ,  10 ]. This work 
culminated in the fi rst human study by Cigaina in fi ve patients (1996–1998) with 
almost unbelievable success—mean percent body weight (% EBW) loss of 70 % 
without major dietary restrictions, no imposed changes in lifestyle, and no substan-
tive side effects! Subsequent small groups of 10, 10, and 30 patients had less dra-
matic but clinically relevant mean weight losses of 20–40 % EBW. As of 2004, 
Cigaina had treated at total of 65 patients with this technique with, again, almost 
unbelievable success. Unfortunately, none of these “trials” had non-treated control 
patients. 

 As would be expected, this early, incredibly “attractive” concept spurned tre-
mendous interest in the bariatric world, and even more so, when Cigaina suggested 
that an algorithm could better select patients most susceptible for this treatment. 
Several preliminary trials were initiated [ 11 ]—one in Europe, the Laparoscopic 
Obesity Stimulation Study (LOSS) of 65 patients at eight clinical sites [ 12 ] and 
another in the USA, the  Dual-Lead Implantable Gastric Electrical Stimulation Trial 
(DIGEST)   of 30 patients [ 13 ]. Early results in both trials were encouraging and sug-
gested clinically relevant weight losses of 20–30 % EBW. 
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 Early in this experience with these open-label, non-randomized, preliminary 
clinical trials, the “science” of gastric stimulation was investigated in more depth. 
Different algorithms of electrical stimulation (changes in pulse width, pulse fre-
quency, duty cycle, etc.) as well as anatomic site of electrode placement were evalu-
ated. It must be stated that this form of gastric stimulation is not gastric “pacing” as 
occurs with cardiac pacemakers. Although the human stomach does have an under-
lying cyclic myoelectric rhythm of 3 cycles/min generated by a pacemaker region 
in the body of the stomach that regulates gastric phasic contractile activity, the 
parameters of gastric stimulation used to treat obesity do not “entrain” or “pace” the 
contractile activity of the stomach. Indeed, the electrical parameters utilized include 
a frequency of 40 Hz (40/min), pulse width of 450 μs, and a “duty cycle” of 2 s on 
and 3 s off. Such an electrical input to the gastric wall is not necessarily designed to 
affect gastric function (gastric emptying), although some evidence suggests that this 
electrical algorithm may tend to decrease gastric empting by inducing proximal 
gastric relaxation, inducing stretch receptors, and thereby increasing the feeling of 
satiety and decreasing appetite. Others have suggested that this form of gastric stim-
ulation induces central nervous system effects mediated through stimulation of 
vagal afferent nerves, leading to centrally mediated effects on appetite, changes in 
release of regulatory peptides in the brain, and even the potential for vagal blockade 
of both afferent signals from the gut and vagal (sympathetic?) efferent signals to the 
gut [ 8 ,  14 ]. Suffi ce it to say, no one really knows if or how this gastric stimulation 
works; nevertheless, global interest was tremendous. An excellent analysis of gas-
tric electrical stimulation was published by the Medical Advisory Secretariat of the 
Ministry of Health and Long Term Care in Toronto, Canada, in 2006 [ 15 ]. The 
conclusion to date was that the effi cacy for weight loss was as yet unproven, but the 
concept was attractive and potentially effective, albeit still experimental. 

 As with all open-label preliminary studies, proof of effi ciency required carefully 
controlled trials with objective outcomes using accepted methodology. The  Screened 
Health Assessment and Pacer Evaluation (SHAPE) trial   was just such a well- 
designed, prospective, randomized, placebo-controlled, double-blind, multicenter 
study initiated in 2004 and reported in 2009. Shikora and colleagues from nine 
medical centers in the USA collaborated in this randomized and importantly double- 
blinded study of the effi cacy of gastric stimulation therapy in severe (Classes II and 
III) obesity [ 16 ]. Based on prior non-controlled work, a so-called Baroscreen algo-
rithm derived to select “ideal” candidates was used to screen 4800 potential candi-
dates. Ultimately, 190 patients were selected; 87 % were women and overall mean 
age was 44 years. The gastric stimulation electrodes were bipolar electrodes pulled 
through a subserosal tunnel to ensure appropriate placement within the gastric wall 
and checked endoscopically. The stimulator device was positioned within the ante-
rior abdominal wall. 

 Two weeks postoperatively, these fully functional electrodes and stimulator 
devices were tested for electrical function. Patients were then randomized to a pre-
tested algorithm tailored to the individual patient to minimize feelings of bloating, 
nausea, or the perception of tingling or “electrical stimulation” based on prior stud-
ies. The control patients had no electrical stimulation. Patients in both groups were 
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assessed monthly for a total of 12 months for feelings of satiety and weight loss; 
stimulation parameters were then “readjusted.” The primary end point was percent 
body weight loss. 

 At 1 year of gastric stimulation, the results were very disappointing clinically 
with no difference between control and treatment groups. The treatment group lost 
11.9 ± 17.1 % excess body weight ( x  ± SD) while the control group lost 12.2 ± 17.4 
% ( p  = 0.717). This well-designed, well-controlled, and double blind study has 
quelled interest in direct gastric stimulation using this approach to induce weight 
loss and satiety. The early success by Cigaina and others remains unexplained, but 
such early, preliminary, and uncontrolled trials must be subjected to scientifi c scru-
tiny before adopted widely. 

 As the attempt to induce neural modulation was being developed and tested 
using the approach of gastric electrical stimulation, other groups were exploring 
and developing the concept of direct vagal blockade to modulate signals to and from 
the brain in an attempt to induce weight loss. The initial thoughts were that vagal 
blockade via classic gastrointestinal physiology would slow gastric emptying and 
potentially decrease pancreatic exocrine secretion [ 17 ] and thereby help to cause 
weight loss. Although these effects do occur, tachyphylaxis to surgical vagotomy 
(permanent transection of the vagus nerves) by an inherent adaptive mechanism 
negates the early effects of vagotomy on the gut [ 18 ]. But there persisted interest in 
the role of the vagus nerves in mediating centrally based satiety [ 7 ,  8 ]. 

 The initial work involved a non-controlled, open-label study in 31 patients with 
medically complicated obesity (BMI 35–50) in three centers using this  vagal block-
ing (VBLOC) therapy   [ 19 ]. Specially designed C-shaped electrodes were posi-
tioned laparoscopically around the anterior and posterior intra-abdominal vagus 
nerves connected to a subcutaneous neuroregulator. Electrical algorithms were then 
generated by an externally placed, controllable generator placed over the neuro-
regulator by the patient. The electrical algorithm involved intermittent (5 min on, 
5 min off) electrical signals (6 mA, 5000 Hz) for up to 12 h a day. The initial results 
were encouraging with mean percent excess body weight loss of 14 % at 6 months 
(maximum 37 %); the safety profi le was acceptable without any device-related seri-
ous adverse events. Importantly, caloric intake was decreased (by 30 %) as was 
hunger and feeling of satiation ( p  ≤ 0.01). This open-label study served as the basis 
for a larger, controlled trial of VBLOC  therapy  . 

 The EMPOWER study involved a randomized, prospective, double-blind trial 
using intermittent vagal blockade as a therapy for morbid obesity in 15 centers. Two 
hundred ninety four patients with BMIs 35–45 were randomized 1–3 weeks after 
implantation of a fully active device of vagal electrodes and neuroregulator as in the 
original open-label trial [ 20 ]; randomization was a 2:1 design, i.e., 2 treatment–1 con-
trol. All patients were encouraged to use the “device” for 9–16 h a day, which required 
them to wear the external controller (electrical generator). All patients were given 15 
individual counseling sessions on weight management over the 12-month trial. 
Patients fi lled out validated questionnaires of hunger and appetite, eating, depression, 
and quality of life. The primary end point was percent excess body weight loss. 
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 The results ( x  ± SEM) at 1 year post-treatment were disappointing initially—
treatment group = 17 ± 2 % vs control group = 16 ± 23 % ( p  = NS). Nevertheless, 
further analysis revealed what were deemed potentially important fi ndings by the 
investigators. Both treated and control groups showed consistent effects of 
increased weight loss, satiety, and decreased hunger that were associated with 
increased duration of daily use of the device. These effects occurred in both groups. 
The investigators specifi cally and consciously wanted to maintain active devices in 
both groups throughout the study and had programmed into the control group a 
safety and effi cacy (of the electrode system) electrical check algorithm while the 
“non-active” device was worn. This safety and effi cacy check delivered less than 
1000th the electrical signal to the vagus nerves, but did deliver a very small electri-
cal input, raising the question of whether this small electrical input had physiologic 
effects. Post hoc experimental work on the rat sciatic nerve model showed that 
even such small external input led to prolonged effect on the mean compound 
action potential when evaluated 16 min later. These fi ndings questioned the lack of 
effi cacy in the EMPOWER trial and supported a subsequent randomized trial—the 
ReCharge trial [ 18 ]. 

 These investigators reassembled and developed a new prospective, randomized, 
double-blind trial of intermittent vagal blockade using a fully implantable device 
that, unlike the previous study, reliably delivered 12 h a day VBLOC therapy to 162 
participants. The control group ( n  = 77) had a non-active, sham neuroregulator 
implanted that delivered no electrical signals to the vagus nerves. Otherwise, the 
design of the study was very similar to the EMPOWER study [ 18 ]. 

 The results of this study became available in August 2014 [ 18 ]. The treatment 
group at 12 months had lost 24.4 % of their excess weight compared to the control 
group of 15.9 % ( p  = 0.002); 52 % of the treatment group lost ≥20 % excess body 
weight and 38 % achieved ≥25 %. Safety remained acceptable. These results sug-
gest a therapeutic, albeit somewhat limited (25 % excess body weight loss) effect of 
intermittent vagal inhibition of food intake/body weight loss. Unknown questions 
remain of whether weight loss will continue, remain stable, or persist at longer term 
follow-up.    

17.3     Summary 

 Much interest lately has focused on various aspects of peripheral and central neu-
ral modulation in the control of many aspects of physiologic function of the heart, 
diaphragm, and more recently the gut. While classic bariatric surgery has targeted 
the restriction of oral intake and/or selective or total maldigestion/malabsorption, 
the potential for central neural modulation of oral intake, satiety, and satiation 
(and possibly even peripheral metabolism) exists, is being studied actively, and 
offers a new, novel, yet still investigational approach for the treatment of obesity 
in the future.     
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18.1             Introduction 

   Bariatric surgery   procedures such as Roux-en-Y gastric bypass promote signifi cant 
and lasting weight loss and improved glycemic control. However, besides being that 
effective, the procedures are associated with considerable short-term and long-term 
risks. For these reasons, endoscopic approaches emerge as a minimally invasive, 
safer, reversible, and cost-effective [ 1 ] technique. The Endobarrier Gastrointestinal 
Liner™ (GI Dynamics Inc, Lexington, MA) or duodenal–jejunal bypass sleeve or 
Liner (DJBS or DJBL) is a fully reversible procedure that has been developed to 
treat obesity and type 2 diabetes.  

 The device consists of a nitinol anchor used to reversibly affi x the device to the 
wall of the duodenum, and a fl uoropolymer sleeve extending 60 cm into the small 
bowel, creating a duodenal–jejunal bypass (Fig.  18.1 ). The sleeve is impermeable, 
isolating the duodenum and a portion of the jejunum. It creates a barrier to absorp-
tion and delays mixing of food with digestive enzymes, which fl ow outside of the 
sleeve, with an effect similar to surgical gastric bypass (Fig.  18.8 ).

    Besides providing effective weight loss, the Endobarrier™ has proven to be a valid 
option for diabetes mellitus treatment.    Its main indication is for diabetic obese patients, 
especially grade I moderate obese with diffi cult control diabetes [ 2 ,  3 ]. Other possible 
options include morbid obesity with bariatric surgery contraindication or prior to 
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surgery to ensure effectiveness or decrease complications. Initial studies began in 
2005 in Chile, then in Netherlands and Brazil. The device now has clinical approval 
for 12 m implant in Chile, Europe, Israel and Australia. Approval will be granted for 
clinical use in Brazil, Argentina and Colombia this year and is currently under an FDA 
trial in US. Prototypes are under evaluation in trials in Chile for 2 and 3 year implant 
time. 

 The aims of the procedure include a rapid improvement in the plasma glucose 
and HbA1c levels, reduction in diabetes medicine intake, decreased appetite, and 
increased satiety and weight loss. 

 The Endobarrier™ is  endoscopically   placed, under direct and fl uoroscopic visu-
alization, using a “push” technique. Removal is also achieved endoscopically, with 
the aid of foreign body forceps. The procedure is designed to be ambulatory and 
carried out in endoscopy units.  

18.2     Technique 

 Initial access to the stomach and duodenum is achieved using a standard 
gastroscope.

 –    The implant is delivered using an over-the-wire catheter system, contained 
within a capsule at the distal end of the catheter.  

 –   The end of the catheter at the tip of the capsule has an atraumatic ball, which 
helps prevent trauma to the intestinal wall during sleeve deployment.  

 –   The  capsule      is positioned over-the-wire into duodenal bulb (Figs.  18.1  and  18.2 ). 
After that, the ball with the sleeve is extended into duodenum and proximal jeju-
num up to 60 cm with  X-ray guidance      (Fig.  18.3 ).

 –      After full extension of the sleeve, the ball is released and the anchor deployed in 
the duodenal bulb 0.5–2 cm distally from the  pylorus      (Fig.  18.4 ).

  Fig. 18.1    Capsule 
containing the sleeve and 
the stent positioned 
over-the-wire to be inserted       
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  Fig. 18.2    Proper position of the capsule inside duodenal bulb and about to begin the sleeve 
expansion       

  Fig. 18.3    Ball with the sleeve being extended into duodenum and proximal jejunum up to 60 cm 
with X-ray guidance       
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 –      The anchor is self-expanded, and has barbs that will penetrate the tissue to pre-
vent movement. To confi rm correct positioning of the sleeve and patency, 60 ml 
of contrast is fl ushed.  

 –   The catheter is detached form the sleeve and removed from the bowel, leaving 
the implant in place.  Endoscopy         view confi rms a proper opening of the stent 
(Fig.  18.5 ). Figure  18.6  explains the implant in a graphic way.

 –       After implant, the liner (the sleeve) will prevent the ingested food to get in touch 
with the proximal bowel mucosa like a biliopancreatic limb of a  gastric bypass      
(Figs.  18.7  and  18.8 )

  Fig. 18.4    After full extension of the sleeve, the ball is released and the anchor deployed in the 
duodenal bulb 0.5–2 cm distally from the pylorus       

  Fig. 18.5    Endoscopy view 
confi rms a proper opening 
of the stent       
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  Fig. 18.6    Graph illustration of the Implant       

  Fig. 18.7    Graph illustration on how the device prevents the food to reach the duodenum and 
proximal jejunum wall       
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 –         Retrieval at 1 year is accomplished by means of attaching a fl exible hood on the 
endoscope tip and positioning it inside the duodenal bulb. Then, the anchor is 
collapsed by grabbing one of the proximal drawstrings using a custom grasper 
(Fig.  18.9 )  

 –   The  collapsed anchor      is then withdrawn into the protective hood, and the entire 
device withdrawn from the GI tract along with removal of the endoscope [ 4 ] 
(Fig.  18.10 ). A second-look confi rms that there is no active bleeding or damage 
to the mucosa or perforation of the duodenal bulb, stomach, and esophagus     

18.3     Results 

   The fi rst case series on the  use      of this device was published by Rodriguez-Grunet L, 
Galvao Neto et al. in Chile. It included 12 patients, with successful implants in all 
cases, and a mean implant time of 26.6 min (range 20–51). Mean explant time was 
43.3 min (range 17–182), successful in all cases. Premature removal was necessary 
in two patients, due to persistent abdominal pain, attributed to device misplacement. 
No major complications were reported, and EWL was 23.6 % after 12 weeks. Four 
patients were initially diabetic, and blood glucose levels were normal in three 
patients within a 24-h period, remaining for the study period [ 5 ]. Similar results 
were found in subsequent studies. 

  Fig. 18.8    Graph illustration on how the device compares with a biliopancreatic limb of a gastric 
bypass       
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  Fig. 18.10    Graph demonstration on how the collapsed anchor is withdrawn into the protective 
hood, and the entire device is removed from the GI tract along with the endoscope       

  Fig. 18.9    Retrieval by means of attaching a fl exible hood on the endoscope tip and positioning it 
inside the duodenal bulb. Then, the anchor is collapsed by grabbing one of the proximal draw-
strings using a custom grasper       
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 Tarnoff M and Rodriguez L et al. also in Chile reported in their 12 week open- label 
prospective randomized controlled trial an excess weight loss (EWL) of 22.1 % and 5.3 
%, respectively, for implanted participants and participants treated with a low-calorie 
diet [ 6 ]. Another randomized sham-controlled trial in US showed EWL of 11.9 % and 
2.7 %, respectively, for the device group and the sham group. Eight of 21 subjects in 
the DJBS group had early explants, due to mild GI bleeding ( n  = 3), abdominal pain 
( n  = 2), nausea and vomiting ( n  = 2) and unrelated preexisting illness ( n  = 1) [ 7 ]. 

 The fi rst study on  Type 2 Diabetes   was reported in a small but elegantly designed 
prospective randomized sham-controlled trial comparing Endobarrier™ against a 
sham endoscopy in a 24 week trial on morbid obese diabetic subjects [ 8 ]. In the com-
pleted population by week 1, change in fasting glucose in the DJBL arm was −55 ± 21 
mg/dL versus +42 ± 30 mg/dL in the sham arm ( p  ≤ 0.05; ±SE); the seven- point glu-
cose profi les were reduced in the DJBL arm but not in the sham arm. Mean postpran-
dial glucose area under the curve was reduced in the DJBL arm by 20 % and increased 
17 % in the sham arm ( p  = 0.016). At week 12, HbA(1c) change was −1.3 ± 0.9 % in 
the DJBL arm and −0.7 ± 0.4 % in the sham arm ( p  > 0.05), and at 24 weeks, values 
were −2.4 ± 0.7 % in the DJBL arm and −0.8 ± 0.4 % in the sham arm ( p  > 0.05). 

 In a modifi ed and more durable version of the device, 22 morbidly obese diabetic 
subjects had an Endobarrier™ implanted in Brazil, 13 of those completed the 52-week 
study, and mean duration of implant period for all subjects was 42 weeks. Statistically 
signifi cant reductions in fasting blood glucose, fasting insulin, and HbA1c were 
observed. Reductions in FPG were seen as early as week 1 and reached statistical 
signifi cance at week 24. Mean HbA1c was statistically signifi cantly decreased at 
week 24, and remained signifi cantly decreased thereafter. At the end of the study, 16 
of the 22 subjects had an HbA1c < 7 %, compared with only one of 22 at baseline [ 9 ]. 

 Metabolic improvements were evaluated in 39 patients, after DJBS implant. The 
52-week follow-up was completed by 64 % of subjects. Statistically signifi cant 
reductions were seen in waist circumference, systolic and diastolic blood pressure, 
cholesterol, triglycerides and fasting glucose. The prevalence of metabolic syn-
drome was reduced from 83.3 to 41.6 %, and %EWL was 47.0. Subjects regained a 
mean of 4.4 kg after 6 months following the removal of the DJBS without any kind 
of maintenance program. This represents a change of −17.7 kg from baseline to 18 
months in subjects who completed the 52 weeks of implantation [ 10 ]. 

 Progressing on Type 2 diabetes research Choen RV, Galvao Neto MP et al. pub-
lished a series [ 11 ] on non-morbid obese diabetic patients with a mean BMI of 
30.0 ± 3.6. FPG levels dropped from 207 ± 61 mg/dL at baseline to 139 ± 37 mg/dL 
at 1 week and remained low throughout the study. Mean body weight also declined, 
but the change in body weight was not signifi cantly associated with change in FPG 
at 52 weeks. HbA1c declined from 8.7 ± 0.9 % at baseline to 7.5 ± 1.6 % at week 52. 
For adverse events, gastrointestinal disorders were reported by 13 subjects, and 
metabolic or nutritional disorders occurred in 14 subjects. All were mild and tran-
sient especially in the fi rst 2 weeks.    
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18.4     Adverse events 

   Endobarrier™ has been  proving      to be a safe device and as any implantable device, 
adverse events such as nausea, vomiting and abdominal pain are present and more 
often occur on the fi rst weeks. Infection, bleeding, obstruction of the prosthesis, 
anchoring migration and possibility of perforation are less common complications 
rated around 5 %. Some of the devices had a surgical removal due to different rea-
sons including team experience, acute bleeding and diffi culties at removal. Factors 
implicated in premature removal are: abdominal pain, bleeding, anchor dislocation, 
sleeve migration, and rarely intestinal obstruction. No mortality was reported.    

18.5     Final Comments and Conclusion 

 Endolumenal Bariatric Surgery is a promising fi eld on less invasive techniques, and 
the Endobarrier device is safe and effective for T2DM in a short-term follow-up. 
Furthermore, when compared with the clinical treatment (diet), the device promotes 
a greater weight loss, reaching between the loss of 30–40 % of the excess. In two 
trials published on the use of Endobarrier for T2DM, there was no infl uence in 
weight loss on glucose homeostasis amelioration. This, therefore, brought up the 
possible role of the Endobarrier in treating type 2 diabetes mellitus independently 
of weight loss [ 5 ]. 

 Besides the favorable short-term results, there is still a lack of knowledge con-
cerning the mechanisms of weight loss and better assessment for the future clinical 
applications of this novel technique. This new procedure seems to be promising as 
it helps patients regain metabolic control of type 2 diabetes and aids in weight loss.     
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          Obesity   is a serious, complex disease and both its treatment and management have 
remained a global medical challenge. It has been proven that obesity reduces the 
quality of life as well as life expectancy in patients and is associated with numerous 
comorbidities including but not limited too diabetes mellitus, obstructive sleep 
apnea, hypertension, lipid disorders, hepatic steatosis, ischemic heart disease, 
 certain cancers amongst other illnesses. 

  Body Mass Index (BMI)   is used to classify weight, with overweight BMI 
25.0–29.9 kg/m 2 , obesity as class I BMI 30–34.9 kg/m 2 , obesity class II BMI 
35–39.9 kg/m 2 , and obesity class III BMI > 40 kg/m 2 . Based on data obtained from 
the National Health and Nutrition Examination Survey 2007–2008, 68 % of adults 
over the age of 20 years in the USA are overweight or obese; 33.8 % are Class I or 
above. 14.3 % having Class II and 5.7 % have Class III obesity ( 1 ,  2 ). The World 
Health Organization projects that by 2015, approximately 2.3 billion adults will be 
overweight and >700 million will be obese ( 3 ). 

 To date surgical therapies has been the only effective sustained option to treat 
obesity, effi ciently reducing not only body weight and weight related comorbidities 
in up to 80 % but also aiding in the maintenance of weight loss ( 4 ,  5 ). 

 The World Health Organization has recommended a decrease of 5–15 % of total 
body weight maintained throughout time to reduce the incidence of morbidities 
related to obesity ( 6 – 8 ). The National Institute of Health recommends lifestyle 
changes remain the fi rst line of therapy for successful weight loss, these include 
healthy eating habits, increased physical activity with exercise, as well as psycho-
therapeutic support ( 9 ) possibly supplemented by medication as second line therapy 
( 10 ,  11 ). Unfortunately multiple studies report that these noninvasive therapeutic 
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approaches have limited sustainability for the vast majority (>90 %) of those 
attempting these lifestyle modifi cations, resulting in frustration at not losing the 
amount of weight desired and after a variable amount of time an increase back to 
their original weight. 

 So to those many patients who have failed these conservative therapeutic meth-
ods but who are not yet ready or may not even qualify for a more aggressive surgical 
approach, what can we offer them? Ideally a less invasive option, with a lower risk 
profi le and reduced costs, we offer them an endoscopic option. 

  Endoluminal therapies   have the potential to extend treatment options to those 
patients with multiple comorbidities, older age, and those who do not qualify for 
surgical interventions such as type I obesity (BMI 30–35 kg/m 2 ) or even over-
weight patients (BMI 25–29.9). They can also supply a possibly reversible treat-
ment modality avoiding committing to permanent surgical modifi cations of the 
gastrointestinal (GI) tract; this can be particularly attractive to a certain patient 
population ( 12 ). 

 One of the endoluminal/endoscopic bariatric  therapeutic   options is space occu-
pying devices, which take form of a temporarily placed prosthetic balloon. The 
intragastric balloon is one of the earliest devices placed endoscopic as a weight loss 
intervention and continues to date as the most common endoscopic bariatric proce-
dure performed worldwide,    because of this it is the most widely studied of the mini-
mally invasive endoscopic therapies for obesity. 

 The effect is intake restriction by mechanical space occupying artifact; this 
enhances satiety and instigates weight loss ( 13 ). The intragastric balloons are placed 
perorally as an outpatient procedure, with endoscopic assistance both for insertion 
and removal. 

 So how do these intragastric balloons actually work? Conceptually, they function 
on a mechanical basis, although other mechanisms of action may include delayed 
gastric emptying, hormonal modulation, neuronal effects, and behavior modifi ca-
tion  (  14  ) . Other non-balloon space-occupying technologies being developed include 
polymer pills that expand and later degrade in the stomach thereby eliminating the 
need for endoscopic insertion and removal ( 15  )   . 

 In 2011, an ASMBS Task Force determined that the primary goal of endolumi-
nal/endoscopic bariatric therapies (EBT) was to induce enough weight loss to 
decrease obesity related metabolic comorbidities and improve quality of life. 
 Endoluminal therapies,   such as the intragastric balloon, have many potential appli-
cations as primary, early intervention/preemptive therapy, bridge therapy, adjunc-
tive, or revisional bariatric procedures  (  16  ) . 

 Although various novel endoscopic interventions and endoscopically placed 
devices have been described over the past decade, and several such transoral 
endoluminal procedures are currently under investigation in the USA, none of 
them have been formally approved for use in the USA  (  11  ) . Until formally 
approved by appropriate regulatory authorities, their use remains limited to clini-
cal trials  (  16  ) . 
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19.1     History of the Intragastric Balloon 

  Nieben  proposed   in 1982 the use of a gastric balloon for control of obesity after 
having observed that a gastric bezoar (space occupying intragastric mass) had 
been well tolerated for a long period of time and produced signifi cant weight loss 
 (  17  ) . And so the fi rst artifi cial space occupying intragastric balloon for weight loss 
was used. 

 Theoretically the intragastric balloon affects both stretch receptors and gastric 
capacity, increasing satiety while decreasing residual volume available for food; 
therefore, this could be considered a non-surgical restrictive weight loss 
procedure. 

 In the early 1980s, several intragastric air-fi lled pouches with fi lling volumes of 
20–500 ml were proposed. Amongst them the Garren–Edwards balloon required 
220 ml, the Ballobes intragastric balloon infl ated to 475 ml of room air and the 
Taylor intragastric balloon was smooth silicone pear-shaped fi lled with 550 ml of 
saline, were among those tried. Being that the cylinder shape devices were air fi lled 
and light, no weight effect was produced onto the stomach walls. 

 In 1985, the fi rst widely used intragastric balloon, the Garren–Edwards Gastric 
Bubble (GEGB), was approved for use in the USA, as an adjunctive modality to a 
multifaceted approach to obesity. The  GEGB   was a polyurethane cylindrical device 
with a self-sealing valve through which a removable air-insuffl ation catheter was 
inserted, fi lled to 220 ml (unclear as to why this volume was chosen) then left to 
fl oat freely in the stomach and was removed endoscopically after being punctured 
with a forceps. 

 In the late 1980s, several sham-controlled studies were published showing that 
diet and behavior modifi cation were equally as effi cacious as the GEGB in produc-
ing weight loss ( 18 – 20 ). Additionally these initial intragastric balloons had an 
elevated complications rate from: gastric erosion, 26 %; gastric ulcer, 14 %; 
Mallory–Weiss tears, 11 %; complete defl ations, migrations, and intestinal obstruc-
tions. So after an initial enraptured period, a critical phase followed due to the 
failure and/or high complication rate of the Garren–Edwards, Ballobes, Taylor and 
Wilson–Cook balloons ( 21 – 25 ). More than 25,000  GEGB   were placed before its 
withdrawal from the market. In addition, several polyurethane balloons (kept in 
place by a nasogastric catheter taped to the nose) were tried, with similar results 
 (  43   ,    44  ) . None of these renditions were widely used in clinical practice. Other bal-
loons used in the 1980s are now obsolete and had little controlled data, including 
devices produced by Wilson-Cook (Winston Salem, NC), Tremco (Cleveland, 
OH), and Dow-Corning. 

 In 1987, 75 international experts met and participated in a workshop on “Obesity 
and the Gastric Balloon” decided against a recommendation for removal of existing 
gastric balloons from the market but urged that their use be discouraged outside of 
controlled investigational trials. They also formulated and defi ned fundamental require-
ments for optimal, effective and safe intragastric balloon design. Years of research 
resulted in the development of a balloon that fulfi lled the specifi ed requirements: (1) 
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the balloon should be smooth, seamless, and constructed of long-lasting material, with 
a low ulcerogenic and obstructive potential; (2) incorporation of a radiopaque marker 
to allow appropriate follow-up in case of defl ation; and (3) the ability to adjust the bal-
loon to a variety of sizes and to fi ll it with fl uid instead of air  (  26  ) . 

 Today intragastric balloons are no longer available in the USA; a few newer 
intragastric balloons are under investigation for FDA approval.  

19.1.1     Types of Balloons 

19.1.1.1     Bioenterics Intragastric Balloon/Orbera 
   The Silicone Intragastric Balloon ( SIB)      was developed by Fred C. Gau in conjunc-
tion with INAMED Development Company (IDC) in 1986. In January 1996, the SIB 
IDE was transferred from IDC to BioEnterics Corporation (BEC) and the SIB was 
renamed the BioEnterics Intragastric Balloon (BIB). The BioEnterics Intragastric 
Balloon (BioEnterics Corp., Carpinteria, Calif.) meets the 1987 requirements  (  40  ) . 

 The currently used Orbera™ intragastric balloon (Allergan Inc., Irvine, CA, 
USA) is a spherical, large capacity silicone polymer device. The defl ated balloon 
comes preloaded on a catheter, which is blindly passed transorally into the esopha-
gus then an endoscope is passed along side it to ensure accurate placement of the 
balloon in the fundus. Under direct endoscopic visualization, the device is infl ated 
through the external port of the catheter with 400–700 ml saline and 10 ml methy-
lene blue dye solution. In case of balloon rupture the dye is systemically absorbed 
and imparts a characteristic blue color to urine alerting the patient to contact the 
physician for urgent endoscopic removal of the device. The balloon is currently 
deployed for a maximum duration of up to 6 months, after this time there is a higher 
risk of spontaneous balloon defl ation. When required the device can be safely 
defl ated and extracted endoscopically using a snare or basket. 

 Other available IGBs include the Heliosphere (IHB) (Helioscopie, Vienne, 
France), Silimed (Silimed, Rio de Janeiro, Brazil), and Semi-stationary Antral 
Balloon (JP Industria Farmaceutica, Ribeirao Preto, Brazil).    

19.1.1.2     Heliosphere 
   The placement of the  Intragastric Heliosphere Bag      (Helioscopie, Vienne, France) an 
intragastric device insuffl ated with air instead of fl uid, introduced in 2004. The bal-
loon is slowly infl ated with 840–960 cm 3  of air, which gives the infl ated fi nal vol-
ume of 650–700 cm 3 , as the air is compressed  (  27  ) . Data regarding the effi cacy and 
safety of IHB are limited.    

19.1.1.3    Silimed 
   The Silimed Gastric  Balloon   (Silimed Silicone Instrumental Medical-Surgical 
Hospital Ltd.,    Rio de Janeiro, Brazil) is consists of a smooth and transparent sili-
cone shell that acquires a round format when fi lled with saline solution, it is 
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supplied empty delicately rolled up inside a thin silicone sheath. During placement, 
the extremity of SGB’s sheath, not of the shell, is carefully anchored to the endo-
scope extremity using a polypectomy snare then it is smoothly inserted into the 
stomach by traction under direct visual examination. When the device is near the 
pyloru it is released by the polypectomy snare and positioned in the gastric fundus 
by “J” maneuver, followed by SGB traction by the introduction catheter. After ade-
quate placement in the gastric fundus and under continuous direct endoscopic visu-
alization the SGB is fi lled with saline solution through a tube with a 
polytetrafl uorethylene needle at its extremity, which is connected to a self-sealing 
valve attached to the device shell. The volumes of saline solution (mean of 632 ml), 
Iopamiron ®  contrast (20 ml), and 2 % methylene blue (10 ml) were fi xed with the 
approximate fi nal proportion of 65:2:1  (  28  ) . 

 The SGB removal procedure consists of fi rst positioning a lubricated double sili-
con overtube in the patient’s esophagus. Then under direct endoscopic observation, 
a hole is made into each SGB by a specially developed catheter containing a needle 
(Scorpion) to empty via the catheter the balloon. Then the emptied SGB is captured 
by a polypectomy snare and pulled until part of the SGB was held in the overtube. 
For the very fl at balloons a double-hook endoscopic forceps can be used to bring the 
balloon partially inside the esophagus, the grasping it with the polypectomy snare, 
allowing the simultaneous removal of the balloon along with the whole endoscopic 
apparatus. Both the procedures are performed under usual sedation of diagnostic 
endoscopy  (  28  ) . 

 Silimed Gastric Balloon has a radiopaque mark around the valve, using 
Iopamiron ®  in the filling solution of the device contributes to obtain more 
clearly defined images of the balloon to verify the correct placement, whenever 
necessary  (  28  ) .    

19.1.1.4    Reshape 
   From  ReShape Medical   (San Clemente, CA), the previously known  ReShape 
Intragastric Balloon,   now newly branded as the ReShape Duo is a unique dual- 
balloon fi lled with an evenly distributed 900 ml of saline. The proximal balloon 
sits high in the fundus, possibly contribute to increased satiety, the design con-
forms easily to the curvature of the stomach for stability and provides signifi cant 
protection. The dual balloon design potentially reduces the undesirable risks of 
migration, obstruction, and perforation. In the case that one of the balloons 
defl ates, because it is a dual-balloon device, the second balloon will maintain the 
ReShape Duo within the stomach, preventing migration and possible bowel 
obstruction. This enables the patient enough time to return to the physician for 
safe device removal  (  29  ) . 

 The ReShape Duo is endoscopically delivered over a standard guidewire 
and automatically infl ated with 900 ml sterile saline solution with a power pump 
delivering 450 ml to each balloon. The device is removed endoscopically after a 
controlled and rapid fl uid evacuation with the ReShape Removal Catheter  (  29  ) .    
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19.1.1.5    Obalon 
  The most recent addition to the  intragastric   balloon devices, commercially launched 
on a limited basis in Europe beginning in July 2012, is a novel swallowable gelatin 
capsule which dissolves inside the GI tract, that contains the balloon folded inside, 
attached to a miniature catheter via which the balloon is rapidly infl ated and after-
wards the catheter is easily removed without need of endoscopic assistance or seda-
tion. The Obalon is a 250 ml gas fi lled balloon which resides in the fundus. The high 
buoyancy of the device allows it to occupy an area high in the gastric space perhaps 
allowing lower balloon volume to stimulate weight loss Additional balloons, up to 
three in total, can be swallowed and infl ated to increase total resident volume 
throughout a 3-month treatment period to further stimulate weight loss. The swal-
lowing and infl ation of the balloons averaged 5 min. Balloons were removed via 
endoscopy using standard tools under light, conscious sedation and averaged 
10 min. Minimal symptoms are reported, the ability to gradually add balloon vol-
ume appears to improve treatment and tolerability. 

 At the end of the 3 months, during a short endoscopy utilizing common standard 
tools, all balloons are removed. Safety and effi cacy data were collected and reported 
on the fi rst commercial product uses at 11 centers throughout Belgium, Germany, 
Italy, and Spain  (  30  ) .   

19.1.1.6    Adjustable Intragastric Balloon 
   The advantages of an  adjustable      balloon to provide improved patient comfort and 
hence offer greater effi cacy are being investigated. The Spatz Adjustable Balloon 
system (ABS) has a migration prevention function to ideally enable safe prolonged 
implantation. Longer implantation duration could improve effi cacy and weight 
maintenance post-extraction.    

19.1.1.7    Mechanism of Action 
 Placement of an intragastric balloon results in a complex interplay of neurohor-
monal factors and changes in gastric motility, in addition to the obvious space- 
occupying effect. Several studies based on animal and human data, have shown that 
an effect on satiety and subsequent caloric intake is only seen after distention of the 
intragastric balloons to at least 400 ml  (  39  ) . 

 A study done by Bonazzi et al. aimed to analyze the infl uence of an intragastric 
balloon on gastric emptying in obese patients. Twelve patients were included in the 
study, with BMI mean 38.51 SD ± 4.32 kg/m 2 . The intragastric balloons inserted 
were BIB under light anesthesia, utilizing direct visualization via endoscopy they 
were infl ated with 700 ml of saline and removed 6 months later. 

 The  measurements   obtained besides body weight for gastric emptying were T1/2 
and Tlag using 13C-octanoic acid breath test. These were documented prior to bal-
loon placement, during its permanence and 2 months after removal. Gastric empty-
ing rates were signifi cantly decreased in the fi rst periods while the balloon was in 
the stomach, and these values returned to pre-implantation values after the IGB was 
removed. T1/2 was: 87 ± 32 min before BIB positioning, 181 ± 91 min after 1 month, 
145 ± 99 min after 3 months, 104 ± 50 min after 6 months and 90 ± 43 min 2 months 
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after removal. T lag was 36 ± 18 min before BIB positioning, 102 ± 82 min after 
1 month, 77 ± 53 min after 3 months, 59 ± 28 min after 6 months and 40 ± 21 min. 
Two months after removal  (  31  ) . 

 So it appears that intragastric balloons in obese patients seem to aide patients in 
following the hypo caloric diet, especially during the fi rst 3 months when the gastric 
emptying is slower and the sense of repletion is higher. Unfortunately after this 
period, the gastric emptying starts to return to normal maybe signaling that the 
stomach is adapting to intragastric balloon. 

  Ghrelin   is an important gut hormone; a study led by Martinez-Brocca measured 
the effect of a BioEnteric Intragastric Balloon on the level of this hormone in mor-
bidly obese patients who were considered treatment-resistant. Twenty-one partici-
pated in this randomized, double blind, sham controlled 4 month trial. Monthly 
anthropometric and biochemical parameters, estimation of energy intake, and pre-
prandial and postprandial evaluation of satiety were required. Ghrelin response after 
a standard mixed meal was measured prior to BIB placement and 4 weeks after the 
endoscopic procedure  (  32  ) . 

  There was no signifi cant difference in weight loss between the Group Balloon 
and Group  Sham   at any time-point of the follow-up. Patients from Group Balloon 
did show a temporary increased preprandial and postprandial satiety, this was noted 
to have been maximal at 4 weeks after the intervention. Total area under the curve, 
fasting and postprandial plasma ghrelin were not signifi cantly different between 
groups at inclusion or 4 weeks after follow-up. Therefore no correlation was found 
between any of the satiety scores at any time-point with their comparable ghrelin 
levels. From this study we can conclude though that BIB induces a temporary sense 
of satiety in morbidly obese patients, this is not mediated by modifi cation of fasting 
or postprandial levels of plasma ghrelin  (  32  ) .  

 Cholecystokinin ( CCK),    an   important regulatory hormone involved in satiety, is 
produced in the duodenum and is stimulated by both the presence of digestion prod-
ucts in the stomach, mainly fats and proteins, and also by gastric distention/stretch-
ing. It acts not only on pancreatic enzyme secretion, gallbladder contraction, and 
increased gastric vagal afferent activity, CCK in addition delays gastric emptying 
and causes pyloric constriction. It has been shown that infusion of CCK, in combi-
nation with gastric distention, signifi cantly reduces food intake in humans, and this 
effect is thought to be due to a CCK-mediated delay in gastric emptying. Knowing 
the effects of this regulatory hormone, we can imply it plays an important role in the 
physiologic effect of intragastric balloon placement  (  33   ,    34  ) . 

  Short-term satiety   is principally affected by gastric distention and gastric volume. 
In both animals and humans, short-term food intake is affected by the weight and 
volume of food more than its energy content or caloric value  (  35   –   37  ) . Rolls et al. 
 (  38  )  showed that by infusing high-volume, low-calorie gastric feedings there was 
subsequently a decrease in caloric intake of a buffet meal, this was compared to simi-
lar degree with a high-volume, high-calorie gastric feeding. This volume regulated 
satiety is thought to result primarily from gastric distention. Mechanical gastric bal-
loon distention to a volume greater than 400 cm 3  during meals signifi cantly reduces 
oral intake, and even lesser volumes may have an effect in achieving satiety  (  39  ) . 
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   Results 
 In 2011, ASMBS joint Task force determined that the most commonly used end- 
point in bariatric studies was percentage excess weight loss (%EWL). “Excess 
weight” being the difference between the patient’s weight and the average weight of 
a standard individual with body mass index (BMI) of 25 kg/m 2 . The weight loss 
achieved after bariatric intervention is calculated as a percentage of pre-intervention 
excess weight, this is the %EWL  (  16  ) .  

   BIB 
 Of all  the   available intragastric balloons, the BioEnteric Intragastric Balloon has 
been the most widely used since 1995 in well over 20 countries worldwide, particu-
larly in Europe, South America, and Asia  (  35  ) . Probably because of this widespread 
use it has the highest number of publications than any other intragastric device. The 
 indications   for BIB use may be summarized as the following: (1) preoperatory 
weight loss in a patient candidate to bariatric surgery with high anesthesiological 
risk, (2) temporary weight loss treatment in a patient with  body mass index (BMI)   
in the range of bariatric surgery (>35) who refuse surgery or has possible low com-
pliance to surgery or in case of very long waiting list, and (3) temporary weight loss 
treatment for a patient with no indications to surgery in the context of an integrate 
medical approach to obesity (BMI < 35). 

 To be able to clearly advise a patient on weather or not an intragastric balloon 
will be helpful in their situation, we must fi rst evaluate all the possibilities. Are 
intragastric balloons better than lifestyle modifi cations of diet and exercise alone for 
weight loss? 

 A study by Genco et al.  (  41  )  compared in a retrospective manner 130 patients 
with BIB placement with a 130 patients who underwent structured diet therapy with 
simple behavioral modifi cations for 6 months. A caloric restricted diet of 1000–
1200 cal/day using an approximate macronutrient distribution, comparable to the 
“ Mediterranean diet  ,” including 25 % protein (at least 60 g/day), 20–25 % lipids, 
and 50–55 % carbohydrates. In the BIB group, patients received just generic coun-
seling for eating behavior. In both groups considered weight loss parameters (kilo-
grams, percentage of excess weight loss [%EWL], body mass index [BMI], 
percentage of excess BMI loss [%EBL]) at 6 and 24 months from baseline and 
comorbidities at baseline and after 24 months. 

 At 6 months time, BIB was removed signifi cantly better results in terms of 
 weight loss   in kilograms 16.7 ± 4.7 vs. 6.6 ± 2.6;  p  < 0.01, BMI 35.4 ± 11.2 vs. 
38.9 ± 12.1;  p  < 0.01, %EBL 38.5 ± 16.1 vs. 18.6 ± 14.3;  p  < 0.01, and %EWL 
33.9 ± 18 vs. 24.3 ± 17.0;  p  < 0.01 were documented in patients treated by intragas-
tric balloon as compared to diet-treated patients. All these parameter fi ndings were 
statistically signifi cant. 

 At 24 months from baseline, patients treated with intragastric balloon have 
tended to regain weight, whereas diet-treated patients have already regained most of 
lost weight. But we can state that in the short-to-medium term, BIB is signifi cantly 
superior to diet in terms of weight loss. 
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 The BIB has been compared with  surgical treatment  , specifi cally the sleeve gas-
trectomy, in two nonrandomized studies. At 6 months, one study showed no differ-
ence in mean weight loss, although the surgical procedure was shown to be superior 
at the 12-month follow-up  (  42  ) . The second study of superobese patients (BMI > 50) 
found that sleeve gastrectomy patients lost signifi cantly more weight at 6 months 
(45.5 kg vs 22.3 kg) as compared to the intragastric balloon  (  43  ) . 

 So we now have the data to prove that intragastric balloons are not comparable 
to a surgical intervention for weight loss, but are statistically better at promoting 
weight loss when compared to diet and exercise alone. 

 In the largest reported retrospective study using intragastric balloon, 2515 
patients were analyzed  (  44  ) . The aim of the study was the evaluation of the  effi cacy   
of the BIB in a large population, specifi cally in terms of weight loss and its infl u-
ence on comorbidities. Data were retrospectively recruited from May 2000 to 
September 2004, 2515 patients from the database of the Italian Collaborative Study 
Group for Lap-Band and BIB (GILB). Patients were discharged with diet counsel-
ing (~1000 kcal) and medical therapy for the post procedure symptoms. The BIB 
was removed after 6 months. Endoscopic positioning and removal were both per-
formed under conscious or unconscious sedation. Technical success was achieved 
in 99 % of cases, and the authors reported fi ve cases of gastric perforation (0.19 %), 
of which two were fatal, it was noted that previous gastric surgery is a contraindica-
tion to BIB placement. 

 Preoperative comorbidities were diagnosed 56.4 % of patients, 44.3 % of these 
comorbidities resolved, 44.8 % improved requiring less  pharmacological dosage   or 
shift to other therapies, and 10.9 % were unchanged. After 6 months %EWL was 
33.9 ± 18.7 and BMI loss was 4.9 ± 12.7 kg/m 2 , this along with the concomitant 
improvement in hypertension and diabetes values achieved signifi cant correction in 
blood pressure and glycemic control. 

 In Brazil, Sallet et al.  (  45  )  conducted a study from November 2000 to February 
2004, where 483 overweight and obese patients were treated with the BIB ® . Of 
these 483 patients only 323 completed a 6-month follow-up, and 85 of them com-
pleted a 1-year follow-up. A  multidisciplinary program   involving clinical, psychiat-
ric, physical training, and dietary approaches was part of the required guidelines for 
every patient. 

 At the 6-month follow-up subjects measurements were compared to their base-
line values, and statistically signifi cant reductions were observed in weight 
(15.2 ± 10.5 kg), percent excess weight loss (48.3 ± 28.1), and BMI (−5.3 ± 3.4 kg/
m 2 ) ( p  < 0.000). There results are similar to other studies of the BioEnteric 
Intragastric Balloon  (  40  ) . At the 1-year follow-up, 85 patients had maintained more 
than 90 % of their BMI reduction. 

 In a  meta-analysis   done by Imaz et al.  (  46  )  a Methods Systematic literature 
review of Medline, Embase, and other information sources from inception to March 
2006 was done to perform the evidence-based systematic review of the published 
literature, afterwards the quality of the selected studies was assessed, 15 articles 
were pooled (3608 patients). Meta-analysis of weighted mean difference was made 
using the inverse variance method. 
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 The estimates for weight lost at balloon removal for BIB ®  were the following: 
14.7 kg, 12.2 % of initial total body weight, 5.7 kg/m 2  in BMI, and 32.1 % of excess 
weight. Effi cacy at balloon removal was estimated with a meta-analysis of two ran-
domized controlled trials (75 patients) that compared intragastric balloon versus 
placebo, the results indicated the balloon group lost more weight than the placebo 
group. These differences in weight lost were 6.7 kg, 1.5 % of initial weight, 3.2 kg/
m 2 , and 17.6 % of excess weight. 

 This  meta-analysis   did make note of the scant data available after balloon removal. 
 So what happens to these post BIB patients 6 months or a year after the balloon 

is removed? Is this short time period suffi cient to change patients’ lifestyle, modify 
their eating habits and exercise practices to maintain the weight reduction achieved 
with the BIB after its removal? 

 In a study published in 2005, Herve et al.  (  47  )  tried to answer just that. Hundred 
patients who received a BIB were included in a prospective study and followed for 
1 year after BIB removal. The patients assisted to monthly post-implantation fol-
low- up visits during which they were seen by the surgeon, dietitian, and if neces-
sary, the psychologist. 

 The results upon BIB ®  removal were mean weight loss for the group of 12.0 kg. 
Mean percent excess weight loss (%EWL) was 39.8 %. A year after removal of the 
BIB ®  the documented mean weight loss was 8.6 kg and mean %EWL was 26.8 % 
for the group as a whole. 

 The results 1 year after removal of the BIB were found to be encouraging, spe-
cially considering it is a temporary  non-surgical and non-pharmaceutical treatment   
for obesity that is totally reversible and repeatable. The authors recommend it for 
patients who have previously failed traditional methods of weight reduction. They 
do note that careful patient follow-up is of primary importance in avoiding compli-
cations and supporting effi cacy of the treatment because concurrent behavior modi-
fi cation is essential for durable weight loss. 

 A second 1 year post BIB a randomized, double-blind trial of balloon or sham 
treatment of 3 months’ duration consisting of 43 patients. A preset  weight-loss goal   
was set and if the patients (sham- and balloon-treated groups) achieved this weight 
they were given an additional 9 months of balloon treatment. The patients were 
continued to be followed for a second year post balloon  (  48  ) . 

 The  mean body mass index   at enrollment was 43.3 kg/m 2  were enrolled. Five 
patients did not meet the preset weight-loss goal and were considered nonresponders 
11.6 %. Three patients were unable to tolerate the balloon 7.0 %, at the time of the 
endoscopy severe esophagitis was diagnosed. 

 In the intention-to-treat analysis, sham- and balloon-treated groups had overall 
weight loss of 20 kg (16.1 %) and 16.7 kg (13.4 %) after 6 months in the sham/bal-
loon and in the balloon/balloon treated groups which was not shown to be statisti-
cally signifi cant. After 1-year of balloon treatment, a mean weight loss of 21.3 kg 
(17.1 %) was achieved in all patients, 12.6 kg (9.9 %) was maintained at the end of 
the second balloon-free year. Forty-seven percent of patients sustained a greater 
than 10 % weight loss, with considerably reduced comorbidity. In those 33 patients 
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who completed the study per protocol, the weight loss at 1 year was of 25.6 kg 
(EBW 20.5 %) and 14.6 kg (EBW 11.4 %) after 2 years; 55 % maintained a weight 
loss of greater than 10 %. 

 In this study the conclusion was that for patients with  treatment-resistant obesity  , 
the intragastric balloon appeared to be safe, an independent benefi t of balloon treat-
ment beyond diet, exercise, and behavioral therapy with balloon treatment for 1 year 
resulted in substantial weight loss, the greater part of which was maintained during 
the balloon-free second year. 

 More recently, Angrisani et al.  [  49  ]  observed the almost total regain of excess 
weight 1 year after BIB removal in 82 patients who had refused any other kind of 
treatment—surgical, pharmacological, or dietetic. On the other hand, Sallet et al. 
 [  45  ]  observed 90 % weight loss maintenance in a subset of 85 (from the total of 323) 
patients at 1-year follow-up. Weight loss was noted to be signifi cantly higher in 
BIB-treated patients both at 6 and 18 months follow-up. Additionally, the dropout 
rate was signifi cantly lower in BIB-treated patients (1 % vs. 18 %,  p  < 0.001). 

 Seeing that the data is unclear at 1 year post BIB removal and stabilization of 
weight is uncertain, Kotzampassi et al.  (  50  )  published a study on 500 enrolled 
patients, who were followed post 6 months of BIB ®  induced weight reduction for up 
to 5 years. All patients were contacted for follow-up at 6, 12, and 24 months post- 
removal and then yearly thereafter. Twenty-sex patients had to be excluded because 
of treatment protocol interruption, thus remaining 474, of these at the time of BIB ®  
removal 79 were excluded because of %EWL less than 20 %; thus remaining 395 
patients had weight loss of 23.91 ± 9.08 kg, BMI reduction of 8.34 ± 3.14 kg/m 2 , and 
percent EWL of 42.34 ± 19.07. At 6 months and 12 months, 387 (98 %) and 352 
(89 %) presented with percent EWL of 42.73 ± 18.87 and 27.71 ± 13.40, respec-
tively. At 12 and 24 months, 187 (53 %) and 96 (27 %) of 352 continued to have 
percent EWL of >20. Finally, 195 of 474 completed the 60-month follow-up 23 % 
retained the percent EWL at >20. It was observed that those who in general lost 
80 % of the total weight during the fi rst 3 months of treatment succeeded in main-
taining a percent EWL of >20 long term after. Speaking in percentages of EWL > 20, 
we can state from this publication that from the total of 500 obese subjects, 
EWL > 20 % was achieved in 83 % at the time of removal, in 53 % at the time of the 
12-month follow-up, in 27 % at the time of the 24-month follow-up, and in 23 % at 
the time of the 60-month follow-up. 

 In search of improving the weight loss outcomes of the patients undergoing BIB ®  
placement, various studies have introduced the notion of sequential IGB placements. 

 In 2010, a study by Dumonceau et al.  (  51  )  aimed at assessing the potential ben-
efi ts of repeating  IGB therapy  , with a prospective non-randomized multicenter trial. 
Hundred and eighteen consecutive patients with a BMI 34 kg/m 2  were included. 
Nineteen patients (16 %) underwent repeat IGB placement as requested by them, 8 
to prolong the fi rst treatment and 11 after a IGB free trial. 

 Higher weight loss 3 months after fi rst IB insertion independently predicted 
repeat therapy ( p  = 0.008). Median weight loss in subjects who had repeat therapy 
was lower with second vs. fi rst IGB 9.0 kg vs. 14.6 kg; 30.4 % vs. 49.3 % excess 
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weight loss; this achieved statistical signifi cance  p  = 0.003. Compared to subjects 
with single treatment, those with repeat treatment had greater weight loss at fi rst 
IGB  extraction   14.6 kg vs. 11.0 kg; 49.3 % vs 30.7 % EWL and 1 year later 12.0 kg 
vs 6.0 kg but the difference became less than 2 kg starting at 3 years. 

 At fi nal follow-up at 4.9 years approximately, the whole subject population had 
lost a median of 2.0 kg or 6.2 % EW and identical proportions of subjects with 
single/repeat treatment had ≥10 % baseline weight loss (26 %) or bariatric surgery 
(32 %) which was delayed in subjects with repeat vs those with single IB therapy. 

 In Spain, Lopez-Nava et al. [52] evaluated a population of 714 consecutively 
placed BIB ®  which were removed after 6 months, between June 1, 2005 and May 
31, 2007. These patients were discharged post BIB ®  with drug therapy and 1000 kcal 
diet. Of the initial patient population 112 patients underwent a second consecutive 
balloon positioning, a month after the removal of the fi rst BIB during which they 
received medical therapy, the second BIB ®  was also removed at 6 months. 
Consequently patients were followed up in a weekly basis. After 6 months of BIB 
mean %EWL was 41.6 ± 21.8, mean  BMI   loss was 6.5 ± 12.7. After the second bal-
loon removal, mean BMI was 30.3 ± 7.2, mean %EWL was 31.5 ± 23.2; mean BMI 
loss was 2.5 ± 18.2. After 24 months of follow-up, 22 (%) patients regained the pre- 
BIB weight, 61 (%) regained the 45–50 % of their pre-BIB weight, and 45 remain 
at the weight level after BIB removal ±2 kg. Considering the current experience, the 
support for this sequential approach should be in patients who require a continuous 
weight loss, even if not signifi cant, to avoid the patients regain weight while waiting 
for defi nitive bariatric surgery. 

 The consideration in obtaining satisfactory basic results in terms of resolution of 
comorbidities is relevant, taking into account that the risk of death from cardiovas-
cular disease, cancer, diabetes and other diseases increases throughout the range of 
moderate and severe overweight to obesity. 

 In this Spanish series  (  52  ) , the improvement or resolution of preoperative comor-
bidities was obtained in 140/162 (86.4 %) patients. Many prior studies have con-
fi rmed the importance of these results demonstrating the benefi t of 10 kg weight 
loss in terms of comorbidities (diabetes, blood pressure, lipids, etc.) and the related 
mortality  (  53   –   55  ) . 

 The conclusion of these authors is that a second balloon can be positioned with-
out diffi culties, achieving good results after 12 months of treatment  (  52  ) . 

 Both prior studies have shown that although patients who underwent a second 
balloon insertion had greater initial weight loss, there was no statistically signifi cant 
difference in %EWL at 3-year follow-up [51, 52]. Furthermore, the placement of a 
second balloon was linked with a trend towards greater procedure- and device- 
related complications  (  52  ) . 

 A prospective study by Forlano et al.  [  56  ]  analyzed the metabolic benefi ts of 
intragastric balloon placement in 130 patients with mean BMI of 43.1 kg/m 2  who 
were maintained on a 1000–1200-kcal diet for 6 months after balloon placement. 
 Hepatic steatosis   was followed by ultrasound, and the frequency of sonographically 
detected advanced hepatic steatosis declined from 52 % at baseline to 4 % at the end 
of the 6 months. Comparable improvements were noted a well in blood glucose and 
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triglyceride levels, these corrections indicators of medical disease highlights the 
multifaceted role of intragastric balloon in patients with “metabolic syndrome.” 

 A prospective study from November 2003 to April 2006 in the high risk super-
obese population examining the role of IGB as a bridge therapy prior to bariatric 
surgery  (  57  ) . The BioEnterics intragastric balloon (BIB)  was   endoscopically placed 
in 26 high risk superobese patients preoperatively to induce weight loss to reduce 
the risk of surgery associated with morbid obesity. These patients had a mean body 
mass index of 65.3 ± 9.8 kg/m 2  and severe comorbidities. After 6 months the BIB ®  
was endoscopically removed. The mean weight loss was 28.5 ± 19.6 kg, and clinical 
reevaluation revealed signifi cant improvement in patient comorbidity status permit-
ting bariatric surgery and reducing the perioperative morbidity and mortality rates 
associated with the superobese during bariatric surgical procedures. Post BIB ®  20 
patients underwent a primary bariatric surgical procedure the day after BIB removal; 
2 patients were rejected for surgery because of inadequate weight loss. This study 
proves that BIB placement can be considered an effective fi rst-stage treatment of 
high-risk superobese patients in need of surgical intervention. 

 These same fi ndings were also corroborated by Zerrweck et al.  (  58  )  with a  case 
control study      between 2004 and 2009, where the records of 60 consecutive super- 
superobese patients (BMI 66.6 ± 3.4 kg/m 2 ), 23 cases with preoperative BIB ®  and 37 
controls with no Balloon. The end point of signifi cant adverse events was defi ned as 
the presence of at least one of the following conditions: conversion to open lapa-
rotomy, intensive care unit stay for more than 2 days, and overall hospital stay 
superior to 2 weeks. In the 23 cases IGB group, the intragastric balloon was main-
tained during 155 ± 62 days and induced a loss of 5.5 ± 1.3 kg/m 2 . This weight loss 
manifested with clinical changes documented at the time of LGBP, and was associ-
ated with a decrease in systolic blood pressure and gamma-glutamyl transpeptidase 
level ( p  < 0.05 vs. baseline). Operative time was lower in the IGB group 146 ± 47 min 
vs. 201 ± 81 min in controls;  p  < 0.01 achieving statistical signifi cance. Signifi cant 
adverse events were also found to occur less frequently after LGBP in the BIB ®  
group (2 vs. 13 in controls;  p  < 0.05). 

 We can now state that evidence favors that in super-superobese patients a pre surgi-
cal intragastric balloon should be considered, since this has been shown to reduce 
excess BMI which is associated with improved clinical measurements prior to bariat-
ric surgery and overall decrease risk of signifi cant adverse surgical outcomes. 

 Since BIB ®  affects patients with very elevated BMI in a positive way, what evi-
dence exists that patients with lower  BMIs   can benefi t from this intragastric device. 
A study published in 2012  (  59  )  evaluated the effect of an intragastric balloon in 
patients with different BMI as part of the treatment for their obesity and overweight 
status. Two-hundred and fi fty-one obese patients treated with liquid-fi lled BIB ®  in a 
center between 2005 and 2010, of these only 220 obese patients had balloons which 
were removed after 180 days. Data at the day of insertion, at the day of removal and 
at sixth month of the removal were collected and compared, according to the 
patient’s BMI indexes. 

 The total weight losses, EWL%, and EBMIL% according to BMI index groups 
were signifi cantly decreased at removal compared to the beginning ( p  < 0.01). This 
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signifi cance is more prominent for patients with BMI 27–35 kg/m 2 . In the BMI 
group <35 kg/m 2  the statistical work shows that the percent of loss of extra weight 
in this group is remarkable, as well as the fact that there is less weight regain and 
that the weight loss is greater at a the end of the year when compared to the groups 
of patients with BMI > 35 kg/m 2 . The results in this study reiterate the fi ndings of 
Mui et al.  [  60  ]  where BIB ®  has excellent result in lower  BMI   patients where the 
percentage of excess body weight loss in BMI < 30 group is 87 % in contrast to 
27.4 % in BMI > 40 group. Both these publications suggest that BIB ®  can be used 
alone for patients with BMI < 35 kg/m 2  to overcome obesity as a successful single 
stage procedure. Herve et al.  (  47  )  also documented of the 15 patients in his study 
that reached a BMI < 25 kg/m 2  (normal weight) all of these patients had a BMI < 35 
before implantation BIB ® . 

 In contrast those patients with BMI > 35 kg/m 2  were found to be less successful 
in terms of weight loss than the patients with lower BMIs, possibly inferring that 
combined therapy with another bariatric measure such as surgery may help to 
achieve the desired sustainable weight loss  (  59   ,    60  ) .  

   Multidisciplinary Team 
   It is clear from the evidence presented until this point that the use of an intragastric 
balloon must be integrated into a weight-care program, and this should be continued 
after balloon removal to maintain the weight reduction. BIB ®  seems to be effective 
for signifi cant weight loss and maintenance for a long period thereafter, under the 
absolute prerequisite of patient compliance and behavior change from the very early 
stages of treatment  (  50  ) . 

 Mazure et al.  (  61  )  described the results of enhancing the importance of a 
 Multidisciplinary Team (MT)      taking part in the treatment of a BIB ®  patient. 

 Retrospectively 119 BIB ®’ s were reviewed from May 2001 until August 2006. 
Recommendation for follow-up with a MT in a physical unit, at least every 15 days 
during 6 months were given to 49 patients; 67 subjects followed by other medical 
professional without MT assistance. Concerning MT followed patients, an average 
decrease of weight excess was 31, 85 % (−4, 45–80, 4 %), and the BMI diminished 
5.3 points. Treatment failure was documented in 34.6 % of the MT patients as com-
pared with 53 % in the other treatment group. Physical exercise was markedly 
enhanced in the MT group as compared with patients who did not follow the pro-
gram. The result of maintenance was obtained in 40 % of patients 1 year later. So 
even though BIB ®  can be an effective method to achieve a short term weight loss 
goal in obese patients, to achieve adequate, long lasting results depends on the mod-
ifi cation of lifestyle obtained and fortifi ed by a multidisciplinary approach  (  61  ) .    

   Complications 
   Complications of   IGBs reported in a large case series and a meta-analysis include 
esophagitis (1.27 %), gastric perforation (0.19–0.21 %) higher incidence post 
 gastric surgery, gastric outlet obstruction (0.76 %), gastric ulcer (0.2 %), balloon 
rupture (0.36 %), and death (0.07 %). Overall complication rate was of 2.85 %. 
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BIB ®  is relatively safe, the majority of complications reported were mild and the 
early removal rate was 4.2 %  (  44   ,    46   ,    62  ) . 

 Other reported complications of the  BIB ®  include   esophageal perforation  (  63  ) , 
small-bowel obstruction requiring surgery  (  64   –   66  ) , and two reports of cardiac arrest 
after BIB placement, one case which was thought to be secondary to vagal nerve 
activation caused by stretching of the gastric wall  (  67  )  and a second patient classi-
fi ed as superobese died of cardiac arrest after aspiration on the fi rst post-insertion 
day as a direct result of BIB placement, 3.8 % incidence in this study  (  57  ) . 

 Currently common postprocedure complications include nausea, vomiting, 
heartburn, and abdominal cramping, which rarely necessitate device removal. 

 In a large cohort from Brazil  (  45  )  the main side-effects were nausea/vomiting 
(40 %), and epigastric pain (20 %), requiring removal of the BIB ®  in 3.4 % of the 
patients  (  45  ) . 

 To diminish complications during the removal of the BIB ®  a clear-fl uid diet 
should be started 2 to 3-days prior, in order to minimize the risk of residual food 
tracheal aspiration. Deep intravenous anesthesia without tracheal intubation has 
been used although experts recommend tracheal intubation during the removal 
endoscopy, placing the patient in a left lateral decubitus position. A double-channel 
endoscope and two long-jaw rat-tooth forceps may help facilitated the extraction 
procedure  (  50  ) . 

 Complications after  a   second BIB placement tended to be more frequent com-
pared to the deployment of the fi rst device. These complications consist of esopha-
gitis and digestive intolerance that was treated by early IB extraction  (  50  ) . In a 
second group of patients with sequential BIB ®  placement gastroduodenal ulcer, gas-
tric perforation, gastric and intestinal obstructions, and balloon rupture were absent. 

 Partial balloon defl ation was observed in 0.4 % of cases, esophagitis in 0.9 %, 
and acute mucosal gastroduodenal lesions in 3.1 %  (  52  ) .   

   Improving Comorbidities 
 In a large study of 714 patients one or more preoperative comorbidities were diag-
nosed in 22.7 % patients: hypertension 13.6 %, type II diabetes 9.8 %, respiratory 
disorders 19.1 %, osteoarthropathy 8.6 %, and others 46.9 %. Comorbidities were 
resolved in 39.5 % and improved (lower pharmacological dosage or shift to other 
therapy) in 46.9 %  (  52  ) .  

   Role of BIB ®  in Specific Cases: The Benefits 
  The data regarding the multiple  benefi ts   obtained from the BIB ®  has not been limited 
to weight loss investigations. In a case report published in the Annals of Thoracic 
Surgery a 68 year old male with a BMI > 50 kg/m 2  was treated prior to a triple bypass 
with a BIB ®  placement for weight loss. The patient lost 40 kg during the 6 months 
and his BMI decreased to 38, allowing for a successful coronary artery bypass graft 
surgery, with an unremarkable postoperative recovery and discharge  (  68  ) . Lorenzo 
et al.  (  69  )  explored the effects of early myocardial pattern changes in 15 patients who 
underwent BIB ®  placement in patients with BMI between 40 and 50 kg/m 2  who had 
diagnosed cardiac hypertrophy and hypertension. Echocardiography and cardiac 
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Doppler examinations were performed preBIB ®  and post removal. The results after 
IGB was decrease in BMI to 34.2 ± 4.9 kg/m 2 , both mean systolic and diastolic blood 
pressures improved, as well as did left ventricular mass all achieving statistical sig-
nifi cance. Eighty percent of the patients were either able to stop or decrease the dose 
of their antihypertensive medications  (  69  ) . 

 BIB ®  induced weight loss has been shown not only to improve cardiac function 
but also lung function. An investigation  (  70  )  regarding the use BIB ®  induced weight 
loss and lung function showed that obesity, specially truncal obesity, changes the 
mechanics of respiration, reducing its function by the deposition of subcutaneous 
adipose tissue, which results in a mechanical disadvantage for the respiratory mus-
cles and possibly causes “chest strapping”  (  71   ,    72  )  all this is associated with 
increased pulmonary diffusion. BIB ®  induced weight loss determined an increase in 
lung volumes and a reduction in the inspiratory muscle strength. Another study 
focused on patients with obstructive sleep apnea, attributed to a reduction in pharyn-
geal cross-sectional area due to peripharyngeal fat deposition. Seventeen patients 
with morbid obesity were evaluated including a cardiorespiratory sleep study before 
and after weight loss obtained by BIB ®  placement. With documented statistically 
signifi cant weight loss achieved 6 months after balloon insertion, values of waist 
circumference, sagittal abdominal diameter, and neck circumference were all 
reduced signifi cantly. This achieved weight loss, about 15 % of baseline body 
weight, induced a nearly complete resolution of OSA score which was found to be 
statistically signifi cant  (  73  ) . 

 There exists a strong association between obesity and female infertility. In a 
retrospective study, the charts of 27 females diagnosed with infertility who under-
went BIB ®  placement were reviewed. After IGB aided weight loss (7.5 ± 1.1 BMI 
units) 83.3 % of these patients were able to achieve pregnancy, carry it fully to term 
without any complications and end with a live birth  (  74  ) . 

 The psychological impact of obesity on patients has also been very well docu-
mented; nowadays a complete psychological evaluation is warranted prior to most 
bariatric surgical interventions. Deliopoulou et al.  (  75  )  completed a 6-month pro-
spective study to evaluate the evolution of depression status and its relation to 
weight loss, in morbidly obese patients utilizing an intragastric balloon to achieve 
the decrease in BMI. One-hundred females met the criteria for balloon treatment 
were assessed for depression 65 were diagnosed with depressed, 35 were non- 
depressed. Obesity-related parameters in both groups were comparable. During the 
treatment period, the depression status of the mildly, moderately, and severely 
depressed patients improved from 40 %, 32.3 %, and 27.7 % to 20 %, 7.7 %, and 
1.5 %, respectively, with 70.8 % fi nally exhibiting no depression at all. There was a 
signifi cant [percentage of EWL > 30] weight loss difference in favor of those who 
were less severely depressed initially. The conclusion of the authors was that the 
degree of weight loss observed in obese depressed females, comparable to that 
achieved by non-depressed females, after intragastric balloon insertion was found to 
positively affect their depression status. 

 Research indicates that females appear more vulnerable to the psychosocial 
impact of obesity as compared to men. In a smaller prospective study, including 27 
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obese females, the effect of intragastric balloon on controlling body weight and 
improving psychological functioning and QOL were evaluated using Psychological 
functioning (HADS) and QOL (SF-36) were assessments both at baseline and fol-
low- up (6 months). Post BIB ®  removal patients’ mean body weight was signifi cantly 
decreased ( p  < 0.001) with a mean (SD) loss of 15.7 (7.8) kg. Furthermore, patients 
reported a signifi cant reduction in anxiety ( p  = 0.018) and depression ( p  = 0.045) 
symptoms scores and signifi cant improvement in all SF-36 subscales including phys-
ical functioning, role functioning due to physical or emotional problems, bodily pain, 
vitality, social functioning, general health, and mental health  (  75   ,    76  ) .   

   BIB in Adolescents 
   Unfortunately the obesity  epidemic      is not limited to the adult population, more and 
more we have evidence that adolescent and pediatric age groups are being affl icted 
with the consequences of increased BMI. The intragastric balloon being a noninva-
sive, reversible procedure that does not disrupt the continuity of the digestive tract 
can be considered a safer and less invasive option for this young patient population. 
There is a limited experience of the BIB ®  use in pediatric patients, and earlier 
reports of IGB application in pediatric patients were not encouraging  (  77  ) . 

 A study conducted in Brazil, which includes 21 adolescents treated by IGB (45) 
suggests that obese adolescents patients can be considered as possible indication for 
the IB, arguing that because of the shorter duration of obesity a greater possibility 
exists for them to change their eating behavior and lifestyle to achieve and maintain 
the weight loss. Another study supports the theory that morbidly obese teenagers 
with no satisfactory results on clinical management for weight loss are the ideal 
candidates for IGB treatment  (  78  ) . 

 A prospective clinical study of 14 obese adolescents with BMI 39.8 ± 5.8 kg/m 2  
was to investigate the effectiveness of intragastric balloon on obese adolescents, 
data was collected monthly for the 6 month treatment period. Just prior to removal 
of the balloon, all measured parameters exhibited a statistically signifi cant reduc-
tion including the BMI and %EWL; the loss of excessive weight was not as high as 
expected, compared to that of adults treated by the same medical group  (  80   ,    81  ) . 
Appetite related sensation score was unchanged and poor compliance was seen in 
this group of adolescent patients. Improving the pre-procedure screening for the 
appropriate adolescent candidates prior to BIB ®  treatment as well as a better sched-
uled approach by a multi disciplinary group, should be considered mandatory in this 
patient population  (  79  ) .    

   Heliosphere Balloon 
   Placement of the Intragastric Heliosphere Balloon is very similar to that of the 
BIB ® , the intragastric balloon is infl ated with air instead of fl uid. Data regarding the 
effi cacy and safety of  IHB      are limited. 

 A preliminary study published in 2006  (  82  )  the safety and effi cacy of the 
Heliosphere device was evaluated in ten patients, selected according to the guide-
lines for obesity surgery. On the fi rst and second post-treatment day, intravenous 
saline (30–35 ml/kg/day) with omeprazole (20 mg/day), ondansetron (8 mg/day) 
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and butylscopolamine bromide (20 mg t.i.d.) were given to all patients and not until 
day 3 were the patients allowed to start a liquid diet and discharged home on day 4 
with 1000 kcal diet. The investigators noted that the positioning of the Heliosphere 
Bag was quite diffi cult in all patients due to low pliancy and large size of the bag, 
this was associated to patient discomfort. System failure at time of Heliosphere Bag 
deployment was observed in 50 % of cases and in one patient at time of removal, the 
Heliosphere Bag was not found in the stomach and in three other patients, the bal-
loon was found partially defl ated. 

 At the time of balloon removal after 6 months %EWL was 29.1 ± 20.1 with a 
mean weight loss was 17.5 ± 16.2 kg. Taking into consideration the fi ndings of this 
publication, even though weight loss was satisfactory, the Heliosphere Balloon had 
some instrumental and technical problems which required attention: high rate of 
system failure at positioning, high rate of spontaneous defl ation, absence of a marker 
such as methylene blue, and large size with low pliability which caused patient 
discomfort  (  82  ) . 

 Giuricin et al.  (  83  )  published the results of their experience with Heliosphere ®  
BAG between 2006 and 2010, in 32 patients who completed a 6-month treatment 
and 16 patients an 18 month follow-up. At 24 weeks the device was removed and 
the data showed a mean weight loss of 13.62 kg and 26.14 %, at 18 months post 
Heliosphere ®  BAG, the a mean weight loss of 9.8 kg or 18.2 % was documented. 

 This group demonstrated that the Heliosphere ®  BAG can enable modest short- 
term weight loss with few reported side effects. As with other intragastric balloon 
data partial weight gain at mid/long-term follow-up was seen. 

 In a cases series of 50 using Heliosphere ®  balloon in Italy, early removal was 
required in 4 % for acute intolerance of the device and another 4 % premature radio-
logically confi rmed desuffl ation. Of the patients that completed the 6 month treat-
ment, BMI decreased 5.9 %, weight loss was 16.8 kg. Device tolerance was very 
good, limited to occasional dyspeptic symptoms during the fi rst days after insertion. 

 The intragastric air fi lled balloon proved to be an acceptable profi le of effi cacy 
and good tolerance  (  84  ) . 

 A smaller series reported one severe adverse event at the time of insertion, acute 
coronary syndrome in a patient with known chronic coronary artery disease, other-
wise no other serious adverse effects. Device insertion was uncomplicated but 
removal of the Heliosphere ®  was technically more challenging with one distal 
migration and one balloon fragmentation requiring surgery  (  85  ) . Weight loss was 
equivalent to other types of intragastric balloons. 

 A prospective, double-blind study comparing the fl uid fi lled BIB ®  and air fl uid 
Heliosphere ®  intragastric balloons was done in 33 patients with BMI 35–45. 

 18 Heliosphere ®  bag and 15 Bioenterics-BIB were placed with conscious seda-
tion and removed under general anesthesia 6 months later. Patients were discharged 
a 1000-kcal diet, oral proton pump inhibitors and monthly follow-ups. At 6 and 
12 months mean weight loss, BMI loss, and percent excess weight loss showed no 
signifi cant differences between both groups. At removal, two Heliosphere ®  bags 
were not found in the stomach, and four patients required extraction of the balloon 
by rigid esophagoscopy or surgery, confi rming the need for technical improvements 
for the Heliosphere ®   (  87  ) .    
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   Silimed Balloon 
   Carvalho GL et al.  (  28  )  published preliminary results for the  Silimed Gastric 
Balloon      to treat 16 pre-obese patients body mass index (BMI) < 30, as a part of a 
multidisciplinary program involving clinical, psychological, and behavioral 
approaches. After the IGB treatment BMI values decreased signifi cantly from over-
weight to normal range 24.5 kg/m 2 . Only minor complications of nausea and vomit-
ing were noted, two cases of spontaneous defl ation of the devices which were safely 
removed by gastric endoscopy. Both the procedures were performed under usual 
sedation of diagnostic endoscopy. 

 An interventional study done in 30 overweight patients with metabolic syndrome 
aimed to evaluate the changes in lung function resulting from Silimed balloon use 
and to correlate the pattern of body fat distribution with changes in lung function. 

 During the initial evaluations, the main pulmonary function abnormalities 
observed were decreased expiratory reserve volume (ERV), decreased total lung 
capacity (TLC), and increased diffusing capacity of carbon monoxide (DLCO), 
which occurred in 56.7 %, 40 %, and 23.3 % of patients, respectively. Three months 
after Silimed Balloon placement a signifi cant reduction in the body mass index was 
noted along with drop of the maximal inspiratory pressure, and a signifi cant increase 
in the forced vital capacity, TLC, and ERV  (  88  ) . Balloon removal rate was of 12.2 % 
mostly due to gastric intolerance  (  88  ) . 

 Regarding the use of other intragastric balloons in the study of obese patient for 
weight loss, a comparative prospective study of 50 patients concluded that both the 
BIB ®  and Silimed intragastric balloon were equally safe and effective reducing weight 
measurements in morbidly obese patients. In this particular study, the application of 
Silimed Balloon was found to be technically more convenient and simple  (  89  ) .    

   Reshape Duo Balloon 
   This uniquely shaped device, in  contrast      all other single balloon devices consists of 
dual balloons and it is design to maximize space occupation within the gastric fun-
dus and body, conforming easily to the greater curvature  (  90  ) . The benefi t of a dual 
balloon against defl ation related complications, such as migrations and obstruction 
decreases the severe adverse effects as seen in single balloon devices  (  91  ) . 

 Seven feasibility studies, accounting for 155 subjects implanted with the ReShape 
Duo Intragastric Balloon System, have been conducted in Europe (unpublished 
data). These studies have aided in modifying and refi ning the Duo device design and 
procedure, demonstrating that Duo treatment facilitated clinically meaningful 
weight loss with a proven excellent safety profi le  (  91  ) . European clinical experience 
(unpublished data) with the ReShape Duo balloon has demonstrated similar weight 
loss results at 6 months and suggests improved gastrointestinal tolerance compared 
with single balloon devices. 

 The REDUCE study (phase 1 registered with http://ClinicalTrials.gov; number 
NCT 01061385), was a prospective, randomized, multicenter trial held in three 
Bariatric Surgery Centers of Excellence. The phase 1 portion of the study was found 
unlikely to achieve the primary effectiveness endpoint, after recommendations to 
the Food and Drug Administration as well as the sponsor the trial was halted and 
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intention to redesign. The 30 adult patients with a body mass index (BMI) of 
30–40 kg/m 2  that had already been enrolled in a random 2:1 ratio after institutional 
review board approval, where the treatment group had the ReShape Duo device 
placed ( n  = 21) and the control group did not ( n  = 9) where followed for 48 weeks. 
Both groups followed up monthly for the fi rst 24 weeks, then biweekly after that, 
and received similar diet and exercise counseling  (  91  ) . 

 The ReShape Duo was well tolerated post implantation, secondary to nausea 
four patients required readmission, and during explantation one patient required 
transient endotracheal intubation. No patient deaths, bowel obstruction or perfora-
tion, balloon defl ations, device malfunctioning requiring early removal or migration 
occurred. 

 No statistically signifi cant difference was found in number of patients achieving 
EWL ≥ 25 %, 19 % of the TG and 7.7 % of the CG, although a positive trend was 
noted in favor of the TG. At device explanation, 62 % of the ReShape Duo subjects 
had lost ≥ 25 % of their excess weight. At 48 weeks of follow-up, 6 months post 
ReShape Duo removal, the TG subjects had maintained 64 % of their weight loss. 
The recommendation is that patients continue a supervised weight loss program 
after balloon removal. 

 Investigators rated after each device placement and removal procedure the com-
plexity of using the device. The Duo device was reported to be easy to both place 
and remove by the researchers operating the device during the study.    

   Obalon 
  The novel prospect of an intragastric balloon that does not require endoscopy or 
sedation is a very alluring one. The Obalon,  swallowable   gelatin capsule which 
contains a folded balloon that once a patient has ingested it can be promptly fi lled 
with gas via a miniature capsule was commercially launched on a limited basis in 
Europe beginning in July 2012. 

 Up to three balloons can be swallowed and infl ated throughout a 3 month period 
to increase total resident and stimulate further weight loss. At the termination of the 
treatment period (12 weeks) during a short endoscopy all balloons are removed. 

 The safety and effi cacy data on this device were collected and reported on the 
fi rst commercial product uses at 11 centers throughout Europe including Belgium, 
Germany, Italy, and Spain  (  30  ) . 

 A 10-patient pilot study was conducted at the Obesity Control Center (Tijuana, 
Mexico) using Obalon gas fi lled gastric balloon with a single balloon placed for 
1 month. The mean BMI was of 37.5 + 6.9 kg/m 2 . No diet or plan for caloric restric-
tion was provided. At the end of 1 month, mean excess weight loss was 11.8 ± 9.7 %, 
weight loss was 3.0 + 1.7 kg. All balloons were easily removed endoscopically and 
no serious or unexpected adverse events including balloon or system malfunctions 
were reported  (  93  ) . 

 A 3-month feasibility study conducted by Martinez et al.  (  92  )  in a total of ten 
patients, mean baseline BMI of 33.5 ± 3 kg/m 2 , weight of 92.3 ± 8.8 kg. A single 
250 cm 3  balloon was initially given to each patient, by the second month all patients 
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received a second balloon and only two patients received a third balloon during the 
third month. Mean excess weight loss at the end of 12 weeks was 34.5 ± 16.9 % kg, 
mean weight loss was 7.9 + 4.4 kg, and mean reduction in BMI was 2.9 ± 1.6 kg/m 2 . 
No unexpected or adverse events were reported including vomiting, nausea, or 
requests for early removal. Additionally a favorable trend toward improved meta-
bolic value was identifi ed. 

 Another 28 patients with a mean BMI 34.8 were enrolled in three trials lasting 
one, two, and 3 months. In this series position of the balloon capsule was confi rmed 
under fl uoroscopy prior to infl ation with gas. Additional balloon placements were 
based on patient weight loss progress and reported satiety levels. Consistent monthly 
weight loss was reported in all three studies. Treatment with a second balloon added 
in the second month was associated with greater weight loss as compared to the 
single balloon treatment. The studies verifi ed favorable tolerability and safety from 
progressively utilizing up to three swallowable 250 cm 3  gastric balloons, producing 
consistent weight loss and encouraging metabolic improvement. The ability to eas-
ily add balloon volume during the treatment period appears to improve treatment, 
weight loss and minimize patient symptoms  (  94  ) . 

 A prospective pilot study of 17 overweight or obese patients, up to three balloons 
were ingested under fl uoroscopic control. All balloons were removed 12 weeks after 
the ingestion of the fi rst balloon. Ninety-eight percent attempts to swallow a balloon 
were successful. Nausea and stomach pain were the most frequent side effects, 
Weight loss was signifi cant at weeks 4, 8, and 12  (  95  ) . 

 From the Obera website, the accumulative data of 119 patients from the fi rst 
commercial uses of Obalon after CE Mark approval, were evaluated a baseline BMI 
of 33.0 ± 5.5 kg/m 2  received a single 250 cm 3  balloon. 47.9 % of patients received a 
second balloon and 5.0 % received a third balloon during the treatment period. 
Hundred and ten patients completed at least 8 weeks of treatment with mean excess 
weight loss of 50.2 ± 72.5 % and total weight loss 8.0 ± 5.8 kg. All these results were 
found to be statistically signifi cant ( p  < 0.001). Excess weight loss of 25 % or greater 
was seen in 68.2 % of patients and 76.4 % had percent of total body weight loss of 
50 % or greater in only 3 months of treatment. Nausea (10.1 %) and vomiting 
(6.7 %) were the most commonly reported adverse events  (  30  ) . 

 With a very low adverse event rate, good tolerability even in patients with multi-
ple balloons and a high responder rate with adequate 3-month weight loss results the 
initial results are encouraging for use of the Obalon in weight loss treatments  (  30  ) .   

   Adjuvant Therapy: Sibutramine 
   As weight loss with intragastric balloons is not always optimal, considering  adjuvant 
medical therapy      may be an option. In multicentric studies, sibutramine has been used 
as a single treatment agent a large patient series for up to 24 months. Bray et al.  (  96  )  
published a study on 1047 patients treated with this medication for a 6-month period 
where they found 5 % reduction of weight in 67 % of the patients, and 10 % reduc-
tion in 35 % of the patients. In a meta-analysis of 12 studies where sibutramine was 
used, authors reported a 3.4- to 6.0-kg weight loss in 16–24 weeks  (  97  ) . 
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 Coskun et al.  (  98  )  compared a group treated with BIB + sibutramine (a pharma-
cologic agent is a selective reuptake blocker of serotonin and norepinephrine) and 
a group treated only with BIB ® , and reported that the dual modality treatment 
group lost more weight than the BIB ®  group alone, this was statistically signifi -
cant. So compared to using an intragastric device alone, using BIB ®  together with 
specially in patients with plan surgical interventions, provides more effective 
weight loss. 

 Combination of IB therapy with weight loss drugs is another option to help 
maintaining weight loss: a 6-month course of sibutramine following IB extraction 
has allowed to decrease weight regain at 1 year by 5 kg compared to controls 
( p  < 0.001).      

19.1.2       Spatz Adjustable Balloon System (ABS) 

 The fi rst implantations in 18 patients with a  mean      BMI of 37.3 kg/m 2 , of an adjust-
able balloon with an attached migration prevention anchor lasting 12 months were 
reported. Balloon volumes were adjusted for intolerance or weight loss plateau, 
16 adjustments were successfully performed, 37.5 % were downward adjustments 
to alleviate intolerance and this yielded an additional mean weight loss of 4.6 kg. 
62.5 % were upward adjustments because of weight loss plateau; this modifi ca-
tion yielded a mean additional weight loss of 7 kg. Mean weight loss at 24 weeks 
was 15.6 kg with 26.4 % EWL, at 52 weeks results were of 24.4 kg with 48.8 % 
EWL  (  99  ) . 

 Complications necessitating early removal of seven balloons included valve mal-
function (1), gastritis (1), Mallory–Weiss tear (1), NSAID perforating ulcer (1), and 
balloon defl ation (1). Two incidents of catheter shear from the chain: one passed 
uneventfully and one caused an esophageal laceration without perforation during 
extraction  (  99  ) . 

 Brooks et al.  (  100  )  published a study on 73 patients with a mean BMI 36.6 kg/
m 2  scheduled for 1-year implantation with Spatz balloon. Three patients failed 
insertion, 21 underwent early removals for intolerance refusing adjustment, 
defl ations and unsatisfi ed patients. Forty nine patients completed the 12 months, 
of these ten intolerant patients had balloon adjustments with additional mean 
13.2 kg weight loss. Other patients who required adjustments these failed in 6 
and non-response in 7. The successfully adjusted 38 patients lost an additional 
mean 9.4 kg and at extraction had mean 40.9 % EWL. Surgical excision was 
required for three catheter impactions; three balloons were defl ated but did not 
migrate beyond the stomach. The failure rate was reported at 4.1 %, major com-
plications occurred in 4.1 %. 

 In a comparative case–control study was done between ABS and the BIB, 40 
patients were matched with 80 controls. The 12 month duration of the ABS was 
matched with sequential BIB ®  placements. The Spatz ABS balloon was adjusted 
with infl ation of 200 cm 3  of saline 22.5 % patients for poor weight loss after fi rst 
6-months treatment. At the end of the study, the weight loss parameters were similar 
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between both groups, even though extraction and positioning complications as well 
as mortality was absent. There were seven Spatz device linked complications requir-
ing removal in 85.7 % of the cases  (  101  ) . 

 The introduction of an adjustable balloon with a migration prevention function, 
safely enabling prolonged implantation and possibly improve effi cacy and weight 
maintenance post-extraction, is very appealing but warrants further research and 
device modifi cation to improve safety and decrease device malfunction.      
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