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Preface

Overweight, defined as body-mass index (BMI) greater than 25, and obesity, 
defined as BMI greater than 30, are characterized by excessive fat accumulation 
which poses adverse risks to health. Worldwide, there are more than one billion 
overweight and 300 million obese adults. Obesity is a major risk factor for diabetes, 
cardiovascular disease, sleep apnea, non-alcoholic fatty liver disease, arthritis, can-
cer and other diseases, and has been associated with enormous health costs, prema-
ture death, reduction in the quality of life and disability. The increasing global 
incidence of child obesity is also a major concern. The obesity epidemic is not just 
a problem for industrialized societies. Indeed, obesity rates have risen three times 
or more over the past two decades in some developing countries. Although the 
growing obesity epidemic undoubtedly reflects profound changes in diet and life-
style over recent decades, genetic factors are important in determining a person’s 
susceptibility to weight gain and adverse health consequences of obesity.

The goal of this book is to highlight the pathophysiolgy of obesity and associ-
ated diseases. While a completely comprehensive discussion of the metabolic basis 
of obesity is beyond the scope of this book, we present in-depth reviews of a wide 
range of topics, including energy homeostasis and intermediary metabolism, adipo-
cyte biology, central neuronal pathways, adipokines, cytokines, classical hormones, 
abnormal glucose and lipid metabolism, and dysregulation of major organs, with an 
emphasis on human obesity. We believe these topics will be interesting and provide 
critical information on the metabolic basis of obesity to researchers, clinicians, 
students, and the public at large.

Philadelphia, Pennsylvania, USA Rexford S. Ahima
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Introduction

Energy is defined as the ability of a system to perform work. Energy is present in 
many forms, such as luminous energy coming from sun or kinetic energy obtained 
from wind and water. Humans obtain their energy from foods which is stored in the 
CH bonds of carbohydrates, lipids, proteins, and alcohol. To obtain the energy to 
live, grow, and reproduce, organisms must extract it in a usable form from plants 
and/or animal foods. This potential chemical energy is liberated inside cells through 
oxidative pathways that convert these CH bonds to energy-rich molecules such as 
creatine phosphate and adenosine triphosphate (ATP). The energy released from the 
breakdown of ATP is then used to power muscle activity, to synthesize many mole-
cules necessary for cell structure and function, and create concentration gradients 
between the intra- and extra-cellular spaces (e.g., Na+, K+, or Ca2+ gradients). 
During these energy conversion processes, i.e., from foods to utilizable energy, and 
from utilizable energy to mechanical work, part of the energy is converted to heat. 
Thus, the energy utilized can be measured by the work generated or heat released. 
Work is measured in Joule (J), 1 J being the work necessary to give a mass of 1 kg 
an acceleration of 1 m/s traveling through a distance of 1 m. Heat is measured in 
calories, with 1 cal being the amount of heat required to raise the temperature of 
1 g of water from 14.5 to 15.5°C. One calorie is equivalent to 4.184 J. Multiples of 
1,000 (kilojoules (kJ) or kilocalories (kcal)) or one million (megajoules (MJ)) are 
used in human nutrition.

To obtain the energy from foods, mammals such as humans have evolved 
complex processes to maximize the energy supply [1]. Foods contain the energy 
in the form of carbohydrate, fat, and protein. These macromolecules need to be 
processed into small molecules before being absorbed from the gastrointestinal 
tract. The process of digestion is facilitated when foods are cooked, and then by 
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chewing and mixing with saliva and gastric movements, which ensure that the 
foods are properly mixed into a semifluid mass, known as chyme. Once the chyme 
gets to the duodenum and in contact with enzymes released from the gallbladder 
and pancreas, carbohydrate, fat, and protein are digested into smaller molecules, 
i.e., nutrients, which can be absorbed. From the bloodstream, the nutrients are 
taken up by cells to supply the energy required for cellular metabolism and sur-
vival. Within the cell, glucose, fatty acids, and amino acids are hydrolyzed in the 
presence of oxygen to release ATP, water, carbon dioxide, and heat [2]. Not all 
the energy contained in foods is available as utilizable energy, because some of 
the energy is lost during digestion and absorption [3]. Moreover, proteins are not 
completely oxidized to carbon dioxide and water; therefore, the intermediary 
metabolite of protein digestion still contains energy that is lost in the urine in the 
form of urea. The heat of combustion of exogenous nutrients, which is equivalent 
to their energy content measured using a bomb calorimeter is 4.2 kcal/g of carbo-
hydrate, 9.4 kcal/g of fat, and 4.2–5.1 kcal/g of protein. However, after taking 
into account the intestinal absorption and urinary losses, the amount of energy 
available to be utilized by cells is approximately 4, 9, and 4 kcal for carbohydrate, 
fat, and protein, respectively [4].

Energy Expenditure

Energy is expended in multiple processes occurring to sustain life. The major com-
ponents of the human energy budget include the obligate energy required to keep 
us alive and that required to provide locomotion (Fig. 1). A description of these and 
other constituents of energy expenditure are discussed below.

Fig. 1 Contribution of basal metabolic rate (BMR), thermic effect of food (TEF), and physical 
activity to total energy expenditure in a 70-kg young man having a sedentary or active physical 
activity level
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Basal and Resting Metabolic Rate

The basal metabolic rate (BMR) is the energy expended by a subject under standard 
conditions that include being awake in the supine position after 10–12 h of fasting 
and 8 h of physical rest, and being in a state of mental relaxation in a room with 
environmental temperature that does not elicit heat-generating or heat-dissipating 
processes. The measurement of BMR requires specific conditions that are not 
always feasible. In contrast, resting metabolic rate (RMR) can be measured under 
less restricted conditions than BMR, and do not require that the subject spend the 
night sleeping in the testing facility prior to the measurement.

The BMR includes the cost of maintaining the integrated systems of the body at 
homeothermic temperature at rest. These processes are essential for life and include 
cation exchange to maintain gradient concentrations between the cellular compart-
ments, muscle tone, protein synthesis and degradation, RNA and DNA turnover, 
cellular signaling, gluconeogenesis, synthesis of urea, fuel cycling, and many other 
biochemical processes [5]. In sedentary adults, these processes account for approxi-
mately 60–70% of daily energy expenditure [6]. The close correlation between 
BMR and body size has been known for many years and has formed the basis for 
the development of widely used equations to predict BMR from weight [7–9]. The 
equations derived from Schofield’s work [8] are conventionally accepted [10] 
(Table 1). The studies to derive these equations were mostly performed in Western 
Europe and North America. Almost half of the data used to generate the equations 
for adults were from studies carried out in the late 1930s and early 1940s on Italian 
men with relatively high BMR values, hence questions have been raised about the 
universal applicability of those equations [10].

Predictive equations derived from a database with broader geographical and 
ethnic representation have been evaluated [11]. The accuracy of the latter equations 

Table 1 Equations for estimating BMR from 
body weight (10)

Age (years) n BMR (kcal/day)

Males
<3 162 59.51 weight (kg) –30
3–10 338 22.71 weight (kg) + 504
10–18 734 17.69 weight (kg) + 658
18–30 2,879 15.06 weight (kg) + 692
30–60 646 11.47 weight (kg) + 873
>60 50 11.71 weight (kg) + 588
Females
<3 137 58.32 weight (kg) –31
3–10 413 20.32 weight (kg) + 486
10–18 575 13.38 weight (kg) + 693
18–30 829 14.82 weight (kg) + 487
30–60 372  8.13 weight (kg) + 846
>60 38  9.08 weight (kg) + 659
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and those from Schofield were compared with published measurements of BMR in 
adults from different parts of the world, which were not part of the databases used 
to generate the predictive equations [12]. Although the new equations had some 
merits, such as reductions in prediction error and overestimation bias among men, 
these were not robust enough to justify the replacement of Schofield’s equations.

In our search for the possible mechanisms underlying the intersubject variability 
in BMR, we have explored the impact of body composition, gender, physical training, 
age, muscle metabolism, sympathetic nervous system (SNS) activity, and body tem-
perature. Fat-free mass (FFM) accounts for two-third of the intersubject variance in 
BMR [6, 13] (Fig. 2). Additional predictors of BMR are fat mass and age. In combi-
nation, these three factors account for over 70% of the BMR variance in humans [13]. 
Keys et al. [14] investigated the effect of age and concluded that the decline in BMR 
with aging was less than 1–2% per decade from the second to the seventh decade of 
life. Subsequent work supported Keys’ conclusion that the decrease in BMR seen in 
elderly people can be explained largely by decreases in FFM [15, 16].

The unexplained variance in BMR may be partially accounted for by the differences 
in organ size between subjects with similar FFM. Table 2 shows the relative contribu-
tions of various organs to BMR [5]. About half of FFM is skeletal muscle, however, this 
tissue accounts for only one-fifth of the BMR. In contrast, liver and brain constitute less 
than 5% of total body mass, but together account for two-fifth of BMR. New technolo-
gies, such as magnetic resonance imaging, are now being used to estimate organ sizes 
and better determine the differences in BMR among individuals [17, 18].

Fig. 2 Relationship between BMR and fat-free mass (FFM) in humans. Relationships by simple 
regression analysis between 24-h energy expenditure (24EE), BMR, sleeping metabolic rate, and 
FFM in 177 subjects. The slopes are statistically different from each other whereas the intercepts 
are not different. By multiple regression analysis, the effect of percent activity × weight on 24EE 
is given for 118 subjects
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The activity of the SNS is involved in the regulation of BMR [19, 20]. Using a 
direct measurement of SNS activity via microneurography, we found that the vari-
ability in energy expenditure was related to the variability of muscle sympathetic 
nerve activity [21]. The variability in BMR after adjustment for differences in FFM, 
fat mass, and age was also related to the variability in body temperature, indicating 
that body temperature could be a marker for high or low relative metabolic rate 
[22]. Some of the remaining variance was explained by family membership, sug-
gesting that BMR is at least partly determined by genetics [23, 24].

Thermic Effect of Food

The thermic effect of food (TEF) is the increase in energy expenditure observed 
after a meal. The TEF includes the energy required for ingestion and digestion of 
food, and for absorption, transport, interconversion, oxidation, and deposition of 
nutrients. The TEF has also been called “specific dynamic action” of food or 
“dietary-induced thermogenesis.” The TEF accounts for 5–15% of the BMR over 
24 h [25, 26]. Many factors influence the TEF, including the meal size and compo-
sition, palatability of food, time of the meal, subject’s genetic background, age, 
physical fitness, and insulin sensitivity. Brundin et al. [27] showed that TEF is also 
a function of the heat leakage across the abdominal wall, which is inversely related 
to the thickness of the abdominal adipose tissue layer. These factors together with 
the techniques of energy measurement, e.g., the position of the subject and the 
duration of the measurement, make TEF the most difficult and least reproducible 
component of daily energy expenditure to assess [26].

Physical Activity

Physical activity, the most variable component of daily energy expenditure, can 
account for a significant amount of calories in very active people. However, sedentary 
adult individuals exhibit a range of physical activity, which represents only 20–30% 

Table 2 Contributions of oxygen-consuming organs to body 
mass and resting metabolic rate in humans

Organ Body mass (%)
Whole-body oxygen 
consumption (%)

Liver  2 17
Gastrointestinal tract  2 10
Kidney  0.5  6
Lung  0.9  4
Heart  0.4 11
Brain  2 20
Skeletal muscle 42 20
Total 49.8 88
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of total energy expenditure (TEE) (Fig. 1). Until the introduction of the doubly 
labeled water method for measuring 24-h energy expenditure in free-living conditions 
[28], there was no satisfactory method to assess the impact of physical activity on 
daily energy expenditure. Physical activity level (PAL) can be measured or estimated 
from the 24-h TEE to BMR ratio (PAL = TEE/BMR). Multiplying the PAL by the 
BMR gives the actual daily energy requirements. For example, a male with PAL value 
of 1.75 and BMR value of 1,697 kcal/day would have an energy requirement of 

Table 3 Examples of activities performed by sedentary, moderate, or vigorous lifestyle

Daily activities
Time 
(h)

Energy cost 
(PAR)

Time energy 
cost PAL

Sedentary or light active lifestyle
Sleeping 8 1.0  8.0  
Dressing, showering 1 2.3  2.3  
Eating 1 1.5  1.5  
Cooking 1 2.1  2.1  
Office work, tending shop 8 1.5 12.0  
General household work 1 2.8  2.8  
Driving car to/from work 1 2.0  2.0  
Walking at varying paces without a 

load
1 3.2  3.2  

Watching TV, chatting 2 1.4  2.8  
Total 24  36.7 36.7/24 = 1.53
Active or moderately active lifestyle
Sleeping 8 1.0  8.0  
Dressing, showering 1 2.3  2.3  
Eating 1 1.5  1.5  
Standing, carrying light loads 8 2.2 17.6  
Commuting to/from work on the bus 1 1.2  1.2  
Walking at varying paces without a 

load
1 3.2  3.2  

Low intensity aerobic exercise 1 4.2  4.2  
Watching TV, chatting 3 1.4  4.2  
Total 24  42.2 42.2/24 = 1.76
Vigorous or vigorously active lifestyle
Sleeping 8 1.0  8.0  
Dressing, showering 1 2.3  2.3  
Eating 1 1.4  1.4  
Cooking 1 2.1  2.1  
Nonmechanized agricultural work 

(planting, weeding, gathering)
6 4.1 24.6  

Collecting water/wood 1 4.4  4.4  
Nonmechanized domestic chores 

(sweeping, washing clothes and 
dishes by hand)

1 2.3  2.3  

Walking at varying paces without a 
load

1 3.2  3.2  

Miscellaneous light leisure activities 4 1.4  5.6  
Total 24  53.9 53.9/24 = 2.25
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1.75 × 1,697 = 2,970 kcal/day. Schulz and Schoeller [29] have  provided data on more 
than 200 subjects showing a wide variability in TEE and physical activity. In a review 
of 574 doubly labeled water measurements, Black et al. [30] compiled data to estab-
lish the limits of sustainable human energy expenditure, determine the average range 
of habitual energy expenditure in relation to age and sex, and evaluate the lifestyle 
and activity patterns associated with different levels of physical activity. From this 
review, Black et al. showed a modal value for PAL of 1.60 (range 1.55–1.65) for both 
men and women from affluent societies in developed countries, with a predominantly 
sedentary lifestyle. A joint FAO/WHO/UNU report on Human Energy Requirements 
[10] classified as sedentary or light activity lifestyle, individuals with a PAL value 
between 1.40 and 1.69. Active or moderately active lifestyle corresponds to PAL 
value between 1.70 and 1.99, and vigorously active lifestyle corresponds to PAL 
values between 2.00 and 2.40. The PAL values that can be sustained for a long period 
of time in free-living adult populations fall in the range of 1.40–2.40. It is thought that 
PAL values of 1.70 or higher will reduce the risk of becoming overweight and devel-
oping a variety of noncommunicable chronic diseases often associated with obesity. 
Table 3 shows typical activities performed under a sedentary, moderate, or vigorous 
lifestyle conditions. Table 4 shows the frequency, duration, and intensity of physical 
activity recommended by selected organizations.

Table 4 Minimum frequency, duration, and intensity of physical activity recommended by different 
organizations

Organization Recommendation

World Health Organization (2002) 30 min of moderate activity every day
World Cancer Research Fund/American  

Institute for Cancer Research (1997)
30 min of vigorous or 60 min of moderate activity 

daily, plus additional 30–60 min of vigorous 
activity once a week

Unites States Centers for Disease  
Control and Prevention (1996)

30 min of moderate activity on all or most days of 
the week

American College of Sports  
Medicine (1998)

For cardio-respiratory fitness and body composition: 
20–60 min of continuous or intermittent (bouts 
of at least 10 min) aerobic activity at 55–90% 
maximum heart rate, or at 40–85% maximum 
oxygen uptake, 3–5 days/week

For muscular strength and endurance, body 
composition and flexibility: one set of 8–10 
exercises, with 8–12 repetitions of each exercise, 
2–3 days/week

International Agency for Research on  
Cancer (2002)

To maintain healthy body weight: 60 min moderate 
activity on all or most days of the week

For cancer prevention: Substitute moderate for 
vigorous activity several times per week

International Association for the  
Study of Obesity (2002)

To prevent weight regain in formerly obese 
individuals: 60–90 min of moderate daily activity 
or shorter periods of vigorous activity

To prevent transition to overweight or obesity: 
45–60 min of moderate activity daily or 1.7 PAL. 
For children, more activity time is recommended
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Measurement of Energy Expenditure

Energy expenditure can be measured by several methods; however, those with 
higher accuracy and precision are more expensive.

Direct Calorimetry

The measurement of the energy expenditure was first made in the late eighteenth 
century by Lavoisier, who discovered that respiration was the basis of all life-sustaining 
processes, and that life was a form of chemical combustion [31]. Lavoisier measured 
the rate at which heat was lost from the body to the environment [31]. Heat loss from 
the body includes non-evaporative heat loss, and evaporative heat loss in the form of 
water vapor. Non-evaporative heat loss is determined from the temperature gradient 
across the walls of a well-insulated chamber. Evaporative heat loss is measured by 
determining the increase in water content in the air in the test chamber and calculating 
its latent heat of condensation. Heat loss is estimated from the sum of evaporative and 
non-evaporative loss. Although very accurate, the measurement of energy expendi-
ture by direct calorimetry is not done often, because an easier estimation of the energy 
expenditure can be obtained from the chemical reactions that release heat.

Indirect Calorimetry

The transformation of food nutrients to a usable source of energy requires oxygen. 
One liter of oxygen consumed generates approximately 5 kcal (~21 kJ). Given that 
there is proportionality between VO

2
 and ATP synthesis, and because each mole of 

ATP synthesized is accompanied by a given amount of heat, it is possible to calcu-
late heat production from VO

2
 measurements alone. However, the heat produced by 

the utilization of 1 L of oxygen varies according to the proportion in the diet of 
carbohydrate, fat, and protein. By measuring carbon dioxide production, oxygen 
consumption, and urinary nitrogen excretion, it is possible to determine the propor-
tion of the different nutrients that are oxidized, and the energy produced can be 
precisely calculated [6, 31]. This indirect calorimetry method takes into account the 
heat released by the oxidation of the three macronutrients. Three measurements 
must be carried out: oxygen consumption, carbon dioxide production, and protein 
oxidation. Gas exchange is measured using oxygen and carbon dioxide analyzers 
and flow, while protein oxidation is estimated from urinary nitrogen excretion rate. 
Indirect calorimetry predicts heat production (energy expenditure) from the rates of 
respiratory gas exchange and nitrogen excretion. The subject is kept in a sealed 
room or a canopy is placed over his head. The chamber or canopy is ventilated with 
a constant supply of fresh air. The subject’s respiratory gas exchange is measured 
by comparing the composition of well-mixed air in the chamber with the composi-
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tion of air entering the chamber, together with the flow rate of air through the sys-
tem. After determining how much oxygen is consumed, carbon dioxide produced, 
and urinary nitrogen excreted, energy expenditure can be calculated using one of 
many equations. A difference less than 4% in energy expenditure is observed 
between equations due to slightly different constants for the amounts of oxygen 
consumed and carbon dioxide produced during oxidation of the three classes of 
nutrients, i.e., fat, carbohydrate, and protein [31].

 ( ) ( ) ( ) ( )2 2 urineMR kcal / day 3.941 O L / day 1.106 CO L / day 2.17N g / day ,V V= + −

where MR is the metabolic rate; VO
2
, oxygen consumption; VCO

2
, carbon dioxide 

production; and N
urine

 is the nitrogen excreted in urine.
The correction for urinary nitrogen resulting from incomplete combustion of 

protein is small, and a value of 12 g/day (0.5 g/h) is often used for the calculation 
of metabolic rate.

The ratio between carbon dioxide and oxygen is known as the respiratory quotient 
(RQ) or respiratory exchange ratio. Each nutrient requires a given amount of oxygen 
to be oxidized and releases a given amount of carbon dioxide. The oxygen and carbon 
dioxide exchange in a system can then indicate the proportion of nutrients participat-
ing in the ATP production. Because proteins are not completely oxidized, the ratio 
between VCO

2
 and VO

2
 is calculated only for fat and carbohydrate, which is known 

as the nonprotein RQ. The RQ in healthy humans usually ranges between 0.7 and 1.0, 
and its variability depends on the availability of carbohydrate, fat, and protein for 
oxidation. When fat is the only nonprotein fuel available, this ratio approaches 0.7, 
whereas, when carbohydrate is solely oxidized, RQ is equal to 1.0. The proportion of 
energy coming from carbohydrate and fat, and the kilocalories expended per liter of 
oxygen consumed can be calculated using these equations [4]:

( ) ( ) ( )CHO% 504.7 npRQ 0.707 / 5.047 npRQ 0.707 4.686 1.00 npRQ = − − + − 

( ) ( ) ( )Fat% 468.6 1.00 npRQ / 5.047 npRQ 0.707 4.686 1.00 npRQ = − − + − 

( )kcal 4.686 npRQ 0.707 / 0.293 0.361 = + − 

where CHO % is the proportion of energy coming from carbohydrate; Fat %, 
 proportion of energy coming from fat; kcal, kilocalories expended per liter of 
 oxygen  consumed; and npRQ, nonprotein respiratory quotient, nonprotein VCO

2
/

nonprotein VO
2.

Indirect calorimetry is largely used to measure BMR or RMR for short periods 
of time (minutes to hours). Using respiratory chambers, energy metabolism can be 
measured for longer periods, up to several days. However, subjects confined to a 
metabolic chamber have an energy expenditure which is usually not fully represen-
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tative of the energy expenditure under free-living conditions, because physical 
activity is limited.

Doubly Labeled Water

Free-living energy expenditure can be measured by doubly labeled water [28, 32]. 
The method consists of giving a single oral dose of water enriched in two stable 
isotopes: deuterium (2H) and 18Oxygen (18O). Because the natural abundance of 
these isotopes is very low, body water is labeled by both isotopes. After equilibrium 
is reached in 3–6 h, the loss of 18O occurs as CO18O and H

2
18O, since a rapid 

exchange of 18O between water and carbon dioxide takes place via the carbonic 
anhydrase enzyme, whereas deuterium is lost only in water. Enrichments in 18O and 
2H are performed by isotope ratio mass spectrometry usually in urine or saliva. The 
calculation of carbon dioxide production rate is based on the difference in turnover 
rates between the oxygen and hydrogen labels. Because oxygen has two routes of 
elimination (expired carbon dioxide and water in urine, saliva, sweating, etc.), the 
disappearance rate of 18O will be faster than of 2H, which is eliminated as water in 
urine, saliva, sweating, etc. After log-transformation of isotope disappearance rates, 
the difference between the slopes for 2H and 18O is proportional to the amount of 
carbon dioxide produced in a given time (Fig. 3). Assuming a 24-h RQ value of 
0.85, oxygen consumption and hence the energy expenditure can be calculated. The 
doubly labeled water method is an excellent field technique, which has been vali-
dated by comparing results to those obtained in a metabolic chamber [33].

Factorial Method

When experimental data on TEE are not available, it can be estimated by factorial 
calculations based on the time allocated to activities that are habitually performed 
and the energy cost of those activities. Factorial calculations combine two or more 
components or “factors,” such as the sum of the energy spent while sleeping, rest-
ing, working, doing social or discretionary household activities, and in leisure. 
Energy spent in each of these components may in turn be calculated by knowing 
the time allocated to each activity and its corresponding energy cost.

Energy Balance and Implications for Obesity

Energy homeostasis is disturbed when food supply is restricted or food intake is 
increased. In response to energy restriction, several compensatory mechanisms 
including increasing appetite, reduction of physical activity, and enhancement of 



Fig. 3 Doubly labeled water technique. Theoretical time course of enrichments of isotopes of 
oxygen and hydrogen in body water after administration at time zero. Over an equilibration period 
of several hours the isotope enrichments reach a peak. If the amount of isotope administered is 
known, the peak enrichment can be used to estimate the volume of dilution space. After equilibra-
tion, the isotopes are washed out of the body along an exponential curve that is linear when 
expressed as log of the enrichment above background. The oxygen isotope leaves the body faster 
than the hydrogen isotope because it is washed out of the body by water and carbon dioxide. 
Carbon dioxide production and energy expenditure are estimated based on the divergence in 
enrichments at times 1 and 2. During the 4–14 days of the study in normal adults, they are free to 
engage in usual activities without being confined in a calorimetry chamber
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the coupling between oxidation and ATP synthesis are engaged. When negative 
energy balance is maintained for a longer period, the adaptation includes increas-
ing energy efficiency, in order to prevent further weight loss [34, 35]. In contrast, 
overfeeding causes a suppression of appetite and an increase in energy expendi-
ture, with probably a reduction in energy production efficiency [36]. However, 
such adaptation to energy surplus seems unable to prevent weight gain, in con-
trast to the ability of the metabolic response to energy deprivation to prevent 
weight loss.

During long-term energy balance, macronutrient oxidation has to eventually 
match macronutrient intake such that no macronutrients are stored or lost [37]. In 
other words, not only does 24-h energy expenditure have to be equal to 24-h energy 
intake, but 24-h RQ has to be equal to 24-h food quotient (FQ). The 24-h RQ cor-
responds to the mean proportion of macronutrient oxidized over a day whereas 24-h 
FQ represents the proportion of daily dietary macronutrients available for oxidation 
[4]. Many studies have shown that when people are in energy balance, 24-h RQ 
eventually matches 24-h FQ [38–42]. Both day-to-day variations in energy/macro-
nutrient intake and day-to-day changes in energy expenditure lead to either slightly 
positive or negative energy balance. In response to these short-term variations in 
energy balance, carbohydrate and protein stores are closely regulated by an adjust-
ment of oxidation to intake. Consequently, positive or negative energy balances are 
mostly buffered by changes in fat stores as evidenced by the tight correlation 
between fat storage and energy balance [43].

Obesity results from a chronic imbalance between energy intake and energy 
expenditure, resulting in weight gain, mostly as fat. If the origins of positive 
energy balance lies in a chronic imbalance of energy intake and expenditure, a 
key question is “How does this imbalance between intake and expenditure hap-
pen? An examination of the contribution of a particular nutrient to energy balance 
is only valid if that nutrient has a separate balance equation, implying a separate 
regulation (Fig. 4). Is each nutrient oxidized or stored in its own compartment 
(separate regulation), or does it get converted into another compartment for stor-
age? This applies particularly to carbohydrate that can be converted to fat via 
de novo lipogenesis. The latter occurs only when large amounts of carbohydrate 
are ingested [44–47].

Protein Balance

Protein intake usually accounts 15% of total calories ingested, but protein stores in 
the body represent about one-third of the total stored calories in a 70-kg man. The 
daily protein intake amounts to a little over 1% of the total protein stores [48] 
(Fig. 4). The protein stores increase in response to growth hormone, androgens, and 
strength and weight bearing exercises, but do not increase simply from increased 
dietary protein. Protein stores are, therefore, tightly controlled and protein balance 
is maintained on a day-to-day basis [43]. It is doubtful that protein imbalance plays 
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a major role in obesity, however, as with the other nonfat nutrients, protein intake 
can affect the fat balance equation.

Carbohydrate Balance

Carbohydrate is often the main source of dietary calories, yet the body stores of 
glycogen are very limited: 500–1000 g of carbohydrate in the form of glycogen 
[48]. The daily caloric intake of carbohydrate corresponds to about 50–100% of 
carbohydrate stores [49] (Fig. 4). Thus, the carbohydrate stores fluctuate markedly 
over hours and days, compared to protein and fat stores. However, as with protein 
stores, carbohydrate stores are tightly controlled even if the mechanisms are 
unknown [43]. Whether carbohydrate control is based on humoral and/or neural 
signals exchanged between the muscle and liver and the brain remains to be esta-
blished. Dietary carbohydrate intake stimulates both glycogen storage and glucose 
oxidation and  suppresses fat oxidation [37]. That which is not stored as glycogen, 
is oxidized (not converted to fat), and carbohydrate balance is achieved. Like other 
nonfat nutrients, chronic imbalance between carbohydrate intake and oxidation is 
unlikely to be an explanation for weight gain, because storage capacity is limited 
and controlled.

Fig. 4 Relationship between energy intake and expenditure, and the storage of carbohydrate, 
protein, and fat
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Fat Balance

In marked contrast to glycogen and protein stores, fat stores are large. Fat intake 
represents less than 1% of the total fat stores [48] (Fig. 4). Fat stores are the energy 
buffer for the body. The daily surplus or deficit in energy intake is translated into 
surplus or deficit in fat stores [43, 50]. Energy balance and diet macronutrient com-
position are the main determinants for fat oxidation [43, 51]. For example, a deficit 
of 200 kcal of energy over 24 h means 200 kcal comes from the fat stores, and the 
same holds true for an excess of 200 kcal of energy, which ends up in the fat stores. 
Additionally, diets with high fat-to-carbohydrate ratios result in a progressive 
increase in fat oxidation over periods of days [52].

In summary, when energy balance in humans is considered under physiological 
conditions, fat is the main nutrient capable of sustaining a chronic imbalance 
between intake and oxidation, and thus contributing to an increase in adipose tissue. 
The other nutrients influence adiposity indirectly by their contribution to overall 
energy balance. The use of the fat balance equation, instead of the energy balance 
equation, offers a new framework for understanding the pathogenesis of obesity.

Metabolic Risk Factors for Weight Gain

An understanding of the etiology of human obesity demands longitudinal studies. 
Cross-sectional studies have added little to our understanding of the physiological 
mechanisms predisposing to weight gain [53]. Cross-sectional studies can only 
provide associations, whereas longitudinal studies reveal predictors or risk factors. 
Several studies have examined such predictors in Pima Indians, a population prone 
to obesity [54] (Fig. 5). Other studies have been done in African-American popula-
tion, another population prone to obesity [55, 56].

Low Metabolic Rate

The relation between metabolic rate and body size suggests that, at any given body 
size, individuals can have a “high,” “normal,” or “low” relative metabolic rate. 
From our own studies in adult nondiabetic Pima Indians, we found that a low relative 
metabolic rate adjusted for differences in FFM, fat-mass, age, and sex was a risk 
factor for body weight gain [57]. After 4 years of follow-up, the risk of gaining 
10 kg was approximately eight times greater in subjects with the lowest RMR 
(lower tertile) compared with those with the highest RMR (higher tertile). 
According to a meta-analysis, formerly obese subjects have a 3–5% lower mean 
relative RMR than control subjects, which likely contributes to the high rate of 
weight regain in formerly obese persons [58]. Nevertheless, these data need to be 
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interpreted with caution because the variability of baseline energy expenditure 
accounted for only 16% of the variability of weight gain. Theoretical estimates 
 suggest that only 30–40% of the increase in body energy stores in people who 
gained weight can be attributed to the baseline “deficit” in energy expenditure. 
Furthermore, relatively low energy expenditure does not seem to be a predictor of 
weight gain in other adult populations [59, 60]. Together, the results suggest that a 
low metabolic rate may not be only a direct risk factor for body weight gain but also 
a marker for inactivity or hyperphagia.

Low Physical Activity

Reduced physical activity, as a cause of obesity is an attractive hypothesis. The 
energy expended in physical activity is quite variable and the secular increase in 
obesity parallels the increase in sedentary lifestyles. Physical activity may have 
decreased in many populations over the past few decades with the increased 
 number of cars per household and the increase in the numbers of hours spent in 
front of television sets or personal computers [61]. However, Westerterp and 
Speakman concluded that decreased energy expenditure via decreased physical 
activity is unlikely the cause of the obesity epidemic [62]. Using doubly labeled 
water data, they could not find major differences in physical activity in 

Fig. 5 Genetic and nongenetic factors in body weight regulation. Studies of monozygotic twins 
reared apart indicate that approximately one-third of the variability in BMI is attributable to non-
genetic factors and two-thirds to genetic factors. In this chart, the genetic contributions to the 
variability in BMI is broken down into metabolic (MR), respiratory quotient (RQ), spontaneous 
physical activity (SPA), and sympathetic nervous activity (SNA)
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Westernized  populations as well as developing countries. Furthermore, they 
could not find a decrease in physical activity measures over the past 3–4 decades. 
Swinburn et al. used data from 963 children and 1,399 adults to calculate the 
energy flux for given body weights [63, 64]. Using such equations to estimate 
changes in energy intake in the United States from 1970s to the 2000s, it was 
determined that virtually all the weight gain in the United States appeared to be 
due to increased energy intake rather than decreased energy expenditure. 
Whether a low level of physical activity is a cause or a consequence of obesity 
can only be tested in prospective studies. Some studies indicate that patients 
engaging in considerable amount of physical activity up to 80 min/day are suc-
cessful at maintaining weight loss [65].

Another component of 24-h energy expenditure is the energy cost of spontane-
ous physical activity, that accounts for 8–15% of the total daily expenditure [6]. 
Consistent with the cross-sectional observation of a decrease in spontaneous physi-
cal activity in obese subjects, our longitudinal studies showed that even in the 
confined environment of a respiratory chamber, spontaneous physical activity is a 
familial trait and that a low level of spontaneous physical activity is associated with 
subsequent weight gain in males, but not in females [66]. Other data show that 
resistance to the development of obesity may be due to spontaneous physical activ-
ity, also called non-exercise activity thermogenesis (NEAT) [67, 68]. An increase 
in NEAT by 200 kcal/day would be the equivalent to engaging in 2.5 h/day of 
activities such as fidgeting or strolling.

Low Fat Oxidation

The composition of nutrient intake has been shown to be an important factor in 
the pathogenesis of obesity. Apart from the effect of diet composition, the RQ is 
also influenced by recent energy balance (negative balance causing more fat oxi-
dation), sex (females tend to have reduced fat oxidation), adiposity (higher fat 
mass leads to higher fat oxidation), and family membership, suggesting genetic 
determinants [51, 69].

In a longitudinal study in Pima Indians, a high 24-h RQ predicted weight gain 
[51]. Those in the ninetieth percentile for RQ (“low fat oxidizers”) had a 2.5 times 
larger risk of gaining 5 kg or more body weight than those in the tenth percentile 
(“high fat oxidizers”). This effect was independent of a relatively low or high 24-h 
metabolic rate. In support of this observation, others have demonstrated that 
weight-reduced obese volunteers have high RQs, i.e., low rates of fat oxidation [70, 
71], and those who are able to maintain weight loss have lower RQs compared to 
those experiencing weight relapse [72]. A low fat oxidation could lead to higher 
carbohydrate oxidation, which would decrease carbohydrate store. The size of car-
bohydrate store has been inversely related to food intake in mice [73] and humans 
[74], and prospective weight gain in humans [75]. Mechanisms accounting for this 
relationship remain unclear.



171 Principles of Human Energy Metabolism

Low Thermogenesis

The fact that weight gain is usually not directly proportional to the excess energy 
intake, and weight gain is quite variable among individuals suggests that overfeed-
ing can induce different levels of thermogenesis [36]. This has been called “adap-
tive thermogenesis,” and refers to changes in energy expenditure not attributable to 
the changes in the size of the body or tissue composition in response to excess 
caloric intake. Hypothetically, this increase in energy expenditure would prevent 
further weight gain. This idea was supported by the findings of the Vermont studies 
in prisoners in whom almost 50% more energy intake was necessary to maintain 
their new body weights [76]. Bouchard et al. [77] undertook a controlled study to 
determine whether there are physiological differences in the responses among indi-
viduals to long-term overfeeding, and to assess the possibility that genotypes are 
involved in such differences. In response to 84 days of 1,000 kcal/day of overfeed-
ing, 12 pairs of monozygotic twins gained on average 8.1 kg, but the range was 
from 4.3 to 13.3 kg. However, the similarity within each twin pair in the response 
to overfeeding was significant with respect to gain in body weight, percentage of 
fat, and total fat mass with about three times more variance among pairs than within 
pairs. The similarity in the adaptation to long-term overfeeding within the pairs of 
twins clearly indicated that genetic factors are involved in the partitioning between 
fat and lean mass deposition and in determining the energy expenditure response.

At present, the role of thermogenesis in body weight regulation is still a matter 
of debate [78, 79]. Dietary compliance is an important factor to explain such vari-
ability, but well-controlled studies have shown similar variability in weight gain 
[36]. Such differences in weight gain can first be explained by our inability to 
assess weight-maintenance energy requirements and therefore the actual energy 
excess. Differences in digestion and absorption may modify the amount of “bio-
available” energy, thus affecting the actual positive energy balance. The composi-
tion of weight gain (i.e., fat mass and lean mass) makes a difference in extent of 
weight gain, because the energy cost of protein deposition is higher than that of 
adipose tissue. Furthermore, the dietary protein content may be a critical determi-
nant of weight gain during overfeeding, by increasing the energy cost of increasing 
body weight [36]. Differences in mitochondrial energy efficiency may also repre-
sent an underlying cause of the variability in weight gain [78]. Rosenbaum et al. 
[80] showed that maintenance of reduced or elevated body weight results in respec-
tive decrease or increase in energy expended in physical activity. At reduced body 
weight, muscle work efficiency was increased significantly. In contrast, weight gain 
resulted in a decrease in muscle work efficiency. Longitudinal changes in energy 
expenditure and RQ have been associated with spontaneous long-term weight 
change in Pima Indians [81]. The results showed that metabolic adaptation did 
occur in response to spontaneous long-term weight change, but the magnitude of 
the adaptive changes were small and the interindividual variability were large.

Impaired TEF has been proposed as a contributing factor to weight gain. While a 
review of the literature found similar number of studies supporting or denying a role 
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of TEF on obesity, it was indicated that obesity may be associated with impaired 
TEF through insulin resistance [82]. A prospective study in more than 100 subjects 
did not find any relationship between the TEF and weight change [26]. Therefore, 
decreased TEF is an unlikely explanation for significant degrees of obesity.

Low Sympathetic Nervous Activity

The activity of the SNS is positively related to the three major components of 
energy expenditure: RMR [21], TEF [20], and spontaneous physical activity 
[83]. It is also negatively related to 24-h RQ [84]. Further indications of the 
possible role of SNS activity in the regulation of energy balance in humans 
come from a study showing that a low SNS activity is associated with a poor 
weight loss outcome in obese subjects treated with diet [85]. Furthermore, Pima 
Indians, who are prone to obesity, have low muscle sympathetic nerve activity 
compared to weight-matched Caucasians [21]. In a prospective study, we found 
that baseline urinary excretion rate of norepinephrine, a global index of SNS 
activity, was negatively correlated with body weight gain in male Pima Indians 
[86]. Thus, a low activity of the SNS is associated with the development of 
obesity.

Conclusion

Obesity develops as a result of a small but constant imbalance in energy intake 
relative to energy expenditure. Better understanding of energy metabolism and 
novel technologies to measure it has allowed the identification of risk factors 
for obesity. More research is required to identify the physiological and molecu-
lar mechanisms involved in the propensity to develop obesity in our “obe-
sogenic environment,” characterized by excess food consumption and sedentary 
lifestyle. Although only few genes have so far been associated to common obe-
sity [87, 88], new and cheaper genetic tools are enabling large scale screening 
of individuals at risk of obesity. Epidemiological evidence has shown that intra-
uterine and postnatal environment represent important factors in the develop-
ment of adulthood obesity. We are now only scratching the surface of our 
understanding of the mechanisms underlying fetal and neonatal programming 
towards obesity [89, 90]. We also need to study the potential role of brown 
adipose tissue in body weight control in humans. The thermogenic  role of 
brown adipose tissue in adult human energy balance had been neglected until 
recently [91]. Obesity, diabetes, and other metabolic diseases are major threats 
facing health systems worldwide, which require radical changes in preventive 
and treatment strategies.
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Introduction

The cause of obesity in an individual may involve many factors, both genetic and 
 environmental, including fat cell production and development, appetite and energy 
regulation. However, the excessive accumulation of triglyceride (triacylglycerol) that 
characterizes obesity and its effects on the use and storage of various fuels (glucose, 
fatty acids, and amino acids) are clearly the result of abnormalities in metabolism. The 
three fatty acyl chains in a triglyceride molecule can be derived either from fats in the 
diet or de novo fatty acid biosynthesis from acetyl-CoA originating from carbohydrate 
or protein/amino acid metabolism (though de novo fatty acid synthesis is considerably 
less important in humans than in rodent models). The glycerol component of the 
triglyceride generally is derived from carbohydrate metabolism, though potentially it 
could also come from glucogenic amino acids. Triglyceride stores are also broken down 
as needed for energy production, depending in part on the availability of the other fuels; 
however, adipose tissue triglyceride is normally the largest energy reserve of the body. 
In addition, although fatty acids cannot be converted to glucose, the glycerol portion of 
triglyceride is an important gluconeogenic substrate during a prolonged fast, as it dimin-
ishes the need for breakdown of muscle protein for this purpose. Thus, triglyceride 
storage is intimately related to the whole of intermediary metabolism. The objective of 
this chapter is to present a brief description of the pathways of carbohydrate, protein, 
and fat metabolism and their interactions and regulatory mechanisms. The latter part of 
the chapter will focus on new insights that have been obtained from studies of genetic 
models with oblation or modification of particular enzymes or hormone receptors often 
in a tissue-specific manner. In addition, we will discuss the enzyme AMP-activated 
protein kinase (AMPK), which has recently been identified as a cellular mediator of 
many events in intermediary metabolism and whose  dysregulation may be a cause of 
disorders associated with the metabolic syndrome and a target for their therapy.
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Principles of Metabolic Regulation

Regulation of metabolism is ultimately regulation of the enzyme catalysts in 
 pathways. There are various kinds of regulation to be considered, all of which are 
important and often interact in intermediary metabolism. First, the amount of an 
enzyme can be increased or decreased, by changing its rate of synthesis at the tran-
scriptional, translational, or post-translational stage, or its rate of degradation. 
Second, changes in the concentration of the substrate (provided it is at or below the 
K

M
) can affect the rate of the reaction. Third, an enzyme can be regulated by metabo-

lites that are inhibitors or activators binding to its catalytic or allosteric/regulatory 
sites. Fourth, an enzyme can be inhibited or activated by covalent modification, in 
particular by phosphorylation by protein kinases, some of which mediate hormonal 
actions. In addition, the importance of other types of covalent modification, such as 
acetylation, acylation, adenylylation, and methylation, is increasingly recognized. 
Fifth, an enzyme can be inhibited or activated by protein–protein interactions with 
specific protein regulators. Sixth, an enzyme’s functional activity can be affected by 
compartmentation within the cell and thus controlled by translocation from one area 
to another. Finally, different tissues may exhibit differences in metabolism despite 
identical or nearly identical pathways, because of the presence of isozymes, that is, 
enzymes that catalyze the same reaction but are different proteins and thus can have 
different kinetic and regulatory properties, due to differences in the catalytic site and 
in regulatory sites for noncovalent and covalent regulation.

Nutritional and hormonal states are intertwined in affecting intermediary metab-
olism. Food intake raises the level of the key peptide hormone insulin, which is 
synthesized in and secreted from the b-cells of the pancreatic islets primarily in 
response to glucose. However, fatty acids and some amino acids can potentiate the 
secretory response, as can certain gut hormones such as glucagon-like peptide 
(GLP)-1. Insulin is the primary regulator of whole body carbohydrate metabolism. 
Increases in its concentration activate glucose uptake in muscle and fat cells, inhibit 
glucose synthesis (gluconeogenesis) and glucose output by the liver, and stimulate 
glucose storage into glycogen, whereas decreases in its concentration have the 
opposite effect. In addition, insulin promotes other kinds of fuel storage, by stimu-
lating triglyceride synthesis and inhibiting lipolysis (triglyceride breakdown) and 
by similar effects on protein synthesis and degradation. A number of counter-
regulatory hormones oppose the action of insulin, including the peptide hormone 
glucagon, which is secreted from the a-cells of the pancreatic islets in response to 
low blood glucose and promotes hepatic glycogen breakdown and gluconeo-
genesis as well as adipose tissue lipolysis, and the catecholamine epinephrine 
(adrenaline), which is secreted from the adrenal glands in response to various excit-
atory stimuli and promotes glycogen breakdown and lipolysis. In subjects with 
diabetes, a lack of insulin or resistance to its action leads to high blood glucose 
levels due to impaired glucose disposal (primarily into muscle glycogen) and 
unrestrained hepatic glucose output. Also contributing to these abnormalities are 
excessive lipolysis and hence circulating fatty acid levels and increased protein 
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breakdown. Obesity, which is often although not always associated with elevations 
in circulating free fatty acids as well as inflammatory cytokines, is thought to con-
tribute to the development of diabetes by causing insulin resistance, thus increasing 
the amount of insulin necessary for glucose homeostasis.

Carbohydrate and Energy Metabolism

Glucose Transport and Phosphorylation

Glucose enters most cells through glucose transporters that allow passive diffusion 
down the concentration gradient from the blood. Glut1 is present in most cells. 
Glut4 is the dominant transporter in muscle and fat cells. It is stimulated by insulin 
and also by anoxia or low energy state in a process that involves translocation of 
Glut4 in intracellular vesicles to the plasma membrane. In liver and pancreatic 
b-cells, the dominant isoform is Glut2, a high capacity transporter that essentially 
equilibrates glucose, so that its cytoplasmic concentration is close to that in plasma. 
Liver also releases glucose, derived from breakdown of the storage polymer glyco-
gen and from synthesis by the pathway of gluconeogenesis. Thus, movement of 
glucose across the hepatocyte plasma membrane is functionally bidirectional. 
Energy-linked glucose transporters are found in intestinal and kidney cells where 
glucose must be taken up against its concentration gradient. For this purpose, these 
cells utilize the sodium gradient across the plasma membrane, which is established 
by expulsion of sodium by the sodium–potassium ATPase.

Once glucose enters the cell, it can be trapped by phosphorylation by hexoki-
nase, an enzyme that uses ATP and produces glucose 6-phosphate and ADP. In 
liver, the dominant hexokinase isoform is glucokinase, or Type 4 hexokinase, which 
has a high K

M
 for glucose of about 10 mM, in comparison to basal blood (plasma) 

glucose levels of about 5 mM. This is of especial note because the portal vein brings 
nutrients directly to the liver from the intestine; therefore, a rise in portal vein glu-
cose resulting from carbohydrate ingestion readily increases its metabolism in liver. 
A glucokinase variant is also the major hexokinase isozyme in pancreatic b-cells 
where it serves as the “glucose sensor” that promotes the increase in glucose 
metabolism that causes increased insulin release and synthesis [1].

Glucose 6-phosphate is a central branch point in carbohydrate metabolism (Fig. 1). 
It can be further metabolized in the glycolytic pathway to pyruvate, which in turn can 
be converted to lactate or alanine or oxidized to acetyl-CoA which can enter the citric 
acid cycle or be used for fatty acid synthesis. Glycolysis also supplies the glycerol 
portion of the triglyceride molecule via conversion of the glycolytic intermediate 
dihydroxyacetone phosphate to glycerol 3-phosphate. Alternatively, glucose 
6- phosphate can be converted to glucose 1-phosphate for glycogen synthesis or 
metabolized in the pentose phosphate pathway, to generate the ribose 5-phosphate 
needed for nucleotide/nucleic acid synthesis and the NADPH needed for many 
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 purposes including  the synthesis of fatty acids. In addition to its formation by the 
hexokinase/ glucokinase reaction, glucose 6-phosphate can be produced via glucose 
1-phosphate following glycogen breakdown and from pyruvate, lactate, alanine, or 
citric acid cycle intermediates by the process of gluconeogenesis. Glucose 
6- phosphatase, present in significant amounts only in the fully gluconeogenic tissues 
of liver and kidney cortex, can hydrolyze glucose 6-phosphate to yield free glucose.

Fig. 1 Glucose and glycogen metabolism and the connections to the pentose phosphate pathway 
(PPP), the citric acid cycle (CAC), and fatty acid and triglyceride metabolism. Important regulatory 
steps are 1, glucose transport, notably by insulin-stimulated Glut 4 in muscle and fat; 2, hexokinase 
(glucokinase in liver and pancreatic b-cells); 3, phosphofructokinase; 4, pyruvate kinase; 5, pyruvate 
dehydrogenase; 6, pyruvate carboxylase; 7, phosphoenolpyruvate carboxykinase; 8, fructose 
1,6-bisphosphatase; 9, glucose 6-phosphatase; 10, phosphorylase; 11, glycogen synthase



292 Intermediary Metabolism of Carbohydrate, Protein, and Fat

Glycolysis

The further metabolism of glucose 6-phosphate in the glycolytic pathway begins 
with its conversion to fructose 6-phosphate by phosphoglucose isomerase (Fig. 1). 
Phosphofructokinase then catalyzes the phosphorylation of fructose 6-phosphate to 
fructose 1,6-bisphosphate. Fructose 1,6-bisphosphate is cleaved by aldolase into the 
two triose phosphates glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. 
The latter are interconverted by triose phosphate isomerase. Glycolysis continues 
from glyceraldehyde 3-phosphate with its conversion to the high energy phosphate 
donor 1,3-bisphosphoglycerate by glyceraldehyde-3-phosphate dehydrogenase, 
using NAD and P

i
. 1,3-Bisphosphoglycerate is then used to phosphorylate ADP to 

ATP by phosphoglycerate kinase (named for the reverse reaction). The resulting 
3-phosphoglycerate is converted to 2-phosphoglycerate by phosphoglycerate mutase 
and then to the second high energy phosphate donor phosphoenolpyruvate by eno-
lase. Phosphoenolpyruvate is then used to phosphorylate ADP to ATP by pyruvate 
kinase (also named for the reverse reaction). This makes for a net of 2 ATP produced 
in glycolysis per glucose molecule, since 1 ATP is used in the hexokinase reaction 
and 1 in the phosphofructokinase reaction, but four are synthesized in the lower 
glycolytic pathway from the two triose phosphates. Pyruvate is converted to lactate 
in the lactate dehydrogenase reaction, if it must be used to reoxidize the NADH 
produced in the glyceraldehyde-3-phosphate dehydrogenase reaction; however, if 
the cytosolic NADH can be reoxidized by shuttles transferring the reducing equiva-
lents to the mitochondrial electron transport chain, then pyruvate is available to be 
further oxidized in the pyruvate dehydrogenase (PDH) reaction.

Hexokinase is usually considered the first enzyme in glycolysis. However, as 
indicated above, its product glucose 6-phosphate can be used in other pathways, 
notably glycogen synthesis and the pentose phosphate pathway. Therefore, phospho-
fructokinase is the first non-equilibrium step that is purely glycolytic; it is an impor-
tant control point, regulated by a number of metabolites that reflect the fuel and 
energy state of the cell. Phosphofructokinase is inhibited by ATP and citrate and 
activated by ADP, AMP, P

i
, fructose 1,6-bisphosphate, and fructose 2,6-bisphos-

phate. ATP is a substrate for phosphofructokinase because the enzyme is a kinase; 
however, ATP is also an allosteric inhibitor binding at a separate regulatory site. This 
is an example of classic feedback inhibition of an early step in a pathway by an 
ultimate end product, as one of the major functions of glycolysis is to produce ATP. 
Muscular contraction hydrolyzes ATP to ADP and P

i
; thus these rise and activate as 

ATP falls and inhibits less. ADP is a more sensitive indicator of ATP usage than ATP 
itself, as ATP levels in muscle are ten times that of ADP. Thus if 10% of ATP is used, 
the concentration of ADP doubles. AMP is an even more sensitive indicator of ATP 
usage, since the AMP concentration varies as the square of the ADP concentration 
because of equilibration of the adenine nucleotides in the myokinase (or adenylate 
kinase) reaction (AMP + ATP ↔ 2 ADP), and the principal emphasis has been on 
AMP as the indicator of the energy state. AMP is also a major regulator of other 
pathways via AMPK, in particular fatty acid oxidation (see below).
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Citrate inhibition of phosphofructokinase is rationalized as mediating the effect 
of an alternative fuel, fatty acids or ketone bodies, to spare glucose usage, as part 
of a glucose-fatty acid cycle. This was originally proposed by Randle in heart 
but may also function in some circumstances in skeletal muscle and brain [2]. 
b-Oxidation of fatty acids produces acetyl-CoA inside the mitochondrion, where it 
is converted to citrate, which can then be transported out to the cytoplasm to inhibit 
phosphofructokinase.

The phosphofructokinase activator, fructose 2,6-bisphosphate is particularly 
important in regulation of liver glycolysis/gluconeogenesis. It is made, and also 
degraded, by the bifunctional enzyme phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase (PFKFB). The liver isoform is regulated by phosphorylation at a single site 
that inhibits the kinase activity and activates the phosphatase activity. This phos-
phorylation, by the cyclic-AMP dependent protein kinase (PKA) in response to 
glucagon, thus causes a decrease in fructose 2,6-bisphosphate and hence decreased 
activity of the glycolytic enzyme phosphofructokinase, as well as decreased inhibition 
of the opposing gluconeogenic enzyme fructose 1,6-bisphosphatase, thus promoting 
net gluconeogenesis. The muscle isoform is a splice variant lacking the phosphory-
lation site and therefore is not inhibited when PKA is activated to promote glycog-
enolysis, say in response to epinephrine. In contrast, the heart isoform is activated 
by phosphorylation, in response to insulin or by AMPK. Recent work has proposed 
an important role for the inducible isoform PFKFB3 in fat cells, to promote 
glycerol 3-phosphate production for triglyceride synthesis [3, 4]. Like the heart 
isoform, PFKFB3 is activated by insulin.

Fructose 1,6-bisphosphate was early recognized as an activator of phosphofruc-
tokinase, a somewhat puzzling property because it is a product of the reaction. 
Once the more potent fructose 2,6-bisphosphate was discovered, it was thought that 
fructose 1,6-bisphosphate activation was not so important, that perhaps the hexose 
bisphosphate binding site just could not be made that specific. However, whereas 
there is only about tenfold difference in sensitivity for muscle type phosphofruc-
tokinase, there is a 1,000-fold difference or more for the other phosphofructokinase 
isoforms. This suggests that the product activation of muscle type phosphofructoki-
nase, which can lead to oscillatory behavior of glycolysis, might have some special 
role. It has been suggested that this may underlie the normal oscillatory secretion 
of insulin in the pancreatic b-cell [5]. More recently, it has been found that phos-
phofructokinase-M deficient mice have greatly reduced fat stores, despite the pres-
ence of the other two isoforms in fat, suggesting the possible importance of 
glycolytic oscillations for glycerol 3-phosphate generation [6].

Hexokinase can follow the lead of phosphofructokinase, because hexokinase is 
inhibited by glucose 6-phosphate. This is not product inhibition at the active site, 
but rather is mediated by binding to a separate regulatory site, apparently created 
by gene duplication. (Glucokinase is not sensitive to glucose 6-phosphate inhibition 
and is half the size of hexokinase, because it lacks this duplicated portion.) This 
allows hexokinase to be responsive to the demand for glucose 6-phosphate. Thus, 
if phosphofructokinase is inhibited, then the concentration of glucose 6-phosphate 
(in equilibrium with fructose 6-phosphate) will rise and inhibit hexokinase; on the 
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other hand, if phosphofructokinase is activated, such as by muscular contraction, 
and uses fructose 6-phosphate, then the concentration of glucose 6-phosphate will 
also drop and hexokinase will be deinhibited. Use of glucose 6-phosphate for gly-
cogen synthesis could also deinhibit hexokinase.

Fructose

Fructose metabolism is of increasing interest because of the now widespread incor-
poration of high fructose corn syrup in beverages and other foodstuffs. The advan-
tage to the food industry is that free fructose is even more potent as a sweetener 
than common sugar (sucrose, a glucose–fructose disaccharide). Fructose is largely 
metabolized in the liver, where it bypasses the limiting glycolytic steps of glucoki-
nase/hexokinase and phosphofructokinase. It is phosphorylated by a specific fruc-
tokinase to fructose 1-phosphate, which is then cleaved by liver aldolase to 
dihydroxyacetone phosphate and glyceraldehyde. (Muscle aldolase is relatively 
specific for fructose 1,6-bisphosphate, in contrast to the liver isoform.) The glycer-
aldehyde is then phosphorylated by triokinase to enter the glycolytic pathway 
as well.

Fructose does not compete with glucose for metabolism, but rather fructose 
increases glucose metabolism in liver. This surprising effect has been explained as 
follows: There is a glucokinase inhibitory protein that binds to and sequesters glu-
cokinase in the nucleus. Fructose 1-phosphate prevents that binding and promotes 
glucokinase translocation to the cytoplasm. Fructose 6-phosphate counters the 
action of fructose 1-phosphate.

Whether fructose consumption is contributory to obesity and the metabolic syn-
drome and associated diseases as a result of its distinct metabolism or simply by 
increasing caloric consumption is not established. Under some conditions fructose 
metabolism can cause excessive ATP use, leading to purine degradation and ele-
vated uric acid levels. This has recently been proposed to be responsible for 
increases in hypertension and other facets of metabolic syndrome [7].

Fructose not removed from the blood stream by the liver could potentially be 
readily taken up and metabolized in adipose tissue, by its own transporter Glut5 and 
then presumably via hexokinase and phosphofructokinase. Hence, it could serve as 
another source of glycerol 3-phosphate for triglyceride synthesis, in addition to 
glucose passing through the insulin-regulated Glut4.

Pyruvate Dehydrogenase and the Citric Acid Cycle

Pyruvate dehydrogenase is an enzyme complex that oxidizes pyruvate to acetyl-
CoA, using NAD and CoA and producing NADH and CO

2
. Regulation of this step 

is very important, because although acetyl-CoA can be incorporated into fatty acids 
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or made from fatty acids, carbon at that stage cannot be converted back to glucose. 
The regulation of PDH is on two levels. First, acetyl-CoA and NADH inhibit the 
enzyme as products at the active sites, and this is competed by the respective sub-
strates CoA and NAD, so the acetyl-CoA/CoA and NADH/NAD ratios are the 
important inhibitory parameters. Second, the complex is inactivated by phosphory-
lation by PDH kinase (also bound in the complex), where the kinase is activated by 
high acetyl-CoA/CoA, NADH/NAD, and ATP/ADP ratios. The phosphorylation is 
reversed by a specific PDH phosphatase, also bound in the complex, which is acti-
vated by high pyruvate concentrations and by insulin. Thus, PDH is inhibited if 
there is already plenty of acetyl-CoA for the citric acid cycle, or NADH for the 
electron transport chain and oxidative phosphorylation, or ATP, the end product 
itself, so that pyruvate is spared for possible need for glyconeogenesis. On the other 
hand, if there is abundant pyruvate or high glucose, as indicated by high insulin 
levels, then there is no need to spare the pyruvate.

Acetyl-CoA can be completely oxidized to CO
2
 in the reactions of the citric acid 

cycle, with the reducing equivalents captured in the form of NADH and FADH
2
 for 

transfer to the electron transport chain (Fig. 2). In the first reaction (citrate syn-
thase), acetyl-CoA is combined with oxaloacetate (four carbons) to form citrate (six 
carbons). Citrate is then sequentially converted to cis-aconitate and to isocitrate by 
aconitase. Isocitrate dehydrogenase produces a-ketoglutarate (five carbons), 
NADH, and CO

2
. a-Ketoglutarate dehydrogenase, an enzyme complex analogous 

to PDH, produces succinyl-CoA (four carbons), NADH, and CO
2
. Succinyl-CoA 

synthetase then converts succinyl-CoA to succinate and CoA, coupled with the 
synthesis of GTP from GDP and P

i
 or of ATP from ADP and P

i
, depending on the 

isoform; the GTP-producing isoform is dominant in liver and may provide a con-
nection to a GTP-requiring enzyme in gluconeogenesis, whereas the ATP-producing 
isoform is dominant in skeletal muscle. Succinate dehydrogenase produces fumar-
ate and FADH

2
. Fumarate equilibrates to malate through the fumarase reaction. 

Finally, malate dehydrogenase produces a third equivalent of NADH and regener-
ates oxaloacetate for another turn of the cycle. Note that acetyl-CoA for the citric 
acid cycle in some tissues can also come from b-oxidation of fatty acids, from 
metabolism of ketone bodies (b-hydroxybutyrate and acetoacetate), and from keto-
genic amino acids, as well as from carbohydrate via pyruvate.

Gluconeogenesis

Another major pathway using pyruvate is gluconeogenesis. Gluconeogenesis occurs 
principally in the liver and to a lesser extent in the kidney, and it is an important source 
of glucose for the brain and nervous system during brief and sustained fasting and pro-
longed exercise. Gluconeogenesis uses many of the same reactions as glycolysis in 
reverse. However, the hexokinase/glucokinase, phosphofructokinase, and pyruvate 
kinase reactions involve large changes in free energy and are not reversible under cellular 
conditions; therefore these three steps are reversed by specific  gluconeogenic enzymes 



332 Intermediary Metabolism of Carbohydrate, Protein, and Fat

(see Fig. 1). The synthesis of the high energy compound  phosphoenolpyruvate from 
pyruvate involves two steps. First, pyruvate carboxylase converts pyruvate to the citric 
acid cycle intermediate oxaloacetate, using CO

2
 and the energy of ATP hydrolysis. Then 

phosphoenolpyruvate carboxykinase (PEPCK) converts oxaloacetate to phosphoe-
nolpyruvate with the release of CO

2
 and more energy input via use of GTP. The reac-

tions from phosphoenolpyruvate to fructose 1,6-bisphosphate are readily reversible in 
liver. Then fructose 1,6-bisphosphate is cleaved to fructose 6-phosphate and P

i
 by 

fructose-1,6-bisphosphatase. Fructose 6-phosphate equilibrates to glucose 6-phosphate, 
and finally glucose 6-phosphate is cleaved to glucose and P

i
 by glucose 6-phosphatase.

The synthesis of a glucose molecule requires the use of six high energy phosphate 
bonds: two each at pyruvate carboxylase, PEPCK and phosphoglycerate kinase (for 
the two triose phosphates that are combined to form glucose). The energy for this 
obviously cannot come from glycolysis. Pyruvate carboxylase has a required activa-
tor, acetyl-CoA, indicating that another source of fuel is available, in particular 
b-oxidation of fatty acids. The requirement of PEPCK for its substrate GTP, pro-
duced in turn by succinyl-CoA synthetase in the citric acid cycle, suggests a regula-
tory link between gluconeogenesis and adequate flux through the citric acid cycle.

Fig. 2 The citric acid cycle and its connections to pyruvate carboxylase (PC), phosphoenolpyru-
vate carboxykinase (PEPCK), pyruvate kinase (PK), and pyruvate dehydrogenase (PDH). 1, citrate 
synthase; 2, aconitase; 3, isocitrate dehydrogenase; 4, a-ketoglutarate dehydrogenase; 5, 
succinyl-CoA synthetase; 6, succinate dehydrogenase; 7, fumarase; 8, malate dehydrogenase. 
Aspartate equilibrates with oxaloacetate via the glutamate-oxaloacetate transaminase reaction. 
Glutamate equilibrates with a-ketoglutarate via various transminases and the glutamate dehydro-
genase reaction
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Control of net gluconeogenesis involves regulation of the key glycolytic and the 
opposing gluconeogenic enzymes. Fructose-1,6-bisphosphatase is inhibited by 
AMP and fructose 2,6-bisphosphate, whereas these compounds activate phospho-
fructokinase. Glucagon, a signal of low glucose, causes phosphorylation and 
inhibition of liver PFKFB and thus a decrease in fructose 2,6-bisphosphate, which 
promotes net gluconeogenesis. There are several mechanisms for inhibiting liver 
pyruvate kinase to prevent conversion of phosphoenolpyruvate back to pyruvate: 
the liver isoform is allosterically inhibited by ATP and by alanine (an important 
pyruvate/gluconeogenic precursor; see description of the alanine cycle below). It is 
dependent on activation by fructose 1,6-bisphosphate (and so will follow changes 
in phosphofructokinase activity) and also inhibited by phosphorylation by PKA in 
response to glucagon. Finally, the amounts of these key enzymes are adaptive, that 
is, affected by the nutritional and hormonal state, so the key glycolytic enzymes are 
increased by a high carbohydrate diet, whereas the key gluconeogenic enzymes are 
increased by a low carbohydrate diet or starvation. This involves regulation by 
insulin phosphorylation cascades and also carbohydrate responsive transcription 
factors. In recent years, there has been increasing emphasis on transcriptional con-
trol of PEPCK and glucose 6-phosphatase [8, 9].

Note that the citric acid cycle is a central station or reservoir in metabolism. 
Pyruvate carboxylase is one way of filling up the cycle (anapleurosis), and PEPCK 
one way of depleting it. In addition, there is flow in and out through various other 
reactions such as those involving the amino acids glutamate and aspartate and their 
citric acid cycle counterparts a-ketoglutarate and oxaloacetate, respectively (see 
Fig. 2). In skeletal muscle, which lacks pyruvate carboxylase, the citric acid cycle 
can be replenished by the conversion of aspartate to fumarate in the reactions of the 
purine nucleotide cycle [10].

The Cori cycle is an inter-organ cycle involving muscle glycolysis and liver 
gluconeogenesis. In muscle, pyruvate from glycolysis is converted to lactate in the 
lactate dehydrogenase reaction, together with the conversion of glycolytically gen-
erated NADH back to NAD. The lactate then moves through the blood to the liver, 
where it is converted back to pyruvate in the lactate dehydrogenase reaction, with 
the production of NADH. Gluconeogenesis in the liver then utilizes both the pyru-
vate and the NADH (the latter in the reversal of the glyceraldehyde 3-phosphate 
dehydrogenase reaction). The glucose so formed can then be exported through the 
blood to the muscle to complete the cycle. The alanine cycle is similar, with pyru-
vate being converted to alanine by transamination (see “Protein and Amino Acid 
Metabolism” section).

Glycerol released by fat cells during lipolysis is another gluconeogenic substrate 
and is especially important during prolonged starvation. The fat cell lacks glycerol 
kinase and so cannot recycle glycerol back into glycerol lipids. However, the 
released glycerol can be phosphorylated to glycerol 3-phosphate in liver and then 
converted to the glycolytic/gluconeogenic intermediate dihydroxyacetone phos-
phate by glycerol 3-phosphate dehydrogenase. This explains the ability of very 
obese individuals to survive a prolonged fast of many weeks despite the need for 
glucose for the brain.
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Glycogen Metabolism

Glycogen is a branched polymer of glucose. Most glucose residues are connected 
by a-1,4-glycosidic bonds, but branches are created by a-1,6-glycosidic bonds 
roughly every ten residues. The branching allows for a more compact molecule and 
also greatly multiplies the concentration of the “nonreducing” ends that serve as 
substrate for addition and removal of glucosyl residues. Synthesis of glycogen by 
glycogen synthase uses UDP-glucose as an activated donor molecule:

( ) ( )+ − → + +Glycogen UDP glucose glycogen 1 UDPn n

UDP-glucose in turn is made by UDP-glucose pyrophosphorylase (named for the 
reverse reaction):

+ → + iGlucose 1-phosphate UTP UDP-glucose PP

The reaction is pulled to the right by cleavage of PP
i
 by pyrophosphatase. Glucose 

1-phosphate comes from glucose 6-phosphate through the phosphoglucomutase equi-
librium reaction (Fig. 1). The UDP is phosphorylated back to UTP with ATP in the 
nucleoside diphosphate kinase reaction. Glycogen synthase only makes a-1,4-glyco-
sidic bonds. Branches are formed by branching enzyme taking a terminal chain of 
seven residues and transferring it further down, making the a-1,6-glycosidic linkage.

The major stores of glycogen are in liver and muscle. Liver can have a greater 
concentration of glycogen per gram, but the total muscle glycogen is greater 
because of the much larger muscle mass. The purpose of liver glycogen is a reserve 
to be broken down to supply glucose to other tissues, in particular the brain, in time 
of need; thus liver glycogenolysis is stimulated by glucagon or epinephrine, along 
with gluconeogenesis. The purpose of muscle glycogen is for local glycolytic fuel 
for muscular contraction, and its breakdown is stimulated by epinephrine. (Note: 
there are no glucagon receptors on muscle.)

Most of the breakdown of glycogen is catalyzed by phosphorylase, which breaks 
a-1,4-glycosidic bonds with phosphate, not water, so that the product is glucose 
1-phosphate, together with a shortened glycogen. (There are other phosphorylase 
enzymes besides glycogen phosphorylase, but this one was discovered first and so is 
commonly called just phosphorylase.) The glucose 1-phosphate produced in glyco-
genolysis is converted to glucose 6-phosphate in the phosphoglucomutase reaction 
and so joins the glycolytic pathway in muscle and glucose production in liver.

Phosphorylase cannot break the a-1,6-glycosidic bonds; in fact it cannot get 
within four residues of a branch point. So first a transferase enzyme takes three of 
the last four residues in a branch and transfers them to the end of another chain, and 
then the last residue is cleaved off as free glucose by a-1,6-glucosidase. 
Phosphorylase can then proceed further down the chain. The fact that phosphory-
lase generates a phosphorylated sugar without expenditure of ATP means that three 
molecules of ATP can be generated in glycolysis per glucose residue from glycogen, 
rather than the two from free glucose, so in a sense glycogen is a more efficient fuel 
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for muscular contraction. Of course, there had to be an expenditure of two ATP 
equivalents per residue to synthesize the glycogen when the muscle was at rest.

Stimulation of glycogen breakdown by hormones uses a regulatory cascade 
(Fig. 3). Binding of glucagon to its receptor in the liver or of epinephrine to 
b-adrenergic receptors in muscle causes activation of adenylyl cyclase, which syn-
thesizes 3¢,5¢-cyclic AMP (cAMP) from ATP. cAMP then activates protein kinase 
A (PKA), which in turn phosphorylates and activates phosphorylase b kinase. 
Phosphorylase b kinase then phosphorylates and activates phosphorylase, convert-
ing it from the nonphosphorylated form (named phosphorylase b) that requires high 
AMP for activity to the phosphorylated form (named phosphorylase a) that does 
not require high AMP. Phosphorylase b kinase can also be activated allosterically 
by a rise in intracellular free Ca2+, such as occurs with muscular contraction. In liver 
cells, physiological concentrations of epinephrine bind to a-adrenergic receptors 
that are coupled to the release of Ca2+ from intracellular stores, thereby activating 

Fig. 3 The cascade. Hormone (epinephrine in muscle or glucagon in liver) binding to its plasma 
membrane receptor stimulates the formation of cAMP and activation of protein kinase A (PKA), 
leading to glycogen breakdown as shown. PKA also phosphorylates and inhibits glycogen synthase, 
liver pyruvate kinase, and liver PFKFB. Phosphorylation of perilipin and hormone sensitive lipase 
(HSL) by PKA is also important in the stimulation of triglyceride breakdown in adipose tissue
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phosphorylase b kinase without phosphorylation. I-strain mice, which lack phos-
phorylase b kinase and so cannot make phosphorylase a, nevertheless breakdown 
muscle glycogen during exercise; this presumably is due to allosteric activation of 
phosphorylase b by AMP (or its deamination product IMP).

The cAMP cascade also operates to inhibit glycogen synthesis, since PKA phos-
phorylates and thereby inhibits glycogen synthase, converting it from the active, 
nonphosphorylated form (named glycogen synthase a) to the phosphorylated form 
(named glycogen synthase b) that requires high glucose 6-phosphate for activity. 
In contrast to phosphorylase, which has only one phosphorylation site, glycogen 
synthase has at least ten phosphorylation sites and can be phosphorylated by at least 
nine different protein kinases whose importance/hierarchy is still being studied. 
In addition to PKA, others of importance are glycogen synthase kinase 3 and 
AMPK.

Reversal of the signals in the cascade involves hydrolysis of cAMP to AMP by 
phosphodiesterase and removal of phosphates on enzymes by phosphoprotein phos-
phatases. The phosphodiesterase is inhibited by methylxanthines such as caffeine, 
theophylline, and theobromin, accounting in part for the stimulatory effects of the 
popular drinks coffee, tea, and cocoa. The phosphatases are also subject to regulation, 
by phosphorylation and dephosphorylation, by protein inhibitors whose activity is 
regulated by phosphorylation and dephosphorylation, and by allosteric effects induc-
ing conformational changes in their substrates. For example, binding of AMP to 
phosphorylase a causes the phosphate to be tucked in where the phosphatase cannot 
reach it. Glucose, on the other hand, causes the phosphate to become accessible.

Insulin stimulates glycogen synthesis in three ways: First, it activates glycogen 
synthase by causing phosphorylation and inhibition of glycogen synthase kinase 3. 
Second, it reduces cAMP by activating phosphodiesterase. Third, in muscle, it 
increases glucose transport by activating Glut4. The latter may be the dominant 
action and the one impaired in diabetes, though impairment of glycogen synthase 
is also of importance [11, 12]. Interestingly, in liver, where glucose transport is not 
limiting, a relatively high proportion of glucosyl residues incorporated into glycogen 
appears to come via an indirect pathway of gluconeogenesis after peripheral catab-
olism of a glucose load [13].

Oxidative Phosphorylation

The bulk of ATP generation in most cells occurs via electron transport coupled to 
mitochondrial ATP synthase on the inner mitochondrial membrane, a process 
known as oxidative phosphorylation. The electron transport chain takes reducing 
equivalents from NADH and passes them in a series of steps to molecular oxygen 
(see Fig. 4). The classical sequence of the carriers of the electron transport chain is 
NADH to complex I (NADH:Q reductase, which contains bound flavin mononucle-
otide, FMN, and nonheme iron) to CoQ (ubiquinone) to complex III (QH

2
:cytochrome 

c reductase, which contains cytochromes b and c
1
) to cytochrome c to complex IV 

(cytochrome oxidase, which contains cytochromes a + a
3
) to O

2
, reducing the 
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oxygen to H
2
O. Complexes I, III, and IV are proton pumps that move protons out 

of the matrix and establish a proton gradient and membrane potential across the 
inner mitochondrial membrane. According to the chemiosmotic hypothesis of Peter 
Mitchell, this provides the driving force for protons moving back through a channel 
in the F

0
 component of the ATP synthase (complex V) to drive a molecular motor, 

the F
1
 component, that synthesizes ATP from ADP and P

i
. Complex II of the elec-

tron transport chain is succinate dehydrogenase of the citric acid cycle, a flavin 
enzyme that passes reducing equivalents to CoQ. Two other flavin enzymes, mito-
chondrial glycerol 3-phosphate dehydrogenase of the glycerol phosphate shuttle 
and acyl-CoA dehydrogenase of fatty acid b-oxidation, also feed into the electron 
transport chain at CoQ. Classically it was thought that complexes I, III, and IV each 
generated the energy for the synthesis of 1 ATP, such that the yield would be 3 ATP 
for NADH and 2 ATP for succinate and other substrates feeding in at CoQ. 
However, it is now considered that the yield is 2.5 ATP for NADH and 1.5 for suc-
cinate. Part of the reason for the decreased yield is that the ATP synthesized by 
complex V is in the matrix, and that when ATP4– is transported out to the cytoplasm 
by the adenine nucleotide translocase in exchange for ADP3–, the charge difference 
consumes part of the proton gradient or membrane potential.

Because the site for NADH on complex I faces the matrix of the mitochondria 
and there is no carrier for NADH to cross the inner mitochondrial membrane, 
 metabolic shuttles are used to carry the reducing equivalents from NADH produced 

Fig. 4 The electron transport chain and oxidative phosphorylation. Complexes I, III, and IV are 
proton pumps. Complex II is succinate dehydrogenase; other flavin proteins transfer reducing equiva-
lents from glycerol 3-phosphate and acyl-CoA to CoQ. The proton gradient is then used to drive ATP 
synthesis by complex V. Uncoupling protein I (UCPI) in brown fat uncouples by transporting fatty 
acid anions out, such that the proton gradient can be consumed while bypassing complex V, thereby 
generating heat. The adenine nucleotide translocase (ANT) carries ATP out in exchange for ADP
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in the cytoplasm by glycolysis. In the glycerol phosphate shuttle, the glycolytic 
intermediate dihydroxyacetone phosphate is used as the initial acceptor, being 
reduced by NADH to glycerol 3-phosphate by the cytosolic, NAD-linked glycerol-
3-phosphate dehydrogenase. Then the glycerol 3-phosphate is oxidized back to 
dihydroxyacetone phosphate by the mitochondrial, FAD-linked glycerol-3-phos-
phate dehydrogenase, with the reducing equivalents being subsequently transferred 
from FADH

2
 to CoQ. The site for glycerol 3-phosphate on the latter, inner-mem-

brane-bound dehydrogenase faces out, so glycerol 3-phosphate does not need to be 
transported into the matrix. In the malate–aspartate shuttle, the initial acceptor is 
cytosolic oxaloacetate, which is reduced by NADH to malate by malate dehydroge-
nase present in the cytoplasm. Malate crosses the inner mitochondrial membrane via 
a dicarboxylic acid transporter and is oxidized back to oxaloacetate by malate dehy-
drogenase in the matrix, with the conversion of NAD to NADH. There is no carrier 
for oxaloacetate to go back out, so instead oxaloacetate is converted to aspartate by 
glutamate-oxaloacetate transaminase, using glutamate and producing a-ketoglu-
tarate. The a-ketoglutarate exits (in exchange for malate), as does the aspartate, and 
the transamination is reversed in the cytoplasm, regenerating oxaloacetate and glu-
tamate. Glutamate reenters the mitochondria (in exchange for aspartate).

Electron transport, and therefore oxygen consumption or respiration, is normally 
coupled to ATP synthesis or phosphorylation. If there is limited ADP available for 
complex V because of low ATP usage by the cell, then there will be limited con-
sumption of the proton gradient, and the high gradient will inhibit the proton-pump-
ing electron transport chain. Uncouplers, such as 2,4-dinitrophenol and FCCP, are 
weak acids that are lipid soluble in both the protonated and unprotonated states. 
Thus, they can catalyze transport of protons across the inner mitochondrial mem-
brane, collapsing the proton gradient and the membrane potential. This will stimu-
late respiration but without ATP synthesis. Ionophores, such as valinomycin which 
carries K+ across membranes, can collapse the membrane potential and therefore 
have a partial uncoupling action. Classical inhibitors of electron transport are the site 
1 inhibitors rotenone and amytal (inhibit complex I), the site 2 inhibitor antimycin 
A (inhibits complex III), and the site 3 inhibitors cyanide, azide, carbon monoxide, 
and hydrogen sulfide (analogs of O

2
 that block complex IV). Oligomycin is the clas-

sical inhibitor of phosphorylation (complex V); it blocks the F
0
 channel, preventing 

the flow of protons that powers the ATP synthase. Atractyloside and bongkrekic acid 
inhibit the adenine nucleotide translocase. Inhibition of phosphorylation or the trans-
locase will indirectly inhibit respiration of coupled oxidative phosphorylation.

Brown Fat and Uncoupling Proteins

Dinitrophenol is a poison. However, there is physiological uncoupling of mitochon-
dria that does reduce ATP production and instead produces heat. The clearest 
example is in brown fat, so-called because the cells are indeed colored from the 
high amount of mitochondria with their colored cytochromes and the multiple small 
lipid droplets, in contrast to the large lipid droplet of the mature standard or white 
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fat cell. Rodents use brown fat for heat production when placed in a cold environment. 
Adult humans do have small amounts of brown fat, perhaps to warm certain critical 
areas, but in a cold environment largely use muscular nonproductive thermogenesis, 
that is, shivering. Nevertheless, it has recently been suggested that brown fat may 
consume significant energy in an adult human under some conditions [14, 15]. 
There is a thought that obesity could be treated by increasing energy expenditure 
by increasing brown fat (or even converting white fat to brown fat), though whether 
elevated body temperature would be a problem remains to be seen. Uncoupling in 
brown fat occurs because of the presence of uncoupling protein 1 (UCP1), which 
transports fatty acid anions across the inner mitochondrial membrane (see Fig. 4). 
Protonated, that is, uncharged fatty acids can easily dissolve in and flip across the 
lipid bilayer membrane, thus carrying in protons down the gradient, but normally 
the anion cannot flip back to repeat the process. UCP1 allows the fatty acid anion 
to go back and pick up another proton and thus catalyze consumption of the proton 
gradient. Thus, the uncoupling action of UCP1 is dependent on fatty acids. 
Physiologically its activity is initiated by neuronal adrenergic (b3) stimulation of 
lipolysis in the brown fat cell. Analogous proteins (by sequence homology), UCP2 
and UCP3, exist in other tissues (notably UCP2 in muscle), but their mechanism of 
action has not been established.

Triglyceride and Fatty Acid Metabolism

Triglyceride (or triacylglycerol) consists of a glycerol with three esterified fatty 
acids. Fatty acid simply means long chain carboxylic acid, normally 14–20 car-
bons. The fatty acids at the end positions tend to be saturated (palmitate, C16; 
stearate, C18), whereas the fatty acid at the two position tends to be unsaturated 
(oleate, 18:1) or polyunsaturated (linoleate, 18:2; linolenate, 18:3; arachidonate, 
20:4). Myristate (saturated C14) is not normally important in triglyceride, but is 
important in post-translational modification of some proteins for targeting them 
to membranes. Triglyceride stores in fat tissue are the major energy reserve of 
the body, though other tissues may have triglyceride for internal usage. Excessive 
triglyceride in nonadipose tissues (notably fatty liver) can cause insulin resistance and 
loss of metabolic function.

Lipolysis

Triglyceride breakdown in fat cells was originally thought to begin with hormone 
sensitive lipase (HSL), activated by phosphorylation by PKA in response to epi-
nephrine or glucagon. Additionally, PKA phosphorylation of the lipid droplet pro-
tein perilipin allows movement of HSL to the lipid droplet. However, knockout of 
HSL did not greatly reduce such stimulated lipolysis. It was then discovered that 



412 Intermediary Metabolism of Carbohydrate, Protein, and Fat

the major triglyceride lipase in fat cells was another protein, named adipose 
triglyceride lipase (ATGL). (This, too, is a misnomer, because ATGL is likely the 
dominant triglyceride lipase in other tissues as well.) The current view is that phos-
phorylation of perilipin also releases CGI-58, a protein activator of ATGL. The 
ATGL then hydrolyzes triacylglycerol to diacylglycerol. The HSL, which actually has a 
preference for diacylglycerol, then hydrolyzes diacylglycerol to monoacylglycerol, 
and a monoglyceride lipase finally hydrolyzes monoacylglycerol to free glycerol 
(see Fig. 5). Fat cells lack glycerokinase, so the release of glycerol is commonly 
used as a measure of lipolysis. The glycerol can be used for gluconeogenesis in 
liver, which is why very obese people can survive many weeks of starvation. The 
released fatty acids may be re-esterified into triglyceride, carried to other organs 
bound to albumin in the circulation or oxidized in the mitochondria. Oxidation is a 
relatively minor fate of fatty acids in fat cells, whereas heart and muscle are major 
consumers of fatty acids for fuel.

Insulin inhibition of lipolysis in part involves stimulation of phosphodiesterase 
3B, the primary enzyme for degradation of cAMP in fat cells. More recently, a 
second important mechanism has been proposed, whereby insulin stimulates 

Fig. 5 Triglyceride synthesis and hydrolysis. GPAT, glycerophosphate acyl transferase; AGAT, 
acylglycerophosphate acyltransferase; PAP, phosphatidic acid phosphohydrolase (lipin); DGAT, 
diacylglycerol acyltransferase; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; 
MGL, monoglyceride lipase; FA, free fatty acid
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 glucose uptake (Glut4) and metabolism to lactate, and the lactate then acts in an 
autocrine manner on the orphan receptor GPR81, which in turn acts via G

i
 G-protein 

to inhibit adenylyl cyclase, in contrast to the G
s
-mediated action of epinephrine and 

glucagon to activate adenylyl cyclase [16]. The inhibitory action on lipolysis of 
some other compounds, such as adenosine, b-hydroxybutyrate, and nicotinic acid, 
is also due to their binding to receptors linked to G

i
. Note that insulin also stimu-

lates triglyceride synthesis, in part by the stimulation of glucose uptake and thus the 
synthesis of the precursor molecule glycerol 3-phosphate.

Fatty Acid Oxidation

There are three steps in fatty acid oxidation, to be described in detail below. First, 
the fatty acid is activated to the CoA ester by acyl-CoA synthetase. Second, the acyl 
group is transported into the mitochondrial matrix attached to carnitine. Third, the 
regenerated acyl-CoA undergoes multiple cycles of b-oxidation, leading to cleav-
age into two-carbon fragments in the form of acetyl-CoA, which can then be fully 
oxidized in the citric acid cycle.

Activation. Nearly all enzymatic reactions of fatty acids utilize the CoA ester form 
(with the exception of prostaglandin and leukotriene synthesis from arachidonate). 
Fatty acids are activated to the CoA ester in the acyl-CoA synthetase reaction:

+ + → + + iFatty acid CoA ATP acyl CoA AMP PP-

The thio ester bond of acyl-CoA has the same energy as an ATP phosphate anhy-
dride bond. Therefore, the acyl-CoA synthetase reaction is pulled to the right by 
hydrolysis of the pyrophosphate (PP

i
) by pyrophosphatase.

Translocation. Acyl-CoA synthetase for fatty acids is located in the cytoplasm 
(or on membranes facing the cytoplasm), and there is no carrier for acyl-CoA itself 
to cross the inner mitochondrial membrane for b-oxidation in the matrix. Therefore, 
the acyl group is transferred to carnitine in a reaction catalyzed by carnitine acyl 
transferase I (or CPT-I, for carnitine palmitoyl transferase I, after its principal sub-
strate, since the abbreviation CAT was already in use for the reporter enzyme 
chloramphenicol acetyltransferase):

+ = +Acyl CoA carnitine acyl-carnitine CoA-

A translocase then carries the acyl-carnitine across the inner mitochondrial mem-
brane. In the matrix the acyl group is transferred back to CoA by the isoform 
CPT-II, regenerating acyl-CoA and carnitine. The carnitine is then transported back 
out by the translocase.

The purpose of this complex transport system is to provide regulation of fatty 
acid oxidation, since the free fatty acids could diffuse across the membrane but 
cannot be activated in the matrix. CPT-I is inhibited by malonyl-CoA, which is 
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made by the highly regulated enzyme acetyl-CoA carboxylase. Acetyl-CoA 
carboxylase is activated by citrate, the precursor for cytosolic acetyl-CoA, and 
inhibited by phosphorylation by AMPK. A drop in cellular energy state and hence 
rise in AMP activates AMPK, which phosphorylates a number of targets to increase 
energy production and decrease energy usage [17]. One important target is acetyl-
CoA carboxylase, decreasing malonyl-CoA, and thus deinhibiting CPT-1 and pro-
moting fatty acid oxidation. Also, malonyl-CoA decarboxylase, which degrades 
malonyl-CoA, is phosphorylated but activated by AMPK.

Malonyl-CoA is also the substrate for fatty acid synthesis (see below), so a rise 
in malonyl-CoA, say by high glucose which would promote the formation of citrate 
and reduce AMP and AMPK activity, would provide a shift from fatty acid oxidation 
to fatty acid synthesis. In tissues that do not do much fatty acid synthesis, the inhibition 
of fatty acid oxidation may shift the use of acyl-CoA from oxidation to complex 
lipid formation. This may also serve a signaling function, in that diacylglycerol is an 
activator of protein kinase C; furthermore, acyl-CoA itself is an allosteric regulator 
of a number of enzymes as well as the substrate for protein acylation. Such a role 
for malonyl-CoA, cytosolic acyl-CoA, and diacylglycerol has been proposed to be 
part of the stimulation of insulin secretion in pancreatic b-cells by glucose metabolism 
and its amplification by fatty acid metabolism [18].

Interestingly, medium and short chain acyl-CoA synthetases, including 
 acetyl-CoA synthetase, are located in the mitochondrial matrix, and therefore for 
them transport can bypass the carnitine translocase system, and their b-oxidation is 
unregulated.

b-Oxidation. b-Oxidation is so named because it involves oxidation of the b 
carbon, that is, the second carbon from the carboxylic acid group of the fatty acid. 
One round of b-oxidation involves the following sequence of steps. First, the 
 carbon–carbon single bond between the a and b carbons is oxidized to a double 
bond by acyl-CoA dehydrogenase:

+ → ∆ +2
2Acyl CoA FAD trans enoyl CoA FADH- - - -

Second, water is added across the double bond by enoyl-CoA hydratase to form an 
alcohol:

∆ + →2
2Trans enoyl CoA H O L 3 hydroxyacyl CoA- - - - - -

Third, the alcohol is oxidized to a carbonyl by l-3-hydroxyacyl-CoA 
dehydrogenase:

+ → β +L 3 Hydroxyacyl CoA NAD ketoacyl CoA NADH- - - - -

Finally, the b carbonyl is attacked by CoA in the b-ketothiolase reaction:

( )β + → +Ketoacyl CoA CoA acyl CoA two fewer carbons acetyl CoA.- - - -
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The process is repeated with the shortened acyl-CoA, until it is completely 
cleaved to acetyl-CoA fragments. Thus, palmitoyl-CoA (C16) would undergo 
seven cycles of b-oxidation to generate 8 acetyl-CoA, plus 7 FADH

2
 and 7 NADH 

to enter the electron transport pathway.
Most fatty acids have an even number of carbons, because the synthetic pathway 

involves the addition of carbons two at a time. The occasional odd chain fatty acid 
(say from bacterial sources) is degraded by b-oxidation down to proprionyl-CoA, 
which is then carboxylated to methylmalonyl-CoA and converted to the citric acid 
cycle intermediate succinyl-CoA.

Ketone Bodies

Excess fatty acid catabolism in the liver, generating more acetyl-CoA than can be 
oxidized in the citric acid cycle, may lead to the formation of the ketone bodies 
acetoacetate and b-hydroxybutyrate. These can be carried in the blood to other 
organs and converted back to acetyl-CoA. The acidity that can be caused by dia-
betic ketoacidosis is a serious concern. On the other hand, ketone body production 
during prolonged starvation is an advantage, in that they can be used as fuel by the 
brain, in contrast to fatty acids, thus reducing the demand for gluconeogenesis.

Triglyceride Synthesis

Triglyceride synthesis begins with glycerol 3-phosphate, made by reduction of the glyco-
lytic intermediate dihydroxyacetone phosphate with NADH by glycerol 3-phosphate 
dehydrogenase (see Figs. 1 and 5). Two acyl chains are added from acyl-CoA in the 
glycerol-phosphate acyltransferase (GPAT) reaction, followed by the acylglycerol-
phosphate acyltransferase (AGAT) reaction. Then the phosphate is cleaved off in the 
phosphatidic acid phosphohydrolase reaction, to form diacylglycerol. Finally, the third 
acyl chain is added in the diacylglycerol acyltransferase (DGAT) reaction, forming trig-
lyceride. Insulin promotion of triglyceride synthesis in the fat cell occurs at several steps: 
translocation of Glut4 to the plasma membrane to increase input into glycolysis and 
hence glycerol 3-phosphate synthesis; phosphorylation and activation of PFKFB3 to 
raise fructose 2,6-bisphosphate and thereby activate PFK; increased amount of GPAT.

However, the simple idea that triglyceride synthesis is largely controlled by glyco-
lytic generation of glycerol 3-phosphate, especially via insulin regulation of Glut4, 
has been complicated by recent work showing that much of the triglyceride glycerol 
portion comes from glyceroneogenesis, that is, the reactions of gluconeogenesis from 
pyruvate up to dihydroxyacetone phosphate [19]. (Fat cells, like most cell types other 
than liver or kidney cortex, lack glucose 6-phosphatase and so cannot synthesize free 
glucose.) It should be recognized that triglyceride synthesis/lipolysis is a dynamic 
process, with much of the released fatty acids being re-esterified. This cycling must 
occur even during times of relative insulin lack. Perhaps this is the optimal way to 
provide fuel for the rest of the body as needed, without flooding the body with free 
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fatty acids that could lead to deleterious triglyceride accumulations in nonadipose 
tissue. Free fatty acids are just siphoned off by albumin in the blood as needed. The 
recycling, although energy consuming, is not that expensive. Much of the energy 
needs of the fat cell may be provided by glucose, and only a small amount of fatty 
acid is oxidized, compared to that exported or re-esterified. Yet the oxidation of a 
single fatty acid would provide the energy for the re-esterification of 50 fatty acid 
molecules, or over 30 even if the cost of glyceroneogenesis is included.

Fatty Acid Synthesis

Fatty acids are synthesized from acetyl-CoA. However, the synthesis occurs in the 
cytosol, whereas the acetyl-CoA from carbohydrate metabolism is generated in the 
mitochondrion in the PDH reaction. Because there is no carrier for acetyl-CoA to 
cross the mitochondrial membrane, it is first converted to citrate, which has a car-
rier. Citrate can exit the mitochondrion and be cleaved back to acetyl-CoA and 
oxaloacetate by ATP-citrate lyase. Much of the acetyl-CoA to be used is then con-
verted to malonyl-CoA by acetyl-CoA carboxylase. As mentioned above, acetyl-
CoA carboxylase is activated by citrate, the precursor for cytosolic acetyl-CoA, and 
inhibited by phosphorylation by AMPK.

The fatty acid synthase actually starts with an acetyl group transferred to an acyl 
carrier protein. Then successive malonyl groups are reacted, also bound to an acyl car-
rier protein, adding two carbons at a time, with the reaction driven by the decarboxyla-
tion. A cycle on the synthase includes reduction of the carbonyl of the adduct to a 
b-hydroxyl, followed by dehydration, and then reduction of the resulting double bond, 
in steps analogous to reversing the process seen in fatty acid b-oxidation. However, the 
reducing steps use NADPH, generated in the pentose phosphate pathway. Alternatively, 
NADPH can be generated in a malate-pyruvate cycle, whereby the cytosolic oxaloac-
etate from the citrate lyase reaction is converted to malate, the malate is converted to 
pyruvate in the malic enzyme reaction (with NADP conversion to NADPH), and the 
pyruvate is converted to oxaloacetate back in the mitochondria by pyruvate carboxylase. 
Insulin stimulates the synthesis of fatty acid synthase and acetyl-CoA carboxylase.

In humans most fatty acids for triglyceride synthesis are obtained from the diet 
or recycled from lipolysis. However, some de novo fatty acid synthesis may still 
occur. The rate is more substantial in rodent models; hence, triglyceride synthesis 
from labeled glucose may include incorporation of label into the fatty acid compo-
nents as well as the glycerol component, but a distinction can be made by saponi-
fication of the sample.

Protein and Amino Acid Metabolism

Amino acids differ from fatty acids and sugars as fuels in that their storage forms, 
proteins, all have other functions as enzymes or transporters, contractile or struc-
tural elements. Muscle protein constitutes the major reserve. Although there is 
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constant turnover of proteins, gross proteolysis only occurs during prolonged 
starvation or wasting diseases. Pathways for protein synthesis and degradation and 
the synthesis and degradation of many individual amino acids will not be consid-
ered in detail here, and the reader is referred to a standard biochemistry textbook 
(e.g., Stryer [20]). Focus instead will be on connections of amino acid metabolism 
to that of glucose and lipid. Insulin, as a general storage signal, promotes protein 
synthesis as well as glycogen and triglyceride synthesis.

Amino acids can be divided into two classes: “ketogenic,” that is, those that are 
metabolized to form ketones or acetyl-CoA and therefore can be oxidized in the 
citric acid cycle or in theory used for fatty acid biosynthesis, but cannot be con-
verted to glucose; and “glucogenic,” that is, those that can be used for gluconeogen-
esis. Ketogenic amino acids include, for example, the branched chain amino acids 
(leucine, isoleucine, and valine). Important glucogenic amino acids include alanine, 
aspartate, glutamate, and glutamine.

The first step in the metabolism of most amino acids is removal of the amino group 
by transamination or deamination. In transamination reactions, the amino group is 
transferred to a keto acid, generating a second keto acid (corresponding to the first 
amino acid) and a second amino acid (corresponding to the first keto acid). One 
amino-acid/keto-acid pair is generally glutamate/a-ketoglutarate. Thus, the 
 glutamate-pyruvate transaminase (also called alanine amino transferase) reaction is:

+ α = +Alanine ketoglutarate pyruvate glutamate-

Other transaminases include glutamate-oxaloacetate transaminase (aspartate amino 
transferase) and the branched chain amino transferase. An important connection 
between a-amino groups and free ammonia, for both synthesis and degradation of 
amino acids, is provided by the reversible glutamate dehydrogenase reaction:

( ) ( ) ++ = α + + 4Glutamate NAD P ketoglutarate NAD P H NH-

The major amino acid put out by muscle is alanine, not because muscle protein has 
inordinate amounts of alanine, but rather because alanine is produced by transami-
nation of glycolytically generated pyruvate in the glutamate-pyruvate transaminase 
reaction; the glutamate in turn comes from transamination of other amino acids, 
such as the branched chain amino acids, or from the glutamate dehydrogenase reac-
tion. The alanine can then go via the blood to the liver, where it is converted back 
to pyruvate by transamination and the carbon chain then used for gluconeogenesis, 
with the glucose then cycling back to the muscle. This interorgan cycle of muscle 
glycolysis and liver gluconeogenesis is known as the alanine cycle and is analogous 
to the Cori cycle. This is also the reason that liver pyruvate kinase is inhibited by 
alanine as a signal of substrate for gluconeogenesis. The alanine cycle is also 
important for bringing the excess amino nitrogen from muscle catabolism of amino 
acids to the liver for the synthesis of urea (NH

2
CONH

2
), the mammalian excretion 

product. In the liver, the amino group of alanine is first transferred to glutamate and 
then to aspartate (glutamate-oxaloacetate transaminase) and to free ammonia (glu-
tamate dehydrogenase) to provide the substrates for the urea cycle.
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Glutamine is the major amino acid put out by other peripheral tissues to carry 
excess amino nitrogen to the liver for the synthesis of urea. Glutamine is synthe-
sized from glutamate and free ammonia by glutamine synthetase, and it is con-
verted back to glutamate and free ammonia by glutaminase. Because free ammonia 
is toxic to the brain, the efficient operation of the urea cycle is very important. The 
complete urea cycle only occurs in liver, and therefore liver disease can lead to a 
serious rise in blood ammonia levels. Kidney cortex can also use glutamine, putting 
out ammonium ion in the urine in response to metabolic acidosis; the carbon chain 
is then used in these cells for gluconeogenesis. Glutamine is a favored substrate for 
many cells in culture, including fat cells, in addition to glucose, and is often added 
to tissue culture media. Whether glutamine can contribute substantially to glycero-
neogenesis in fat cells remains to be determined.

AMP-Activated Protein Kinase: An Integrated Modulator  
of Cellular Metabolism

Until recently, cellular metabolism in the intact organism has been viewed as pri-
marily under the control of insulin and counter insulin hormones (including gluca-
gon, epinephrine, norepinephrine, and the glucocorticoids). On the other hand, it 
has long been appreciated that some form of regulation by energy state must also 
occur. Early evidence for this included the inhibition of the key glycolytic enzyme 
phosphofructokinase by ATP and its activation by AMP and the activation of gly-
cogen phosphorylase by AMP. In the last 15 years, it has become apparent that 
changes in cellular metabolism to a considerable extent are regulated by the enzyme 
AMPK. As originally described [21], AMPK is a fuel sensing enzyme present in all 
eukaryotic cells that senses and responds to a decrease in a cell’s energy state as 
reflected by an increase in the AMP/ATP ratio. For instance, its activation in skel-
etal muscle and other tissues during exercise both increases the activity of multiple 
processes that generate ATP (fatty acid oxidation, glucose transport in skeletal and 
cardiac muscle, and glycolysis in heart) and inhibits others that require ATP but can 
be downregulated temporarily without jeopardizing the cell (e.g., protein, triglycer-
ide, and cholesterol synthesis) [22]. Conversely, a decrease in AMPK activity 
appears to have opposite effects [23].

Recently, it has become apparent that AMPK plays an even more fundamental 
role in metabolic regulation. Thus, upregulation of its activity by a wide variety of 
hormones (e.g., adiponectin, catecholamines), drugs (metformin and thiazolidine-
diones, a-lipoic acid, statins), and lack of fuels (e.g., glucose deprivation) as well 
as its downregulation by other hormones and paracrine factors (e.g., glucocorti-
coids and endocannabanoids) and by a fuel excess (e.g., hyperglycemia) has been 
demonstrated. In addition, upstream molecules that phosphorylate and activate 
AMPK such as LKB1, a tumor suppressor, and Ca+-dependent CaMKKs have been 
identified. Thus, it has become increasingly evident that AMPK is a mediator of 
metabolic events within the cell in response to a wide variety of stimuli including 
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at least some that act in the apparent absence of a change in energy state. Perhaps 
most intriguing of all is that decreased AMPK activity has been associated with a 
metabolic syndrome phenotype (obesity, diabetes, insulin resistance, predisposition 
to atherosclerosis) in many experimental animals, whereas pharmacological agents 
and other therapies (e.g., exercise, diet) that activate AMPK have shown benefit in 
their treatment both in humans and experimental animals [17, 24]. An understand-
ing of how AMPK exerts it many effects and whether its apparent clinical efficacy 
is related to its actions on intermediary metabolism are exciting questions that will 
be the object of intense interest in the foreseeable future.

LKB-1, an upstream kinase for AMPK, in turn can be activated by deacetylation 
by SIRT1, an NAD-dependent deacetylase. SIRT1 is sensitive to the redox state of 
the NAD/NADH couple. AMPK increases the production of NAD. Therefore, 
AMPK and SIRT1 may form an integrated system that is sensitive to both the ade-
nine nucleotide energy state and the redox state as well as other factors [24, 25].

As mentioned above, AMPK is important in regulating fatty acid oxidation by 
phosphorylation and inhibition of acetyl-CoA carboxylase, and activation of malo-
nyl-CoA decarboxylase, thus decreasing malonyl-CoA levels and deinhibiting 
CPT1. AMPK also phosphorylates and inhibits GPAT, a key enzyme in triglyceride 
synthesis, and decreases the levels of fatty acid synthase, GPAT and DGAT. 
Furthermore, SIRT1 causes the activation of mitochondrial and lipid oxidation 
genes. Therefore, activation of the AMPK-SIRT1 system should promote lipid 
consumption. This may be part of the beneficial effect of exercise.

Food intake in excess of energy usage leads to the storage of triglyceride in 
adipose tissue and eventual obesity. Although in humans most fatty acids come 
from the diet rather than de novo synthesis, preferential oxidation of carbohydrate 
rather than fat would leave fatty acids available for triglyceride synthesis. 
Interestingly, some studies indicate that obesity prone individuals have an increased 
respiratory quotient (RQ = CO

2
 expelled divided by O

2
 consumed), implying 

greater usage of carbohydrate than fat compared with lean individuals [26–28]. 
Whether obese or obese-prone individuals have dysregulation of the AMPK-SIRT1 
system, leading to inappropriate sparing of fatty acids from oxidation, is a tempting 
hypothesis that requires further study.

The subjects of whole-body regulation and dysregulation of food intake and the 
involvement of satiety factors and hormones, such as leptin and adiponectin, will 
be discussed in other chapters.

Transgenic Models: Some Answers and More Questions

An increasingly important approach in metabolic research is the use of transgenic 
mice or cells, where a gene of interest is knocked out, reduced in expression, or 
overexpressed, sometimes in a tissue specific manner. Mention has already been 
made of how the knockout of HSL indicated that the primary triglyceride lipase was 
in fact a different enzyme, since identified as ATGL. Some other long-held theories 
have recently received clarification or revision from such experiments.
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Knockout of the insulin receptor in muscle (MIRKO) had little effect on blood 
glucose or insulin levels, and the mice remained normally glucose tolerant [29]. 
Muscle insulin resistance could be seen in a hyperinsulinemic-euglycemic clamp, 
and there were effects on protein metabolism, indicated by decreased muscle mass. 
This calls into question the primary importance of insulin-stimulated glucose dis-
posal in muscle for normal glucose homeostasis and the contribution of muscle 
insulin resistance to the development of diabetes. On the other hand, perhaps this 
represents a difference between mice and humans. Interestingly, adipose insulin-
stimulated glucose uptake was substantially increased in the MIRKO mice, as was 
adipose tissue mass, but the enhancement was not seen in isolated adipocytes, sug-
gesting a stimulatory factor released from MIRKO muscle. Knockout of the insulin 
receptor in liver (LIRKO) led to hyperglycemia and hyperinsulinemia, indicating 
the importance of the normal suppression by insulin of hepatic glucose output. 
Levels of the gluconeogenic enzymes PEPCK and G6Pase were elevated; they are 
normally suppressed by insulin. Hyperinsulinemia leads to insulin resistance in 
other tissues, which may have exacerbated the situation. Nevertheless, circulating 
levels of fatty acids and triglycerides were decreased, due to suppression of lipoly-
sis in fat cells by the high insulin levels. On the other hand, knockout of the insulin 
receptor in fat (FIRKO) perhaps surprisingly led to improved glucose homeostasis 
and increased insulin sensitivity in the whole animal. It has been suggested that this 
may be due to alteration in the levels of adipokines (fat secreted signaling mole-
cules), in particular increased adiponectin and leptin. Knockout of the insulin 
receptor in pancreatic b-cells (b-IRKO) led to the development of abnormal glu-
cose tolerance, smaller islets, and reduced insulin content, indicating that insulin 
signaling is important in this cell type, too; this presumably is related to the role of 
insulin as a growth factor rather than as a metabolic regulator.

A major effect of insulin is to cause translocation of Glut4 and hence stimulation 
of glucose transport in muscle and fat. Knockout of Glut4 in muscle (and heart) 
(MG4KO) led to hyperglycemia, glucose intolerance, and insulin resistance [30]. 
The severity of these effects, in contrast to the relatively benign effects of MIRKO, 
perhaps argues for other/backup mechanisms of activating Glut4 besides insulin. 
The hyperglycemia in MG4KO also leads to insulin resistance of liver and adipose 
tissue as well. Knockout of Glut4 in adipose tissue (AG4KO) also led to glucose 
intolerance and insulin resistance in the whole animal, presumably by altered adi-
pokine communication to other tissues. Adipose mass and adipocyte size were 
normal, in contrast to the 50% decrease in adipose mass and bimodal distribution 
of cell size reported for the FIRKO mouse; this may relate to the difference in 
effects on whole body metabolism and presumably adipokine production in the two 
knockout models.

One of the key downstream kinases in the insulin signaling cascade is Akt (pro-
tein kinase B). Overexpression of Akt1 in skeletal muscle increased the muscle 
mass through growth of type IIb fibers, which are glycolytic (MyoMouse). This 
resulted in decreased fat mass accumulation on a high fat/high sucrose diet. The 
mice did not eat less or exercise more, but burned more fat. This was due to 
enhanced fatty acid oxidation by the liver, not by the muscle, suggesting a role for 
muscle-derived myokines [31].
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Unexpected connections between glycolytic enzymes and fat metabolism have 
been published recently. Haller et al. [32] used a photodynamic selection technique 
to generate a population of Chinese hamster ovary cells deficient in glycerolipid 
biosynthesis, where the lesion involved a reduction in phosphatidic acid phos-
phatase activity and downstream glycerolipids and increased a-glycerophosphate; 
however, the DNA mutation turned out to be a point mutation in the gene for phos-
phoglucose isomerase. Getty et al. [6] reported that mice deficient in phosphofruc-
tokinase-M had greatly decreased fat stores, even though fat contains the other two 
isoforms of phosphofructokinase, suggesting the possible importance of intrinsic 
metabolic oscillations for triglyceride synthesis.

Gross obesity is readily apparent, and therefore spontaneous mutations in rodent 
colonies led to the establishment of such lines even before the development of tar-
geted genetic techniques. The ob/ob (obese) mouse lacks leptin, a satiety hormone 
produced by fat cells that acts on the hypothalamus. It therefore has hyperphagia, 
develops obesity, and consequent insulin resistance and diabetes. Interestingly, the 
ob/ob mouse can outgrow the diabetes, through massive hyperplasia of the insulin-
producing b-cells in pancreatic islets. The db/db (diabetic) mouse, which lacks the 
leptin receptor, has a somewhat more severe phenotype. Zucker diabetic and fa/fa 
rats also have mutations in the leptin receptor. These rodent models have been fre-
quently used in obesity/diabetes research.
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Multiple Functions of Adipose Tissue

One of the earliest reports of adipose tissue was made by the Swiss naturalist 
Conrad Gessner in 1551 (as translated by Cannon and Nedergaard [1]). However, 
the notion that adipose tissue was composed of living lipid-laden cells was hotly 
debated [2]. The past decades have seen a remarkable increase in our understanding 
of adipose biology and obesity (Fig. 1). This trend is undoubtedly driven by the 
global epidemic of obesity and associated diseases. Adipose tissue is designed to 
function as the main long-term fuel-handling organ, and actively controls energy 
homeostasis. Adipose tissue stores excess fuel in the form of triglycerides and 
relinquishes these reserves during periods of nutritional deprivation. In homeotherms, 
adipose tissue also plays equally important roles in thermoregulation through both 
its insulatory properties and ability to generate heat via non-shivering thermogen-
esis. In addition to these energetically important functions, the mechanical proper-
ties of adipose tissue allow it to protect various organs from injury. To perform 
these multiple tasks, adipose tissue depots have developed characteristics that can 
be variable, adaptable and complex.

Biochemical Properties of Adipocytes

As the major functional component of adipose tissues, adipocytes express the cellular 
machinery that enables their biochemical functions. Adipocytes can take up free 
fatty acids (FFAs) (through specific cell surface transporters and intracellular fatty 
acid binding proteins), and synthesize FFAs via de novo lipogenesis. The FFAs are 
then esterified with glycerol to form triacylglycerols (TGs), which are then stored 
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in lipid droplets. Associated with these lipid droplets is a biochemical machinery 
that facilitates the break down of TGs into glycerol and fatty acid. FFA derived 
from adipose lipolysis are released into the circulation, and used for fatty acid oxidation 
in the liver, muscle and other organs. Adipocytes are sensitive to hormonal stimula-
tion, and respond to both anabolic and catabolic hormones, such as insulin, IGF, 
glucagon and catecholamines. On the other hand, adipocytes synthesize and secrete 
numerous proteins that impact with potent local and systemic actions.

Adipose Tissue is Connected to Other Physiological Systems

The functions of adipose tissue can vary depending on the type of adipose tissue 
and the anatomical location. The specific adipose tissue types and depots are dis-
cussed in greater detail below. Another fundamental aspect of adipose tissue is that 
its function is intricately linked with whole-body metabolism and nutritional status. 
Adipose tissue is not only capable of responding to neural, hormonal and nutri-
tional signals, but can also secrete paracrine and endocrine signals. In so doing, 
adipose tissue has a major impact on appetite regulation, thermoregulation, immu-
nity, reproduction, cardiovascular system, bone biology, wound repair, respiratory 
system and sleep.

Dysregulation of adipose tissue has been associated with a variety of pathologi-
cal states, the metabolic syndrome, type 2 diabetes, atherosclerotic cardiovascular 
diseases, neurodegenerative diseases, non-alcoholic fatty liver disease, cancer, 

Fig. 1 Chart showing the dramatic recent increase in the annual number of publications contain-
ing the words “Obesity” or “Adipose” (from ISI for 1950–2008). Similar trends were identified 
when searching PUBMED and Scopus. Also indicated is the timing of some seminal discoveries 
that have influenced the field of adipose tissue biology
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polycystic ovary syndrome, and sleep apnoea. The recognition of links between 
adipose tissue and disparate pathologies has ignited the current interest in adipose 
tissue and adipocyte biology.

The connection of adipose tissue with other physiological systems is mediated 
by the ability of adipose tissue to regulate energy availability and by its ability to 
communicate with other organs. Adipose-secreted proteins, known as “adipokines”, 
include hormones, proinflammatory cytokines, growth factors, complement factors, 
matrix metalloproteins and several types of binding proteins (e.g. lipocalins, 
IGFBPs, SFRPs). Adipose tissue also produces non-protein species, such as fatty 
acids, steroid hormones, prostaglandins and retinoids [3].

Anatomical Distribution and Structure of Adipose Tissue

At first glance adipose tissue can be mistaken for an amorphous collection of lipid 
droplets loosely held together by connective tissue. However, adipose structure is 
more complex. In mammals, adipose tissue develops in many sites throughout the 
body, occurring in areas of loose connective tissue, such as subcutaneous layers 
between muscle and dermis. Adipose tissue also forms around internal organs, such 
as the heart, kidneys and pancreas. Adipose tissue is also found in the bone marrow. 
These disparate locations suggest that the ontogeny of the adipose tissue may vary, 
and that each depot may be functionally distinct.

The most popular classification of adipose tissues used in homeotherms divides 
adipose tissue into “white” and “brown”, based on appearance (Fig. 2). White adipose 
tissue (WAT) is visually more distinct, and is the predominant site of lipid storage 
and FFA release via lipolysis. In contrast, brown adipose tissue (BAT) is denser and 
highly vascularized, hence, its brownish coloration. The primary function of BAT 
is in energy dissipation through non-shivering thermoregulation. Both types of 
adipose tissues are further sub-classified based on their anatomical location. In 
humans WAT is spread throughout the body, with major intra-abdominal/visceral 

Fig. 2 Haematoxylin–eosin stained sections of white and brown adipose tissues
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depots around the omentum, intestines, perirenal areas, as well as in subcutaneous 
depots in the buttocks, thighs and abdomen. WAT can additionally be found in areas 
as diverse as the face and extremities, in the retro-orbital space and in the bone 
marrow. In contrast, BAT depots are typically located in the paraaortic region, 
mediastinum, neck, perirenal and interscapular regions. Studies have also compared 
WAT depots and shown that despite their relatively conserved morphology, different 
WAT depots exert distinct metabolic features. For example, excessive accumulation 
of visceral WAT is associated with insulin resistance, diabetes, dyslipidaemia and 
higher risk of atherosclerosis [4].

The histology of WAT has received much attention, particularly in the last few 
years, following the demonstration that WAT has its own population of resident 
adipose tissue macrophages (ATMs). The extent of macrophage infiltration of WAT 
and levels of chemokines and pro-inflammatory cytokines correlates strongly with 
obesity and glucose intolerance [5, 6]. By far the largest amount of WAT in a lean 
people is composed of unilocular adipocytes with diameters ranging from 20 to 
200 µm. In larger white adipocytes, the unilocular lipid droplets occupy ~90% of 
the cell volume, thus compressing the nucleus and cytoplasmic organelles into the 
periphery of the adipocyte. Smaller (<20 µm) adipocytes are less visible in histo-
logical sections, but have been reported to cluster near sites of angiogenesis in WAT, 
and appear as immature multilocular adipocytes.

WAT comprising mostly of smaller adipocytes is associated with improved insu-
lin sensitivity. However, the quality of types of lipids stored within adipocytes, 
irrespective of size, may also be an important indicator of adipose tissue function 
[7]. Typically, unilocular WAT adipocytes are composed of neutral TGs derived 
from oleic and palmitic acids. However, diacyglycerols, phospholipids, unesterified 
fatty acids and cholesterol are also detectable. WAT contains non-adipocyte cells 
that make up the stromovascular fraction (SVF). Among these are vascular 
endothelial cells, immune cells and vascular smooth muscle cells. Some of these 
cells have been implicated in the paracrine signalling events that control adipose 
tissue expansion [8, 9].

The kinds of immune cells being discovered in WAT is increasing as better tools 
for identification and isolation become available. In particular, the proinflammatory 
ATMs have been the subject of intense research. However, the ATM population is 
more diverse and at least three subtypes have been reported: the resident macrophages, 
pro-inflammatory (M1) and pro-fibrotic (M2) [10, 11]. Collectively, the ATMs play 
a significant role in the endocrinology and proper function of adipose tissue [12]. 
Indeed, the relative proportions present in a given WAT depot correlate with the 
degree of obesity and insulin resistance. That being said, additional immune cell 
types are also recruited into WAT, and while the full complement remains to be 
established, it does include monocytes [13, 14] and T lymphocytes [15].

WAT is innervated by sympathetic nerves which are present in the SVF. An 
increase in sympathetic activity stimulates lipolysis and FFA release. Another 
important non-adipose component of the SVF is the connective tissue and extracel-
lular matrix (ECM). Collagen and elastic fibres and resident fibroblasts maintain 
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ECM integrity. On the whole, the ECM provides a structured mesh which binds the 
cellular components of adipose tissue, and creates a defined tissue mass, thereby 
defining the boundaries of individual adipose tissue depots, but allowing a close 
association with neighbouring organs.

Among the SVF cell types, arguably the most interesting are the progenitors, 
known as mesenchymal stem cells (MSCs), and sometimes referred to as adipose 
stem cells, mural cells or pericytes. MSCs can differentiate into mature adipocytes, 
and thus serve as an important source for new preadipocytes required for adipose 
tissue expansion. However, MSCs are also pluripotent and have the potential to 
develop into chondrocytes, osteoblasts, myoblasts, hepatocytes [16], neural cells 
[17], endothelial cells [18], macrophages [19] and megakaryocytes [20]. This 
aspect continues to fuel an ongoing debate regarding the similarities between 
macrophage and preadipocytes, and whether they belong to a common lineage or 
exhibit convergent functions [21–24]. Nonetheless, taking a broader perspective, it 
is clear that the pluripotency of adipose-derived stem cells hold the key for 
determining the potential of adipose tissue expansion. Not only are MSCs a source 
of new adipocytes, but MSCs have the potential to regenerate new blood vessels 
that may have been lost as a result of adipose tissue death. MSCs are attracting 
much attention because of their potential use in regenerative medicine [25, 26].

In Vivo Regulation of WAT Expansion

WAT expansion occurs as the combined result of two processes: enlargement of 
existing adipocytes (hypertrophy) and formation of new adipocytes (hyperplasia). 
However, the fundamental prerequisite for adipose tissue expansion is existence of 
an energy surplus and hence the need storage. Adiposity can be affected by genetic 
and environmental factors. The best characterized environmental factors are the 
overconsumption of energy-dense foods and sedentary lifestyle. Some drugs, notably 
thiazolidinediones, insulin glucocorticoids, oestrogen, atypical antipsychotics, 
antidepressants, and anticonvulsants, can increase body fat. Ageing, gender and 
ethnicity also influence adiposity but the molecular basis is unclear. Genome-
wide association studies have discovered genes that alter appetite and adiposity 
[27, 28]. Epigenetic factors can also affect the development of adiposity [29], and 
some studies have linked in utero and early life events to obesity and metabolic 
syndrome [30, 31].

While these studies may identify new factors associated with increased risk of 
obesity, there are critical questions to be addressed. How does adipose tissue sense 
nutritional surplus, and how is this information transduced into adipose expansion? 
What are the molecular determinants of adipose expansion in obesity? Do specific 
signalling molecules facilitate the recruitment of new adipocytes during tissue 
hyperplasia? These fundamental aspects of the adipose tissue biology may hold the 
key to unveiling the association between obesity and the metabolic syndrome.
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Regulation of White Adipocyte Differentiation

Adipocyte differentiation is an important component of adipose tissue hyperplasia. 
The programme of adipocyte differentiation or adipogenesis is much more than 
an enhanced process of lipid accumulation (i.e. lipogenesis). Adipogenesis 
represents the orchestrated differentiation of proliferating fibroblast-like preadi-
pocytes into non-proliferating, lipid laden, hormonally responsive and functional 
adipocytes (Fig. 3). Much of what we know about the molecular regulation of 
adipogenesis comes from in vitro studies that utilize either immortalized cell 
lines or primary cultures of freshly isolated MSCs from adipose tissue. The vast 
majority of these precursor cells require induction with a chemically defined 
adipogenic cocktail. These in vitro models cannot recapitulate in vivo adipose 
tissue expansion per se; nonetheless, they have allowed the manipulation from 
mechanisms underlying adipocyte differentiation, thereby increasing our under-
standing of the molecular basis of this developmental programme. Indeed, the 
need for specific adipogenic induction reagents is consistent with the notion that 
adipogenesis is not a spontaneous process, but one that requires a tightly regu-
lated hormonal mellieu [32]. Another advantage of in vitro models is that the 
homogeneous preadipocytes are amenable to the study of the temporal aspects 
of adipocyte differentiation, some of which are transient or cell  autonomous. 

Fig. 3 Differentiation programme for white adipocytes
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This is best detected in synchronized and homogenous cell populations [33–37]. 
PPARg and C/EBPa are the key adipogenic transcription factors needed to drive 
the expression of genes to convert preadipocytes into non-proliferating, lipid-
laden adipocytes [37, 38].

However, the in vitro models do not enlighten us about how adipocyte recruit-
ment is regulated in heterogeneous tissue. It is clear that in vivo, adipogenesis is 
not a synchronous phenomenon, recruiting all progenitors into the adipogenic 
programme during a defined developmental stage. Rather adipose tissue retains 
a population of stem cells which replace dying adipocytes. Indeed, it has been 
suggested that ~10% of the body’s adipose cells are regenerated each year [39]. 
However, the nature of the signals that prevent all MSCs from being recruited 
and control the extent of adipocyte differentiation despite excessive nutritional 
stimulation are unknown. An attractive hypothesis is that adipogenesis is carefully 
titrated by specific local paracrine and autocrine signals that are both cell-
specific and regulated by physiological and nutritional cues. A possible candidate 
is the Wnt signalling network, which comprises of a host of ligands, antagonists 
and receptors that are secreted in a cell-specific manner. They often act in a 
paracrine/autocrine manner and have been implicated not only in both titrated 
developmental programmes but also in adult tissue remodelling. Until recently, 
Wnt/b catenin signalling has been implicated in lineage determination of MSCs, 
promoting bone and muscle development while inhibiting adipogenesis [40, 41]. 
We have identified Dapper1 (DACT1) as a preadipocyte gene that is required for 
adipogenesis. DACT1 is an intracellular scaffold protein whose cellular levels 
appear to modulate Wnt/b-catenin signals. During adipogenesis, DACT1 inhibits 
Wnt/b-catenin signalling primarily through paracrine and autocrine mechanisms, 
by controlling the production of key Wnt ligands and antagonists. Importantly, 
the relative expression of DACT1, Wnt ligands (Wnt10b and Wnt3A) and Wnt 
antagonists (sFRP1–sFRP5) are both cell-type specific and also regulated 
in vivo by nutritional status, pharmacological stimulation and during the devel-
opment of dietary and genetic obesity [42]. A biochemical pathway that may 
link cellular glucose sensing and the Wnt/b-catenin signalling has also recently 
been reported in macrophages [43]. Furthermore, the paracrine actions of 
endothelial-derived factors have been shown to inhibit adipogenesis in part via 
induction of Wnt ligand expression in adipose stromal cells [9]. Taken together, 
a picture is now emerging to suggest that the Wnt/b-catenin signalling network 
may hold the molecular key to the physiological regulation of adipose tissue 
expansion in vivo.

Several lines of evidence now suggest that obesity-associated metabolic 
dysregulation is mediated by inflammation, at least partly, by limiting adipose 
tissue expansion [44–48]. Given that a number of pro-inflammatory cytokines, 
including TNF-a and IL-1b are potent inhibitors of adipogenesis, it has been 
proposed that these signals may interact with Wnt/b-catenin [49, 50]. By limiting 
the production of new and smaller adipocytes and adipose tissue expansion, 
pro-inflammatory cytokines may accelerate the progression of insulin resistance 
and prediabetes to overt diabetes [51].
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Identification of White Adipocyte Progenitors

The non-synchronous nature of adipose differentiation in vivo has made it difficult 
to dissect out homogeneous regions of specific precursor cells from embryos or 
adult tissues and study these ex vivo. Instead, many studies have used mixed popula-
tions of MSCs derived from adipose SVF or pluripotent murine embryonic fibro-
blasts to study adipogenesis. A few groups have used immortalized and/or subcloned 
adipogenic cell lines [36]. However, Rodeheffer and colleagues have recently used 
serial fluorescence-activated cell sorting to deplete SVF of cells from endothelial 
and haematopoietic lineages (using CD31, CD45, Ter119) followed by positive 
selection for three stem cell antigens (CD29+:CD34+:Sca-1+). In so doing, they 
isolated a subpopulation of SVF cells that exhibited enhanced lipogenic potential 
in vitro, formed unilocular adipocytes and represented 53.5% of SVF cells. A final 
selection for CD24-positive cells isolated a much smaller population (0.08% of 
total SVF cell number) and these were also capable of forming functional adipose 
depots in vivo [52]. It is noteworthy that the enhanced adipogenic capacity of 
Lin–:CD29+:CD34+:Sca-1+ cells in comparison to SVF is consistent with 
the notion that in vivo negative regulation of adipogenesis is mediated via para-
crine signals between heterogeneous cell populations. This is further supported by 
the observations that like 3T3-L1 preadipocytes, these enriched primary adipocyte 
precursors do not differentiate when implanted into wild-type mice but require a 
proadipogenic environment [52]. Although the molecular basis for this is not under-
stood, it is likely that such an environment requires not only a nutritional surplus 
but appropriate proadipogenic cues derived from endocrine and paracrine sources.

Early light and electron microscopic studies of putative adipocyte precursors had 
some success in identifying adipocyte progenitors in whole adipose tissue [53]. 
Recent studies have shown that immature adipocytes cluster near sites of angiogen-
esis suggesting that that in vivo, adipogenesis and angiogenesis are causally associated 
[54, 55]. An increase in in vivo neovascularization precedes adipogenesis [56], and 
this process is in turn regulated by hypertrophic adipocytes [8].

It appears that pericytes found closely associated with blood vessels may in fact 
represent a subpopulation of adipocyte progenitors. Evidence for this has come from 
elegant studies using a transgenic approach to generate various PPARg-reporter mice 
[55]. PPARg-positive pericytes retained the ability to proliferate. These cells can 
be detected prenatally and proliferate during the first month of life, a time when 
white adipose depots expand. PPARg-positive SVF cells from 30-day-old mice can 
also form adipose depots when injected subcutaneously into nude mice. As with the 
precursors reported by Rodeheffer et al. [52], this SVF subpopulation also expresses 
stem cell markers Sca1+ and CD34+ but are negative for CD105 (Endoglin), CD45 
(protein tyrosine phosphatase, receptor type, C), TER119 (lymphocyte antigen 76), 
and Mac-1(CD11b or integrin alpha M). Gene expression profiling of the PPARg-
positive SV cells confirmed that they have a preadipocyte-like signature and are 
distinct from mature adipocytes. These progenitors expressed developmental 
transcription factors (e.g. goosecoid and twist2), ECM genes (e.g. MMP3) and 
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anti-angiogenic factors (e.g. Stab1) and signalling receptors (e.g. EGFR and FGF10). 
Gene expression data are also emerging to suggest that precursors from different 
WAT depots exhibit distinct transcriptional profiles [57].

These data indicate that the regulation of adipogenesis in vivo is dependent on 
an intricate interplay between hypertrophic adipocytes, differentiating adipocytes 
and developing vasculature. This allows for adipogenic potential, storage capacity 
and nutritional supply to be efficiently but tightly regulated. Potentially, adipose 
expansion could be manipulated in various depots for the prevention and treatment 
of diseases associated with obesity [58].

Brown Adipose Tissue

BAT primarily functions as a thermogenic tissue in response to sympathetic nerve 
activity [59]. BAT is composed of lipid-laden adipocytes, blood vessels and nerves. 
However, the cellular heterogeneity of BAT is less well characterized than that for 
WAT (Fig. 4). In contrast to the unilocular white adipocytes, brown adipocytes are 
smaller (<20 µm) multilocular cells with eccentrically located nuclei, and are often 
so densely packed that it can be difficult to distinguish individual cell boundaries 
(Fig. 4). Brown adipocytes also have large numbers of mitochondria – the site of 
thermogenesis. Brown adipocytes are also characterized by the unique expression 
of the mitochondrial uncoupling protein (UCP)-1. BAT is metabolically very active, 

Fig. 4 Differentiation programme for brown adipocytes
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consuming more glucose per gram of tissue than muscle. Indeed, this level of activity 
only occurs with the brain and tumorigenic tissues.

In Vivo Regulation of BAT

BAT depots also have a remarkable ability to expand and contract in response to 
thermogenic demands. The expansion and activation of brown fat is stimulated 
in vivo by chronic cold exposure. Certain high-fat diets that cause overfeeding in 
rodents (cafeteria diets) can also stimulate the expansion and activation of brown 
fat. This so-called diet-induced thermogenesis may represent a physiological 
attempt to restrain weight gain and obesity [60]. BAT is increased by thyroid hormones, 
which promote non-shivering thermogenesis, and chronic adrenergic stimulation. 
Factors that stimulate vascularization (e.g. angiopoietin-2) in adipose tissue have 
also been shown to be important in BAT expansion. Furthermore, Wnt10a [61], 
Wnt10b [62], FGF19 (FGF15 in mouse) [63, 64] and BMP7 [65], have all been 
shown to increase BAT. The expansion and activation of BAT is accompanied by 
stimulated mitochondrial biogenesis and oxidative metabolism.

The programme of brown adipocyte differentiation includes activation of 
thermogenic genes (UCP-1, PGC-1a and Deiodinase-D2), mitochondrial genes 
and other BAT-selective genes (e.g. cidea and elovl3) [66–68]. This occurs in addition 
to the expression of many adipogenic genes reported for white adipocytes. The 
transcriptional control of BAT development and differentiation has recently been 
reviewed in detail [69]. In summary, while BAT has some similarities with the gene 
expression profiles exhibited by differentiating white adipocytes, it is clear that the 
programme of brown adipocyte differentiation is distinct. For example, ectopic 
expression of PPARa or C/EBPa in mesenchymal cells induces white, and not 
brown adipocyte differentiation.

Recently, a nuclear scaffold protein, PRDM16, has been shown to drive BAT cell 
differentiation and function [68]. PRDM16 regulates the co-activators PGC-1a and 
PGC-1b, as well as the transcription factors, PPARa and PPARg, which collectively 
induce brown fat cell-selective genes. PRDM16 expression is also associated with 
the suppression of several white adipocyte genes (i.e. resistin and angiotensinogen), 
as well as muscle cell-selective genes (i.e. myoD, myogenin and myosin heavy 
chain). The former appears to require interaction between PRDM16 and the core-
pressors, CtBP1 and CtBP2 [66]. These studies have therefore identified a new 
molecular determinant of brown adipose differentiation and also provide significant 
support for the existence of a distinct cellular lineage of progenitors that can form 
new brown adipocytes.

A longstanding debate in BAT biology is whether brown adipocytes are derived 
from a distinct lineage, share a common lineage with white fat cells or transdiffer-
entiate from existing mature white adipocytes. This debate is fuelled in part by 
the fact that in addition to defined BAT depots, traditional WAT depots also have 
the capacity to adopt some key phenotypic characteristics of BAT albeit under 
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specific circumstances. Indeed, b-adrenergic signalling in WAT promotes the 
appearance of brown fat cells and the increased and sustained expression of C/
EBPb in white fat cells has been shown to promote the expression of brown fat cell 
selective genes [70]. There is also evidence that this capacity may be genetically 
determined. Whether this represents trans-differentiation, induction of a common 
functional phenotype or recruitment of pluripotent MSCs remains unclear.

Nonetheless, a recent study provides compelling evidence to suggest that BAT 
is likely to be derived from a distinct lineage and may share a common ontogeny 
with muscle progenitor cells. Seale et al. found that primary brown fat progenitors 
lacking PRDM16 exhibited greater potential for skeletal muscle differentiation. 
Conversely, overexpression of PRDM16 in myoblasts promoted brown adipocyte 
differentiation [67]. Additional compelling evidence comes from Myf5-lineage 
tracing studies that showed that brown fat and skeletal muscle, but not white fat, 
can be generated from Myf5-expressing progenitors [67]. However, much remains 
to be done before the debate surrounding the identity and ontogeny of the brown 
adipocyte progenitor is settled [71]. The association between BAT and muscle may 
be physiologically significant, since the presence of ectopic BAT in muscle explains 
the species-specific differences in risk of metabolic syndrome in mice [72].

Recent Advances in Human Adult BAT

Until recently, it was believed that the presence of BAT was limited to rodents and 
newborn human infants, where BAT regulates thermogenesis. However, it is now 
clear that BAT can persist in human adults in variable amounts [73]. The break-
through has come with the aid of a technique isotopic tracer, 18F-fluorodeoxyglucose 
(18F-FDG), combined with computed tomography (CT). This technique is used 
routinely to identify malignant metastatic tissues in the clinic. However, in some 
subjects, an intense uptake is seen in the supraclavicular regions, and appear to be 
colocalized with fat tissue rather than muscle [74–76]. Recently, a large study 
examined PET/CT scans from 1,972 patients, and found a high signal consistent 
with BAT activity in the anterior region of the neck and chest in 7.5% of women 
and 3.1% of men [77]. Biopsies were also taken from 33 patients and showed mul-
tilocular and UCP-1 positive cells [77]. Similar histological findings were reported 
from a smaller study of five healthy subjects, in which the tissue biopsies revealed 
BAT biomarkers, i.e. DIO2, PGC1a, PRDM16, ADRB3 and mitochondrial protein 
cytochrome c protein [78]. Increased 18F-FDG uptake is highest in the supra-
clavicular region, but is also present in the areas where BAT have been previously 
localized [73, 76, 77, 79].

Whether BAT plays a significant role in obesity and the metabolic syndrome is 
still unresolved. Initial reports suggest that cold-induced glucose uptake is increased 
in paracervical and supraclavicular adipose tissue in healthy subjects [73, 78], and 
that BAT activity is positively correlated with resting metabolic rate [73]. BAT 
activity is also inversely associated with adiposity, at least in healthy men <32 years 
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old [73, 77]. However, BAT was found most frequently in young women and least 
frequently in older, overweight men and in patients receiving beta-blockers [77]. 
The following questions need to be addressed with respect to the importance of 
BAT in energy balance in humans. Does BAT play a role in adaptive non-shivering 
thermogenesis in humans? Does BAT expand in response to chronic cold-exposure? 
A connection between BAT and thermogenesis has been proposed in adult humans 
who live in cold regions, such as Inuit Eskimo, Athapaskan and Alacaluf Indians, 
and Norwegian Lapps. In some populations, the basal metabolic rates may increase 
by 30–40%, allowing people to sleep in ambient temperatures as low as 2–5°C [80]. 
Another important issue is whether BAT is reduced in obesity, and if so, whether 
the change in BAT is a cause or consequence of obesity. It seems logical that obesity 
will result in a shift of energy storage from BAT to WAT. Moreover, obese individuals 
are better insulated from the cold by WAT, hence BAT is less actively challenged 
and should become smaller. The answers to these issues could have a significant 
impact on future therapeutic strategies for obesity, diabetes and other metabolic 
disorders.

Conclusion

Fuelled by the desire to better understand the association between obesity and the 
metabolic syndrome, significant strides have been made in our knowledge of the develop-
ment, structure and function of both WAT and BAT. With this knowledge has come 
a renewed appreciation of the degree of communication that exists between adipose 
tissue and various physiological systems. Adipose tissue exhibits remarkable 
plasticity in its structure and function in obesity, including activation of innate 
immunity, and alterations in the levels of circulating fatty acids, adipokines, cytok-
ines and other factors. While insulin resistance is a sine qua non of obesity, most 
patients do not develop diabetes, likely because of adequate compensation by the 
pancreatic B cell. The advances in our understanding of the molecular regulation of 
adipose tissue structure and function could provide novel insights into the how 
adipose tissue signals to itself and other organs, and how dysregulation of these 
interactions culminates into obesity-related diseases.
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Introduction

Obesity has become a major public health problem [1]. It is currently estimated that 
more than 1.6 billion adults worldwide are overweight [body mass index (BMI) >25] 
and 400 million are obese (BMI >30). The incidence of obesity in children is also very 
high [1]. The obesity epidemic is attributed mainly to excessive intake of foods rich in 
fat and sugar, and lack of exercise [1]. Obesity increases the risk of diabetes, hyperten-
sion, coronary artery disease, sleep apnea, cancer, and various diseases; therefore, 
there is enormous interest in understanding the pathogenesis of obesity [1, 2].

As discussed in chapter 3, White adipose tissue (WAT) is specialized for storage 
of fat, mainly in the form of triglycerides. WAT consists of adipocytes filled with 
triglycerides, precursor cells (preadipocytes), and a variety of immune cells, and has 
a rich vascular supply and innervation [1, 2]. A sexual dimorphism of fat distribution 
exists, such that subcutaneous adipose tissue is more abundant in premenopausal 
women, whereas visceral adipose tissue is prominent in males and postmenopausal 
women [3]. These differences in fat distribution are determined by sex steroids [3]. 
Obesity is associated with profound changes in the structure and function of adipose 
tissue to accommodate the increased demand for triglyceride storage. Adipocytes 
undergo hyperplasia and hypertrophy, the extracellular matrix expands, and angio-
genesis and macrophage infiltration are all increased in obesity [2–4]. In addition, 
obesity is characterized by ectopic accumulation of triglycerides and other lipid 
species in the liver, muscle, and pancreatic islets [2]. This condition, called steatosis, 
predisposes toward insulin resistance, glucose intolerance, and diabetes [2].

The past two decades have witnessed major advances in our understanding of 
adipose tissue [2, 4]. In addition to releasing fatty acids as a result of lipolysis, 
adipose tissue secretes many peptides including leptin, adiponectin, resistin, 
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proinflammatory cytokines, and complement, vasoactive and pro-coagulant factors, 
and retinol binding protein-4 (RBP4) [2, 4]. These so-called adipokines act as hor-
mones to control feeding, energy balance, and neuroendocrine, immune and cardio-
vascular systems [2]. Some adipokines also act through autocrine and paracrine 
mechanisms to control the growth and metabolic functions of adipose tissue [2, 4]. 
This chapter will focus on the biology of leptin, adiponectin, and resistin. A com-
prehensive list of adipokines and other factors secreted by adipose tissue is shown 
in Table 1.

Table 1 Proteins secreted by adipocytes

Adipokines Extracellular matrix

Hormones Cathepsins B, D, L, S
Leptin Collagen a1 I, III, IV, VI, XV, XIV, XVII
Adiponectin Collagen a2 I, IV, VI
Resistin Collagen a3 VI
Retinol binding protein 4 Fibronectin
Insulin-like growth factor (IGF)-1 Galectin 3 binding protein
IGF binding protein 7 Gelsolin
Fasting-induced adipose factor (adiponutrin) Laminin a4
Apelin Laminin b1
Visfatin Laminin g
Vaspin Matrilin-2

Matrix metalloproteinase 1, 2, 3, 7, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 19, 23, 24

Tissue inhibitor of matrix metalloproteinase 1, 
2, 3, 4

Immune factors Osteonectin
a1 acid glycoprotein Tenacin
Colony-stimulating factor Thrombospondin 1, 2
Complement C1, 2, 3, 4, 7
Complement factor B, C, D (adipsin)
C-reactive protein
Interleukin-1, 4, 6, 7, 8, 10, 12, 18
Lipocalin
Macrophage inhibitory factor 1
TNF-a
Serum amyloid A3
Haptoglobulin
Others  
Plasminogen activator inhibitor-1
Tissue factor
Angiotensinogen
Angiopoietin 1 and 2
Transforming growth factor b
Galectin 1
Fibroblast growth factor
Vascular endothelial growth factor
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Leptin

Regulation of Leptin

Leptin is a 16-kDa protein synthesized and secreted mainly by white adipocytes 
(reviewed in Refs. [2, 5]). The levels of leptin in adipose tissue and plasma are 
proportional to fat stores; therefore, leptin is elevated in obesity and reduced in lean 
individuals. The production of leptin is also affected by acute changes in energy 
status and various factors. Leptin falls rapidly during fasting and increases after 
re-feeding [2, 6, 7]. These changes are partly due to insulin, which stimulates leptin 
synthesis in rodents and humans [2, 8]. Females have higher leptin levels than 
males due to increased synthesis in subcutaneous adipose tissue, stimulation by 
estrogen, and suppression by androgens [2, 5]. Chronically elevated glucocorti-
coids, as in Cushing’s syndrome, and elevated levels of tumor necrosis factor-a 
(TNF-a) and interleukin-6 (IL-6), increase leptin [2, 5]. In contrast, b3 adrenergic 
stimulation and cold exposure both decrease leptin [2, 5]. Leptin has circadian and 
ultradian rhythms [6, 9]. Leptin peaks at night in humans and at the beginning of 
the light period in rodents [6, 9]. The circadian rhythm of leptin is controlled by the 
timing of feeding and alterations in insulin levels [2, 5]. Pulsatile leptin secretion is 
positively associated with estradiol and growth hormone [9].

Plasma leptin is mainly bound to a soluble receptor (LRe) and albumin. Free 
(unbound) leptin crosses the blood–brain barrier via a saturable mechanism [10], 
and acts in the hypothalamus and other brain targets to control feeding, energy 
expenditure, neuroendocrine axis, and glucose and lipid metabolism [5]. The rapid 
decline in leptin during fasting inhibits reproduction, thyroid and growth hormones, 
energy expenditure and immunity, and increases feeding [6, 7, 11]. These responses 
are blocked by leptin treatment, confirming leptin’s role as a major “starvation 
hormone” [6, 7, 11]. Similarly, congenital leptin deficiency in rodents and humans 
is characterized by hyperphagia, reduced thermogenesis, hypothyroidism, hypo-
gonadism, and immunosuppression [5, 7]. Together, these findings demonstrate a 
critical role of leptin as a signal for energy deficiency.

Leptin Signaling

Various leptin receptors (LR) are derived from alternative splicing of the Lepr gene 
product [12]. Short leptin receptors, LRa, LRc, LRd, and LRf (in mice) and the long 
leptin receptor, LRb, share identical extracellular and transmembrane domains and 
the first 29 intracellular amino acids; however, LRb is the only leptin receptor with 
an intracellular domain critical for leptin signal transduction. LRa is widely 
expressed and conserved among species. Studies have suggested that LRa may 
serve as a leptin transporter in the brain capillary endothelium [13]. LRe, consisting 
of the extracellular domain, binds leptin in the plasma and may determine the 
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bioavailability of leptin. Consistent with its role as the predominant leptin signaling 
receptor, db/db mice lacking LRb due to a mutation that causes missplicing of the 
LRb mRNA, and db3j/db3j mice lacking all LR isoforms, develop profound hyper-
phagia and morbid obesity, similar to leptin-deficient ob/ob mice [5, 12]. Likewise, 
human LEP and LEPR mutations result in hyperphagia and obesity [14, 15].

Two sets of neurons in the hypothalamic arcuate nucleus express high levels of 
LRb [5]. Neurons that co-express LRb and neuropeptide Y (NPY) and agouti-
related peptide (AGRP) synapse on neurons in the paraventricular nucleus (PVN) 
that express NPY-Y1 and NPY-Y5 receptors and MC4 receptors (MC4R). Arcuate 
neurons co-expressing LRb and proopiomelanocortin (POMC), the precursor of 
a-melanocyte stimulating hormone (MSH), and cocaine and amphetamine-regu-
lated transcript (CART), also project to PVN. The binding of leptin to LRb inhibits 
NPY/AGRP and stimulates POMC/CART, leading to appetite suppression, 
increased energy expenditure and weight loss. AGRP normally blocks a-MSH 
signaling via MC4R in PVN. Low leptin levels during fasting increase NPY/AGRP 
and reduce POMC/CART, resulting in hyperphagia, reduced energy expenditure, 
and weight increase [5]. Similar changes in neuropeptide levels are detected in the 
hypothalami of ob/ob and db/db mice [5]. Leptin signaling in PVN is transduced 
through second order neurons that express TRH, CRH, and oxytocin [5]. Other 
neuronal targets of leptin are located in the brainstem and limbic areas, and will be 
discussed in greater detail in Chapter 5.

The binding of leptin to LRb results in transphosphorylation and activation of 
janus kinase-2 (Jak2), which then phosphorylates other tyrosine residues within the 
LRb/Jak2 complex (Fig. 1) [5]. Three conserved tyrosine residues, Tyr985, 
Tyr1077, and Tyr1138, on the intracellular domain of LRb are phosphorylated and 
mediate leptin signaling. Phosphorylated Tyr985 binds the phosphotyrosine binding 
(SH2) domain of the tyrosine phosphatase SHP-2, resulting in activation of p21ras 
and ERK signaling. Phosphorylation of Tyr1138 recruits STAT3 to LRb/Jak2 
complex, resulting in the tyrosine phosphorylation and translocation of STAT3 to 
the nucleus to regulate transcription of neuropeptide and SOCS-3 (suppressor of 
cytokine signaling-3) (Fig. 1). The latter binds to Tyr985 of LRb and mediates the 
feedback inhibition of LRb-STAT3 signaling.

As expected, deletion of LRb or STAT3 leads to obesity [16]. A mutant 
LRbS1138 containing a substitution mutation of Tyr1138 (the STAT3 binding site), 
failed to activate STAT3 activation in response to leptin, resulting in hyperphagia, 
reduced thermogenesis, tertiary hypothyroidism, and early-onset obesity [17]. 
These features recapitulated the phenotype of db/db mice. However, LRbS1138 
mice showed glucose tolerance, fertility, linear growth and immunity were 
improved, in contrast to db/db mice [17]. Moreover, POMC expression was reduced 
in both LRbS1138 and db/db mice, while NPY and AGRP were reduced in 
LRbS1138 but increased in db/db mice. These results show distinct roles of LRb–
Tyr1138–STAT3 signaling in the regulation of feeding, energy expenditure, 
neuroendocrine axis, and glucose homeostasis [17]. A mutation of Tyr985 prevented 
phosphorylation of this site and activation of SOCS-3. As expected, leptin signaling 
was enhanced, resulting in reduction of food intake and weight loss [18].
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Leptin Resistance

The inability of high endogenous or exogenous leptin to inhibit feeding and 
decrease weight in obesity is suggestive of “leptin resistance” [12]. A number of 
mechanisms have been proposed to explain leptin resistance in diet-induced 
obesity. The transport of leptin across the blood–brain barrier is impaired in diet-
induced obesity [12]. The specific leptin transport defect in unknown, but lipids 
could play an important role [19]. Hyperleptinemia in obesity is associated with 
decreased LRb Tyr985-mediated phosphorylation of STAT3, and induction of 
SOCS-3 expression in the hypothalamus [12]. Tyr985 and SOCS-3 contribute to 
leptin resistance, as evidenced by increased leptin sensitivity and leanness when 
SOCS-3 was deleted in arcuate hypothalamic POMC neurons [20]. Another 
possible mediator of leptin resistance is the tyrosine phosphatase PTP1B, which 
dephosphorylates Jak2 and blunts LRb signaling [21]. Neuron-specific deletion of 
PTP1B increased leptin sensitivity and protected against obesity, while PTP1B 
deletion in adipocytes and liver did not decrease weight [22].

Fig. 1 Leptin signal transduction. Leptin binding to its receptor LRb activates Janus kinase (JAK) 
which autophosphorylates and then phosphorylates LRb on tyrosine multiple residues. Tyr

1138
 

mediates the phosphorylation and activation of STAT3, which is then translocated into the nucleus 
to regulate the transcription of neuropeptides. Suppressor of cytokine signaling-3 (SOCS-3) is also 
induced by pSTAT3 and terminates leptin signaling
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The robust signaling of low leptin levels is likely to have evolved to maximize 
feeding and energy storage as a defense against starvation [5]. On the other 
hand, leptin resistance appears to have emerged as a problem in modern human 
history, where food is abundant and physical activity is sparse [12]. However, 
there appears to be a physiological need for leptin resistance in some circum-
stances. For example, seasonal animals, e.g., hibernators exhibit leptin resis-
tance as a means of increasing food intake and promoting energy storage [23]. 
Leptin resistance has also been proposed as a means of maintaining high 
food consumption and energy storage to meet the high demands of pregnancy 
and lactation [24, 25].

Other Mechanisms of Leptin Signaling in Neurons

LRb is expressed in the nucleus of the solitary tract (NTS) and lateral parabrachial 
nucleus in the brain stem, and ventral tegmental area in the midbrain [5, 26, 27]. 
Leptin modulates the feeding-reward circuitry by inducing STAT3 phosphorylation 
in dopamine and GABA (g-amino butyric acid) neurons of the ventral tegmental 
area and mesoaccumbens [26, 27]. AMP-activated protein kinase (AMPK) is 
another important leptin target [28]. AMPK is phosphorylated and activated in 
response during cellular stress or fasting, which results in fatty acid oxidation and 
inhibition of anabolic pathways [28]. AMPK is co-localized with LRb, STAT3, 
NPY, and other hypothalamic neuropeptides. Leptin inhibits AMPK in the hypo-
thalamus, in parallel with appetite suppression and weight loss [28]. Leptin also 
engages insulin signaling pathways in the hypothalamus, via Jak2, PI3K (phospho-
inositide 3-kinase) and IRS1 and IRS2 (insulin receptor substrate 1 and 2), leading 
to suppression of feeding [29].

Not all of leptin’s effects in the brain can be explained on the basis of Jak2–
STAT3 signaling. For example, leptin depolarizes arcuate POMC neurons, and 
decreases the inhibitory tone of GABA on POMC neurons [30]. Leptin hyperpolarizes 
and inactivates NPY neurons in the arcuate nucleus [30]. In contrast, low leptin 
during fasting depolarizes NPY/AGRP neurons and stimulates feeding [30]. Leptin 
hyperpolarizes glucose-responsive neurons in the hypothalamus by opening KATP 
channels, resulting in inhibition of feeding and weight loss [5].

Leptin modulates synaptic density in NPY and POMC neurons in the hypothalamus 
within a few hours [31]. Leptin also affects brain structure, as evidenced by reduc-
tion of brain size in humans and rodents with congenital leptin deficiency [32, 33]. 
In ob/ob mice, leptin deficiency is associated with neuronal loss and impaired 
myelination [34, 35]. These deficits are partially reversed by leptin treatment [32, 33]. 
Leptin also plays an important role in the development of hypothalamic arcuate to 
PVN neuronal projections during the early postnatal period [36]. This action is also 
attenuated in diet-induced obesity, providing a structural explanation to abnormal 
neurotransmission in obesity [37].
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Functional magnetic resonance imaging (fMRI) has revealed profound effects of 
leptin in brain activity [23, 38, 39]. Obese patients were food restricted, maintained 
at 10% below their starting weight, and given leptin replacement therapy or placebo 
[39]. Declining leptin levels during weight loss increased brain activity in areas 
involved in emotional, cognitive, and sensory control of food intake. Leptin 
replacement reversed the changes in brain activity and maintained weight loss, 
confirming leptin is a critical factor linking reduced energy stores to feeding [39]. 
Leptin treatment blunted the desire to eat in patients with congenital leptin defi-
ciency [23]. Interestingly, leptin inhibited of striatal brain activity, consistent with 
its role in the regulation of pleasure and reward responses to food [23]. In another 
study in patients with congenital leptin deficiency, leptin treatment decreased activity 
of brain areas that sense hunger, and increased activity in areas linked to satiety 
[38]. Leptin also stimulates hippocampal activity and cognitive function [38]. 
Recently, high leptin levels have been associated with reduced incidence of dementia 
and Alzheimer’s disease in the Framingham cohort [40].

Other Actions of Leptin

Leptin resistance in obesity has been linked to steatosis, lipotoxicity, and organ 
dysfunction [41]. Although the brain is the major site of leptin action, low levels of 
LRb are expressed in peripheral tissues and involved in metabolism. Leptin normalizes 
plasma glucose and insulin in ob/ob mice without significantly reducing body 
weight [42]. Analysis of liver mRNA using microarrays identified IGF binding 
protein 2 (IGFBP2) as being regulated by leptin. Overexpression of IGFBP2 via 
adenovirus reversed diabetes in ob/ob, as well as agouti (Ay/a) and diet-induced 
obese mice [42]. These results show that leptin-inducible IGFBP2 can regulate 
glucose metabolism, a finding with potential implications for the treatment of 
diabetes. Leptin suppresses insulin gene expression and secretion in human pancre-
atic islet [43]. Deletion of LRb from pancreatic b cells increased islet mass, and 
impaired glucose-stimulated insulin release and glucose tolerance [44].

Leptin has major effects on immunity [45]. LRb is expressed by CD34+ 
hematopoietic bone-marrow precursors, monocytes and macrophages and T and B 
cells. Leptin promotes innate immunity through activation of monocytes/mac-
rophages, neutrophils, and natural killer cells [45]. The effect of leptin on bone 
biology has attracted a lot of attention [46]. Although ob/ob mice have hypotha-
lamic hypogonadism and markedly elevated glucocorticoids, bone density is 
surprisingly normal [46]. Leptin reduces bone mass via the sympathetic nervous 
system and CART [46]. As predicted, deletion of neuronal LRb increased bone 
formation and resorption, resulting in a high bone mass [47]. Bone mass was also 
enhanced when leptin signaling was increased through a Y985L substitution in LRb 
[47]. Furthermore, leptin decreased the levels of osteocalcin, revealing an important 
connection between leptin and bone biology [47].
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Adiponectin

Regulation of Adiponectin

Adiponectin is synthesized and secreted by white adipocytes. The primary structure 
of adiponectin is composed of an N-terminal sequence, hypervariable domain, 15 
collagenous repeats, and a C-terminal domain [48]. A trimeric form of adiponectin 
is secreted by adipocytes, and forms hexamers [low molecular weight (LMW)] and 
six trimers [18 mers, high molecular weight (HMW)], via non-covalent bonding 
[48]. HMW adiponectin is the bioactive form of adiponectin in plasma, while 
trimeric and hexameric forms are predominant in cerebrospinal fluid (CSF) [34, 
49]. Adiponectin also undergoes other post-translational modifications, including 
glycosylation [48]. Women have higher concentrations of both total and HMW 
adiponectin than males, partly because adiponectin is decreased by androgens. 
Unlike the fall of leptin, adiponectin is reduced in obesity and increased during 
prolonged fasting and severe weight reduction. HMW adiponectin is increased by 
thiazolidinediones, and is thought to mediate the insulin sensitizing effect of this 
class of antidiabetic drug [48, 49].

Adiponectin Signaling

Adiponectin receptors, AdipoR1 and AdipoR2, containing seven transmembrane 
domains with an internal N-terminus and an external C-terminus, mediate the 
signaling of adiponectin [35]. AdipoR1 is highly expressed in skeletal muscle, 
while AdipoR2 is mainly expressed in liver [35]. AdipoR1 has a higher affinity for 
the globular form of adiponectin than for full-length adiponectin. AdipoR2 has an 
intermediate affinity for both globular and full-length adiponectin [35].

Adiponectin increases glucose uptake and fatty acid oxidation in skeletal muscle 
via AdipoR1 and adaptor protein containing pleckstrin homology domain, phos-
photyrosine domain, and leucine zipper domain (APPL) (Fig. 2) [50]. Adiponectin 
stimulates APPL binding to the intracellular region of AdipoR1, which activates 
Rab5, a small GTPase that increases the membrane translocation of glucose trans-
porter-4 and glucose uptake in muscle [50]. APPL also interacts with PI3 kinase 
and Akt, suggesting a means by which adiponectin enhances insulin signaling [50]. 
Association of APPL and AdipoR1 stimulates phosphorylation and activation of 
AMPK, and inhibits ACC. Since ACC stimulates production of malonyl-CoA 
production and inhibits fatty acid oxidation, AdipoR-mediated activation of AMPK 
has a net effect to enhance fatty acid oxidation and decrease adiposity (Fig. 2). 
AMPK activation increases glucose uptake and lactate production in muscle and 
suppresses gluconeogenesis (Fig. 2).

Expression of AdipoR1 and R2 activated AMPK and PPARa signaling in the liver 
of db/db mice, decreased gluconeogenesis, and enhanced fatty acid oxidation [51]. 
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In contrast, AdipoR1 deficiency decreased adiponectin-induced AMPK activation, 
while AdipoR2 deficiency decreased PPARa signaling [51]. Disruption of both 
AdipoR1 and AdipoR2 abolished adiponectin binding, induced lipid accumulation 
in liver and muscle, and induced inflammation, oxidative stress and insulin resis-
tance [51]. Together, these genetic manipulations highlight the importance of 
adiponectin in glucose and lipid metabolism.

Adiponectin and Metabolic Syndrome

Total adiponectin deficiency in rodents increases hepatic insulin resistance, inflam-
mation, and vascular injury [48, 52, 53]. Similarly, hypoadiponectinemia in humans 
is associated with insulin resistance, inflammation, dyslipidemia, and risk of 
atherogenic vascular disease [48]. Individuals with a family history of type 2 
diabetes display skeletal muscle insulin resistance and impaired mitochondrial 
function strongly associated with adiponectin deficiency [54]. Adiponectin 
treatment of human myotubes increased mitochondrial biogenesis, fatty acid oxida-
tion, and citrate synthase activity, suppressed reactive oxygen species production, 
and increased glucose uptake [54].

Fig. 2 Adiponectin and insulin signaling in muscle. Adiponectin binds to AdipoR1, which binds 
to the adapter protein, APPL, which then binds to Rab5, a small GTPase required for the 
membrane translocation of the glucose transporter (GLUT4). Activation of AdipoR1 leads to the 
activation of AMP-activated protein kinase (AMPK) which inhibits acetyl-CoA carboxylase 
(ACC) to increase fatty acid oxidation. APPL has also been associated with the activation of PI3 
kinase and Akt in the insulin signaling pathway, resulting in an increase in glucose uptake
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In rodents, adiponectin treatment attenuates the progression of vascular injury 
and atherosclerosis in rodents [52]. Adiponectin stimulates production of nitric oxide 
in endothelial cells, reduces reactive oxygen species, and protects against inflam-
mation, by activating AMPK [55]. Adiponectin is also protective against ischemic–
reperfusion injury in the heart via cyclo-oxygenase-2-mediated suppression of TNF 
signaling, and inhibition of oxidative stress and apoptosis [56]. Adiponectin inhib-
its monocyte adhesion, macrophage transformation, proliferation and migration of 
vascular smooth muscle cells, by activating AMPK and inhibiting NF-kB (nuclear 
factor kB) [55].

Obesity is associated with accumulation of lipids not only in adipose tissue, but 
also in the liver, skeletal muscle, and pancreatic islet. Ectopic lipid accumulation 
has been linked to insulin resistance and pancreatic b-cell failure [41]. It has been 
suggested that ectopic fat has more adverse consequences than excess adipose 
tissue. In fact, removal of subcutaneous adipose tissue through liposuction did not 
improve diabetes and other obesity-associated metabolic abnormalities [57]. 
Moreover, thiazolidinediones stimulate adipogenesis while improving insulin 
sensitivity. The connection between adiponectin and metabolic changes associated 
with obesity was examined in a mouse model overexpressing a modest amount of 
adiponectin [58]. An increase in adiponectin in ob/ob mice resulted in dramatic 
expansion of subcutaneous adipose tissue. However, hepatic steatosis, insulin resis-
tance and islet function, were all improved in these massively obese mice [58]. 
Whether adiponectin promotes adipogenesis and lipid storage directly in adipose 
tissue is unknown [58]. Nonetheless, this is a novel example of metabolically 
benign obesity [59].

CNS Action of Adiponectin

Adiponectin affects energy balance via neuronal circuits in the brain [60]. 
Adiponectin is present in the CSF in rodents and humans, and CSF adiponectin is 
increased following peripheral adiponectin administration, suggesting that 
adiponectin can cross the blood–brain barrier [34, 60, 61]. Central administration 
of adiponectin stimulated energy expenditure and decreased weight and fat content 
in mice [60]. Adiponectin also enhanced AMPK activity in the arcuate nucleus 
through AdipoR1, increased food intake, and decreased energy expenditure [61]. 
In contrast, adiponectin knockout mice showed decreased AMPK phosphorylation 
in the arcuate nucleus, inhibition of food intake, increased energy expenditure, and 
resistance to obesity [61]. Serum and CSF levels of adiponectin and AdipoR1 
expression in the arcuate nucleus are increased in response to fasting, indicating 
that adiponectin is a major signal for the physiological adaptation to fasting [61].

An opposite effect of adiponectin was observed in another study [62]. 
Intracerebroventricular injection of adiponectin inhibited food intake, and increased 
the activities of IRS1/2, ERK, Akt, FOXO1, Jak2 and STAT3, via AdipoR1 in the 
hypothalamus [62]. In contrast, others have shown that deletion of AdipoR 
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increased adiposity, and decreased glucose tolerance, locomotor activity and energy 
expenditure. AdipoR2 knockout mice were lean, and had improved glucose toler-
ance, higher locomotor activity and energy expenditure, and reduced plasma 
cholesterol levels [63].

Adiponectin has rapid electrophysiological actions in the brain [64–67]. 
The area postrema (AP) in the brainstem lacks a blood–brain barrier and is a critical 
homeostatic integrator for humoral and neural signals. AP neurons expressing both 
AdipoR1 and AdipoR2 were depolarized by adiponectin, and direct injection of 
adiponectin into AP increased blood pressure [64]. However, adiponectin decreased 
blood pressure by modulating the excitability of NPY neurons in the NTS [67]. 
Adiponectin also depolarized CRH neurons in PVN, and increased plasma ACTH 
levels [65]. In contrast, adiponectin did not affect TRH neurons in the PVN [65]. 
Instead, adiponectin depolarized both pre-autonomic TRH and oxytocin neurons, 
revealing distinct populations of PVN neurons involved in autonomic and neuro-
endocrine functions of adiponectin [66].

Resistin

Regulation of Resistin

Resistin belongs to a family of cystine-rich peptides called resistin-like molecules 
[68]. Resistin is expressed and secreted by adipocytes in rodents and induces 
insulin resistance [68]. In rodents, serum resistin levels are increased in obesity, 
while resistin mRNA levels in adipose tissue are reduced [68–70]. Multimeric 
complexes of resistin and resistin-like molecule-b have been identified in mouse 
serum [71]. Each promoter consists of a COOH-terminal disulfide-rich b-sandwich 
head and an NH2-terminal a-helical tail, which associates to form three-stranded 
coils, linked by interchain disulfide linkages to form tail-to-tail hexamers. 
Resistin levels are higher in females, fall during fasting, and increase after 
re-feeding [69]. The nutritional regulation of resistin is under the control of insulin 
and glucose [69].

Resistin is also regulated by incretin hormones and lipoprotein lipase (LPL) 
activity [72, 73]. Resistin did not increase when mice lacking receptors for gluca-
gon-like peptide 1 and gastric inhibitory polypeptide (GIP) were fed a high-fat 
diet [72]. In contrast, chronic elevation of GIP levels increased plasma resistin 
levels in Zucker rats [73]. Furthermore, treatment of 3T3-L1 adipocytes with resis-
tin or GIP inhibited activities of AMPK and LPL [73]. RNA interference-mediated 
suppression of resistin attenuated the effect of GIP on AMPK and LPL pathways 
in 3T3-L1 adipocytes, indicating that resistin acts distally to GIP [73].

Peripheral resistin injection or adenovirus-mediated overexpression of resistin 
induces insulin resistance in mice [74, 75]. In contrast, ablation of the retn gene or inhibi-
tion of resistin via antisense oligonucleotides improved insulin sensitivity [76, 77]. 
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Resistin inhibits adipogenesis, whereas resistin deficiency increases body weight 
and fat, and improves insulin sensitivity [78, 79]. Thus, resistin has profound 
effects on energy and glucose metabolism. In agreement, we found that loss of 
resistin in ob/ob mice increased body weight and fat by decreasing energy expen-
diture [80]. Insulin sensitivity was improved in ob/ob mice lacking resistin, and 
reversed by resistin treatment [80]. While the resistin receptor is not known, resistin 
attenuated AMPK phosphorylation and increased SOCS-3 expression, suggesting 
an overlap in signaling pathways with leptin and adiponectin [80].

CNS Effects of Resistin

Resistin has been detected in CSF, and inhibits the release of dopamine and norepi-
nephrine from hypothalamic synaptosomes [81]. In rats, microinfusion of wild type 
resistin or an active cysteine mutant of resistin into the mediobasal hypothalamus 
stimulated induced hepatic insulin resistance, and increased TNF-a, IL-6, and 
SOCS-3 [82]. In contrast, antagonism of resistin action in the hypothalamus 
improved hepatic insulin sensitivity [82]. These findings have been confirmed in 
mice, in which intracerebroventricular resistin treatment induced hepatic insulin 
resistance and inflammation [83]. The effects were associated with induction of 
TNF-a, IL-6, and SOCS-3 in the liver. Interestingly, resistin increased NPY and 
AGRP in the hypothalamus, and the central effect on glucose homeostasis was 
abrogated in NPY-deficient mice as well as by pharmacological blockade of NPY-
Y1 receptor [83].

Biology of Human Resistin

In contrast to rodents, human resistin is synthesized and secreted by macrophages 
(Fig. 3) [84, 85]. Plasma resistin levels and single-nucleotide polymorphisms have 
been linked to obesity and lipid and glucose abnormalities in some studies [86–89], 
although others have failed to establish such a relationship [90, 91]. Resistin has 
been associated with inflammation, atherosclerosis, and heart failure [92–94]. 
Resistin is strongly related to the levels of soluble TNF receptor-2, IL-6- and lipo-
protein-associated phospholipase A2, and severity of coronary artery calcification 
[94]. The connection between resistin and inflammation was examined in an 
experimental endotoximea paradigm in humans [95]. Infusion of a low dose of 
lipopolysaccharide (LPS) induced fever and increased adipose TNF-a and IL-6 
levels, and insulin resistance. LPS increased resistin and leptin, suggesting a link 
between inflammation, adipokines, and glucose metabolism [96]. Neutralization of 
TNF-a in individuals with the metabolic syndrome increased total adiponectin but 
not HMW adiponectin, and decreased resistin. However, these changes did not 
affect insulin sensitivity [96, 97].
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We examined the biology of human resistin by creating mice that lack adipo-
cyte-derived mouse resistin but produce human resistin in a pattern similar to that 
found in humans, i.e., in macrophages. When fed a high-fat diet, the “humanized 
resistin” mice developed accelerated WAT inflammation, leading to increased 
lipolysis and increased serum free fatty acids. Over time, these mice accumulated 
lipids, including diacylglycerol, in skeletal muscle, resulting in insulin resistance. 
Thus, human resistin contributes to insulin resistance, despite the difference in the 
tissue origins of resistin in humans and mice [98].

Other Adipokines Related to Obesity

Proinflammatory Cytokines

TNF-a is expressed by adipocytes, stromovascular cells, and macrophages in 
adipose tissue [99]. TNF-a induces the expression of genes involved in cholesterol 
and fatty acid synthesis, and inhibits the expression of genes involved in fatty acid 
oxidation and glucose uptake in liver [99]. Obesity is associated with increased 
TNF-a expression, insulin resistance, and hyperlipidemia [100, 101]. Conversely, 
deletion of TNF-a or its receptors improved insulin sensitivity and reduced the 
levels of circulating free fatty acids in obese mice [102]. TNF-a attenuates insulin 
signaling partly by activating the NF-kB pathway [103]. IKKb overexpression 
attenuates insulin signaling. TNF-a also induces insulin resistance by activating the Jun 
N-terminal kinase family of serine/threonine protein kinases, which phosphorylates 

Fig. 3 Sources of resistin in mice and humans. Mouse resistin is expressed by adipocytes and 
induces insulin resistance. Mouse resistin is inhibited by thiazolidinediones (TZD), which could 
partly explain the insulin sensitizing effect of this anti-diabetic drug. Human resistin is expressed 
by macrophages, and increased by inflammatory cytokines. Human resistin induces insulin resis-
tance when expressed in resistin knock out mice



82 R.S. Ahima and M.D. Goncalves

IRS-1/IRS-2 on serine residues, thus disrupting the insulin signaling cascade in 
muscle, adipose tissue, and liver [104].

Interleukin-6 is another proinflammatory cytokine that is increased in obesity 
[105]. Adipocytes and stromal cells express IL-6 and its receptor (IL-6R), which 
belongs to the same cytokine receptor family as LRb. IL-6 binding to IL-6R and 
gp130 results in activation of Jak/STAT3 signaling pathway [106]. Elevation of 
serum IL-6 parallels the development of insulin resistance in humans. IL-6 inhibits 
insulin signaling in hepatocytes by decreasing tyrosine phosphorylation of the insulin 
receptor, association with PI3K to IRS-1, and activation of Akt [106]. IL-6 also 
induces the expression of SOCS-3, which inhibits insulin signaling [107]. 
Intracerebroventricular injection of IL-6 in rodents increases energy expenditure, 
resulting in weight loss. Conversely, mice lacking IL-6 develop obesity that is 
reversed by IL-6 treatment [107].

Retinol Binding Protein-4

This adipokine produced by adipose tissue and liver, is increased in obese rodents, 
but the levels are highly variable in humans [108–111]. Studies revealed that RBP4 
treatment induced insulin resistance in mice, while a reduction of RBP4 in obese 
mice reduced glucose levels [108]. Further analysis on the mechanism of action of 
RBP4 demonstrated that increased serum levels of RBP4 inhibited PI3K activity in 
muscle, thus decreasing insulin signaling [108]. Furthermore, administration of 
RBP4 in wild type mice reduced tyrosine phosphorylation of IRS-1 [108]. 
Administration of RBP4 stimulated the expression of PEPCK, which led to an 
increase of hepatic glucose production [108].

Concluding Remarks

Adipose tissue has gained recognition not only as the main energy storage organ, 
but also as a source of secreted peptides. This review highlights the roles of leptin, 
adiponectin and proinflammatory cytokines in obesity, diabetes, and related disor-
ders. Current research areas include the origin of adipose tissue, and specific 
functions of subcutaneous and visceral adipose tissue, and how they relate to normal 
physiology and disease. Our knowledge of adipokine signaling has benefited 
immensely from animal models, but there are potential pitfalls, e.g., differences in 
the sources of adipokines and target tissues. Moreover, important differences exist 
between rodent and human circadian rhythms, thermoregulation, immune function 
and glucose and lipid metabolism. Thus, it is necessary to confirm discoveries 
about adipokine signaling in humans under normal physiological conditions and 
disease states.
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Introduction

Hunger is defined as a strong desire for food, while satiety is defined as a feeling 
of being full. These subjective characteristics of eating behavior arise from afferent 
neuronal and humoral signals from the gastrointestinal tract, adipose tissue, and 
other peripheral organs to the brain. Food intake provides energy to meet the 
requirements of basal metabolism, thermogenesis, and physical activity. It is logical 
that evolution has favored the development of mechanisms that promote eating and 
energy storage in order to protect us from the threat of starvation. Ironically, this 
genetic advantage toward positive energy balance has contributed to the obesity 
epidemic in modern societies where food is plentiful and exercise is sparse. Over 
time, the mismatch between energy intake and expenditure leads to excessive 
energy storage in the form of triglycerides in adipose tissue.

A role for the hypothalamus in the control of feeding was proposed in the 1940s 
based on lesion experiments [1]. Lesions of the ventromedial hypothalamus 
resulted in overeating and rapid weight increase, while lesions of the lateral hypo-
thalamus resulted in failure of spontaneous feeding and starvation. These classic 
studies provided a conceptual framework for feeding regulation, in which the lateral 
hypothalamus was considered the “feeding center,” and the ventromedial hypo-
thalamus was considered the “satiety center.” However, the hypothalamic lesions 
were not precise and often disrupted major fiber systems connecting the hypothala-
mus to other areas of the brain [1]. Nonetheless, the importance of the hypothalamus 
was rekindled in later studies involving parabiosis (i.e., cross-circulation) of obese 
ventromedial hypothalamic-lesioned rats (VMH) and normal (lean) rats [2].  
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The lean rats ate less food and lost weight, while the VMH rats gained weight, sug-
gesting the existence of a circulating satiety factor probably acting in the brain to 
control feeding and body weight [2]. Subsequently, the ob and db mutations, both 
of which caused hyperphagia and early onset obesity, were discovered in mice [3, 
4]. In the 1990s the ob gene was shown to encode leptin while the db gene was 
shown to encode the leptin receptor [1, 5]. This chapter will focus on how hypotha-
lamic and brainstem nuclei receive and integrate signals from the gastrointestinal 
tract and adipose tissue, and integrate the information for short- and long-term 
regulation of feeding and energy homeostasis (Fig. 1).

Hypothalamic Regulation of Feeding  
and Energy Homeostasis

Arcuate Nucleus

The arcuate nucleus is located in the basal hypothalamus, above the median eminence 
and pituitary stalk. Two distinct populations of neurons within the arcuate nucleus 
have been shown to be important in controlling energy homeostasis [1, 5]. One 
population of neurons co-expresses neuropeptide Y (NPY) and agouti-related peptide 
(AGRP). Intracerebroventricular (ICV) injection of either NPY or AGRP potently 

Fig. 1 Brain–gut–adipose interactions. Nutrients, gastrointestinal hormones, adipokines, and 
vagal afferents signal to the hypothalamus and brainstem to coordinate feeding and metabolic 
adaptations
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stimulates food intake and weight gain [6, 7]. The second population of neurons in 
the arcuate nucleus co-expresses cocaine and amphetamine-related transcript 
(CART) and a-melanocyte-stimulating hormone (MSH), derived from a precursor 
protein pro-opiomelanocortin (POMC) [1, 5]. CART and a-MSH inhibit food 
intake when administered ICV [8, 9]. NPY exerts its orexigenic action by activating 
NPY Y1 and Y5 receptor, while a-MSH inhibits feeding via melanocortin (MC)-4 
receptors [1, 5]. AGRP acts mainly as an antagonist to a-MSH [10]. NPY/AGRP 
and POMC/CART neurons project from the arcuate nucleus to the paraventricular 
nucleus (PVN), ventromedial nucleus (VMN), dorsomedial nucleus (DMN), and 
perifornical and lateral hypothalamic areas (LHA) (Fig. 2) [1, 5]. These nuclei 
project to the dorsal vagal complex (DVC), which includes the nucleus tractus 
solitarius (NTS) and the dorsal motor nucleus of the vagus (DMV) [1].

The pharmacological effects of neuropeptides expressed in the arcuate nucleus 
have been confirmed in some genetic models (Tables 1 and 2). Transgenic over-
expression of NPY or AGRP causes hyperphagia and obesity in mice [11, 12]. 
POMC deficiency causes hyperphagia, obesity, and hypopigmentation in mice and 
humans [13, 14]. Ablation of the mc4r gene in mice or mutations that disrupt MC4 
receptor signaling in humans causes hyperphagia, obesity, and increased linear growth 

Fig. 2 Hypothalamic neuronal circuitry. Neurons in the arcuate nucleus expressing NPY/AGRP 
or POMC/CART project to the paraventricular (PVN) and lateral hypothalamic area (LHA) to 
regulate feeding, energy expenditure, and neuroendocrine axis, through the expression of corti-
cotropin-releasing hormone (CRH), thyrotropin-releasing hormone (TRH), oxytocin (OXY), 
orexins (ORX), and melanin-concentrating hormone (MCH). Neuronal projections from the 
suprachiasmatic nucleus (SCN), ventromedial nucleus (VMN), dorsomedial nuclei (DMN), and 
subparaventricular zone (SpVz), are involved in the control of feeding and circadian rhythms
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[15, 16]. MC4 receptor-deficient patients are also protected from hypertension, 
reflecting a permissive effect of central melanocortin signaling on sympathetic 
nervous control of blood pressure [17]. Surprisingly, deletion of npy did not affect 
feeding and body weight [18]. However, later studies showed that NPY-deficient 
ob/ob mice were less hyperphagic and leaner than ob/ob mice [19]. NPY deficiency 
also attenuated post-fast hyperphagia and weight regain in diabetic or starved 
mice, suggesting that a major action of NPY is to promote feeding and replenish 
energy stores [20, 21]. The orexigenic action of NPY is thought to occur through 
the Y5 receptor in the hypothalamus; however, ablation of this gene produced an 
opposite phenotype, resulting instead in obesity [22]. Furthermore, AGRP defi-
ciency did not affect feeding and in neonatal mice, whereas adult mice lacking 
AGRP died of starvation [23, 24]. Together, these findings highlight the complex 
and redundant roles of hypothalamic neuropeptides.

Leptin and insulin inhibit feeding by suppressing NPY/AGRP neurons and 
stimulating POMC neurons [5] (Fig. 3). Since the brain is protected by a blood–
brain barrier (BBB), how do hormones reach neurons in the arcuate nucleus? 
A potential mechanism is that insulin and leptin cross the BBB endothelium via carrier-
mediated transport [25, 26]. Systemic administration of horseradish peroxidase has 
been shown to penetrate the arcuate nucleus, suggesting that large molecules in the 
circulation may reach neurons in the arcuate nucleus neurons outside the BBB [27]. 
The circumventricular organs (CVOs) are structures lining the cavity of the third 

Fig. 3 Signaling of leptin and insulin in the hypothalamus. Leptin binds to the long leptin recep-
tor, which activates Janus kinase (JAK2) leading to nuclear translocation of STAT3 to mediate the 
transcriptional regulation of neuropeptides and suppressor of cytokine signaling-3 (SOCS3). 
SOCS3 inhibits leptin signaling. Leptin and insulin interact via activation of phosphatidylinosi-
tol-3 kinase (PI3K) to suppress feeding
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Table 1 Orexigenic neuropeptides, neurotransmitters, and hormones

 Targets Effects

Neuropeptides

Neuropeptide Y (NPY) PVN, LHA, PFA mRNAs increased by food restriction
Stimulates food intake when injected icv or in 

PVN, DMN or LHA
Y1 and Y5 receptors mediate central effects of 

NPY on feeding
Stimulates carbohydrate intake
Knockout blunts post-fast hyperphagia and 

attenuates obesity in ob/ob mice
Agouti-related peptide 

(AGRP)
PVN, LHA, PFA Expression restricted to the arcuate nucleus and 

co-localized with NPY
Potent antagonist of a-MSH at MC4 receptor
Expression increased during fasting
Prolonged stimulation of food intake when 

injected ICV or into the PVN
Sustained action in the brain may be mediated via 

syndecans
Specific deletion of agrp in NPY/AGRP in adult 

mice results in starvation
Orexins Cortex, limbic Close proximity with MCH-secreting neurons

Orexin-expressing neurons receive inputs from 
NPY, AGRP and α-MSH

ICV injection potently increases food intake and 
induces feeding-related activities

Melanin-concentrating 
hormone (MCH)

Cortex, limbic Expression restricted to the LHA and zona incerta
Inputs from NPY/AGRP and POMC/CART 

neurons
Expression increased during fasting
ICV injection stimulates food intake
Overexpression causes obesity and insulin-

resistance
Knockout results in hypophagia, hyperactivity and 

leanness
Galanin PVN mRNAs increased with obesity

Injection ICV or directly into the PVN stimulates 
food intake

Chronic infusion does not lead to obesity
Knockout has no phenotype

Galanin-like peptide 
(GALP)

PVN Mostly expressed in arcuate nucleus
Injection ICV or directly into the PVN increases 

food intake
Stimulates food intake by decreasing CART and 

increasing NPY

(continued)
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ventricle (neurohypophysis, vascular organ of the lamina terminalis, subfornical 
organ, pineal gland, and subcommissural organ) and of the fourth ventricle (area 
postrema). In contrast to capillaries in the rest of the brain which have tight junctions, 
the CVO capillaries have fenestrated endothelium and are very rich in peptidergic 
receptors [28]. The CVOs are well situated to detect hormones and relay the infor-
mation to hypothalamic nuclei to control energy homeostasis. The arcuate nucleus 
is not considered a CVO, but it is situated in close proximity to the median eminence, 
raising the possibility that leptin and other peptide hormones can reach neurons in 
the arcuate via passive transport, and regulate NPY/AGRP and POMC/CART neu-
rons, leading to coordinated changes in food intake, energy expenditure, and 
neuroendocrine function. Gut-derived hormones have been shown to signal in the 
area postrema and subfornical organ, and the information is then transmitted to 
the hypothalamus and other areas of the forebrain [29].

Table 1 (continued)

 Targets Effects

β-endorphin PVN, VMN Increases consumption of highly palatable food
ICV injection stimulates food intake
Chronic treatment with opioid antagonists 

(naloxone and naltrexone) suppresses feeding 
and decreases body weight

Knockout results in mild late-onset obesity
Norepinerphrine PVN, VMN Stimulates feeding when injected into the PVN

Chronic infusion into the VMN stimulates feeding 
and induces hyperinsulinemia and obesity

Stimulates carbohydrate intake
Effects on feeding mediated via α

2
 receptor

Gamma amino butyric 
acid (GABA)

PVN Injection ICV or in the PVN of GABA
A
 receptor 

agonist stimulates food intake
Systemic or ICV injection of GABA

B
 receptor 

agonist increases food intake
Preferential expression of GABA

A
R in POMC/

CART neurons
Preferential expression of GABA

B
R in NPY/

AGRP neurons
Knockout of β3 subunit of the GABA

A
 receptor or 

glutamic acid decarboxylase (GAD)-65 did not 
affect body weight

Glucocorticoids PVN, LHA, 
VMN, DMN

Enhances feeding probably through interaction 
with NPY, norepinephrine, and galanin. Effect 
on feeding mediated by type 2 corticosteroid 
receptor

Ghrelin Arc, PVN, NTS Increases feeding and weight
Ghrelin receptor knockout develop mild resistance 

to diet-induced obesity
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Table 2 Anorexigenic neuropeptides, neurotransmitters, and hormones

 Targets Effects

Neuropeptides
Alpha melanocyte-

stimulating 
hormone  
(α-MSH)

PVN ICV injection of α-MSH inhibits food intake
Effects mediated mainly through MC4R and partly by 

MC3R
Knockout of MC3R, MC4R and POMC leads to obesity

Cocaine and 
amphetamine-
regulated  
transcript  
(CART)

PVN ICV injection decreases food intake
Expression decreased during fasting
Co-expressed with POMC in the arcuate nucleus
Implicated in taste aversion

Thyrotropin-
releasing 
hormone (TRH)

DMN, and 
pituitary

ICV injection decreases both feeding and drinking
Expression decreased in the PVN during fasting
Depending on the feeding status of the mice, TRH 

neurons are either activated by CART or α-MSH, or 
inhibited by NPY

Knockout did not affect feeding or weight, but caused 
glucose intolerance

Corticotropin-
releasing 
hormone (CRH)

VMN, and 
pituitary

ICV injection decreases food intake
Effects on feeding mediated by CRH-2 receptors
CRH knockout: no change in feeding or weight
CRH-2 knockout: decreased post-fast feeding

Glucagon-like 
peptide-1 
(GLP-1)

PVN, DMN,  
Arc

ICV injection reduces food intake
ICV injection reduces fasting and NPY-induced food 

intake
Effects mediated through PVN and arcuate nucleus
GLP-1 knockout has no change in feeding or weight

Neurotransmitters
Serotonin PVN, VMN,  

Arc
ICV injection inhibits food intake
Serotonin reuptake inhibition reduces feeding
Decreases food intake partly via activation of MC4 

receptors in Arc
5HT

2C
 receptor knockout: hyperphagia, obesity, insulin 

resistance
Histamine PVN, VMN Activation of H1 or H3 receptor decreases food intake

Knockout of H3 receptor results in obesity
Hormones
Insulin Multiple Inhibits food intake when injected ICV or in the 

hypothalamus
Neuronal knockout developed mild obesity
Deletion of insr + lepr in POMC neurons resulted in 

insulin resistance
Leptin Arc, VMN, 

DMN
Decreases food intake and body weight when injected 

peripherally,
ICV or directly in the PVN
ob/ob: hyperphagia, obesity, impaired thermogenesis, 

hypogonadism
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Paraventricular Nucleus

The paraventricular nucleus (PVN) is a pennant shaped structure which lies adjacent 
to the dorsal aspect of the third ventricle, and is critically involved in integrating 
feeding, autonomic, and neuroendocrine functions [1, 5]. Microinjection of NPY 
into the PVN stimulates feeding, while microinjection of a-MSH or MC3/4 receptor 
agonists inhibits feeding [30, 31]. Electrophysiological studies have also 
demonstrated profound changes in PVN activity in response to leptin, adiponectin, 
cholecystokinin, and GLP-1 [32–35]. The PVN receives input from NPY/AGRP 
and POMC/CART neuron in the arcuate nucleus. The PVN contains neurons 
expressing corticotrophin-releasing hormone (CRH), thyrotropin-releasing hormone 
(TRH), oxytocin and vasopressin [1, 5]. These second order neurons transmit the 
effects of NPY and a-MSH and AGRP, leading to profound changes in feeding and 
energy expenditure [1, 5] (Fig. 2). CRH, TRH, vasopressin, and oxytocin play critical 
roles in the regulation of glucocorticoids, thyroid hormone, water balance, uterine 
contraction, and milk secretion respectively. The PVN shares reciprocal connec-
tions with areas in the brainstem such as the NTS, which receives vagal innervation 
from the gastrointestinal tract and has extensive reciprocal connections with the 
area postrema [36]. In turn, the area postrema monitors circulating signals, and 
transmits the information to the NTS to be relayed to the PVN and other forebrain 
nuclei [37].

Ventromedial Nucleus

As discussed earlier, the important role of the ventromedial nucleus (VMN) in the 
control of feeding behavior was first demonstrated in hypothalamic lesion studies [1]. 
Lesions of VMN caused overeating, impaired thermogenesis, hypogonadism, and 
morbid obesity [1]. VMN neurons are activated by gastric distention, an effect mediated 
by the vagus nerve [38]. Glucose-sensing neurons have also been characterized in the 
VMN, and mediate the counter-regulatory response to hypoglycemia [39].

Dorsomedial Nucleus

The dorsomedial nucleus (DMN) has extensive connections with other hypotha-
lamic pathways important for regulation of feeding [40]. The DMN also receives 
input from the suprachiasmatic nucleus and subparaventricular zone, suggesting an 
involvement in the control of circadian rhythms [41] (Fig. 2). It has been proposed 
that the DMN is involved in the feeding entrainment of circadian rhythms [42]. 
NPY is not normally expressed in the DMN but is induced in response to suckling 
and chronic food restriction [43, 44]. These changes are independent of leptin and 
thought to drive hyperphagia and energy storage [43, 44].



975 Neural Control of Feeding and Energy Homeostasis

Lateral Hypothalamic Area

Bilateral lesions of the lateral hypothalamic area (LHA) produce aphagia, while 
electrical stimulation induces feeding, even in satiated animals [45, 46]. The 
LHA contains glucose-sensitive neurons which are activated by low glucose 
levels and inhibited by leptin [47, 48]. Two distinct populations of LHA neu-
rons express orexins and melanin concentrating hormone (MCH) [1, 5]. Orexin 
A and B are released at terminals widely distributed in brain areas involved in 
the control of arousal, feeding, and autonomic function. Loss-of-function muta-
tions of orexin receptors cause narcolepsy [49, 50]. Neurons expressing orexin 
A, are stimulated by starvation and by hypoglycemia [51, 52], and inhibited by 
visceral feeding signals, likely through vagal sensory pathways relayed by the 
NTS [53].

MCH is increased during fasting and stimulates food intake when injected ICV 
or directly into the hypothalamus [54]. As predicted, ablation of mch or mchr1 
genes resulted in hypophagia and lean phenotype [55, 56]. However, a major fea-
ture of these mutant mice is hyperactivity, possibly reflecting the diffuse projec-
tions of MCH neurons from the LHA to cortical areas involved with arousal and 
locomotor activity [55, 56]. Leptin inhibits MCH expression indirectly via projec-
tions from the arcuate nucleus to the LHA [1, 5]. MCH is increased in ob/ob mice, 
and abation of mch attenuates hyperphagia and obesity [57].

Brainstem Regulation of Feeding and Energy Homeostasis

The caudal brainstem receives afferent innervation from the gastrointestinal 
tract, and has extensive reciprocal connections with the hypothalamus [58]. The 
NTS receives information from chemoreceptors and mechanoreceptors convey-
ing information about the taste, texture and chemical composition of food, and 
gastric distension [59]. This information is then relayed to the PVN and limbic 
areas in the forebrain. In addition to expressing glucagon-like peptide (GLP)-1, 
there is also evidence to suggest that the NTS contains POMC which is acti-
vated by cholecystokinin (CCK), resulting in inhibition of feeding and decrease 
in body weight [60, 61]. The NTS lies adjacent to the area postrema which 
lacks the normal BBB, and contains a variety of peptidergic receptors [29]. The 
area postrema is responsive to adiponectin, CCK, and orexin A [28, 29]. 
Ghrelin increases food intake partly by targeting the area postrema [29]. GLP-1, 
amylin and CCK also suppress feeding via the area postrema [29]. Leptin acti-
vates neurons in the NTS and lateral parabrachial nucleus, both of which 
receive vagal input from the gastrointestinal tract, and have extensive projec-
tions to the PVN and other forebrain areas [62, 63]. The NTS has been impli-
cated in taste aversion, which may involve GLP-1, CCK, PYY, and other 
neuropeptides [64].
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Short-Term Regulation of Energy Homeostasis  
by Nutrients and Gut Hormones

In addition to providing a conduit for food and secreting enzymes involved in the 
digestion of carbohydrates, lipids, and proteins, endocrine cells in the gastrointestinal 
tract produce peptides which control motility, appetite, satiety, and insulin secretion 
[65]. The presence of food in the gut stimulates stretch receptors and chemoreceptors 
which inhibit appetite and induce satiety. Gut-derived signals may be integrated in the 
brainstem via vagal afferents in the NTS, or the hypothalamus via the circulation. 
Neurons in the brainstem and hypothalamus respond acutely to changes in glucose, 
fatty acids, and amino acids, leading to initiation or termination of meals, as well as 
alterations in fuel metabolism in the liver and other organs [66, 67].

Several gut hormones have been shown to influence feeding [65] (Tables 1 
and 2). CCK decreases both meal size and duration thereby inhibiting food intake 
[68, 69]. CCK is released from the small intestine and activates gastric and duode-
nal vagal afferents sensitive to food volume. CCK acts synergistically with leptin to 
inhibit feeding [70]. Otsuka Long-Evans Tokushima Fatty (OLETF) rats lacking 
functional CCK1 receptors develop hyperphagia, diet-induced obesity and diabetes 
[71]. In contrast, disruption of CCK1 receptor in mice prevented the satiety effect 
of CCK but did not affect body weight in the long-term [72].

Ghrelin is produced mainly by the gastric mucosa, though ghrelin expression has 
also been detected in the hypothalamus and pancreatic islets [73]. A unique feature of 
ghrelin is the bioactive hormone is octanoylated on the third serine residue by Ghrelin-
O-Acyltransferase (GOAT), which is expressed in the gastric mucosa [73, 74]. Ghrelin 
acts via growth hormone secretagogue (GHS) receptor-1 to increase food intake and 
body weight [75]. Secretion of ghrelin is increased in response to starvation and sup-
pressed by meals. The pre-prandial rise in plasma ghrelin levels may signal meal initia-
tion. An earlier study suggested that the pre-prandial increase in ghrelin levels was 
blunted after bariatric surgery and may contribute to weight loss following this surgical 
procedure [76]. However, such an association between ghrelin and bariatric surgery 
was not confirmed by other investigators [77, 78]. High ghrelin levels precede the 
development of Prader–Willi syndrome, which may explain overeating and obesity 
typical of this condition [79]. Although ghrelin tends to be reduced in primary (com-
mon) obesity, it is unclear if this contributes to the pathogenesis of obesity [80, 81].

In rodents, peripheral and especially ICV ghrelin treatment increases food intake 
and body weight [75]. The orexigenic effect of ghrelin is disrupted by vagotomy indi-
cating that gastric vagal afferents play a major role in conveying ghrelin’s signal to the 
brain [82]. Ghrelin activates NPY/AGRP neurons and inhibits POMC neurons in the 
arcuate nucleus, and these effects are abolished in the presence of Y1 and GABA

A
 

receptor antagonists [83]. Mice that are incapable of ghrelin signaling were resistant to 
diet-induced obesity, although the phenotype was very mild [84]. Similarly, ghrelin-
deficient ob/ob mice did not show any obvious change in body weight, but insulin 
sensitivity was significantly improved [85]. Mice with deletion of goat had normal 
weight but became severely hypoglycemic in response to food restriction [86]. Infusion 
of ghrelin or growth hormone restored glucose to normal levels [86].
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Amylin is co-secreted with insulin from pancreatic b cells in response to food 
intake [65, 87]. Amylin lowers plasma glucose by delaying gastric emptying and 
intestinal glucose absorption, and suppressing glucagon. This hypoglycemic property 
was the basis for developing amylin analogs, e.g., pramlintide, for treatment of 
diabetes. Injection of amylin ICV or intrahypothalamically slows gastric emptying 
and induces satiety. Chronic amylin treatment reduces body weight by inhibiting 
food intake and increasing energy expenditure [88]. Amylin exerts these actions on 
energy homeostasis via neuronal circuits in the brainstem and hypothalamus [88].

PYY is produced by the intestinal L-cells [65]. The bioactive peptide, PYY
3–36

, is 
stimulated in proportion to the energy content of food and peaks 1–2 h postprandially. 
PYY

3–36
 has a high affinity for Y2 receptors and lower affinity for Y1 and Y5 recep-

tors. Peripheral administration of PYY inhibits food intake in rodents and humans 
[89]. Electrophysiological studies demonstrated that PYY

3–36
 depolarized and activated 

POMC neurons in the arcuate nucleus [89]. In addition, PYY
3–36

 acted presynaptically 
at Y2 receptors to decrease glutamatergic transmission between the NTS and DMV 
[90]. Although there is agreement that PYY reduces gastric emptying and pancreatic 
secretions, and increases intestinal absorption of fluids and electrolytes, the anorexi-
genic effect of PYY

3–36
 could not be reproduced in other studies [90, 91].

Glucagon-like peptides (GLP- 1 and GLP-2) and oxyntomodulin are produced 
by the post-translational processing of preproglucagon gene in the intestinal L-cells 
[92]. GLP-2 acts mainly to protect the intestinal mucosa. Like PYY, GLP-1, and 
oxyntomodulin are released into the circulation following a meal. GLP-1 acts as an 
incretin to stimulate glucose-dependent insulin secretion and delay gastric emptying 
[92]. Chronic administration of GLP-1 in the brain decreases food intake and body 
weight, mainly by targeting the PVN [92]. High-affinity binding sites for GLP-1 
have been identified in the arcuate nucleus, area postrema, and NTS [92]. Although 
the important role of GLP-1 in insulin secretion has been confirmed by GLP-1 
mimetics and dipeptidyl peptidase IV inhibitors which prevent the degradation of 
GLP-1, ablation of glp1r did not affect feeding and body weight, suggesting GLP-1 
is not critically involved in energy homeostasis [93–95]. In contrast, oxyntomodulin 
acts in the brainstem to inhibit food intake and increase energy expenditure [96].

Long-Term Regulation of Energy Stores  
by Adiposity Hormones

As discussed in chapter 4, adipokines act in the brain to control feeding and energy 
stores in adipose tissue. Congenital leptin deficiency causes hyperphagia, impaired 
thermoregulation (in rodents), steatosis, insulin resistance, hypogonadism, and 
immunosuppression [1, 5]. Leptin reverses these abnormalities mostly through 
CNS mechanisms. Leptin activates Jak2-STAT3 in NPY/AGRP and POMC/CART 
neurons in the arcuate nucleus, which project to the PVN and LHA [1, 5] (Figs. 2 
and 3). Second order neurons transmit the leptin signal to the brainstem, limbic areas, 
and cortex, leading to coordinated changes in eating behavior, energy expenditure, 
and neuroendocrine function [1, 5]. Most obese people have leptin resistance, but 
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whether this is the result of impaired leptin transport in the brain and/or attenuation 
of leptin signaling via SOCS3 is unknown [97].

Leptin receptors are expressed in multiple sites besides the hypothalamus and brain-
stem [1, 5]. Within the ventral tegmental area (VTA), which is critical for the reward 
circuitry, leptin targets dopamine and GABA neurons, inducing phosphorylation of 
signal-transducer-and-activator-of-transcription-3 (STAT3) [98]. Leptin-sensitive VTA 
neurons project to the nucleus accumbens to regulate hedonic aspects of feeding behav-
ior. Electrically stimulated dopamine release from nucleus accumbens shell terminals 
was attenuated in ob/ob brain slices and restored by leptin [98]. Direct injection of leptin 
into the VTA decreased food intake in mice, while RNAi-mediated knockdown of leptin 
receptors in the VTA increased food intake and preference for highly palatable food. 
These findings support a role for leptin in integrating motivated behavior [99].

Adiponectin is reduced in obesity and has been shown to regulate energy balance 
in rodents [100, 101]. Adiponectin increases energy expenditure in ob/ob mice, 
partly by activating MC4 receptors in the PVN [101]. Adiponectin is increased during 
fasting and targets the arcuate nucleus to stimulate feeding [100].

Insulin levels increase with meals and decrease in response to fasting. Insulin is 
also positively correlated with adiposity. Long before the discovery of leptin, it was 
reported that administration of insulin into the brain inhibited feeding and decreased 
body weight [102]. Insulin receptor and signaling molecules are widely distributed 
in the brain [103]. Genetic deletion of neuronal insulin receptors caused hyperphagia 
and disrupted estrus cycles in obesity in female mice [104]. Within the arcuate 
nucleus, insulin receptors are co-localized with a-MSH and NPY, and interact with 
leptin signaling via PI-3 kinase [103]. ICV insulin administration during fasting 
inhibits NPY mRNA levels in the arcuate nucleus [103]. However, genetic ablation 
of insulin receptor in NPY/AGRP or POMC neurons did not alter feeding or energy 
homeostasis [105, 106]. Instead, central insulin signaling is important for glucose 
homeostasis [105–107]. Reduction of insulin signaling molecules in the arcuate 
nucleus induced hepatic insulin resistance and increased glucose production [107].

Glucocorticoids exert a permissive effect on feeding, by promoting the expres-
sion of NPY and other orexigenic peptides [108]. Anorexia is a prominent feature 
of adrenal insufficiency, while excess glucocorticoids in Cushing’s syndrome 
stimulate feeding. Estrogen inhibits food intake, partly through interactions with 
leptin and insulin [109]. Proinflammatory cytokines also inhibit feeding and 
increase energy expenditure via hypothalamic mechanisms [110].

Role of Biogenic Amines in Feeding Regulation  
and Energy Homeostasis

Central biogenic amine pathways have been studied for their effects on feeding 
behavior and body weight [111, 112]. Monoaminergic neuronal circuits that 
use dopamine, norepinephrine, and serotonin (5-hydroxytryptamine, 5-HT) as 
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neurotransmitters have been major targets of drug development. For example, 
amphetamines, phentermine, and ephedrine, release monoamines from neu-
ronal stores, and their anti-obesity effect appears to be mediated through nor-
epinephrine. Sibutramine is a serotonin and norepinephrine reuptake inhibitor 
which causes sustained weight reduction by inducing satiety and increasing 
energy expenditure. Selective serotonin reuptake inhibitors have been used in 
the treatment of depression and eating disorders but have been less effective in 
the treatment of obesity. Nonetheless, genetic models support a major role of 
serotonin in energy homeostasis. Deletion of 5HT2c receptors, especially in 
POMC neurons of the arcuate nucleus, resulted in obesity [113, 114]. 
Furthermore, 5HT2c agonists improved glucose homeostasis through interac-
tions with the central melanocortin system [115]. Histamine receptors, H1 and 
H2, have been implicated in energy homeostasis. Deletion of H

3
 receptor 

resulted in obesity [116]. These findings suggest that 5-HT
2C

 and histamine (H
3
) 

receptors may be suitable for developing drugs for obesity and diabetes.
Obesity is common among patients with schizophrenia and often associated with 

detrimental health consequences. As in the general population, overconsumption of 
energy-dense food and sedentary lifestyle are major factors in the development of 
obesity in schizophrenia. However, the introduction of atypical antipsychotic 
agents, e.g., clozapine and olanzapine, had led to higher incidences of obesity, dia-
betes, and dyslipidemia [117, 118]. The underlying mechanisms are unclear, but 
studies have implicated a dysregulation of serotonin, opioid, and neuropeptide 
pathways [119, 120].

Conclusions

The past two decades has seen tremendous advances in our knowledge of brain 
circuits which control feeding and energy homeostasis. Contrary to the notion 
that feeding is regulated by discrete populations of neurons, emerging evidence 
points to a distributed circuitry across the hypothalamus, brainstem, limbic, and 
higher cortical areas. Neuropeptides and classical neurotransmitters that 
respond to metabolic signals from the gut, adipose tissue, and other organs, 
contribute to the integrated control of hunger, satiety, and energy storage. The 
central neuronal circuits involved in feeding and energy expenditure are hard-
wired, but also capable of adapting to short- and long-term alterations in energy 
requirements [121]. Leptin, estrogen, glucocorticoids, and ghrelin influence 
synaptic plasticity, and are capable of modulating feeding behavior under vary-
ing physiological and pathological conditions [122–124]. Dysregulation of 
these complex systems contributes to obesity, diabetes, and other metabolic 
diseases. Advances in molecular genetics and neuroimaging techniques will 
increase our understanding of the pathogenesis of obesity and enable the devel-
opment of novel therapies.
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Introduction

Apart from digesting and absorbing nutrients, the gastrointestinal (GI) tract also 
possesses important sensing and signaling functions. It is estimated that more than 
50 hormones and regulatory peptides are synthesized in the GI, primarily in 
response to food entering the digestive  system [1, 2]. The majority of the bioactive 
peptides are generated from a larger precursor (pro-hormone) by proteolytic cleav-
age mediated by various proconvertases (PC), and followed by modifications such 
as amidation [3]. Gut hormones are secreted from specialized enteroendocrine 
cells, different types of which are located in the stomach (G-cells), duodenum 
(D-cells), and the large intestine (L-cells).

The released molecules diffuse through the interstitial fluid and act locally, for 
example by activating nearby extrinsic sensory fibers. Hence, the effects of most 
gut hormones on food intake are abolished by vagotomy [5, 6]. They also enter the 
circulation and reach the feeding centers in various brain areas, including the brain-
stem, hypothalamus and midbrain regions involved in reward processing [7, 8]. The 
ability of gut hormones to penetrate the blood–brain barrier and their potential 
interactions with other hormones are major determinants of their central actions. 
Their gastrointestinal actions affect the secretion of gastric acid and pancreatic 
enzymes, gastric emptying, and intestinal motility [9, 10]. Among the most studied 
gastrointestinal peptides that regulate food intake are ghrelin, cholecystokinin 
(CCK), glucagon-like peptide 1 (GLP-1), glucose-dependent insulinotropic 
 polypeptide (GIP), oxyntomodulin, peptide YY (PYY), pancreatic polypeptide 
(PP), and amylin [1, 11, 12]. With the exception of ghrelin, which is considered a 
“hunger hormone,” the rest of the GI peptides and hormones mediate “satiation,” a 
fullness signal that leads to meal size reduction and termination of feeding [7]. 
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Satiation is distinct from “satiety,” which is associated with lack of a desire to start 
eating and thus postpones the initiation of the next meal [13]. Hormones secreted 
from the lower GI tend to have both satiation and satiety effects [11, 14].

Experimental approaches that have been applied in elucidating the physiological 
roles of gut hormones can be summarized in: (a) pharmacological studies using 
hormone agonists or antagonists; (b) analysis of the feeding behavior of hormone- 
or hormone receptor-deficient mice, which do not produce consistent results with 
pharmacology; (c) studies in humans, which are usually descriptive, though critical 
information has been gathered in particular from the study of obese patients who 
were subjected to bariatric surgery [15]. A major limitation in understanding the 
physiology of the gut hormones has been their extremely short half-life, a few min-
utes, due to degradation of the enzyme dipeptidyl peptidase-IV (DPP-IV). This also 
explains the lack of reliable serum detection assays for most of the gut  hormones, 
in addition to their structural similarities leading to cross-reactivity [1]. The regula-
tion of their bioavailability is also complex, and is affected by serum-binding pro-
teins and proteolytic enzymes. Gut hormone receptors belong to the G-protein 
coupled family that is characterized by seven-transmembrane regions. Often, the 
same hormone utilizes more than one receptor subtype and the same receptor can 
have multiple ligands [16]. In addition, there is significant functional interaction 
between gut hormones and hormones that regulate energy balance at the long-term, 
for example leptin, in particular at the hypothalamic level [17].

It is well accepted that disruption of the gut hormone homeostasis results in 
dysregulation of energy balance, most often toward obesity [18]. Several 
mechanisms have been proposed for these effects, including inappropriate 
hormone secretion in relation to food intake, lack of rythmicity, and hormone 
resistance at the receptor level [19].

Hormones Secreted by the Upper Gastrointestinal Tract

Ghrelin

Ghrelin is a 28-amino acid acylated hormone, resulting from proteolytic cleavage 
of a pre-pro-hormone [20]. Ghrelin-producing cells are primarily localized in the 
stomach, with higher density in the gastric fundus, though ghrelin production from 
pancreatic islet cells and the distal intestine has also been described [12, 21]. 
Ghrelin acts as an endogenous ligand for the orphan growth hormone secretagogue 
receptor (GHS-R), which is also expressed in hypothalamic nuclei, the dorsal vagal 
complex, and the mesolimbic dopaminergic systems [22]. Hence, ghrelin possesses 
both appetite-stimulating and growth hormone-releasing activities. From the 
preproghrelin gene, a second putative peptide is produced, obestatin, which is 
postulated to have the opposite effects of ghrelin and induces satiety [23].

Plasma ghrelin levels exhibit a diurnal variation and are higher during the night. 
They rise by fasting and before a meal and are suppressed within 1 h of eating 
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 suggesting a role in meal initiation [24–26]. Ghrelin levels also correlate with rates 
of gastric emptying [24]. In both lean and obese individuals, administration of 
ghrelin increased hunger scores and caloric intake from a buffet meal [27, 28]. 
In rodents, chronic ghrelin injections induce hyperphagia and weight gain beyond 
the effects of caloric intake, suggesting that perhaps ghrelin has also an effect on 
metabolic rate [29]. Indeed, ghrelin-deficient mice are hypophagic, have increased 
fat oxidation and are protected from diet-induced obesity [30]. Moreover, they have 
improved insulin sensitivity compared with mice with similar levels of adiposity. 
Additional studies have shown that that in adipose tissue ghrelin induces enzymes 
involved in fat storage, thus leading to reduced fat mobilization [31].

Fasting ghrelin levels tend to be low in obese humans and this is postulated to 
constitute a feedback mechanism to reduce appetite. However, the major defects in 
obesity appear to be lack of post-prandial ghrelin suppression and an overall 
increase in ghrelin sensitivity [12]. Following dieting and weight loss, ghrelin 
 levels rise, along with hunger levels, and this adoptive response might account for 
the failure to sustain weight loss [32]. However, this is not the case after gastric-
bypass, which is associated with low ghrelin levels, a factor that accounts, at least 
in part, for the success of gastric bypass in permanent weight loss [33]. Interestingly, 
several polymorphisms in the pre-pro-ghrelin genes have been described, that 
modulate the risk for obesity and the metabolic syndrome [34]. Of note, serum 
ghrelin levels are particularly high in patients with Prader–Willi syndrome, that is 
characterized by severe hyperphagia and obesity [35].

In preclinical studies, the bioavailability of ghrelin has been targeted using a 
vaccination approach. Rats vaccinated against different fragments of the native 
peptide had slower rates of weight gain and accumulation of fat, most likely due to 
a decrease in feed efficiency [36].

Cholecystokinin (CCK)

CCK, a hormone structurally related to gastrin, is primarily synthesized in the 
 duodenum and jejunum and circulates in several molecular forms, as a 8-, 33-, 39-, 
and 54-aminoacid polypeptide [37]. Although two receptors have been described 
for CCK, CCK-1, and CCK-2, the major receptor mediating its food-related effects 
is CCK-1 (or CCK-A) receptor, which is localized in the GI, for example pancreas 
and afferent fibers of the vagus nerve, and also in brain (brainstem and hypothala-
mus). Notably, the peptide itself is widely expressed in the brain, in regions 
regulating  both homeostatic and hendonic aspects of feeding [38].

CCK is short-acting and its levels peak after 15–30 min of meal ingestion, in 
particular when the meal is rich in fat and protein content, and return to basal levels 
within 3–5 h [39]. CCK is a potent satiety hormone and inhibits food intake while 
increasing nutrient absorption. Those effects are mediated by delaying gastric emp-
tying, stimulating pancreatic secretions and increasing gall bladder contractions, a 
property that gave the peptide its name [40].
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In rodent studies, administration of CCK reduced meal size and duration, which 
was compensated by an increase in meal frequency [41]. Moreover, chronic CCK 
antagonism accelerated weight gain in rodents independently of food intake, 
 suggesting additional functions of this hormone in energy balance. This notion is 
further supported by studies demonstrating that CCK potentiates the effects of 
 leptin, when the two hormones are co-administered [42].

The regulation of CCK during obesity awaits further clarification. Overall, it 
appears that CCK is increased in obesity and decreased in anorexia nervosa, most 
likely as a result, and not a drive, of food intake [43]. Genetic studies have shown 
that certain CCK alleles (CCK-H3) predispose to consumption of larger portions of 
meals and that certain CCK-1 receptor variants are associated with increased risk 
for obesity [44].

CCK’s value as an anti-obesity drug has not yet been fully explored, mainly 
due to its short-lived effects. Studies using CCK-8 have shown that the peptide 
should be administered within 15 min prior to initiation of a meal, in order to be 
able to reduce meal size [39]. Development of receptor de-sensitization and 
tolerance has also been reported after continuous CCK infusion in rats or 
humans [1]. However, based on its strong effects on meal regulation, both 
peripherally and centrally, drugs that mimic the effects of CCK are highly desir-
able [38].

Incretins and Enteroinsular Axis

Incretins are gut-derived peptides that act as insulin secretagogues and thus increase 
glucose-stimulated insulin secretion from the pancreas. It has been observed that an 
amount of glucose given orally results in greater insulin secretion than the same 
amount given intravenously, and this difference is attributed to the effects of 
incretins  [45]. Glucagon-like peptide-1 (GLP-1) and Glucose-dependent 
 insulinotropic polypeptide (GIP), previously known as gastric-inhibitory peptide, 
are the two known incretins in the gut [45]. It has been estimated that GIP acting in 
concert with GLP-1 account for more than 60% of postprandial insulin secretion 
[46]. In addition to their effects in insulin secretion, incretins also inhibit glucagon 
release from the pancreas, the hormone that counteracts the action of insulin, while 
in parallel inhibit acid secretion and delay gastric emptying, decreasing overall food 
intake [10, 47].

Glucagon-Like Peptide (GLP)-1  The preproglucagon gene has a complex evolu-
tion and encodes for oxymondulin, glucagon, GLP-1, and GLP-2 [48]. In the glu-
cagon family also belongs GIP [49]. GLP-1 is produced by L-cells in the distal 
intestine. GLP-1 levels start to increase within 5–10 min after eating, peak at 
30 min and remain elevated for 2–3 h after a meal [1]. GLP-1 infusion resulted in 
10–15% reduction of caloric intake in both lean and obese individuals, and was 
associated with reduced rates of gastric emptying [50, 51]. However, mice with 
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ablation of GLP-1 receptor had normal body weight and food intake, but were 
found to be glucose intolerant [52].

Recently, our understanding of GLP-1 physiology has been revolutionarized 
 following the discovery of sweet taste receptors expressed by the enteroendo-
crine L-cells [53]. These sensors regulate GLP-1 secretion and their blockade 
results in impaired GLP-1 responses [54]. Obese individuals tend to have an 
attenuated GLP-1 response post-prandially, while dieting has been associated 
with low fasting GLP-1 levels, most likely reflecting a drive to eat [1, 55]. In 
contrast, following gastric bypass, both fasting and post-prandial levels of 
GLP-1 are increased [56].

The GLP-1 system appears to be a compelling candidate for drug development, 
primarily due to its insulinotropic activity and glucose-lowering effects [47, 57]. In 
fact, two long-lasting GLP-1 mimetics have been approved for the treatment of type 
II diabetes, Exenatide and Liraglutide [58]. A limitation of these drugs is that they 
must be administered via subcutaneous injections. Exendins are fragments of bio-
active peptides first isolated from the lizard venom. Exendin 4 (exenatide) in par-
ticular acts as a potent agonist for the GLP-1 receptor and is not subject to DPP-IV 
degradation [59]. Most common effects associated with this drug are nausea, 
vomiting , and diarrhea, which decrease overtime [12]. Rare adverse effects include 
kidney malfunction and development of acute pancreatitis [60]. When exenatide is 
prescribed together with other glucose-lowering agents, the risk of hypoglycemia 
increases and the medication doses should be readjusted. Development of antibod-
ies to the drug has also been described, the clinical significance of which remains 
unknown [61].

Liraglutide is a modified GLP-1 with the addition of a fatty acid molecule. 
Compared to GLP-1, liraglutide has greater stability, along with a slow and con-
sistent release from albumin. The major advantage of liraglutide is that it rarely 
leads to hypoglycemia, as most of the glucose-lowering drugs [62]. Inhibitors of 
DPP-IV have also been investigated as antidiabetic drugs with the advantage that 
can be taken orally [58]. One of them, sitagliptin has gained FDA approval to be 
used alone or in combination with other antidiabetic drugs [63].

Glucose-Dependent Insulinotropic Polypeptide Glucose-Dependent Insu-
linotropic Polypeptide (GIP), a 42-amino acid gastrointestinal hormone also known 
as gastric inhibitory peptide, is the second known incretin and binds to GIP receptor 
(GIPR) which is widely distributed in peripheral tissues [46]. Ingested fat is a 
potent stimulus for GIP secretion. Besides its effects on insulin secretion, GIP 
influences addition aspects of metabolism and energy balance [46, 64]. For exam-
ple, it can inhibit gluconeogenesis in the liver, enhabce glucose uptake in muscle 
and promote the proliferation, survival, and differentiation of pancreatic b-cells. 
Moreover, treatment with GIP stimulated the synthesis and secretion of lipoprotein 
lipase in rat adipose tissue [65]. GIP receptor-deficient mice exhibit a high-fat diet 
induced obesity resistant phenotype and remain insulin sensitive, suggesting that 
GIP, or perhaps additional ligands of this receptor, might play an important role in 
the pathogenesis of obesity [66].
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In obese individuals, bioactive GIP levels in response to meal ingestion were 
found to be reduced, most likely due to increased activity of DPP-4 in obese 
subjects [55]. Most importantly, and in contast to GLP-1, it has been reported that 
the incretin effects of GIP are abolished in patients with diabetes type 2 and their 
fist degree relatives [67].

There is still controversy on whether GIP-mimetic drugs or GIP antagonists can 
be used for the treatment of obesity and insulin resistance [46]. Based on the lack of 
GIP-induced incretin effects in diabetic patients and phenotype of the GIPR mice, it 
appears that GIP antagonists could be potentially used as anti-obesity drugs.

Hormones Secreted by the Distal Gut

Oxyntomodulin (OXM)

OXM is a 37-aminoacid peptide that contains the whole sequence of glucagon 
with eight additional aminoacids [49]. It is synthesized by L-cells in the lower 
intestine and colon, the same cells that also secrete GLP-1 and PYY(3-36) (see 
below) [1]. Studies using GLP-1R-deficient mice suggest that OXM mediates 
some of its appetite regulating effects via GLP-1, though its affinity for this 
receptor is much lower than GLP-1 [68]. It is speculated that additional recep-
tors for OXM do exist.

OXM levels rise within 30 min of a meal and it takes several hours for them to 
return to baseline. OXM inhibits gastric acid secretion, delays gastric emptying and 
promotes both satiation and satiety [69]. Rodents given OXM lose more body weight 
than vehicle-treated pair-fed controls, suggesting that OXM may reduce body 
weight by upregulating energy expenditure [70]. Acute administration of OXM, but 
not GLP-1, has also been shown to enhance voluntary activity in obese individuals, 
consistent with experiments in rodents [71]. In the long term, preprandial subcutane-
ous injections of OXM to obese subjects for 4 weeks resulted in a moderate weight 
loss attributed to reduction in fat mass [72]. However, treatment with OXM appears 
to lack the glucose-lowering effects associated with GLP-1 treatment.

Very little is known about the changes in OXM levels during obesity, mainly 
due to the lack of a commercially available test that do not cross-react with the 
other peptides of the family [1]. Interestingly, and consistent with the pharmaco-
logical studies, postprandial levels of OXM have been reported to be elevated 
after gastric bypass [54].

Treatment with OXM would benefit only obese individuals with normal glucose 
metabolism. A potent, long-lasting OXM analogue, which is injectable, has been 
developed and tested in clinical trials [1]. However, treatment with OXM lacks the 
glucose-lowering effects associated with GLP-1 treatment [73]. It has also been 
reported that in obese individuals, the appetite suppressing effects of OXM and 
PYY are additive [74].
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Peptide YY (PYY)

PYY, along with pancreatic polypeptide (PP) and neuropeptide Y (NPY), form a fam-
ily of neuropeptides based on structural similarities (PP-fold) and sharing  common 
receptors. Members of the PP-fold family exert their effects via the G-protein coupled 
receptors Y1, Y2, Y4, and Y5 and their particular biological effects depend on their 
receptor distribution and functional antagonism among the members of the family [1, 
16]. PYY is secreted by the same cells that secrete also GLP-1 and OXM, localized 
primarily in the distal gut. Endogenous PYY appears in two forms, PYY1-36 and 
PYY3-36. PYY3-36 is the major circulating form and produced by DPP-4-mediated 
proteolytic cleavage of the N-terminal residues of PYY1-36. PYY3-36 has high affin-
ity for Y2 and some affinity for the Y1 and Y5 receptors [75].

Release of PYY is stimulated within 30 min of meal ingestion, in proportion to 
energy content and its levels remain high for several hours after eating [1]. PYY acts 
as an “ileal break” by slowing gastric emptying and intestinal transit of the meal, in 
order to increase nutrient absorption by the small intestine [76]. As such, it reduces 
feeding [75]. More recent studies show that PYY mediates in particular protein-
induced satiation [77]. In healthy subjects, PYY3-36 administration at high doses 
resulted in the reduction of total energy intake, duration of the meal, and hunger scores 
for several hours following its infusion, suggesting that it acts both as a satiation and 
satiety factor [78]. Moreover, as is the case with additional gut hormones, PYY3-36 
infusion resulted in an increase in fat oxidation and overall energy expenditure. 
However, inconsistent results about the PYY-mediated inhibition of food intake have 
been reported from different studies, raising some concerns about its effectiveness 
when administered at physiological concentrations [1, 75, 76]. PYY ablation in mice 
resulted in the development of obesity and insulin resistance, confirming an essential 
role of PYY in the regulation of food intake and energy balance [77].

Some studies describe reduced fasting and postprandial levels of PYY in obese 
individuals [79], while others could not confirm this finding [80]. Paradoxically, 
patients with anorexia nervosa also appear to have even higher fasting PYY levels 
[80]. More consistent is the observation in both humans and rodents that in the obe-
sity state, more calories need to be consumed in order to stimulate a PYY release in 
response to a meal similar to that seen in controls [81]. Of clinical significance, PYY 
infusion had comparable effects in reducing caloric intake in both obese and lean 
subjects suggesting that sensitivity to PYY is sustained during obesity [79]. A func-
tional mutation in PYY (Q62P) has also been linked to obesity [82].

Efforts have been made to produce an oral form of PYY without altering its 
chemical properties using synthetic carriers with so far limited success [1]. Despite 
the fact that these oral preparations induce a rapid increase in serum PYY levels, 
they were not effective to reduce caloric intake during a test meal. A synthetic 
analogue of PYY and PP (obinepitide) that targets both Y2 and Y4 receptors is 
currently under investigation for its effects in the long-term inhibition of food 
intake [1]. In a totally different approach, weight loss was achieved by long-term 
protein augmentation in the diet and the results were attributed to an increase of 
endogenous PYY levels [77].
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Pancreatic Hormones

Pancreatic Polypeptide (PP)

PP is a 36-aminoacid peptide primarily synthesized by the F-cells of the  pancreatic 
islets (64), and to a lesser extent by the large intestine [1]. PP binds with highest 
affinity to Y4 followed by Y1 and Y5 receptors [16].
PP plasma levels rise within 30 min after food intake in proportion to caloric con-
tent of the meal and remain elevated for several hours, suggesting that the main 
effect of PP is to induce satiety [11, 81, 83]. PP intravenous infusion in normal-
weight humans resulted in 20–25% reduction of daily food intake, an effect lasting 
up to 24 h post-treatment [84]. Chronic administration of PYY in obese mice 
results in reductions in food intake and weight gain, and in an increase in locomotor 
activity [83]. As a proof of concept, transgenic mice with pancreatic islet-specific 
overexpression of PP exhibit a hypophagic and lean phenotype, that can be abro-
gated by treatment with anti-PP antibodies [85].

So far, the effect of PP on appetite and body weight regulation in obese subjects 
still remains unclear and further studies are warranted to explore whether PP has 
the potential to be a novel treatment for obesity [1, 11]. For instance, PP levels are 
not significantly altered following bariatric surgery, thus this peptide may not 
account for the anorexia and weight loss following this procedure [86]. On the other 
hand, PP secretion was found to increase in obese children who lost weight com-
pared to the ones who did not [11]. Overall, it appears that fasting levels of PP are 
not regulated the same way as the postprandial ones during obesity or weight loss.

As is the case with most of the gut hormones, the main problem of using PP as 
an anti-obesity treatment is its rapid degradation. Hence, synthetic analogs with 
prolonged half-life have been developed. One of them, currently evaluated in clini-
cal trials, is a selective Y4 receptor agonist [12].

Amylin (Islet Amyloid Polypeptide)

Amylin is a 37-amino acid amyloid polypeptide derived from an 89-aminoacid 
precursor by proteolytic cleavage and post-translational modifications. Amylin 
shares a motif (cystein in position 2,7) that is found in calcitonin-gene related 
 peptides (CGRP). It was first purified from pancreatic amyloid, and such deposits 
are increased in patients with diabetes type II [87]. It has been demonstrated that 
amylin utilizes the calcitonin receptor in the presence of receptor activity-modifying  
proteins (RAMP) 1 or 3 [88].

In response to food intake, amylin is co-released from pancreatic b-cells with 
insulin in a molar ratio 1:100, respectively [1]. While amylin levels increase  rapidly, 
they remain elevated for several hours after meal termination [13]. Amylin has an 
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anorectic effect and decreases meal size, at least in part by inhibiting gastric emptying 
and promoting satiation [89]. However, its main effects on appetite  regulation appear 
to be mediated centrally by areas of brainstem and the hypothalamus, and thus amylin 
acts as a satiety factor [1, 13]. Most importantly, amylin suppresses postprandial 
glucagon secretion, which renders it a compelling anti-diabetic agent [90].

Postprandial levels of amylin are increased in obese individuals independently of 
their diabetic status, and are normalized following weight loss [11]. However, fast-
ing levels of amylin are differentially affected by obesity and diabetes. Obese 
subjects with normal glucose metabolism exhibit fasting hyperamylinemia while in 
the presence of glucose intolerance or diabetes, they have lower amylin levels [91].

Due to amylin’s effects on glycemic control, it appears that patients with dia-
betes (type I or II) could benefit from its use, in combination with insulin or 
other  anti-diabetic regimens [92]. The major drawback of using the native pep-
tide is its tendency to form toxic amyloid deposits in the pancreas that further 
impair insulin secretion [25]. Thus non-amyloidogenic amylin analogs (pramlin-
tide) have been developed and approved for the treatment of diabetes [90, 93]. 
The weight-reducing effects of amylin in the absence of diabetes need to be 
further investigated [94].

Other Gut Hormones

The list of gut hormones and peptides is constantly evolving, not only by the rec-
ognition of new members, the majority of which are derived from post-translational 
modifications of the same precursor, but also by the discovery of novel functions of 
the existing members. Below we discuss some additional gut peptides which might 
play a role in the overall regulation of energy balance.

Bombesin-Related Peptides

In this family belong bombesin, which has been isolated from the amphibian skin, 
and its mammalian counterparts Gastrin-releasing polypeptide (GRP) and neuro-
medin B [5, 95]. These are quite potent neuropeptides and act at nanomolar con-
centrations to modulate the secretion of GLP-1 and PYY from ileal explants [96]. 
In humans, bombesin infusion results in weight loss, but only in lean individuals 
[97]. Three G-protein coupled receptors for the bombesin-like peptide have been 
identified in mammals: GPR receptor (GPR-R), neuromedin B receptor  (NMB-R), 
and bombesin receptor subtype-3 (BRS-3) [98]. Of them, only BRS-3 has been 
implicated in feeding behavior and energy balance. Specifically, mice deficient for 
BRS-3 are hyperphagic, obese, and have impaired glucose tolerance [99]. BRS-3 
selective agonists are currently evaluated for the treatment of obesity [100].
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Neuromedin U (NMU)

NMU is a ubiquitous neuropeptide with higher expression levels in brain and the 
gut [101]. NMU inhibits feeding and mice lacking NMU are prone to diet-induced 
obesity due to hyperphagia and reduced energy expenditure [102]. There are also 
certain NMU gene polymorphisms that have been associated with obesity [101].

Glucagon-Like Peptide-2 (GLP-2)

In contrast to GLP-1, GLP-2 is primarily a trophic factor for the intestine and has 
cytoprotective effects. It stimulates crypt-cell proliferation, inhibits apoptosis of the 
enterocytes, and increases barrier function [103]. Thus, the primary pharmacologi-
cal use of GLP-2 appears to be in cases of intestinal injury, inflammation, and 
defective mucosal healing [47].

Endogenous Cannabinoids

The cannabis plant has long been known for its appetite-stimulating effect, attrib-
uted to D9-tetrahydrocannabinol (THC). Interestingly, endogenous peptides that 
mediate “hunger” signal, called endocannabinoids, have been described, including 
anandamide, 2-arachidonoyl glycerol, and others [104]. Two endocannabinoid 
receptors, CB1 and CB2 have been identified, with differential distribution in brain 
and peripheral tissues. A selective CB1 receptor antagonist (Rimonabant) has been 
used as an anti-obesity drug, with moderate effects on weight loss. However, severe 
side effects made this drug less popular [105].

Others

The gut is also a significant source of additional neuropeptides, e.g., substance P (SP), 
neurotensin, melanin-concentrating hormone, and corticotropin-releasing factor.

Hormonal Interactions

An important concept to better understand the functions and the overall effects of 
the gut hormones in the regulation of energy balance is their interaction with other 
hormones, at the level of the gut, brain, or adipose tissue [7]. This is of particular 
significance when such hormones are used as targets for drug development. 
For example, amylin administration increases central leptin sensitivity [94] and 
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infusion of PYY and OXM suppress ghrelin levels [21]. Moreover, a synergistic 
effect of CCK-1 and leptin has been described at the level of vagal afferents [106], 
while CCK interacts with various brain neurotransmitters, including serotonin and 
dopamine, that in addition to feeding behavior, they regulate pain perception, anxi-
ety, reward processing, and memory [107]. The experience so far from clinical tri-
als of anti-obesity drugs suggests that combinations of treatments might be the only 
viable approach to combat this epidemic [108]. For example, treatment with YY3-36 
and GLP-1 have additive effects in inhibiting food intake [109].

Lessons Learned

Overall, the physiology of gut hormones is more complex than originally thought, 
and involves a bidirectional communication between the brain and the gut, which is 
also called the “little brain.” Indeed, the majority of the gut hormones and/or their 
receptors are also found in brain. Moreover, effects of gut hormones to tissues that 
affect energy balance, for example the adipose tissue, do occur, either directly or via 
centrally mediated pathways [17]. Disruption or inappropriate regulation of the gut 
hormonal networks has been described in obesity. However, whether this represents 
one of the causes of the disease or its consequence remains to be seen in long-term 
prospective studies. Moreover, the overlap of obesity and diabetes in many cases, 
may account for some inconsistent results, in particular those involving the incretins. 
Important insights on the significance of gut hormones in the regulation of food 
intake, energy balance, and glycemic control have been derived from the study of 
obese patients subjected to gastric bypass [86]. For example, a drop in ghrelin levels 
and upregulation of PYY, GLP-1, and OXM appear to represent major contributors 
to reduction of food intake and can also explain the improvement of glycemic con-
trol in these patients that precedes the weight loss [110]. Pharmacological approaches 
to treat obesity by targeting gut hormones have not achieved great success, for sev-
eral reasons, including the need of parenteral administration and the presence of side 
effects that result in poor compliance or alter the human behavior [12].
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Introduction

Obesity has increased dramatically over the last few decades. Since 1990 the prevalence 
of obesity has more than tripled and by 2007 approached one-third of the popula-
tion, with another third that was overweight (CDC, http://www.cdc.gov/NCCDPHP/
dnpa/obesity/trend/index.htm). Highest rates are found in the United States and the 
United Kingdom among developed countries, and in the Middle East and Pacific 
Islands in the developing world (WHO: http://www.who.int/infobase/comparestart.
aspx). The increase in obesity rates in developing countries has coincided with 
“westernization” [1–3]. Life in the developed and developing world has become 
increasingly sedentary while relatively inexpensive, highly palatable food with high 
caloric content has become widely available. Although many lifestyle factors have 
been suggested to contribute to the dramatic obesity increase, the primary cause is, 
as one would expect, excess caloric intake [4, 5]. Diet accounts in part for national 
differences, but change within countries appears to be driven primarily by overall 
food availability [6]. Food is readily available and people are overeating.

Heritability

Gene frequencies do not change over short periods in large populations, and the 
large secular increases must have an environmental origin. This fact may lead some 
to wonder whether the heritability of obesity has declined during the same period, 
but this is not the case. There have been a large number of studies that estimated 
heritability of body mass index (BMI) and related variables [7], and they are consistent 
in finding moderate to high heritability. Furthermore, the estimates do not depend 
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on the period of the study. For example, two studies on twins conducted almost 20 
years apart found virtually identical estimates of overall heritability of BMI of 
about.80 [8, 9]. So, while estimates from particular studies vary, there is no trend 
toward decreasing (or increasing) heritability.

Gene–Environment Interaction

Bouchard and colleagues completed a series of landmark studies that helped to 
explain the role of inherited variation in environmentally influenced change. 
Bouchard’s research group studied monozygotic twins exposed to long-term positive 
or negative energy balance. There were considerable individual differences in 
weight gain or loss under the different conditions, but changes were similar in the 
genetically identical co-twins, both in overall weight and visceral fat. The results 
indicate that genotype mediates response to the environment [10]. In other words, 
response to environmental change is itself heritable.

The major environmental changes that are credited with causing the obesity 
pandemic occurred at a population level, but, as with the study on twins, individuals 
differ in their response. While two-thirds of populations of developed countries are 
overweight or obese, the remaining third, living in the same environment, are of 
normal weight or thin. At the least, this implies a behavioral interaction, and, given 
the heritability of obesity and coordinate changes in twins, gene–environment 
interaction must play a major mediating role. A few studies have tried to identify 
environmental interactions with specific genes, focusing of weight gain or loss as 
phenotypes, and diet or exercise as components of the environment. One review 
identified some 13 studies that reported associations with some measure of exercise 
and 15 with diet and/or exercise [11]. However, most associations have not been 
replicated. The interaction most consistently supported was with the Trp64Arg 
polymorphism in the adrenergic receptor beta 3 (ADRB3) gene [11]. Limited 
power due to small sample size may in part contribute to the inconsistency of 
results. However, in the end most reported associations will be false positives 
while a few failures to replicate could be false negatives. The pairing of new 
technologies with larger sample sizes could prove more robust for examining 
gene–environment interactions, but this possible outcome will depend on the 
nature and magnitude of the individual interactions.

Candidate Genes

The phenotypic response in susceptible individuals must be influenced by variability 
in genes that influence energy balance. Energy homeostasis requires the coordina-
tion of appetite and satiety with energy expenditure and storage. A great deal has 
been learned about how energy homeostasis is maintained [12]. It is a complex 
process involving genes that regulate appetite, energy metabolism, and fat deposition. 
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Many genes that lie in associated regulatory pathways have become candidates for 
weight gain and obesity. These have included Leptin, Leptin Receptor, MC4R, 
UCPs, PPARG, NPY, and Ghrelin as well as genes in signaling pathways.

Candidate gene studies have identified mutations in humans or introduced them 
in animal models [13]. The last comprehensive count of human studies identified 
associations with 127 genes, most with at best mixed records of replication. 
The positive side of a candidate gene approach is that the genes derive from an 
emerging understanding of biology. Any associations that are detected with common 
obesity fit into a preexisting framework. Candidate gene studies have had their 
successes. Major gene mutations have been associated with obesity. However, they 
tend to be rare and account for a few cases of extreme obesity [13].

Common Obesity and Rare Gene Variation

Overall, candidate gene studies have been unsuccessful in explaining common 
forms of obesity. Genes central to energy balance tend to have low variability, 
presumably because of strong selection pressure. Even so, some have argued that 
mutations in a large number of genes may account for most human obesity and 
other common diseases. This view is sometimes called the common trait rare gene 
hypothesis (CTRV, [14, 15]), as opposed to the common trait common variant 
(CTCV) hypothesis.

Substantial progress in finding rare variants has come with a focus on copy number 
variation (CNV, a variant in a DNA segment of 1 or more kb in length). While major 
deletions, duplications, and rearrangements of DNA sequence associated with rare 
diseases have been know for some time, the scale of CNV was not appreciated until 
the last few years. One whole-genome survey found more than 4,000 variants, affect-
ing more than 600 Mb of genomic DNA sequence [16]. Large-scale screening has 
identified associations of CNVs with a number of phenotypes [17] including type 1 
diabetes, neuropsychiatric conditions [18], and several other common disorders [19].

To date, there have been few studies of CNVs associated with obesity. An asso-
ciation between BMI and a chromosome 10q11 CNV was recently reported in a 
Chinese cohort [20]. Two genes in this region are GPRIN2 and PPYR1, which are 
worthy of follow-up studies in larger samples. In other studies, a deletion on 
16p11.2 was recently reported to be associated with obesity [21, 22].

We recently completed a genome-wide CNV survey of obese cases and never-
overweight control subjects [23]. CNVs larger than 1 Mb were found to be over-
represented in obese cases compared with never overweight control subjects (odds 
ratio (OR) = 1.5), and CNVs larger than 2 Mb were present in 1.3% of the cases 
but absent in control subjects. When focusing on rare deletions that disrupt genes, 
even more pronounced effect sizes were observed (OR = 2.7 for CNVs larger than 
1 Mb). Interestingly, obese cases that carry these large CNVs have only moderately 
high BMI. Several CNVs were found to disrupt known candidate genes for obesity, 
such as a 3.3 Mb deletion disrupting NAP1L5 and a 2.1 Mb duplication disrupting 
UCP1 and IL15. Our results suggest that large CNVs, especially rare deletions, 
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confer risk of obesity in individuals with moderate to extreme obesity. The genes 
affected by these CNVs thus become candidates for obesity.

Linkage Studies

One source of motivation for proposing the CTRV hypothesis was that attempts, 
through linkage and association, to identify common genes had been unsuccessful, 
at least until recently. The search for common genes has generally taken a genomic 
approach in which the entire genome is screened without prior hypotheses. Linkage 
studies were the first to take a whole-genome approach. There have been more than 
60 of them for obesity-related traits [13], for example, but the results have been 
disappointing. A meta-analysis of 37 of these studies found only two regions to be 
significantly supported at the 1% level [24]: chromosome 13q for BMI and chromo-
some 12q for obesity (BMI ³ 30).

The outcome of the meta-analysis helps to explain why most comprehensive 
searches for gene associations under linkage peaks have been unsuccessful. Many 
factors may account for this lack of success, but some are particularly important. 
Linkage studies tended to be underpowered, often in the extreme, and have had 
inadequate marker coverage. A particularly unfortunate aspect of low power is that 
most “significant” results are likely to be false positives, and because of this most 
studies that follow will fail to replicate. Another difficulty with low power is that 
even some weak positives may be true and therefore missed.

Whole-Genome Association Studies

Whole-genome association (WGA) studies made it possible to address the two most 
serious deficiencies of previous approaches, in that new genotyping technology has 
been combined with very large sample sizes. Moreover, WGA studies have several 
advantages over whole-genome linkage scans. The resolution is two to three orders 
of magnitude greater, 2–5 Mb in linkage studies compared with 10–100 kb with 
association. Cases and controls are much easier to collect than families, and the 
sample sizes required while large are much smaller than those required for linkage 
[25] and well within reach for collaborative groups, if not individual investigators. 
The advantages of a WGA approach were recognized some time ago [26], but the 
available technology was insufficient at that time. Circumstances have changed.

Recent GWA studies have depended upon advances in marker identification and 
genomic technology for high-throughput genotyping. The International HapMap 
Project (http://www.hapmap.org/) has identified more than 4 million single-nucleotide 
polymorphisms (SNPs) and 550,000 of them provide about 95% coverage of the 
genome in most populations, with about double that number needed for Africans 
[27]. High-throughput technology makes it possible to type up to 1 million genotypes 
in a single pass (Affymetrix and Illumina). Greatly reduced costs have made the 
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technology widely accessible. Finally, large sample sizes have been developed 
through the cooperation of investigators at multiple sites.

WGA studies have become widely available only within the past 3 years. Yet, there 
already have been a number of them related to obesity. The first few had relatively 
low genome coverage and found no associations that met a genome-wide level of 
significance (2 × 10–7) [28, 29]. Not surprisingly, replication of the early findings has 
been mixed at best, for example, the reported association with the gene INSIG2 [30].

The breakthrough for WGA studies came from the Wellcome Trust Case Control 
Consortium (WTCCC) study that included 490,000 SNPs and a total of almost 
39,000 individuals, although the initial phase utilized a much smaller number of cases 
and controls, about 2,000 and 3,000, respectively [31]. The study was unprecedented 
in size and in the strength of the association with FTO. An association with MC4R 
has also been reported based on the WTCCC sample [32]. The association with FTO 
has been replicated in most studies that followed. MC4R has been replicated as well, 
although not as consistently. A summary of reported associations with obesity-related 
traits that reached genome-wide significance is summarized in Table 1, while Table 2 
lists those with the strongest support. The amount of variance in BMI accounted for 
by variants in these genes is disappointedly low, about two-thirds of 1% [30].

Table 1 Whole-genome association studies for obesity related traits reaching genome-wide 
significance as of April 2010

Study N SNPs Sample size Genome-wide significance

Fraling et al.  
2007 [61]

490k 38,759 FTO

Scuteri et al.  
2007 [62]

361k 4,000+ FTO

Liu et al.  
2008 [63]

500k 1,000 CTNNBL1

Loos et al.  
2008 [32]

490 16,876 MC4R (FTO)

Thorleifsson et al.  
2009 [64]

306k 38,112 FTO, MC4R, NEGR1, 
TMEM18, SH2B1,  
and 6 other loci

Meyre et al.  
2009 [65]

300k 2,796 FTO, MC4R, NPC1, MAF, 
PTER

CNV370
Willer et al.  

2009 [30]
Meta-analysis

Various 32,000 FTO, MC4R, TMEM18, 
CTD15, GNPDA2, 
SH2B1, MTCH2, NEGR1

Lindgren et al.  
2009 [66]

Meta-analysis

Various 38,580 Original 
70,689  
replications

FTO, MC4R, TFAP2B, 
MSRA

Johansson et al.  
2010 [67]

3,448 linkage  
3,925  
associations

MGAT1

Wang et al.  
2010 [23]

550k 2,363 FTO
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Larger sample sizes should help to identify more associations and improve 
replication, however, the effect sizes will only grow smaller. These finding on 
obesity are consistent with those for stature, a complex trait with an even higher 
heritability of at least.80. A large GWAS of stature involving some 63,000 subjects 
found 54 associated genes that accounted for only about 5% of the total variation 
in height [33–35]. This finding led to much discussion and speculation as to what 
happened to the so-called “missing heritability” [36]. Suggestions have included 
gene–environment interaction, as well as epigenetics. As discussed in an earlier 
section, gene–environment interaction can play an important role in the develop-
ment of obesity, although it should be borne in mind that this may only complicate 
things further, as environmental response is itself heritable. Epigenetics will be 
discussed later in this chapter.

Disparate Approaches Appear to Converge

WGAS results have demonstrated that there are indeed common variants in genes 
that increase risk for obesity. This is particularly true for FTO that has been widely 
replicated. However, the proportion of variance in BMI these common genes 
account for is quite small, less than 1% [30]. Major gene mutations such as those 
in leptin, leptin receptor, and POMC have dramatic effects on individuals but are so 
rare that they account for essentially no common variance. CNVs are much more 
common than major gene mutations, but they are still relatively rare and account 
for little variance overall. While there are marked differences in frequency, each 
approach has been successful. However, the identified variants individually and 
together account for very little of the overall variance.

Taken on face value, the results from the different approaches suggest polygenic 
inheritance. The classic polygenic model was devised by R. A. Fisher as a way of 
incorporating Mendelian inheritance into quantitative variation [37]. For conve-
nience he assumed there were multiple causal genes, each with small and roughly 
equal effects. The particulars, however, give a somewhat different picture. It turns 
out there are indeed multiple causal genes, and each variant accounts for little overall 
variance. However, the variants have a wide range of effects on the individuals that 
carry them. There is as yet no evidence the effects sum to create the phenotype. 
Studies published so far show little or no overlap in the genes identified by the 
different approaches.

Table 2 Obesity-related trait gene associations replicated at genome-wide level of significance.
Together, these 5 genes account for less than 1% of the variance in BMI, ~0.67%

Gene Proportion of variance (%)

FTO, fat mass associated gene 0.33
MC4R, melanocortin receptor 4 0.10
TMEM18, transmembrane protein 18 0.13
SH2B1, Src domain homology 2 B adaptor protein 1 0.08
NEGR1, neuronal growth regulator 1 0.03

From Willer et al. 2009 [30].
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Unanticipated Genes

Whole-genome approaches have the capacity to detect associations with genes that 
could not have been anticipated based on current knowledge. FTO for example falls 
outside any of the pathways that were known to affect appetite and energy balance. 
FTO had been identified previously through large-scale mutigenesis in mice [38] 
and received the acronym Fto because mice having a deletion of this gene had fused 
toes on the fore limbs. Ironically, it was called “fatso”, not because of an obese 
phenotype (there was none) but because of a relatively large gene footprint.

Epigenetic Modification

There has been much discussion of late about the possible effects of epigenetic 
changes on risk for common disorders [39]. Epigenetic modification refers to 
changes in gene expression that are heritable, that is, which are maintained during 
somatic cell division and may in some cases be passed on to offspring.

Genomic imprinting is the most studied form of epigenetic modification, and 
involves the differential marking of parental chromosomes during gametogenesis. 
Imprinting appears to occur in all marsupial and placental species, and many of the 
imprinted genes are related to body size and/or metabolism [40–42]. The conflict 
theory suggests the association of imprinting with body size arose due to differential 
parental investment in offspring in polyandrous animals. Males are invested in 
larger body size of their offspring while females have an equal investment in all 
offspring regardless of the father. The theory is supported by fetus size in deer mice 
(peromyscus) hybrids of monogamous and polyandrous species [43].

The best known example relating to obesity is the Prader-Willi and Angelman 
syndromes, which are due to imprinting of the paternal or maternal chromosome, 
respectively, of region 15q11–13. Another imprinted gene is insulin-like growth 
factor 2, and paternal expression is strongly related to several measures of fat depo-
sition in pigs [44]. In addition, quantitative trait loci (QTL), inferred genes based 
on linkage, have been identified in mice. Imprinting is suggested because linkage 
depends on parent of origin. In one study, five QTL were found, two paternal, two 
maternal, and one with no parent of origin effect [45].

Parent of origin effects have also been identified in humans. A large survey 
reported parent of origin-dependent associations of variants in known imprinted 
regions on chromosomes 7q32 and 11p15 with several complex disorders, including 
type 2 diabetes [46]. In our own work, we have found parent of origin effects on 
linkage in chromosome regions 10p12 and 12q24, where the linkage signal is due 
entirely to maternal transmission [47]. Chromosome 12q24 was one of the best 
supported linkage results in a meta-analysis [24], which seems to indicate that the 
linkage signal is detectible even if parent of origin is not modeled in the analyses. 
The chromosome 10p12 region (19.4–33.3 Mb) is homologous to a largely overlapping 
segment of mouse chromosome 2A3 (15–23 Mb) that has been predicted to be 
imprinted based on a machine learning model [48]. Two genes in this region have 
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previously been associated with obesity, glutamate decarboxylase 2 (GAD2), and 
G protein receptor 158 (GPR158) [49]. The concordance is intriguing, although 
imprinting mechanisms remain to be identified through molecular studies. A further 
suggestion of imprinting effects in humans is our recent finding of a CNV deletion 
of a region of chromosome 4 including the NAP1L5 gene [23]. The gene is normally 
expressed only on the paternal chromosome, which is deleted, apparently leading 
to an absence of gene expression.

Environmentally induced epigenetic modification has been recognized in cancer 
for some time, but a role in complex disorders such as obesity has only recently 
begun to be examined at a genomic level. However, indirect evidence demonstrating 
environmental effects on risk for obesity has been known for some time. For example, 
an early study found increased rates of obesity in men who had been in utero or 
neonatal during the height of the Dutch famine of 1944–1945 [50]. Other studies of 
this type also have found that maternal malnutrition contributes to risk for obesity 
and other aspects of the metabolic syndrome [51]. Another study [52] found that 
prenatal exposure to maternal diabetes increased the risk for obesity in Pima 
Indians. Animal studies similarly have shown that maternal exposure to malnutrition, 
high fat diets, stress, and other factors increase risk for obesity and the metabolic 
syndrome. It is of some interest that both under- and over-nutrition during fetal 
development can increase risk [53].

More recent studies have focused on epigenetic changes associated with 
prenatal exposure. A follow-up study on the Dutch famine cohort, for example, 
found that exposure indeed led to decreased methylation of the imprinted IGF2 
gene [54]. Gene expression differences in monozygotic twins discordant for 
obesity also suggest the possibility of epigenetic modification [55]. While overall 
differences in expression could be state dependent, mitochondrial DNA copy 
number differences in adipose tissue of discordant twins are consistent with 
epigenetic effects.

The obesity state affects expression of many genes, with perhaps as many as 
17,000 transcripts related to BMI in adipose tissue according to one estimate [56]. 
Gene expression in normal weight animals has also been related to later obesity. 
Inbred C57BL/6J mice are susceptible to diet-induced obesity, but there is variation 
in adiposity from an early age and the differences are maintained under both high-fat 
and restricted low-fat diets [57]. Microarray analysis found parallel pre-obesity 
differences in the expression of genes in several known metabolic pathways. 
The causes of the expression differences are unclear but could be due to prenatal or 
early postnatal environment.

Applications: Prevention and Therapy

One goal of genetic research, whether stated or implicit, is that findings will eventu-
ally make it possible to use genotype to make decisions about appropriate approaches 
to prevention and therapy. The nature of the genetics of human obesity complicates 
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its application, particularly in identifying individuals most at risk. Odds ratios for 
most variants will be even smaller than for FTO (about 1.65) and have been esti-
mated to be in the range of 1.2. Prediction will therefore involve only small incre-
ments in risk. In most cases, familial obesity will continue to be the best predictor 
of risk. This difficulty will not only limit application but can also raise ethical con-
cerns in providing risk assessments to individuals who may never develop obesity or 
become overweight for different reasons. While overall heritability is substantial, the 
contribution of individual genes or genotypes is likely to be very small relative to the 
major environmental influences of diet and lifestyle.

The identification of protective genes may have the earliest application in the 
form of more individualized pharmacological treatment, for example, identifying 
individuals with resistance to drug-induced weight gain. To do so, it is not necessary 
to identify genes involved in etiology, only those genes that directly influence drug 
effectiveness or side effects. Research in other areas has already made it possible to 
tailor medication to individual genotype, particularly for cancers. Response to 
tamoxifen treatment for breast cancer, for example, appears to be ineffective in 
5–8% of women with a variant of the CYP2D6 gene [58]. With regard to obesity, 
several genes have been identified that may influence drug-induced weight gain, for 
example, due to olanzapine, including PMCH, 5HT2A, ADRA2A, and PKHD1 
[59]. In addition, SLC6A2 and GRIN1 have been associated with weight loss in 
response to norepinephrine/dopamine transporter inhibitors [60]. Further research 
will be needed before genomic screening is practical on a large scale, but applica-
tions may be generally available in the not too distant future.

What Lies Ahead

Genomic approaches may well detect other previously unknown genes that are com-
mon and exert their influence though unanticipated pathways. Whole-genome sequenc-
ing will permit the identification of new variants, particularly CNVs that are individually 
rare but have larger effects than common SNP alleles on obesity phenotypes. 
Environmental influences can be better understood by the identification of interactions 
with specific, measured genotypes. New genes will provide additional targets for 
pharmacological intervention. Genotypes at these loci may be used in therapeutic inter-
ventions through knowledge of their influence on drug effectiveness or side effects.
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Introduction

Hyperinsulinism, hypercortisolism, hypothyroidism, polycystic ovarian syndrome, 
and growth hormone deficiency are often associated with obesity. Insulin is a potent 
anabolic hormone. Treatment with insulin or some antidiabetic drugs results in 
weight gain through several mechanisms. Insulinoma is a rare cause of hyperinsu-
linism associated with hypoglycemia, hunger, and rapid weight gain. The etiology 
of polycystic ovary syndrome (PCOS) is complex and multifactorial. PCOS is often 
associated with central obesity, insulin resistance, and hyperandrogenemia. 
Excessive glucocorticoid exposure, such as Cushing’s syndrome, results in central 
obesity, sarcopenia, osteoporosis, hypertension, and hyperlipidemia. The local pro-
duction of active glucocorticoids in adipose tissue by 11b-hydroxysteroid dehydro-
genase type 1 has been implicated in obesity, insulin resistance, and hypertension. 
Hypothyroidism increases body weight by decreasing thermogenesis, and increas-
ing fluid retention and interstitial accumulation of glycosaminoglycans. 
Hypothyroidism also increases cholesterol synthesis and impairs insulin sensitivity. 
Growth hormone deficiency in adults decreases lean tissue mass and increases fat. 
Although primary (common) obesity is associated with hyperinsulinemia and 
changes in adrenal, thyroid, and sex hormones, the roles of these hormones in the 
pathogenesis of obesity and related metabolic diseases are unclear. This chapter 
reviews the differential diagnosis of secondary obesity resulting from excessive 
exposure to insulin and glucocorticoids, and thyroid and growth hormone 
deficiencies.
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Insulin

Insulin is secreted by pancreatic islet b cells of the pancreas in response to 
 hyperglycemia, amino acids, and nonesterified fatty acids (NEFAs). Insulin is the 
primary regulator of the blood glucose level. During the postprandial period, ele-
vated blood glucose stimulates pancreatic b cells to secrete insulin, which promotes 
glucose storage in the liver and skeletal muscle, and lipid storage in adipose tissue 
and liver. The action of insulin is initiated by binding to its cell-surface receptor, 
which consists of two a subunits and two b subunits that form a a

2
b

2
 heterotetra-

meric complex. Insulin binds to the extracellular a subunits, transmitting a signal 
across the plasma membrane that activates the intracellular tyrosine kinase domain 
of the b subunit. Insulin binding to the external component of its receptor results in 
activation of receptor tyrosine kinase. The activated insulin receptor (IR) kinase 
phosphorylates its substrate proteins on tyrosine residues. IR substrates include IRS 
(IR substrate) proteins, Shc, Cbl, APS, Gab-1 (Grb2-associated binder-1). The 
insulin signaling network involves three major pathways, the phosphatidylinositol 
3-kinase (PI 3-kinase), the mitogen-activated protein kinase (MAPK), and Cbl/
CAP pathways [1]. A pathway leading to activation of MAPK mediates the growth-
promoting effects of insulin by phosphorylating transcription factors leading to 
activation of gene expression, whereas the PI 3-kinase and Cbl/CAP pathways, trig-
gered by insulin, generate a diverse array of biologic responses [2, 3]. The major 
metabolic pathways stimulated by insulin are glycolysis, glycogen synthesis, lipo-
genesis, and protein synthesis. The pathways inhibited by insulin are gluconeogen-
esis, glycogen breakdown, lipolysis, fatty acid oxidation, and protein degradation.

Insulin has been known to increase glucose utilization by enhancing glucose 
uptake to skeletal muscle and fat. Insulin increases the rate of glycolysis by increas-
ing glucose transport and the activities of hexokinase and 6-phospho-fructokinase 
in muscle. Glycogen synthase is the key regulating enzyme for glycogen synthesis 
and is activated by insulin. When glycogen store in muscle is replete, the glucose 
taken up is converted to lactate. Lactate, produced and released by muscle and 
adipose tissue, is taken up by liver and converted to glucose. Conversion of glucose 
to lactate occurs in several tissues, but only the muscle and adipose tissues are 
sensitive to insulin. Lactate is converted to pyruvate, which is a precursor for 
acetyl-CoA [4]. During fasting, the fall in insulin and increase in counter-regulatory 
hormones, e.g. glucagon, epinephrine, glucocorticoids, and growth hormone, 
stimulate glycogenolysis and gluconeogenesis in the liver, leading to glucose 
release to ensure adequate fuel supply to the brain and other vital organs.

Insulin also plays an important role in lipid metabolism. Adipose tissue triglycer-
ides (TGs) represent the major source of stored fuel available for mobilization when 
energy requirements are increased or when glucose availability is reduced. Plasma 
NEFA is derived from lipolysis of adipose tissue TGs by hormone-sensitive lipase 
(HSL). Elevated insulin levels suppress adipose tissue lipolysis through its inhibition 
of the HSL activity, thereby reducing the release of NEFAs and glycerol. Insulin 
resistance attenuates lipolysis, especially upper body or visceral fat, in obesity . 
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Thus, obese individuals with a predominance of intraabdominal fat have higher rates 
of NEFA mobilization and greater resistance to the antilipolytic effects of insulin 
when compared with individuals with lower body obesity [5].

Insulin stimulates de novo lipogenesis from glucose in the liver and adipose tis-
sue. In adipose tissue, insulin increases glucose uptake, thereby increasing the sup-
ply of lipogenic substrate. Insulin is a strong activator of lipogenesis pathway 
through increased expression of lipogenic enzymes such as fatty acid synthase and 
acetyl-CoA carboxylase. Insulin also stimulates reesterification of fatty acids in 
adipose tissue and liver storage in the form of TGs. Insulin increases lean and 
muscle mass, by decreasing proteolysis and activating protein synthesis [6].

Insulin and Obesity

The prevalence of obesity and diabetes continues to escalate, and these two conditions 
are closely related. Weight gain occurs in both type 1 and type 2 diabetes. Because most 
patients with type 2 diabetes are overweight at the time of diagnosis, iatrogenic weight 
gain is not only unwelcome, but represents an important clinical issue that can become 
a barrier to successful management. Unfortunately, most insulin and other anti-diabetic 
drugs increase weight. After 1 year of treatment, a study showed that patients using 
thiazolidinediones gained the most weight (5.0 kg), followed by those using insulin 
(3.3 kg), and then sulfonylureas (1.8 kg). Those using metformin lost a mean of 2.4 kg 
[7]. In the United Kingdom Prospective Diabetes Study (UKPDS), increased weight 
gain was associated with improved glycemic control and intensification of therapy. 
However, on average, patients in the intensive intervention cohort gained 5 kg (~3 kg 
more than conventionally treated patients), during the 10-year follow-up period, with 
most of this increase occurring in the first 12 months. Weight gain was seen with all 
pharmacotherapies used for intensive intervention, with the exception of metformin, but 
was greatest in insulin-treated patients who gained a mean of 6.5 kg [8, 9].

Although weight gain in type 1 diabetes is often perceived as desirable, over-
weight or obesity can become a problem with intensive insulin therapy. The 
Diabetes Control and Complications Trial (DCCT) showed that insulin-associated 
weight gain was greater in patients receiving intensified treatment compared to 
conventional treatment (5.1 vs. 3.7 kg, during the first 12 months of therapy), but 
the mean weight of both groups increased to values beyond ideal. After 12 months 
of therapy, the intensively treated cohort had a body weight that was, on average, 
10% above ideal. After 8 years, body weight continued to increase every year in 
both groups – more so in the intensively treated cohort. After an average 6 years of 
follow-up, patients in the intensively treated group had gained a mean of nearly 
5 kg more than their conventionally treated counterparts [10–12].

Weight gain is often a major concern for many diabetic patients and commonly 
observed when pharmacotherapies with insulin and/or oral hypoglycemic agents 
are intensified. How does chronically elevated insulin result in weight gain? 
A  possible explanation is a defensive or unconscious increase in calorie intake 
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caused by the fear or experience of hypoglycemia. In fact, individuals may increase 
their intake of carbohydrates episodically or chronically in response to a perceived 
threat or experience of hypoglycemia. As discussed earlier, insulin stimulates adi-
pogenesis and lipid storage. Moreover, weight gain may result from the correction 
of glycosuria. Once glucose control improves, less energy is lost in the urine, and 
if food intake calorie intake is not reduced, this will result in a net gain in weight 
[13]. It is also possible that subcutaneous administration of insulin contributes to 
weight gain. When insulin is given subcutaneously, the absorbed insulin first circu-
lates systemically, so muscle and adipose tissues are “over-insulinized” and the 
liver “under-insulinized.” This leads to an increase in fat accumulation and insulin 
resistance, which in turn necessitates an increase in insulin requirements [12].

Although rare, insulinoma is the most common functioning islet cell tumor of 
the pancreas. Patients with an insulinoma present with symptoms of hypoglycemia 
secondary to excessive and uncontrolled secretion of insulin. The symptoms are 
typically episodic, and range from intense hunger, palpitations, and sweating to 
neuropsychiatric manifestations, such as anxiety, confusion, and coma. Symptoms 
usually occur in the morning after an overnight fast, and often precipitated by exer-
cise. Patients with an insulinoma learn to avoid symptoms by eating frequent small 
meals and sugary snacks, with resultant weight gain. The diagnosis is established 
with the determination of fasting hyperinsulinemia and hypoglycemia. Increased 
C-peptide and proinsulin levels distinguish insulinoma from factitious insulin 
therapy. Several options are available for imaging and localizing these tumors 
including ultrasonography, computed tomography, and intra-arterial calcium stimu-
lation with venous sampling. Surgical resection is the treatment of choice and offers 
the only chance of cure [14, 15].

Glucocorticoids

Cortisol is the principal, active glucocorticoid (GC) in humans, and an important 
regulator of many physiological pathways, particularly at times of stress or illness. 
Secretion of GCs by the adrenal cortex is normally regulated by the hypothalamo-
pituitary-adrenal (HPA) axis. Activation of the HPA axis starts with the secretion of 
hypothalamic corticotropin releasing hormone (CRH), the activation of pituitary pro-
opiomelanocortin (POMC) gene transcription in response to CRH, secretion of the 
POMC-encoded adrenocorticotropic hormone (ACTH), and stimulation of adrenal 
GC synthesis and secretion. GCs, in turn, inhibit CRH gene expression and secretion 
at the hypothalamic level, and POMC transcription and ACTH-secretion in the ante-
rior pituitary, thereby establishing a regulatory feedback loop [16, 17]. GCs mediate 
their physiologic effects by binding to a specific, intracellular receptor, the GC recep-
tor. The GC receptor represents a member of the hormone receptor subclass of the 
nuclear receptor superfamily of transcription factors. Upon GC binding in the cytosol, 
the GC receptor translocates into the nucleus where it serves as a DNA sequence-
specific transcriptional regulator of distinct GC-responsive target genes [18].
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The increase of GC from exogenous treatment, e.g. for asthma and inflammatory 
conditions, or an exposure from endogenous overproduction of GC (due to pituitary 
adenomas, ectopic ACTH-producing tumors, or adrenal tumors), results centripetal 
obesity, sarcopenia, insulin resistance, dyslipidemia, fatty liver, hypertension, and 
immunodeficiency. Many of the complications of GC excess (Cushing’s syndrome) 
resemble the metabolic syndrome associated with idiopathic (primary) obesity [19].

Clinical manifestations of Cushing’s syndrome. Cushing’s syndrome can be clas-
sified into (i) ACTH-dependent Cushing’s syndrome, in which inappropriately high 
plasma ACTH concentrations stimulate the adrenal cortex to produce excessive 
amounts of cortisol, (ii) ACTH-independent Cushing’s syndrome, in which exces-
sive production of cortisol by abnormal adrenocortical tissue causes the syndrome 
and suppresses the secretion of both CRH and ACTH. Rarely, Cushing’s syndrome 
may be caused by ectopic CRH secretion, bilateral primary pigmented nodular adre-
nal hyperplasia, and macronodular adrenal hyperplasia, and adrenocortical hyper-
function associated with McCune-Albright syndrome and Carney’s complex [20].

ACTH-dependent Cushing’s syndrome accounts for ~85% of endogenous cases 
of hypercortisolism. Of the latter, autonomous pituitary ACTH secretion, called 
Cushing’s disease, is responsible for 80%; the rest are caused by ectopic ACTH or, 
rarely, CRH secretion. Benign cortisol-secreting adenomas or adrenocortical carci-
nomas are responsible for about 15% of endogenous cases [21]. The incidence of 
pituitary-dependent Cushing’s disease and adrenal adenomas in women is three to 
four times that of men. The usual symptoms and signs of Cushing’s syndrome 
include a rapid increase in weight, central obesity, mooning, and plethora of the 
face, dorsocervical fat pad (buffalo hump) and supraclavicular fat pad, hyperten-
sion, glucose intolerance, oligomenorrhea or amenorrhea, decreased libido in men, 
and spontaneous ecchymoses, proximal muscle wasting and weakness, and the 
development of multiple purple striae wider than 1 cm on the abdomen or proximal 
extremities. Depression and insomnia often occur at the same time as other symp-
toms. Patients with Cushing’s disease may have mild hirsutism and acne, but severe 
androgenization, e.g. hirsutism and especially virilization, strongly suggest an adre-
nal carcinoma. Cutaneous hyperpigmentation is unusual, except in patients with the 
ectopic ACTH syndrome in whom plasma ACTH concentrations are markedly 
elevated. Thinning of the skin and osteoporosis, with low back pain and vertebral 
collapse, tend to be more common in older patients [20, 22].

Laboratory diagnosis of Cushing’s syndrome. The cardinal biochemical features 
comprise excess endogenous secretion of cortisol, loss of the normal feedback of 
the HPA axis, and disturbance of the normal circadian rhythm of cortisol secretion. 
The determination of 24-h excretion of cortisol in urine (UFC; urinary free cortisol) 
is a reliable practical index of cortisol secretion. UFC integrates the plasma-free 
cortisol concentrations during the entire day, with a raised level being consistent 
with Cushing’s syndrome. The upper normal range in most assays is 220–330 
nmol/24 h (80–120 mg/24 h) [20]. In a patient thought to have Cushing’s syndrome, 
cortisol should be measured in two or three consecutive 24-h urine specimens. 
Occasionally, cortisol production in Cushing’s syndrome fluctuates, ranging from 
days to months. This relatively rare phenomenon of periodic, cyclic, or episodic 



144 H.-K. Park and R.S. Ahima

hypercortisolism may require several UFC determinations for a period of 3–6 
months to finally establish the diagnosis [21].

An overnight 1 mg dexamethasone suppression test (DST) is a simple screening 
test for endogenous hypercortisolism. The test involves the oral administration of 1 
mg dexamethasone between 11 pm and midnight, after which a plasma cortisol 
sample is obtained between 8 and 9 a.m. the next morning. A cortisol concentration 
of 3.6 mg/dL or less achieves high sensitivity; however, up to 30% of false-positive 
may occur as a result of primary obesity, chronic illness, psychiatric disorders, and 
even normal individuals [23]. The two-day, low-dose DST (0.5 mg every 6 h for 2 
days) identifies patients with Cushing’s syndrome. Measuring morning serum corti-
sol after low-dose DST and a cut-off value for suppression of 1.8 mg/dL has a sen-
sitivity of 98% for the diagnosis of Cushing’s syndrome. The next challenge is to 
identify the source of excess cortisol. Immunoradiometric assays (IRMA) provide 
highly reproducible and sensitive ACTH measurement. Plasma ACTH concentra-
tions <5–10 pg/mL suggest an adrenal source of cortisol. Normal or elevated ACTH 
concentrations indicate a pituitary or an ectopic source of ACTH. The standard 
2-day, high-dose DST (2 mg every 6 h for 2 days), distinguishes Cushing’s disease, 
in which there is only relative resistance to GC negative feedback, from the ectopic 
ACTH syndrome, in which there is usually complete resistance. The high-dose DST 
is performed on 24 h collections of urine for the measurement of UFC, calculating 
the degree of suppression from day 1 to day 3 after the administration of oral dex-
amethasone. Suppression of UFC by 90% results in 100% specificity and 83% 
sensitivity for the diagnosis of pituitary disease [24]. As an alternative, a single 8-mg 
dose of dexamethasone is given orally at 11 pm, and plasma cortisol is measured at 
8 am before and after dexamethasone administration. This test has a sensitivity rang-
ing from 57% to 92% and a specificity ranging from 57% to 100% [20]. The most 
direct way to demonstrate pituitary hypersecretion of ACTH corticotropin is to 
document a central-to-peripheral-vein gradient in blood draining the tumor [22].

Pseudo-Cushing’s syndrome. Patients with certain nonendocrine disorders may 
exhibit some of the clinical or biochemical manifestations of Cushing’s syndrome. 
The differentiation between mild Cushing’s syndrome and pseudo-Cushing’s syn-
drome can prove extremely difficult. As many as 80% of patients with major 
depressive disorder have abnormal cortisol secretion. Their hormonal abnormalities 
presumably result from hyperactivity of the HPA axis and disappear with the remis-
sion of depression [25]. Chronic alcoholism can mimic Cushing’s syndrome; how-
ever, liver dysfunction is prominent, and the hormonal abnormalities disappear 
rapidly during abstinence from alcohol as their liver function returns to normal. The 
mechanism of the hypercortisolism in chronic alcoholism may involve either 
increased CRH secretion or impaired hepatic metabolism of cortisol [22].

The dexamethasone-CRH test distinguishes patients with pseudo-Cushing’s 
syndrome from those with Cushing’s syndrome. The test is performed with low-
dose DST followed by CRH (1 mg/kg body weight) stimulation and cortisol mea-
surements. In patients with pseudo-Cushing’s, the pituitary corticotroph is 
appropriately suppressed by GCs and does not respond to CRH, while in Cushing’s 
syndrome the corticotroph tumor is generally resistant to dexamethasone and 
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responds to CRH. Therefore, plasma cortisol level at 15 min after CRH injection is 
greater than 1.4 mg/dL supports the diagnosis of Cushing’s syndrome, while lower 
values are seen in normal individuals and those with pseudo-Cushing states. 
Measurement of plasma cortisol at midnight can also be used, with 95% diagnostic 
accuracy using a cut-point of >7.5 mg/dL to diagnose Cushing’s syndrome. The 
circadian rhythmicity of cortisol is preserved in pseudo-Cushing states but dis-
rupted in Cushing’s syndrome [23]. True hypercortisolism will persist and the 
symptoms worsen, whereas hypercortisolism associated with pseudo-Cushing’s 
states typically resolve spontaneously, or following definitive therapy, e.g. antide-
pressant treatment or abstinence from alcohol [21].

Linking cortisol and metabolic syndrome. Although there is a striking resem-
blance between the physical and biochemical features of Cushing’s syndrome and 
the metabolic syndrome associated with primary obesity, plasma cortisol levels 
tend to be normal or reduced in the latter. This paradox was explained by the dis-
covery that intracellular GC reactivation occurs in adipose tissue and liver of obese 
rodents and humans. 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) is the 
enzyme that mediates the adipose conversion of inactive cortisone to active cortisol 
in humans (Fig. 1), and deoxycorticosterone to coticosterone in rodents. 11b-HSD1 
is located within the endoplasmic reticulum and is highly expressed in liver and 
adipose tissue [26]. Transgenic mice overexpressing 11b-HSD1 in adipose tissue 
exhibited elevated intra-adipose and portal, but not systemic corticosterone levels, 
abdominal obesity, insulin resistance, hyperglycemia, hyperlipidemia, and hyper-
tension [27, 28]. Overexpression of 11b-HSD1 in the liver produced mild insulin 
resistance, fatty liver, hyperlipidemia, and hypertension, but not obesity or glucose 
intolerance [29]. In contrast, 11b-HSD1 knock-out (11b-HSD1–/–) mice had 

Fig. 1 Role of 11b-hydroxysteroid dehydrogenase type 1 in the metabolic syndrome. 11b-hydrox-
ysteroid dehydrogenase type 1 (11b-HSD1) generates cortisol from cortisone, using the cofactor 
NADPH donated by hexose 6-phosphate dehydrogenase (H6PDH). Enhanced activity of 
11b-HSD1 in adipose tissue has been implicated in central obesity, insulin resistance, type 2 dia-
betes, dyslipidemia, and atherogenic cardiovascular disease. G6P, glucose 6-phosphate; PGL, 
6-phosphogluconolactonate
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improved glucose tolerance, improved lipid profile, and reduced weight and 
 visceral fat when fed a high-fat diet [30, 31]. The role of 11b-HSD1 in human 
obesity, metabolic syndrome, and type 2 diabetes has been inconsistent, perhaps as 
a reflection of variability of subjects, and different ethnic populations and methods. 
The decrease in hepatic 11b-HSD1 activity that occurs in simple obesity is not 
observed in type 2 diabetes [32]. Perhaps reduced 11b-HSD1 activity is a compen-
satory mechanism to preserve insulin sensitivity and decrease hepatic glucose out-
put. Failure to suppress 11b-HSD1 may lead to elevated GC levels in adipose and 
other tissues, contributing to obesity, insulin resistance, and hyperglycemia. Many 
studies have demonstrated increased 11b-HSD1 expression and activity in subcuta-
neous and omental adipose tissue in human obesity. 11b-HSD1 inhibitors have 
been tested in rodents and shown therapeutic effects to reduce adiposity, enhance 
insulin sensitivity, and improve lipid profile. GC receptor antagonists have also 
resulted in favorable metabolic effects in rodents. However, any benefits have to be 
weighed against detrimental effects on the HPA axis [26, 31].

Thyroid Hormone

Thyroid hormone is required for the normal function of nearly all tissues, with 
major effects on oxygen consumption and metabolic rate. Thyroid hormone also 
plays critical roles during embryogenesis and early life, and has profound effects in 
adult life, including changes in protein, carbohydrate, and lipid metabolism [33]. 
The synthesis and secretion of thyroid hormone are regulated by a feedback system, 
the HPT axis. Thyrotropin-releasing hormone (TRH) is synthesized in the paraven-
tricular nucleus of the hypothalamus, and transported via axons to the median 
eminence, where it is released into the portal capillary plexus and stimulates TSH 
synthesis and secretion by the anterior pituitary [34]. TSH stimulates thyroxine 
(T4) and triiodotyronine (T3) synthesis. T4 is more abundant but less potent than 
T3. Plasma and cellular T3 levels are mainly derived from T4 conversion by type 1 
(D1) and type 2 (D2) 5’-deiodinases. D1 is located on the cell membrane and gener-
ates circulating T3. D2 is expressed in the cytoplasm, and rapidly produces T3. The 
adrenergic system stimulates D2 activity. A high level of D2 is expressed in the 
hypothalamus and pituitary, and produces T3 that mediates the negative feedback 
regulation of TSH and TRH [35, 36]. Only 0.03% of the total serum T

4
 is free or 

unbound, with the remainder bound to carrier proteins such as thyroxine-binding 
globulin (TBG), albumin, and thyroid-binding prealbumin. Approximately 0.3% of 
the total serum T

3
 is free, with the remainder bound to TBG and albumin. It is the 

free thyroid hormone that enters target cells and generates a biological response.
Thyroid hormone acts mainly through its nuclear receptors, thyroid hormone 

receptor (TR) a and b. TR forms a heterodimeric complex with retinoid X receptor 
(RXR), which binds to a thyroid hormone response element (TRE) to regulate the 
expression of genes involved in the metabolism of lipids, carbohydrates, bile acids, 
and other processes. The binding of T3 to TR stimulates gene expression, while 
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unliganded TR binds to a TRE and represses gene expression. Thyroid hormone 
increases basal metabolic rate via Na/K ATPase, and also interacts with the adren-
ergic nervous system to produce heat in response to cold exposure [37]. This pro-
cess, termed adaptive thermogenesis, occurs in rodent brown adipose tissue, 
requires both TRa and TRb, and involves uncoupling protein (UCP)-1 expression. 
In addition, T3 stimulates lipolysis in adipose tissue and fatty acid oxidation in the 
liver (Fig. 2), and reduces cholesterol by increasing the expression of low-density 
lipoprotein receptor. Glucose metabolism is modulated by thyroid hormone. Excess 
thyroid hormone stimulates hepatic gluconeogenesis and glucose production, 
increases glucose transporter (GLUT4) in skeletal muscle, and reduces insulin lev-
els, partly by accelerating insulin degradation [38]. T3 stimulates carbohydrate 
response element binding protein (ChREBP), a transcription factor that increases 
glycolysis and de novo lipogenesis in the liver [37].

Clinical manifestations of hypothyroidism. Weight gain is a common complaint 
in patients with hypothyroidism. The commonest cause of hypothyroidism in 
developed countries is autoimmune thyroiditis. Radioiodine ablation or surgical 
thyroidectomy as treatment for hyperthyroidism or thyroid cancer can also lead to 
hypothyroidism if thyroxine replacement is inadequate. Hypothyroidism may be 
drug-induced (e.g. lithium, amiodarone), or result from disorders of the pituitary 
(secondary) or hypothalamus (tertiary). In the United States, hypothyroidism 
develops in ~5% of the population, and is especially common in women older than 
60 years. Anti-thyroid peroxidase (TPO) antibodies are associated with 

Fig. 2 Effects of thyroid hormone on fatty acid metabolism in the liver. The ACC1 promoter 
contains a thyroid hormone receptor response element (TRE) and sterol regulating element bind-
ing protein response element (SRE). Thyroid hormone directly stimulates the synthesis of ACC1 
which catalyzes the formation of fatty acids. Thyroid hormone increases fatty acid oxidation by 
upregulating expression of CPT-1a. Unliganded thyroid hormone receptor (TR) blocks stimula-
tion of CPT1a and ACO by PPARa. ACC, acetyl-CoA carboxylase; ACO, acetyl-CoA oxidase; 
CPT, carnitine palmitoyltransferase
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 hypothyroidism, and more common in women than in men and increase with age 
[39]. In addition to modest weight gain, other features of hypothyroidism include 
a general slowing down, mental depression, cold intolerance, constipation, dryness 
of the skin, and brittleness of the hair. As the disorder becomes more fully estab-
lished, the classic features of non-pitting edema (myxedema) of the skin, perior-
bital edema, hoarseness, sinus bradycardia, hypothermia, and delayed relaxation 
of the deep tendon reflexes appear [40].

The serum TSH is the most sensitive test for detecting early thyroid failure. An 
increase in TSH precedes an a decline of serum free T

4
 by many months and some-

times years. Serum T
3
 concentration is often normal. Adults presenting with symp-

tomatic hypothyroidism often have a TSH level in excess of 10 mU/L coupled with 
a reduction in the serum free or total T4 concentration below the reference range. 
Some adults have less severe hypothyroidism, with a serum TSH that is increased 
(typically between 5 and 10 mU/L), but a serum T4 concentration within the refer-
ence range. This is termed “subclinical hypothyroidism,” and in many patients 
represents a state of compensated or mild thyroid failure [40]. Subclinical hypothy-
roidism increases with age and is more common in women. However, after the sixth 
decade, the prevalence in men approaches that of women, with a combined preva-
lence of 10%. Antithyroid antibodies can be detected in 80% of patients with sub-
clinical hypothyroidism, and 80% of patients with subclinical hypothyroidism have 
a serum TSH less than 10 mU/L. Patients with subclinical hypothyroidism have a 
high rate of progression to clinically overt hypothyroidism, ~2.6% each year if TPO 
antibodies are absent, and 4.3% if they are present. A TSH level greater than 10 
mIU/L predicts a higher rate of progression of hypothyroidism [41]. Laboratory 
investigation of hypothyroidism may reveal a mild anemia, increased creatine phos-
phokinase concentrations suggesting myopathy, and an abnormal lipid profile with 
increased total and low-density lipoprotein cholesterol and decreased high-density 
lipoprotein cholesterol concentrations [42].

Central hypothyroidism is a rare cause of hypothyroidism characterized by a 
defect of thyroid hormone production due to an insufficient stimulation by TSH of 
an otherwise normal thyroid gland. Secondary hypothyroidism can be congenital or 
acquired in the case of lesions affecting either the pituitary (secondary hypothyroid-
ism) or the hypothalamus (tertiary hypothyroidism). The diagnosis is usually made 
on a biochemical basis showing reduced serum free or total T4 concentration asso-
ciated with an inappropriately low TSH level. TRH testing may help in the differ-
ential diagnosis between tertiary (hypothalamic) and secondary (pituitary) 
hypothyroidism. In the latter, TSH response may be absent or impaired, whereas 
tertiary hypothyroidism is characterized by normal, exaggerated, or delayed TSH 
responses to TRH injection [43].

Hypothyroidism and obesity. There are multiple potential explanations for 
weight gain in hypothyroidism. Thyroid hormone is required for the normal regula-
tion of resting energy expenditure (REE). In hypothyroid patients receiving long-
term T4 treatment who maintained a euthyroid state, small changes in the daily 
dose to ensure that serum free T4 concentrations moved within the normal range 
were associated with detectable changes in REE. Serum TSH, the most sensitive 
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marker of thyroid hormone action, is inversely associated with REE [44]. Moreover, 
spontaneous fluctuations in free T4 concentration have been associated with sig-
nificant changes in REE [45, 46]. Several studies have demonstrated a positive 
cross-sectional association between serum TSH levels and body mass index. 
Change in serum TSH levels over time, although within the reference range, was 
strongly and linearly associated with weight gain [47–49].

Hypothyroidism is associated with cardiac wall stiffness, bradycardia, and 
depressed myocardial contractility, which account for reduced cardiac output [50]. 
A low cardiac output and a decrease in renal blood flow and glomerular filtration 
rate lead to impaired renal water excretion, which contributes to edema and weight 
gain [51]. Hypothyroidism also causes generalized interstitial deposition of gly-
cosaminoglycans, which in turn leads to fluid and sodium retention. Hyaluronan, 
an abundant non-sulfated glycosaminoglycan, accumulates in many tissues includ-
ing the skin, myocardium, kidney, and vasculature in severe, long-standing hypo-
thyroidism due to a reduced clearance rate and increased synthetic rate. Hyaluronan 
exhibits a remarkable avidity for water, thus causing the tissues to expand greatly 
[52, 53].

Growth Hormone

Growth hormone (GH) is produced by the somatotroph cells of the anterior pitu-
itary. GH secretion is stimulated by GH-releasing hormone (GHRH) and inhibited 
by somatostatin. GH secretion is also regulated by metabolic cues: insulin, glucose, 
and fatty acids inhibit GH secretion, while arginine stimulates secretion [54]. GH 
secretion is pulsatile, and the amplitude of the pulses is highest at night. The 24-h 
GH secretion is maximal during puberty and declines gradually thereafter in both 
women and men. GH binds and activates receptors on hepatocytes and other cells, 
leading to the tyrosine phosphorylation and association with JAK2. Several of the 
proteins phosphorylated and activated by the GH receptor through JAK2 serve as 
adapters, linking GH signaling to a variety of signal transduction pathways. IRS-1, 
IRS-2, Shc, and the EGF receptor all have been implicated as GH-regulated dock-
ing proteins, providing connections to the PI3 kinase and MAP kinase pathways 
[55, 56]. GH is the main regulator of insulin-like growth factor (IGF)-1. The liver 
is a major target tissue of GH action and produces IGF-1 and IGF binding protein-3 
(IGFBP-3) in response to GH. IGFBP-3 prolongs the half-life of IGF-I. Unbound 
IGF-1 mediates a negative feedback control of GH secretion by acting directly on 
the somatotroph and on hypothalamic GHRH and somatostatin neurons [54].

Metabolic complications of GH deficiency. Growth hormone deficiency (GHD) 
may be isolated or occur as part of multiple hormone deficiencies. GHD often 
results from damage to the pituitary gland or hypothalamus, caused by a tumor in 
the area or following surgical resection or radiotherapy. The syndrome associated 
with GHD includes metabolic and cardiovascular complications, osteopenia and 
osteoporosis, and reduced quality of life. Patients with GHD typically have 
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increased abdominal fat, reduced exercise capacity, and elevated levels of total and 
low-density lipoprotein cholesterol. Triglycerides may be elevated and high-density 
lipoprotein cholesterol reduced in GHD [57]. Studies have shown that the changes 
in lipid profile contribute to the increased coronary risk in GHD patients, particu-
larly in females. Central adiposity in GHD is associated with elevated fasting insu-
lin levels and insulin resistance [58].

GH secretion is pulsatile and has a short half-life, therefore, serum GH may be 
undetectable in normal subjects, and a single random GH measurement cannot 
identify GHD. Serum IGF-1 concentrations below the normal range are suggestive 
of GHD, but do not rule out the diagnosis. Moreover, reduced IGF-1 levels are seen 
in several conditions, e.g. starvation, chronic liver and kidney diseases, hypothy-
roidism, and diabetes. GHD is evaluated using provocative dynamic tests. Insulin 
tolerance test (ITT), considered the “gold standard,” is reproducible and if plasma 
glucose concentration less than 2.2 mmol/L (40 mg/dL) is attained. A peak GH 
response to hypoglycemia of less than 3 mg/L measured by polyclonal competitive 
radioimmunoassay, or less than 5.1 mg/L, measured by immunochemiluminescent 
two-site assay, has sufficient specificity and sensitivity for the diagnosis of GHD in 
adults. However, it is important to be aware that insulin resistance in severe obesity 
can attenuate the hypoglycemic effect of ITT, and thus diminish the GH response. 
The ITT is contraindicated in patients with ischemic heart disease, cerebrovascular 
disease, or seizure disorders. Precautions should be taken if ITT is done in patients 
older than 60 years. Alternative tests to ITT include the combined administration 
of GHRH + arginine, GHRH, glucagon, propranolol. For the GHRH + arginine test, 
a GH peak of less than 4.1 mg/L indicates GH deficiency [59, 60].

The goal for GH replacement is to correct the abnormalities associated with 
GHD syndrome. GH dosing regimens should be individualized, at a starting dose 
of 300 mg/day, and an increase in daily dosing of 100–200 mg/day for every 1 or 2 
months. A typical median maintenance dose is 400 mg/day. It is recommended that 
GH be administered in the evening to mimic the greater secretion of GH at night. 
GH treatment is titrated according to clinical response, side effects, and IGF-I levels. 
It should also take age, sex, and estrogen status into account. Patients should be 
monitored at 1–2 month intervals during the dose titration, and then at 6 month 
intervals during the maintenance phase. As with other hormonal replacement thera-
pies, the GH dose may vary over time, and should be monitored and adjusted. 
Patients with GHD receiving GH replacement should be managed by an endocri-
nologist or internist with expertise in pituitary disease [61, 62].

Conclusions

Obesity can be a manifestation of hypothyroidism, hyperinsulinism, hypercorti-
solism or growth hormone deficiency, and is often associated with glucose intoler-
ance or diabetes, dyslipidemia, hypertension, and increased risk of atherogenic 
cardiovascular disease. Secondary obesity resulting from abnormal regulation of 
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classical hormones tends to have a rapid onset and progression, and be associated 
with symptoms and signs of the underlying diseases. Understanding the pathogen-
esis, clinical features, and laboratory evaluation of endocrinopathies enables a spe-
cific treatment strategy that often cures obesity and related metabolic disorders.
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Systemic Activation of Inflammatory Pathways

While inflammatory changes in obesity have been recognized for many years, the 
pathophysiology underlying these alterations is still being elucidated. In fact, the 
primary  causal mechanisms by which obesity results in activation of immune path-
ways are not yet fully understood. Some of the prominent theories are explored here.

Overnutrition and impaired metabolic homeostasis can elicit a systemic stress 
response in which the hypothalamic-pituitary-adrenal axis and the autonomic nervous 
system play a critical role. Both circulating catecholamines and steroids can adversely 
affect adipose tissue insulin sensitivity and lipid metabolism [1]. Furthermore, dys-
regulation of local adrenocorticoid action is suggested by 11b-hydroxysteroid dehy-
drogenase type 1 (11b-HSD1) modulation of human obesity and type 2 diabetes [2]. 
This enzyme catalyzes conversion of inactive cortisone to active cortisol, controlling 
local action of glucocorticoid hormones in adipose. Mice lacking 11b-HSD1 are 
protected from diet-induced obesity and insulin resistance [3].

Systemic activation of innate immunity, via toll-like receptors (TLRs), triggers 
the development of adipose inflammation and insulin resistance and may contribute 
chronically to obesity and its complications. Agwunobi and colleagues [4] were the 
first to show impaired insulin sensitivity in humans, using euglycemic clamps dur-
ing experimental administration of endotoxin (lipopolysaccaride; LPS), the classic 
pathogen ligand for TLR4. Mehta et al. [5] recently demonstrated that endotoxemia 
activated the hypothalamic-pituitary-adrenal axis and modulated adipose inflam-
matory and insulin signaling pathways prior to the induction of systemic insulin 
resistance. In a related work, Shah et al. [6] characterized adipose mRNA changes 
before and after endotoxemia and revealed marked upregulation of adipose 
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 inflammatory genes, including many related to macrophage and inflammatory T 
cell activation, recruitment and retention.

Remarkably, “metabolic endotoxemia” may activate TLR4 signaling and pro-
vide a link between diet, obesity, low-grade inflammation and insulin resistance. In 
contrast to mice with a normal gut microbiotia, germ-free animals are protected 
against diet-induced obesity [7]. In murine models and humans, LPS is constantly 
produced within the gut by the death of Gram-negative bacteria and transported to 
the vasculature. Furthermore, mice fed a high-fat diet have increased gut and 
plasma LPS concentrations. Plasma LPS has been found to correlate with energy 
intake and diet composition in healthy human subjects, with high-fat, high-carbo-
hydrate diets leading to increased plasma LPS and mononuclear cell TLR and sup-
pressor of cytokine signaling (SOCS) expression [8]. Remarkably, endogenous 
non-pathogen TLR ligands, including dietary fats, modified lipoproteins and adipo-
cyte-derived free fatty acids (FFA), are also increased in obesity and insulin resis-
tance. Such ligands can activate TLR4 and trigger innate and adaptive immune 
responses thus modulating insulin signaling [9]. These data provide a direct link 
between the Western lifestyle and systemic inflammatory responses that may 
chronically modulate insulin-sensitive tissues.

Adipose-Specific Activation of Immune Pathways

In humans, obesity results in hypertrophy of adipocytes and leukocyte infiltration. 
Pro-inflammatory cytokines, chemokines and adipokines are secreted by adipose 
tissue, either by adipocytes themselves or leukocytes and stromal cells. These fac-
tors, through paracrine and endocrine pathways, result in decreased insulin sensitiv-
ity, altered lipid metabolism and atherogenesis. There are several mechanisms by 
which obesity is proposed to result in increased adipose inflammation. Processes 
specific to adipose tissue include direct effects of adipocyte hypertrophy, exhaus-
tion of local oxygen supply, hypoperfusion and adipose hypoxia, and endoplasmic 
reticulum stress. Recent studies provide evidence for leukocyte recruitment and 
accumulation in human adipose in obesity and demonstrate the role of chemokine 
signaling in these events [10]. Adipocyte–inflammatory cell interactions may 
increase inflammatory adipocytokines, alter lipid homeostasis and suppress normal 
adipocyte endocrine functions.

An increase in adipocyte size due to increased triglyceride storage is a funda-
mental process in obesity [11]. Adipocyte hypertrophy leads to altered signaling 
through the c-Jun N-terminal kinase (JNK) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) inflammatory pathways, which likely leads 
to pro-inflammatory adipocytokine overproduction. Increased adipocyte volume, 
independent of fat mass, is also associated with impaired systemic insulin sensitiv-
ity, increased circulating inflammatory markers and increased macrophage number 
in adipose tissue while caloric restriction leads to decreased adipocyte lipid storage 
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and smaller adipocytes with improved whole body insulin sensitivity [12]. The 
precise mechanisms by which hypertrophied adipocytes induce adipose inflamma-
tion and insulin resistance remain to be established. Several leading hypotheses are 
outlined below and in Fig. 1.

Hypoxia. Adipose tissue hypoxia, hypothesized to be due to relative underperfu-
sion in a rapidly expanding fat mass, is another proposed link between obesity and 
adipose inflammation. In ob/ob mice, weight gain was associated with decline in 
oxygen partial pressure (PO

2
) to levels 40–60% lower than in lean mice. Induction 

of hypoxia in vivo in ob/ob mice and in vitro in 3T3-L1 adipocytes, lowered levels 
of insulin signaling proteins, decreased insulin-stimulated glucose uptake, reduced 
FFA uptake and increased lipolysis [13]. In cultured adipocytes, hypoxia decreased 
mRNA levels of adiponectin, while increasing those of pro-inflammatory genes 
(PAI-1, leptin, MIF-1, TNFa, IL-1, IL-6, MCP-1 and TGF-b), together with those 
of hypoxia response genes [hypoxia inducible factor 1-alpha (HIF-1a), glucose 
transporter 1, VEGF] [14]. These changes were dependent in part on activation of 
NFkB pathways. Increased HIF-1a expression and adipose tissue hypoxia have 
also been demonstrated in human obesity [15].

Fig. 1 Overview of systemic and adipose tissue inflammation and resultant whole-body meta-
bolic dysregulation. Systemic sources of inflammation, including dietary excess and FFA over-
load, HPA axis activation and endogenous innate antigens generate circulating factors that 
influence adipose tissue inflammation. In adipose, secretion of chemokines leads to recruitment 
and inflammatory activation of macrophages and T cells, and a cycle of escalating inflammation. 
Adipokines and cytokines are then released into the systemic circulation leading to insulin 
resistance in liver and skeletal muscle, endothelial activation and atherosclerotic changes, and 
alteration in central nervous system hormonal and neuronal circuitry affecting energy expenditure 
and appetite. HPA hypothalamic-pituitary axis, FFA free fatty acids
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Cellular Stress. Obesity, as a state of energy excess with overabundance of fatty 
acids and glucose, results in metabolic, oxidative and endoplasmic reticulum (ER) 
stress in cells. Increased levels of oxidized proteins are present in adipose tissue of 
obese mice. In humans, nicotinamide adenine dinucleotide phosphate:quinone oxi-
doreductase 1 (NQO1), an enzyme involved in the protection against oxidative stress is 
highly expressed in human adipose tissue of obese individuals and correlates with 
parameters of obesity and insulin resistance. ER stress can be elicited by hypoxia or the 
inundation of the cell and ER with nutrients, activating the unfolded protein response 
cascade which results in transcriptional induction of a number of genes involved in the 
assembly, folding, modification and degradation of proteins [16]. Cellular stress leads 
to activation of stress-responsive signaling pathways, including the “stress-activated 
protein kinases” p38MAPK and JNK in omental fat. These kinases increase the produc-
tion of pro-inflammatory cytokines such as IL-6, TNFa and MCP-1.

Free Fatty Acids. The combination of increased dietary intake and decreased 
insulin inhibition of lipolysis seen in obesity leads to increased circulating FFA. As 
noted above, fatty acids can signal via TLR4 to activate innate immune responses. 
In the adipocyte, FFA activation of TLR4 can directly induce adipose inflammation 
and alter adipocytokine secretion [17]. This, coupled with pro-inflammatory leuko-
cyte activation by FFA via TLR4, is likely to create a feed-forward loop that amplifies 
adipose inflammation in obesity.

Adipose Leukocyte Infiltration

A major discovery in the past decade is that obesity is associated with macrophage 
and T cell infiltration of adipose, and that a paracrine loop between adipocytes and 
leukocytes fuels adipose inflammation and dysfunction [10]. Recent studies suggest 
a role for T lymphocytes in the earliest stages of diet-induced adipose dysfunction 
and recruitment of inflammatory macrophages [18].

Adipose Tissue Macrophages. Infiltration and activation of monocyte/macro-
phages plays an important role in adipose inflammation and insulin resistance [10]. 
Bone marrow cell transplantation experiments in irradiated mice demonstrated that 
adipose tissue macrophages (ATMs) arise from bone marrow [10]. While constitu-
tive or resident ATMs assist with homeostasis and tissue remodeling, recruited 
ATMs may be involved in adipocyte inflammation, promote adipose neovascular-
ization and interfere with insulin signaling [19]. Recruitment and activation of 
macrophages is largely influenced by the expression of chemokines [monocyte 
chemoattractant protein 1 (MCP-1 or CCL2), macrophage inhibitory factor] [20] 
and their receptors, which are upregulated in visceral and subcutaneous adipose 
tissue in obese humans. However, other factors such as hypoxia, FFA [21] and 
adipocyte cell death [22], may also, directly or indirectly (via upregulation of 
chemokines), contribute to macrophage recruitment.

In vitro data suggest that macrophages may modulate adipocyte inflammation 
via the NFkB pathway. When mixed with macrophage media, adipocytes 
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demonstrate  upregulation of inflammatory genes, monocyte adhesion, increased 
NFkB activity and decreased insulin-stimulated glucose uptake [23]. Mice fed 
high-fat diet have greater numbers of infiltrating macrophages. While MCP-1 ele-
vation often accompanies this change, it is not attenuated in CCL2−/− mice, sug-
gesting other factors are also involved [24]. In humans, macrophage infiltration is 
correlated with both adipocyte size and BMI and is reduced after surgery-induced 
weight loss in morbidly obese subjects. Expression of macrophage markers in adi-
pose tissue was an independent negative predictor of whole-body insulin sensitivity 
in obese Pima Indians [25]. With weight loss through dietary intervention, microar-
ray mRNA profiling of adipose tissue in obese women demonstrated downregula-
tion of 511 macrophage markers. These same markers were upregulated during a 
preceding short phase of severe energy restriction, suggesting that in the long term, 
more gradual changes in weight may be necessary to decrease macrophage infiltra-
tion of adipose tissue [26].

Obesity also results in a phenotypic switch in macrophage activation state. 
Macrophages can be converted from a resting state (M0) to “classically activated” 
(M1) via LPS and/or interferon gamma (IFNg) treatment, or “alternatively acti-
vated” (M2) phenotypes via IL-4 or IL-13 treatment. These macrophage subsets 
possess pro-inflammatory or anti-inflammatory activities, with M1 macrophages 
secreting high levels of TNFa and IL-6, while M2 cells secrete predominantly 
IL-10 and IL-1Ra [27]. The macrophage subtypes have divergent effects on adipo-
cytes. When conditioned media from M1, M2 and control M0 ATMs was placed on 
3T3-L1 adipocytes, the M1 media inhibited insulin-stimulated glucose uptake and 
prevented normal differentiation of preadipocytes.

In mice, obesity induces a definite change in ATMs from a predominantly M2 
phenotype that protects against insulin resistance to an M1 inflammatory state that 
confers sensitivity to TNFa-induced insulin resistance. Mice fed a high-fat diet 
have higher levels of circulating M1 monocytes and increased macrophage recruit-
ment and retention in adipose tissue [28]. The numbers of both M1 and M2 mac-
rophages were elevated in mice fed a high-fat diet [29]. While M2 ATMs localized 
to interstitial spaces between adipocytes in lean mice, diet-induced obesity led to 
additional M1 cells in clusters surrounding necrotic adipocytes. This phenomenon 
was attenuated in mice lacking the MCP-1 receptor (CCR2−/−) [30]. In rats, treat-
ment with a PPAR-g agonist, rosiglitazone, shifted macrophage markers towards a 
higher M2 to M1 ratio [29].

In human obesity, ATMs may possess a more complex phenotype with some 
M2 markers and M1-like pro-inflammatory cytokine production. Though typically 
described as “anti-inflammatory”, the M2 macrophage subtype has been shown 
under certain conditions to secrete significant amounts of inflammatory cytokines. 
In contrast, a study in obese humans portrayed a phenomenon similar to that seen 
in mice. Examination of adipose tissue in obese women demonstrated a significant 
increase in CD40(+) M1 macrophages with higher body-mass index (BMI), with 
the difference being more pronounced in visceral compared to subcutaneous adi-
pose tissue. Furthermore, the ratio of M1 to M2 cells decreased after gastric bypass 
surgery and weight loss [31].
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T Cell Modulation of Adipose Function. Although macrophages are considered 
the primary adipose tissue leukocyte, recent evidence suggests that T lymphocyte 
alterations accompany, and may even precede, macrophage modulation of adipose 
[32]. Initial studies indicated high numbers of T cells in adipose tissue of diet-
induced obese insulin-resistant mice [33] with T cell infiltration, particularly CD4+ 
T cells, in early obesity even prior to the recruitment of macrophages. TH1 cytok-
ines, in particular the pro-inflammatory IFNg [35], stimulate macrophages towards 
an M1 phenotype. IFNg is secreted by various T cell subtypes, including natural 
killer cells, CD4+ and CD8+ cells, as part of the innate and adaptive immune 
response. T cell chemokines secreted from adipose tissue as a result of inflamma-
tion, including RANTES [33], IP-10 (CXCL10) and SDF-1, appear to be critical 
triggers for T cell recruitment although the metabolic or inflammatory adipose 
signals that initiate this process have yet to be defined.

T cell classifications are intricate, involving distinctions based on cell-surface 
markers and on secretory capabilities of various cell types. Generally, cells are 
divided into CD4+ or CD8+ categories, though some cells can express both surface 
markers. CD8+ cells are considered “effector” or cytotoxic T cells and tend to have 
pro-inflammatory activity. CD4+ lymphocytes can differentiate to either TH1 cells 
secreting classic inflammatory modulators IFNg and TNFa, or TH2 anti-inflamma-
tory cells expressing IL-10 and IL-4. Thus, T cell populations and secreted factors 
may be integral to deciding macrophage activation states in adipose tissue [34]. 
Additional T cell types include the Foxp3+ anti-inflammatory regulatory T cells 
(Treg), systemic deficiency of which leads to severe immune-mediated disease, 
CD8+ natural killer cells, and CD4+ IL-17-secreting TH-17 cells.

Rocha et al. [34] identified a specific role for IFNg in diet-induced adipose 
inflammation, obesity and glucose intolerance. In their studies, visceral adipose 
tissue of diet-induced obese mice had higher CD4+ and CD8+ T cells than lean 
controls, while obese IFNg deficient mice had reduced expression of adipose 
inflammatory genes, decreased ATM and T cell accumulation, and improved glu-
cose sensitivity. Recently, McGillicuddy et al. [36] showed that primary human 
adipocytes treated with IFNg also demonstrated decreased glucose uptake and 
downregulation of insulin signaling genes and proteins. In diet-induced obese mice, 
insulin resistance occurred at 5 weeks and was accompanied by a marked T cell 
infiltration in visceral adipose tissue, whereas macrophages were not detected until 
10 weeks [18].

Further studies have explored phenotypic differences in adipose tissue lympho-
cytes with obesity and insulin resistance. Obese mice demonstrated a striking 
decrease in adipose tissue CD4+ Treg cells, coincident with insulin resistance [37]. 
Winer et al. [38] found that diet-induced obese Rag1-deficient mice, which have 
lymphocyte deficiency, developed more severe insulin resistance than control mice. 
Transfer of CD4+, but not CD8+, T cells normalized glucose tolerance, implying a 
protective role of this subtype. The attenuation of insulin resistance was dependent 
on anti-inflammatory TH2 factor IL-10, suggesting regulation of the activity of 
macrophages. High-fat diet fed mice were found to have increased numbers of 
CD8+ effector cells and decreased CD4+ helper and Treg cells in perigonadal 
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adipose  tissue. These changes preceded macrophage infiltration and depletion or 
inhibition of action of the CD8+ T cells attenuated macrophage accumulation, adi-
pose inflammation and systemic insulin resistance [39].

Studies to validate this pathophysiology in humans are limited. In type 2 diabetic 
patients, subcutaneous adipose contained T cells (mainly CD4+) and macrophages 
with markers suggesting IFNg activation; the T cell counts correlated positively 
with waist circumference [18]. Duffaut et al. demonstrated that T cell number by 
flow cytometry correlated positively with BMI and was greater in visceral than 
subcutaneous fat. They also found the T cell chemokine CCL20 to be upregulated 
with increasing BMI, and its receptor (CCR6) was present in adipose tissue lym-
phocytes [40].

Overall, these data suggest that modulation of T cells plays an important role in 
obesity-induced adipose tissue inflammation, macrophage recruitment and activa-
tion, and subsequent insulin resistance. Obesity is associated with a shift from 
predominantly anti-inflammatory TH2 and Treg lymphocytes to pro-inflammatory 
TH1 and CD8+ lymphocytes. Further work is clearly required to elucidate the 
physiology and determine its role in human obesity and insulin resistance. Data on 
the role of other types of T lymphocytes in adipose, including CD8+ natural killer 
cells and CD4+ IL-17-secreting TH-17 cells, are minimal. In human bone marrow 
mesenchymal stem cells, IL-17A was found to inhibit adipocyte differentiation and 
increase mRNA and protein secretion of IL-6 and IL-8 via COX-2 induction [41].

Adipose Inflammation Attenuates Insulin Signaling

Adipose inflammation induces insulin resistance by direct and indirect effects on 
the insulin signaling pathway. The insulin receptor (InsR), a transmembrane 
dimeric protein with intrinsic tyrosine kinase activity, recruits insulin receptor sub-
strate (IRS) proteins upon insulin binding. Tyrosine phosphorylation of IRS pro-
teins activates phosphatidylinositol-3-kinase (PI3K) leading to v-akt murine 
thymoma viral oncogene (AKT) phosphorylation and glucose transporter 4 
( GLUT-4 ) mobilization. Each of these steps can be targeted by adipose-derived 
inflammatory signals both locally in adipocytes and remotely across insulin-sensi-
tive tissues. These processes are depicted in Fig. 2.

Endotoxemia and Adipose TLR Signaling

Rodent models and in vitro studies have proven that activation of innate immunity, 
via the TLR4 receptor, induces adipose tissue inflammation coincident with local 
and systemic insulin resistance. TLR4 is the endogenous receptor for endotoxin 
that transduces downstream cytokine expression [42]. TLR4 can signal via the 
adaptor protein myeloid differentiation primary response gene 88 (MyD88) to 
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 activate NFkB signaling or via a MyD88-independent pathway to induce 
 interferon-regulatory genes. In adipocytes, activation of TLR4 induces NFkB target 
genes and decreases AKT and glycogen synthase kinase 3b (GSK3b) phosphoryla-
tion, the key mediators of insulin signaling and glucose uptake. Mice with loss-of-
function mutations in TLR4 are protected against inflammatory changes, insulin 
resistance and obesity. Infusion or injection of LPS in mice resulted in increased 
whole-body and adipose tissue weight gain, insulin resistance and inflammatory 
adipokine gene expression [43]. Endotoxemia in a rat model also decreases tyrosine 

Fig. 2 Effects of inflammation on insulin signaling and adipocyte function. Binding of free fatty 
acids (FFAs) and innate antigens to Toll-like receptors (TLRs) on adipocytes activates the tran-
scription factor NFkB. This upregulates SOCS proteins that block tyrosine phosphorylation of 
IRS-1, attenuating PI3K and AKT phosphorylation and GLUT-4 translocation, ultimately result-
ing in insulin resistance. Cytokine binding to adipocyte receptors similarly effects InsR signaling, 
through (1) the NFkB pathway, (2) activation of kinases (JNK, ERK, p38MAPK) that serine 
phosphorylate IRS-1 and the InsR or (3) the JAK/STAT pathway that lead to upregulation of 
SOCS proteins and downregulation of adipocyte differentiation. Adipose inflammation modulates 
transcription factors (PPARs, IRFs, BMPs) that impair adipocyte differentiation, promoting a pro-
inflammatory, insulin-resistant preadipocyte phenotype. These inflammatory adipocytes secrete 
cytokines, chemokines and adipokines (the “inflammatory secretome”), which further drives the 
escalating inflammation, systemic insulin resistance, endothelial dysfunction and target organ 
dysfunction. FFA free fatty acids, NFkB Nuclear factor kappa-light-chain-enhancer of activated B 
cells, SOCS suppressor of cytokine signaling, IRS-1 insulin receptor substrate-1, PI3K phospho-
inositide 3-kinase, AKT v-akt murine thymoma viral oncogene homolog 1, GLUT-4 glucose 
transporter 4, InsR Insulin receptor, JNK c-Jun N-terminal kinase, ERK extracellular signal-regu-
lated kinase, p38MAPK p38 mitogen activated protein kinase, JAK/STAT janus tyrosine kinases/
signal transducers and activators of transcription, PPAR peroxisome proliferator-activated recep-
tor, IRF interferon regulated factor, BMP bone morphogenetic protein
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phosphorylation of IRSs and decreases activation of PI3K. Similarly, human 
 endotoxemia leads to downregulation of IRS-1 protein and mRNA [5].

The Adipose Inflammatory Secretome

Cytokines and chemokines produced by adipocytes, leukocytes and stromal cells in 
adipose tissue lead to exacerbation of the adipose inflammatory state.

Cytokines

TNFa was the first inflammatory factor discovered to be secreted from adipose 
tissue, and is now considered a primary contributor to adipose dysfunction in obe-
sity. Both systemic and adipose tissue TNFa levels are upregulated in obesity and 
insulin resistance. This cytokine, acting through NFkB and JNK, upregulates 
in vivo and in vitro adipose expression and secretion of pro-inflammatory media-
tors while downregulating adiponectin. In adipocytes and skeletal muscle, TNFa 
inhibits tyrosine phosphorylation of IRS-1, while TNFa receptor deficiency pro-
tects against insulin resistance. In obese mice, neutralization of TNFa caused a 
significant increase in the peripheral insulin-stimulated glucose uptake whereas in 
humans, TNFa infusion decreases insulin sensitivity and increases phosphorylation 
of serine 312 on IRS-1 [43].

IL-6 is elevated in obesity and is increased in the portal circulation, thereby 
stimulating hepatic production of acute-phase reactants such as C-reactive protein. 
Human adipose is a major source of circulating IL-6 [44]. The IL-6 receptor 
belongs to the class I family of cytokine receptors, which uses Janus kinases (JAKs) 
as intracellular signaling pathways. In mice fed a high-fat diet, the increased pro-
duction of IL-6 by adipose induced hepatic insulin resistance. This hepatic insulin 
resistance could be mediated, in part, by the increased expression of SOCS-3, a 
protein that binds and inhibits the insulin receptor and also targets IRS proteins for 
proteosomal degradation.

While in vitro work suggests that IL-1 plays a role in insulin resistance, in vivo 
studies have shown contradictory results. IL-1b treatment of 3T3-L1 cells led, via 
decreased IRS-1, to impaired GLUT4 expression and translocation and impaired 
insulin signaling [45]. Surprisingly, knockout of IL-1 receptor in mice led to obe-
sity and insulin resistance [46] while loss of the IL-1 receptor antagonist (IL-1RA) 
actually led to weight loss and elevated metabolic rate [47]. In humans, association 
studies reveal elevated circulating levels and adipose tissue expression of IL-1b and 
IL-1RA in obesity [48]. As noted above, recent studies suggest that IFNg attenuates 
adipocyte differentiation and insulin signaling in vitro [36] and promotes diet-
induced obesity in vivo. Substantial work remains, however, to define specific 
actions of diverse pro- and anti-inflammatory cytokines, generated systemically 
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and locally by macrophages, T cells, adipocytes and stromal cells, on insulin 
 signaling in insulin-sensitive tissues.

Chemokines

Chemokines and their receptors are critical in the recruitment of monocyte/ 
macrophage and T cells to adipose tissue. For example, MCP-1 (CCL2) is a major 
contributor of macrophage recruitment and adipose remodeling [49]. In mice, MCP-1 
deficiency or inhibition leads to increased insulin sensitivity and decreased number 
of ATMs. In mice fed a high-fat diet, knockout of CCR2 (the MCP-1 receptor) had a 
similar phenotype with decreased macrophage infiltration of adipose tissue, increased 
insulin sensitivity, elevated adiponectin, and lower inflammatory cytokines [30]. In 
contrast, mice overexpressing adipose tissue MCP-1 had the opposite phenotype. 
Circulating and adipose tissue levels of MCP-1 are elevated in obesity.

Notably, many other CC and CXC chemokines are upregulated in adipose of 
obesity and have been implicated in recruitment of inflammatory T cell and mono-
cyte recruitment [50]. Fewer data are available for other MCPs such as MCP-2, -3 
and -4 (CCL-8, -7, and -13) but these also appear to be elevated in obese patients. 
RANTES (regulated on activation, normal T cell expressed and secreted) or CCL5 
is a chemokine important in T cell chemotaxis that is elevated in the adipose tissue 
of obese mice [33] and humans. Levels of both CXCL8 (IL-8) and CXCL 10 (inter-
feron g-induced protein) are increased in human obesity [51].

Role of Intracellular Kinases

TLR4 ligands and inflammatory cytokines activate diverse kinases that modulate 
adipose insulin signaling. NFkB drives transcription of inflammatory cytokines and 
contributes to insulin resistance in the setting of obesity and a high-fat diet. NFkB 
is normally attenuated by inhibitor of nuclear factor kappa B alpha (IkBa) which 
traps NFkB in the cytosol but inflammatory stimuli activate inhibitor of kappa light 
polypeptide gene enhancer in B cells, kinase beta (IkKb) (a serine kinase) which 
phosphorylates and degrades IkBa allowing NFkB to enter the nucleus. IkKb also 
directly interferes with insulin signaling by serine phosphorylation of IRS-1. 
Overexpression of IkKb increases NFkB activity and decreases insulin signaling, 
whereas deficiency improves insulin sensitivity [5, 43].

The mitogen-activated protein kinase (MAPK) family is composed of JNK, p38 
MAPK and extracellular signal-regulated kinase (ERK). JNK is activated through 
TNFa signaling, and leads to serine phosphorylation of IRS-1. ERKs also phosphory-
late IRS-1 at serine residues, while p38 MAPK decreases expression of genes involved 
in insulin signaling, including GLUT-4 and phosphoinositide phosphatase. The MAPK 
family kinases are induced in visceral adipose during obesity, suggesting  depot- specific  
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roles in insulin resistance. ERK1 knockout mice are resistant to  high-fat  diet induced 
obesity and insulin resistance, as well as decreased adipocytes and impaired adipogen-
esis, linking this protein to adipocyte differentiation, adiposity and adverse effects of 
nutrient overload [52]. ERK activity is also essential in the inflammatory effects of 
IL-1b 46. Treatment of mice with an inhibitor of p38 prevented the loss of GLUT4 
protein expression in insulin-resistant adipocytes without improving insulin receptor 
substrate 1 (IRS-1) protein levels or insulin signaling [53].

Other kinases, including protein kinase C, interleukin-1 receptor-associated kinase 
1 (IRAK-1), and the Janus tyrosine kinases (JAK)/signal transducers and activators of 
transcription (STAT), serine phosphorylate IRS-1 and attenuate insulin signaling. 
In particular, the JAK/STAT pathway potently induces suppressor of cytokine signaling 
molecules 1 and 3 (SOCS 1 and 3), which have been implicated in TNFa-induced 
insulin resistance in adipocyte and hepatic insulin resistance in vitro and in vivo. The 
JAK/STAT pathway also plays a crucial role in transducing the effects of IFNg, a 
potent T cell secreted cytokine. Inflammatory T cells, which secrete IFNg, have been 
implicated in the earliest stages of diet- and obesity-induced adipose inflammation and 
insulin resistance. Notably, IFNg induced insulin resistance and dedifferentiation of 
human adipocytes likely via JAK1/STAT1 [36]. These recent data support an impor-
tant role for inflammatory T cell secretion of IFNg with adipocyte JAK/STAT activa-
tion in adipose inflammation and insulin resistance. Mammalian target of rapamycin 
(mTOR) and its effector S6 Kinase 1(S6K1) are also involved in the integration of 
nutrient signals and insulin signaling. Rapamycin, which inhibits mTOR, blocks 
TNFa-induced attenuation of IRS-1 tyrosine phosphorylation and also protects against 
IRS-1 proteosomal degradation. Additionally, mice deficient in S6K1 exhibit decreased 
obesity and insulin resistance in conditions of overnutrition [54].

Suppressor of Cytokine Signaling Proteins

As noted, SOCS family proteins are induced by multiple cytokines and kinases. 
These proteins target cytokine tyrosine kinase receptor signaling in a negative feed-
back loop. SOCS proteins are elevated in insulin-resistant tissues and attenuate 
signaling via the insulin receptor, itself a tyrosine kinase, by binding directly to 
IRSs and blocking InsR-mediated tyrosine phosphorylation and further by promot-
ing ubiquitination and degradation of IRSs. Concomitant with insulin resistance, 
SOCS proteins are upregulated in adipose tissue of humans after endotoxemia [5].

Modulation of Transcription Factors

Beyond kinase-dependent modulation of insulin signaling pathway proteins, tran-
scription factors that play critical roles in the regulation of adipose differentiation 
and insulin sensitivity are an important integrative target of multiple inflammatory 
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signals. PPAR-g, the master regulator of adipogenesis, is regulated by serine 
 phosphorylation and is attenuated in insulin-resistant states and by activation of 
inflammatory pathways [55]. GATA2, another transcription factor regulated by 
serine phosphorylation, and FOXO1 inhibit adipogenesis, partially via inhibition of 
PPAR-g function, and may be modulated by stress and nutrient load. Recently, 
several additional transcription factor families that are regulated by inflammation, 
including bone morphogenic proteins (BMPs) and interferon regulatory factors 
(IRFs) have been identified as important regulators in adipose tissue. Various BMPs 
act at different stages of differentiation, in a dose-dependent manner to promote 
formation of adipocytes. In particular, BMP-4 and BMP-7 are essential for early 
commitment of progenitor cells, while BMP-2 acts on preadipocytes via enhance-
ment of PPAR-g transcription and function [56]. Several of the IRFs, which are 
upregulated by IFNs and other inflammatory stimuli, bind to promoters of adipo-
cyte genes and repress differentiation [57].

Overall, inflammatory stimuli modulate transcription factors and result in 
impaired adipogenesis of pre-adipocytes and de-differentiation of mature adipo-
cytes. This results in adipose tissue dysfunction, including impaired lipid storage, 
reduced insulin signaling and increased secretion of adipocytokines. Specifically, 
adipocytes exposed to inflammatory stimuli, including TNFa and IFNg, demon-
strate decreased levels of PPAR-g, adiponectin, lipoprotein lipase and fatty acid 
synthase as well as decreased lipid accumulation [36]. Given that immature adipo-
cytes possess increased inflammatory capability, lack of appropriate differentiation 
results in further amplification of the pro-inflammatory state.

Gene Expression Profiling and Proteomics

Genetic profiling of human and rodent adipose tissue has led to identification of 
many novel genes involved in obesity and insulin resistance. For example, microar-
ray analysis of visceral fat from obese subjects compared to non-obese controls 
revealed over-representation of genes involved in lipid and glucose metabolism, 
membrane transport and cell cycle regulation [58]. Examination of the omental 
adipose in obese males showed that obesity was associated with upregulation of 
MAPKs and downregulation of lipolysis-inducing genes and growth factors [59].

Using microarray analysis of adipocytes cultured ex vivo from subcutaneous adi-
pose of obese vs. lean Pima Indians, Nair et al. [60] identified 218 total modulated 
genes, generally revealing an upregulation of inflammatory genes in the preadipocyte 
stromal fraction of obese subjects. A recent study in which microarray analysis was 
performed on subcutaneous adipose tissue of healthy humans before and after endo-
toxemia revealed many modulated genes involved in adipose inflammation, mac-
rophage and T cell activation and migration, and metabolic regulation, as well as a 
variety of novel factors. Validation studies determined that many of these genes were 
present and regulated by inflammation in adipocytes and macrophages, suggesting 
these cell types as primary source of inflammatory mediators in adipose [6].
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Recent studies have explored the proteomics of adipose and adipocytes, focusing  
on depot-specific differences and progressive changes during differentiation [61, 
62]. Together, these discovery-based studies serve as an important tool in elucidat-
ing the pathophysiology of obesity-related adipose tissue inflammation and meta-
bolic dysregulation. Particularly in humans, they provide clinically relevant targets 
for mechanistic follow up as well as in prioritization of novel biomarkers and thera-
peutic opportunities.

Therapeutic Implications

Implication of inflammation in the epidemic of human obesity and its complica-
tions has created an attractive target for therapeutic intervention. Numerous strate-
gies are available for exploration, directed at either specific targets or systemic 
pathways.

Modulation of Systemic inflammation

Existing Therapies

Weight loss, via lifestyle modifications or bariatric surgery, is the cornerstone of 
obesity management. Effects of the different methods of weight loss, and the quan-
tity and duration of the loss, on inflammation can vary. Given the greater overall 
weight loss observed in bariatric surgery, this modality expectedly leads to greater 
improvement in the inflammatory milieu [63].

Various pharmacologic treatments are used for human insulin resistance, diabetes 
and metabolic syndrome, though the effects of these therapies on systemic and 
adipose tissue inflammation are not fully known. Several studies have examined the 
effect of PPAR-g agonists. In addition to its known effects on adipose tissue dif-
ferentiation, a recent study in mice found that deficiency of PPAR-g in macrophages 
favored expression of M1 (vs. M2) macrophage markers and inflammatory changes 
in adipose tissue. In type 2 diabetics, rosiglitazone (but not Metformin) treatment 
decreased expression of many adipose tissue inflammatory genes [64]. Statins 
(HMG-CoA reductase inhibitors) are another drug with potential favorable effects 
on the inflammatory profile. In obese mice, treatment with pravastatin or pitavasta-
tin led to attenuation of MCP-1 and IL-6 expression in adipose.

Novel Strategies

Specific cytokine blockade in systemic inflammatory disease presents a unique 
opportunity for exploring anti-inflammatory therapies in human metabolism and 
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disease. Treatment of rheumatoid arthritis patients with the anti-TNFa agent 
 infliximab acutely reduced serum insulin levels and insulin/glucose index. Though 
this highlights an advantage of infliximab therapy in this patient population, the 
risks and benefits would need to be carefully examined before offering treatment 
for obesity-related complications in patients without inflammatory diseases. 
Similarly, IL-1b is being studied as a target of cytokine blockade in the treatment 
of obesity-related complications. Larsen et al. [65] found that type 2 diabetic 
patients treated with recombinant IL-1RA for 13 weeks had sustained improvement 
in glycemia and reduced circulating inflammatory markers compared to placebo. 
These effects, however, were at least partially due to improved beta-cell function.

Modulation of kinases involved in the inflammatory cascade presents an alternate 
approach to treatment. Salicylic acid, a compound long associated with anti-diabetic 
effects, functions as an IkKb inhibitor. Early studies using high-dose aspirin in type 
2 diabetics not only found favorable effects on glycemia, but also risk for serious 
side effects [66]. More recently, an open-label study in type 2 diabetics found that  
1 month of treatment with salsalate (a prodrug of salicylic acid) improved glycemia, 
increased adiponectin and lowered FFA without safety concerns [67]. Fleischman 
et al. also noted that in obese humans, 1 month of salsalate improved glycemia, 
increased adiponectin and lowered C-reactive protein levels compared to placebo 
[68]. In addition, several inflammatory kinases including P38 MAPK, JNK and 
JAK-STATs represent tractable targets for therapeutic development particularly 
because small molecule inhibitors already exist or are in development.

The concept of metabolic endotoxemia, with changes in gut microbiota and 
circulating pathogen and non-pathogen TLR ligands in obesity, opens another inter-
esting avenue of therapeutic potential. In obese mice, antibiotic treatment led to 
decreased LPS levels, altered gut flora, and reduction in systemic and adipose spe-
cific inflammation and insulin sensitivity. Probiotic treatments to increase favorable 
intestinal bacteria reduced high-fat-diet induced metabolic dysregulation in mice. 
Antibiotic treatment also reduced weight gain, insulin resistance and inflammatory 
adipokine gene expression in mice infused with LPS [69].

Modulation of Leukocyte Infiltration in Adipose

Therapeutic approaches to prevent inflammatory macrophage and/or T cell infiltration 
into adipose tissue may have beneficial effects on obesity-linked inflammatory 
response and metabolic abnormalities. This has been shown to be effective, as targeted 
ablation of CD11c+ macrophages in obese mice markedly decreases local and sys-
temic inflammatory markers and attenuates insulin resistance [70]. Blockade of the 
key macrophage chemoattractant MCP-1 and/or its receptor was initially considered 
an attractive target. In obese mice, deficiency or pharmacologic blockade of MCP-1 or 
its receptor reduced adipose tissue inflammatory markers and macrophage content 
and improved systemic insulin sensitivity [30]. However, other chemokines are also 
involved, and upregulation of one may in fact compensate for loss of another.
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T cell immunomodulatory therapy may also provide promise. Because obesity and 
insulin resistance has been associated with increased IFNg-secreting TH1 cells 
and decreased FOXP3+ Treg cells in adipose tissue, reversal of these proportions 
could favorably affect metabolic pathways. In obese mice, brief immunotherapy with 
CD3-specific antibody reduces the predominance of TH1 cells over Foxp3+ cells, 
reversing insulin resistance for months, despite continuation of a high-fat diet [38].

Summary

Inflammation is a crucial link between obesity and associated metabolic complica-
tions. Clearly, nutrient overload, via systemic or tissue-specific pathways, leads to 
activation of immune pathways that alter metabolism particularly in adipose. While 
the mechanisms involved are myriad and not fully elucidated, ongoing study is 
leading to the identification of novel targets for future diagnostic and therapeutic 
approaches to this epidemic problem.
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Introduction

In 1988, Gerald Reaven coined the term “Syndrome X” to describe a complex of 
metabolic abnormalities, including glucose intolerance, hypertriglyceridemia and 
reduced levels of HDL-cholesterol, present in individuals at increased risk for 
cardiovascular disease [1]. Since then, attempts to quantify cardiovascular disease 
risk have led to the development of clinical criteria for the diagnosis of this 
syndrome, now known as the “metabolic syndrome” or “insulin resistance 
syndrome”. Although these criteria continue to evolve, those put forth by the 
National Cholesterol Education Program (NCEP), World Health Organization 
(WHO), European Group for the Study of Insulin Resistance (EGIR), International 
Diabetes Federation (IDF) and American Association of Clinical Endocrinologists 
(AACE), all include hyperglycemia, hypertriglyceridemia, low HDL-cholesterol 
and hypertension (reviewed in [2)] (Table 1). It is clear now that the metabolic 
syndrome is associated with many diseases in addition to cardiovascular disease. 
These include cholesterol gallstones, non-alcoholic fatty liver disease, which ranges 
from benign steatosis to non-alcholic steatohepatitis (NASH), polycystic ovary 
disease (PCOS) and neurodegenerative disease.

The prevalence of the metabolic syndrome has risen at an alarming rate; more 
than one in three adults and increasing numbers of children now carry the diagnosis 
of the metabolic syndrome [3]. Despite the prevalence of metabolic syndrome, and 
the serious morbidity and mortality associated with it, the underlying pathophysiology 
of this disorder remains unclear. Dr. Reaven postulated in 1988 that insulin 
resistance plays a central role in the metabolic syndrome [1]. Since then, a great 
deal of data has shown a strong association between insulin resistance and the 
different components of the metabolic syndrome, but proving a causal role has 
been difficult [4].
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Insulin resistance is only one of the multiple derangements in the hormonal 
and metabolic milieu which occur in the metabolic syndrome. Some of these 
derangements could be synergistic with insulin resistance whereas others could be 
antagonistic. Some changes are so intricately linked to insulin resistance—e.g., 
hyperglycemia is not only secondary to insulin resistance, but it also appears to 
exacerbate insulin resistance, resulting in a feed-forward cycle—that it is difficult 
to study one in isolation of the other. Finally, some of the genetic and dietary factors 
that induce the metabolic syndrome, like excess dietary fat, could not only act by 
promoting insulin resistance, but could also act independent of insulin resistance to 
alter metabolism.

Nonetheless, defining the role of insulin resistance is a fundamental problem with 
important clinical implications. If insulin resistance does not play a pathogenic role 
in the metabolic syndrome, one should identify and treat the individual components 
of the metabolic syndrome, as has been advocated by some experts [4]. For example, 
dyslipidemia and hypertension should be identified and treated before they progress 
to cardiovascular disease. If insulin resistance is the central driver of this disorder, 
we should identify and treat insulin resistance itself, potentially even before the 
development of dyslipidemia and hypertension, let alone cardiovascular disease.

Over the past 20 years, we have learned a great deal about the mechanisms of 
insulin signaling. To comprehend how these findings shape our understanding of insulin 
resistance in the metabolic syndrome, we will review the better known components 
of the insulin signaling pathway, how defects in the insulin signaling pathway could 
contribute to the metabolic syndrome phenotype and how such defects arise.

Clinical Versus molecular definitions of insulin resistance

Clinically, insulin resistance is defined as the failure of insulin to maintain normal 
serum glucose levels. Thus, the hyperinsulinemic euglycemic clamp is the gold 
standard for the measurement of insulin resistance, and surrogate measurements 
involving serum insulin and glucose levels, like the homeostatic model assessment 

Table 1 Criteria for the diagnosis of the metabolic 
syndrome (NCEP:ATPIII, 2001).

Metabolic syndrome (three or more of the following)

Abdominal obesity
Men: waist circumference >40 in.
Women: waist circumference >35 in.
Fasting plasma glucose ³110 mg/dl
Blood pressure ³130/80 mmHg
Triglycerides ³140 mg/dl
High-density lipoprotein cholesterol

Men <40 mg/dl
Women <35 mg/dl
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(HOMA), are also based on glucose metabolism. Such definitions of insulin resistance, 
however, fail to acknowledge the underlying complexities of insulin signaling in 
two respects. First, insulin regulates many processes within the cell. It increases 
glucose uptake, promotes glycogen synthesis and suppresses hepatic glucose 
production. However, it also stimulates lipogenesis and triglyceride secretion, 
increases salt and water retention, and regulates many other processes including 
bile acid metabolism, growth and differentiation. The clinical definitions of insulin 
resistance imply that all of these processes become resistant in parallel with glucose 
metabolism, though this is unlikely to be true.

In fact, Dr. Reaven postulated that some pathways remain sensitive to insulin in 
the metabolic syndrome, while the pathways by which insulin stimulates glucose 
uptake, particularly by the muscle and fat, become resistant [1]. The resulting 
hyperglycemia stimulates insulin secretion from the pancreatic b-cell, leading to 
hyperinsulinemia, which then over-stimulates those pathways that are still sensitive 
to insulin. For example, hyperinsulinemia triggers excessive lipogenesis and trig-
lyceride secretion, resulting in hypertriglyceridemia and hepatic steatosis, salt and 
water retention which produces hypertension, and excessive androgen synthesis, 
resulting in PCOS [5].

The definitions of insulin resistance based on disturbances in glucose homeo-
stasis fail to recognize the intrinsic complexities of the insulin signaling cascade. 
The insulin signaling pathway (described below) consists of multiple nodes, with 
many nodes represented by multiple isoforms with seemingly redundant capabilities. 
Clinical definitions of glucose intolerance suggest that insulin resistance is a 
homogenous phenomenon, which can only vary quantitatively. In contrast, the presence 
of so many signaling components suggests that insulin resistance could be a hetero-
geneous phenomenon, i.e., the phenotype produced by insulin resistance could vary 
depending on the components affected.

Therefore, it is also useful to consider the concept of molecular insulin resis-
tance, defined as specific defects in one or more components of the insulin signaling 
pathway. Molecular insulin resistance could be present even in the absence of 
abnormalities in glucose homeostasis, and conversely, it is possible that multiple 
forms of molecular insulin resistance could produce abnormal glucose homeostasis. 
Molecular insulin resistance is not a concept that can, at present, be used in the 
clinical setting, but our hope is that it will clarify our understanding of the metabolic 
syndrome, and provide insights into its therapy.

Insulin Signaling Pathway

Insulin elicits a complex cascade of signaling events, involving multiple nodes. 
Although we shall present the insulin signaling pathway as a linear chain, it is 
important to acknowledge the great deal of complexity underlying each node. 
At most nodes, there are numerous isoforms, which are theoretically capable of 
responding to and generating subtly different signals. In addition, there is crosstalk 
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among the different components of the cascade. Here, we will review some of the 
better studied nodes of the insulin signaling pathway (Fig. 1).

Insulin Receptor. The insulin receptor binds insulin and triggers a complex 
cascade of signaling events. The insulin receptor gene encodes a single chain 
precursor protein which is post-translationally processed into an a- subunit and a 
b-subunit, which are covalently linked by disulfide bonds. The a-subunit is extra-
cellular and binds insulin, whereas the b-subunit is intracellular and contains a 
tyrosine kinase domain. The a/b subunit complexes dimerize with one another to 
form the insulin receptor. Upon binding insulin, the b-subunits phosphorylate one 
another and their intracellular substrates.

Fig. 1 The insulin signaling network. Upon binding insulin, the insulin receptor (IR) activates the 
IRS proteins and initiates a complex cascade of signaling events. Here, we show the major 
branches of this signaling network. Many of the effects of insulin are mediated by PI 3-kinase, 
which activates Akt, the atypical PKCs (aPKCs) and the stress kinase JNK. Akt in particular mediates 
many of insulin’s metabolic effects by regulating gluconeogenesis, glycogen synthesis and protein 
synthesis, whereas the aPKCs activate lipid synthesis. In contrast, the proliferative effects of insulin 
are largely mediated by ERK1 and ERK2, independent of PI 3-kinase. Finally, insulin promotes 
glucose uptake through Akt, the aPKCs, and the CAP/Cbl complex. Plain arrows indicate stimu-
lation and blocked arrows indicate inhibition
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At this signaling node, heterogeneity is generated by alternative splicing and 
cross-talk with the insulin-like growth factor (IGF)-1 signaling pathway. Alternative 
splicing of exon 11 yields two isoforms, IR

A
 which lacks the 12 amino acids 

encoded by this exon and IR
B
 which contains them. The 12 amino acids encoded 

by exon 11 are contained in the a-subunit and increase the affinity of the receptor 
for the related growth factor, IGF-2 [6]. In addition, the two isoforms activate 
different downstream events under certain conditions [7].

The insulin receptor is a member of a subfamily of receptor tyrosine kinases 
which also includes the IGF-1 receptor and the insulin receptor related receptor 
(IRR). The a/b subunit complex encoded by the IGF-1 receptor gene not only 
dimerizes with itself to form the IGF receptor, but also dimerizes with the a/b 
subunit complex of the insulin receptor to generate hybrid receptors. The insulin 
receptor, IGF receptor and hybrid receptor all bind insulin and IGF-1 with varying 
affinities (Fig. 2). Although there is a great deal of overlap between insulin and IGF 
signaling, insulin tends to regulate metabolism whereas IGF tends to regulate 
growth and proliferation. Hyperinsulinemia in the metabolic syndrome could 

Fig. 2 The insulin /IGF-1 receptor. Both the insulin receptor and the IGF receptor are encoded 
by single genes which are processed into an a-chain and b-chain that remain linked by disulfide 
bonds. These a/b complexes can either homodimerize to form insulin receptors or IGF receptors, 
or heterodimerize to form hybrid receptors. Insulin binds preferentially to the insulin receptor 
whereas IGF-1 binds preferentially to the IGF-1 and hybrid receptors. Although there is a great 
deal of overlap in their function, the insulin receptor is more closely linked with metabolic effects 
whereas the hybrid receptor and IGF receptor are more closely linked with proliferation
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potentially lead to the activation of the hybrid receptor or IGF receptor, driving cell 
growth and proliferation. This has been implicated in the pathogenesis of acanthosis 
nigricans, the thickening of the skin, particularly in the neck and axilla, present in 
insulin resistant individuals, the increased risk of cancer in patients with the metabolic 
syndrome, pseudoacromegaly and PCOS. However, other factors, including 
changes in the IGF binding proteins which alter IGF activity, could also play a role 
in these processes.

Insulin Receptor Substrate Proteins. Upon binding insulin, the insulin receptor 
phosphorylates and activates its numerous substrates. At least 11 substrates of the 
insulin receptor kinase have been identified, with the most prominent being the 6 
members of the Insulin Receptor Substrate (IRS 1-6) family of proteins [8]. 
The IRS proteins share a similar structure: the N-terminal region contains a pleck-
strin homology (PH) domain which mediates protein–lipid and protein–protein 
interactions and a phosphotyrosine binding (PTB) domain; the remainder of the 
molecule contains numerous tyrosine, serine and threonine residues which could 
potentially undergo phosphorylation. Phosphorylation of the IRS proteins on 
tyrosine residues activates these proteins, enabling them to recruit and activate their 
downstream targets [8]. In contrast, phosphorylation of the IRS proteins on serine 
residues appears to impair insulin signaling as discussed below.

The reason for the existence of so many IRS proteins is still unclear. The fact 
that IRS-4 is expressed primarily in embryonic tissues or cell lines, suggests that it 
may be important in producing tissue-specific responses to insulin [8]. IRS-1 and 
IRS-2, on the other hand, are widely distributed and though largely redundant, may 
have subtle distinctions in their functions. For example, IRS-1 may play the more 
important role in mediating insulin-stimulated glucose uptake in muscle [8] 
whereas IRS-2 may be more important in mediating glucose transport in brown 
adipocytes [9] and maintaining b-cell mass; [8] in the liver, IRS-1 and IRS-2 may 
play different roles in the regulation of glucose versus lipid metabolism [8].

The subtle differences in IRS-1 and IRS-2 function could be due to structural 
differences between the proteins. For example, IRS-2, but not IRS-1, possesses a 
Kinase Regulatory Loop Binding (KRLB) domain that appears to impair its ability 
to be tyrosine phosphorylated in response to insulin; [8, 10] the absence of this 
domain could contribute to preferential signaling through IRS-1 versus IRS-2. 
Alternatively, the fact that IRS-1 is associated with the low-density microsome 
(LDM) fraction, whereas IRS-2 is found in both the cytosol and LDM fraction, 
suggests that the two proteins differ in their subcellular distribution [8]. IRS-1 and 
IRS-2 expression levels could vary independently of one another, as they appear to 
be regulated by different mechanisms. For example, prolonged exposure of hepato-
cytes to insulin leads to a decrease in IRS-2 but not IRS-1 [11]. Consistent with this, 
hepatic IRS-2 expression is highest in the fasted state [12]. Ultimately, these differ-
ences in structure, subcellular localization and expression could yield differences in 
the downstream signals produced. For example, the Abl tyrosine kinase and the 
phosphatase SHP2 binds to IRS1, but not IRS-2, while the proteins Grb2, Crk and 
phospholipase Cg bind to IRS1 with a greater affinity than IRS2 [8]. Similarly, 
IRS-1 binds to 14-3-3e protein and PKCa, leading to the formation of a complex 
that modulates insulin signaling in fibroblasts [13].
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Additional targets of the insulin receptor tyrosine kinase include Src-homology-2 
containing protein (Shc) which ultimately promotes proliferation; Cas-Br-M 
(murine) ectopic retroviral transforming sequence homologue (Cbl) which initiates 
glucose uptake; b-arrestin-2, a member of the b-arrestin family of adaptor proteins 
originally discovered as desensitizers of G-protein coupled receptors, which com-
plexes Akt to the insulin receptor; [14] and Grb-2 associated binder 1 (Gab1) [8]. 
Gab1, in contrast to the others, appears to be a negative regulator of insulin sig-
naling since knockout of Gab1 in the liver improves insulin sensitivity and signaling 
through IRS-1 and IRS-2 [15].

PI 3-Kinase. The class Ia phosphatidylinositol 3-kinase (PI 3-kinase) is a lipid 
kinase which plays a central role in insulin signaling (reviewed in [16)]. Active PI 
3-kinase phosphorylates phosphotidylinositol-4,5-bisphosphate (PIP

2
) to generate 

phosphotidylinositol-3,4,5-triphosphate (PIP
3
). The PI 3-phosphates bind the 

pleckstrin homology domains of other signaling molecules, activating them or 
altering their subcellular location. PI 3-kinase thereby activates PDK1 (PI depen-
dent kinase 1), which is in turn able to activate Akt and the atypical forms of protein 
kinase C, which are critical mediators of insulin action.

PI 3-kinase consists of a catalytic subunit, of which there are three isoforms, and 
a regulatory subunit, of which there are eight isoforms. As in the case of the IRS 
proteins, the roles of these different isoforms are not clear. Knockout of the cata-
lytic subunits produces glucose intolerance [17]. However, partial reductions in the 
regulatory subunits, for example by deleting a single isoform such as p85a alone, 
surprisingly improve glucose tolerance [18]. Thus, either the stoichiometry of the 
regulatory to catalytic subunits is important or the regulatory subunits have some 
negative role in insulin signaling.

The importance of PI 3-kinase in insulin signaling is highlighted by studies 
showing that virtually all of insulin’s metabolic effects, including glucose transport, 
lipogenesis and glycogenesis, are abolished by either inhibitors or dominant negative 
mutants of PI 3-kinase [19, 20].

MAP Kinases. The main members of the mitogen activated protein (MAP) 
kinase family involved in insulin signaling are the extracellular signal-regulated 
kinases, ERK1 and ERK2, and the stress kinase c-Jun NH2-terminal kinase (JNK). 
These proteins have different roles in both propagating and terminating the insulin 
signal. Insulin stimulates the binding of a complex containing the Src homology 2 
(SH2)-containing adaptor protein Grb2 and the guanyl nucleotide exchange factor 
SOS to phosphotyrosines on the IRS proteins, Shc and Gab-1. This binding triggers 
the sequential activation of the small GTPase Ras, the kinase Raf, the dual specificity 
kinases MAPK/Erk Kinase (MEK)-1 and -2, and, ultimately ERK1 and ERK2. 
Activated ERK1 and ERK2 phosphorylate p90 ribosomal protein S6 kinase 
(p90RSK), transcription factors such as Elk1 and other targets [8].

ERK1 and ERK2 are mainly involved in mediating cell growth, survival and 
differentiation. Thus, pharmacological inhibitors and dominant negative mutants of 
these proteins inhibit the stimulation of cell growth by insulin, but do not alter 
insulin’s metabolic or anabolic effects [16]. Although ERK1 and ERK2 have similar 
functions, ERK1, but not ERK2, has been shown to be required for adipogenesis 
both in vitro and in vivo [8].
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Three JNK-coding genes (JNK1-3) have been described in mammals, each with 
multiple splice variants. JNK1 and JNK2 are expressed ubiquitously, whereas 
JNK3 expression is restricted to neuronal tissues [8]. Insulin has been shown to 
activate JNK1 and -2 in various cellular systems by a mechanism that may involve 
Rac and cdc42 [9, 21]. JNK takes part in a negative feedback loop of insulin action 
by phosphorylating IRS1 on serine residues, impairing the ability of IRS-1 to be 
activated by insulin. The fact that genetic deletion or downregulation by siRNA, 
expression of dominant negative mutant or endogenous inhibitory proteins of JNK, 
especially JNK1, improves insulin sensitivity and many metabolic functions in 
obese mice suggests that this may be the primary role of JNK in insulin signaling 
[22]. ERK1 and ERK2 may also have negative roles in insulin signaling [8].

The CAP/Cbl Pathway. Insulin also appears to be able to induce glucose transport 
independent of PI 3-kinase, by assembling signaling platforms that emanate from 
lipid rafts. This process is initiated by phosphorylation of the proto-oncogene c-cbl 
and the formation of a multiprotein complex at the plasma membrane, composed of 
c-cbl, c-Cbl associated protein (CAP) and the adaptor protein APS. CAP contains 
a sorbin homology domain which appears to bind the scaffolding protein flotillin, 
and localize the complex to the lipid raft. There, tyrosine-phoshorylated c-cbl is 
able to recruit CrkII, via its SH2 domain, and activate the guanyl nucleotide 
exchange protein C3G, which in turn activates the G-protein TC10. Once activated, 
TC10 promotes the formation of new signaling complexes that inhibit the rab31 
GTPase [8]. Together, these events appear to facilitate the translocation, docking 
and fusion of the glucose transporter Glut4 at the plasma membrane.

Akt. In response to insulin, PI 3-kinase activates the serine/threonine kinase Akt 
(also known as protein kinase B, or PKB). There are three isoforms of Akt: Akt1 is 
ubiquitously expressed; Akt 2 is expressed predominantly in insulin-sensitive 
tissues, such as liver, fat and muscle; and Akt3 is expressed primarily in the brain. 
PI 3-kinase activates Akt through several mechanisms [20, 23]. First, the generation 
of PI 3-phosphates, particularly PIP

3
, activates PDK1. PIP

2
 and PIP

3
 also recruit 

Akt to the plasma membrane through the pleckstrin homology domain of Akt, thus 
bringing it into proximity with its kinase PDK1. Additionally, binding of PIP

3
 to 

the pleckstrin homology domain of Akt induces a conformational change that 
allows Thr 308 to be phosphorylated by PDK1. Akt activation also requires 
phosphorylation on Ser473 by mTORC2, a protein complex which includes the 
protein kinase mTOR (mammalian target of rapmycin) and the regulatory protein, 
rictor (rapamycin-insensitive companion of mTOR) [24]. Phosphorylation of 
Thr308 and Ser473 results in Akt activation. Akt plays a key role in mediating the 
effects of insulin on glucose transport, protein synthesis, glycogen synthesis and 
gene expression as described below.

Atypical PKCs. PI 3-kinase also activates the atypical PKCs, PKCz (zeta) and 
PKCl (lambda)/i (iota) PKCl is the mouse ortholog of PKCi, which is present in 
humans. The atypical PKCs (aPKCs) differ from the conventional PKCs [a (alpha), b 
(beta)I, b (beta)II, g (gamma)] and the novel PKCs [d (delta), e (epsilon), h (eta), q 
(theta), m (mu)] in that they do not require diacylglycerol (DAG) for activation. 
More importantly, conventional and novel PKCs appear to be negative regulators of 
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insulin signaling, whereas the atypical PKCs are important mediators of insulin 
action. In muscle and fat, the aPKCs stimulate glucose transport in response to 
insulin. Overexpression of PKCz or PKCl results in increased translocation of the 
insulin-sensitive glucose transporter GLUT4 to the plasma membrane [25, 26]. 
Conversely, dominant negative mutants of PKCl inhibit insulin-stimulated glucose 
uptake [27]. In the liver, however, the aPKCs appear to stimulate lipogenesis.

mTOR. Another important downstream target of insulin is the mTORC1 
complex [8]. mTORC1, like mTORC2, contains the protein kinase mTOR. 
However, the two complexes are functionally distinct, and mTORC1 complex con-
tains the regulatory protein raptor (regulatory associated protein of TOR), instead 
of rictor. Akt activates mTORC1 by phosphorylating and inhibiting tuberin, 
or tuberous sclerosis complex-2 (TSC2), which is in a complex with hamartin, or 
TSC1 [28]. The TSC1/TSC2 complex inhibits the GTPase Ras homologue 
enriched in brain (Rheb) [29]. Rheb is an activator of mTORC1. Thus, activation 
of Akt by insulin results in the dis-inhibition of Rheb and the activation of 
mTORC1. mTORC1 promotes protein synthesis by phosphorylating eukaryotic 
translation initiation factor 4E binding protein 1 (4EBP1). 4EBP1 inhibits transla-
tion by binding eukaryotic translation initiation factor 4E (eIF4E), a limiting 
component of the translation inititation complex. Phosphorylation of 4EBP1 
allows eIF4E to dissociate, and thereby increases translation. In addition, mTORC1 
phosphorylates and activates p70 ribosomal S6 kinase (S6K), which increases 
ribosome biosynthesis.

GSK3. In the liver, insulin is a key signal to promote glycogen synthesis. There 
are two isoforms of glycogen synthase kinase 3 (GSK3), GSK3a and GSK3b, 
encoded by two different genes. GSK3a and GSK3b phosphorylate and inhibit 
glycogen synthase, the enzyme catalyzing the final step in glycogen synthesis. Akt 
inactivates GSK3a and GSK3b by phosphorylating them on Ser 21 and Ser9, 
respectively [30]. Thus, insulin activates Akt, which inactivates GSK3, and dere-
presses glycogen synthase, leading to a stimulation of glycogen synthesis. Mutation 
of the Akt phosphorylation sites of GSK3—i.e., mutation of serine 21 to alanine in 
GSK3a (S21A) and mutation of serine 9 to alanine in GSK3b (S9A)—renders it 
insensitive to insulin. Studies of mice with knockin of the S21A mutation in 
GSK3a or the S9A mutation in GSK3b show that GSK3b is more important in the 
regulation of muscle glycogen synthase by insulin [31]. Consistent with this, mice 
with muscle-specific knockout of GSK3b show improved glucose tolerance, due to 
enhanced stimulation of glycogen synthase by insulin [32]. GSK3a may have a 
more important role in the liver, as mice with whole body knockout of GSK3a have 
improved whole-body glucose tolerance and hepatic insulin sensitivity, but mice 
with liver-specific knockout of GSK3b show no change in glucose or insulin toler-
ance or glycogen content [32, 33].

AS160. Akt substrate of 160 kDa (AS160) is phosphorylated by Akt. AS160 
contains an intrinsic rab GTPase activating domain. In its GDP bound form, 
AS160 is inactive; phosphorylation by Akt inhibits its GTPase activity, allowing a 
switch to the GTP bound form, which promotes translocation of GLUT 4-containing 
vescicles to the cell surface, thereby increasing glucose uptake [34].
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FoxO1. Insulin exerts many of its effects at the transcriptional level. Of the many 
transcription factors and coactivators involved, FoxO1 and SREBP-1c are among 
the most well studied. Akt inactivates FoxO1 by phosphorylating it on residues 
Thr-24, Ser-256 and Ser-319 though other kinases have been implicated [35]. 
Phosphorylated FoxO1 is excluded from the nucleus and targeted for degradation. 
Insulin may also regulate FoxO1 by acetylation [35] and modulation of its tran-
scriptional co-activator, peroxisome proliferator-activated receptor gamma, coactivator 
1 alpha (PGC)-1a.36 In the absence of insulin, FoxO1 activates transcription both 
directly, by binding to insulin response elements (IREs) in the promoters of its 
target genes [37], and indirectly by co-activating other transcription factors [38]. 
FoxO1 induces the gluconeogenic enzymes, glucose-6-phosphatase (G6pc) and 
phosphoenolpyruvate carboxykinase (Pck1). Therefore, increased expression of 
FoxO1 leads to increased fasting glucose and impaired glucose tolerance [39] 
whereas knockdown of FoxO1 decreases gluconeogenic gene expression and 
decreases serum glucose levels[40].

Although the effects of FoxO1 on glucose metabolism are its most prominent 
effects in insulin signaling, FoxO1 has many other important effects in the cell. For 
example, FoxO1 regulates triglyceride metabolism by inducing microsomal triglyc-
eride transfer protein (Mttp), which promotes the lipidation of apolipoprotein B 
(ApoB), a rate-determining step in VLDL secretion; [41] FoxO1 induces ApoCIII, 
an apolipoprotein which inhibits lipoprotein lipase activity and promotes hypertrig-
lyceridemia; [42] FoxO1 inhibits lipogenic gene expression [39]. In addition, 
FoxO1 promotes the expression of the cholesterol efflux transporters, Abcg5 and 
Abcg8 [43], which stimulates cholesterol efflux into the bile, [44] and plays an 
important role in the regulation of bile acid metabolism, [45] cell growth and 
differentiation, protection from reactive oxygen species and may even modulate 
insulin sensitivity (reviewed in [46)].

Insulin also regulates the related protein FoxA2. Akt phosphorylates Foxa2 on 
Thr156, preventing its nuclear localization and thereby inactivating FoxA2. FoxA2 
promotes the transcription of the enzymes of fatty acid oxidation, Mttp, and gluco-
neogenic genes [47, 48]. FoxA2 also regulates the bile acid transporters, and the 
knockout of FoxA2 in the liver leads to intrahepatic cholestasis [49].

SREBP-1c. The sterol regulatory element-binding proteins (SREBPs) are a family 
of three nuclear transcription factors encoded by two genes [50]. SREBP-1a and 
SREBP-1c are derived from the same gene, and both appear to regulate lipogenic 
gene transcription. SREBP-1c, however, is the dominant isoform in liver and adipose. 
SREBP-1c is capable of activating the entire program of monounsaturated fatty 
acid synthesis. Mice expressing a constitutively active isoform of SREBP-1c have 
an increase in lipogenic gene expression and hepatic triglyceride content [51]. 
In addition, SREBP-1c inhibits transcription of IRS-2 [52] and the gluconeogenic 
genes [53], potentially contributing to changes in glucose metabolism as well.

The SREBPs are subject to complex regulation at the transcriptional and post-
translational levels [50]. Their transcripts encode membrane bound precursors, 
which are retained in the endoplasmic reticulum by Insig proteins. Sterol depletion 
causes dissociation of the Insig proteins, allowing the SREBPs to proceed to the 
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golgi, where the Site 1 and Site 2 proteases reside. These proteases release a soluble 
fragment of SREBP that can translocate into the nucleus to activate transcription.

Several lines of evidence suggest that SREBP-1c is regulated by insulin. First, 
SREBP-1c transcript and nuclear protein are increased by insulin treatment in hepa-
tocytes [54]. Second, streptozotocin treatment, which renders mice insulin 
deficient, results in a decrease in SREBP-1c [54]. Similarly, fasting, which also 
lowers insulin levels, decreases SREBP-1c [55]. Conversely, refeeding induces an 
exaggerated insulin response which is accompanied by an increase in SREBP-1c 
[55]. Knockout of SREBP-1c impairs the lipogenic response to insulin in the context 
of re-feeding [56].

The mechanisms by which insulin induces SREBP-1c are not clear. Insulin 
appears to induce transcription of SREBP-1c via the nuclear hormone receptor, 
Liver X Receptor (LXR), as knockout of LXR prevents insulin from inducing 
SREBP-1c and its targets [57]. Insulin has been reported to increase the stability of 
LXR mRNA, [58] and has been suggested to induce the oxysterol ligand of LXR. 
Insulin also acts post-transcriptionally to induce the processing of SREBP-1c to its 
active nuclear form by suppressing expression of Insig2a [59]. As Insig levels fall, 
SREBP-1c is no longer retained in the endoplasmic reticulum. In addition, 
SREBP-1c may undergo other modifications which regulate its activity, including 
phosphorylation and ubiquitination. The insulin signaling components which mediate 
insulin’s effects on SREBP-1c are not clear, and PI 3-kinase, PKC-l, GSK-3b and 
MAPK have been implicated.

It should also be noted that SREBP-1c is under complex control, and insulin is 
not the only, or even the dominant, regulator of SREBP-1c. Thus, dietary factors, 
such as carbohydrates and polyunsaturated fatty acids and hormonal factors, such 
as leptin, also regulate SREBP-1c [60]. It is therefore possible that these other 
pathways activate SREBP-1c independent of insulin signaling in the metabolic 
syndrome.

Metabolic Effects of Insulin Resistance: Lessons  
from Knockout Mice

The existence of so many redundant components and branches of the insulin signaling 
cascade suggests that, (a) a lesion in a given node in the insulin signaling cascade 
will only have phenotypic consequences if the other isoforms in that node are 
unable to compensate for it, and (b) the phenotype produced by a given lesion in 
the insulin signaling cascade will depend on the location of the lesion. These concepts 
have been validated by studies using mice with targeted mutations of different 
components of the insulin signaling cascade (reviewed in [16)]. In particular, mice 
with liver-specific mutations in the insulin receptor, IRS-1 and -2, PI 3-kinase and 
PKC-l have been generated. Here, we will discuss how defects in the different 
insulin signaling components, even within the same tissue, vary in their contribu-
tion to the metabolic syndrome.
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Insulin Receptor Knockout (LIRKO) Mice. LIRKO mice show greater than 
95% deletion of the insulin receptor in liver. This results in complete insulin resis-
tance, as the insulin receptor is unable to activate any of its downstream targets. 
Consistent with the role of insulin in suppressing hepatic gluconeogenesis, LIRKO 
mice are hyperglycemic, with increased expression of the gluconeogenic genes, 
increased hepatic glucose output, marked glucose intolerance and hyperglycemia 
[61]. LIRKO mice are also markedly hyperinsulinemic, and this is due both to b 
cell compensation, because the b cells secrete excess insulin in response to the 
hyperglycemic stimulus, and to decreased insulin clearance, because insulin receptors 
in the liver play an important role in the clearance of insulin from the serum. 
However, unlike diet-induced obese mice and humans with the metabolic syndrome, 
LIRKO mouse livers do not to respond at all to hyperinsulinemia.

LIRKO mice also show a decrease in SREBP-1c and lipogenic gene expression, 
particularly in the re-fed state [62]. Although the triglyceride content of the liver is 
similar to wild type controls, VLDL secretion is markedly abnormal in LIRKO 
mice. VLDL contains triglycerides, cholesterol and phospholipids in complex with 
ApoB, the principal apolipoprotein component of VLDL. As expected from the 
decrease in SREBP-1c and its targets, VLDL-triglyceride secretion is decreased in 
LIRKO mice. However, ApoB secretion is increased. This discrepancy could be 
due to the fact that insulin inhibits ApoB lipidation, by inhibiting transcription of 
Mttp transcription by FoxO1,[41] and that insulin targets ApoB protein for degrada-
tion [63]. Consequently, LIRKO livers secrete VLDL particles that are relatively 
poor in triglycerides and rich in cholesterol.

In addition to abnormal VLDL particles, LIRKO mice show reduced levels of 
HDL-cholesterol [62]. When stressed with an atherogenic diet, LIRKO mice 
develop marked hypercholesterolemia, which is associated with decreased expres-
sion of the low density lipoprotein (LDL) receptor, and decreased LDL clearance. 
Consequently, all of the LIRKO mice but none of the controls develop atheroscle-
rosis after being fed the atherogenic diet for less than 4 months [62].

In addition, the cholesterol transporters Abcg5 and Abcg8 are increased threefold 
at the mRNA levels in LIRKO livers. These transporters reside on the cannilicular 
membrane of the hepatocyte and regulate the efflux of cholesterol into bile. 
Consequently, biliary cholesterol secretion is increased threefold in LIRKO mice 
[43]. This finding is important because increased biliary cholesterol secretion 
contributes to gallstone formation in obese humans [64]. Not surprisingly, when fed 
a lithogenic diet, 36% of LIRKO mice, but none of the control mice, develop 
cholesterol gallstones within 1 week [43].

Knockout of the Insulin Receptor Substrates (IRS). Unlike LIRKO mice, liver-
specific knockout of either IRS-1 or IRS-2 showed very subtle phenotypes [8]. 
Consistent with the fact that IRS-1 is expressed at higher levels in the fed state, 
mice with liver-specific knockout of IRS-1 alone showed increased gluconeogenic 
gene expression and hepatic glucose production, glucose intolerance and decreased 
lipogenic gene expression in the fed state [12]. However, these abnormalities were 
absent in the fasted state. In contrast, mice with liver-specific knockout of IRS-2 
alone showed increased gluconeogenic gene expression, increased hepatic glucose 
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production, glucose intolerance and decreased lipogenic gene expression in the 
fasted, but not fed state [12]. Mice with hepatic knockout of either IRS-1 or IRS-2 
did not show changes in serum triglyceride or cholesterol levels [12].

On the other hand, mice with knockout of both IRS-1 and IRS-2 in the liver 
show marked metabolic changes including increased hepatic glucose production 
and glucose intolerance in both the fed and fasted states, decreased serum triglyc-
eride secretion, decreased serum triglycerides and decreased HDL cholesterol [12, 
65]. In addition, genetic ablation of FoxO1 in the livers of these mice restores 
gluconeogenic gene expression, fasting glucose, insulin levels, serum triglyceride 
and HDL levels towards normal. This underscores the importance of FoxO1 in this 
phenotype [12, 65].

Knockout of PI 3-Kinase. The two major PI 3-kinase regulatory subunits 
expressed in the liver are p85a and p85b. By mating mice with whole-body knockout 
of the p85b (bKO) to mice with liver-specific knockout of the Pik3r1 gene, which 
encodes p85a, as well as the less abundant isoforms, p55a and p50a (aLKO), mice 
harboring both these deletions (p85a/b–DKO) were generated [66]. Mice with 
knockout of either p85a in the liver or p85b in the whole body show no changes in 
the activation of the downstream targets of PI 3-kinase, glucose or triglyceride 
metabolism. However, p85a/b–DKO mice fail to activate PI 3-kinase [66]. 
Consequently, p85a/b–DKO mice show blunted responses of Akt, PKCl, FoxO1, 
GSK3b, TSC2 and p70S6 kinase to insulin. They show increased gluconeogenic 
gene expression, hyperglycemia and hyperinsulinemia. In addition, SREBP-1c, its 
downstream target, fatty acid synthase, and serum triglycerides are decreased. Mice 
with acute knockdown of PI 3-kinase in the liver show a similar phenotype [67]. 
These mice were generated by injecting wild type mice with adenovirus encoding 
a dominant negative mutant of p85a, which abolishes basal and insulin stimulated 
PI 3-kinase. Acute knockdown of PI 3-kinase also produces hyperglycemia, hyper-
insulinemia and a marked reduction in serum triglyceride and cholesterol levels.

PKC-l knockout. Matsumoto and colleagues [68] have characterized mice with 
knockout of PKC-l in the liver (L-lKO mice). Although knockout of PKC-l 
induced hyperinsulinemia, it did not impair the ability of insulin to suppress gluco-
neogenic gene expression in vitro or in vivo. Consequently, L-lKO mice showed 
normal serum glucose levels and liver glycogen content after being challenged with 
a glucose load. However, they showed reduced levels of SREBP-1c mRNA and 
protein, decreased expression of the SREBP-1c target gene, fatty acid synthase and 
reduced hepatic triglyceride levels. Serum triglyceride levels were normal. In addi-
tion, treatment with an LXR agonist was able to fully restore SREBP-1c levels in 
L-lKO mice.

Similarly, knockout of liver PKC-l impairs the ability of constitutively active PI 
3-kinase, delivered by adenovirus, to increase expression of SREBP-1c but not its 
ability to decrease serum glucose levels. Interestingly, L-lKO mice show normal 
levels of serum and hepatic cholesterol. Taken together, these data indicate that 
PKC-l is an important driver of lipogenesis, but not glucose metabolism. Consistent 
with this, restoration of PKC-l in L-lKO livers was able to increase expression of 
SREBP-1c and liver triglyceride content, but did not alter serum glucose levels.
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Taken together, these data illustrate several points about insulin resistance. First, 
studies in LIRKO mice show that insulin resistance can produce several components 
of the metabolic syndrome: hyperglycemia, low HDL cholesterol and increased 
susceptibility to atherosclerosis and cholesterol gallstones. This is a very important 
finding because it indicates that, at least in mice, insulin can play a causative role 
in the metabolic syndrome phenotype. Whether defects in the IRS proteins or other 
downstream insulin signaling molecules also produce this phenotype is yet to be 
determined. Second, the insulin resistance phenotype varies with the particular 
node involved. For example, LIRKO mice and p85a/b–DKO show hyperglycemia 
and decreased levels of SREBP-1c. In contrast, mice with knockout of PKC-l only 
show decreased levels of SREBP-1c. L-lKO mice also show that molecular insulin 
resistance can exist even in the absence of hyperglycemia. Third, studies in mice 
with knockout of the IRS proteins or the PI 3-kinase regulatory subunits show that 
the severity of the phenotype produced by an insulin signaling defect depends on 
the extent to which the node itself is compromised. Thus, knockout of IRS-1, IRS-2, 
p85a or p85b alone produces rather subtle phenotypes. However, when both IRS 
isoforms or both p85 isoforms are knocked out in the liver, a phenotype very similar 
to the LIRKO results.

Molecular Mechanisms of Insulin Resistance

The metabolic syndrome is caused by a combination of genetic and environmental 
factors. One of the most important environmental factors is overnutrition. Here, we 
will review some of the mechanisms which have been suggested to underlie the 
associations between obesity and insulin resistance, including inflammation, lipo-
toxicity, ER stress and hyperglycemia (Figs. 3, 4).

Inflammation. Overnutrition and obesity appear to trigger an inflammatory 
response. Hence, macrophage activation and infiltration are commonly observed 
in the adipose tissue of obese humans and mice [22]. This is associated with 
increased secretion of chemokines and pro-inflammatory cytokines such as 
TNF-a, interleukin (IL)-1 and IL-6, resulting in a generalized state of inflam-
mation [69]. Inflammation can produce insulin resistance through several 
mechanisms. Inflammation increases phosphorylation of IRS-1 on Ser307. 
TNF-a, for example, initiates the formation of a multiprotein signaling com-
plex that triggers the activation of a kinase cascade which activates JNK [22]. 
JNK phosphorylates IRS-1 on Ser 307. Though IRS-1 Ser-307 phosphorylation 
has been extensively described as a marker of insulin resistance in mice and 
humans, it is not clear how this modification impairs insulin signaling. Ser-307 
phosphorylation may interfere with IRS-1 function by disrupting its interaction 
with the insulin receptor or promoting the interaction of IRS-1 with 14-3-3 
proteins, impairing its ability to activate its downstream targets [8]. Serine 
phosphorylation has also been shown to alter the intracellular localization of 
IRS-1 and induce its degradation [8].
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Inflammation also increases expression of the suppressors of cytokine signaling 
(SOCS) proteins. For example, IL-6 induces transcription of the SOCS proteins by 
activating the STAT family of transcription factors [70]. SOCS -1 and SOCS-3 in 
particular decrease insulin signaling by (a) direct interaction with the insulin receptor, 
which could prevent binding of the IRS proteins or decrease the kinase activity of the 
insulin receptor, and (b) by promoting degradation of the IRS proteins [8]. In addi-
tion, SOCS3 promotes leptin resistance in the hypothalamus [70] and may regulate b 
cell mass and proliferation [71]. Consistent with this, mice heterozygous for a deletion 
of SOCS3 are resistant to diet-induced obesity and insulin resistance [70].

Inflammation activates the NFkB pathway. Cytokines, such as IL-1, stimulate 
the formation of signaling platforms involving TNF-receptor associated factor 
(TRAF) proteins and transforming growth factor-b activated kinase (TAK) 1 
(reviewed in [72)], which activate the inhibitor kB kinase (IKK). IKK is a central 
mediator of the inflammation response, as it activates the transcription factor, 
nuclear factor kappa B (NFkB). NFkB drives the production of the pro-inflamma-
tory cytokines TNF-a, IL-1b and IL-6, thereby further promoting inflammation 
and insulin resistance [73]. Forced expression of IKK is sufficient to induce insulin 

Fig. 3 Molecular mechanisms of overnutrition-induced insulin resistance. Overnutrition appears 
to induce insulin resistance through many pathways, including inflammation, ER stress, lipotoxic-
ity and glucotoxicity. Together, these processes induce the SOCS proteins and activate JNK, IKK, 
the conventional PKCs and novel PKCs. This ultimately inhibits signaling through the insulin 
receptor, IRS-1, IRS-2 and Akt. However, it is not clear which of these pathways, if any, plays the 
major role in causing the insulin resistance associated with obesity
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resistance [22] whereas deletion of the gene protects against high fat diet-induced 
insulin resistance [22]. In addition, obesity increases IKK activity and salicylates, 
IKK-b inhibitors, have proven to be efficient insulin sensitizers in mice and 
humans [22].

Lipotoxicity. Free fatty acids themselves promote inflammation by activation of 
the toll-like receptor (TLR)-2 and -4 pathways [22]. TLRs signal via the formation 
of TRAF protein-containing complexes, and activate the JNK and the IKK/NFkB 
pathways [72]. Excess fatty acids can also become deposited into tissues such as 
the liver and muscle, where they drive the formation of diacylglycerol (DAG) and 
other potentially toxic lipid metabolites, such as GM3 ganglioside or ceramides [74]. 
DAG activates JNK and the novel PKCs, PKCq and PKCe. PKCq is present in 
muscle and stimulates activation of IKK-b and JNK [75]. PKCe is present in liver 
and has been shown to directly interact with the insulin receptor and decrease its 
activity [76]. GM3 ganglioside and ceramides, on the other hand, have been 
reported to induce insulin resistance by interfering with the activation of the insulin 
receptor and Akt, respectively (as reviewed in [74)].

Endoplasmic Reticulum (ER) Stress. The ER is an organelle dedicated to the 
synthesis, folding and maturation of all secreted and membrane proteins. When the 

Fig. 4 Negative effects of glucotoxicity, lipotoxicity and inflammation on insulin signaling



19110 Insulin Resistance in the Metabolic Syndrome

ER becomes overloaded with misfolded proteins, it triggers the unfolded protein 
response (UPR), a coordinate response involving inositol-requiring enzyme 1 (IRE-1), 
double stranded RNA-activated protein kinase-like endoplasmic reticulum kinase 
(PERK) and activating transcription factor 6 (ATF6). Under normal physiological 
conditions, the protein chaperone, BiP, interacts with IRE-1, PERK and ATF6, and 
maintains them in an inactive conformation. Under conditions of stress, the misfolded 
proteins bind and sequester BiP. As a result of BiP being removed from IRE-1, 
PERK and ATF-6, these proteins become activated, producing the UPR [77].

The UPR leads to a general attenuation of translation, which decreases the influx 
of more unfolded proteins, and increases expression of the chaperone proteins 
necessary to bind the unfolded proteins present. The UPR therefore represents a 
homeostatic mechanism. However, it also leads to insulin resistance. IRE-1 directly 
binds to TRAF-2 and triggers the activation of JNK [22] and IKK [22]. Furthermore, 
PERK phosphorylates the alpha subunit of the translation initiation factor 2 (eIF2a), 
and this results in decreased expression of IkB-a, a negative regulator of NFkB 
[22]. Consequently, genetic manipulations or chemical treatment that reduce the 
UPR have been shown to improve insulin sensitivity [22].

Glucose Toxicity. Insulin resistance eventually leads to hyperglycemia. In a 
vicious cycle, hyperglycemia leads to glucose toxicity, which further impairs 
insulin signaling, as well as insulin secretion. The effects of hyperglycemia on 
insulin signaling are thought to be mediated by the hexosamine pathway. This 
starts with the production of glucosamine 6-phosphate from fructose 6-phosphate 
by the rate-limiting enzyme glutamine:fructose-6-phosphate amidotransferase 
(GFAT). The major end product is UDP-N-acetylglucosamine (UDP-GlcNAC), 
which provides a substrate for the glycosylation of proteins and lipids [78]. 
Although the mechanism by which this pathway impairs insulin action is 
unclear, possible mechanisms include ER stress and JNK activation [79]. 
Alternatively, the fact that overexpression of O-GlcNAc transferase (OGT) 
decreases Akt Thr308 phosphorylation and increases IRS-1 Ser307, 632/635 
phosphorylation suggests that glycosylation of key signaling molecules may also 
occur [79]. In addition, hyperglycemia leads to the formation of advanced glyca-
tion end (AGE) products through non-enzymatic modification of proteins by 
reducing sugars. AGEs bind and activate the receptor for AGE (RAGE). The RAGE 
receptor activates PKCa, which in turn induces serine phosphorylation of IRS-1 
and IRS-2 [80].

Other Mechanisms of Insulin Resistance. Studies to understand how environ-
mental factors interfere with insulin signaling have focused on IRS-1 Ser 307 
phosphorylation by JNK. However, there are several important points to note. First, 
there are over 70 potential serine phosphorylation sites on IRS-1, and other IRS 
proteins may also undergo serine phosphorylation. The importance of IRS-1 Ser 
307 relative to these other sites has not been adequately studied. Second, although 
many studies have demonstrated negative effects of serine phosphorylation, there is 
some evidence that serine phosphorylation of certain sites may serve a positive role. 
Finally, multiple other mechanisms could contribute to insulin resistance in the 
metabolic syndrome [8].
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Insulin resistance could result from increases in the activity or amount of the 
enzymes which normally terminate the insulin signal, including the phosphoty-
rosine phosphatases, such as PTP1b, which de-phosphosphorylate and de-activate 
the insulin receptor. Increased tyrosine phosphatase activity has been described in 
insulin resistant states, and knockout of PTP1b improves insulin sensitivity in 
different models of insulin resistance [8]. Similarly, increased levels of the PIP

3
 

phosphatases, e.g., PTEN and SHIP, which dephosphorylate the PIP
3
 produced by 

PI 3-kinase, would be expected to impair insulin signaling. Consistent with this, 
reduction of PTEN and SHIP2 expression improves insulin sensitivity in various 
models of insulin resistance through upregulation of PI3-K and Akt signaling [8]. 
In addition, the pseudo-kinase TRB3, a mammalian homolog of drosophila tribbles, 
has been proposed to contribute to obesity-induced insulin resistance by interacting 
with Akt and downregulating its activity, [8] and endogenous Akt inhibitors such 
as CTMP and PHLPP may also play a role [8].

Thus, it is likely that many mechanisms, independent of JNK and IRS-1 Ser 307 
phosphorylation, play a role in mediating the effects of overnutrition on insulin 
signaling. In particular, it is likely that different genetic and environmental insults 
will produce their own signature of molecular insulin resistance, with a defined 
cluster of defects in the insulin signaling pathway.

Insulin Resistance in Humans

Identifying insulin signaling defects associated with the metabolic syndrome in 
humans is complicated by significant methodological challenges (reviewed in [81)]. 
Two approaches have been used. First, biopsies have been taken from insulin-
resistant subjects and their controls both before and after being subject to a hyper-
insulinemic euglycemic clamp, and insulin signaling has been examined. 
Alternatively, biopsies have been taken from individuals, and cultured in vitro in the 
presence or absence of insulin. Comparing the results of these different studies is 
difficult because of the numerous variables present, such as the patient population, 
the dose and duration of insulin, the site of biopsy and how the biopsy is processed 
for signaling studies. Therefore it is not surprising that some studies have identified 
defects in the insulin signaling pathway whereas others have not (reviewed in [16)]. 
Nonetheless, defects in insulin binding, insulin receptor tyrosine phosphorylation, 
IRS-1 tyrosine phosphorylation have been documented. Similarly defects in PI 
3-kinase and its downstream targets, Akt and aPKC have been shown. The most 
consistent insulin signaling defect to be observed in muscle and adipose is in the 
aPKCs, and this occurs in the presence or absence of defects in Akt. In contrast, 
activities of ERK1/2 and JNK appear to be relatively intact.

In a complementary approach, humans with defined lesions in the insulin signaling 
cascade have been studied [82]. Patients with mutations in the insulin receptor are 
hyperglycemic and hyperinsulinemic. Consistent with the studies in LIRKO mice, 
they show low serum triglycerides, their VLDL is relatively poor in triglycerides 
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and they show no increase in either lipogenesis or hepatic triglyceride content. 
In contrast, humans with mutations in Akt2 develop hyperglycemia, hyperinsulinemia, 
hypertriglyceridemia, and increased lipogenesis and hepatic triglyceride content. 
Taken together, these studies indicate that multiple defects in the insulin signaling 
pathway are possible in humans, but that not all pathways are equally affected. 
Furthermore, the phenotype of the individual will depend on the specific complement 
of lesions he or she harbors.

Conclusions

The role of insulin resistance in the metabolic syndrome is yet to be resolved. 
However, recent advances in our understanding of the insulin signaling cascade 
show that many of the ideas put forth by Dr. Reaven, over 20 years ago, are 
likely correct. First, studies, particularly in LIRKO mice, indicate that many 
features of the metabolic syndrome, in addition to hyperglycemia, can be 
produced by insulin resistance, namely, low HDL cholesterol, susceptibility to 
atherosclerosis and susceptibility to cholesterol gallstones. Further character-
ization of mice and humans with defined lesions in the insulin signaling pathway 
may even show other features to be related. Second, the existence of multiple 
branches and nodes in the insulin signaling pathway explain how some pathways 
of the metabolic syndrome can remain sensitive to insulin, while others become 
resistant. For example, a specific defect in Akt could allow continued signaling 
through the insulin receptor/IRS/PI 3-kinase/PKC-l pathway leading to the 
activation of lipogenesis. Since Akt regulates FoxO1 and gluconeogenesis, 
defects in Akt could produce both hyperglycemia and increased serum and 
hepatic triglycerides, as observed in humans with mutations in Akt. Although 
the precise lesions that cause insulin resistance in humans, particularly in 
tissues such as the liver, are yet to be determined, studies to date suggest that 
defects do occur.

Finally, the unexpected finding of so many redundant components in the insu-
lin signaling cascade suggests that the metabolic syndrome may be even more 
complex than we had initially thought. In other words, the number of defects pos-
sible in the insulin signaling cascade is staggering, and each defect is likely to 
produce a slightly different phenotype. The exact complement of lesions har-
bored by any individual will depend on both the genetic and environmental 
insults to which he or she is subjected. Ultimately, we hope to be able to diagnose 
and treat individuals with the metabolic syndrome based on their specific insulin 
signaling defects, leading to more effective therapy with fewer adverse effects.
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Introduction

It is well recognized that obesity is associated with insulin resistance and a high risk 
for the development of type 2 diabetes (T2D). Numerous studies show that insulin-
resistance precedes the development of hyperglycemia and the onset of diabetes. 
Most obese, insulin resistant individuals do not develop hyperglycemia because the 
pancreatic islet b-cells compensate appropriately by increasing insulin release and/
or their mass to overcome impaired peripheral insulin action. T2D develops only in 
those who are unable to compensate fully for the reduced insulin sensitivity. 
Although evidence supporting this concept has emerged during recent years [1–5], 
the factors or mechanisms that underlie the b-cell compensation for insulin resis-
tance, and/or those that trigger b-cell failure leading to T2D in obese individuals 
are not fully understood.

Recent evidence supports a central role for the brain in regulating both body fat 
content and glucose metabolism. Indeed, studies suggest that the brain is able to 
sense and integrate information from neural, hormonal, and nutrient cues that are 
generated in response to body energy status, such as food ingestion, body adiposity, 
and energy balance. The hypothalamus is also known to directly regulate glucose 
metabolism by controlling hepatic glucose output, glucose uptake by fat and mus-
cle, and insulin secretion by the endocrine pancreas. Nutrient sensing by the brain 
is impaired by overeating and obesity, and sustained impairment of hypothalamic 
nutrient sensing can also lead to obesity. Thus, the hypothalamus plays a crucial 
role in energy and glucose metabolism and is involved in mechanisms linking obe-
sity to T2D [6–8].

Among the signals that originate in the central nervous system (CNS), the auto-
nomic nerves mediate important signals to the pancreatic islets to influence 
 physiological and pathophysiological functions in the islet [9]. Indeed, the islets are 
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richly innerved by autonomic nerves and have been suggested to be involved in the 
islet adaptation to insulin resistance with possible implications for b-cell failure 
leading to the development of T2D[9]. Interestingly, several neurotransmitters or 
neuropeptides that act on the CNS to regulate appetite and energy homeostasis have 
also been reported to regulate pancreatic islet function [9]. In this chapter, we will 
discuss, recent evidence regarding the roles of neuropeptides, including melanin-
concentrating hormone (MCH), neuropeptide Y (NPY), orexins, galanin, and 
somatostatin, that could be implicated in regulating b-cell function and its adapta-
tion to insulin resistance in obesity as components of a putative “islet–hypothalamic 
axis” [10] (Figs. 1 and 2).

It is notable that obesity and insulin resistance are associated with changes in the 
abundance of bioactive factors released from the adipose tissue, termed adipokines, 
that also regulate b-cell growth and function and may be linked to the pathogenesis 
of obesity-related diabetes[11]. Several of these adipokines affect islet function 
and/or growth directly and/or indirectly by acting via the central/autonomic ner-
vous system, contributing to an “adipo-insular axis” or “islet–hypothalamic 
axis”[11, 12]. In the latter part of this chapter, we will consider adipokines and 
other factors originating from the gut and the endocrine pancreas, including leptin, 
adiponectin, resistin, interleukin-6, ghrelin, glucagon-like peptide (GLP)-1, and 

Fig. 1 Stimulation of pancreatic islet b-cells by neuropeptides, gut-derived peptides, and adipokines
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amylin, that have been recently reported to play important roles in regulating both 
hypothalamic and islet function and that could potentially contribute to b-cell adap-
tation and/or its failure in obesity-related diabetes (Figs. 1 and 2).

Neuropeptides Regulating the Islet–Hypothalamic Axis

MCH: MCH is expressed in the lateral hypothalamus and known to play a critical 
role in feeding and energy balance in rodents [13]. MCH expression in the hypo-
thalamus is upregulated by fasting and exogenous administration of MCH stimu-
lates feeding behavior in mice [14]. Mice overexpressing MCH have mild obesity, 
hyperinsulinemia, and islet hyperplasia that is independent of their degree of obe-
sity [15]. Conversely, mice lacking the MCH gene are lean, hypophagic, and resis-
tant to aging-associated obesity and insulin resistance [13, 16]. A stimulatory effect 
of MCH on insulin release and expression of MCH and its receptors has been 
observed in mouse and human islets and rodent b-cell lines [17, 18]. The compen-
satory islet expansion in response to a HFD, which was observed in control mice, 
was attenuated in mice lacking MCH, suggesting MCH signaling is a necessary 
link in the islet adaptation to insulin resistance [17]. Although b-cell function and 
mass could be modulated by central action of MCH on feeding, adiposity, and 

Fig. 2 Inhibition of pancreatic islet b-cells by neuropeptides, gut-derived peptides, and adipokines
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whole body insulin sensitivity, the rodent models discussed above indicate a 
potential  local and autocrine role for MCH in the regulation of islet secretory 
 function and b-cell mass in obese states.

NPY: NPY is a neurotransmitter that is widely distributed in mammalian central 
and peripheral nervous systems and is a potent orexigenic peptide that has been 
suggested to play an important role in the regulation of body weight and feeding 
[19]. Chronic exposure to elevated NPY in the hypothalamus of mice produced 
hyperphagia, obesity, and insulin resistance [20], and an increase in activity of NPY 
and its receptors has been found in the brain in many forms of experimental obesity 
[19, 21]. A recent study revealed a direct action of NPY on fat tissue that may 
contribute to stress-induced obesity and metabolic syndrome [22]. NPY is also 
expressed in pancreatic islets and implicated in the regulation of islet function. 
NPY decreases glucose-stimulated insulin secretion from rodent and human islets 
[23, 24]. Conversely, islets from NPY-deficient mice have higher basal and glucose-
stimulated insulin secretion, and greater islet mass compared with wild-type mice 
[25]. Furthermore, the islet adaptation to obesity, that is, enhanced basal/glucose-
stimulated insulin secretion, in C57BL/6J mice on a HFD was associated with 
decreased NPY and Y1 receptor mRNA levels in islets [25]. These findings imply 
that local action of NPY in pancreatic b-cells is involved in insulin hypersecretion 
and islet growth in response to obesity and insulin resistance, although its direct 
role in islet b-cell failure in obesity and diabetes remains to be determined.

Orexins: Orexins, also called hypocretins, are peptides originally found to be 
produced in the lateral hypothalamic area and are implicated in the regulation of 
feeding, energy balance, and wakefulness [26]. Orexin mRNA is upregulated by 
fasting and central administration of orexins has been shown to increase food intake 
in rodents [27]. Recent evidence indicates that orexins and functional orexin recep-
tors are expressed in the periphery including the gastrointestinal tract and the endo-
crine pancreas. Orexin A release is increased in response to hypoglycemia and 
inhibited when glucose levels are high, suggesting these peptides participate in the 
control of pancreatic hormone secretion and glucose homeostasis [28]. Recent 
in vitro and in vivo studies suggest that orexins influence both islet insulin and 
glucagon secretion. However, no clear role for orexins has been established in the 
regulation of islet function and glucose metabolism [28].

Galanin: Galanin is widely distributed in the central and peripheral nervous 
systems and regulates a variety of physiological and pathological processes, includ-
ing feeding, seizure, cognitive performance, mood, and pain threshold, by acting on 
three G-protein-coupled receptors, GalR1, GalR2, and GalR3 [29]. The evidence 
that galanin receptor is expressed in insulin producing cells and localization of the 
peptide in sympathetic nerve terminals that surround islet cells suggests that gala-
nin is involved in the sympathetic regulation of islet function. Although general 
conclusions are complicated by species differences, galanin is reported to be a 
sympathetic neurotransmitter in islets inhibiting insulin secretion in many studies 
using mice, rats, and dogs [30, 31]. The pancreatic content of galanin is decreased 
in obese-diabetic ob/ob and db/db mice exhibiting hyperinsulinemia [32],  suggesting 
that the peptide is involved in obesity-related hyperinsulinemia and b-cell failure.
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Somatostatin: Somatostatin is a peptide hormone produced and released in 
 neuroendocrine neurons in the hypothalamus and acts to suppress growth hormone 
(GH) secretion. It is also secreted in the gastro-intestinal system including stomach, 
intestine, and d-cells of the pancreas, and regulates gastro-intestinal motility, gastric 
acid flow, and secretions from the exocrine and endocrine pancreas [33]. 
Somatostatin is a potent inhibitor of insulin and glucagon secretion, and therefore 
indirectly regulates glucose homeostasis. Among the five somtatostatin receptor 
subtypes (sst

1
 through sst

5
), sst

5
 is reported to be implicated in regulating b-cell 

insulin secretion [33]. A recent study reported that islets from sst
5
 knockout (KO) 

mice exhibit enhanced glucose-stimulated insulin secretion. The sst
5
 KO mice also 

exhibited improved insulin sensitivity compared to controls, resulting in attenuated 
obesity, insulin resistance, and improved glucose tolerance after high-fat feeding, 
suggesting a potential role for sst

5
 antagonists in improving metabolic abnormali-

ties associated with obesity and insulin resistance [33]. Octreotide, a synthetic 
somatostatin analog, that is used for treatment of pituitary tumors and neuroendo-
crine tumors in the gastrointestinal tract, has also been shown to be effective in 
reducing insulin secretion and body weight in children with hypothalamic obesity 
[34]. Recent human studies suggest the analog is also effective in controlling adult 
obesity with hyperinsulinemia and retarding the progression of diabetic microvas-
cular complications [35–37].

Other Neuropeptides: Arginine vasopressin (AVP) is a neurohypophyseal hor-
mone that exerts a number of physiological roles in mammals in regulating body 
fluid volume, osmolality, and blood pressure. Although AVP does not act on the 
hypothalamus or affect appetite, it regulates glucose metabolism by its direct gly-
cogenolytic and gluconeogenic effects on the liver and by modulating insulin and 
glucagon release from the endocrine pancreas, with the effects dependent on ambi-
ent glucose concentrations [38]. AVP has also been shown to potentiate insulin 
release synergistically with the hypothalamic neuropeptide corticotrophin-releasing 
hormone (CRH) by raising intracellular Ca2+ influx in mouse islet cells [39]. 
However, it is unclear whether these peptides are directly involved in obesity-
related b-cell pathophysiology.

Gut Peptides Regulating the Islet–Hypothalamic Axis

Insulin: It is well-known that insulin, which is secreted by the pancreatic b-cells 
to promote anabolic metabolism in peripheral tissues such as skeletal muscle and 
fat, plays important roles in the maintenance of islet b-cell function and mass. 
Mice lacking insulin receptors (IRs) in b-cells (bIRKO) exhibited a loss of glucose-
stimulated insulin secretion and a progressive impairment of glucose tolerance with 
reduced b-cell mass [40]. Mice lacking functional receptors for both insulin and 
IGF-1 only in b-cells [41], and mice with b-cells deficient in PDK1, a common 
downstream mediator of both insulin and IGF-1 signaling [42], both develop early-
onset overt diabetes due to loss of b-cell mass, indicating that b-cell failure leading 
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to T2D might result from a defect in insulin and IGF-1 signaling in pancreatic 
b-cells. Studies using bIRKO mice further demonstrated that functional IR signaling 
in b-cells is crucial for islet compensatory growth response to insulin resistance in 
mice fed with high-fat diet or mice with liver-specific IR knockout (LIRKO) [43].

Insulin is also known to enter the brain via the circulation and act as a hormonal 
signal in the regulation of body weight by the CNS [44]. As a consequence of increased 
positive energy balance and adiposity that is seen in obesity, circulating insulin is 
increased in proportion to body fat content, providing a feedback adiposity signal to 
the CNS to reduce energy intake [44, 45]. IRs are expressed in the hypothalamus, 
particularly in the arcuate nucleus (ARC), which is important in the regulation of food 
intake and energy homeostasis, and i.c.v. insulin infusion inhibits food intake [45]. 
Experimental evidence supports an important role of central insulin action in the regu-
lation of energy and glucose homeostasis. Mice with a neuron-specific deletion of the 
IR gene throughout the brain (NIRKO) showed increased food intake and developed 
diet-sensitive obesity [46]. A selective decrease of the IR protein in the ARC neurons 
containing NPY and AgRP by an antisense oligodeoxynucleotide was accompanied 
by rapid onset of hyperphagia and increase in fat mass in rats [47]. Other studies have 
shown that the insulin effect in the hypothalamus is mediated by insulin receptor sub-
strate 2 (IRS-2)-phosphatidylinositol 3-kinase (PI3K) pathway with a plausible neu-
ronal cross-talk between insulin and leptin signaling [48–51].

Considering the evidence that reduced hypothalamic neuronal insulin signaling 
also causes hepatic insulin resistance [47] and subsequent increase in insulin 
demand in b-cells, alterations in hypothalamic insulin action may potentially be 
linked to b-cell failure in obese and insulin-resistant subjects. The studies on neural 
or b-cell insulin action discussed above, demonstrate that, besides insulin resistance 
in classical insulin target tissues, nonclassical insulin target tissues such as the brain 
and pancreatic b-cell likely act synergistically in the induction of obesity, insulin 
resistance, and glucose intolerance associated with T2D.

Amylin: Amylin, also known as islet amyloid polypeptide (IAPP), is a pancreatic 
b-cell hormone co-released with insulin in response to nutrient stimuli. The actions 
of the peptide, including reducing food intake, slowing gastric emptying, and 
reducing postprandial glucagon secretion, mainly through actions in the hypothala-
mus, are the basis for the use of a nonamyloidogenic analog, pramlintide, in the 
treatment of obesity and T2D [52]. Human, but not rodent, IAPP is capable of 
forming amyloid fibrils in pancreatic islet cells. The presence of islet amyloid depo-
sition in a vast majority of individuals with T2D has led to the speculation that 
human IAPP (hIAPP) plays a role in the pathogenesis of b-cell failure observed in 
T2D [53, 54]. Both in vitro and in vivo studies have revealed that amyloid forma-
tion in islets causes islet b-cell death in obesity and insulin resistance. Animal 
studies using a transgenic mice expressing hIAPP in islet b-cells, a model of islet 
amyloid formation as it occurs in T2D, reported the transgenic mice fed a diet rich 
in fat led to an increase in islet amyloid formation, reduced islet b-cell mass, 
decrease in glucose-stimulated insulin secretion, and glucose intolerance; whereas 
nontransgenic mice, without islet amyloid deposition, adapted to the diet-induced 
obesity by increasing their islet mass and function [55–57].



20511 Pancreatic Islet b- Cell Failure in Obesity

Recent studies have suggested the IAPP-induced b-cell death is caused by 
 apoptosis and/or reduced b-cell replication that could be associated with oxidative 
stress or endoplasmic reticulum (ER) stress induced by the HFD [54, 58, 59]. The 
rodent studies indicate that the amyloid, formed in islets of humans with obesity, is 
cytotoxic to b-cells and contributes to b-cell failure, leading them to diabetes. It 
remains to be understood how exactly hIAPP forms, aggregates, and causes cyto-
toxicity in islet b-cells [60, 61]. The 20–29 amino acid region of hIAPP, which is a 
highly amyloidogenic segment, has been suggested to be a target for the develop-
ment of islet amyloid inhibitors [54].

Ghrelin: Ghrelin, a peptide predominantly produced in the stomach, is a natural 
ligand of the GH secretagogue receptor (GHS-R). It potently stimulates GH secretion 
and feeding by acting on the pituitary and hypothalamic arcuate nucleus, respectively 
[62, 63]. Ghrelin and GHS-Rs are also expressed in the pancreatic islet cells, as well 
as CNS, stomach, and intestine. Plasma ghrelin levels are negatively correlated with 
body weight, fasting insulin levels, and insulin resistance [62]. In humans and rodents, 
systemic administration of ghrelin has been shown to inhibit plasma insulin levels, 
followed by a persistent increase in plasma glucose levels. Ghrelin treatment inhibits, 
whereas GHS-R antagonists enhances glucose-induced insulin secretion (GSIS) and 
cytosolic Ca2+ concentration in isolated islets, indicating an inhibitory effect of the 
peptide on insulin release that contributes to restrain its secretory activity in the fasting 
state [62, 64]. Mice with targeted deletion of ghrelin (Ghr-KO) displayed essentially 
normal metabolic phenotypes when fed a regular diet; however, the Ghr-KO mice 
exhibited markedly enhanced insulin responses with reduced glycemia during GTT. 
Isolated islets from the Ghr-KO mice also showed greater insulin response to glucose 
than that of wild-type mice and the two groups showed no significant difference in islet 
size, number, or insulin content [62, 64].

The significance of islet ghrelin-GHS-R system in b-cell pathophysiology in 
obesity has been examined using the Ghr-KO mice. The HFD-induced glucose 
intolerance that was seen in wild-type mice, was largely prevented in Ghr-KO mice 
due to a markedly enhanced secretory insulin response to glucose [64, 65]. Deletion 
of ghrelin augmented GSIS and markedly improved hyperglycemia in genetically 
obese ob/ob mice, the effect of which was associated with reduction of UCP2 
expression in the pancreatic islets [66]. Conversely, ghrelin transgenic (Tg) mice, 
whose ghrelin expression and production are increased in the stomach and brain, 
exhibited an increased circulating bioactive ghrelin, resulting in hyperphargia, glu-
cose intolerance, and an attenuated GSIS [67]. Thus, ghrelin plays a role in regulat-
ing b-cell function and antagonism of ghrelin function may be a potential 
therapeutic approach for treating T2D by enhancing insulin secretion.

GLP-1: GLP-1 is secreted from intestinal endocrine L-cells in a nutrient-depen-
dent manner, and directly regulates many aspects of pancreatic b-cell growth and 
function. GLP-1 stimulates glucose-dependent insulin secretion, promotes gene 
transcription, mRNA stability, and biosynthesis of insulin, improves b-cell glucose 
sensitivity, stimulates b-cell proliferation and neogenesis, and inhibits b-cell apop-
tosis, thereby improving b-cell function and increasing b-cell mass (reviewed in 
[68, 69]. GLP-1 has also been reported to inhibit glucagon and stimulate 
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somatostatin  secretion (reviewed in [68, 70]. Increased intestinal GLP-1 production 
and enhanced sensitivity of islets to the incretin effect of GLP-1 was observed in 
animals with HFD-induced insulin resistance [71, 72].

Enhanced insulin production in response to insulin resistance has been reported 
to cause ER stress, perturbation of which leads to impairment of insulin biosynthe-
sis b-cell survival, and glucose homeostasis [73]. GLP-1R activation has been 
shown to reduce ER stress-associated b-cell death [74], and this effect may contrib-
ute to the ability of GLP-1 to expand b-cell mass and enhance b-cell function and 
survival [2]. Besides its direct effects on the endocrine pancreas, GLP-1 also acts 
as a neurotransmitter to control gastric emptying, food intake, and body weight via 
mechanism involving the autonomic and the central nerves that express GLP-1 
receptors (GLP-1R) or produce GLP-1 [68–70].

Several studies suggest that peripheral, gut-derived GLP-1 stimulates insulin 
secretion indirectly, in part, through an autonomic pathway, based on the observa-
tion of a rapid degradation of GLP-1 by DPP-IV in the peripheral circulation. 
Moreover, hypothalamic neurons expressing GLP-1 and GLP-1R regulate glucose 
metabolism by modulating autonomic output [70]. Interacerbroventricular (i.c.v.) 
administration or hypothalamic injection of GLP-1 or its agonist, exendin-4 has 
been shown to increase glucose-stimulated insulin secretion and reduce hepatic 
glucose production [70, 75, 76]. Based on these observations, the current under-
standing is that both brain and peripheral GLP-1 action play a role in the control of 
both feeding and glucose metabolism [70, 75, 76]. Therefore, GLP-1 could be 
among the important components of the “islet–hypothalamic axis” necessary for 
promoting b-cell adaptation and survival in insulin-resistant states in obesity.

Adipokines and Cytokines Regulating 
the Islet–Hypothalamic Axis

Leptin: Leptin is an adipocyte-derived hormone that represents the endocrine function 
of adipose tissue, and mediates a wide range of physiological actions on energy and 
glucose homeostasis. Leptin is secreted by white adipose tissue in proportion to fat 
content and signals the status of body energy stores to the hypothalamus to regulate 
appetite and energy expenditure [77–79]. In addition to its well-characterized effects 
on body weight, leptin regulates glucose homeostasis both directly and indirectly 
through its actions on food intake and body weight [78, 80]. Furthermore, several stud-
ies suggest that leptin can directly impact glucose metabolism that is independent of 
its central effect on body weight reduction. Thus, the brain is a key target for the glu-
cose-lowering actions of leptin, since i.c.v., but not peripheral, administration of leptin, 
and increased CNS expression of leptin in insulin resistant, obese/diabetic animals 
have all been found to improve peripheral insulin sensitivity and decrease insulin 
secretion [6, 78, 80]. Interestingly, although reduced insulin secretion by leptin admin-
istration appears to be secondary to the improvement of peripheral insulin sensitivity 
via its action on the CNS, growing evidence indicates that leptin can directly regulate 
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insulin release and b-cell growth by acting via its receptors (ObRb) expressed in the 
pancreatic b-cells [11, 12]. These data provide important evidence that leptin can act 
in the periphery independent of its actions on the CNS.

In vitro studies have shown an inhibitory effect of leptin on insulin gene expres-
sion and insulin release in clonal b-cell lines and in isolated murine and human 
islets [12, 81, 82]. The acute inhibitory effect of leptin on insulin release in leptin-
deficient ob/ob mice has been demonstrated in several studies [81, 82]. Furthermore, 
in obese/diabetic rodent models lacking systemic leptin action, such as ob/ob, db/
db mice, and Zucker fatty rats, hyperinsulinemia and/or increased b-cell mass were 
observed to precede the development of obesity and insulin resistance [12, 83]. 
These in vivo findings indicate that hyperinsulinemia and islet hyperplasia in the 
mutant animals is due, in part, to a lack of leptin signaling in b-cells. A direct role 
for leptin signaling on b-cell function and growth has been recently investigated in 
genetically engineered mice that lack leptin receptors (ObRs) either specifically in 
b-cells [84] or the whole pancreas [85]. Both models exhibited fasting hyperinsu-
linemia and an increase in islet mass, possibly due primarily to the absence of leptin 
action in b-cells. The mice lacking ObRs in pancreas also exhibited enhanced 
glucose-stimulated insulin secretion both in vivo and in vitro, leading to improved 
glucose tolerance, supporting an inhibitory role for leptin on insulin secretion in 
agreement with previous studies [85]. Intriguingly, the pancreas-ObR KO mice 
were susceptible to HFD-induced glucose intolerance compared to the control 
mice, due to a failure of compensatory b-cell secretory function and islet expan-
sion, consistent with the concept that leptin protects islets from lipid overload and 
subsequent “lipoapoptosis,” as suggested by previous reports [86, 87].

Based on these experimental data, it is conceivable that leptin resistance at the 
level of the b-cell plays a role in regulating b-cell function. For example, obese 
people are resistant to hypothalamic effects of leptin on satiety and energy expen-
diture despite higher leptin levels in circulation and are “leptin resistant”[78]. Thus, 
in obese individuals, increased adiposity and prolonged elevated plasma leptin 
levels potentially promote b-cells to become unresponsive to leptin action, leading 
to chronic hyperinsulinemia – a characteristic feature of obesity and T2D. This 
would also lead to insulin resistance in b-cells and consequent defects in secretory 
function [43]. Finally, leptin-resistant b-cells may also become sensitive to lipid-
induced b-cell dysfunction, leading to b-cell failure and overt diabetes.

Adiponectin: Adiponectin is an adipokine secreted exclusively by the white 
adipose tissue and is present at relatively high concentrations in circulation [88]. It 
increases peripheral insulin sensitivity and a decrease in circulating adiponectin in 
obesity has been suggested to contribute to insulin resistance, metabolic syndrome, 
glucose intolerance, and atherosclerosis [88, 89]. Administration of a fragment of 
adiponectin that contains the globular domain to rodents increases lipid oxidation 
and glucose uptake in muscle, reduces hepatic glucose production, and improves 
whole body insulin sensitivity through the activation of AMP-activated protein 
kinase (AMPK) in the peripheral tissues [90, 91]. In addition to its peripheral 
actions, this adipokine has also been shown to mediate regulation of energy 
homeostasis  via its central actions. Indeed, adiponectin receptors, AdipoR1 and 
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AdipoR2 [92], have been shown to be abundantly expressed in the hypothalamus, 
and adiponectin is known to cross the blood–brain barrier from the systemic circu-
lation [93, 94]. A recent study reported that adiponectin enhances AMPK activity 
in the arcuate hypothalamus (ARH) and stimulates food intake under fasting condi-
tions, and that it also decreases energy consumption in mice [94].

The findings that serum and CSF adiponectin levels and AdipoR1 expression in 
the ARH are increased during fasting and decreased after refeeding suggest that 
adiponectin acts mainly during fasting conditions to serve as a starvation hormone 
to promote fat storage [88, 94]. Adiponectin has also been shown to play a role in 
pancreatic b-cell function and survival via its receptors AdipoR1 and AdipoR2 
which are both expressed in islet b-cells. Other studies have reported that adiponec-
tin inhibits fatty acid-, or glucotoxicity-induced b-cell apoptosis and prevents fatty 
acid-induced secretory dysfunction in INS-1 rat insulinoma cell lines [95, 96]. In 
vitro studies have also demonstrated that adiponectin augments insulin secretion 
from isolated rodent islets at both low [97] and high [98] glucose concentrations. 
Studies in humans have indicated that a low-circulating adiponectin is associated 
with b-cell dysfunction and insulin resistance [99–103]. Thus, low plasma adi-
ponectin levels observed in obese subjects could be one of many factors contribut-
ing to b-cell failure and consequent development of T2D in obese humans.

Resistin: Resistin, a cysteine-rich protein secreted by adipocytes in rodents and 
macrophages in humans, is one of the adipocyte-derived hormones implicated in 
insulin resistance, inflammation, and impaired glucose homeostasis in obesity 
[104]. Following its discovery [105], studies indicate that increased circulating 
resistin in genetic- or diet-induced obesity is a primary cause of hepatic insulin 
resistance, which is mediated by resistin-induced SOCS-3 or inhibition of AMP-
kinase activity in the liver [106–108]. Resistin mRNA and protein are expressed in 
rodent hypothalamus [104] and recent studies demonstrated that resistin delivered 
to the cerebral ventricle (i.c.v) stimulated hepatic glucose production by impairing 
insulin action and inducing proinflammaory cytokines (TNF-a, IL-6, and SOCS-3) 
in the liver [109, 110]. Central resistin was shown to activate hypothalamic neurons 
and cause impaired hepatic insulin sensitivity and hyperglycemia by increasing 
orexigenic NPY expression in hypothalamus [110].

Resistin is also expressed in pancreatic islets at relatively high levels in humans 
and rodents [111]. An adenovirus-mediated transient increase in circulating resistin 
in mice resulted in impaired glucose tolerance due to both insulin resistance and 
impaired insulin secretory response to glucose [112]. In vitro studies, albeit from 
only a few available so far, have demonstrated that a long-term exposure (~24 h) of 
isolated mouse islets, or b-cell lines, to resistin, at high concentrations, caused 
insulin secretory dysfunction by inducing insulin resistance in b-cells [112, 113], 
and that it also caused a significant increase in b-cell viability at lower concentra-
tions [113]. These reports indicate that resistin delivered from adipose tissue is 
involved in insulin resistance partly by acting in the CNS and also by regulating 
b-cell function/viability and is one potential mechanism by which increased adi-
posity causes b-cell dysfunction in obese states.

Interleukin-6: Interleukin-6 (IL-6) is a multifunctional cytokine that is produced 
by the immune system and other tissues such as the adipose and contracting skeletal 
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muscle. Increased circulating IL-6 is related to obesity, insulin resistance, and 
 cardiovascular morbidity, and many studies indicate its pro-inflammatory effects 
contribute to insulin resistance in liver and adipose tissue [114]. IL-6 appears to 
have central actions. For example, mice deficient in IL-6 were shown to develop 
maturity-onset obesity due to lack of central action of IL-6 to increase energy 
expenditure [115]. Since chronic i.c.v. administration of IL-6 decreased body fat 
mass and food intake in rats [116], and IL-6 concentrations in CSF are negatively 
correlated with body fat mass in humans [117], IL-6 appears to exert an antiobesity 
effect through its central actions [114]. IL-6 also plays direct roles in pancreatic 
islets. IL-6 has been shown to stimulate insulin secretion and increase the viability 
of b-cells in rodent pancreatic islets and some clonal b-cell lines [11].

These effects of IL-6 indicate that it has protective effects on b-cells and that the 
elevation of IL-6 production in obese and T2D individuals may be involved in the 
b-cell compensation for insulin resistance. Supporting this possibility, a recent 
clinical study indicated that IL-6, but not TNF-a, independently contributed to the 
hyperinsulinemia in subjects with excess visceral adiposity [118]. Another recent 
study has shown that the a-cell is a primary target of IL-6 action in pancreatic islets 
and that IL-6 regulates pro-glucagon production and glucagon secretion, stimulates 
a-cell proliferation, and inhibits a-cell apoptosis induced by high glucose and free-
fatty acid in vitro [119]. This study further showed the expansion of a-cell mass in 
response to HFD-feeding, which was evident before changes in b-cell mass, is 
dependent on IL-6 in vivo and suggested that it’s required for functional b-cell 
compensation for increased metabolic demand in insulin resistance [119].

Potential Therapeutic Approaches to Pancreatic 
b-Cell Failure in Obesity

Several neuropepides that control appetite also expressed and act at the level of 
pancreatic islets to regulate b-cell function. Those peptides are possibly involved in 
modulating islet function and mass to compensate for insulin resistance in obesity. 
Among them, according to the recent animal studies discussed above, reduced local 
action of NPY, galanin, and ghrelin in islets, all of which stimulate appetite, appears 
to contribute to islet compensation for insulin resistance in obesity. The local pres-
ence of the orexigenic peptide, MCH, also appears to be required for islet adapta-
tion to insulin resistance. Upregulating local MCH or downregulating local NPY 
action in islets, and systemic antagonism of ghrelin could be potential therapeutic 
approaches to promote b-cell function and mass in obesity-related diabetes. The 
incretin hormone, GLP-1, which acts on the hypothalamus to suppress appetite, 
seems to be involved both in promoting islet compensation and preventing islet 
failure in obesity-related diabetes. The GLP-1 analog and DPP-IV inhibitors, which 
are currently available for diabetes treatment, could be protective for b-cells and 
prevent diabetes progression in patients with obesity.

A number of adipokines and cytokines could modulate the islet–hypothalamic 
axis, to regulate both appetite and islet pathophysiology in individuals manifesting 
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obesity and insulin resistance. Among these adipokines, reduced leptin action or 
“leptin resistance,” in both hypothalamus and pancreatic islets, could be associated 
with both hyperinsulinemia and islet expansion in response to insulin resistance on 
the one hand, and with islet failure possibly secondary to b-cell lipotoxicity in 
obesity-related diabetes on the other. Increased levels of IL-6 and mild elevation of 
resistin in obesity appear to contribute to islet adaptation, whereas low adiponectin 
and high resistin revels in obesity seem to be associated with b-cell failure in insulin 
resistance, leading to diabetes. The antidiabetic class of drugs, thiazolidinediones 
(TZDs), have been reported to increase body weight in most clinical studies and to 
positively regulate food consumption and energy balance in animals [120, 121]. 
However, many studies have shown that TZDs improve b-cell function in T2D 
patients [122, 123] and slow the rate of loss of b-cell function to a greater extent than 
did metformin or sulphonylureas in recently diagnosed T2D patients [124]. Recent 
studies have shown that TZD treatment modulates circulating adipocytokine levels 
including adiponectin, FFA, TNF-a, and leptin [125], reduces islet amyloid deposi-
tion [126, 127], decreases islet triglyceride content [128, 129], and improves ER 
stress in b-cells [130], each of which directly or indirectly leads to improvement of 
b-cell function and survival in individuals with obesity and insulin resistance.

Conclusions

Teleologically, the concept of an islet–hypothalamus axis plays an important role in 
the maintenance of glucose homeostasis. Bioactive factors from metabolic tissues 
including adipose tissue, gut, skeletal muscle, and endocrine pancreas, may all 
modulate the function of this “axis” to control both islet adaptation and failure in 
insulin resistance in obesity. The islet–hypothalamic axis should be considered a 
significant ‘node’, and actions of these regulatory peptides both at the hypothala-
mus and the islet should be considered when developing therapeutic approaches to 
treat obesity-related diabetes.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a constellation of diseases ranging from 
benign hepatic steatosis to fibrosing nonalcoholic steatohepatitis (NASH) [1, 2]. 
The incidence of NAFLD is growing worldwide in parallel to the epidemic rise of 
obesity and metabolic syndrome [3]. It is currently estimated to be at ~20–25% in 
the general population, and at ~75–90% in the morbidly obese population; ~3–5% 
of patients with NAFLD will develop the more progressive form, NASH [4, 5] 
(Fig. 1). With NASH progressing to cirrhosis and/or hepatocellular carcinoma [6], 
the disease is projected to become the leading liver disease and cause of liver 
transplantation due to cirrhosis in western countries [7]. In 1980, Ludwig et al. [8] 
first described NASH in a small pool of patients with no history of alcoholism. 
Histologically, these patients exhibited liver macrosteatosis with inflammatory 
infiltrates, Mallory bodies, fibrosis, and cirrhosis.

The pathogenesis of NASH is not fully elucidated, but a “multiple-hit” hypothesis, 
previously referred to as the “two-hit hypothesis” has gained traction in recent years 
[9]. According to this hypothesis, hepatic steatosis develops initially (first hit) (Fig. 2), 
and predisposes to lipid peroxidation and inflammation, leading to hepatitis, hepato-
cyte loss by apoptosis, fibrosis and ultimately, cirrhosis. With liver steatosis being 
mechanistically linked to insulin action, it is natural to associate NAFLD with insulin 
resistance (Fig. 3). However, this notion remains somehow controversial, largely 
because of the limited availability of animal models that replicate the human disease. 
This review will discuss novel mechanisms linking NASH pathogenesis to the 
Carcino-Embryonic Antigen-related Cell Adhesion Molecule 1 (CEACAM1), a pro-
tein that regulates insulin sensitivity by mediating hepatic insulin  clearance [10, 11] 
(Fig. 4), and a negative acute effect of insulin on fatty acid synthase (FAS) activity 
[12]. CEACAM1 also exerts an anti-inflammatory effect [13].
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Fig. 1 Natural history of Non-alcoholic fatty liver disease (NAFLD). Obesity is associated with 
insulin resistance and hepatic steatosis. A subset of patients (~5%) develop nonalcoholic steato-
hepatitis (NASH), which may progress to cirrhosis

Fig. 2 Pathogenesis of hepatic steatosis. In obese individuals, insulin resistance in adipose tissue 
increases lipolysis, leading to enhanced hepatic fatty acid influx, generation of LCFACoAs, and 
triglyceride formation. De novo hepatic lipogenesis is also increased in obesity. On the other hand, 
hepatic fatty acid oxidation is attenuated in obesity. The result is a net accumulation of hepatic 
triglycerides, i.e., steatosis

Fig. 4 (continued) binding phosphorylates the receptor at many sites, including Y960 and Y1316 
of the b-subunit of the IR. Phosphorylation of Y1316 regulates phosphorylation of CEACAM1 on 
Y488, causing CEACAM1 binding to an intracellular molecule (X1), which then interacts with 
phosphorylated Y960 in IR. CEACAM1, through Y513 and/or other proteins targets insulin for 
degradation
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Fig. 3 Hepatic insulin resistance in NAFLD. Diacylglycerol (DAG) content is increased as a 
result of free fatty acids (FFA) influx from circulation or increased de novo lipogenesis. DAGs 
activate protein kinase C (PKC), which inhibits the insulin signaling cascade

Fig. 4 Model of insulin endocytosis mediated through Carcino-Embryonic Antigen-related Cell 
Adhesion Molecule (CEACAM). Activation of tyrosine kinase of the insulin receptor (IR) by insulin 
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NAFLD and the Metabolic Syndrome

As pointed out by Marra et al. [14], NASH can be viewed as the liver manifestation 
of the metabolic syndrome. Abundant epidemiological evidence indicates that the 
two conditions are often associated, and that treating the metabolic syndrome 
improves liver function. The metabolic syndrome is also known as insulin  resistance 
and is characterized clinically by increased body fat content, dyslipidemia, 
increased blood pressure, and by biochemical features of reduced insulin action, 
such as fasting hyperinsulinemia, impaired glucose tolerance, and reduced glucose 
disposal during glucose clamps. It is therefore all the more surprising that no clear-
cut molecular mechanism linking hepatic insulin resistance to NAFLD has been 
identified [15]. This could be due to the fact that insulin affects virtually all the 
pathways implicated in the pathogenesis of NAFLD, including lipid and glucose 
metabolism, cellular turnover and survival, production of inflammatory cytokines, 
and fibrogenesis. The main stumbling block appears to be that insulin affects these 
processes in different ways: for example, hepatocyte survival is decreased, consistent 
with resistance to the pro-survival actions of insulin, but lipogenesis is increased, 
consistent with sensitivity to insulin’s lipogenic actions [16–19]. Reconciling these 
disparate findings is challenging and this could cast doubt about a positive relation-
ship between insulin resistance and NAFLD.

The Intertwined Paths of Insulin and Lipid Metabolism  
in the Pathogenesis of Hepatic Steatosis

Insulin action is tightly regulated by insulin and fat metabolism in liver. By 
promoting  insulin clearance [10, 11] and mediating a decrease in FAS activity [12], 
CEACAM1 is well positioned to act as a unifying mechanism for the regulation of 
insulin action and lipid metabolism in liver.

Insulin resistance is a key factor in the etiology of metabolic diseases, and is 
commonly associated with hyperinsulinemia. Considerable evidence in humans 
supports the view that impaired hepatic insulin extraction causes chronic 
 hyperinsulinemia in obesity [20, 21]. Hyperinsulinemia, caused by impaired insulin 
clearance, worsens insulin resistance by downregulating insulin receptors and esca-
lating de novo lipogenesis, by virtue of activating the nuclear sterol regulatory 
element-binding protein 1c (SREBP-1c), a master transcriptional regulator of 
 lipogenic enzymes, including FAS [22].

Studies on the role of CEACAM1 in insulin clearance provide more convincing 
evidence that hyperinsulinemia causes insulin resistance [10]. CEACAM1, a trans-
membrane glycoprotein in liver, but not muscle or adipose tissue [23], undergoes 
phosphorylation on tyrosine (Tyr488) by the insulin receptor tyrosine kinase [24]. This 
requires an intact serine (Ser503) residue. Whereas other substrates of the  insulin receptor 
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mediate insulin action by taking part in the insulin signaling  pathways, CEACAM1 
regulates insulin action by promoting insulin extraction via endocytotic vesicular insu-
lin uptake and degradation. This finding is buttressed by impaired hepatic insulin 
clearance and resulting hyperinsulinemia in mice expressing  a liver-specific dominant-
negative, phosphorylation-defective S503A CEACAM1 mutant (L-SACC1), null 
mutant mice (Cc1–/–) [10, 11], and mice with activated SH-containing phosphatase-1 
(SHP-1), which dephosphorylates CEACAM1 [25]. Hyperinsulinemic clamp studies 
reveal that hyperinsulinemia causes secondary insulin resistance in these mice [11, 25, 
26]. Ceacam1 mutant mice also develop liver steatosis, resulting from the lipogenic 
effect of chronic hyperinsulinemia. This increases triglyceride output and redistribu-
tion to white adipose tissue, as reflected by increased visceral obesity.

The phenotype of Ceacam1 mutant mice demonstrates a connection between insulin 
clearance and insulin action in lipid metabolism [27]. It reveals that impaired insu-
lin clearance causes hyperinsulinemia and subsequently, hepatic insulin  resistance and 
increased hepatic de novo fatty acid synthesis. Based on the normal physiology of 
insulin action, one would predict that insulin resistance would not be associated with 
increased hepatic triglyceride content [18, 19], as demonstrated by unaltered triglycer-
ide synthesis in the liver-specific insulin receptor knockout mouse (LIRKO) [28]. 
However, unlike LIRKO, Ceacam1 mutant mice maintain a certain level of insulin 
receptor signaling. This may explain the peculiar admixture of insulin sensitivity 
(increased lipogenesis) and resistance (altered glucose homeostasis), observed in these 
mice. This mixed insulin sensitivity-insulin resistance is the defining feature of NASH 
[17], and for this reason the Ceacam1 mutant model could be used as a useful tool to 
investigate the relationship between insulin resistance and hepatic steatosis.

FAS, a key enzyme in the de novo synthesis of fatty acids, is highly expressed in 
liver and to a lower extent, in white visceral adipose tissue [29]. In contrast to the long-
term positive effect of insulin on FAS transcription, we have presented evidence that 
insulin acutely decreases FAS activity in liver, but not in adipose tissue [12]. The 
decrease in hepatic FAS activity depends on the ability of insulin to induce CEACAM1 
phosphorylation, internalization as part of the insulin  endocytosis complex and bind-
ing to FAS. We propose that insulin acutely decreases FAS activity to limit lipogenesis 
and protect the liver against higher levels of insulin in the portal circulation [30]. The 
negative effect of insulin on FAS activity is abolished in chronic hyperinsulinemia, in 
light of reduced insulin signaling and CEACAM1 phosphorylation. Together with 
increase FAS levels as a consequence of activating SREBP-1c by elevated insulin 
levels, which may result from altered insulin removal in liver, this leads to increased 
de novo lipogenesis and accumulation of fatty acids in microsomal compartments.

In addition to fatty acid synthesis, CEACAM1 exerts a downregulatory effect on 
the de novo synthesis of cholesterol [31] and the accumulation of free cholesterol in 
mitochondria, as suggested by reduced Niemann Pick type C1 (NPC-1)  in the liver of 
L-SACC1 mice [32]. With the latter being an important determinant of glutathione 
(GSH) level and progression to steatohepatitis [33], this suggests that loss-of-CEACAM1 
is at the crossroads of altered insulin metabolism and action and hepatic steatosis, and 
progression to steatohepatitis.
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Pathogenesis of NASH

NAFLD is a multi-faceted disease. The mechanisms underlying the pathogenesis of 
the progressive form-NASH are not well delineated. The genetic and environmental 
factors underlying the disease and the progression of fibrosing steatohepatitis have 
not been fully identified. The “multiple-hit” hypothesis has only slightly promoted 
our understanding of the pathogenesis of the disease and its progression. Several 
factors contribute to this limitation. In addition to the mixed insulin sensitivity-
insulin resistance in metabolic diseases, the paucity of animal models that replicate 
adequately all features of the human disease [34, 35] has not helped resolve the issue 
concerning the relationship between insulin resistance and hepatic steatosis. Few 
models develop some of the clinical manifestation of the disease, in particular its 
progressive NASH form [36, 37]. The most common method to induce fibrosing 
steatohepatitis is the use of a methionine-choline deficient diet in animals. However, 
this diet does not cause insulin resistance, and NASH patients do not develop methi-
onine or choline deficiency. Mice with liver-specific null deletion of the inositol-
phosphatase Pten exhibit severe steatosis while maintaining insulin sensitivity [38]. 
Transgenic mice with adipose tissue-specific expression of SREBP-1c display 
marked steatosis and histological changes similar to NASH [39], but they also 
develop severe insulin resistance. With much dissimilarity with human NASH, these 
models fail to adequately probe the role of insulin resistance in the disease process.

In contrast, Ceacam1 mutant mice which manifest insulin resistance resulting 
from hyperinsulinemia, display features of benign NAFLD when fed a regular 
chow diet, and of the most progressive form -NASH when fed a high-fat diet [32]. 
Mechanistically, this progression implicates a rise in TNFa secretion from  activated 
resident macrophages and presentation to the increased pool of intrahepatic CD4+ 
T cells [40]. In addition to infiltrated adipokines from the white adipose tissue, 
excessive lipid accumulation in the hepatocyte activates liver macrophages [40, 41]. 
Progression to steatohepatitis involves a Th1 cytokine response, which is character-
ized by increased release of cytokines from intrahepatic CD4+ T cells [42–44]. 
With CEACAM1 mediating an anti-inflammatory effect in T cell [13], which 
depends on SHP-1 activation and on the phosphorylation of immunoreceptor 
tyrosine-based inhibition motifs (ITIM) within the cytoplasmic domain [45], 
 inactivating Ceacam1 in hepatocytes would limit the CEACAM1-dependent inhibi-
tory responses in T lymphocytes and lead to a robust inflammatory response to 
cytokines. Thus, progression to steatohepatitis in Ceacam1 mutant mice results 
from increased accumulation of free cholesterol and hence, reduction in the 
 GSH-defense system against elevated levels of cytotoxic TNFa, which by activating 
T cells, can lead to a robust inflammatory response especially in light of the loss of 
the anti-inflammatory function of CEACAM1.

The Ceacam1 mutant mice provide evidence that CEACAM1 protects against 
NASH in a cell-autonomous fashion through its actions in the hepatocyte, which 
include prevention of metabolic (insulin resistance and increased triglyceride 
synthesis) and inflammatory abnormalities (Th1 cytokine response). With its 
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shared role in all these processes, loss-of-CEACAM1 function provides a unifying 
 underlying mechanism of progressive NAFLD, which results from the culmination 
of multiple interconnected abnormalities in insulin action, lipid metabolism, and 
inflammatory response.

Conclusions

NAFLD is becoming an epidemic in parallel to obesity and metabolic syndrome. It 
is predicted that the incidence of the disease would be higher if better diagnostic 
means are developed. Identifying the mechanisms linking insulin action with 
 hepatocyte response to oxidative stress, regulation of lipid synthesis, and 
 inflammatory function, can be exploited for diagnosis and treatment of NASH. It 
can also lead to the development of strategies to prevent the progression from 
 steatosis to steatohepatitis and cirrhosis.
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Introduction

Obesity and cardiometabolic disease are closely linked disorders that have recently 
accelerated throughout the industrialized world, coincident with more sedentary 
lifestyle and poor nutrition; however a complete understanding of the environmental 
precipitants underlying metabolic disease remains obscure. Mounting evidence 
from epidemiological studies has pointed towards a novel yet less appreciated factor 
that correlates with the recent expansion of these epidemics, namely, the introduction 
of artificial light and work at night-time, in addition to the rise in sleep curtailment. 
At the physiological level, it has been well-documented that many processes, 
including glucose and lipid metabolism, body temperature, and corticosterone 
production vary in a circadian fashion; moreover, there is an established temporal 
variation to health catastrophes such as myocardial infarction, cerebrovascular 
accident, and hypertensive crises. Over the past decade, major advances have 
emerged in our understanding of the underlying molecular mechanisms linking 
circadian rhythms, sleep, and metabolism, primarily through studies in experimental 
genetic models that became available following the landmark discovery of the first 
mammalian circadian clock gene Clock in 1997 [1, 2].

In this chapter, we highlight evidence at the intersection of clinical medicine and 
experimental genetics that illustrates how perturbations of the internal circadian 
system, and alterations in clock gene function, participate in the onset and progression 
of obesity and related disorders. An exciting aspect of the field has been the integration 
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of behavioral and physiological approaches and the emerging insight into integration 
of neural and peripheral tissues in disease pathogenesis.

Molecular Relationships Between Metabolism  
and Circadian Rhythms

The Core Clock Molecular Network:  
The Basis of Circadian Rhythms

Circadian rhythms regulate a wide variety of physiological and metabolic functions 
in most organisms [3, 4]. At the molecular level, a network of autoregulatory coor-
dinated transcription–translation feedback loops regulates the core molecular clock, 
maintaining approximately 24 h rhythmicity in order to match the Earth’s rotation 
around its axis.

In mammals, the positive elements of these loops include members of basic 
helix-loop-helix (bHLH)-PAS (Period-Arnt-Single-minded) transcription-factor 
family of the transcription factors CLOCK (Circadian locomotor output cycles 
kaput), its paralogue NPAS2 (Neuronal PAS domain protein 2), and BMAL1/
ARNTL (Aryl-hydrocarbon receptor nuclear translocator-like). CLOCK or NPAS2 
and BMAL1 heterodimerize to activate the rhythmic transcription of genes contain-
ing E-box enhancer sequences, including the Period (Per1, Per2, and Per3) and 
Cryptochrome (Cry1 and Cry2) genes (Fig. 1). The PER and CRY proteins com-
prise the negative limb of the feedback loop; upon translation, PER and CRY pro-
teins multimerize and subsequently translocate to the nucleus and directly inhibit 
the transcriptional activity of the CLOCK:BMAL1 complex (Fig. 1). Posttranslational 
modifications, including phosphorylation and ubiquitination, provide further regu-
lation of the clock network. Casein kinase 1 epsilon and delta (CK1e and CK1d) 
phosphorylate PER and CRY, tagging them for polyubiquitylation by the E3 ubiq-
uitin ligase complexes bTrCP1 and FBXL3, respectively, ultimately leading to their 
degradation by the 26S proteosome. In addition to phosphorylation mediated by the 
caseine kinase family, a role for GSK3-b signaling has also been established in flies 
[5]. Subsequent to PER and CRY phosphorylation, CLOCK/BMAL1 is released 
from repression, activating the forward limb of the 24 h cycle. The biochemical 
mechanisms involved in generating 24 h periodicity to CLOCK/BMAL1 activity 
remains an area of active investigation, although recent results suggest that post-
translational modification via phosphorylation of these factors may mediate the 
termination of their occupancy on promoters of the repressors [6, 7].

CLOCK and BMAL1 further drive expression of the orphan nuclear receptors, 
Rev-erba and Rora, which inhibit and activate Bmal1 expression, respectively, by 
binding to the retinoic acid-related orphan receptor response element (RORE) 
within the Bmal1 promoter, constituting a short-feedback loop [8, 9]. It is important 
to note that REV-ERBa and RORa are also key nutrient sensors (heme binds to 
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REV-ERBa [10, 11], while cholesterol and oxysterols bind to RORa [12]), which 
provides clues as to a molecular link between metabolism and the circadian clock. 
This family of nuclear receptors is involved in the regulation of lipid and carbohydrate 
metabolism, as well as inflammation and thrombosis (reviewed in [13]).

Other nuclear receptors play an important role in the relationship between 
metabolism and circadian cycles. Indeed, the nuclear receptors known as peroxisome 
proliferator-activated receptor (PPARs) are lipid-activated transcription factors that 
have emerged as key regulators of lipid metabolism and inflammation [14]. For 
example, PPARg displays circadian oscillation and controls Bmal1 transcription 

Fig. 1 The core molecular clock components (adapted from [32]). The core molecular clock 
machinery is encoded by a series of interlocking transcription–translation feedback loops that 
oscillates with a 24-h periodicity within both pacemaker neurons and within peripheral tissues. 
The positive limb of the clock is composed of the transcription factors CLOCK/NPAS2 and 
BMAL1, which heterodimerize and activate transcription of downstream clock target genes, 
including the period (Per1, 2, and 3) and cryptochrome (Cry1 and 2) genes, Rev-erba, Rora, and 
other clock-controlled genes. Upon translation, the PERs and CRYs heterodimerize, translocate 
back to the nucleus, and inhibit CLOCK/BMAL1 in a negative feedback loop. Multiple additional 
interlocking loops, including the nuclear receptors RORa and REV-ERBa which activate and 
inhibit Bmal1, respectively, are shown (please see text for further details)
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(detailed in part “From metabolism to circadian cycles”). Moreover, the PPARg 
coactivator 1-a (PGC1a) also displays circadian oscillation in liver and skeletal 
muscle and upregulates the transcription of Bmal1 and Rev-erba. Since PGC1a 
levels are elevated in response to starvation, physical activity, and cold exposure, it 
will be important to learn whether Pgc1a is necessary to maintain circadian 
homeostasis under varying nutritional conditions.

Two additional molecular autoregulatory feedback loops link nutrient sensing 
and metabolism with the core circadian clock. The first of these involves the direct 
regulation of the rate-limiting enzyme in NAD+ biosynthesis (nicotinamide phos-
phoribosyltransferase, Nampt) by the positive limb of the clock within peripheral 
tissues, including liver and white adipose tissue [15, 16]. Direct activation of Nampt 
by CLOCK and BMAL1 leads to elevated NAD+ levels, increased activity of the 
NAD+-dependent deacetylase SIRT1, and subsequently reduced CLOCK/BMAL1 
activity, as SIRT1 is an inhibitor of the positive limb of the clock (Fig. 1). SIRT1 is 
also a key nutrient sensor that plays a critical role in the molecular integration of 
metabolism and circadian rhythms, as SIRT1 is also involved in a myriad of meta-
bolic functions, including glucose and lipid metabolism, insulin secretion, and 
adipocyte differentiation (reviewed in [3]). A second mechanism involves circadian 
regulation via adenosine monophosphate-activated protein kinase (AMPK) signal-
ing, a pathway activated by decreases in ATP production (and increases in AMP). 
AMPK modulates degradation of the core clock repressor, CRY1 [17]. Interestingly, 
AMPK has also been shown to modulate NAMPT activity, thus it is tempting to 
speculate that AMPK may also modulate circadian systems indirectly via activation 
of NAMPT [18].

Genetic mouse models have provided the opportunity to dissect the function of 
core clock genes in the generation and maintenance of circadian rhythms. Bmal1 
knockout mice [19] and mice with a dominant-negative Clock mutation [2] become 
arrhythmic in constant darkness. Of note, Clock knockout mice have normal loco-
motor activity rhythms due to developmental compensation by NPAS2 [20, 21]. 
Furthermore, Per1/Per2 and Cry1/Cry2 double knockout mice display a much more 
pronounced loss of circadian rhythmicity compared to the single mutant counter-
parts, consistent with either functional redundancy and/or developmental compensa-
tion [22–26]. Recent studies have also discovered that mutation of the F-box protein 
FBXL3 results in a period lengthening in mice [27, 28], and mice lacking PGC1a 
have abnormal diurnal locomotor activity rhythms and body temperature, along with 
altered expression of clock and metabolic genes [29]. While many of these early 
genetic studies focused on the role of clock genes in the regulation of circadian 
behavior, more recent studies have expanded the analyses of these mice to include 
their metabolic phenotypes, as discussed in section “Circadian Genes Involved in 
Metabolism Regulation”. Further, the recent discovery that many nutrient-responsive 
factors, including the nuclear hormone receptors and the sirtuins, are key regulators 
of the clock have provided critical clues as to the molecular mechanisms linking 
metabolism and nutrient-sensing with the clock and sleep. Indeed, hormones and 
nutrients might directly modulate the sleep/wake and feeding/fasting cycles (detailed 
in sections “Neurophysiological Structures: Interconnection Between Circadian, 
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Sleep and Energy Centers” and “From Metabolism to Circadian Cycles”), and an 
important question is whether nutrient signaling per se may affect these cycles by 
modulating the core properties of the suprachiasmatic nucleus (SCN) pacemaker.

Peripheral Clocks: Regulation of Circadian Metabolism

Molecular analyses have revealed that the clock network is also widely expressed 
throughout nearly every tissue/cell type in vertebrates [30, 31]. In addition to the 
master clock in the SCN, independent circadian oscillators have been found in a 
number of peripheral tissues in mammals and can be maintained and self-sustained 
ex vivo in appropriate conditions. Gene expression profiling has shown that 3–20% 
of genes display a 24 h rhythmic expression, and a large proportion of these genes 
have a role in metabolic processes (for review [3]), including regulation of lipid and 
cholesterol biosynthesis, carbohydrate metabolism and transport, oxidative phos-
phorylation, and xenobiotic detoxification pathways (review [32, 33]). While the 
core clock machinery only directly regulates a small subset of these metabolic 
genes, oscillation of the nuclear receptors in metabolic tissues appears to indirectly 
regulate the expression of metabolic genes (for review [3]). Importantly, the period 
and amplitude of oscillation, as well as the level of expression of each of these 
metabolic genes, varies among different tissues, suggesting the importance of tissue-
specific roles of peripheral clocks for normal cellular function. In this way, circadian 
patterns of metabolic gene expression may optimize the switch between daily anabolic 
and catabolic states corresponding with periods of feeding and fasting. For example, 
the cyclic expression of gastrointestinal tract enzymes may ensure that factors 
involved in nutrient absorption are expressed in anticipation of daily episodes of 
food ingestion, while adipose enzymes involved in fatty acid storage peak coinci-
dent with feeding. Moreover, components of gluconeogenesis, glycolysis, and fatty 
acid metabolism in the liver and a large portion of rhythmic genes in the muscle 
peak during the subjective night (in nocturnal rodents), coinciding with the peak of 
physical activity.

Thus, peripheral oscillators are cell-autonomous and tissue-specific, but the 
mechanisms involved in sustaining this synchrony within and between peripheral 
tissue clocks are still poorly understood. In addition, while the SCN is still consid-
ered the master clock, experimental genetic models suggest that the misalignment 
of local circadian oscillation among peripheral tissues or between peripheral tissue 
and SCN may contribute to cardiovascular and metabolic pathologies. For example, 
clock gene disruption targeted to the fat body in flies is sufficient to induce 
increased food consumption, decreased glycogen levels, and increased sensitivity 
to starvation [34]. At least in flies, these findings suggest involvement of a peripheral 
tissue clock in neural energy homeostasis [34]. A recent study reported that mice 
with a liver-specific deletion of Bmal1 exhibited hypoglycemia during fasting, 
indicating a role for the liver clock in maintaining euglycemia during rest [35]. In 
addition, high-fat feeding (HFD), as well as mouse models of type 2 diabetes, alters 
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both circadian behavior and sleep [32]. Thus, identifying the signals that impact 
both central pacemaker neurons and peripheral clock oscillators which remains an 
area of intensive investigation.

From Circadian Disruption to Cardiometabolic Diseases

Impact of Sleep and Circadian Cycles on Metabolism: 
Clinical Evidence and Experimental Models

Impact of Sleep Quantity and Quality

Human studies. Epidemiological evidence has linked obesity and cardiometabolic 
disease (e.g. cardiovascular disease, type 2 diabetes) with both habitually short and 
long sleep. Numerous cross-sectional, as well as prospective clinical studies, have 
demonstrated that short-duration and poor-quality sleep predicts the development 
of type 2 diabetes and obesity after age, BMI and other variables are taken into 
account [36–41]. For example, short-term sleep duration (less than 6 h) in a large 
population of Japanese men has been associated with weight gain and development 
of obesity [42]. More alarming, such positive associations between short sleep 
duration and obesity have also been found in children [43, 44].

In addition to obesity, chronic short sleep duration is also strongly associated 
with cardiovascular disease and hypertension. Possible mechanisms linking sleep 
deprivation with cardiometabolic disease may include effects on glucose metabo-
lism, appetitive behavior, and energy expenditure (reviewed previously [38, 39]). 
For example, healthy subjects who underwent six consecutive nights of sleep 
restricted to 4 h exhibited impaired insulin sensitivity following a glucose challenge. 
Furthermore, sleep deprivation results in a reduction of leptin and an increase in 
levels of the orexigenic hormone ghrelin, both of which may lead to increased 
appetite and altered energy expenditure.
Diseases related to changes in time and/or quality-sleep duration are also associated 
with metabolic disorders. For example, sleep apnea syndrome, a sleep disorder that 
is highly prevalent in metabolic syndrome [45], was proposed to cause clock gene 
dysfunction [46], and effective treatments of sleep apnea have been found to 
improve glucose metabolism and energy balance [40]. In addition, the circadian 
oscillation of leptin was found to be disrupted in narcoleptic patients, which may 
predispose them to weight gain [47]. A challenge for future investigation will be to 
discern the independent effects of circadian misalignment vs. sleep restriction (and 
hypoxia) on metabolic functions.

Animal studies. Experimental models using chronic sleep deprivation paradigms 
have strongly corroborated the impact of sleep loss in metabolism (reviewed in [48]). 
These studies have shown a decrease in blood levels of the satiety hormone leptin, 
which may contribute both to dysregulation of appetite and hepatic glucose metabo-
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lism. Consistent with human studies, these works also demonstrated increased ghrelin 
levels and alteration in glucose utilization. However, in both human and rodent stud-
ies, it will be important to understand the extent to which increased autonomic tone 
contributes to metabolic dysfunction following sleep-deprivation.

Impact of Circadian Misalignment

Human studies. Gradual sleep loss, as well as extension of work during the night, 
may disrupt synchrony between the periods of sleep/activity with feeding/fasting 
and corresponding cycles of energy storage/utilization. Indeed, recent evidence has 
also demonstrated that chronic circadian disruption might also increase susceptibil-
ity to such disorders. Behavioral cycles are normally aligned with the light–dark 
cycle. However, the dysregulation of sleep and activity can result in misalignment 
of the central and peripheral oscillators and desynchronization of behavior, meta-
bolic gene expression, and hormone release, thereby leading to adverse metabolic 
physiological consequences. Indeed, these misalignments might lead to obesity and 
to cardiovascular disease, as often observed in shift workers. For example, shift 
work is associated with a 1.6 and 3.0-fold increased risk of cardiovascular disease 
for 45–55 years old men and women, respectively [49]. An altered postprandial 
lipid excursion has also been reported in shift workers, thereby providing a partial 
explanation for the increased occurrence of cardiovascular disease [50]. Interestingly, 
the incidence of acute myocardial infarction is also significantly increased after the 
transition to daylight saving time, reinforcing the deleterious impact of chronobio-
logic rhythm disruption [51]. Recently, Sheer et al. demonstrated adverse cardio-
metabolic endpoints in human subjects who underwent forced misalignment of 
behavioral and circadian cycles, simulating the conditions of jet lag and shift work 
within a controlled clinical setting [52]. In this study, the behavioral cycle of the 
subjects was extended to 28 h, under dim light, with 14 h rest and fasting alternated 
with 14 h of wakefulness, interspersed with four evenly spaced and isocaloric 
meals. When subjects ate and slept approximately 12 h out of phase from their 
habitual times, circadian desynchrony decreased leptin levels and resulted in hyper-
glycemia and hyperinsulinemia. Thus, this study suggests that synchrony between 
behavioral and physiological rhythms is advantageous to maintain normal glucose 
metabolism in otherwise healthy persons.

Animal studies. The impact of chronobiology in the pathogenesis of obesity and 
its related disorders has been mainly substantiated by experimental genetic studies 
describing the role of clock genes in adipose tissue and other metabolic organs. 
Please refer to section “animal studies” for details.

Impact of Feeding Time

Human studies. Concerning the development of adiposity, there are several clues to 
suggest that disruption of either behavioral or genetic aspects of circadian synchrony 



236 E. Maury et al.

may contribute to dymetabolic states. Indeed, several clinical studies have highlighted 
the importance of feeding time in a society in which people are inclined to eat at 
irregular times in the sleep-wake cycle (for review [53]). Conversely, regularity of 
food intake improves postprandial thermogenesis and reduces energy intake [54]. 
High-energy intake in the evening and/or skipping breakfast has been associated 
with the development of obesity (for review [53]). Curiously, individuals diagnosed 
with night eating syndrome appear to have greater propensity towards obesity.

Animal studies. Interestingly, mice fed a HFD consumed nearly all of the extra 
calories during the 12-h light phase, demonstrating a desynchronizing effect of HFD 
on the normal feeding rhythm [55]. A plausible hypothesis is that consuming calories 
at the incorrect time in the light–dark cycle (i.e., rest period) exacerbates the 
obesogenic effects of HF caloric intake due to desynchronization of various behavioral, 
hormonal, and molecular rhythms involved in maintaining energy balance.

Interestingly, genetically obese animals are resistant to weight gain when feeding 
is restricted to the active (dark) phase. In agreement with these observations, recent 
evidence demonstrated that circadian timing of food intake contributes to weight 
gain [56]. Indeed, mice fed with a HFD only during the 12-h light phase gained 
significantly more weight compared to isocalorically fed mice which were provided 
food only during the 12-h dark phase [56]. As expected, food intake during the nor-
mal activity phase prevents obesity and circadian desynchrony in a rat model of 
night work, based on daily 8-h activity schedules during the resting phase [56].

Further studies are necessary to understand how the timing of food intake 
impacts energy constancy. Interestingly, a study demonstrated that treatment with 
an antagonist of T-type calcium channel, which is involved in sleep–wake regula-
tion, improved HFD-induced alterations, including a decrease in inactive phase 
activity, core body temperature, feeding, and adiposity [57]. Taken together, these 
observations (largely based on animal studies) raise important questions concerning 
the impact of circadian misalignment and clock gene disruption on obesity and its 
metabolic complications and suggest avenues for future investigation in human 
subjects. How does time of feeding affect circadian systems from the physiological 
to molecular level? Understanding this question has implications for public health, 
since overnutrition and altered rest–activity behavior are common in modern soci-
ety, and both factors have been implicated in the pathogenesis of metabolic syn-
drome and cardiovascular disease.

Clock Genes Regulate Both Sleep and Metabolism:  
Genetic Evidence in Human and Animal Models

Circadian Genes Involved in Sleep/Wake Phenotypes

Human studies. In addition to environmental sleep disruption (e.g., shift work 
disorders), genetic polymorphisms in several clock genes have also been linked to 
sleep phenotypes. For example, an advanced sleep phase has been associated with 
polymorphism of the human Per1 gene [58] and with missense mutations of Per2 
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[59] and CKe/d [60, 61]. Mutations in several clock genes have also been identi-
fied in the familial (monogenic) sleep disorders in man, but it is not known 
whether these increase susceptibility to metabolic disorders [60–62].
Animal studies. The ClockD19 mutant mouse was produced in a deliberate chemical 
mutagenesis screen designed to identify the genes controlling mammalian circadian 
locomotor activity [1, 63]. Interestingly, mice homozygous for the Clock mutation 
(on a C57Bl/6J background) sleep approximately 2 h less than wild-type mice in 
regular 12:12 light:dark conditions and present a smaller amount of rapid eye 
movement (REM) sleep rebound during 24 h recovery following sleep deprivation 
[64]. Since that time, there have been major advances in understanding the molecular 
basis of the clock network (described in section “The Core Clock Molecular 
Network: The Basis of Circadian Rhythms”), which is now viewed as a centerpiece 
for the generation of the 24 h rhythms of sleep propensity. Among the other clock 
genes described above, genetic animal models with Cry or Bmal1 gene deletion 
also present sleep phenotypes. For example, mice deficient in Cry1 and Cry2 
showed altered sleep structure, including increases in non-REM time, consolidation, 
and EEG delta power, in addition to their disrupted circadian period [65, 66]. Bmal1 
is also believed to be involved in the generation of sleep, as Bmal1 mutant mice 
display increases in total sleep time, sleep fragmentation and EEG delta power 
under baseline conditions, and an attenuated compensatory response to acute sleep 
deprivation [67].

It is important to note that the circadian system is not the only mechanism regu-
lating sleep. The wake-dependent homeostatic sleep process, whereby sleep pressure 
increases during wake and dissipates during sleep, represents a principal process 
controlling sleep (for review, see [68, 69]). A better understanding of the neurobio-
logical links between sleep, energetics, and metabolism will likely emerge as the 
homeostatic process becomes more clearly defined at the molecular level.

Circadian Genes Involved in Metabolism Regulation

Human studies. Polymorphisms in several clock genes have been linked to obesity 
or to other features of the metabolic syndrome (for review, see [32]). In small 
sample populations, polymorphisms in the Clock gene have been correlated with 
predisposition to obesity, and two Bmal1 haplotypes are associated with type 2 
diabetes and hypertension. Polymorphisms within other clock core genes (i.e., Per2 
and Npas2) have also been associated with hypertension and high fasting blood 
glucose in studies of similar sample size. Interestingly, a rare variant in Nampt 
(Visfatin/Pbef1), which is involved in a negative clock feedback loop, is associated 
with protection from obesity.

In addition to the clock gene machinery, several genome-wide association studies 
recently discovered that melatonin, a hormone implicated in seasonal and circadian 
rhythms, and its receptor melatonin 1B receptor gene (mtnr1b), may be important 
in the regulation of mammalian glucose levels [70]. Interestingly, polymorphism in 
Cry2 has also recently emerged as a genetic factor involved in fasting glucose 
regulation in large-scale association studies [71]. Taken together, these studies suggest 
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that disruption of circadian systems may contribute to human metabolic syndrome 
and cardiovascular complications, either directly at the level of altered clock gene 
expression, or indirectly through effects on melatonin.

Animal studies. The discovery that ClockD19 mutant animals develop hyperglycemia, 
hyperlipidemia, hepatic steatosis, and increased susceptibility to diet-induced 
obesity has provided a new entrée into experimental studies to dissect the mecha-
nistic linkages between circadian and metabolic systems [72]. The feeding rhythm 
in these mice is damped, with increased food intake during the day, and, in addition, 
these mice have significantly increased food intake overall. HF feeding studies 
revealed exaggerated weight gain of ClockD19 mutant mice, and DEXA scanning 
and fat pad weight both demonstrated significant increases in fat and lean mass 
relative to controls following HF feeding. It is likely that the obese phenotype 
results, at least in part, from altered rhythms of neuropeptides in the hypothalamus, 
as ghrelin, cocaine- and amphetamine-regulated transcript (CART), and orexin are 
all expressed at constitutively low-levels in the ClockD19 mutant mice. In addition, 
the anorectic neuropeptide pro-opiomelanocortin (POMC) was decreased through-
out the entire LD cycle in hypothalami of young ClockD19 mutant prior to the onset 
of weight gain and overt diabetes, consistent with a deficit in the central homeo-
static regulation of weight constancy. Disruption of other circadian clock genes also 
leads to metabolic alterations. For example, gene disruption in Bmal1 induces an 
abnormal metabolic phenotype characterized by impaired gluconeogenesis, hyper-
leptinemia, glucose intolerance, and dyslipidemia [35, 73, 74]. In addition, Per2 
knockout mice developed increased weight gain on HFD [75]. Conversely, mice 
deficient in the circadian deadenylase nocturin remained lean and resistant to 
hepatic steatosis when fed a HFD despite equivalent caloric intake, similar meta-
bolic rates, and reduced activity compared with control mice [76].

In addition to changes in sleep and circadian cycles affecting metabolism, altera-
tions in metabolism are also able to entrain central and/or peripheral clocks, thereby 
resulting in changes to the rhythms of sleep/wakefulness, fasting/feeding, and hor-
monal secretion and energy metabolism. Indeed, nutrient and hormonal cues may 
also affect the period and phase characteristics of the master clock neurons, 
although little is known about how metabolic signals are communicated to the 
SCN. In addition, it is still unclear whether the food-entrainment pathway regulates 
circadian behavior directly or indirectly through other brain structures.

Neurophysiological Structures: Interconnection Between 
Circadian, Sleep and Energy Centers

Circadian and Sleep Centers

The past several decades have witnessed enormous outgrowths of understanding 
regarding the brain centers important in the regulation of circadian rhythms, sleep, 
and metabolism (Fig. 2). One of the early seminal experiments to show that 
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 circadian period length was determined by the SCN involved in the restoration of 
normal circadian locomotor activity in SCN-lesioned hampsters by transplantation 
of a wild-type SCN from another animal [77]. Of note, these activity rhythms were 
recovered despite the lack of direct neural connections between the grafted SCN 
and the host brain, suggesting that a diffusible secreted factor, such as transforming 
growth factor-a, prokineticin-2, gamma-aminobutyric acid, or vasopressin, might 

Fig. 2 Neural pathways linking circadian and metabolic systems (adapted from [3]). Light is the 
predominant environmental cue that is transmitted from the eyes via the retinohypothalamic tract 
(RHT) to the SCN. Projections from the SCN extend toward the SPZ and then onward from the 
SPZ to the dorsomedial hypothalamus (DMH). The SPZ and DMH also project toward the medial 
preoptic area (mPOA) and the VLPO, two relay regions of the hypothalamus that may be served 
to integrate circadian and wakefulness signals. The DMH has emerged as an important site in the 
activity response to food (the food-entrainable oscillator), although this finding remains contro-
versial. The DMH has many outputs to other regions of the brain, including the LHA, which 
controls circadian regulation of the sleep/wakefulness and fasting/feeding cycles. Inset: The LHA 
also receives neuroendocrine input from the arcuate (ARC) neurons producing anorexigenic and 
orexigenic neuropeptides. The hormone leptin produced by adipose tissue activates the production 
of anorexigenic neuropeptides such as aMSH/CART, which in turn blocks production of the 
orexigenic peptides orexin (ORX) and MCH in the LHA. In the absence of leptin, orexigenic 
neurons in the ARC produce the neuropeptides NPY/AgRP that stimulate hunger and decreased 
energy expenditure via signaling to the LHA. In addition, insulin, ghrelin, and other incretins may 
also influence circadian behavioral rhythms through direct effects on SCN or indirectly through 
actions within other regions of midbrain and brainstem. Arrows in inset indicate functional links. 
3V third ventricle; LV lateral ventricle
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be important for the generation of at least some circadian rhythms. The SCN has 
numerous cellular and anatomic projections to hypothalamic centers involved in the 
regulation of wakefulness, activity, and feeding (reviewed in [68, 78]). In particular, 
the largest output of projections is directed toward the subparaventricular zone 
(SPZ); the ventral SPZ regulates circadian rhythms of locomotor activity and sleep/
wakefulness, while the dorsal SPZ regulates circadian rhythms of body temperature. 
Both the SCN and SPZ also project to the dorsomedial nucleus of the hypothalamus 
(DMH), which has been implicated in circadian rhythms of locomotor activity, 
sleep/wakefulness, corticosteroid secretion, and feeding. In turn, the DMH projects 
to other brain centers involved in the regulation of sleep (ventrolateral preoptic 
nucleus, VLPO), corticosteroid release (the paraventricular nucleus, PVN), and 
wakefulness/feeding (the lateral hypothalamus, LHA). Of note, the DMH has been 
implicated in the ability of an organism to be entrained by food, although this find-
ing remains controversial (see section “From Metabolism to Circadian Cycles”). 
Sleep recording in sham and SCN-lesioned mice under baseline conditions and fol-
lowing sleep deprivation has also established that the SCN plays a central role in 
the regulation of sleep and wakefulness beyond just the timing of vigilance states 
[79]. Recent functional magnetic resonance imaging experiments in humans with 
extreme chronotypes also demonstrate that vigilance state in the evening was associated 
with higher activity in evening than morning chronotypes in a region of the supra-
chiasmatic area including the circadian master clock [80]. This activity may be 
modulated by homeostatic sleep pressure [80].

Link Between Energy Centers with Circadian  
and Sleep/Wakefulness Centers

In addition to brain centers regulating circadian locomotor activity and sleep/wakeful-
ness, recent advances have been made toward understanding the overlap between 
these circadian centers with those involved in energy balance and feeding behavior 
(Fig. 2). Importantly, a landmark breakthrough in our molecular understanding of the 
hypothalamic control of appetite regulation and energy balance came in 1994 with the 
positional cloning of leptin, a secreted adipocyte-derived factor, and subsequent clon-
ing and localization of its receptor within various regions of the hypothalamus, 
including the arcute nucleus (ARC), DMH, and VMH, all regions previously impli-
cated in regulation of satiety (reviewed in [68, 81]). Of note, leptin is secreted in 
proportion to the fat mass, and its levels display circadian rhythmicity in addition to 
responding to nutrient status. Thus, these findings have provided critical insight into 
how signals from the periphery may translate the nutritional status of the organism to 
appetite-regulating regions of the hypothalamus in a circadian-dependent fashion.

Following the initial discovery of leptin and its receptor, came the discovery of 
the melanocortin system as downstream of leptin signaling (reviewed in [68, 81]). 
Leptin activates the POMC and CART-expressing neurons within the ARC to 
release a-melanocyte-stimulating hormone (a-MSH), which then activates the 
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melanocortin receptor subtype 4 (MC4), leading to inhibition of food intake and 
increased energy expenditure. At the same time, leptin inhibits the neuropeptide Y 
(NPY) and agouti-related protein (AgRP)-expressing neurons within the ARC, 
thereby in effect blocking the ability of a-MSH to act on its MC4 receptor via 
release of AgRP and inhibiting the POMC/CART-expressing neurons via release of 
small inhibitor amino acid neurotransmitter g-aminobutyric acid. Thus, during fast-
ing, when leptin levels are low, the orexigenic neuropeptides (NPY and AgRP) lead 
to increased appetite and decreased energy expenditure, while during feeding, lep-
tin acts to suppress appetite via activation of POMC/CART.

These orexigenic and anorexigenic neuropeptides further project to additional 
centers within the brain involved in feeding behavior, including the LHA, which 
makes the orexigenic melanin-concentrating hormone (MCH) and the orexins 
A and B (reviewed in [82]). Importantly, orexins A and B display circadian rhyth-
micity, are induced by fasting, and play a critical link in the regulation of sleep–
wake rhythms, as their neurons also project to regions within both the cortex and 
brainstem which regulate arousal and autonomic function. Disruption of orexin and 
its receptor result in narcolepsy, which is consistent with its role in the regulation 
of the sleep–wake axis. Finally, neurons from the ARC also project to the dopamin-
ergic-reward centers of the midbrain, including the ventral tegmental area (VTA), 
suggesting a direct link between the appetite-regulating regions of the brain with 
those important in regulating reward in response to food and drugs [83, 84]. The 
extensive anatomic projections and synaptic relays between the various brain 
centers involved in circadian rhythmicity, sleep/wakefulness, and feeding indicate 
that the brain has evolved to be able to rapidly coordinate and allow extensive cross-
talk between these centers, thereby allowing the organism to most efficiently adapt 
to daily changes in its environment.

From Metabolism to Circadian Cycles

As described above, the master pacemaker has anatomic connections with centers 
coordinating activity behavior, sleep, appetite, and energetics, suggesting that targeting 
one of these centers would impact the others. Indeed, feeding behavior in particular 
plays an essential role in coordinating the circadian rhythms of sleep and activity. 
Indeed, it is well known that food restriction to the normal rest period in rodents also 
induces a burst of food anticipatory activity (FAA). While lesioning of the dorsomedial 
nucleus has been shown to alter FAA [85–87], there remains controversy regarding the 
involvement of circadian oscillators in FAA since the FAA behavior persists in Bmal1 
nullizygous mice [85, 88]. Recent data also suggests the involvement of the melano-
cortin signaling pathway in FAA [89]. Further, the FAA may constitute a metabolic 
oscillator responsive to peripheral neural or circulating signals elicited by food inges-
tion. Resolution of the precise stimuli and neural pathways involved in FAA, as well 
as understanding the involvement of nutrient signaling pathways which may affect 
core properties of the SCN pacemaker, remain important questions for the future.
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As mentioned earlier, diet-induced obesity per se alters circadian behavioral and 
molecular rhythms in C57BL/6J mice [55]. Indeed, HFD in mice leads to increased 
daytime activity, a lengthened period of the locomotor activity rhythm, and alterations 
in the expression and cycling of canonical circadian clock genes, nuclear receptors 
that regulate clock transcription factors, and clock-controlled genes involved in fuel 
utilization in the hypothalamus, liver, and adipose tissue [55]. Conversely, it has also 
been demonstrated that caloric restriction induces phase advances in rat behavioral 
and physiological circadian rhythms (for review [90]). Indeed, prolonged fasting 
advances the phase of free-running rhythms such as wheel-running and body tempera-
ture. Oscillatory expression of clock genes and neuropeptides in the mouse SCN are 
also altered by hypocaloric feeding, supporting the hypothesis that calorie restriction 
has effects within the SCN clock (for review [90]).

Changes in dietary nutrient composition, calorie content, or in food availability play 
an important role in the regulation of circadian behavior and physiology, although the 
mechanisms of such regulations are still unclear. For instance, availability of food, in 
addition to other environmental factors such as day length and temperature, might 
strongly regulate the timing of torpor induction. Torpor is a state of “inactivity” during 
mammalian hibernation, which is homologous to sleep as demonstrated by numerous 
EEG studies (for review [91]). Indeed, there is a switch from carbohydrate- to fat-
based metabolism during torpor. Most metabolic processes seem to be halted or 
slowed considerably during deep torpor. Prior to hibernation, an animal dramatically 
increases its food intake and stores energy in the form of fat. During the low-temperature 
torpor phases, the burning of fat results in the accumulation of acetyl-CoA, which 
becomes converted into heat (by uncoupling proteins) and energy upon the transient 
activation of mitochondrial oxidative phosphorylation during brief interbout arousals. 
The signals that trigger the periodic arousals from torpor have not yet been elucidated. 
However, the studies of hibernating species allowed postulating that it is the fluctuating 
levels of these key metabolites that control the transitions between torpor and interbout 
arousal. Of note, the SCN keeps a relatively high metabolic activity compared to 
nearly every other brain structures in torpor, as demonstrated namely by uptake of 
[14C] 2-deoxyglucose measurement (for review, see [91]).

On the other hand, sleep change affects many aspects of our physiology and 
behavior, from immunity to hormonal regulation. Indeed, brain metabolism itself 
changes depending on the sleep state; it is low in NREM sleep but high in REM 
sleep (for review [92, 93]). Whole-genome transcriptomic studies have revealed a 
differential expression of many genes between brains of sleeping and awake ani-
mals. These changes occur mainly in the cerebral cortex, cerebellum, and hypo-
thalamus. The transcripts that are the most consistently increased during waking 
and short-term sleep deprivation relative to sleep genes include genes involved in 
energy metabolism, including those coding for mitochondrial proteins, glucose 
transporters, and proteins related to glycogen metabolism (for review [92, 93]). 
Their upregulation has been proposed to be a mechanism by which the brain 
responds to the high-energy requirements of wakefulness (for review [92, 93]). 
Conversely, the transcripts with increased expression during sleep appear to be 
mainly involved in protein synthesis and lipid metabolism (for review [92, 93]).
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Fatty Acids/Lipids

Studies performed more than 20 years ago by Brody and colleagues were the first 
to identify interactions between fatty acids and circadian oscillator function. 
Analyses in a fatty acid-requiring strain of Neurospora indicated a relationship 
between the period length of the spore-forming rhythm and unsaturated fatty acid 
concentration of medium. The period lengthening effects of unsaturated fat were 
reversed by the addition of saturated fat, indicating a specific correlation between 
lipid signals and oscillator properties, although the metabolic pathways accounting 
for these effects at a mechanistic level have not been uncovered [94].

During recent years, studies undertaken in rodents demonstrated that fatty acids 
can relay the body’s nutritional status to the hypothalamic energy center (the arcuate 
nucleus), thereby controlling feeding behavior (for review [95]). Long chain fatty 
acids cross the blood brain barrier (BBB) mainly by simple diffusion in the unbound 
form or via delivery by chylomicrons or other circulating lipoproteins. Cellular 
accumulation of long-chain fatty acyl-CoA, as well as manipulation of enzymes of 
the fatty acid synthesis pathway that result in elevated malonyl-CoA, lead to inhibi-
tion of food intake (for review [95, 96]). Of note, in addition to hypophagia, mice 
presenting a deletion of fatty acid synthase in hypothalamus (and islets) showed 
significantly increased locomotor activity, particularly during the dark phase [97], 
suggesting that fatty acids might act centrally to control daily behavior.

In addition to the regulation of feeding behavior, lipid metabolism may also play 
a role in sleep, as HFD fed to female C57BL/6J mice increased their sleep time 
[98]. Further, QTL analysis identified Acads, the short-chain acyl-coenzyme A 
dehydrogenase involved in fatty acid b-oxidation, as linked to theta frequency, 
which is prominent during REM sleep; however the mechanism by which its defi-
ciency can slow down the peak theta frequency remains unclear (for review [93]). 
Finally, forward molecular and reverse genetic approaches have shown that rar-b, 
the gene encoding retinoic acid receptor-b, is important for determining the contri-
bution of delta activity to the EEG during NREM sleep (for review [93]).

Fatty acids have also been described as interfering in peripheral circadian physi-
ology, especially within the vascular tissue. Conditional deletion of PPARg, the 
rhythmically expressed lipid receptor that directly regulates Bmal1 transcription, 
within vascular tissue results in abnormalities in blood pressure and heart rate in 
parallel with a reduction of diurnal variation in the sympathetic nerve activity [99]. 
Furthermore, vascular PPARg exhibits a robust cyclic expression, whose rhythmic 
phase may be reset by changes in feeding time as well as changes in the photope-
riod [99]. Thus, the temporal environment may be integrated within the heart by 
PPARg. Consistent with this, PPARg agonists were found to shift the circadian 
fluctuation of blood pressure in patients with type 2 diabetes, indicating that vascu-
loprotective actions of thiazolidinediones may in part involve effects on the clock 
transcription network [100]). Emerging clinical evidence has also uncovered unique 
actions of the PPARa agonist fenofibrate in the circadian control of blood pressure 
and heart rate in diabetic subjects [101–103].
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In turn, the circadian clock also controls lipid metabolism. For instance, the clock 
induces an ultradian rhythm in the expression of genes involved in the unfolded protein 
response, thereby controlling rhythmic regulation of hepatic lipid metabolism [104].

Amino Acids

Caloric restriction, amino acid imbalance, and activation of the target in rapamycin 
pathway increase life span in evolutionarily diverse organisms including mammals 
[105, 106]. While the mechanisms involved are still not completely understood, it 
has been postulated that the biological clock could be an important mediator of 
longevity in calorically restricted animals (for review [107]). Interestingly, many 
amino acids exhibit significant circadian rhythmicity in both mice and humans. For 
example, glutamine, threonine, proline, valine, phenylalanine, methionine, isoleu-
cine, leucine, and tryptophan peak around midnight, as demonstrated by mass 
spectrometry analysis of mouse blood samples [108]; however it is unclear how 
exactly amino acids may by regulated by the clock. Studies show that diets low in 
proteins increase food intake and, conversely, diets high in protein decrease food 
intake, potentially implicating the CNS in amino acid sensing (for review [109]). 
Indeed, central administration of leucine, a branched-chain amino acid, inhibits 
food intake, whereas valine has no effect, illustrating the importance of this particu-
lar amino acid. The target of rapamycin pathway appears to be important in CNS 
amino acid sensing, and its activity is regulated by feeding/fasting states (for review 
[109]). Lastly, the activation of the target of rapamycin pathway in SCN might also 
potentially be involved in light entrainment process [110].

Carbohydrates

Mammalian glucose metabolism displays pronounced diurnal variation across the 
light–dark cycle, with alternating cycles of gluconeogenesis and glycogen synthe-
sis that are coordinated with the rest–activity cycle (reviewed in [81]). In addition, 
glucose availability has recently been described to control circadian rhythmicity in 
fibroblasts [17]. Intriguingly, in addition to liver, a small amount of glycogen is 
also synthesized and stored in brain astrocytes. Fifteen years ago, it had been 
hypothesized that these stores might be used/depleted during wakefulness and 
restored during sleep, which has been reinforced by numerous observations (for 
review [111]).

Cellular Energy Status

Pacemakers in peripheral organs, such as the liver, are reset by food availability. 
AMPK, an enzyme that responds to nutrient availability, is involved in this 
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 entrainment. Indeed, activation of AMPK correlated with phase advances in mice 
after treatment with metformin, an AMPK-targeting antihyperglycemic biguanide 
[112]. Recently, Lamia et al showed that AMPK directly phosphorylates the core 
clock protein cryptochrome 1 (CRY1), thereby marking it for degradation [17]. 
AMPK is activated upon its phosphorylation by protein kinases such as liver kinase 
B1 (LKB1) or calcium-calmodulin-dependent protein kinase b, which sense the 
AMP/ATP ratio, a direct readout of the cell’s metabolic state [17]. In addition to 
these regulatory functions in peripheral tissues, AMPK has been hypothesized to 
play the role of energy sensor in the hypothalamus. Both pharmacological 
approaches targeting AMPK either directly or indirectly through modulation of 
central fatty acid metabolism and central injection of adenovirus, consistently dem-
onstrated that AMPK activity is strongly involved in regulation of feeding behavior 
(for review [113]). Thus, AMPK might also serve as a molecular sensor to shift the 
brain from energy consuming synthetic processes that occur during sleep to cata-
bolic energy-producing processes that occur during wakefulness (for review [111]) 
and might contribute to sleep homeostasis [114].

Other components of the adenosine metabolic pathway have been proposed to 
couple the metabolic and circadian cycles. 5¢-AMP, which is elevated in the blood 
of DD mice, is able to induce torpor [115]. In addition, intracellular adenosine 3¢, 
5¢-monophosphate (cAMP) oscillates in the mouse SCN [116], as well as in other 
brain areas [117], although it is important to note that mice are nonhibernating 
mammals. cAMP sustains the transcriptional loop of the SCN, determining canonical 
pacemaker properties of amplitude, phase, and period [116]. Brain cAMP levels 
might also be regulated during sleep deprivation [118] and regulate sleep/wake 
cycles [119].

Another signal linking metabolic and circadian systems has recently been 
described by several groups. The ratio of oxidized nicotinamide adenine dinucle-
otide phosphate (NAD+) to its reduced form (NADH) is related to feeding/fasting 
state and may entrain peripheral clocks [15, 16]. Importantly, NAD+ biosynthesis 
varies across the light–dark cycle, suggesting that NAD+ functions as an oscillating 
metabolite linking circadian and metabolic cycles [16]. The major node regulating 
NAD+ biosynthesis involves the rate-limiting enzyme nicotinamide phosphoribosyl 
transferase (Nampt), which oscillates in a circadian manner and is directly regu-
lated at the transcriptional level by CLOCK/BMAL1. Alterations in Nampt/NAD+ 
modulate the nutrient-responsive deacetylase SIRT1, which plays an important role 
in the regulation of glucose and lipid metabolism, insulin secretion, the inflamma-
tory response, and the circadian clock. This pathway is particularly intriguing in 
light of the fact that NAMPT and SIRT1 are regulated not only by the clock, but 
also by the nutritional status of the organism. For example, AMPK is able to modu-
late NAD+ metabolism and SIRT1 activity [18]. In addition, Nampt is upregulated 
in response to glucose restriction in skeletal muscle in an AMPK-dependent manner 
[18, 120]. Thus, regulation of the clock by NAD+ and SIRT1 allows for coordina-
tion of the core clock machinery with the daily cycles of fasting/feeding and rest/
activity. It has also recently been demonstrated that NAMPT is secreted and is present 
in the circulation, though it is not yet known whether extracellular NAMPT is 
regulated in a circadian manner, thereby influencing downstream processes on a 
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systemic level. Interestingly, NAMPT concentration in cerebrospinal fluid is 
decreased with increasing body fat, but further investigation will be necessary to 
clarify this link in humans [121].

Hormonal Mediators

Central insulin. Strong evidence from human studies demonstrates rhythmic varia-
tion in glucose tolerance and insulin action across the day. Both insulin secretion 
and sensitivity are decreased in the evening (for review [81, 122]). Insulin may also 
modulate circadian behavior, as insulin is able to reach the brain via a saturable 
transporter across the BBB. Mice with a brain-specific insulin receptor (IR) defi-
ciency and mouse models with inducible IR inactivation demonstrated that central 
insulin action plays an important role in the regulation of food intake, as well as 
peripheral glucose, and fat metabolism. These effects are mediated through phos-
phatidylinositol 3 kinase (PI3 kinase) and mitogen-activated protein kinase 
(MAPK) cascades. Activation of the PI3 kinase results in activation of protein 
kinase B/Akt and phosphorylation of FOXO, which is of critical importance for 
maintenance of energy homeostasis by the CNS. Insulin might also be involved in 
sleep/wake behavior [119]. Lastly, a genome-wide small interfering RNA screen in 
a human cellular clock model demonstrate that among the numerous pathways 
interconnected with clocks, the insulin-signaling pathway was overrepresented 
[123]. Thus, it will be interesting to examine whether insulin acts on SCN to control 
circadian behavior.

Central leptin. The fall of leptin that occurs rapidly in response to fasting also 
evokes profound changes in energy balance via the hypothalamus. Like insulin, 
leptin is also involved in the control of feeding behavior. Leptin from the periphery 
is transported into the brain, binds to its receptor in the hypothalamus, and activates 
janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3), 
leading to suppression of “orexigenic peptides” (e.g., NPY and AgRP), and eleva-
tion of “anorexigenic peptides” (e.g., POMC and CART) [124], thereby curtailing 
food intake. In the common form of obesity, resistance to leptin has been ascribed 
to diminished transport of leptin across the BBB and to elevated hypothalamic 
levels of SOCS3 and endoplasmic reticulum (ER) stress, which inhibit leptin sig-
naling [125–127]. Furthermore, AMPK mediates both leptin’s anorexigenic effect, 
as well as adiponectin’s orexigenic effects [128, 129]. In addition, the study of sleep 
in several mouse models of obesity and diabetes has demonstrated leptin’s involve-
ment in sleep architecture. For example, ob/ob mice, a genetic model of leptin 
deficiency, has an elevated number of arousals from sleep [130], while db/db mice 
(which harbor a mutation in a particular isoform of the long form of leptin recep-
tor), exhibits increased overall sleep time, a dramatic increase in sleep fragmenta-
tion, attenuated diurnal rhythmicity in REM sleep and non-REM EEG delta power, 
and a decrease in the compensatory response to acute sleep deprivation [131]. 
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Taken together, these data suggest that leptin resistance might be a potential link 
between HF feeding, alterations of diurnal behavior, and sleep rhythms.

Central inflammation. Adipokines and cytokines are also able to cross the BBB 
and may modulate sleep. For instance, interleukin-6 and tumor necrosis factor-a in 
plasma, which are increased in obesity, may also impair circadian clock gene oscil-
lations and promote sleep (for review [32]). Hypothalamic inflammation may also 
cause disrupted feeding behavior and obesity [132, 133], although a more “acute” 
central inflammation may preferentially lead to anorectic behavior. Thus, it is 
tempting to speculate that some inflammatory factors might directly target the 
SCN. It is known that, for instance, intracerebroventricular injection of recombinant 
receptor-activator of NF-kB ligand (RANKL) triggers c-Fos activation in the SCN 
[134]. Mice intraperitoneally injected with LPS exhibited abnormal diurnal activity, 
while deleting RANKL receptor in brain abolish this phenomenon [134].

Obesity and nutrient overflow result in conditions that increase demand on the ER 
in metabolic tissues including liver, adipocytes, and pancreas, resulting in a persistent 
inflammatory state [135], as well as hypothalamus, thereby altering feeding behavior. 
Interestingly, a group of transcripts strongly upregulated during wakefulness code for 
proteins involved in the ER stress response, chaperones, and heat-shock proteins. 
During waking, the expression of proteins implicated in stress responses increases, 
suggesting that absence of sleep could be a stress for brain cells (for review [92, 93]). 
For instance, the ER chaperone protein BiP, a key protein involved in the ER stress 
response, is expressed in a circadian manner [104, 136]. Thus, disrupted synchrony of 
stress response, gene expression may potentially alter circadian and sleep disturbances.

Lipids, Endotoxins and Hormones from the Gut

Several gut satiety factors produced in response to fat ingestion might also contribute 
to food entrainment. For instance, duodenal infusion of fat stimulates small intestinal 
mucosal cells to produce the lipid messenger oleoylethanolamide enabling CD36-
mediated uptake of dietary oleic acid and thus promoting satiety [137]. Interestingly, 
this factor shows diurnal variation in cerebrospinal fluid of rats [138]. Moreover, 
plasma lipid N-acylphosphatidylethanolamines (NAPEs) are also secreted into circu-
lation from the small intestine in response to ingested fat [139]. Interestingly, sys-
temic administration of circulating NAPE decreases food intake and locomotor 
activity in rats [139]. Furthermore, mice fed with a HFD also display enhanced meta-
bolic endotoxemia induced by the death of gram-negative bacteria within gut that 
participate in the occurrence of metabolic disorders [140]. The endotoxin LPS exhib-
its a diurnal variation that is disrupted by HF feeding [140]. As described above, 
inflammatory molecules such as LPS may induce sleep, suppress biological clock 
genes, and promote anorexia. Among gastrointestinal hormones, incretins also show 
circadian variation [141]. Furthermore, the reversibility of insulin resistance observed 
after biliopancreatic diversion may be related to an improvement in the circadian 
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control or pattern of incretin production [141]. Ghrelin, a stomach-derived hormone, 
which participates in meal initiation, also displays circadian rhythms, and the ampli-
tude of its rhythm is reduced in obesity [142, 143]. Indeed in healthy subjects, high 
levels of ghrelin are detected in the early morning, when eating is precluded by sleep; 
however, this peak is not present in obese subjects [143]. Of interest, in addition to its 
orexigenic role, ghrelin has been shown to stimulate locomotor activity in anticipation 
of meals [144] and to increase slow-wave sleep [145], thereby playing an important 
role in the control of circadian behavior and perhaps even sleep architecture.

Conclusions

During recent years, much progress has been made in the dissection of the neurobe-
havioral basis of feeding, sleep, and circadian timing. In addition, numerous epide-
miological as well as experimental genetic studies have demonstrated that metabolic 
networks are under extensive circadian control and that alterations in the circadian 
clock promote the development of obesity and metabolic diseases. However, further 
investigation will be necessary to understand on a molecular level how perturba-
tions of the internal clock system and sleep constitute risk factors for metabolic 
disorders. Finally, it will be important to determine how nutrient affects the circa-
dian system and the molecular control of behavior. Efforts to dissect the molecular 
mediators that coordinate circadian, metabolic, and cardiovascular systems may 
ultimately lead to both improved therapeutics and preventive interventions.
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Introduction

The increasing global incidence of obesity has been predicted to contribute to a 
significant increase in the prevalence of cardiovascular disease. The impact of obe-
sity on cardiovascular disease is complex, because many factors associated with 
obesity are established risk factors for cardiovascular disease. Thus, obesity is asso-
ciated with dyslipidemia, insulin resistance, diabetes, hypertension, and sleep- 
disordered breathing, all of which will increase the likelihood of cardiovascular 
disease. Dyslipidemia will increase the likelihood of coronary atherosclerosis and 
ischemic heart disease. Sleep-disordered breathing and hypertension will increase 
left ventricular hypertrophy (LVH), and diabetes is associated with left ventricular 
(LV) dysfunction (termed diabetic cardiomyopathy), which occurs in diabetes in 
the absence of cardiac hypertrophy or ischemia. Moreover, diabetes is indepen-
dently associated with hypertension, LVH, and accelerated atherosclerosis, all of 
which can incite cardiac injury and dysfunction. Thus, any analysis of cardiac dys-
function in obesity will need to take into account changes that can be directly 
attributable to obesity, vs. changes that are secondary to these comorbidities. In 
practice, it is not always possible to separate obesity-induced changes from those 
that are due to comorbidities, and throughout this chapter we will attempt to retain 
this perspective. An additional layer of complexity arises from observations, after 
established cardiovascular disease develops; individuals with obesity appear to 
have a survival advantage relative to those with normal body weight. The mecha-
nistic basis for this “obesity paradox” is incompletely understood. However, 
increasing understanding of the mechanisms that are responsible for this phenom-
enon might lead to strategies for the identification of targets that could be manipu-
lated to reverse cardiac dysfunction from a variety of causes.
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This chapter will review the epidemiology of heart failure in obesity in humans 
and comorbidities that exacerbate cardiac dysfunction. We will discuss the obesity 
paradox and review evidence linking weight loss and improvement in cardiac func-
tion. Insights into potential mechanisms that have been gained from animal studies 
will be summarized, and the extent to which these studies have shed insight into the 
human condition will be discussed. Finally, we will review potential pathogenic 
mechanisms that warrant further investigation.

Epidemiology and Pathophysiology of Cardiac Dysfunction  
in Human Obesity

In most studies, body mass index (BMI) has been the index of obesity that has been 
relied upon most heavily. A number of groups have proposed the use of indexes 
that more directly measure abdominal obesity in order to avoid the potential for 
misclassification in subjects with low muscle mass but increased abdominal fat  
(so called “sarcopenic obesity”), or at the opposite end of the spectrum, those with 
high muscle mass and low fat mass. We recently reviewed the topic and concluded 
that measures of abdominal obesity add modestly to the predictive value of BMI in 
large populations, but they are likely to be of fairly small incremental value in day-
to-day clinical practice [1, 2].

Evidence for a Causative Role of Obesity in Heart Failure

There is a large body of evidence linking obesity with structural and functional 
changes in the heart. Many of these changes, such as LV hypertrophy, left atrial 
(LA) enlargement, and subclinical impairment of LV systolic and diastolic func-
tion, are believed to be precursors to more overt forms of cardiac dysfunction and 
heart failure. Thus, the view has been widely held that long-standing obesity will 
eventually lead to heart failure. There are no prospective studies in humans that 
have directly ascertained the progression of cardiac dysfunction in relation to obe-
sity duration and, as such, most data from human studies have come as cross- 
sectional data sets with inherent limitations regarding using these data to prove a 
direct role of obesity in the development of heart failure [3–6]. An important con-
cern in many of these studies is the imprecision with which heart failure is diag-
nosed both clinically as well as on death certificates. For example, the common 
association of obesity with dyspnea and edema [7] and coexistent pulmonary 
pathologies and right heart failure could easily be mistaken for diastolic heart fail-
ure. Moreover, obesity is frequently associated with other risk factors for develop-
ing heart failure (e.g., hypertension, diabetes, hyperlipidemia, sleep-disordered 
breathing, etc.) and office-based blood pressure measurements in obese patients 
may underestimate the burden of hypertension as would be detected using 24 h 
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ambulatory monitoring. The best available longitudinal, population-based data 
came from the Framingham Heart Study [8]. Participants were stratified by BMI at 
the time of enrollment and then followed for incident heart failure (diagnosed by 
adjudicated clinical criteria). The main findings were that increased BMI was asso-
ciated with an increased risk of heart failure in both men and women and that this 
risk was graded across categories of increasing BMI. In the subset of patients who 
had echocardiography within 30 days of the heart failure diagnosis, the majority 
had reduced LV ejection fractions. Although the investigators adjusted for the pres-
ence of cardiovascular risk factors, the possibility exists that these statistical adjust-
ments could still underestimate the actual prevalence of myocardial infarctions in 
this cohort, as many infarcts occur in the absence of conventional risk factors. Thus, 
the possibility that coronary artery disease contributed to the development of heart 
failure has not been excluded. Indeed, central obesity is both a risk marker and a 
risk factor for the development and progression of coronary artery disease [9].

Obesity-Associated Changes in Cardiac Function

LV systolic function: A variety of techniques in many studies have been used to 
evaluate LV systolic function in obesity. Findings have ranged from depressed to 
normal to supranormal (reviewed in [9]) ejection fraction (EF). The range of findings 
might reflect heterogeneous populations and the possibility of differences in the 
prevalence of comorbidities such as hypertension, diabetes, and vascular disease, 
which can independently contribute to LV dysfunction. Technical differences could 
also contribute to the heterogeneity of these findings. For example, increased endo-
cardial shortening that is a common finding in concentric LV hypertrophy may be a 
consequence of the increased excursion of the endocardium in a thick walled ventricle 
[10, 11]. Thus, even if the EF is normal, myocardial function is often reduced when 
it is measured with more sensitive methods such as midwall LV fractional shortening, 
systolic velocity measured with tissue Doppler, or systolic strain rate. Studies using 
these more sensitive approaches have tended to report the existence of subclinical 
contractile abnormalities in obese individuals (reviewed in [9]). Invasive studies have 
also led to the conclusion that myocardial contractility is reduced [12].

Changes such as LV hypertrophy and mild abnormalities of myocardial systolic 
function have been observed in obese children and adolescents [13, 14], and the 
severity of the dysfunction is comparable to that seen in obese subjects in their 30s, 
40s, and 50s. Thus, it is unclear whether the relatively mild alterations of myocar-
dial systolic function progress with longer durations of obesity. Alpert and col-
leagues have argued that duration of obesity is the factor that determines the 
likelihood of developing systolic dysfunction and heart failure [3]. Although this is 
an attractive hypothesis, not all studies have found such a relationship [15]. 
Moreover, no longitudinal studies in obese subjects are available to delineate the 
natural history of the contractile abnormalities in obesity. Lastly, obesity in older 
individuals appears to pose less of a mortality risk than it does in younger subjects 
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[14]. Thus, it remains to be definitively established that long-term obesity leads to 
heart failure independent of coronary disease or other morbidities.

LV diastolic function: Studies that have evaluated LV diastolic filling and dia-
stolic function in obesity have also given variable results. Mitral inflow velocities 
measured with pulsed wave Doppler give information about LV relaxation rate and 
atrial contractile strength, but the effects of altered loading conditions (i.e., LA 
pressure) tend to dominate over the effects of LV relaxation abnormalities. Some 
studies have found reduced early diastolic (E wave) velocities, while others have 
found them to be unchanged (reviewed in [9]). Similarly, E wave deceleration times 
have been reported to be increased [16] or unchanged [17] in obese subjects. Lastly, 
late diastolic (A wave) velocities have been reported to be increased or unchanged 
reviewed in Abel et al. [9]. Prolongation of the isovolumic relaxation time is prob-
ably the most consistent diastolic abnormality seen in obesity [18–20]. Because 
increased age predictably is associated with reduced E velocity, prolonged E decel-
eration time, and increased A velocity, controlling for age is mandatory in the 
assessment of mitral flow patterns.

Over the last decade, echocardiographic techniques have been developed that 
allow for the quantification of relatively load-independent indexes of myocardial 
diastolic function [21, 22]. These are based mainly on tissue Doppler imaging – a 
robust method of recording the velocity and amplitude of myocardial movements 
with high temporal resolution. From the parent tissue Doppler velocities, strain and 
strain rate at different locations in the heart can be derived. Using these approaches, 
at least two groups have reported evidence of reduced early diastolic tissue veloci-
ties and diastolic strain rate in obese compared to normal weight subjects [15, 17]. 
It is believed that decreases in these parameters predominantly reflect slowing in 
the rate of LV relaxation. Recently, speckle-tracking techniques have been added to 
the ultrasound-based methods for assessing myocardial function, but they have not 
yet been studied in obesity.

Limited studies are available that compare intracardiac pressures in obese and 
normal weight subjects. Resting pulmonary capillary wedge pressures were found 
to be normal in obese subjects [23]. However, compared to normal weight control 
subjects, the obese subjects had an exaggerated rise in wedge pressure during pas-
sive leg raising or during exercise. These data were interpreted as showing reduced 
distensibility of the central circulation. Noninvasive methods have also been used 
to estimate resting LV filling pressures in obese subjects. The ratio of the mitral E 
wave velocity to the early diastolic mitral annular tissue velocity (E¢) is a well-
validated index of pulmonary capillary wedge pressure [24, 25]. E/E¢ measured at 
rest has been reported to be normal (<10) in obese subjects [15]. Serum levels of 
brain natriuretic peptide (BNP) are widely used in the clinical evaluation of patients 
with known or suspected heart failure. Elevated levels of this hormone are indica-
tive of volume overload and higher LV filling pressures. Interestingly, obese sub-
jects have lower levels of serum BNP than normal weight controls with similar 
pulmonary capillary wedge pressure [26] Moreover, BNP levels are consistently 
reported to be in the normal range or below normal in the majority of obese subjects 
[27]. Thus, the bulk of evidence points to the conclusion that even though obesity 
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is associated with diastolic dysfunction at the myocardial level, LV filling pressures 
remain normal at rest.

RV function: One recent study found that right ventricular (RV) ejection frac-
tion was not altered in obese subjects [28]. However, those with BMI > 35 kg/m2 
had reduced RV function compared with a reference population, as evidenced by 
reduced systolic tissue Doppler velocities and reduced measures of systolic strain 
and strain rate. Surprisingly, these changes occurred irrespective of the presence of 
sleep apnea. Similar but lesser degrees of reduced systolic function were present in 
overweight and mildly obese groups. Differences in RV diastolic velocities were 
also seen in obese vs. a reference population. BMI remained independently related 
to RV changes after adjusting for age, log insulin, and mean arterial pressures. In 
obese patients, these changes were associated with reduced exercise capacity, but 
not the duration of obesity or the severity of sleep apnea. Two other studies showed 
preserved RV systolic function in obesity [29]. However, one of these did find 
altered RV diastolic filling characteristics [30].

Vascular function: Suffice it to say that obesity, especially abdominal obesity, 
is a well-defined risk factor for the development of atherosclerotic coronary artery 
disease [31–33]. However, since abdominal obesity is part of the diagnostic criteria 
for the metabolic syndrome, it is nearly impossible to dissect out the independent 
contributions of the different components of this syndrome. In addition, endothelial 
dysfunction is widely present in obesity and the metabolic syndrome [34–36]. 
Thus, both macro- and microvascular abnormalities likely contribute to the many 
structural and functional problems of the heart in obesity.

Obesity-Associated Changes in Cardiac Structure

Left ventricular hypertrophy: There is broad consensus that obesity is independently 
associated with LV hypertrophy. In examining studies that report these changes, it is 
important to be cognizant of the methods used to normalize cardiac mass, which is 
usually determined noninvasively by echocardiography, radionucleotide studies, or 
magnetic resonance imaging (MRI). Normalizing heart weight to body surface area 
(BSA) tends to underestimate LV hypertrophy because BSA increases more than LV 
weight [37–39]. Because of this, many investigators now choose to index heart size 
to lean body mass, height, or height raised to the power of 2.7 [38, 39].

Most recent studies support a slight predominance of concentric (increase in LV 
wall thickness > increase in LV cavity size) vs. eccentric hypertrophy (increase in LV 
cavity size > increase in LV wall thickness) in obese individuals. The pathophysiologi-
cal mechanisms that account for the presence of LV hypertrophy and that determine 
differences in the pattern of LV geometry in humans are incompletely understood, but 
are likely influenced by the differences in comorbidities such as hypertension or sleep 
apnea. The pattern of hypertrophy that is present may be clinically meaningful since 
accurate phenotypic characterization might provide insight into the underlying 
 mechanisms, which might allow more specific and targeted therapeutic approaches.
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Right ventricular cardiac hypertrophy: A few studies have focused on the right 
ventricle in uncomplicated obesity. Wong et al. reported that RV cavity size and 
wall thickness were mildly increased in obese subjects as compared to a normal 
weight reference group [28]. Alpert et al. reached similar conclusions [40, 41]. 
Although it seems likely that RV enlargement could result from obstructive sleep 
apnea and chronic pulmonary hypertension (see below), the available published 
data surprisingly do not consistently support this hypothesis [28, 30]. In fact, in one 
study the majority of obese subjects did not have enough tricuspid valve regurgita-
tion to even estimate pulmonary artery pressures, and those that did have tricuspid 
regurgitation generally had normal pressures [28].

Left atrial size in obesity: Many studies have shown increased LA dimensions 
in obese subjects as compared to normal weight control subjects reviewed in [9]. 
Unlike LV mass, LA size is usually not indexed to body size, so this finding could 
be misleading. However, the most commonly reported measure of LA size, the 
uniaxial anterior–posterior dimension, is a well-accepted, reproducible measure of 
LA size that has known clinical relevance with respect to long-term event rate, 
survival, and the risk of developing atrial fibrillation [42, 43]. The mechanisms of 
increased LA size appear to be similar to those causing LVH: increasing BMI, 
hypertension, volume overload, and possibly LV diastolic filling abnormalities. 
Interestingly, obese subjects in the Framingham heart study were found to have an 
increased risk of developing atrial fibrillation and this risk was entirely explained 
by the increase in LA size [44].

Valvular heart disease in obesity: Only limited data exist regarding the direct 
effects of obesity on the heart valves. Nevertheless, the topic of valvular disease in 
obesity has received increased attention in recent years because of the finding that 
anorexigenic drugs used to facilitate weight loss are associated with mitral and 
aortic valve regurgitation [45]. Somewhat counterintuitively, a widely cited paper 
that evaluated the frequency of valvular abnormalities in a relatively large cohort of 
subjects undergoing echocardiography showed a lower prevalence of valvular 
regurgitation in obese than in normal weight subjects [46]. The problem of difficult 
echocardiographic imaging windows in obese subjects complicates the quantitative 
assessment of valvular disease in this population.

Cardiac tissue composition in obesity: Relatively few studies have compared 
the biochemical and structural composition of the heart in obese and normal sub-
jects. This is not too surprising given the large obstacles inherent in obtaining 
human cardiac tissue – particularly from control subjects without organic heart 
disease. Thus, we have largely been forced to rely on data from animal models that 
may not accurately reflect the human condition. However, autopsy series present 
the opportunity to study heart tissue from obese and nonobese subjects and, in 
general, these studies have shown cardiac hypertrophy plus a variable extent of 
coronary artery disease (reviewed in [9]). However, studies relying on autopsy may 
be biased towards the presence of coexisting conditions and/or unexpected causes 
of death.

Cardiac adiposity:   Autopsy studies have long demonstrated that obesity is 
associated with increased accumulation of intramyocardial lipid. Recent studies 
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using magnetic resonance spectroscopy (MRS) have extended these observations 
and reveal that obesity and insulin resistance are associated with increased 
intramyocellular triglyceride content in the heart, the abundance of which corre-
lates negatively with LV contractile function and positively with LV hypertrophy 
[47, 48]. It is not clear if triglyceride accumulation in the heart is pathogenic per se 
or may be a biomarker either of underlying pathology or of the presence of other 
lipid signaling intermediates that may lead to adverse consequences on cardiac 
structure and function. Molecular mechanisms contributing to cardiac lipotoxicity 
were recently reviewed [49]. Human epicardial fat (EF) mass is a common finding 
in severe obesity and is highly correlated with risk of cardiac disease [50–52]. This 
depot is visceral-like in nature, releasing more FFA and proinflammatory cytokines 
and less adiponectin than subcutaneous fat [50]. Because of the close proximity of 
epicardial fat to the heart and coronary vessels, there is great potential to negatively 
impact cardiac function and atherogenesis. Lacobellis and colleagues have argued 
that the amount of epicardial fat parallels the amount of visceral adipose tissue and 
that the amount of epicardial fat is correlated with the severity of LV hypertrophy 
[53, 54]. Recent studies have also quantified decreases in epicardial fat mass upon 
weight loss, bariatric surgery, or exercise training [55–57]. Taken together, correla-
tions between epicardial fat and obesity or myocardial function have been estab-
lished and there is growing interest in the direct contribution of epicardial 
fat-derived factors in the pathogenesis of heart failure.

The Obesity Paradox

While it is widely accepted that obesity increases the risk of developing heart dis-
ease, a growing number of recent reports document a statistically significant sur-
vival benefit in obese patients once they have been diagnosed with cardiovascular 
diseases (reviewed in [9]). Evidence continues to accumulate supporting the con-
cept of an obesity paradox. Among 22,576 treated hypertensive patients with 
known CAD, the hazard ratio for all-cause mortality was 25–30% lower in over-
weight and obese patients [58]. The better survival was all the more impressive 
because the obese subjects had less improvement in blood pressure than the lean 
subjects. A meta-analysis of more than 250,000 subjects enrolled in 40 cohort stud-
ies found that total and cardiovascular mortality were lower in overweight and 
obese subjects, but the same benefit was not observed in severely obese subjects 
with BMI >35 kg/m2 [59]. Lastly, Gala and colleagues assessed mortality at a mean 
follow-up of 4.4 years in 2,392 patients with peripheral arterial disease. They found 
that compared with underweight subjects, those with normal weight, overweight, 
and obesity had progressive reductions in mortality [60]. A number of smaller stud-
ies showing similar survival advantages in patients with heart failure, following 
myocardial infarction, unstable angina, or percutaneous coronary interventions, and 
patients on hemodialysis were recently reviewed by us [9]. Taken together, these 
data show an impressive and consistent protective effect of obesity in multiple 
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 different cardiovascular disease states. Thus, although obesity is widely accepted as 
a risk factor for coronary heart disease and heart failure, accumulating evidence 
strongly supports a protective role of obesity once patients have developed cardio-
vascular disease.

Although a great deal of data support the existence of a protective effect of obesity, 
some authors have questioned the existence of the obesity paradox [61, 62]. These 
authors have suggested that there is a “U-shaped” outcome curve according to BMI 
for patients with heart failure, in which mortality is greatest in underweight patients; 
lower in normal, overweight, and mildly obese patients; but higher again in more 
severely obese patients [62, 63]. It has also been posited that more intense treatment 
regimens are applied in obese patients and that this might explain their increased 
survival post-MI [62]. However, this seems doubtful given the widely accepted and 
well-publicized guidelines for the treatment of cardiovascular disease. One recent 
study has suggested that overweight and obese individuals were in fact protected from 
short-term death, yet have a long-term mortality risk that is similar to normal weight 
individuals [64]. The conclusion that obesity may both elicit cardiac disease and 
protect from cardiovascular death clearly now requires further mechanistic analyses 
at cellular, molecular, and systematic levels. If we can identify the beneficial compo-
nent, it might be possible to harness the effect for therapeutic purposes.

Comorbidities that Contribute to Cardiac  
Dysfunction in Obesity

Diabetes (Hyperglycemia)

The development of insulin resistance and type 2 diabetes in obese individuals 
[65, 66], the significant contribution of diabetes to cardiovascular disease [67–69], 
and potential mechanisms by which diabetes may lead to cardiac dysfunction [70] 
have been extensively reviewed. Nevertheless, the precise role of diabetes in pro-
ducing structural changes in the adult heart is quite controversial. As with many 
aspects of cardiovascular disease in obesity, it is a challenge to separate the direct 
effects of obesity from its frequent traveling companions. The presence of diabetes 
or measures of insulin resistance were not predictive of LV mass in the mainly 
Caucasian, middle-aged women studied by Avelar et al. [71]. In other populations, 
such as those in the Strong Heart Study (native Americans of the western U.S.) and 
the Framingham heart study, diabetes or the metabolic syndrome appears to be a 
significant risk factor for LV hypertrophy [34, 72, 73]. In the population involved 
in the Strong Heart Study, diabetes is almost universal and may have a genetic 
underpinning. Thus, it is likely that multiple predisposing factors for LV hypertro-
phy and genetic modifiers may summate in a complex and nonlinear fashion that 
produces different end effects, depending upon the population under study. 
Advanced glycation end products (AGE) mediate the detrimental influence of 
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hyperglycemia on many diabetic complications and Laakso’s group conducted a 
comprehensive 18-year follow-up study in Finnish subjects which was the first to 
demonstrate that AGE can predict total, cardiovascular disease and coronary heart 
disease mortality in nondiabetic women [74]. Furthermore, it has been suggested 
that in cardiomyocytes, AGE regulate the response to ischemia-reperfusion injury 
via modulation of cardiac energy metabolism [75]. Ren’s group recently demon-
strated that a 12-week high-fat diet in rats induced obesity and elevated serum AGE 
levels which correlated with increased O-Glc-NAc modifications and apoptosis in 
cardiomyocytes [76], in a similar manner to the apoptosis induced by hyperglyce-
mia [77]. Many of the changes in cardiac metabolism, discussed in the section on 
animal models that have recently been described in obesity, were long recognized 
to occur in animals and humans with type 1 and type 2 diabetes. Thus, the develop-
ment of diabetes in individuals with obesity is likely to have synergistic and delete-
rious effects on cardiac metabolism and function.

Pressure/Volume Overload

Hypertension is highly prevalent in obese subjects (>60%) and it is probably the 
most common cause of LV hypertrophy in the general population. It is generally 
accepted that pressure overload leads to a concentric pattern of hypertrophy [78]. 
Given the relatively high frequency of concentric LV geometry in obese patients, it 
is very likely that hypertension plays a major role. Even if daytime or office blood 
pressures are normal, 24 h blood pressure recordings show that obese patients often 
have a “nondipping” pattern in which they lose the normal nocturnal decline in 
blood pressure [79]. Sleep disordered breathing may explain this phenomenon (see 
below). Thus, the true prevalence of hypertension in obesity may be even higher 
than what has been estimated in the literature. Higher systolic blood pressures, even 
if they are not in the hypertensive range, are associated with a greater extent of LV 
hypertrophy in obesity [71]. Several studies have shown synergistic effects between 
increasing BMI and increasing systolic blood pressure [38, 71].

Obese individuals have expanded central blood volume [23]. In addition, stroke 
volume and cardiac output are both increased (reviewed in [9]). These changes in 
blood volume and cardiac output are most likely due to the increased metabolic 
demand that results from increases in both lean and fat mass. The large fat depots 
in obesity produce a low-resistance vascular circuit that may further increase car-
diac output. There may also be changes in renal absorption of salt and water. The 
combination of these factors is proposed to produce a form of volume overload 
similar to that which occurs with regurgitant valvular heart disease, beriberi, or 
arterial-venous fistulas. Chronic volume overload or high output failure is classi-
cally felt to produce an eccentric form of cardiac hypertrophy with enlarged cardiac 
chambers, but normal wall thickness [78]. However, dilated cardiomyopathy of any 
etiology will produce a similar cardiac geometry. Even in high output failure, the 
cardiac output may decline in the end stage of the disease. Several authors have 
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argued that volume overload is a primary mechanism contributing to the hypertrophy  
in obesity [80–82]. Unfortunately, this relatively straightforward and logical 
hypothesis is complicated by the fact that multiple recent studies have shown a 
predominance of concentric geometry in obese patients (reviewed in [9]).

Sleep Apnea

Sleep disordered breathing is increasingly recognized as an important cause of car-
diovascular abnormalities in obesity [83]. Obstructive sleep apnea is very common in 
obesity and is nearly universal in severe obesity. There are multiple routes by which 
sleep apnea could lead to LV hypertrophy, including: exacerbation of nighttime and 
daytime hypertension, increased sympathetic tone, chronic hypoxemia, and exagger-
ated swings in intrathoracic pressure during obstructive episodes [83]. Although some 
studies have failed to show a relationship between sleep apnea and LV hypertrophy, 
the majority do support such an association (reviewed in [9]). One of the confounding 
factors in these analyses results from difficulties in the quantification of the severity 
of sleep apnea. Most studies have relied upon the apnea–hypopnea index (the number 
of apneic and hypopneic episodes per hour of sleep). However, the number of such 
episodes may not be the actual cause of hypertrophy. Rather, growing data suggest 
that nocturnal oxygen desaturation may be the true culprit [71, 84]. Cloward and col-
leagues found that the use of continuous positive airway pressure at night for 6 
months was associated with a reduction in LV wall thickness [85]. Avelar et al. 
reported that in a predominantly Caucasian female population with severe obesity, the 
degree of LV hypertrophy was related to BMI, systolic blood pressure, and the sever-
ity of nocturnal hypoxemia [71]. The majority of these patients had concentric LV 
hypertrophy. In this study, a diagnosis of hypertension or an average nocturnal O
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saturation <85% each had synergistic interactions with increasing BMI.

Mechanistic Insights Gained from Studies  
in Animal Models of Obesity

Many groups have used animal models (mainly rodents) to elucidate mechanism for 
changes in cardiac structure and function in obesity and diabetes. Because obesity 
leads to impaired glucose tolerance and alterations in circulating lipids (triglycerides 
and FFA), it is challenging to separate changes that are attributable to metabolic dis-
turbances associated with obesity vs. obesity-associated hemodynamic changes. In 
one sense this is not necessarily a problem given that in humans the consequences of 
obesity on cardiac structure and function are also multifactorial. A number of 
approaches and models have been developed to address mechanisms. These include 
diet-induced obesity (DIO) models, genetic mutants that develop obesity, the majority 
of which have alterations in leptin signaling (e.g., db/db mice and the fa/fa rat) or 
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leptin generation (e.g., ob/ob mice), and transgenic/knockout models that target 
 specific pathways that are deemed to play an important role in cardiac dysfunction in 
obesity. Animal models of obesity and diabetes have been the subject of many recent 
reviews [86, 87]. In these models the impact of obesity and their associated changes 
in metabolism on cardiac function in nonstressed hearts and following ischemic 
insults ex vivo and in vivo have been evaluated. In most instances, obesity has been 
shown to be associated with subtle changes in LV function in nonstressed hearts and 
with decreased recovery from ischemia and reperfusion injury, particularly when 
studied in vivo [9]. Pathogenic mechanisms that have been investigated in these mod-
els include the role of changes in myocardial substrate utilization, changes in myo-
cardial insulin sensitivity, lipotoxicity, and mitochondrial dysfunction.

Altered cardiac substrate metabolism: In most genetic models of obesity, as well 
as in DIO models, myocardial substrate utilization shifts towards increased utilization 
of fatty acids (FA) and decreased utilization of glucose [70]. These changes are pres-
ent within 2 weeks of high-fat feeding and in genetic mutants as early as weaning [88, 
89]. In both of these instances, they occur prior to the development of significant 
changes in systemic glucose homeostasis, in the absence of major changes in circulat-
ing concentrations of fatty acids or triglycerides, and prior to the onset of obesity in 
DIO models. The earliest changes that have been described are reduced glucose trans-
porter translocation, which accounts initially for reduced glucose uptake. This in turn 
leads to reciprocal increase in FA uptake and oxidation. At this early stage, there are 
no discernible defects in the ability of insulin to activate PI3K and Akt signaling. 
Similar findings were recently reported in cardiac muscle biopsies obtained from 
humans with obesity and insulin resistance [90]. Recent studies have also suggested 
that DIO leads to activation of inflammatory pathways within cardiomyocytes that in 
turn can alter metabolic signaling pathways such as activation of AMPK [91].

As high-fat feeding persists, there is increased expression of PPAR-a targets, pre-
sumably on the basis of increased availability of fatty acid ligands [88]. PPAR-a is a 
ligand-regulated transcription factor that increases the expression of most genes 
involved in fatty acid uptake and mitochondrial fatty acid oxidation. As high-fat feed-
ing persists, an imbalance between FA uptake and oxidation occurs leading to accu-
mulation of triglycerides [92]. Similar changes have been described in humans with 
obesity (i.e., increased FA oxidation, decreased glucose oxidation, and increased 
cardiac accumulation of triglycerides) [47, 93]. Moreover, activation of PPAR-a tar-
gets and increased intramuscular triglycerides were also observed in cardiac muscle 
samples obtained from subjects with heart failure and diabetes [94]. An increase in 
myocardial FA utilization is also associated with increased myocardial oxygen con-
sumption and reduced cardiac efficiency [88, 95]. One basis for this is the increased 
oxygen cost of oxidizing fatty acids relative to glucose. Decreased cardiac efficiency 
has been described in humans with obesity and insulin resistance [93]. Reduced car-
diac efficiency has been postulated to contribute to reduced ability of these hearts to 
adapt to hemodynamic (e.g., pressure overload) or ischemic stress.

Mitochondrial uncoupling in obesity: A recently described mechanism for 
increased myocardial oxygen consumption is mitochondrial uncoupling, which has 
been described in ob/ob and db/db mice [96, 97] and in UCP-DTA mice [98], which 
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are transgenic mice that were genetically engineered to lose brown adipose tissue, 
and which develops mild obesity and impaired glucose tolerance. However, mito-
chondrial uncoupling was not observed after short-term high-fat feeding [88]. Thus, 
mitochondrial uncoupling might represent a fairly late adaptation in the continuum 
from overfeeding to obesity to diabetes. When mitochondrial uncoupling occurs in 
murine models, the mechanism appears to be induced by fatty acid-induced ROS 
generation, which in turn activates uncoupling proteins [96, 97]. This ROS-induced 
mitochondrial uncoupling is observed in murine models after the onset of obesity, 
glucose intolerance, and generalized as well as myocardial insulin resistance. It is 
not known if mitochondrial uncoupling exists in humans with obesity, and if these 
changes contribute to impaired myocardial energetics. However, studies using 
MRS, in relatively inadequately controlled individuals with type 2 diabetes, 
revealed reduced ATP/PCr ratios that were consistent with diminished high-energy 
cardiac reserves [99]. Moreover, there was an inverse correlation between circulat-
ing concentrations of FFA and the ATP/PCr ratios. Given the existence of evidence 
linking fatty acids to mitochondrial uncoupling, these observations indirectly sug-
gest that FA-mediated mitochondrial uncoupling might contribute to diminished 
myocardial energetics, at least in individuals with type 2 diabetes. It is important to 
note that in overweight and better-controlled diabetic subjects, no changes in  
PCr/ATP ratios were observed using MRS [100]. However, a recent study per-
formed in atrial appendages obtained from humans with type 2 diabetes revealed 
mitochondrial dysfunction and evidence of mitochondrial ROS overproduction that 
correlated with HbA1C concentrations as low as 6.5 [101]. Taken together, the 
available evidence in humans supports the existence of mitochondrial dysfunction 
in type 2 diabetes. Future studies in obese individuals with normal glucose toler-
ance or impaired glucose tolerance without diabetes will therefore be needed to 
determine if obesity per se will lead to similar changes in mitochondrial energetics 
as have been described in human studies.

Mitochondrial dysfunction: In addition to mitochondrial uncoupling, mitochon-
drial dysfunction associated with altered mitochondrial morphology, loss of subunits 
of the electron transport chain, and decreased mitochondrial respiratory capacity has 
been described in cardiac mitochondria isolated from db/db and ob/ob mouse hearts 
[96, 97]. Many of these changes were also observed in the hearts of mice with severe 
myocardial insulin resistance on the basis of genetic disruption of insulin signaling 
in cardiomyocytes implicating important links between insulin signaling and mito-
chondrial oxidative capacity [102]. Eight weeks of high-fat feeding in Wistar rats 
also led to cardiac dysfunction that was associated with the development of dysmor-
phic mitochondria and intramyocellular lipid accumulation [103]. However, similar 
changes were not observed following high-fat feeding in mice implying species-
specific differences in the susceptibility of mitochondria to damage – induced by 
caloric excess [88]. In DIO or genetic models of obesity, cardiac dysfunction devel-
ops in parallel with these changes in mitochondrial function and substrate utilization. 
However, the degree of cardiac dysfunction described is dependent upon the tech-
nique utilized to determine cardiac function. Most  dramatic changes are observed in 
isolated perfused heart preparations or when load-independent parameters are 
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measured  following LV catheterization.  Load-dependent analyses such as 
 echocardiography or MRI will often reveal preserved or even increased systolic 
function in the early stages of diet-induced or genetic obesity [70]. These findings 
might reflect neurohumoral adaptations that sustain cardiac function early in the 
evolution of obesity. However, as obesity persists or diabetes ensues, these tech-
niques will ultimately reveal evidence of systolic and diastolic LV dysfunction.

Lipotoxicity: Lipotoxicity has been proposed as a mechanism that impairs myo-
cardial contractile function in obesity. These observations have been based upon the 
correlation of increased myocardial triglyceride content with decreased cardiac 
function or decreased recovery from myocardial ischemia. However, the mecha-
nisms by which lipotoxicity impairs cardiac function are incompletely understood, 
but have been recently reviewed [49]. As summarized in Fig. 1, mechanisms that 
have been postulated to lead to lipotoxic cardiac injury include mitochondrial dys-
function as discussed above, endoplasmic reticulum stress, increased transcrip-
tional activation of inflammatory or profibrotic mediators such as NFkB, and 
accumulation of lipid-derived intermediates such as ceramide and diacyl glycerol 
that activate signaling pathways that may lead to cellular dysfunction or cell death. 

Fig. 1 Mechanisms by which lipotoxicity may lead to cardiac dysfunction. Increased uptake of 
fatty acids into cardiomyocytes following diet-induced obesity (DIO), which is associated with 
increased plasma membrane localization of CD36, or in transgenic mouse models with over-
expression of a membrane anchored lipoprotein lipase (LPL), fatty acid transporter isoform 1 (fatp1) 
or acyl CoA synthase (Acs). Lipotoxic heart injury develops as a result of the impact of lipid 
excess in multiple subcellular compartments as depicted in the figure
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Studies in Zucker Fatty (fa/fa) revealed a correlation between intramyocellular 
ceramide content and cardiomyocyte apoptosis [104]. Treatment of these rats with 
rosiglitazone, which normalized systemic metabolic homeostasis, was associated 
with improved LV function and reduced apoptosis that correlated with a lowering 
of ceramide content. Studies in cultured cells have provided evidence that although 
ceramide exposure may induce apoptosis, inhibition of de novo ceramide synthesis 
in cells exposed to increased fatty acids does not completely inhibit apoptosis, 
therefore suggesting that ceramide-independent pathways exist that contribute to 
FA-induced myocardial apoptosis [49].

It is important to note that most of the adverse cardiac consequences of high-fat 
feeding occur when diets are provided that lead to obesity and insulin resistance. In 
contrast, isocaloric high-fat diets, even those that are rich in saturated fats, have 
been shown to reduce adverse LV remodeling that occurs in response to pressure 
overload hypertrophy or that develops after coronary artery ligation [49]. The 
mechanisms for the cardioprotective effects of lipids in these studies are incom-
pletely understood. However, these studies serve to underscore the complexity of 
the cardiac adaptations to lipid excess and the complex interactions between obe-
sity, insulin resistance, and glucose intolerance in leading to cardiac dysfunction.

Transgenic models of lipotoxicity: A number of transgenic models have been 
generated that seek to mimic aspects of obesity-associated cardiac dysfunction. 
These models, which have been recently reviewed [49], include models of lipotox-
icity that were generated by overexpression of acyl CoA synthase – acsl1, Fatty 
acid transporter 1 (fatp1), membrane anchored lipoprotein lipase, or PPAR-a. All 
of these models develop increased myocardial lipid content and cardiac dysfunc-
tion. The nature of the accumulated lipid varies between models. For example, LPL 
overexpression in addition to increased concentration of derivatives of long-chain 
FA such as ceramides also exhibits cholesterol accumulation [105]. Differences 
also exist in the nature of the contractile dysfunction that develops. Thus, high-level 
overexpression of acsl1 leads to systolic dysfunction and premature mortality that 
is associated with ceramide accumulation [106]. In contrast, overexpression of 
PPAR-a in cardiomyocytes leads to LV contractile dysfunction that is associated 
with low rates of glucose oxidation and high rates of FA oxidation [107, 108]. 
Placing these animals on a diet that is enriched in medium and short-chained fatty 
acids ameliorated these effects, leading to the conclusion that toxic effects of 
PPAR-a overexpression might be mediated by long-chain fatty acids or their 
metabolites. Moreover, crossing these mice with CD36 null animals normalized 
contractile dysfunction indicating that CD36 mediates uptake of lipids that precipi-
tate lipotoxic cardiac dysfunction [109]. Indeed, studies in fa/fa rats or in rats fed a 
high-fat diet revealed increased plasma membrane translocation of CD36, support-
ing a critical role for increased uptake of lipid via CD36 as a mediator of lipotoxic-
ity [110]. CD36 null mice were shown to have delayed cardiac aging, which was 
attributable to reduction in life-long lipid uptake by the heart [111]. Treatment of 
mice that harbor a membrane-targeted lipoprotein lipase with the drug myriocin (an 
inhibitor of de novo ceramide biosynthesis) partially but not completely reversed 
contractile dysfunction [105], which indicates that, in addition to ceramide, 
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 additional mediators of lipotoxicity-associated myocardial dysfunction must exist. 
In contrast to most transgenic models of lipotoxicity that develop systolic dysfunc-
tion, mice that overexpress fatp1 develop diastolic dysfunction [112]. In summary, 
many transgenic models of lipotoxicity have provided direct evidence linking 
excess myocardial lipid uptake or utilization with cardiac dysfunction. The molecu-
lar mechanisms for these changes are incompletely understood, and the contribu-
tion of each of these pathways to obesity-related cardiac dysfunction remains to be 
fully elucidated.

Postulated Mechanisms for Cardiac Dysfunction in Obesity

In this section, we will review a number of well-studied pathways or mechanisms 
that in theory could contribute to cardiac dysfunction in obesity. The discussion will 
serve to underscore the potential roles of these pathways in obesity-related cardiac 
dysfunction. Although many of the observations raise important hypotheses regard-
ing the pathophysiology of obesity-related cardiac dysfunction, they remain to be 
definitively shown to contribute to obesity-associated cardiac dysfunction in 
humans or appropriate animal models.

Neurohumoral Activation

Numerous studies show evidence that obese subjects have activation of the sympa-
thetic nervous system. This appears to result at least in part from the effects of sleep 
disordered breathing (reviewed in [9]). Increased sympathetic tone may contribute 
to the high incidence of concentric LV geometry because of hemodynamic factors 
such as elevated blood pressure and increased cardiac contractility. In addition, 
catecholamines may have direct hypertrophic effects that are independent of hemo-
dynamic factors. There also appears to be activation of the renin-angiotensin sys-
tem in obesity [113]. These two pathways are interrelated and are both 
prohypertrophic via direct signaling effects and hemodynamic effects (i.e., vaso-
constriction and elevation of blood pressure). As mentioned above, sympathetic 
activation likely results from sleep apnea and other indirect factors. In contrast, 
activation of the renin-angiotensin system may occur directly via signals from adi-
pose tissue. Engeli et al. have suggested that adipose tissue contains the major 
components of a local renin-angiotensin system [114]. Furthermore, increased 
activity of this system has been implicated in human obesity hypertension [114, 
115]. One proposed mechanism for such an effect is increased secretion of angio-
tensinogen from adipocytes, especially those in visceral fat [116]. Angiotensin is 
thought to cause sympathoexcitation, so there may be additive effects of renin-
angiotensin and sympathetic activation with respect to blood pressure elevation and 
cardiac remodeling in obesity [115].
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Effects of Adiponectin on the Heart

Adiponectin levels are decreased in obesity. There is currently great research and 
clinical interest in the endocrine effects of adipokines on cardiac tissue and their role 
in heart failure (reviewed in [9] and [117, 118] and there is now considerable interest 
in the suggestion that adiponectin may represent a fruitful therapeutic target in heart 
failure [119, 120]. Although the bulk of circulating adiponectin is secreted from adi-
pocytes, it can also be synthesized and secreted by cardiomyocytes [121], and subse-
quent autocrine or paracrine effects may play an important role in adiponectin’s 
cardioprotective effects. Indeed, altered adiponectin content was observed postmor-
tem in patients who suffered myocardial infarction or dilated cardiomyopathy [122].

Germline knockouts of the adiponectin gene have been particularly informative 
in terms of elucidating the interaction between adiponectin and cardiovascular injury 
[123] and reviewed in [9]. The relevance of this model stems from the fact that levels 
of adiponectin are invariably reduced in animals and humans with obesity [124]. 
Several in vivo studies using adiponectin KO mice have shown that pressure over-
load-induced concentric hypertrophy was enhanced in adiponectin-deficient mice 
and led to increased mortality that was corrected by adiponectin replacement [125, 
126]. It has been suggested that the modulating effects of adiponectin on LV remod-
eling might manifest only when additional hypertrophic signaling pathways are 
activated. Administration of adiponectin 30 min before, during, or 15 min after 
surgery-induced ischemia reperfusion diminished the infarct size, apoptosis, and 
TNF-a production in both wild type and adiponectin KO mice [127] and adiponectin 
protected against coronary artery ligation-induced apoptosis, myocyte hypertrophy, 
and interstitial fibrosis [128], at least in part via AMPK-dependent signaling, sup-
pressing iNOS and superoxide production or altered glucose metabolism [129]. One 
study has demonstrated that 30 µg/ml full-length adiponectin (fAd) reduced hypoxia-
reoxygenation-induced apoptosis (measured only by TUNEL assay) in primary 
neonatal cardiomyocytes [127]. We have characterized the expression profile and 
role of AdipoR1 and R2 in mediating signaling and metabolic effects of globular (g)
Ad and fAd in both neonatal and adult rat cardiomyocytes [130]. Furthermore, myo-
cardial necrosis in obese mice with viral myocarditis was attenuated upon induction 
of endogenous cardiac adiponectin expression, suggesting this may represent a com-
pensatory protective response [131–133].

A number of clinical studies have established correlations between plasma adi-
ponectin levels and various aspects and severity of heart failure [134–137] and 
reviewed in [9], with the majority, but not all, suggesting a cardioprotective effect. 
Genetic studies have also suggested an important role of adiponectin in heart fail-
ure, with increased LV mass observed in uncomplicated obese subjects carrying the 
G/G genotype at position 276 of the human adiponectin gene, which tracks with 
lower concentrations of adiponectin [138]. Indeed, adiponectin has been proposed 
as a biomarker, which might serve as a suitable screening test facilitating early 
intervention and prevention of heart failure [139] and reviewed in [9]. In particular, 
given our appreciation of the significant roles played by the various multimeric 
forms of adiponectin [140], it will be most interesting to observe if any aspects of 
CVD correlate most strongly with oligomeric, hexameric, or trimeric forms.
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Various potential mechanistic explanations for cardioprotective effects of 
 adiponectin are now beginning to emerge. Adiponectin is known to mediate potent 
metabolic effects in skeletal muscle and liver [124, 140] and an understanding of 
direct metabolic effects on cardiomyocytes is now emerging. Adiponectin caused a 
small but significant increase in glucose and fatty acid uptake and induced AMPK 
phosphorylation in cultured neonatal rat cardiomyocytes and mouse HL-1 cells 
[121]. Another study demonstrated a role for the C-terminal globular fragment of 
adiponectin in regulating cardiac fatty acid oxidation in rabbit hearts in the immedi-
ate newborn period [141]. We have recently examined the effect of specific forms of 
adiponectin on metabolism in neonatal rat cardiomyocytes and found that both full-
length and globular adiponectin elicited an acute increase in glucose uptake and 
oxidation [130]. After prolonged treatment, increased fatty acid uptake and oxida-
tion predominated and correlated with decreased PDH activity and glucose oxida-
tion. Based on these studies to date, it has been speculated that acute administration 
of adiponectin post-MI may confer beneficial metabolic effects. Collectively, the 
effects described above were mediated via both AdipoR1 and AdipoR2 and occurred 
via signaling mechanisms involving AMPK, ACC, and Akt [142]. AdipoR1 is the 
major form in cardiomyocytes and skeletal muscle [143], whereas AdipoR2 is pre-
dominantly expressed in liver. With respect to the heart, two recent studies demon-
strated expression of both AdipoR isoforms that were upregulated by rosiglitazone 
or STZ-induced diabetes [144, 145]. A decrease in cardiac AdipoR1 expression has 
been detected after CAL-induced MI in mice [146]. A potential pathophysiological 
role for alterations in AdipoR is supported by a positive correlation between receptor 
expression and insulin resistance [147] or plasma insulin levels [148, 149], lower 
AdipoR1 and AdipoR2 expression in patients with a family history of diabetes 
[147], and altered skeletal muscle AdipoR expression in diabetic humans or mice 
(reviewed in [9]). There is now great interest in the role of the newly discovered 
adaptor protein containing pleckstrin homology domain, phosphotyrosine binding 
(PTB) domain, and leucine zipper motif (APPL1) in adiponectin action. Adiponectin 
stimulates APPL1 interaction with its receptors and this mediates downstream sig-
naling and metabolic events [150]. We also now appreciate that APPL1 acts as a 
novel and critical regulator of the crosstalk between adiponectin and insulin signal-
ing pathways [150–152]. AMPK is well established as the key regulator of many 
adiponectin effects [150]. Finally, given our growing appreciation of the distinct 
signaling and physiological roles played by the various multimeric forms of adi-
ponectin [140, 153], it will likely prove interesting to observe, with or without pre-
vailing hyperglycemia, if distinct aspects of cardiac remodeling are regulated by 
globular or high molecular weight hexameric or trimeric forms.

Effects of Leptin on the Heart

Obese individuals typically have elevated circulating levels of leptin which may 
impact upon myocardial function via direct peripheral effects or via secondary 
central nervous system-mediated responses as recently reviewed [118, 154, 155]. 
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Leptin-deficient ob/ob mice exhibit a higher degree of cardiomyocyte apoptosis, 
which can be restored to normal levels by leptin administration [156]. Leptin can 
also induce generation of reactive oxygen species in the heart [157]. Another char-
acteristic marker of heart failure, depressed cardiac response to b-adrenergic ago-
nists, is also observed in ob/ob mice and can be corrected by leptin replacement 
therapy [158]. Several reports have suggested that leptin directly induced hypertro-
phy in both human and rodent cardiomyocytes (reviewed in [9]), although one 
report concluded that leptin mediates antihypertrophic effects [159]. In general, the 
ob/ob mouse model is rather unique (plasma leptin levels are increased in almost 
all other obese rodent models and in humans [160] and may not precisely reflect 
the alterations observed in human obesity. Another caveat of this model for the 
study of cardiac hypertrophy is the presence of low arterial pressure, while the 
opposite is found in most forms of obesity [161]. In summary, it would appear that 
leptin mediates a myriad of effects, which can impinge upon development or pro-
gression of heart failure and it is likely that too much or too little is detrimental.

The prevailing hypothesis is that leptin resistance occurs in obese humans, and 
while this may certainly be true of the hypothalamus, there is current interest in the 
theory that selective leptin resistance occurs in obesity [162, 163] such that whether 
the effects of leptin on the heart are enhanced or suppressed is uncertain. This con-
cept arose from observations that while the effects of leptin on satiety and energy 
metabolism were resistant, the sympathoexcitatory effects were maintained (reviewed 
in [9]). It was recently suggested that leptin resistance in obesity is restricted to the 
metabolic actions of leptin [162] and impaired leptin signaling was observed in one 
study using ventricular cardiomyocytes isolated from rats subjected to 10-week 
dietary sucrose feeding to generate hyperleptinemia and insulin resistance [164]. 
Notably, leptin administration in mice has been shown to reduce infarct size and 
enhance functional recovery following coronary artery ligation [165, 166].

The mechanisms via which leptin directly influences cardiac function are important 
to delineate, with a view to therapeutic targeting. Leptin acts via a family of receptor 
(ob.R) isoforms [167] and mediates a wide range of physiological effects [168, 169]. 
Recently, we have focused on leptin-induced cytoskeletal rearrangement in mediating 
direct effects of leptin since cytoskeletal alterations have previously been implicated in 
the pathophysiology of heart failure [170, 171] and have also been implicated in regu-
lation of neonatal cardiomyocyte hypertrophy by leptin [172]. We have now shown 
that leptin, induced actin remodeling in neonatal cardiac fibroblasts in parallel with 
temporal activation of the Rho/ROCK signaling pathway [173]. Pharmacological inhi-
bition of Rho (using C3 transferase) or ROCK (Y-27632) prevented leptin-stimulated 
polymerization of actin and cell surface MT1-MMP (matrix metalloproteinase) con-
tent. Leptin treatment also enhanced extracellular activation of a known MT1-MMP 
substrate, MMP2, which was again attenuated in the presence of C3 transferase and 
Y-27632. Hence, our results suggest that leptin directly regulates myocardial matrix 
remodeling in cardiac fibroblasts by regulating the cell surface localization of MT1-
MMP, via Rho/ROCK-dependent actin polymerization, and MMP-2 activation.

Leptin-deficient ob/ob mice are well characterized as an obese animal model that 
exhibits cardiac remodeling and depressed function [174–176]. Using this approach, 
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several studies have now indicated a permissive role of leptin in regulating cardiac 
function [158, 174–178]. However, a precisely defined or consistent effect of leptin 
or leptin deficiency on cardiac structure and function has not been fully elucidated. 
In ob/ob mice, obesity ensues first (~5 weeks) which is then followed by diabetes 
several weeks later. Buchanan and colleagues [89] reported that LV function varied 
with age; for example, LV contraction and relaxation (dP/dt) were high in young 
animals (4–5 weeks of age), despite the presence of significant obesity. In 
10–11-week-old female ob/ob mice, Christoffersen and colleagues reported evi-
dence of diastolic dysfunction manifested by reduced E/A ratios [179]. Similar find-
ings have been reported in db/db (leptin receptor-deficient) mice with evidence of 
systolic and diastolic function by echocardiography that was absent in 6-week-old 
(around onset of hyperglycemia), but present in 12-week-old mice [180].

Changes in Extracellular Matrix and Fibrosis

The ECM provides the support essential for maintaining alignment of myofibrils 
within the myocardium. A healthy ECM facilitates storage of energy produced dur-
ing systole and contributes to relengthening of myocytes during diastole [181, 182]. 
Alterations in the composition and structure of the ECM can play an important role 
in heart failure [181, 182]. There is a constant turnover of ECM in the myocardium, 
approximately 0.6% of total per day, and proper maintenance of ECM composition 
is vital in the healthy heart [181]. Thus, it is important to delineate the potential 
mechanisms contributing to these changes. With respect to obesity, the concept that 
adipokines regulate myocardial ECM is of great potential importance [183, 184]. 
The main components of the cardiac ECM are often described as structural (colla-
gen/elastic fibers) and adhesive (fibronectin, laminin). Turnover of these proteins is 
also regulated by a family of degradative enzymes termed matrix metalloprotei-
nases (MMPs) and their endogenous inhibitors, TIMPs [185–187].

The changes occurring in myocardial ECM during remodeling are summarized 
below. Cardiac fibroblasts, which account for ~70% of cells in the heart, are 
thought to be the principal site for synthesis of ECM components and regulation of 
their turnover by secretion of MMPs and TIMPs. However, cardiomyocytes also 
make an important and clearly quite distinct contribution. Fibrillar collagens type I 
and III compromise ~85 and ~11% of total myocardial collagen in healthy hearts, 
respectively [185, 186]. Collagen content does not always accurately reflect 
changes in function and it has been suggested that the distribution and orientation 
of collagen fibrils is a major determinant of ventricular stiffness [186–188]. Indeed, 
it is now accepted that during progressive remodeling in heart failure, the highly 
organized architecture of the ECM is replaced with a thickened and poorly orga-
nized collagen weave [189]. Early compensatory remodeling is not usually associ-
ated with significant alterations in collagen content; however, alterations in collagen 
(replacement of type III with type I collagen) have been clearly documented in later 
stages of various models of HF [187]. In particular, increased fibrosis has been 
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described in the hearts of ob/ob mice [190, 191] and in Zucker (fa/fa) rats [104, 
192]. Changes in MMP expression and activity have a distinct pattern during pro-
gression of HF: early compensatory remodeling is not typically associated with any 
alteration in MMPs [193, 194]. However, with deterioration in function in both 
human and animal models, an increase in MMP2 and MMP9 activity is observed 
[193–198]. Thus, elevated MMP activity in the left ventricle of the heart is viewed 
as an early trigger of pathologic remodeling leading to end-stage HF [199]. As 
decompensation progresses, increases in MMP1 and MMP3 are also seen [200]. 
Chemical inhibition of MMPs has also been shown to attenuate LV dilation and 
preserve function after coronary ligation [201, 202]. Four distinct TIMP isoforms 
have been identified and, although, for example, all TIMPs can inhibit MMP2 and 
MMP9, TIMP4 is cardiac specific, is the most abundant form in the myocardium, 
and has a much greater substrate-binding affinity than other TIMPs [203, 204].

Cardiomyocyte Apoptosis

Myocyte apoptosis has been suggested to be an important etiological component 
of heart failure, particularly in the transition from compensatory remodeling to 
heart failure [205]. Endomyocardial biopsies from patients with dilated or isch-
emic cardiomyopathy and end-stage heart failure demonstrated apoptotic cardio-
myocyte death [206, 207] and there was increased susceptibility to hypoxia-induced 
apoptosis in cardiomyocytes isolated from failing human hearts [208]. It has been 
postulated that there is great therapeutic potential to preserve cardiac function by 
reducing apoptosis. Therefore, furthering our current understanding of mecha-
nisms regulating myocyte apoptosis in obesity and diabetes is essential [209]. 
Accordingly, inhibiting caspases can both reduce the occurrence of heart failure or 
slow its progression after MI (reviewed in [9]) as well as improve contractile func-
tion [210]. Note that besides the obvious role of apoptotic cell death in myocyte 
loss, activation of several proteases in the apoptotic cascade can cleave various 
contractile proteins (a-actin, a-actinin, a/b-myosin heavy chain, tropomyosin, 
and troponins [211, 212] leading to deterioration in contractile function of the 
existing myocytes.

The potential mechanisms by which obesity [9] and diabetes [70] may lead to 
cardiomyocyte apoptosis have been well studied, yet the precise mechanisms remain 
controversial [34, 71–73]. Studies in Zucker (fa/fa) rats have shown increased apop-
tosis that was reduced by treatment with a thiazolidinedione, which acts at least in 
part via increasing adiponectin [104]. Studies using TUNEL and caspase-3 activity 
assays demonstrated increased levels of apoptosis in young obese ob/ob and db/db 
mice compared with controls. In older obese and diabetic mice, more DNA damage 
and less DNA repair were noted and the degree of apoptosis became more enhanced 
and correlated with decreased survival. This suggests a potential role for apoptosis 
in myocardial dysfunction and early mortality in these models and that coincident 
diabetes may play an important aggravating role [156]. The significance of the 
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 combined effects of obesity and diabetes, rather than either alone, is further 
 highlighted by studies in isolated working hearts from db/db mice. These hearts 
exhibit reduced recovery following ischemia and reperfusion after diabetes devel-
ops, but recovery is normal in the prediabetic stage [213]. Furthermore, studies in 
older Zucker rats demonstrated reduced recovery from ischemia, which could be 
prevented by treating these animals with a TZD [214–216]. Additional studies per-
formed in vivo using coronary artery ligation with Zucker rats, db/db mice, and mice 
with DIO show that combined obesity and insulin resistance is associated with 
increased infarct size impaired recovery of cardiac function [217–220].

Inflammation

The link between obesity and inflammation is of relevance to heart failure since 
both acute inflammatory events and chronic low-grade inflammation can impact 
structure and function of the myocardium [221–223]. Several studies have estab-
lished clear correlations between markers of inflammation, such as C-reactive 
protein, and mortality in patients with heart failure [224, 225]. Whereas proin-
flammatory cytokines such as IL-6, IL-1b, ANP, and TNF-a increase, there is not 
a corresponding increase in anti-inflammatory cytokines such as IL-10 and 
TGF-b [226–228]. Not only the myocardium but also infiltrating cells such as 
macrophages, leukocytes, and platelets can contribute to the inflamed environ-
ment. There are now many reports indicating that these various proinflammatory 
cytokines can play a role in the myocardial remodeling process by directly influ-
encing aspects such as hypertrophy, apoptosis, fibrosis, and ultimately contractil-
ity [229, 230]. Many of the adverse effects of proinflammatory cytokines involve 
activation of signaling pathways such as NFkB, a major mediator of inflamma-
tion in the failing myocardium. There is also currently great interest in the con-
nection between innate immunity and inflammation in heart failure with toll-like 
receptors playing a central role [231, 232]. Although the potential for targeting 
inflammatory components in the treatment of heart failure has been mooted pre-
viously, studies to date employing anti-TNF-a therapeutic approaches have thus 
far proven ineffective in treating heart failure. This has somewhat tempered 
enthusiasm regarding the possibility of targeting the imbalance in inflammatory 
cytokines, although other aspects of the cytokine imbalance besides TNF-a may 
still prove to be effective targets for therapeutic interventions [227, 233]. 
However, targeting inflammation is likely to be further improved as we under-
stand more about the pathophysiological role of novel hormones and cytokines 
together with specific myocardial consequences of their effects [234]. One 
example is lipocalin-2, a novel hormone recently shown to be released by infil-
trating polymorphonuclear cells and to regulate the inflammatory response 
induced by ischemia reperfusion [235], while a second example is the recent 
interest in preventing unwanted T-cell activation which contributes to both local 
and systemic inflammation [236].
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Clinical Considerations

Obesity is clearly a risk factor for developing coronary atherosclerosis. In a large 
registry of > 100,000 patients presenting with first non-ST segment elevation myo-
cardial infarctions, there was a linear association between BMI and earlier age of 
presentation. The most obese patients presented almost 15 years earlier than non-
obese patients [237]. In a study of 1,314 patients undergoing coronary artery bypass 
surgery, subjects with higher BMI had more angiographic evidence of progression 
of atherosclerosis [238]. This relationship was seen in subjects who were random-
ized to low doses of lovastatin, but not in those assigned to more aggressive lipid-
lowering therapy. The authors concluded that obesity is associated with more rapid 
progression of atherosclerosis, but that this can be attenuated with pharmacological 
lipid-lowering therapy. Nissen and colleagues studied progression of atherosclero-
sis with coronary intravascular ultrasound in 839 patients participating in a weight 
loss trial using the endocanabanoid receptor antagonist, rimonabant [239]. Patients 
treated with rimonabant lost more weight and had greater reductions in waist cir-
cumference and hs-CRP than the placebo group. However, the primary end point of 
change in percent atheroma volume was not different at the 18-month time point 
between the two groups. Thus, over a relatively short time frame, modest weight 
loss was apparently unable to slow the progression of atherosclerosis.

Many studies have shown that weight loss improves blood pressure, diabetes, 
sleep apnea, hyperlipidemia, and sympathetic/parasympathetic tone (reviewed in [9]). 
If sustained, these improvements would be expected to translate into benefits for 
cardiac structure and function [240, 241]. In support of this hypothesis, several stud-
ies have reported beneficial effects of weight loss on cardiac structure and LV func-
tion. Weight loss achieved via lifestyle modifications or through bariatric surgery 
have both been consistently associated with reductions in LV dimensions, LV wall 
thickness, LV mass, and LA dimension (reviewed in [9]). Perhaps more importantly, 
patients can exercise longer and they report less dyspnea and chest pain after signifi-
cant weight loss [242]. It is widely believed that cardiovascular and other health 
benefits accrue when weight loss is achieved by reduced caloric intake and increased 
exercise. In fact, even modest amounts of weight loss or increased exercise may pro-
duce salutary effects. The removal of subcutaneous fat by liposuction does not appear 
to produce beneficial metabolic changes [243]. Pharmacotherapy with the two cur-
rently approved drugs for obesity treatment, orlistat (a gastrointestinal lipase inhibi-
tor) and sibutramine (a monoamine reuptake inhibitor), has both been associated with 
weight loss, improvements in serum lipids, and insulin sensitivity [244–246]. Orlistat 
treatment usually reduces blood pressure, while sibutramine is commonly associated 
with increased heart rate and blood pressure [245, 247]. Neither drug has significant 
effects on cardiac dimensions, valvular function, or pulmonary artery pressures when 
given for up to 6 months [247, 248]. The full extent and duration of benefits that can 
be achieved when weight loss is induced by pharmacotherapy or bariatric surgery is 
not clear at this point in time. Nonetheless, bariatric surgery in general produces much 
greater amounts of weight loss than lifestyle modification or pharmacotherapy, and 
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these losses are usually sustained for much longer [249]. Given the rapid increase in 
the prevalence of severe obesity worldwide [250, 251] and the growing popularity of 
surgical treatments, further studies of the cardiovascular outcomes after bariatric 
surgery are clearly warranted [252].

Conclusions

The dramatic and rapid increase in the worldwide prevalence of obesity has pro-
found public health implications. The full scope of the problem is hard to realize 
because many obesity-related complications require decades to become manifest. 
Therefore, it is critical to increase our understanding of the pathophysiological 
bases for the numerous and multisystem disorders that are associated with or 
caused by obesity. We have focused in this chapter on the clinical phenotypes of 
cardiac dysfunction in obesity, discussed insights gained from animal models, and 
presented additional mechanisms that could contribute to heart failure in obesity. 
Figure 2 summarizes many of the processes that might link obesity to various 
aspects of cardiac remodeling and the eventual development of ventricular dysfunc-
tion. Current evidence is consistent with the conclusion that obesity influences 
cardiac remodeling, directly and indirectly, via its closely associated comorbidities 

Fig. 2 Summary of multiple mechanisms that lead to or may contribute to cardiac dysfunction in 
obesity
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such as hypertension, diabetes, sleep disordered breathing, renal dysfunction, 
 atherosclerosis, and endothelial dysfunction. This complex web of interrelated 
processes begins with the onset of obesity, which increasingly occurs in childhood 
or adolescence. However, the cumulative effects on the heart may not become clini-
cally apparent for as much as 50 years or more. Thus, it is likely that the present 
day impact of obesity on the cardiovascular system represents the tip of an iceberg. 
Our ability to unravel the impact of obesity on human health is complicated by the 
growing body of data showing that obesity may have protective as well as deleteri-
ous effects on the cardiovascular system. Multiple studies showing improved sur-
vival in obese patients with established cardiovascular disease have led to the 
concept of “the obesity paradox.” Understanding the nature of the beneficial and the 
detrimental components of obesity is arguably one of the most pressing agendas for 
our current biomedical and scientific communities.
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Introduction

The dyslipidemia classically associated with obesity is characterized by a  metabolic 
atherogenic triad of (a) increased levels of triglyceride-rich, apolipoprotein B 
(apoB) containing lipoproteins (very low density lipoprotein [VLDL], intermedi-
ate-density lipoproteins [IDL], and remnant particles), (b) a shift in the low density 
lipoprotein (LDL) pool towards small, dense LDL particles, and (c) low levels of 
high density lipoprotein (HDL) cholesterol. All of these lipid anomalies contribute 
to increased cardiometabolic risk [1], and are thought to be engendered by an 
excess of visceral adipose tissue. Visceral adipose tissue accumulation is strongly 
associated with impaired adipose tissue function, such that pathogenic metabolic 
and immune responses that promote insulin resistance, dyslipidemia, and athero-
sclerosis are incited [2].

Another metabolic abnormality that is linked to atherogenic dyslipidemia in the 
setting of obesity is an accumulation of excess lipids in the liver [3–5]. In many 
patients, lipid overload in the liver is manifest clinically by transaminase elevation 
and evidence of fatty liver on imaging [6]. The hepatic accumulation of fat (primar-
ily triglyceride in cytoplasmic lipid droplets) is associated with changes in hepatic 
metabolism that promote the development of atherogenic dyslipidemia, though the 
mechanisms are not yet fully understood, and it is not clear that cytoplasmic trig-
lyceride storage itself is causally related to dyslipidemia.

There has been substantial research effort focused on elucidating the mecha-
nisms for the link between obesity and atherogenic dyslipidemia, which appears to 
be intimately related to the presence of insulin resistance. This chapter details the 
known molecular mechanisms of adipocyte and hepatic function, as it pertains to 
apoB-containing lipoprotein assembly and metabolism, both in the healthy as well 
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as in the obese, insulin resistant state. We outline our current understanding of the 
three major events underlying the development of atherogenic dyslipidemia in the 
obese, insulin resistant state (1) hepatic overproduction of VLDL; (2) impaired 
catabolism of atherogenic lipoprotein remnants; and (3) hypercatabolism of HDL. 
We discuss the pathophysiology of each of these and the implications for cardio-
vascular disease risk and therapeutics.

VLDL Overproduction

Metabolic studies in humans have repeatedly demonstrated that the obese insulin 
resistant state is associated with an increased rate of hepatic production of VLDL 
triglycerides and apoB-100. Hepatic VLDL production is regulated in part by free fatty 
acid (FFA) availability and by insulin. Increased FFA availability stimulates triglycer-
ide synthesis and VLDL assembly and secretion [7]. An acute increase in circulating 
insulin inhibits hepatic VLDL secretion, at least in part via suppression of FFA avail-
ability [7]. In contrast to the acute inhibition of hepatic VLDL production by insulin, 
chronic hyperinsulinemia in insulin resistant states, such as obesity and type 2 diabetes 
is associated with increased secretion of VLDL and hypertriglyceridemia [8].

As illustrated in Fig. 1, mechanisms that contribute to overproduction of apoB-
containing lipoproteins include (1) increased FFA flux from adipose tissue to liver 

Fig. 1 Mechanisms connecting insulin resistance and dyslipidemia are driven by increased flux 
of free fatty acids (FFAs) from adipose tissue to liver. FFAs promote an increase in TG synthesis 
in the liver which leads to overproduction of VLDL. Insulin resistance increases the production of 
ApoCIII, a protein that blocks reuptake of remnant lipoprotein particles. Uptake of sdLDL by 
LDL-R is impaired in insulin resistant states
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due to resistance of adipose tissue to the antilipolytic action of insulin [9] and (2) 
reduced hepatic sensitivity to insulin leading to resistance to the acute suppressive 
effects of the hormone on VLDL production [10]. Thus, defective regulation of 
hepatic VLDL synthesis and secretion likely reflects insulin resistance both in adi-
pose tissue and the liver. We elaborate on each of these in turn.

Dysregulation of Fatty Acid Storage and Enhanced Lipolysis 
Leading to Increased Free Fatty Acid Flux from Adipose  
Tissue to Liver

Adipose tissue plays a direct role in mediating plasma lipid concentrations through 
the uptake of plasma TG and the release of adipose-derived fatty acids into plasma. 
Adipose tissue insulin resistance is associated with impaired adipocyte trapping of 
fatty acids and excessive adipocyte lipolysis, both of which lead to increased circu-
lating FFAs relative to tissue requirements. As described earlier, increased flux of 
FFAs from adipose tissue to liver leads to increased hepatic triglyceride synthesis 
and VLDL production, resulting in atherogenic dyslipidemia (Fig. 1).

Dysregulation of Lipoprotein Lipase Activity in Obesity  
and Insulin Resistance

Adipose acquires dietary fatty acids via the metabolism of triglyceride-rich lipopro-
teins (TRLs), especially chylomicrons, during the fed state to serve as energy stor-
age. Endothelial-bound lipoprotein lipase (LPL) catalyzes the essential first step in 
the delivery of FFA to adipose for storage [11], triggering hydrolysis of TG and the 
release of FFA which are then largely taken up by adjacent adipocytes [12] (Fig. 2). 
Insulin stimulates adipose LPL expression and activity, in the fed state, directing 
dietary TRL-derived fatty acids preferentially to storage in adipose, whereas during 
fasting, it is downregulated in adipose and upregulated in muscle, directing TRL-
derived fatty acid to muscle for energy utilization [13, 14].

Obesity and insulin resistance are associated with dysregulation of LPL, such 
that there is an overall reduction of LPL activity in obese subjects [15]. In a study 
of post prandial lipid metabolism, adipose tissue LPL mRNA levels, LPL activity 
correlated with insulin resistance, and inversely correlated with area under TG 
curve. In states of normal physiology, there is a large gradient between fasting and 
fed insulin levels. However, in states of hyperinsulinemia, such as in obesity and 
insulin resistance, this gradient is reduced, such that there could be attenuation of 
insulin’s regulatory effects. Both fasting and postprandial levels of FFA are often 
elevated in obese and insulin resistant individuals, suggesting that the ability of 
insulin to upregulate LPL and effectively trap fatty acids is impaired [16].
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Dysregulation of Adipose Tissue Fatty Acid Storage in Obesity  
and Insulin Resistance

Efficient TRL-derived FFA trapping is also accomplished through efficient facili-
tated transport of NEFAs across the endothelial barrier and the adipocyte plasma 
membrane [17]. Once FAs are taken up into the adipocyte, efficient FA acylation 
is necessary to trap them within the adipocyte and prevent back diffusion out  
of the cell. Ultimately, the final step in TG synthesis is catalyzed by the action of 
the DGAT (diacylglycerol acyl transferase) enzymes that catalyzes acylation  
of diacylglycerol (DAG) using a fatty acyl CoA substrate (Fig. 2). In this capacity, 
DGAT activity promotes TG storage while decreasing FA substrates [18], result-
ing in a global beneficial effect on hypertriglyceridemia, obesity, and insulin 
resistance [19–21].

Both the DGAT1 and DGAT 2 genes have been cloned, and are expressed in 
many tissues, including adipose tissue, liver, skeletal muscle, and intestines, 
although differences in relative abundance are evident [22, 23]. Although both 

Fig. 2 TG-rich lipoprotein (TRL) metabolism and interactions with adipose tissue: TRL TGs are 
hydrolyzed by lipoprotein lipase (LPL), and nonesterified fatty acids (NEFAs) are taken up by the 
adipocyte and stored as TG until there is a demand for FA release by peripheral tissues. Adipocyte 
TGs are hydrolyzed by HSL. Stimulation of lipolysis occurs primarily via catecholamines and 
activation of beta-adrenergic receptors (b-AR) that leads to HSL activation. Insulin mediates anti-
lipolytic action through the insulin receptor to promote the storage of TG within the adipocyte. 
b-hydroxybutarate (via GPR109A) is also an inhibitor of lipolysis. Insulin resistance is associated 
with impaired adipocyte fatty acid trapping and excessive lipolysis. This can lead to increased cir-
culating NEFAs relative to tissue requirements. Pharmacological agents that target adipose tissue 
may have potential beneficial effects on lipoprotein metabolism by promoting more efficient fatty 
acid trapping via upregulation of diacylglycerol acyl transferase (DGAT) activity or preventing 
excessive lipolysis (e.g., via inhibition of HSL by GPR109A or AMP Kinase [AMPK] activation)
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enzymes catalyze esterification and TG synthesis, they are functionally 
 distinguished by their differences in regulation [24], phenotypic consequences 
when rendered deficient [19, 21] and additional functions (DGAT 1 also esterifies 
alcohol, waxes, and retinyl esters) [25, 26], Dgat1-deficient mice are resistant to 
diet-induced obesity [19], whereas adipose-specific Dgat1 overexpressing mice 
are more obese but are not insulin resistant. The generation of Dgat1 deficient 
mice with the phenotype of obesity resistance, increase energy expenditure and 
apparently improved glucose metabolism led to enthusiasm that DGAT inhibition 
may be a worthwhile therapeutic strategy [27]. However, the degree to which 
DGAT would have to be inhibited and whether this inhibition would cause side 
effects are unclear. Subsequently, Dgat2-deficient mice were found to have 
reduced fat stores and die soon after birth as a result of profound reductions in 
substrates for energy metabolism and impaired skin permeability [21]. Taken 
together, DGAT1 and DGAT2 clearly play an important role in adipocyte TG 
synthesis and efficient FA trapping.

Enhanced Lipolysis in Obesity and Insulin Resistance States

During the fasting state, energy is mobilized from adipose for use by other tis-
sues, requiring lipolysis of stored TG (Fig. 2). Adipocyte hydrolysis of TG is 
regulated by the enzymes hormone sensitive lipase (HSL) and adipose triglycer-
ide lipase (ATGL), intracellular, neutral lipases that catalyze hydrolysis of tria-
cylglycerol (TAG) into DAG and monoacylglycerol plus FFAs [28]. Positive 
regulation of adipocyte lipolysis occurs via beta adrenergic receptor stimulation 
by catecholamines (Fig. 2). Insulin is a key negative regulator of HSL and adipo-
cyte lipolysis [29]. During the fed state, insulin levels are high and adipocyte 
lipolysis is inhibited, thus promoting TG storage. Conversely, during fasting, 
insulin levels are low and adipocyte lipolysis is activated, promoting TG hydro-
lysis. Thus, insulin regulation imposes strict control on adipose lipolysis. In states 
of normal physiology, there is a large gradient between fasting and fed insulin 
levels, allowing for greater lipolysis during the fasting state to supply FFAs to 
tissues. However, in the hyperinsulinemic, obese insulin resistant state, this gradi-
ent is reduced, and lipolysis in these subjects has been shown to be less respon-
sive to suppression by insulin [9, 30].

HSL knockout mice are not obese [28] and their adipocytes have residual TG 
lipase due to ATGL [31]. ATGL, expressed predominantly in white adipose tissue 
but also present in brown adipose tissue, is localized to the lipid droplet and initi-
ates TG hydrolysis, generating DAG and NEFAs [41]. In vitro, overexpression of 
ATGL-produced enhanced lipolysis, whereas the inhibition of ATGL using anti-
sense methods reduced lipolysis [32]. In vivo, mouse studies have demonstrated 
that the inhibition of ATGL led to decreased TG hydrolase activity [32]. Endogenous 
activators and inhibitors of ATGL have yet to be completely characterized. 
However, insulin has been shown to downregulate ATGL expression in 3T3-L1 
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adipocytes, whereas PPARg activation positively regulates ATGL mRNA and 
 protein expression in mature adipocytes in vitro and in adipose tissue in vivo, 
 suggesting a possible role for ATGL in mediating PPARg’s effects on lipid 
 metabolism [33].

In adipocytes, the AMP-activated protein kinase (AMPK) system acts to sup-
press the activation of lipolysis through increasing cAMP [34]. The AMPK system 
acts as a sensor of cellular energy status, and becomes activated in situations of 
energy consumption. It is activated by increases in cellular AMP:ATP ratio caused 
by metabolic stresses that either interfere with ATP production (e.g., deprivation of 
glucose or oxygen) or that accelerate ATP consumption (e.g., muscle contraction) 
[35]. If fatty acids released by lipolysis are not removed from the cell rapidly 
enough, they recycle to TG, thus consuming ATP [36]. Inhibition of lipolysis by 
AMPK has been proposed as a mechanism to limit this recycling [37], ensuring that 
the rate of lipolysis does not exceed the rate at which fatty acids can be removed or 
metabolized by other routes, such as fatty acid oxidation.

GPR109A is a G-protein coupled receptor on adipocytes, the activation of 
which inhibits lipolytic activity [38, 39]. GPR109A was initially identified as 
the receptor for pharmacologic doses of nicotinic acid (niacin) and was shown 
to mediate the acute antilipolytic effect of niacin on adipocytes (Fig. 2). The 
mechanism of niacin’s antilipolytic effect involves reduced production of adipo-
cyte cAMP via adenylyl cyclase and so reduced HSL activity due to reduced 
protein kinase A (PKA) activation [40, 41]. b-hydroxybutyrate was subsequently 
identified as an endogenous ligand for GPR109A, suggesting a physiologic role 
in which during ketosis, liver derived b-hydroxybutyrate feeds back on the adi-
pocyte, activates GPR109A and suppresses lipolysis and the release of FFAs as 
a safeguard against ketosis [ 38, 42, 43]. Adiponectin is a peptide which is 
secreted by adipose tissue and has been shown to have the dual effect of increas-
ing fatty acid oxidation and improving insulin sensitivity in skeletal muscle, 
liver, and fat via activation of AMPK [44] (Fig. 2). The metabolic effects of 
adiponectin are reversed by blocking AMPK with a dominant negative mutant 
[44], or a chemical inhibitor [45], strongly suggesting that AMPK is an impor-
tant cellular mediator of the metabolic effects of adiponectin. Low serum adi-
ponectin is commonly associated with all the components of atherogenic 
dyslipidemia (increase in plasma small dense LDL (sdLDL), decrease in HDL-
C, increase in triglyceride concentration). PPARa agonists (fibrates), increase 
plasma adiponectin levels in patients with CVD, dyslipidemia, and metabolic 
syndrome, in proportion to the extent of change in HDL and TG levels [46]. 
While PPARa is expressed predominantly in the liver [47], it is also expressed 
in adipose [48]. Thiazolidinediones (TZDs) are activators of PPARg and increase 
plasma adiponectin levels along with favorable changes in atherogenic dyslipi-
demia and insulin resistance [49–52]. In addition, TZDs directly stimulate the 
AMPK pathway in liver and adipose tissue [53]. Thus, adiponectin and AMPK 
may provide a unifying link in mediating the effects of PPARg agonists on the 
inhibition of lipolysis in the adipocyte (Fig. 2).
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Reduced Hepatic Sensitivity to Insulin Leading to Increased 
Hepatic Lipogenesis, VLDL-Apolipoprotein-B Assembly  
and Secretion

Dysregulation of Hepatic Lipogenesis and the Paradox  
of “Partial” Insulin Resistance

In the liver, insulin is responsible for both reducing hepatic glucose production 
(gluconeogenesis) and increasing the production of fatty acids and triglycerides 
(lipogenesis). The detailed mechanisms by which insulin affects the lipogenic path-
way are still being fully elucidated, although insulin has been shown to increase the 
transcription of sterol regulatory element binding proteins (SREBPs) [54]. SREBPs 
are membrane-bound transcription factors, which are proteolytically cleaved in 
response to low cellular cholesterol content and regulate many of the genes involved 
in hepatic lipid metabolism. SREBP2 is critical for cholesterol synthesis and LDL 
receptor regulation. SREBP-1c activation by insulin promotes fatty acid and TG 
synthesis.

Hepatic insulin resistance has been modeled in liver-specific insulin receptor 
knockout (LIRKO) mice [55]. Like humans with defects in the insulin receptor 
[56], these mice exhibit hyperglycemia and hyperinsulinemia, while remaining 
protected from hypertriglyceridemia and hepatic steatosis. This situation is consis-
tent with both the gluconeogenic and lipogenic pathways being regulated by the 
insulin receptor (Fig. 3b). Signaling intermediates along the gluconeogenesis limb 
include serine/threonine kinase AKT2 and forkhead box O transcription factor 1 
(FOXO1), while intermediates along the de novo lipogenesis arm involve SREBP-1c, 
and potentially PKCl [57].

However, in ob/ob mice, a leptin-deficient mouse model that develops obesity 
and insulin resistance, insulin efficiently activates hepatic SREBP1c, and enhances 
fatty acid synthesis despite the resistance of hepatic glucose production to insulin, 
consistent with “partial insulin resistance” of the liver [58]. Recently, more evi-
dence has been presented that lends support to the hypothesis that a more specific 
intracellular defect may lead to hepatic “partial insulin resistance.” In these studies, 
both rodent and human models with postinsulin receptor defects exhibit hyperinsu-
linemia, hyperglycemia, and hypertriglyceridemia. This indicates an uncoupling 
(Fig. 3c) between the postinsulin receptor pathways, with the loss of insulin-medi-
ated suppression of gluconeogenesis driven by phosphoenolpyruvate decarboxylase 
and glucose-6-phosphatase, but the retention of insulin’s stimulatory effect on 
hepatic lipogenesis catalyzed by fatty acid synthases [54, 56]. This partial insulin 
resistance results in combined hyperglycemia and hypertriglyceridemia, as seen in 
many patients with obesity and insulin resistance associated dyslipidemia.

The exact steps, branch points, and redundancies in pathways of glucose and 
lipid metabolism within the insulin signaling pathway that lead to “partial insulin 
resistance” have yet to be conclusively determined; at least two models 
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 currently exist. Brown and Goldstein, through a series of studies in mice, have 
shown that AKT is required for mediating both gluconeogenesis and lipogenesis 
[54]. They further demonstrated that mTORC1, a complex downstream of AKT, is 
required for stimulating the lipogenic pathway but not the gluconeogenic pathway. 
These results suggest that the branch point between the two pathways occurs some-
where downstream of AKT but upstream of mTORC1. These findings are consis-
tent with that of Leavens et al. [59], who showed that genetic ablation of Akt2 (the 
major hepatic Akt isoform), reduces hepatic SREBP-1c mRNA levels and prevents 
steatosis in insulin-resistant ob/ob mice, thus demonstrating that Akt2 is required 
for hepatic lipid accumulation. However, Semple et al. showed that the loss of func-
tion mutations in human AKT2 lead only to the partially insulin resistant state of 
hyperglycemia and hypertriglyceridemia [56], indicating that the branch point 
occurs at or upstream of AKT. Part of these discrepancies may relate to the fact that 
the liver must integrate other signals in addition to insulin. Of particular importance 
is glucagon, whose stimulation of adenylyl cyclase produces actions that oppose the 
actions of insulin, including the insulin-mediated increase in SREBP-1c mRNA 
[58]. The identification of the branch point and the nature of those pathways 
responsible for the divergent signaling to glucose output and lipogenesis remains 
an unresolved question. One of the implications of hepatic “partial insulin resis-
tance” in humans is that aggressive treatment of Type 2 diabetes patients with large 
doses of insulin may help to control hyperglycemia, but possibly enhance hepatic 
TG synthesis, dyslipidemia, and hepatic steatosis.

Fig. 3 Proposed model for hepatic insulin resistance (IR) phenotypes. (a) Under normal circum-
stances, insulin stimulation of the insulin receptor (INSR) activates apparently independent arms 
of the signaling pathway: (1) AKT2 activation, phosphorylation of FOXO1, and inhibition of 
gluconeogenic gene transcription, leading to decreased glucose output and (2) activation of 
SREBP1c target lipogenic genes, leading to increased lipogenesis. (b) Mutations in INSR prevent 
activation of both ends of the pathway resulting in increased gluconeogenesis without increased 
lipogenesis. (c) Mutation in the AKT2 gene or inhibition of mTORC1 impairs inhibition of glu-
coneogenesis without abolishing lipogenic effect of insulin resulting in increased glucose and 
triglyceride levels. The asterisk denotes a branch point in the signaling pathway described in refer-
ences [54, 56, 59] 
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Dysregulation of Apolipoprotein-B Synthesis, VLDL Assembly 
and Secretion

The availability of lipids within the lumen of the endoplasmic reticulum (ER) is an 
important factor in determining the secretion of VLDL and apoB via co- and post-
translational mechanisms [60–62]. At least two intracellular pathways of apoB degra-
dation have been identified, the proteasomal ER-associated degradation (ERAD) 
pathway and the post-ER pre-secretory proteolysis (PERPP) pathway [62]. Recently, 
ER stress has been tied to the obese state and implicated in the pathogenesis of athero-
genic dyslipidemia. In hepatocyte cell culture and in mouse liver in vivo, increased 
fatty acid delivery and/or accumulation of TGs (or intermediary metabolites) increased 
ER stress [63]. Mild increases in ER stress increased apoB100 secretion, whereas 
prolonged ER stress reduced apoB100 secretion and resulted in greater hepatic steato-
sis. This implies that there are complex relationships involving the role of ER stress in 
the regulation of secretion of atherogenic apo B containing lipoproteins.

Another important factor involved in the assembly of apoB-containing lipoproteins 
is the microsomal triglyceride transfer protein (MTP), which catalyses the transfer of 
neutral lipids to the newly synthesized apoB protein in the ER, forming the nascent 
VLDL particle. The activity of MTP within the ER is a critical determinant of VLDL 
secretion [64]. Lack of adequate MTP results in impaired apoB lipidation and targeting 
of apoB to the ERAD pathway for degradation. Conversely, overexpression of MTP in 
the liver results in increased VLDL apoB production [65]. Hepatic expression of MTP 
is influenced by insulin, and there is an insulin-response element that is negatively 
regulated by insulin [66]. In insulin-resistant states, the hyperinsulinism may upregu-
late MTP expression, predisposing to hepatic VLDL oversecretion.

Thus, chronic modulation of apoB and VLDL secretion can be achieved via 
changes in MTP expression and activity [67]. Insulin may control the rate of hepatic 
VLDL production directly by influencing the rate of apoB synthesis and degradation 
[68], or modulation of MTP gene expression [69]. Insulin regulation of apoB secre-
tion appears to involve the activation of the PI-3 kinase pathway, which may mediate 
the inhibitory effect of insulin on the VLDL assembly process [69] but the precise 
molecular mechanism remains unclear. There is thought to be the loss of this inhibi-
tion in insulin resistance that frequently accompanies obesity, leading to increased 
VLDL secretion, but as discussed, this paradigm is likely oversimplified.

Impaired Catabolism of Atherogenic Lipoprotein Remnants

Metabolic studies in humans have also shown that obesity, insulin resistance and 
type 2 diabetes are associated with reduced catabolism of apoB-containing lipopro-
tein remnants. Apolipoprotein C-III (apoC-III) is an apolipoprotein constituent in 
VLDL and chylomicrons and regulates their catabolism. ApoC-III blocks catabolism  
of triglyceride-rich and remnant lipoprotein particles both by inhibiting LPL as 
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well as by inhibiting the LDL receptor-mediated uptake of remnant lipoproteins 
(Fig. 1). ApoC-III is synthesized in the liver and small intestine [70]. Insulin inhib-
its the transcription of the apoC-III gene [71]. Conversely, there is increased pro-
duction and decreased catabolism of apoC-III in insulin resistance, resulting in 
higher plasma levels of apoC-III [72, 73]. In addition, as noted above, in obese 
insulin resistant states, the activity of LPL is also suppressed. Thus, the combina-
tion of reduced LPL and increased apoC-III in insulin resistant states leads to 
decreased hydrolysis and catabolism of TG-rich particles [73].

Hepatic lipase (HL) is an enzyme which hydrolyzes triglycerides in plasma 
lipoproteins and plays an important role in the metabolism of TRL remnants and 
TG-rich LDL. HL remodels VLDL remnants, converts IDL to LDL particles, and 
mediates the hydrolysis of TG-enriched LDL, promoting its conversion to sdLDL. 
HL is known to be substantially upregulated in insulin resistance in humans 
[74, 75], resulting in the accelerated formation of sdLDL particles [76]. The basis 
for increased HL in insulin resistance remains uncertain. Unlike LPL, HL is not 
regulated by insulin per se, although fructose feeding of hamsters, which induces 
insulin resistance, upregulates HL expression and plasma activity [77]. The sdLDL 
particles are more intrinsically atherogenic because of their enhanced susceptibility 
to oxidative modification and have reduced affinity for the LDL receptor which 
results them being less efficiently cleared from the circulation [78].

Hypercatabolism of HDL

Low levels of HDL-C are very common in obesity [74]. However, despite this com-
mon clinical observation, the mechanisms of reduced HDL-C in obese and insulin 
resistant states are poorly understood. One causal factor is certainly the elevated lev-
els of TRLs as previously discussed. There is substantial interaction between TRL 
and HDL in their metabolism. With the hydrolysis by LPL of chylomicron, VLDL 
triglycerides, and shrinkage of the particles, excess surface phospholipids and apoli-
poproteins (including apoA-I, apoCs, and apoE) are transferred to HDL, providing 
greater HDL mass [79]. Accordingly, impaired LPL activity, as often seen in obesity 
and insulin resistance, is one factor that results in reduced HDL-C levels.

In addition, cholesteryl esters are transferred from HDL to TRL by the choles-
teryl ester transfer protein (CETP) in exchange for TG (Fig. 1). Increased levels of 
acceptor TRL particles, such as in obesity, drive an increased rate of CETP-
mediated exchange, thus resulting in a greater siphoning of cholesterol out of HDL 
and reduction in HDL-C levels [80]. Interestingly, adipose tissue secretes CETP, 
and adipose tissue may be an important source of plasma CETP in humans [81]. 
Plasma CETP activity and mass are increased in obese humans [82]. In hamsters, 
fructose feeding significantly raised adipose CETP expression and plasma CETP 
levels [83]. Thus, increased production of CETP by adipose in obese states could 
directly result in reduced HDL-C levels, even without elevations in TRL.

Furthermore, the CETP-mediated transfer process enriches HDL with 
triglycerides , resulting in a TG-rich HDL that is a better substrate for HL [84]. 
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As previously noted, HL is increased in obese and insulin-resistant states [73, 85]. 
Hydrolysis of HDL TG by HL leads to the formation of smaller HDL particles that 
are more rapidly catabolized as a result of HL-mediated lipolysis [86, 87]. The 
basis for elevated HL activity in obesity and insulin resistance remains uncertain. 
Fructose feeding of hamsters, which induces insulin resistance, upregulates HL 
expression and plasma activity levels [88]. Further investigation is needed to under-
stand the relationship between obesity, insulin resistance, HL expression, and HDL 
metabolism. In summary, in the obese insulin resistant state increases in the plasma 
concentrations of TRL, CETP, and HL result in greater CETP-mediated exchange 
of cholesterol out of HDL and of TG into HDL and greater hydrolysis of HDL TG 
by HL, resulting in accelerated catabolism and lower levels of HDL cholesterol.

A relative of HL, endothelial lipase (EL), may also play an important role in 
contributing to reduced HDL-C in insulin resistance [89]. EL has major effects on 
HDL metabolism in mice: overexpression reduces HDL-C levels [90, 91] by increas-
ing the catabolism of HDL [92], whereas inhibition [93] or genetic deletion [90, 94] 
of EL increases HDL-C levels by reducing the catabolic rate. In humans, rare genetic 
variants of the EL gene are associated with the phenotype of high HDL-C [95]. 
Plasma levels of EL are significantly inversely correlated with HDL-C levels even 
after correcting for confounding factors [89]. Importantly, EL levels were found to 
be significantly elevated in patients with the metabolic syndrome and highly corre-
lated with BMI and inversely with HDL-C [89], suggesting that EL is upregulated 
in insulin resistance and may contribute to the low HDL-C levels seen in obesity.

Finally, adipose tissue may be an important source of cholesterol efflux to HDL. 
Adipose tissue contains approximately 25% of total body cholesterol in lean subjects 
and much more in obese subjects, and the vast majority of adipose cholesterol is unes-
terified [95]. Several laboratories have demonstrated efflux of cholesterol from adipo-
cytes to HDL in vitro, and adipocytes have been demonstrated to express all of the 
major cholesterol efflux transporters, such as ATP-binding cassette subfamily A mem-
ber 1 (ABCA1), ATP-binding cassette subfamily G member 1 (ABCG1), and scavenger 
receptor class B type I (SR-BI). Their functional significance has, however, not yet been 
demonstrated in vivo until somewhat recently. Reilly et al. demonstrated that adipocytes 
support transfer of cholesterol to HDL in vivo as well as in vitro and implicate ABCA1 
and SR-BI, but not ABCG1, cholesterol transporters in this process [96]. It is possible, 
although unproven, that in obesity or insulin resistance, these transporters in adipocytes 
are downregulated or dysfunctional, thus resulting in reduced cholesterol efflux to HDL 
and contributing to reduced HDL-C levels. More work is needed in this area. Sorting 
out the relative importance of these mechanisms is of critical importance in developing 
novel strategies for raising HDL-C levels or improving its function.

Conclusion

Atherogenic dyslipidemia (increased TRLs, increased sdLDLs, and low levels of 
HDL) is extremely common in obesity, and is often accompanied by insulin  resistance. 
This constellation is associated with substantially increased risk for cardiovascular 
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disease in these individuals. The mechanisms connecting obesity, insulin resistance, 
and dyslipidemia are incompletely understood, but are thought to be driven by 
increased flux of FFAs from adipose tissue to liver driving hepatic overproduction of 
VLDL, reduced LPL, and increased apoC-III expression resulting in reduced clearance 
of triglyceride-rich remnants, and increased CETP, HL, and EL activity driving accel-
erated HDL catabolism. The present paradigm is likely oversimplified, and a more 
thorough understanding of the physiological and molecular mechanisms is critical for 
improving our approach to managing the influence of obesity on lipoprotein metabo-
lism, and to the development of appropriate therapeutic approaches. In the next few 
years, information from human genetics and laboratory science may provide addi-
tional insights into candidate genes and pathways influencing dysregulation of lipid 
metabolism in obesity, insulin resistance, and cardiovascular disease. In this regard, 
further research focused on the interactions between hepatic and adipose tissue func-
tion with lipoprotein metabolism will likely yield promising therapeutic targets for the 
reduction of cardiometabolic risk in this patient group.
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Introduction

The human gut contains a vast number of bacteria, collectively characterized as the 
“gut microbiome.” An estimated 1013 individual bacteria of anywhere between 500 
and 1,000 species reside in the mammalian gut, making it the most densely popu-
lated microbial communities on Earth [1]. Acting upon the assumption that there 
are 1,000 bacterial species, the aggregate size of all intestinal microbial genomes 
may exceed the size of the human genome by more than 100-fold [2]. The larger 
view of the mammalian physiology should take into account that, together with our 
microbiome, we are a biologic “supraorganism” that is dynamic and carries out 
functions in parallel or cooperatively.

The microbial communities associated with the gut are profoundly different 
from other free-living microbial communities from across the biosphere [3]. When 
viewed as a whole, the “supraorganism” of the gut can carry out enzymatic reac-
tions distinct from those of the human genome and harvest energy that would 
otherwise be lost to the host. The consequences of these enzymatic reactions suggest 
that over the millennia, mammalian metabolism, physiology, and disease have 
shaped and been shaped by the gut microbiome. In general, we as hosts coexist in 
either a commensal or symbiotic relationship with our gut microbiome [4]. While 
we provide members of the gut microbiome a unique niche to inhabit, in turn, the 
gut microbiome performs critical physiologic functions that benefit the host, 
including education of the mucosal immune system, extraction of nutrients from 
undigested carbohydrates through the production of short-chain fatty acids, salvaging 
nitrogen through the hydrolysis of urea, production of certain vitamins, and the 
metabolism of bile salts, to name a few.
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Although most gut bacterial organisms are refractory to cultivation, new DNA 
sequencing methods and technologies now permit robust analyses of complex 
bacterial communities offering not only valuable information about the composition 
of the gut microbiome, but also a window into the upregulation and downregulation 
of bacterial gene representation in the face of health and disease.

Numerous diseases in both adults and children have been linked to changes in 
the gut microbiota, such as Helicobacter pylori in the development of stomach 
cancer [5], inflammatory bowel disease [6, 7], nonalcoholic fatty liver disease [8], 
irritable bowel syndrome [9], necrotizing enterocolitis in infants [10], and diet-
induced obesity (DIO) [11]. The known associations with human disease, coupled 
with the advanced technology that is now available, make this an extremely com-
pelling area of investigation. In this chapter, we provide a brief overview of the gut 
microbiome and its impact upon host metabolism with a focus on the pathogenesis 
of human disease.

Gut Microecology

Since the initial description of germ-free mammals over a century ago, it has 
become increasingly obvious that the host-associated microbiome plays a major 
role in a diverse set of metabolic physiologic responses [12]. With the advent of 
gnotobiotics, where germ-free animals are colonized with defined bacterial popula-
tions, and more sophisticated molecular techniques to characterize patterns of gene 
expression and metabolic function, new insights into the mechanisms by which the 
microbiome influences host metabolism have been revealed. Given the essential 
importance of the intestinal tract on nutrient absorption, it seems intuitively obvious 
that bacterial communities in the intestinal tract, collectively known as the gut 
microbiome, would likely play the most important role in this regard. These studies 
have revealed an important role for a single gut commensal organism, Bacteroides 
thetaiotaomicron, in regulating the expression of genes involved in multiple intestinal 
functions including nutrient absorption, epithelial barrier function, and xenobiotic 
metabolism [13]. In addition, more recent studies have revealed that the gut micro-
biome plays a critical role in the maturation of the mucosal immune system such 
as the induction of intestinal Th17 cells by the gut communal organism, segmented 
filamentous bacteria [14]. As a result, the coevolution of the mammalian host with 
its gut microbiome over the millennia has led to the development of complex and 
robust immunologic mechanisms to maintain homeostasis fostering a commensal 
relationship with the microbial ecosystem in the gut [15]. Alterations in these 
homeostatic mechanisms, imparted by host genotype, may be the pathophysiologic 
basis for the development of a chronic inflammatory disorder of the intestinal tract 
known as inflammatory bowel disease.

From the standpoint of nutrition, the gut microbiome also plays a critical role in 
host metabolism. Members of the Bacteroides genus, which are Gram-negative 
anaerobes, comprise a significant proportion of the bacteria in the gut [16].  
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B. thetaiotaomicron is a dominant member of this genus, and the first one to 
undergo full sequencing of its genome, revealing that this organism possesses a 
variety of the enzymes necessary for hydrolysis of plant polysaccharides that are 
otherwise indigestible by the host [17]. Humans and other mammals are able to 
absorb simple sugars in the proximal small intestine. Certain disaccharides are 
hydrolyzed to monosaccharides and then absorbed, but mammals are largely unable 
to digest many other complex polysaccharides, and subsequently, this underutilized 
dietary carbohydrate source passes into the distal gut and is lost to the host. By 
adopting a microbiota that has the ability to degrade these carbohydrates, mammals 
are able to continue harvesting energy from these molecules. B. thetaiotaomicron 
has eight identified genes that participate in starch metabolism and cleave polysac-
charides to glucose and other monosaccharides in the distal intestine. The ultimate 
end result of this fermentative process is the production of short-chain fatty acids 
such as propionate, butyrate, and acetate [18]. Short-chain fatty acids account for 
up to 70% of the caloric requirements of ruminant animals that feed upon cellulose-
rich plants [19], but in humans and rodents, they account for much less, on the order 
of roughly 10% of total caloric needs [20]. In the nonruminant mammals such as 
human and rodents, the short-chain fatty acids are used as substrate for different 
organs. For example, butyrate is metabolized by the colonic epithelium [21]. 
Propionate is transported to the liver, where it is used as a substrate for gluconeo-
genesis [22], and acetate is largely shunted to adipocytes for lipogenesis [19].

Short-chain fatty acids have also been implicated in the overall health of the gut. 
In addition to being an energy source for colonic epithelium, it is clear that butyrate 
is associated with the stimulation of intestinal blood flow as well as colonic epithe-
lial proliferation.

Vitamin synthesis by the gut flora is well-known. Vitamin K is synthesized by 
several taxa of bacteria, including Bacteroidetes, Eubacterium, Propionibacterium, 
and Fusobacterium [23]. Bacterial flora has also been implicated in the formation 
and absorption of certain B vitamins.

Current Technology and Characterization  
of the Gut Microbiota/Microbiome

To fully understand the impact of the gut microbiome on host physiology, it is 
essential to document its composition in both health and disease. Until this decade, 
characterization of the gut microbiota has been limited by the methods of detection. 
Approximately, 1012 bacterial cells exist per gram of feces and anaerobic culture-
based techniques have characterized roughly 400–500 different species in the intestinal 
tract of humans [24]. About 75% of human bacterial flora cannot be cultured by 
conventional microbiologic analyses that are derived by growing colonies of organisms 
on the polysaccharide-based agar [25]. Recent technological advances have 
permitted the unprecedented examination of complex microbial communities using 
techniques that are culture-independent. These studies have revealed the presence 
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of approximately 1,000 bacterial species and over 7,000 strains of bacteria in the 
gut microbiome of mammals.

The use of genomic fingerprinting techniques, such as T-RFLP, DGGE, and 
TGGE, dependent upon polymerase chain reaction (PCR) amplification of a specific 
gene product such as 16S rRNA, followed by separation by gel electrophoresis 
[26]. Clustering of band patterns can then be analyzed using statistical techniques 
such as principal coordinate analysis (PCoA). Although these studies can be used 
to determine the stability in the dominant members of a community across as large 
number of samples, the dynamic range is limited and no information can be 
obtained that relate banding patterns to changes in particular bacterial taxa.

The use of DNA microarrays to monitor the presence of previously known genes 
was first described in 1995 [27]. This allowed up to 20,000 genes to be monitored 
on a single array, expanding the approach of biological research from the study of 
individual genes to genome-wide study [28]. In the study of microbiota, it has been 
used to identify pathogens and determine host susceptibility, as well as to profile 
pathogen gene expression in response to antimicrobial drugs or vaccines. A lack of 
gold standard for microarray data analysis and a lack of consistency between laborato-
ries or experimental conditions have remained criticisms of this technology [29].

The most robust method utilizes high throughput sequencing technology, such as 
pyrosequencing, which allows investigators to efficiently obtain large amounts of DNA 
sequence information efficiently in a cost-effective manner. Sequences of small-subunit 
ribosome RNA genes, in which 16S rRNA gene sequences (for archaea or bacteria) or 
18S rRNA (for eukaryotes), can be used as phylogenetic markers to determine the rela-
tive abundance of bacterial taxa in a sample. Various methods can be used to isolate 
bacterial DNA from samples, followed by amplification of bacterial 16S rDNA using 
the PCR. The 16S RNA gene possesses both conserved and hypervariable segments that 
contain robust taxonomic information. Resulting sequences are grouped into Operational 
Taxonomic Units (OTUs), which are groups of sequence with identity equal to or 
greater than a predetermined threshold. For example, 97% identified is often used – 
reconstruction studies suggest this yields a number similar to the number of different 
bacterial genera present. OTUs are then aligned and introduced into predetermined 
phylogenetic trees made with full-length 16S rDNA samples using databases such as 
Greengenes and NAST [30]. The output trees are used for analysis in UniFrac where 
pairs of communities are marked on a common phylogenetic tree, and then the fraction 
of the branch length unique to each community determined. This provides a measure of 
the distance between communities in terms of their shared evolutionary history. This 
distance matrix can be used to generate clustering maps using dimensionality reduction 
by PCoA, a geometric technique that converts a matrix of distances between points in 
multivariate space into a projection that maximizes the amount of variation along a 
series of orthogonal axes. In this method, the variance in the data is used to generate axes 
of maximum variation, then the data are plotted in this coordinate system. In a 
successful analysis of this type, the axes may be attributable to specific biological phe-
nomena [31]. Such studies have revealed that, of approximately 50 bacterial phyla on 
Earth, only four are associated with humans with the major bacterial phyla in the human 
gut being Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria [32, 33].
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It must be noted, however, that 16S rRNA sequencing is limited by the fact that 
existing nucleotide sequence databases are biased and incomplete. Differences in 
detection of species could be due to differences between individuals, but also could 
be attributed to the biases that exist in PCR-based analysis such as DNA extraction 
method, PCR primer used, and preferential PCR cloning [34]. Both microarray and 
16S rRNA high throughput sequencing are poor for quantification and are limited 
to relative comparisons unless coupled with extremely carefully controlled experi-
mental conditions [35].

Metagonomics and Metabolomics

While 16S rDNA phylotyping can be used to characterize the composition of a 
microbial community, it provides little information as to the functional properties 
of the microbiome under investigation. To obtain this type of information, metag-
enomics studies where shotgun sequencing of DNA isolated from a specific sample, 
can be used to determine the relative abundance of genes represented in a given 
bacterial community. Here DNA sequences are aligned to databases such as 
MEGAN to identify the taxonomic origin of the sequences (e.g., bacterial vs. mam-
malian host) followed by alignment with preexisting known pathways such as 
Kyoto Encyclopedia of Genes and Genomes) (KEGG) and clusters of orthologous 
groups (COG) to map enzymes onto known gene ontologies [36].

As an example of this analytic approach from the standpoint of metabolic func-
tion, a metagenomic analysis of the distal gut microbiota of two human subjects 
showed similar patterns of enrichment for genes involved in the metabolism of 
starch, sucrose, glucose, galactose, fructose, arabinose, mannose, and xylose [36]. 
Eighty-one different glycoside hydrolases were described in the microbiome, most 
of which are not present in the “glycobiome” of the human genome [36]. The end 
products of the bacterial “glycobiome” consist of short-chain fatty acids that are 
then absorbed by the host. Bacterial fermentation leads to the accumulation of H

2
, 

which can reduce the efficiency of dietary polysaccharide digestion [33], unless a 
methanogenic archaeon is present to shunt the H

2
 towards the production of methane. 

Methanobrevibacter brevii is one of the only members of Archaea that has been 
cultured from the gut. Genes in the methanogenic pathway were also enriched in 
the same distal human colon.

A larger-scale comparative metagenomic analysis of fecal samples from 13 
healthy Japanese individuals (comprised of adults, weaned children, and unweaned 
infants) revealed a clear structural difference between the microbiota of unweaned 
infants and that of adults and weaned children, with the notion that at 1 year of age, 
the microbiota adopted a more complex but functionally more uniform structure 
regardless of age or sex [37]. Metagenomic analysis showed striking enrichment of 
carbohydrate metabolism genes and depletion of genes for the biosynthesis of flagella 
and chemotaxis. There was a predominance of mobile genetic elements that impli-
cated the distal human gut as a setting for horizontal gene transfer [37]. There were 
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significant differences between Japanese and American samples, suggesting a 
genetic or environmental influence upon the microbiota composition. In the future, 
analytic techniques that directly quantify gene expression through metatranscrip-
tomics (analysis of RNA transcripts within a defined community) or metaproteomics 
(analysis of proteins) may lead to an additional level of information that can be used 
to validate the concepts derived from observations obtained through metagenomics. 
Although currently being used to characterize less complex bacterial communities, 
they have just begun to be applied to studies involving mammalian-associated 
bacterial communities [38].

A powerful analytic approach to examine the functional impact of the gut 
microbiome, inferred through metagenomics, is to correlate such data with those 
quantifying the presence of a large array of metabolites found in host tissues 
and/or fluids. The use of proton NMR or mass spectroscopy to obtain this infor-
mation is known as metabolomics. In this regard, there is strong evidence 
demonstrating that the gut microbiome influences the metabolic phenotype of 
the mammalian host and participates in microbial-–host cometabolic responses 
[39]. One example of biochemical interactions between the host and its gut micro-
biome is the synthesis of bile salts in the liver, their excretion into the gut where 
they are modified by the gut microbiome, and their subsequent return to the host 
by enterohepatic circulation or reabsorption in the colon [40]. Not only are these 
processes important for the homeostasis of lipid metabolism in the host, but bile 
salt hydrolases also mediate bile tolerance in vitro and enhances survival of gut 
microbial symbionts in vivo [40]. Another example is the production of short-
chain fatty acids by bacterial fermentation of carbohydrates in the gut and their 
subsequent absorption by the host where they can be used for lipogenesis and 
play a role in the development of DIO [41,42]. By performing broad scale untar-
geted profiling by either mass spectrometry [43] or 1H NMR [44] on biofluids 
collected from conventionally housed an germ-free mice, investigators have 
identified large numbers of metabolites that are produced by the gut microbiome 
that then influence the metabolome of the mammalian host. Consistently, amino 
acid metabolites are among that are most greatly impacted. Interestingly, altera-
tions in diet can have an impact on some of these same metabolites in humans 
suggesting that dietary alteration of the gut microbiome can alter the host 
metabolome [45].

As metabolic reactions in nature generally occur in the context of the communities, 
this approach allows the analysis of microbiota metabolism that is occurring above 
the organization of a single organism and instead looks at the “superorganism” that 
is made up of the host and the entire microbial community. As we determine the 
degree to which the microbiome can harvest additional energy from nutrients and 
supply them to the host, the value of a food becomes relative and not absolute. 
Further metagenomic studies, coupled with metabolomics, which characterizes 
metabolites generated in different physiologic conditions, can be used for further 
understanding of the origins of obesity and malnutrition, making specific therapeutic 
recommendations that are dictated by the composition of the gut microbiota and its 
own energy harvesting capabilities.
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Further understanding of metabolomics in the context of the gut microbiome 
will require the construction of new modeling paradigms that incorporate the 
different genetic, microbial, metagenomic, and metabolomic data to fully under-
stand the different levels of function and influence [46].

The Gut Microbiota and Obesity

The prevalence of DIO is reaching epidemic proportions in industrialized nations. 
In parallel, there has been a dramatic increase in type 2 diabetes mellitus (T2DM). 
Together, these two related disease processes are an enormous health and financial 
concern to the U.S. population. There are an estimated 143 million people worldwide 
with diabetes mellitus, 90% of which have T2DM.

The first law of thermodynamics, which states that the amount of energy stored 
must equal the difference between energy input and work, is highly relevant to DIO 
where energy is stored in fat deposits. Finely regulated mechanisms are responsible 
for maintaining energy balance in mammals. To maintain body mass, energy input 
(food intake) must match energy expenditure (a combination of physical activity, 
basal metabolism and adaptive thermogenesis). Thus:

Energy input (feeding) = energy output (physical activity + basal metabolism + adaptive 
thermogenesis).

Physical activity includes all voluntary movement, basal metabolism is this energy 
required to maintain biochemical processes necessary to sustain life. By contrast, 
adaptive thermogenesis refers to the amount of energy expended in response to 
environmental factors such as cold and alterations in diet. Since triglycerides, 
stored as fat in white adipose tissue, is the most efficient means of energy storage, 
alterations in energy balance favoring “energy input” can lead to obesity.

Over the past few years, a research group at Washington University in St. Louis, 
led by Dr. Jeffrey Gordon, has published a series of seminal reports demonstrating 
the role of the gut microbiome in the development of obesity in murine systems. 
These investigators discovered that germ-free mice were comparatively lean with 
42% less body fat in comparison to conventionally housed mice despite a 29% 
increase in food intake [36]. The colonization of germ-free mice with a normal 
colonic microbiome harvested from conventionally-housed mice led to a dramatic 
increase in body fat within 10–14 days. This effect of the microbiome on host 
adipose deposition involved an interplay between an increase in short-chain fatty 
acid production, intestinal absorption of monosaccharides, and enhanced hepatic 
lipogenesis.

Using a different model of DIO, the ob/ob mouse, the authors show that obesity 
was associated with a significant alteration in the proportion of the two major phyla 
in the gut microbiome, with a decrease in Bacteroidetes and a proportional increase 
in Firmicutes [47]. From a mechanistic standpoint, metagenomic studies demon-
strate that this phylotypic alteration enhances the representation of genes involved 
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in the breakdown of indigestible dietary polysaccharides consistent with an increase 
in short-chain fatty acid concentrations in the fecal pellets of ob/ob mice. 
Interestingly, using microbiota transplantation, the authors showed that the obese 
phenotype was transmissible where germ-free mice that received an “obese micro-
biome” had significantly greater fat mass than those that received a “lean 
microbiome.” Similar findings were observed in experiments where DIO was induced 
through a feeding of a “westernized” diet high in fat and simple sugars [48].

Several experiments have investigated the mechanism by which the microbial 
environment alters physiology. Short-chain fatty acids act as ligands for a G-protein 
coupled receptor known as Gpr41. Mice that are null for the Gpr41 gene behave simi-
larly to germ-free mice after conventionalization, gaining less weight and adiposity in 
comparison to germ-free wild-type mice that have been conventionalized [49]. 
Another mechanism may involve fasting-induced adipose factor (Fiaf), a circulating 
lipoprotein lipase inhibitor that is inhibited by the presence of gut microbiota. [36] 
Germ-free mice that lack the gene for Fiaf are protected from DIO, demonstrating 
increased weight gain and intraabdominal adiposity despite similar quantities of food 
intake [50]. In total, these studies clearly demonstrate the ability of the gut microbiome 
to augment the development of DIO by enhancing the extraction of energy from the 
feces through the increased fermentation of indigestible carbohydrates leading to the 
production of short-chain fatty acids (SCFAs). The subsequent increase in short-chain 
fatty acid absorption in the colon auguments caloric intake favoring an increase in fat 
deposition in the setting of unchanged energy expenditure.

Although clearly important in murine models, is there evidence for a role of the 
gut microbiome in the development of DIO in humans? Some intriguing clues exist. 
Similar to the phylotypic alterations observed in mice, an observational study of the 
gut composition of 12 obese humans placed upon restricted diets over 1 year 
showed a relative increase in the abundance of Bacteroidetes and a relative decrease 
in Firmicutes [41]. In a more recent study, investigators analyzed the gut micro-
biome composition of obese and lean twins (31 monozygotic twin pairs, 23 dizy-
gotic twin pairs, and 46 mothers). The twins were either concordant for obesity or 
leanness. The results revealed that each subject’s microbiome varies significantly in 
composition with a comparable degree of covariation between adult monozygotic 
and dizygotic twin pairs. Remarkably, there was not a single abundant bacterial 
species that was shared among all of the subjects in the study, suggesting that there 
may not be a “Core” gut microbiome in humans [51]. Similar to ob/ob mice, however, 
obese individuals were found to have a relative decreased proportion of Bacteroidetes 
species and an increased proportion of Actinobacteria, although there was no 
significant difference in Firmicutes [51]. Interestingly, metagenomic “shotgun 
sequencing” and analysis revealed that obesity was associated with altered repre-
sentation of bacterial genes and metabolic pathways, including those involved with 
nutrient extraction demonstrating that, in humans, obesity is associated with a core 
microbiome at a gene/functional and not an organismal level [51].

Despite these important findings, future studies may help to further define the 
mechanisms by which the composition of the gut microbiota is regulated and its 
relationship to the obese phenotype. What is the evolutionary advantage of 
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enhanced energy extraction by the gut microbiome in an obese host? What is the 
mechanism by which obesity alters the composition of the gut microbiome? What 
is the stability of the obese-associated gut microbiome throughout time? What is 
the influence of diet on gut microbiome composition? Preliminary studies with 
respect to this last question are described in the following section.

Gut Microbiota and Diet

Early studies examining the effect of broadly-defined diets suggested that the 
alterations on the gut microbiome were modest involving few genera [52]. However, 
more recent studies using more sophisticated technology to characterize the 
composition of the gut microbiome provide clear evidence that this initial impres-
sion is not correct. Studies in infants have demonstrated that dietary factors such as 
breast milk, formula, and solid foods have a significant impact on the composition 
of the gut microbiome [1, 53, 54]. Furthermore, through the use of a reductionist 
model system, it has been shown that a single gut commensal (B. thetaiotaomicron) 
in gnotobiotic mice adjusts its pattern of gene expression in order to adapt to altera-
tions in host diet [55]. Importantly, a prototypic high-fat/high-sugar Western diet 
can reproduce some of these same alterations in C57Bl/6J mice as in the ob/ob 
model of obesity [41], with a significant shift of Bacteroidetes to Firmicutes [48]. 
This alteration was reversible, but unlike the shifts observed in ob/ob mice, the 
augmentation of Firmicutes induced by a Western diet was not division-wide, but 
was due to a bloom in a single class of Mollicutes [48]. Since the Western diet in 
this study also led to an increase in fat mass, the contribution of the host obese 
phenotype, much like that observed in ob/ob mice, to the diet-induced microbiome 
changes are unknown.

Recent studies provide more compelling evidence for the important role that diet 
plays in the regulation of gut microbiome composition. First, Ley et al. reported a 
study in which 16S rRNA sequencing was used to determine the gut microbiome 
composition in humans and 59 other mammalian species. Their results demonstrate 
that host diet has a strong influence in bacterial diversity that increases from carni-
vores to herbivores [56]. In this analysis, clustering by diet was highly significant, 
eclipsing that of order, fiber index, or gut type, supporting a strong association 
between gut microbiota composition and diet. Second, fasting for 24 h leads to a 
significant alteration in the composition of the murine gut microbiome with an 
increase in Bacteroidetes and a corresponding decrease in the Firmicute phylum 
[57]. Finally, in gnotobiotic mice colonized with a human gut microbiome, a high-
fat/high-sugar “Westernized” diet leads to significant alterations in the composition 
of the microbiome within 18–20 h before any alteration in host phenotype, namely 
DIO, occurs [58]. Together with evidence from a murine KO model that reduces fat 
mass on a high-fat diet [30], these studies demonstrate the importance of diet in the 
regulation of gut microbiome composition. Although definitive data for the impor-
tance of diet in the composition of the human microbiome is currently lacking, 
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there is some evidence to support this notion. Analysis of major groups of fecal 
microbes using nine 16S rRNA FISH probes in 19 obese subjects after 4 weeks on 
different diets (maintenance, medium carbohydrate, and low carbohydrate) revealed 
significant differences in butyrate-producing bacteria (Roseburia and Eubacterium 
rectale) as well as Bifidobacteria species, although no significant difference was 
seen in relative counts of Bacteroidetes [59]. Total amounts of fecal short-chain 
fatty acids and fecal butyrate decreased as carbohydrate intake decreased [59]. 
These observations provide a rationale for the hypothesis that dietary interventions 
used to treat disease can influence the microbiome, and that the changes in the 
microbiome have, in turn, consequences for host metabolism.

Connecting the Gut Microbiome, Innate Immunity and Obesity

Obesity is the most important factor in the development of insulin resistance, the 
hallmark of T2DM. There is now compelling evidence that obesity leads to the 
chronic activation of inflammatory pathways leading to signaling mechanisms that 
directly inhibit insulin signaling [60, 61]. Indeed, adipose tissue is not only a highly 
active metabolic tissue, but is also a dynamic endocrine organ capable of producing 
a wide range of proteins that regulate both metabolism and inflammation. 
Collectively, these secreted factors are called adipokines. Examples include: leptin, 
TNF-a, IL-6, resistin, adiponectin, plasminogen activator inhibitor-1, and angio-
tensinogen, to name a few [62]. A number of these genes are targets of the NF-kB 
in the development of insulin resistance. For example, heterozygous IKKb+/− mice 
are protected from insulin resistance when fed a high-fat diet or crossed to ob/ob 
mice, [63] and pharmacologic inhibition with the treatment of salicylates improves 
insulin resistance in several model systems [63, 64].

Activation of the innate immune system, through ubiquitously-expressed toll-
like receptors (TLRs) leads to NF-kB signaling ultimately resulting in an acute 
inflammatory response. TLRs are a family of type I transmembrane receptors with 
an extracellular leucine-rich repeat domain and an intracellular Toll/IL-2 receptor 
(TIR) domain [65]. At least ten TLRs have now been identified, and each has a 
distinct role in the activation of the innate immune system. Ligands for these receptors 
number in the dozens, and are extremely diverse in structure and origins. For 
example, TLR-4 was the first characterized TLR in mammals, and is a signal-
transducing receptor for bacterial lipopolysaccharide (LPS) [66] as well as satu-
rated fatty acids [67]. Binding of TLR-4 in conjunction with coreceptors CD14 and 
MD-2 triggers a downstream signaling cascade that eventually leads to the tran-
scription of proinflammatory genes that encode proinflammatory molecules in a 
NF-kB dependent manner [68].

Growing evidence demonstrates that the gut microbiome plays a role in the 
development of insulin resistance by augmenting fat mass, through its observed 
functional alteration in the setting of a westernized high calorie diet, and via its role 
in the activation of the innate immune response via TLRs and NF-kB signaling. 
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These effects may be either direct or indirect (Fig. 1). As described earlier, obesity-
associated alterations in the composition of the gut microbiome lead to enhanced 
energy harvest of the luminal gut contents, resulting in the increased production of 
short-chain fatty acids that are utilized by the host for lipogenesis. In this manner, 
the gut microbiome can induce a state of insulin resistance indirectly through its 
ability to enhance the development of obesity. A second mechanism involves 
microbiome-dependent activation of TLR-5 [69]. In this recent study, Vijay-Kumar 
et al. showed that TLR-5−/− mice exhibited hyperphagia leading to the development 
of obesity as well as many features of metabolic syndrome including insulin resis-
tance, hypertension, and hyperlipidemia. Although food restriction prevented the 
development of obesity in TLR-5−/− mice, there was no effect upon insulin resis-
tance. These data suggest that the effect of TLR-5 may modulate insulin resistance 
by both direct and indirect pathways (Fig. 1). Remarkably, the authors also showed 
that the transfer of the gut microbiome from TLR-5−/− to wild-type germ-free mice 
was sufficient to establish many features of the metabolic syndrome to the 
recipients.

TLR-4 has also been implicated in the development of insulin resistance. One 
possible mechanism, independent of the gut microbiome, involves the direct activation 

Fig. 1 Relationship between the gut microbiome and glucose homeostasis
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of TLR-4 by free fatty acids (FFAs), which are often elevated in DIO and have been 
previously shown to mediate insulin resistance [70]. In vitro, FFAs induce TLR-4 
signaling, resulting in activation of NF-kB and the production of proinflammatory 
cytokines such as TNF-a and IL-6, not only in macrophages, but also in adipocytes. 
This response occurs both in vitro and in vivo. Importantly, TLR-4 deficiency 
prevents lipid-induced insulin resistance. Finally, the authors show that TLR-
4−/−female C57/B6 mice are partially protected from high-fat diet-induced insulin 
resistance despite an increase in obesity. By contrast, interestingly, two different 
studies demonstrate that mice with TLR-4 deficiency are actually protected 
from the development of obesity as well as insulin resistance on a high saturated fat 
diet [71, 72]. When placed on a high-fat diet, C3H/HeJ (loss-of-function mutation 
in TLR-4) mice showed decrease weight gain, decreased adiposity, increased metabolic 
rate, improved glucose tolerance and decreased serum TNF-a, IL-6 and adiponectin 
levels [71]. 10ScN mice (deletion precluding expression and production of TLR 4) 
were protected from high-fat diet induced obesity, despite the similar caloric intake 
as control mice [72]. Ultimately, additional studies will be required to determine 
whether, like TLR-5, TLR-4 has an indirect effect on insulin resistance by either 
inducing or inhibiting the development of DIO. Nevertheless, through its activation 
by FFAs, it seems quite clear that TLR-4 has a direct effect on the development of 
insulin resistance.

The gut microbiome may also directly augment the development of insulin resis-
tance through the activation of TLR-4 signaling by releasing LPS, a major membrane 
constituent of gram-negative bacteria, into the systemic circulation [73, 74]. High-fat 
diets have been reported to chronically increase serum levels of LPS by two or 
three-fold, possibly by increasing intestinal permeability through the reduced 
expression of epithelial tight junction proteins [75]. High-fat diet fed mice treated 
with oral antibiotics reduced body weight gain, fat mass development, expression 
of systemic inflammatory markers, and glucose intolerance [76]. Similar findings 
were observed in ob/ob mice treated with oral antibiotics. These effects may be 
mediated through alterations in TLR-4 signaling, since the authors also demon-
strated that CD 14−/− (a critical component of the TLR-4 complex) mice bred onto 
an ob/ob background mimicked the metabolic and antiinflammatory effects of oral 
antibiotics. Although the effects of antibiotics on glucose homeostasis may be due 
to an indirect effect mediated by a reduction in obesity through lower levels of 
short-chain fatty acid production by the gut microbiome, the results in ob/ob 
CD14−/− mice suggest that the activation of TLR-4 by LPS may have a direct impact 
on insulin resistance.

Gut Microbiota and Type 1 diabetes

Type I diabetes (T1D) is an autoimmune disease resulting from the destruction of 
insulin-producing b-cells of the pancreas. Increased incidence over the past decades 
suggests that environmental and possibly microbial mediated changes may influence 
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disease development. Wen et al., showed that the incidence of spontaneous T1D in 
nonobese diabetic (NOD) mice is affected by microbial environment and exposure 
[77]. Specifically, the effect of MyD88, an adaptor protein that facilitates the ability 
of ligands to stimulate the inflammatory cascade via a number of TLRs, on the 
development of T1D in NOD mice was determined in both germ-free and conven-
tionally-housed conditions. NOD mice lacking MyD88 (MyD88KO NOD), housed 
under SPF conditions, fail to develop T1D. Remarkably, germ-free as well as anti-
biotic treated MyD88KO NOD mice developed T1D at higher rates than the same 
MyD88KO mice colonized with specific pathogen free bacteria, suggesting that the 
presence of normal gut microbiota protects against the development of diabetes 
[78]. Finally, examination of lymphocytes localized specifically to pancreatic 
lymph nodes revealed that MyD88 deficiency led to a local tolerance to pancreatic 
antigens. Thus, in this model system, the gut microbiome induces a state of local 
tolerance in the pancreas, thereby preventing the development of T1D. Together, 
these findings provide new insights into mechanisms by which the gut microbiome 
helps to shape the immunologic response in tissues distinct from those associated 
with mucosal surfaces. Further characterization of these mechanisms and, perhaps 
the components of the gut microbiome responsible for these effects, may lead to 
significant advances in the field of autoimmune disease processes such as T1D.

Gut Microbiota and Nitrogen Balance

Nitrogen is a crucial constituent of the diet. When body composition is constant, 
nitrogen intake should be equivalent to losses. In normal growth, recovery of 
illness, or pregnancy, a positive nitrogen balance is required. Intake of protein, 
amino acids, and other nitrogenous substances can be calculated from dietary 
intake. Between 75 and 90% of nitrogen loss from the body are through the urine 
and feces, primarily in the form of urea, which is produced exclusively in the liver 
through the urea cycle, entering as ammonia and exiting as urea, which is transported 
primarily to the kidney for excretion. Urea is also transported into the intestinal 
lumen, and stool nitrogen accounts for about 9–12% of the total loss [79].

For nearly 60 years, there has been evidence that urinary excretion does not 
account for all the urea that is produced by the body. Indeed, through either luminal 
delivery or intestinal secretion, substantial amounts of urea can be found in the 
colonic lumen. Once in the colonic environment, evidence from germ-free rats and 
animals treated with antibiotics demonstrate unequivocally that the process of urea 
hydrolysis, and subsequent nitrogen absorption, is exclusively a function of the gut 
microbiome [80, 81], with the exception of urea hydrolysis by H. pylori in the 
upper GI tract [82]. Urea hydrolysis in health is primarily a function of the colonic, 
and perhaps the distal ileal microflora. Indeed, using stable isotope methods, it has 
been estimated that approximately 15–30% of urea produced by the liver is not 
excreted in the urine and is hydrolyzed by bacterial urease to ammonia [83]. 
Previous studies have shown that the concentration of ammonia in the blood draining 
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the colon was 10 times than that in the inferior vena cava, and that the colonic 
venous concentration could be reduced by 65% through the administration of oral 
antibiotics [84]. The ammonia produced in the colon can either be: (1) Absorbed 
by the host, where it is utilized in the liver for either protein or urea synthesis; (2) 
Used by the gut bacteria for amino acid and protein synthesis; or (3) Excreted from 
the body in the feces. Based upon isotopic-labeling studies with 15N15N-urea, it has 
been estimated that 18% of the urea nitrogen enters the urea cycle and is excreted 
in the urine, approximately 74% enters the metabolic pool of the host, and only 4% 
is excreted in the stool [85]. Thus, it appears that the vast majority of the nitrogen 
obtained through urea hydrolysis in the colon is recycled where it is of benefit 
primarily to the host.

Interestingly, the proportion of colonic nitrogen scavenging through bacterial 
hydrolysis of urea appears to be proportional to the intake of dietary protein. In 
humans, when the intake of dietary proteins exceeds 70 grams per day, urea produc-
tion is 100–120% of intake with about 70% of the urea excreted in the urine and 30% 
of the nitrogen being salvaged in the colon [86]. The physiologic minimal intake of 
dietary protein to maintain nitrogen balance in adults is approximately 35 grams. As 
the intake of protein falls from 70 to 35 grams per day, there is a small but insignifi-
cant decrease in urea production of approximately 10% [87]. By contrast, on a 
35 grams per day protein diet, 30% of urea produced is excreted with 70% of nitro-
gen being salvaged. This increase in colonic nitrogen salvage approximately 
matches the decrease in protein intake. This adaptive metabolic response may be of 
particular importance in the setting of severe malnutrition [88]. On the other hand, 
an increase in colonic ammonia absorption may be detrimental to patients with 
hepatic encephalopathy, chronic renal failure, and inborn errors of the urea cycle.

Urea cycle disorders (UCD) are a group of rare inborn errors of metabolism that 
commonly present in childhood with episodes of vomiting, lethargy, and coma [89]. 
Symptoms result from the untoward accumulation of ammonia, a potentially toxic 
product of protein degradation, which is not adequately metabolized in the liver of 
affected individuals due to an enzyme deficiency present from birth. Deficiencies 
in each of the eight enzymes and transporters that comprise the urea cycle have 
been identified. All are inherited as recessive traits except for the most common 
disorder, ornithine transcarbamylase deficiency, which is X-linked. The mainstay 
of treatment is a low-protein diet in order to minimized ammonia production. 
In recent years, novel approaches to treatment, such as acylation therapy with 
benzoate and phenylbutyrate, have become commonplace [90]. Unfortunately, even 
with scrupulous dietary control and diligent therapeutic intervention, the risk of 
death or severe disability is lamentably high, probably as great as 50% [91]. A major 
cause of this disappointing outcome is that acute stress, usually a concurrent infec-
tion, causes the sudden release of cytokines and adrenal stress hormones that evoke 
catabolism of body protein and concomitant formation of ammonia in an amount 
that exceeds the capacity of the congenitally defective urea cycle to detoxify this 
potentially noxious metabolite. The result is severe hyperammonemia with resul-
tant ataxia, seizures, and coma. Irreparable brain damage frequently ensues, as 
evidenced by mental retardation, epilepsy, and severe spasticity. Oral antibiotic 
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therapy, to reduce bacterial hydrolysis of urea and colonic ammonia absorption, has 
proved very useful as a therapeutic adjunct, especially during a hyperammonemic 
crisis. This same approach has proven to also be beneficial in patients suffering 
from hepatic encephalopathy [92].

Although clinically effective, the use of oral antibiotics as an adjunct to a low 
protein diet in the treatment of patients with UCD and hepatic encephalopathy is 
currently deployed in a “shotgun” manner. Indeed, given our current lack of knowledge 
of the gut microbiome, we are unable to “target” those organisms that most robustly 
hydrolyze urea to ammonia. Future studies that characterize the effect of dietary 
protein on the taxonomic composition of the gut microbiome as well as metage-
nomic studies to determine its effects on urease gene representation may provide 
valuable new insights that may help to more effectively modify populations of gut 
bacteria that will be of greater benefit in the treatment of patients that are unable to 
metabolize amino acids appropriately.

Conclusions and Future Directions

The coevolution between the mammalian host and its microbiome has led to the 
development of a largely symbiotic relationship. Nowhere is this more clearly 
demonstrated than the importance of the gut microbiome and its role in host immu-
nologic and metabolic homeostasis. Nevertheless, perhaps due to recent alterations 
in human society such as dietary intake and other environmental conditions, this 
symbiotic relationship can become dysfunctional with the gut microbiome playing 
a role in the pathogenesis diseases such as obesity, diabetes, hepatic encephalopathy, 
and inflammatory bowel disease. The study of gnotobiotic mice along with recent 
advances in DNA sequencing technology have provided investigators with an 
unprecedented opportunity to explore the composition of the gut microbiome and 
how it may play a role in disease pathogenesis.

Despite these advances, significant questions remain to be addressed. Among 
these include: What is the relevance of the observations and mechanisms associated 
with disease pathogenesis, defined in animal models, to human biology? Current 
evidence suggests that there is no “Core” microbiome in humans. What, then, are the 
most important determinants of gut microbiome composition in humans? If a dysbiotic 
gut microbiome plays a role in the pathogenesis of a human disease, are there 
mechanisms by which its composition can be permanently altered to reduce patho-
genicity? What is the effect of diet on the composition of the human gut microbiome 
and does this have relevance to the pathogenesis of human disease? Are the func-
tional properties of the gut microbiome accurately reflected in the results obtained 
by studies examining alterations in gene abundance through metagenomics?

A key starting point in addressing some of these issues will be the expanded 
investigation of the microbiome in humans. This is the major focus of an international 
research effort known as the Human Microbiome Project [93]. Ultimately, as newer 
technologies in DNA sequencing technology, metatranscriptomics, metaproteomics, 
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and metabolomics are developed, together with advances in biocomputational 
techniques able to extract meaningful relationships from massive amounts of raw 
data, significant advances in our understanding of the gut microbiome and its role 
human disease pathogenesis are on the horizon.
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Introduction

In the USA, more than 70% of the adult population is either overweight (BMI >25) 
or obese (BMI >30). An estimated 73% of the adult population were overweight 
or obese in 2008, reflecting the continued and steady increase in body weight over 
time. Indeed, nearly 50% of women in the USA aged 15–49 are overweight or 
obese [1]. Several well known medical complications are associated with obesity, 
including the risk of atherosclerosis, cardiovascular disease, hypertension, diabetes, 
and cancer. Obesity is caused by an imbalance between energy intake and energy 
expenditure. The proximate cause of obesity is the excessive accumulation of 
white adipose tissue; the major form of energy reserve in the body.

Obesity poses unique reproductive health risks in women. Obesity and excessive 
weight gain in pregnancy are associated with maternal and fetal complications of 
pregnancy, including preterm labor, gestational diabetes, preeclampsia, operative 
delivery, fetal macrosomia, and birth defects [2–7]. Additionally, childhood obesity in 
girls is associated with early onset of puberty, menstrual irregularities during adoles-
cence and polycystic ovary syndrome (PCOS) [8, 9]. Obesity can increase the risk of 
anovulation and may also decrease ovulatory response to fertility treatment [10]. 
Moreover, the efficacy and safety of hormonal contraceptives can be severely compro-
mised by increased body weight [11]. Conversely, weight reduction enhances reproduc-
tive outcomes and diminishes obesity-related maternal, perinatal, cardiovascular, and 
cancer risks [12–15]. The fact that most of the obesity-associated deleterious effect on 
female fertility is ameliorated by bariatric surgery strongly suggests a causative role 
for obesity in the development of these adverse effects on reproduction. Although 
several published reports have shown that maternal obesity is associated with increased 
morbidity and mortality for both mother and offspring, the mechanisms underlying the 
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increased reproductive health risk associated with maternal obesity are not well under-
stood. In this chapter, we aim to discuss the impact of obesity on female reproduction 
with a focus on the effect of leptin on fertility problems in obese women. Finally, we 
comment on the possible cross talk in the molecular and cellular pathways utilized by 
leptin and insulin to alter reproductive processes in obese women with PCOS.

Energy Homeostasis and Reproduction

In humans, reproductive function declines at both extremes of energy balance. The 
possibility of a factor secreted by white adipose tissue that reflects the level of total 
body energy stores and possibly regulates hypothalamic control of feeding was first 
proposed by Kennedy [16, 17] and is supported by classic cross-circulation (parabiosis) 
experiments in rodents [18, 19]. This was later confirmed by the discovery of leptin 
by positional cloning in 1994 [20]. In humans, the amount of body fat is the principal 
determinant of circulating levels of leptin [21]. Leptin is secreted in pulses that are 
positively correlated to gonadotropins, estradiol, and thyrotropin [22]. Leptin secretion 
in women has a diurnal pattern characterized by a nocturnal rise that synchronizes 
with a similar rise in gonadotropins and estradiol [23], suggesting a functional link 
between leptin and the hypothalamic–pituitary–ovarian axis.

Leptin and reproduction. Leptin is a major regulator of food intake and energy 
homeostasis. In addition, leptin relays information to the brain about the adequacy 
of peripheral energy stores to sustain reproduction. When energy stores are adequate, 
leptin suppresses feeding behavior and permits neuroendocrine functions that 
facilitate energy expenditure [24–26]. Conversely, a lower level of serum leptin 
reflecting inadequate energy stores elicits adaptive responses by diverting energy 
resources away from energy demanding processes, such as reproduction to those 
functions that are essential for the survival of the organism [27, 28]. This is 
reflected in clinical conditions associated with hypoleptinemia. For instance, a 
congenital absence of leptin as seen in individuals with homozygous mutations in 
the gene coding for leptin is associated with infertility in humans and in mice 
[29–32]. Infertility also characterizes acquired conditions associated with low levels 
of circulating leptin such as exercise-induced amenorrhea, functional hypothalamic 
amenorrhea, and anorexia nervosa [33, 34]. Leptin treatment has been shown to 
restore fertility in adult humans with congenital or acquired leptin deficiency [33, 
34]. However, the precise mechanisms by which leptin acts to normalize reproduc-
tive function have not been fully defined.

Leptin and the hypothalamic–pituitary–gonadal axis. Previous studies suggest 
that leptin acts at the hypothalamic level to stimulate the release of gonadotropin 
releasing hormone (GnRH) and consequently the release of luteinizing hormone 
(LH) and follicle stimulating hormone (FSH) from the pituitary [35, 36]. More 
recently, studies from our laboratory [37, 38] and others [39–42] have suggested that 
leptin has distinct local effects on the ovary independent of its action on the hypo-
thalamic-pituitary axis. These effects appear to be bimodal in nature. At physiological 
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concentrations, leptin increased estrogen production from human luteinized granulosa 
cells [42], and both estradiol and progesterone production from in vitro cultures of 
preantral mouse follicles [40]. Leptin has also been shown to enhance nuclear and 
cytoplasmic maturation of the oocyte and to induce ovulation via an LH-independent 
pathway in the mouse [39]. In contrast to supraphysiological concentrations, leptin 
inhibited ovarian steroidogenesis. For example, leptin at a concentration of 10 ng/
ml increased the in vitro production of progesterone from porcine granulosa cells 
in vitro, but inhibited progesterone production at 1,000 ng/ml [43]. Further 
evidence that leptin may have a direct effect on the ovary was provided by a recent 
clinical study in which recombinant human leptin was used to treat hypoleptinemic 
lipodystrophic patients for a period of 10 months. Regular menses were restored in 
eight of ten women with primary amenorrhea or irregular menses [33], but this 
treatment was without any significant effect on serum levels of LH or FSH. This 
suggests that the therapeutic effect of leptin in women with lipodystrophic atrophy 
may be mediated directly at the level of the ovary or at least via a mechanism that 
does not alter circulating levels of gonadotropins. We have previously shown that 
the impaired folliculogenesis in leptin-deficient mice is associated with a subnor-
mal number of follicles, a higher level of granulosa cell apoptosis, and an increased 
number of atretic follicles [37]. Subsequently, we compared the effect of gonado-
tropin treatment on ovarian follicle development in prepubertal leptin-deficient 
mice to age-matched controls [38]. The ovarian responsiveness to gonadotropin 
administration appeared to be subnormal in the leptin-deficient mice (fewer follicles 
developed to the late antral stage, and animals failed to ovulate), suggesting that 
leptin may directly alter the process of folliculogenesis independent of its action in 
hypothalamic-pituitary axis.

These data and others further suggest that leptin may be necessary to maintain a 
normal ovarian responsiveness to gonadotropins. Perhaps leptin signaling in the 
ovary may be required to maintain a normal expression levels of FSH and LH 
receptors, or in the absence of leptin signaling, the affinity of these receptors for 
their ligands may be reduced. One of the commonest reproductive disorders associ-
ated with obesity in women is PCOS. PCOS is characterized by excessive ovarian 
androgen production, anovulation, and polycystic ovaries (PCO). Obesity may 
exacerbate PCOS and conversely, PCOS may worsen the degree of obesity. In the 
next few sections of this chapter, we will use PCOS as our disease entity to explore 
the complex relationship between obesity and reproductive health in women.

Pathogenesis of Polycystic Ovary Syndrome

A large proportion, 60–80%, of women with PCOS have high concentrations of 
circulating testosterone, and about 25% have high concentrations of dehydroepi-
androsterone sulfate (DHEAS), leading some investigators to surmise that uncon-
trolled steroidogenesis might be the primary abnormality in this disorder [44, 45]. 
PCO have a thickened thecal layer, and thecal cells derived from these ovaries 
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secrete excessive androgens in vitro under basal conditions or in response to LH 
stimulation [44, 45]. The excessive androgen production that characterizes the 
polycystic ovary may result from the very high ratio of LH to FSH levels or it may 
be due to an intrinsic abnormality of the ovary in PCOS.

LH and FSH are synthesized and secreted by gonadotropes in the anterior pituitary 
gland. Each of these hormones is comprised of a heterodimer of a common a-subunit 
non-covalently bound to a unique b-subunit. The a-subunit is encoded by a single 
gene, whereas the unique b-subunits arise from separate genes and confer biological 
specificity. The pulsatile secretion of GnRH from the hypothalamus is essential for 
determining the relative proportion of LH and FSH synthesized within the gonado-
trope. Consequently, an increased pulse frequency of hypothalamic GnRH favors 
transcription of the b-subunit of LH over the b-subunit of FSH; conversely, 
decreased pulse frequency of GnRH favors transcription of the b-subunit of FSH, 
which decreases the ratio of LH to FSH. Several previous studies have shown that 
women with PCOS display unusual patterns of gonadotropin secretion characterized 
by excessive secretion of LH but normal secretion of FSH. This pattern of secretion 
gives rise to an abnormally high ratio of circulating LH to FSH in the serum of 
some patients with PCOS [46–49]. Whereas LH regulates the androgenic synthesis 
of theca cells, FSH is responsible for regulating the aromatase activity of granulosa 
cells, thereby determining how much estrogen is synthesized from androgenic 
precursors. When the concentration of LH increases relative to that of FSH, the 
ovaries preferentially synthesize androgens.

Because women with PCOS appear to have an increased LH pulse frequency, it 
has been inferred that the pulse frequency of GnRH must be accelerated in the 
syndrome. It is not clear whether this accelerated pulse frequency is due to an 
intrinsic abnormality in the GnRH pulse generator or caused by the relatively low 
levels of progesterone resulting from infrequent ovulatory events. Since progestins 
decreases the GnRH pulse frequency, low circulating progestin levels in women 
with PCOS may lead to acceleration in the pulsatility of GnRH, increased levels of 
LH, and overproduction of ovarian androgens. The relative increase in pituitary 
secretion of LH leads to an increase in androgen production by ovarian theca cells. 
Increased efficiency in the conversion of androgenic precursors in theca cells leads 
to enhanced production of androstenedione, which is then converted by 17b-hydroxys-
teroid dehydrogenase (17b-HSD) to form testosterone or aromatized by the aromatase 
enzyme to form estrone. Within the granulosa cell, estrone is then converted into 
estradiol by 17b-HSD. The adipose tissue is a major endocrine organ that secretes 
adipocytokines with autocrine, paracrine, and endocrine actions that may modulate 
the effects of both LH and insulin on ovarian androgen production.

PCOS and obesity. PCOS affects 5–10% of women in their reproductive years 
and a substantial proportion of these patients are obese, have profound peripheral 
insulin resistance with consequent hyperinsulinemia from enhanced basal insulin 
secretion and decreased hepatic insulin extraction [50, 51]. Although anovulatory 
infertility is common among women with PCOS, the cause of ovulatory dysfunc-
tion in these women is poorly understood. Insulin resistance and pancreatic b-cell 
dysfunction, both independent of obesity and unrelated to the actions of androgens 
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on insulin dynamics, are strongly associated with PCOS [52–57]. Insulin interacts 
synergistically with LH within the theca cells of PCO (in which theca cell hyper-
plasia is usually present) to cause activation of the enzyme, P450c17a, the key 
enzyme in the biosynthesis of ovarian androgens such as testosterone. 
Hyperinsulinemia may also have adverse effects in women with PCOS through its 
action at non-ovarian sites. These include the pituitary through enhancement of 
pituitary LH pulse amplitude, the liver through suppression of hepatic synthesis of 
steroid hormone binding-globulin (SHBG) and the adrenal gland through stimula-
tion of P450c17a activity, thereby increasing adrenal androgen production.

Metformin, an insulin-sensitizing agent, has been used for the treatment of 
PCOS in adult women. Metformin acts by decreasing hepatic glucose production 
and increasing peripheral insulin sensitivity. Studies in lean and overweight adult 
women have demonstrated beneficial effects of Metformin, particularly in the 
prevention of type 2 diabetes. Metformin lowers androgen levels, improves lipid 
profiles, and increases insulin sensitivity. It may therefore delay or prevent meta-
bolic syndrome and cardiovascular morbidity in the long-term. Metformin appears 
to be safe in the short term and is generally well tolerated. In addition, several 
small, short term studies have demonstrated safety and beneficial effects of 
metformin in girls with PCOS [58, 59]. Although metformin is effective in treating 
the insulin resistance and the consequent metabolic complications of PCOS, it is 
less effective in the treatment of anovulation in women with PCOS [58]. This suggests 
that other factors probably in conjunction with insulin may be involved in the 
pathogenesis of the ovulatory defect in PCOS.

Currently, the mechanism by which hyperinsulinemia is related to the altered 
ovarian steroidogenesis in the presence of peripheral insulin resistance that is char-
acteristic of PCOS is unknown. However, the insulin resistance associated with 
PCOS appears to be tissue selective and has been reported in muscle, adipose tissue 
and the liver, but not in the ovary [52, 53]. Perhaps, in women with PCOS, the ovary 
maintains normal sensitivity to insulin raising the possibility that the hyperinsulinemia 
associated with this disorder directly augments ovarian response to the gonadotropins. 
Previous studies have shown that insulin acting through its cognate receptors 
promotes hyperandrogenemia and exacerbates the severity of PCOS by facilitating 
ovarian and adrenal steroidogenesis and decreasing hepatic production of SHBG 
thereby increasing free androgen levels [47, 50]. Insulin also inhibits hepatic syn-
thesis of SHBG and thereby increases free or bio-available testosterone levels [60]. 
Furthermore, insulin decreases hepatic and ovarian synthesis of insulin-like binding 
protein-1(IGFBP-1), which promotes insulin-like growth factor 1 (IGF-1) actions, 
such as stimulation of ovarian androgen production [60]. Therefore, hyper-insulinemia 
contributes to hyperandrogenism and ovarian dysfunction in women with PCOS. 
A further adverse effect of hyperinsulinemia on the ovary in women with PCOS 
includes the arrest of ovarian follicle development at 5–10 mm, well before a 
mature follicle would be expected to ovulate [60] thereby contributing towards 
anovulation. The arrest of follicular maturation in these women is reminiscent of 
the follicular response that we recently described in female leptin-deficient mice 
following gonadotropin stimulation [38]. These findings suggest a functional link 
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between insulin and leptin-signaling pathways that may be operational in the ovaries 
of women with PCOS.

Cross talk between leptin and insulin-signaling pathways in PCOS. The JAK-2/
STAT-3 pathway is the major signaling mechanism activated by leptin in the hypo-
thalamus to regulate energy and metabolic homeostasis. This pathway is not essential 
for regulating reproductive function [61–64]. This notion is supported by the findings 
from a recent study showing that although leptin activation of the STAT-3 signaling 
pathway is critical in the regulation of body weight and some neuroendocrine 
functions (thyroid, adrenal, and lactation), hypothalamic STAT-3 signaling is not 
essential for maintaining reproductive function [65]. This suggests that leptin may 
regulate reproduction through a STAT-3-independent signaling pathway. A possible 
alternative to STAT-3 system for leptin signaling is the mitogen-activated protein 
kinase (MAPK) signaling cascade. The extracellular regulated kinase (ERK) 
members of the MAPK family are serine/threonine kinases that are activated by a 
wide range of stimuli and are components of the well-defined Ras/MAPK signaling 
cascade [66].

Previous studies have shown that when insulin levels are reduced by hypoca-
loric diet or treatment with insulin sensitizers, the reproductive and metabolic 
outcomes in obese women with PCOS remarkably improves even before signifi-
cant weight loss is observed [12]. Although the mechanism underlying this 
improvement in reproductive profile is unclear, it may involve the MAPK signaling 
pathway [67]. The MAPKs are mediators of signal transduction from the cytosol 
to the nucleus. Previous studies have shown that alternative signaling pathways, 
including the MAPK and protein kinase B (Akt) pathways are associated with 
LH-induced changes in steroid biosynthesis. This has been corroborated by a 
more recent study that compared androgen biosynthesis in propagated normal 
and PCOS theca cells via MAPK kinase (MEK1/2) and ERK1/2 phosphoryla-
tion. That study revealed that MEK1/2 phosphorylation was decreased more 
than 70%, and ERK1/2 phosphorylation was reduced 50% in PCOS cells as 
compared with normal cells. This suggests a causative role for alterations in the 
MAPK pathway in the pathogenesis of excessive ovarian androgen production in 
PCOS. This pathway may be particularly relevant to the reproductive conse-
quences of obesity because an alteration in the MAPK pathway has also been 
implicated in excessive ovarian androgen production associated with leptin in 
oocytes [67].

The MAPK signaling pathway is a possible point of cross-talk between leptin 
and insulin signaling. MAPK signaling can be activated via the long or the short 
leptin receptor isoforms. The short form of the leptin receptor which is the domi-
nant form expressed in the oocyte is capable of activating MAPK signaling in 
white adipose tissue, monocytes, and osteoblast precursor cells [68–70]. In a 
recent study, leptin treatment increased phosphorylated MAPK content and 
enhanced oocyte maturation at all stages of follicular development [40]. 
Significantly, this leptin-stimulated oocyte maturation was inhibited by MAPK 
inhibitor, suggesting that leptin enhances oocyte maturation via activation of the 
MAPK pathway.
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Another potential point of cross talk between leptin and insulin involves insulin 
signaling. Leptin has been reported to activate some components of insulin signaling, 
including insulin receptor substrate-1 (IRS-1) and insulin receptor substrate-2 
(IRS-2) [71]. One of the major downstream pathways activated by IRS proteins 
involves recruitment of the regulatory subunit of PI3K to tyrosine-phosphorylated 
IRS proteins, leading to subsequent activation of the lipid kinase and the phospho-
rylation of phosphatidylinositol 4,5-bisphosphate to phosphatidylinositol 3,4,5-tris-
phosphate (PIP

3
) [72–76]. Compelling evidence suggests that members of PI3K 

family control cell cycle progression, differentiation, and survival [77]. Several 
biological effects of PI3K are mediated through the activation of the downstream 
target Akt [78]. Akt, a serine/threonine protein kinase, also known as protein kinase 
B (PKB), is the mammalian homolog of the transforming viral oncogene v-Akt. 
Akt is recruited to the plasma membrane by the products of PI3K in response to a 
variety of stimuli (hormones, growth factors, and cytokines). Then, Akt is phospho-
rylated at threonine 308 and at serine 473 by a still undefined kinase [79, 80]. This 
double phosphorylation activates Akt. The significant role of this system in granulosa 
cell differentiation was recently demonstrated by Zeleznik et al. [81]. They found 
that when adenovirus vectors were employed to modulate specific intracellular 
signaling systems in undifferentiated granulosa cells, the dominant active PKB vector 
amplified FSH-induced aromatase and LH receptor mRNA levels. Conversely, the 
dominant negative PKB vector completely abolished the actions of FSH sugges-
ting that PKB is an essential component of the FSH-mediated granulosa cell 
differentiation.

Conclusions

Clinical and experimental data support the concept that leptin plays a major role in 
regulating reproductive function. Although previous studies suggest that one target 
site for leptin’s action on reproductive processes is the hypothalamus (via the regula-
tion of gonadotropin secretion) studies from our laboratory and others suggest that 
leptin may also act directly on the ovary as well. Based on these findings, we 
hypothesize that leptin is essential for maintaining the normal response of ovarian 
follicles to FSH and LH signaling. In the absence of leptin, folliculogenesis is com-
promised. Obese patients have elevated serum leptin levels but may exhibit leptin 
resistance so that some biological effects of leptin are compromised. These indi-
viduals are predisposed to PCOS and metabolic syndrome. A systematic study of 
the molecular pathways involved in leptin signaling in the ovary is essential to 
define the role of leptin as a causative factor in the altered sex hormone profiles and 
amenorrhea seen in obese women. Specifically, studies designed to unravel the 
complex interactions between hyperleptinemia, hyperinsulinemia, and hyperandro-
genemia in PCOS not only elucidates the intricate pathophysiology, but may also 
potentially lead to the development of novel therapeutic approaches for the treat-
ment of obesity-related reproductive disorders.
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Introduction

With the introduction of highly active antiretroviral therapy (HAART), metabolic 
and body composition changes are increasingly observed among HIV-infected 
patients. These changes are characterized by lipoatrophy of subcutaneous abdominal, 
extremity and facial fat, increased visceral fat, as well as dyslipidemia and insulin 
resistance, and have been viewed by many to constitute an acquired lipodystrophy 
syndrome. The etiology of this syndrome is clearly multifactorial and it is not a 
homogenous syndrome, but rather exhibits significant heterogeneity depending on 
environmental, genetic, and treatment factors.

The mechanisms of specific antiretroviral effects on lipids and glucose, as well 
as fat, are becoming increasingly clear. Certain protease inhibitors (PIs) affect 
GLUT-4 and glucose trafficking. In addition, there may be effects of specific PIs on 
PPAR-gamma expression in adipocytes. In addition, specific nucleoside reverse 
transcriptase inhibitors (NRTIs) have been shown to impair mitochondrial function 
via effects on DNA polymerase gamma, contributing to fat atrophy and insulin 
resistance. The HIV virus itself may contribute to changes in lipid metabolism, 
which may interact with effects of specific PIs and other agents on lipids. In addition, 
acute and chronic effects of the HIV virus and related infections, including hepatitis 
C, may increase inflammatory indices. Moreover, changes related to excess visceral 
fat and/or subcutaneous fat loss and cytokine signaling may further contribute to 
abnormal glucose, lipid, and inflammatory changes seen among HIV-infected 
patients. Importantly, it has become increasingly recognized that HIV-infected 
patients are at increased cardiovascular risk and demonstrate higher myocardial 
infarction rates. Traditional and inflammatory risk markers related to antiretroviral 
drugs, changes in fat distribution, and metabolic abnormalities may all contribute 
to this increased risk.
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Treatment strategies to reduce cardiovascular risk and address the numerous 
metabolic changes seen among HIV-infected patients are being developed and can 
be broadly classified into strategies that address the specific effects of antiretroviral 
medications, strategies to improve glucose homeostasis and dyslipidemia, and strat-
egies to improve fat distribution, including strategies to potentially increase subcu-
taneous fat and other strategies to reduce excess visceral fat. In this chapter, the 
lessons learned from the HIV lipodystrophy syndrome will be explored, particu-
larly as they relate to the metabolic consequences and potentially useful strategies 
for changes in fat distribution. Novel treatment strategies are now being developed 
to address these metabolic changes in HIV patients, which may also be useful for 
other genetic or acquired lipodystrophy syndrome, as well as metabolic deregulation 
associated with obesity.

Metabolic and Anthropometric Changes  
Among HIV-Infected Patients

Prior to the era of HAART, it was recognized that HIV-infected patients demon-
strated hypertriglyceridemia, and this was associated with increased very low density 
lipoprotein (VLDL) synthesis and reduced clearance [1, 2]. With the development 
of HAART, PIs, NRTIs, and non-NNRTIs were developed, and often used in 
conjunction, for a multidrug regimen to prevent the development of HIV resistance. 
In antiretroviral naïve patients initiating combination therapy containing a PI and 
an NRTI, both extremity and truncal fat increase with initiation of therapy, likely 
consistent with generalized weight gain in the context of improving cachexia and 
wasting, but extremity fat subsequently decreases, below its starting level, whereas 
truncal fat continues to increase [3, 4]. Thus, patients develop a significantly 
increased trunk to extremity fat ratio. Detailed anthropometric studies have demon-
strated that the trunk fat accumulation is visceral, with simultaneous loss of 
abdominal subcutaneous fat [5].

The metabolic abnormalities associated with these anthropometric changes 
include insulin resistance and dyslipidemia, increased inflammation, reduced adi-
ponectin, impaired fibrinolysis, and endothelial dysfunction [5–7]. In terms of lipid 
concentration, total cholesterol and LDL levels are low in patients with untreated 
HIV and return toward normal with treatment [8]. HDL levels are low and remain 
low with treatment, whereas triglyceride levels are high and may increase further 
with specific antiretroviral agents. Insulin resistance has been commonly reported, 
and recently, the development of diabetes has been demonstrated. The prevalence 
of DM was estimated at 14% among HIV-infected men using HAART compared 
with 5% of non-HIV-infected men in a large cohort study. Over 4 years of follow-
up, the incident rate ratio was 4.11; 95% CI, 1.85–9.16, adjusted for age and body 
mass index [9]. Insulin resistance is likely multifactorial, in part due to changes in 
fat distribution itself and the effects of specific antiretroviral medications.



34518 Lessons from HIV Lipodystrophy and Drug-Induced Metabolic Dysfunction 

In addition to loss of subcutaneous fat and increased visceral and upper trunk fat, 
HIV-infected patients on HAART demonstrate significant ectopic fat accumulation 
in the liver and muscle, which may independently contribute to further increases in 
insulin resistance. Among patients with HIV-related lipodystrophy, Gan et al. dem-
onstrated increased intramyocellular lipid (IMCL) and a strong inverse correlation 
between IMCL and total body insulin-stimulated glucose disposal [10] (Fig. 1). 
Increased hepatic lipid content has also been shown and strongly correlates with 
increased omental mesenteric fat and insulin resistance in regression modeling 
[11]. Moreover, increased visceral fat itself, as well as being a predictor of increased 
hepatic lipid accumulation [11], has been shown to correlate most strongly with 
glucose disposal [12]. In other studies, reduced subcutaneous fat also has been 
shown to be highly associated with insulin resistance and soluble TNFR2 concen-
trations [13].

Fig. 1 Relationships between IMCL and insulin-stimulated glucose disposal (a) and between 
IMCL and visceral fat (b) in lipodystrophic subjects (filled square) and control subjects (open 
circle). Simple regression coefficients (r) and the relevant P values are presented for analyses with 
both groups combined as there was no difference in relationships between the two groups as 
assessed by ANCOVA. Reprinted with permission requested from the American Diabetes 
Association, Copyright 2002
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Increased lipolytic rates have been demonstrated among HIV-infected patients 
[14] with central fat accumulation and may result in substrate flux toward muscle 
and liver, with subsequent reduction in insulin signaling through effects on PI-3 
kinase. Behrens et al. demonstrated that glucose uptake into the muscle was 
reduced 66% in patients receiving HAART and postulated that increased free fatty 
acids (FFA) and lipolytic rates may impair hexokinae activity and insulin signaling, 
as well as increasing hepatic glucose production [15].

Taken together, the studies suggest that HIV-infected patients with fat redistribu-
tion demonstrate relative increases in omental and visceral fat, reduction in peripheral 
and abdominal subcutaneous fat, and ectopic accumulation of hepatic and muscle 
fat, in association with increased lipolytic rates. These factors may all contribute to 
severe insulin resistance which is in part related to changes in fat distribution, but 
as well to specific effects of antiretroviral drugs.

Effects of Specific Antiretroviral Medications  
on Body Composition and Metabolic Changes

Specific antiretroviral therapies have recently been shown to affect critical meta-
bolic functions in HIV-infected patients, highlighting the potential effects of dysfunction 
in lipid and glucose metabolism, adipogenesis, and energy metabolism. Specific 
PIs were shown to be associated with reduced GLUT-4-mediated insulin signaling 
in adipocytes [16], and this observation was confirmed in vivo, in experiments in 
which non-HIV-infected patients demonstrated reduced glucose disposal even after 
one dose of indinavir [17]. A number of additional mechanisms have been sug-
gested by which PIs might contribute to insulin resistance, including effects on 
SOCS-1 [18].

PIs have been associated with hypertriglyceridemia. Purnell et al. investigated 
the effects of the PI ritonavir over 2 weeks in healthy non-HIV-infected control 
subjects and demonstrated increased plasma concentrations of triglyceride, 
VLDL, apoB, and reduced HDL. These changes were not associated with changes 
in body composition over the short treatment period and were not shown to result 
from impairment of peripheral lipoprotein lipase or uptake of remnant lipopro-
teins. However, hepatic lipase was significantly reduced and increased VLDL 
formation was postulated to be the mechanism of increased triglyceride levels 
with ritonavir [19].

In addition, PIs have been shown to be associated with smaller adipocytes and 
reduction in expression of PPAR-gamma expression, C/EBP-alpha and beta, and 
SREBP-1c in subcutaneous fat of HIV-infected patients, suggesting a potential 
role of PIs to inhibit and alter adipose tissue generation. Of note, increased TNF-
alpha correlated with expression of SREBP-1c and related transcription factors 
[20]. In addition, Caron et al. demonstrated that reduced Lamin A maturation 
might limit nuclear translocation of SREBP1C [21]. Using microarray analysis, 
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Adler-Wailes et al. demonstrated that ritonavir altered gene expression of inflam-
matory cytokines, stress response, and oxidative stress genes [22]. These direct 
effects may alter intermediary metabolism and fat deposition and contribute to 
insulin resistance.

In addition to specific effects of PIs, NRTIs may also contribute to insulin resis-
tance through effects on mitochondrial function and critical metabolic pathways 
involved in energy regulation, glucose trafficking, and adipogenesis. Among non-
HIV-infected patients, Fleischman et al. demonstrated that 4 weeks of stavudine 
resulted in a significant 52% reduction in mtDNA/nuclear DNA in the muscle. 
Furthermore, reduced mitochondrial function in muscle assessed in vivo using P31 
spectroscopy was significantly associated with development of insulin resistance 
using euglycemic clamp [23]. Specific cellular effects of certain NRTIs include 
alteration of lipid storage, presumably due to impairment of oxidative phosphoryla-
tion. Use of NRTIs clinically has been associated with reduced extremity fat, par-
ticularly for stavudine and to a lesser extent for other NRTIs.

Genetic Predictors of Metabolic Risk  
in Acquired HIV Lipodystrophy Syndrome

A limited number of studies have been performed to date, primarily in small 
groups of subjects, to determine if genetic polymorphisms predispose to the 
development of lipid, glucose, and body composition changes in HIV-infected 
patients. Ranade et al. demonstrated that a single polymorphism in the resistin 
gene was associated with more significant development of limb fat loss and 
insulin resistance on HAART [24]. Hulgan et al. demonstrated that patients with 
HFE187C/G, a polymorphism in the hemachromatosis gene, were significantly 
less likely to develop lipoatrophy with initiation of HAART [25]. APOC3 455 
CT was protective against fat loss [26]. APOC3 alleles have also been associated 
with the development of higher triglyceride levels in HIV-infected patients 
receiving PI containing HAART [27]. A number of studies have focused on 
mitochondrial haplotype groups. In a relatively large study of 346 patients, Nasi 
et al. did not demonstrate a significant association between mtDNA haplotypes 
and lipodystrophic changes in fat or metabolic parameters [28]. In contrast, 
Hulgan et al. demonstrated that mitochondrial haplotype J was associated with 
differential degrees of limb fat change [25]. Other polymorphisms that have 
been preliminarily associated with lipodystrophy include TNF-alpha 238 [29] 
and IL-1 beta, which was associated with greater incidence of lipodystrophy on 
stavudine therapy [30].

Although preliminary studies suggest a potential impact of genetic polymor-
phisms on the development of lipodystrophy and related metabolic consequences, 
additional, large studies are needed to determine more definitively these 
relationships.
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Cardiovascular Risk Among HIV-Infected  
Patients and Potential Mechanisms

Early studies suggested increased cardiovascular risk among HIV-infected patients 
with fat redistribution. In a case control study, Hadigan et al. investigated cardiac 
risk in HIV-infected patients with evidence of fat redistribution, either of subcuta-
neous fat loss, abdominal hypertrophy, or both, and manifested by a marked 
increase in WHR. HIV-infected subjects were matched on BMI and age, with 
randomly selected subjects in the Framingham Offspring Cohort and demonstrated 
an increased risk of myocardial infarction using the Framingham Risk Calculator 
(29.1 vs. 12.8% with >10% 10 year risk, HIV vs. Framingham control subjects 
(P = 0.001) [31, 32]), whereas HIV-infected patients without evidence of fat redis-
tribution did not demonstrate increased risk of myocardial infarction. Moreover, 
those with lipoatrophy demonstrated the highest predicted 10-year risk, suggesting 
loss of fat was an equally great or greater risk for myocardial infarction.

Whether the Framingham risk equation developed for a predominantly Caucasian 
population would be valid for HIV-infected patients remains unknown, but Law et al. 
used the Framingham risk equation to compare predicted MI rates vs. observed in the 
Data Collection on Adverse Events of anti-HIV drugs (DAD) study, a prospective 
Cohort study of HIV-infected patients [33]. The utility of the Framingham risk equa-
tion was reviewed at a recent American Heart Association (AHA) State of the Science 
Meeting on cardiovascular risk in HIV-infected patients, which concluded that it 
performed reasonably well, ranking CHD risk effectively in HIV-infected patients. 
However, experts at the AHA meeting concluded that the Framingham equation 
would require some recalibration in prospective studies among HIV-infected patients, 
as it may have systematically underpredicted events compared to those observed, 
particularly among smokers [34]. Development of HIV-specific prediction equations 
that utilize more specific anthropometric information, for example on waist circum-
ference or total fat, is needed.

In the DAD study, the relative risk of AMI was shown to be 1.26 ([95% confi-
dence interval, 1.12–1.41]; P < 0.001) for each additional year of highly active 
antiretroviral use [35]. In the DAD study, age, but not weight, was related signifi-
cantly to increased risk of myocardial infarction. However, median BMI was 23.0 
kg/m2 among the group and thus the subjects were not overweight per se. Moreover, 
lipodystrophy status was not assessed specifically with anthropometric measure-
ments. Increased cholesterol and triglyceride did attenuate the relationship between 
antiretroviral therapy and myocardial infarction, suggesting potentially that ARVs 
contributed to increased CVD risk through effects on lipid concentrations.

In a large health center data registry, Triant et al. compared the relative risk of 
developing an MI between HIV and non-HIV-infected patients by ICD-9 coding 
[36]. This study of almost 4,000 HIV-infected patients, covering a period from 1996 
to 2004, demonstrated an increased relative risk of MI of 1.75 (95% CI 1.51–2.02; 
P < 0.0001) for HIV-infected vs. non-HIV-infected patients. This increased relative 
risk was seen in gender-stratified models and was greater with increasing age in the 
HIV vs. non-HIV-infected patients (Fig. 2). A higher percentage of HIV-infected 
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patients demonstrated hypertension (21.2 vs. 15.9%), diabetes (11.5 vs. 6.6%), and 
dyslipidemia (23.3 vs. 17.6%) compared to non-HIV-infected patients, (P < 0.0001 
for each comparison). Adjustment for traditional risk factors including hyperten-
sion, diabetes, and dyslipidemia attenuated the risk approximately 25%, suggesting 
that other risk factors which could not be fully assessed, including smoking, as well 
as inflammation and body composition changes might be contributing significantly 
to increased cardiovascular risk in the HIV group. Indeed, in a follow-up study, 
increased CRP was seen more frequently in the HIV group. Both HIV infection and 
increased CRP were independently associated with increased myocardial infarction 
rates. Indeed, being HIV positive and having an increased CRP together increased 
the risk of AMI by approximately fourfold [37], regardless of the reason for drawing 
a CRP, which was more often to characterize degree of inflammation or infection 
than to assess CVD risk, among the HIV group.

The hypothesis that inflammation may be contributing to increased CVD risk 
among HIV-infected patients was recently investigated by the Strategies for 
Management of Antiretroviral Therapy (SMART) study, in which HIV-infected 

Fig. 2 (a) Myocardial infarction rates and corresponding adjusted RR. Bars indicate crude rates 
of AMI events per 1,000 PY as determined by ICD coding. RR and associated P value are shown 
above the bars. RR was determined from Poisson regression analysis adjusting for age, gender, 
race, hypertension, diabetes, and dyslipidemia. Associated 95% CIs for RR shown are 1.51–2.02. 
(b) Myocardial infarction rates by age group. Light line indicates patients diagnosed with HIV 
disease. Dark line indicates patients not diagnosed with HIV disease. Data shown include both 
genders. Rates represent number of events per 1,000 PY as determined by ICD coding. Reprinted 
with permission granted from The Endocrine Society, Copyright 2007
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patients were randomized to receive ongoing continuous “suppressive” antiretrovi-
ral therapy to maintain steady improvement in immunological function or to epi-
sodic treatment based on specific immune parameters, to spare exposure to 
antiretroviral drugs to the greatest degree possible. The a priori hypothesis of 
SMART was that continuous ARV treatment would be associated with more meta-
bolic dysregulation, based on the mechanisms discussed above, and thus more 
cardiovascular disease. In fact, the opposite occurred and CVD event rates were 
higher in the ARV sparing arm (RR 1.6 95% CI 1.0–2.6, P = 0.05) [38]. These data 
suggested that inflammation or other factors, related to poor antiretroviral control, 
may indeed contribute to increased cardiovascular disease in the HIV population.

One interesting hypothesis, not yet tested directly, is that severe abnormalities in 
fat distribution may further contribute to increased inflammation, and thus contrib-
ute to increased CVD in patients with HIV lipodystrophy. Indeed, increased WHR 
ratio, and not HIV status, predicted increased CRP and other inflammatory risk 
markers in a study comparing HIV-infected women and age and BMI-matched non-
HIV-infected control subjects [5]. In modeling using more detailed measures of 
body composition, increased visceral fat was shown to be the most highly signifi-
cant predictor of increased CRP and IL-6 [5].

Additional studies have investigated surrogate markers, such as IMT in HIV-
infected patients. Increased IMT has been demonstrated in some but not all studies 
comparing HIV vs. non-HIV-infected patients [39, 40]. These differences relate 
largely to the choice of control group and differences in study design. Importantly, 
from the perspective of risk assessment, traditional risk factors, including age, HDL, 
TGL, and BMI, have been shown to be significant predictors of IMT in the HIV 
group [40]. In a recent study that included detailed information on fat distribution, 
hypertension, trunk/limb fat ratio by DEXA, and insulin resistance were shown to 
be the most significant predictors of carotid intima media thickness (cIMT) among 
a cohort of HIV-infected patients receiving long-term antiretroviral therapy [41]. 
The relationship of ARV use per se to increased cIMT remains controversial.

Taken together, the studies to date do suggest increased cardiovascular risk, mediated 
only in part by increased traditional risk factors (diabetes, dyslipidemia, hypertension, 
and smoking) in HIV-infected patients. Increased inflammation due to the HIV virus or 
related to abnormal fat distribution may also contribute. Further studies are needed to 
distinguish the specific effects of fat redistribution, inflammation, traditional risk factors, 
and specific ARV effects on long-term cardiovascular risk in the HIV population.

Novel Pharmacological Strategies to Improve  
Metabolic Abnormalities and Fat Redistribution  
Among HIV-Infected Patients

Treatment of dyslipidemia among HIV-infected patients has centered largely around 
the use of fibric acid derivatives, which are PPAR-alpha agonists, and largely useful 
for hypertriglyceridemia. These agents are moderately effective among HIV-infected 
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patients, but do not normalize dyslipidemia in most patients because lipid levels may 
be severely increased at baseline and HIV-infected patients are often simultaneously 
taking agents that increase triglycerides, including PIs. For example, Gerber et al. 
demonstrated a reduction of 58% in triglyceride levels, from a baseline of 694 mg/
dL, with only 16.7% achieving a normalization of triglyceride levels [42]. In addi-
tion, HIV itself is associated with increased triglyceride levels through effects to 
increase VLDL secretion and decrease clearance [1, 2]. Niacin has also been studied 
and shown to be reasonably effective to lower triglyceride levels, increase HDL, and 
improve LDL particle size, without significantly aggravating glucose levels [43]. In 
addition, fish oil has been shown to improve hypertriglyceridemia by 25.5% among 
HIV-infected patients [44]. Use of HMGCoA reductase inhibitors has also been 
investigated in HIV-infected patients, but may be less useful as such agents primarily 
target LDL, which may not be elevated among HIV-infected patients. Though some 
HMGCoA reductase inhibitors do decrease triglyceride, including atorvastatin, it is 
important to consider potential interactions between specific lipid-lowering agents 
and antiviral medications. For example, Fichtenbaum et al. demonstrated an increase 
of >3,000% in simvastatin AUC in patients receiving ritonavir/saquinavir [45] and 
efavirenz treatment significantly reduced simvastatin, atorvastatin, and pravastatin 
AUC through effects on CYP3A4 [46].

A novel treatment of dyslipidemia in HIV-infected patients with hypertriglyceri-
demia and fat redistribution is acipimox. Acipimox is a nicotinic acid inhibitor and 
potent inhibitor of lipolysis. HIV-infected patients with lipodystrophic changes in 
fat redistribution demonstrate increased FFA and lipolytic rates [14, 47]. In a 
randomized, placebo-controlled trial, acipimox significantly improved triglyceride 
and FFA concentrations, reduced lipolytic rates, and improved insulin sensitivity as 
determined by euglycemic clamp. Moreover, the improvement in insulin sensitivity 
was highly correlated with the reduction in lipolysis [48]. This novel therapeutic 
strategy suggested that reduction in lipolysis may improve not only dyslipidemia, 
but also insulin sensitivity, perhaps via reduction in the FFA pool and intramyocel-
lular lipid [48]. Accumulation of fat in the muscle may lead to reduced insulin 
sensitivity through effects on PI-3 kinase and insulin signaling.

Strategies to improve insulin sensitivity and simultaneously improve altered fat 
distribution have also been employed among HIV-infected patients. The most rationale 
of these approaches has targeted those with insulin resistance and investigated 
metformin for patients with overweight and increased abdominal obesity. In contrast, 
drugs of the thiazolidinedione class have been investigated to improve in insulin 
sensitivity. Simultaneously, these drugs were investigated for potential effects on 
adipogenesis to improve the loss of subcutaneous fat.

Metformin, a biguanide insulin-sensitizing agent, has been thought to act primarily 
at the liver to affect endogenous glucose production. Recent data suggest an effect 
of metformin to stimulate AMP kinase, thereby inducing fatty acid oxidation and 
suppression of lipogenic pathways [49]. These potential actions of metformin on 
AMP kinase may help to explain the effects of metformin on weight, fat loss, and 
glucose homeostasis. In an early randomized, placebo-controlled study of metformin 
among HIV-infected patients with insulin resistance and central fat accumulation, 
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Hadigan et al. demonstrated significant effects on insulin sensitivity, weight, waist 
circumference, blood pressure, and indices of impaired thrombolysis, which 
improved in parallel with insulin sensitivity [7, 50].

In contrast to metformin, the thiazolidinediones are PPAR-gamma agonists that 
stimulate glucose uptake into muscle, increase adipogenesis, and decrease lipolysis. 
In studies of patients with congenital lipodystrophy, troglitazone was shown to 
reduce triglyceride and FFA concentrations, improve insulin sensitivity, and 
increase subcutaneous fat, without reducing visceral fat [51]. Use of the glitazones 
is an attractive potential therapeutic option for HIV-infected patients, in whom 
reduced PPAR-gamma, C/EBP-alpha, and SREBP-1c expression has been shown 
in subcutaneous fat [20], and adiponectin levels are reduced in association with 
severe insulin resistance and reduced extremity fat [6]. Moreover, in an animal model 
of lipoatrophy, surgical implantation of fat improved insulin resistance, suggesting 
the potential clinical importance of pharmacological strategies to improve subcuta-
neous fat [52].

Recent studies have investigated use of thiazolidinediones among HIV-infected 
patients with subcutaneous fat loss. In a number of studies, rosiglitazone increased 
subcutaneous fat, while simultaneously improving insulin sensitivity, glucose toler-
ance, and adiponectin [53], as well as reducing liver fat [54] and improving PPAR-
gamma and PGC-1 gene expression [55]. In contrast, studies that did not select 
patients on the basis of insulin resistance more often did not show significant 
improvements in subcutaneous fat [56]. Moreover, the majority of studies investi-
gating rosiglitazone among HIV-infected patients with fat redistribution demon-
strated adverse effects on lipids, including increased LDL, decreased HDL, and 
increased small dense LDL particle concentrations and reduced HDL particle size 
[53, 57, 58]. There are a number of potential explanations for these results, the most 
likely of which is that the patients enrolled were often taking nucleoside reverse 
transcriptase agents, which simultaneously contributed to impaired mitochondrial 
function and limited the effects of glitazones to stimulate adipogenesis and PPAR-
gamma expression [59]. In contrast to rosiglitazone, pioglitazone, which has been 
shown to reduce liver fat in patients with hepatic steatosis [60], was shown to 
improve subcutaneous extremity fat and insulin resistance and increase HDL 
among lipodystrophic HIV-infected patients [61]. Taken together, the data on glita-
zones suggest a potentially important effect to increase PPAR gene expression and 
subcutaneous adipogenesis, insulin sensitivity, and adiponectin expression. 
However, these effects may be limited by the very therapies, e.g., the NRTIs that 
contribute to fat atrophy and insulin resistance in the HIV population. In contrast, 
treatments with thiazolidinediones may be very useful for HIV patients not receiving 
or switched off NRTIs or for other non-HIV lipodystrophic populations not receiving 
NRTIs.

Therapeutic administration of leptin has also been considered in HIV-infected 
patients with significant lipoatrophy and insulin resistance. In non-HIV-infected 
patients with severe lipodystrophy, insulin resistance, hypertriglyceridemia, 
and low serum leptin levels, administration of recombinant human leptin signifi-
cantly improved insulin sensitivity, dyslipidemia, and liver volume [62]. Among 
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 HIV-infected patients, leptin levels are low among lipoatrophic patients with 
 insulin resistance, and leptin administration improved insulin resistance and HDL 
[63]. In both HIV and non-HIV patients, leptin reduces caloric intake and weight, 
which may contribute to its metabolic effects, but may not be a desired effect in the 
long run for low weight lipoatrophic patients. Further studies are needed to deter-
mine the long-term effects, safety, and optimal dosing of leptin among HIV-infected 
patients with significant fat atrophy.

Recent data suggest that HIV-infected patients with fat redistribution demon-
strate relative growth hormone (GH) deficiency, with reduced overnight GH secre-
tion relative to HIV patients of similar BMI without fat redistribution as well as to 
non-HIV control subjects [64]. Reduced GH is significantly and inversely related 
to visceral adiposity, even controlling for weight, suggesting that increased visceral 
adiposity associated with the HIV lipodystrophy syndrome might contribute to 
reduced GH. In turn, reduced GH is associated with adverse cardiovascular indices 
such as dyslipidemia. Detailed investigation of the pattern of GH secretion in HIV-
infected patients with fat redistribution suggests reduced pulse height and width, 
but preserved GH pulse frequency [65].

A number of randomized, placebo-controlled studies have been conducted inves-
tigating high-dose GH. In one large Phase III study of GH at 4 mg/day over 12 weeks, 
a significant 20% reduction in visceral fat and significant improvements in non-HDL 
cholesterol as well as HDL cholesterol were demonstrated, but GH administration 
resulted in supraphysiological GH concentrations, symptoms, and signs of GH 
excess, including swelling, edema and joint aches, and increased glucose concentra-
tions [66]. In contrast, Lo et al. investigated physiological GH administration at an 
average dose of 0.3 mg/day, over 18 months among HIV-infected patients with central 
fat accumulation and reduced GH response to GHRH/arginine stimulation and dem-
onstrated a significant 9% reduction in visceral fat, with improvements in triglyceride 
and blood pressure. However, even at the low physiological dose of GH, 2-h glucose 
increased significantly in the GH group compared to placebo [67]. Taken together, 
these data show a significant effect of GH to reduce visceral fat and improve dyslipi-
demia in HIV-infected patients with central fat accumulation. However, the therapeutic 
window may be narrow, as even low-dose GH may increase glucose levels, particu-
larly in those patients with baseline impaired glucose tolerance.

Another approach to the treatment of central fat accumulation among HIV-
infected patients has been the use of growth hormone-releasing hormone (GHRH). 
In a pilot study, GHRH [1–29] was shown to decrease trunk fat and increase lean 
mass in HIV-infected patients with fat accumulation, without decreasing extremity 
fat, thus improving the trunk to extremity fat ratio [68]. Additional Phase III studies 
using GHRH

1–40
 were also completed [69]. These studies demonstrated a 20% 

reduction in visceral fat relative to placebo (Fig. 3), with significant improvements 
in total cholesterol, triglyceride, HDL, and cholesterol to HDL ratio. Adiponectin 
also improved and glucose was not adversely affected, in contrast to the effects seen 
in response to GH administration. Importantly, patients and physicians alike noted 
significant improvement in the shape of the abdomen, which reduced the stress 
associated with abdominal enlargement in this population.
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Conclusions

HIV-infected patients treated with antiretroviral agents often develop a unique 
acquired lipodystrophy syndrome characterized by accumulation of excess visceral 
fat, severe loss of subcutaneous fat, dyslipidemia, hypoadiponectinemia, insulin 
resistance, and impaired endothelial function. These metabolic changes contribute 
to an increased CVD rate among HIV-infected patients. Novel strategies to reduce 
lipolysis with acipimox, redistribute fat using PPAR-gamma agonists, and to selec-
tively reduce visceral fat, using GH stimulating analogues, have been developed, 
which may improve CVD risk in this population and could have broader applicabil-
ity to congenital and acquired lipodystrophy syndromes, as well as to obesity and 
the metabolic syndrome.
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Introduction

Obesity may be defined as an excessive accumulation of fat in adipose tissue and 
other organs, of sufficient magnitude to have an adverse impact on health. The body-
mass index (BMI), calculated as the weight (kg) divided by height squared (m2), is 
often used as a measurement of body fat in clinical and epidemiological studies [1]. 
The National Heart, Lung, and Blood Institute and the World Health Organization 
(WHO) define normal weight as a BMI of 18.5–24.9 kg/m2, overweight as a BMI ³ 
25–29.9 kg/m2, and obese as a BMI ³ 30 kg/m2. The BMI criteria for Asia and 
Oceania are slightly different: normal weight is a BMI of 18.5–22.9 kg/m2, over-
weight is a BMI ³ 23–24.9 kg/m2, and obesity is a BMI ³ 25 kg/m2. At a given BMI, 
body fat is about 12% higher in women than in men [1]. Children with a BMI >97th 
percentile in regard to age and gender are considered to be obese. Children with BMI 
>90th percentile but <97th percentile are considered to be overweight.

In 2005, the WHO estimated that approximately 1.6 billion adults (age 15 years 
and above) were overweight, and at least 400 million were obese. Given the current 
trends, the WHO projects that by 2015, approximately 2.3 billion adults will be 
overweight and more than 700 million will be obese. At least 20 million children 
under the age of 5 years were overweight globally in 2005, and this figure is 
expected to rise in the coming years. Obesity was once considered a health problem 
in developed countries, but is now highly prevalent in low and middle income coun-
tries, particularly in urban areas. In the United States, approximately 70% of adults 
are overweight and 30% are obese [1]. Moreover, obesity rates are higher among 
African American women, Hispanics, and Native Americans [1].

The fundamental cause of overweight and obesity is an imbalance between energy 
intake and expenditure. Obesity and fat distribution are influenced by genetics, maternal 
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and perinatal factors, and gender. However, the global increases in overweight and 
obesity are attributable mainly to a shift in diet towards  energy-dense foods, rich in 
fat and sugars, but low in vitamins and other micronutrients, as well as sedentary 
lifestyle in modern societies. “Metabolic syndrome” denotes a connection between 
central obesity and insulin resistance, hypertension, dyslipidemia, impaired glucose 
tolerance or diabetes, all of which increase the risk of coronary artery disease. Obesity 
is also associated with greater risk of sleep apnea, nonalcoholic fatty liver disease, 
cancer, osteoarthritis, reproductive dysfunction, and other serious medical conditions. 
Obesity leads to social stigmatization and disability, and is recognized as an indepen-
dent risk factor for mortality [2, 3]. Among more than 90,000 women studied in the 
Women’s Health Initiative, the risk of death was strongly associated with increasing 
BMI from normal levels to more than 40 kg/m2 [3]. Another study of more than 
80,000 men and women revealed that mortality among those younger than 55 years 
was directly related to BMI [2]. Mortality among those 55 years or older was higher 
starting at a BMI of 25 kg/m2 in women and 30 kg/m2 in men [2].

The Diabetes Prevention Program (DPP) highlighted the importance of a modest 
(5–10%) weight loss on the development of diabetes [4]. The study participants 
with impaired glucose tolerance were randomized to intensive lifestyle modifica-
tion, or treatment with metformin or placebo, respectively. The average duration of 
treatment was 2.8 years. Those assigned to lifestyle intervention lost 5.6 kg, com-
pared to 2.1 kg in the metformin group and 0.1 kg in the placebo group. The risk 
of developing diabetes was reduced by 58% in the lifestyle intervention group 
compared to the placebo group, and by 31% in the lifestyle intervention group 
compared the metformin-treated group. Lifestyle intervention significantly reduced 
the risk of developing the “metabolic syndrome” by 17% compared to metformin 
treatment, and by 41% compared to placebo. Studies in other countries have shown 
similar effects of weight loss in reducing the risk of diabetes [5, 6].

Weight loss also decreases the risk of cardiovascular disease. In the Framingham 
cohort, a modest weight loss of 6.8 kg or more reduced the risk of hypertension by 
28% in middle age adults and by 37% in older adults [7]. In a clinical trial using 
lifestyle intervention to decrease blood pressure, the risk for hypertension fell by 
65% when weight loss of 4.5 kg was maintained for 30 months [8]. Maintenance 
of reduced weight in the long-term lowered the incidence of cardiovascular disease, 
especially in participants with preexisting cardiovascular risk factors [8].

Clinical Evaluation of Obesity

History. The timing and progression of obesity, exacerbating factors, attempts at 
weight loss, and associated diseases are all important. Rare genetic syndromes 
associated with obesity include the Prader–Willi syndrome, which results from a 
paternal chromosomal abnormality, and Bardet–Biedl syndrome, Ahlstrom syn-
drome and Cohen syndrome, which result from autosomal recessive abnormalities 
[9]. Melanocortin-4 receptor (MC4R) defects are thought to occur in approximately 
4% of morbidly obese individuals, and are associated with early onset obesity, 
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hyperphagia, insulin resistance, and increased height [9]. Despite the obesity, 
MC4R null patients are protected from hypertension [10]. Null mutations of leptin 
or leptin receptor genes cause hyperphagia, early onset obesity, insulin resistance, 
immunosuppression, and hypothalamic hypogonadism [9]. Obesity resulting from 
monogenic or chromosomal abnormalities occurs during childhood, progress rap-
idly, and may be associated with characteristic features e.g., mental retardation or 
abnormal facies, as in the rare cases of chromosomal abnormalities.

Rapid weight increase can occur in secondary causes of obesity, including endo-
crinopathies (e.g., hyperinsulinism, hypothyroidism, Cushing’s syndrome, oral 
contraceptives); medications, (e.g., insulin, sulfonylureas or thiazolidinediones, 
atypical anti-psychotics, antidepressants, and a- and b-adrenergic blockers 
(Table 1); hypothalamic injury (e.g., postsurgical resection and radiation therapy 
for craniopharyngioma and other sellar tumors); or pseudotumor cerebri. The natu-
ral history of primary (idiopathic) obesity is influenced by complex genetics, intra-
uterine and perinatal factors as well the social environment, particularly the 
availability of energy-dense foods rich in fat and sugar, and sedentary lifestyle 
[11–13]. Childhood obesity often starts in the first 4–6 years and is strongly 
 predicted by parental obesity [12]. The history should capture the time-line of 

Table 1 Drugs associated with weight increase

Class Drug Alternatives

Antipsychotic Clozapine Ziprasidone
Risperidone Aripiprazole
Olanzapine
Quetiapine

Antidepressant Tricyclics Fluoxetine
Lithium Sertraline
MAOIs Bupropion
Paroxetine Nefazodone
Fluvoxamine
Citalopram
Mirtazapine
Venlafaxine

Anticonvulsant Carbamazepine Topiramate
Gabapentin Lamotrigine
Valproic acid Zonisamide

Diabetes Insulin Metformin
Thiazolidinedione Exenatide
Sulfonylurea Pramlintide

Sitagliptin
Acarbose
Miglitol

Steroid hormone Corticosteroid
Estrogen
Progestin

Hypertension a-blocker ACE inhibitor or ARB
b-blocker Calcium channel blocker
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 obesity, the timing and quantities foods and drinks consumed, how much vegetables 
and processed foods are consumed, and whether the food is prepared at home or 
bought. Aberrant eating behaviors, such as bingeing, bulimia, and night-eating 
syndrome, point to primary psychiatric disorders [14, 15].

Documentation of time spent on sedentary activities, such as watching televi-
sion, walking, and other forms of exercise is important [16–18]. A careful drug 
history, including prescription drugs and over-the-counter supplements, is essential. 
Systemic review should elicit symptoms suggestive of diabetes or glucose impair-
ment, hypothyroidism, Cushing’s syndrome, dyslipidemia, angina, stroke, conges-
tive heart failure, venous thrombosis, dyspnea, fatigue, sleep apnea, hypoventilation, 
sexual dysfunction, stress incontinence, gastroesophageal reflux, cholelithiasis, 
meralgia paresthetica, depression, bingeing, bulimia, night-eating, obsessive com-
pulsive disorder, osteoarthritis, skin infections, and lymphedema.

Physical examination. Specific measures in the physical examination include the 
BMI, waist circumference, neck circumference, blood pressure, and stigmata point-
ing to endocrinopathies or cardiovascular, pulmonary, neurological or musculosk-
eletal complications. The BMI is easy to measure and associated with obesity-related 
diseases [19]. However, the BMI may not be the best predictor of obesity-related 
health problems in some ethnic groups, such as African Americans and Hispanic-
American women, who have more fat-free mass than Caucasians [19]. A high BMI 
in athletes does not indicate obesity because of increases in fat-free and muscle 
mass. In contrast, the relationship between BMI and body fat in elderly patients can 
be affected by loss of height or decreased muscle mass [20].

Waist circumference should be measured in overweight patients because it is 
among the criteria for metabolic syndrome, and correlates strongly with cardiovascular 
morbidity [21] (Tables 2 and 3). The waist circumference is determined with a tape 
measure at a horizontal line above the superior iliac crest. The hip  circumference is 
measured at the highest point of the greater trochanter. Waist-to-hip ratios greater than 
0.95 in men and 0.85 in women are considered elevated.

A neck circumference greater than 17 in. in men and 16 in. in women is 
predictive  of sleep apnea [22] (Table 4). Clinicians should look for evidence of 

Table 2 2005 revised ATP III screening criteria for metabolic syndrome (American Heart 
Association, and the National Heart Lung and Blood Institute)

Increased waist circumference ³102 cm in men
³88 cm in women

Increased serum triglycerides ³150 mg/dL (1.7 mmol/L) or on drug treatment for elevated 
serum triglycerides

Reduced HDL cholesterol <40 mg/dL (0.9 mmol/L) in men
<50 mg/dL (1.1 mmol/L) in women
Or drug treatment for reduced HDL cholesterol

Increased blood pressure ³130 mmHg systolic blood pressure or ³85 mmHg diastolic 
blood pressure or anti-hypertensive drug treatment in a 
patient with a history of hypertension

Increased fasting glucose ³100 mg/dL drug treatment for elevated glucose
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hypertension, endocrinopathies (e.g., acanthosis nigricans in hyperinsulinism; 
proximal myopathy, dorsal cervical adiposity, facial plethora and hyperpigmented 
striae in hypercortisolism; goiter, myxedematous skin changes, and hyporeflexia in 
hypothyroidism), and systemic abnormalities.

Laboratory evaluation. Laboratory tests are intended to evaluate overweight and 
obese patients at high risk for diabetes, cardiovascular disease, hypothyroidism and 
other diseases [21, 23]. Essential tests are fasting plasma glucose and lipid panel, and 
glycosylated hemoglobin. Thyroid-stimulating hormone (TSH) is useful for exclud-
ing hypothyroidism, especially in older women. Screening with urinary free cortisol 
is needed when there are specific symptoms and signs of hypercortisolism, such neu-
ropsychiatric symptoms, proximal myopathy, hyperpigmented striae or osteoporosis. 
Based on the clinical assessment, other tests may be needed, e.g., polysomnography 
for sleep disorders, abdominal ultrasound for cholelithiasis and nonalcoholic fatty 
liver disease, electrocardiogram, echocardiogram, angiography and other cardiac 
evaluation, and computed tomography or magnetic resonance imaging of pituitary 

Table 3 International Diabetes Fede-
ration waist circumference criteria for 
metabolic syndrome

European Male ³ 94 cm
Female ³ 80 cm

South Asian Male ³ 90 cm
Female ³ 80 cm

Chinese Male ³ 90 cm
Female ³ 80 cm

Japanese Male ³ 90 cm
Female ³ 80 cm

Table 4 Assessment of wake-time sleepiness

The Epworth Sleepiness Scale is a patient questionnaire that identifies  
the level of wake-time sleepiness

Rate the degree of sleepiness during the following activities using this scale:  
0 = never doze; 1 = slight chance of dozing; 2 = moderate chance of  
dozing; 3 = high chance of dozing

Activity Sleepiness score (0–3)
Sitting and reading
Watching TV
Sitting in public
Passenger in a car for 1 h
Lying down in the afternoon
Sitting and talking to someone
Sitting quietly after lunch
Stopped for few minutes in traffic
Total score (Total score > 10 requires evaluation to determine whether 

patient is getting adequate sleep or has an underlying sleep 
disorder)



364 R.S. Ahima

disorders. Genetic testing is required for diagnosing monogenic obesity in highly 
consanguineous families, and rare chromosomal disorders associated with obesity.

Treatment of Obesity

Goals. Like any complex disease, the treatment of obesity demands a long-term 
perspective and multidisciplinary approach. The patient’s interests, desires and 
ability should be the primary determinants of the weight management plan. A team 
approach involving the patient, family and social support group, primary care phy-
sician, and specialists is needed. The goal of treatment is to improve existing obe-
sity-related diseases, reduce the risk of developing obesity-related diseases, and 
enhance overall quality of life. Studies have shown that an initial weight loss of 
10% of the baseline weight and maintenance at 5–10% of the baseline weight are 
realistic goals which improve disease outcomes in obesity [4]. Tables 5 and 6 sum-
marize the risk assessment and treatment of obesity.

Lifestyle modification. Overweight or obese patients need to make lifestyle 
changes to achieve and maintain the weight loss goals. Patients often wish they 
could to lose 30% or more of their initial body weight, but a more realistic goal is 
5–10% of initial weight [4]. Importantly, this weight loss target decreases the inci-
dence of diabetes [4]. Patients should be educated about the fundamentals of body 
weight regulation. Most patients, often based on their own experiences, are aware 
that after losing an initial amount of weight they hit a plateau and fail to lose more 
weight. In fact, only few individuals who lose weight are able to sustain that level 
for 3 years [24]. This phenomenon may be driven by a failure to adhere to behav-
ioral, dietary, and exercise guidelines. Adaptive metabolic and neuroendocrine 
responses, mediated by leptin and other hormones, suppress energy expenditure 
and increase appetite in an attempt to restore weight [25].

What are the characteristics of those who are successful in losing weight? They eat 
less, exercise more, practice positive thinking and other stress-relieving  techniques, 
and rigorously monitor their eating behavior and physical activity [26, 27]. Behavior 
modification strategies include keeping a diary and recording details of eating behav-
ior, such as what foods are eaten, the timing and setting in which food is eaten, and 

Table 5 Risk assessment of obesity

BMI 
(kg/m2)

Disease risk relative to normal weight and waist

Obesity 
class

Men < 40 in (102 cm) Men > 40 in (102 cm)

Women < 35 in (88 cm) Women > 35 in (88 cm)

Underweight <18.5
Normal 18.5–24.9
Overweight 25–29.9 Increased High
Obesity 30–34.9 I High Very high

35–39.9 II Very high Very high
³40 III Extremely high Extremely high



36519 Principles of Obesity Therapy

factors which trigger eating. This information is valuable to the patient as well as the 
healthcare provider, because it provides a framework for formulation of a personalized 
eating plan for the patient. Based on the DPP paradigm, lifestyle modification is pro-
vided on a weekly basis for 16–26 weeks in groups of 10–20 patients, for 60–90 min 
sessions [4, 27, 28]. Group therapy is more effective, at least initially, because it offers 
an empathic environment, social support and healthy competition among participants. 
Weekly weigh-ins can motivate some patients. During the weight-loss maintenance 
phase, a blend of individual and group  behavior therapy is more practical than group 
therapy alone because of specific medical needs, personalized treatment of weight 
regain, and different work schedules, and other social needs. Interactions via the inter-
net, telephone, or mail can be very helpful between clinic visits [29, 30]. Regardless 
of the method, it is important that participants keep food and activity diaries, document 
their weights weekly, and complete other behavioral assignments.

Diet. The degree of weight loss depends on adherence to a dietary plan. 
Unfortunately, there is so much hype surrounding the importance of the macronutrient 
content to successful weight loss. The fundamental principle of energy homeostasis is 
that in order to lose weight, a person must ingest fewer calories than is needed to 
maintain resting metabolic rate and physical activity. Assuming the weight has been 
stable, the daily caloric intake is equal to total energy expenditure. The total energy 
expenditure (kilocalories) can be estimated from the product of the resting metabolic 
rate (i.e., 10 × body weight in pounds for women, or 11 × body weight in pounds for 
men) and activity index (ranging from 1.2 for sedentary to 2 for very active).

A popular recommendation for a low calorie diet comprises of 500–1,000 kcal 
deficit per day, carbohydrates £55%, protein 15%, total fat £30%, saturated fat 
8–10%, polyunsaturated fat <10%, monounsaturated fat £15%, cholesterol £30 g, 
fiber 20–30 g [21, 23]. This high-carbohydrate low-fat diet emphasizes an adequate 
intake of vegetables, whole grains and fruits [21, 23].

Very low calorie diets (VLCDs) provide 400–800 kcal and 70–100 g of protein per 
day, and are designed for rapid weight loss and preservation of lean body mass [31]. 
VLCDs, often served as liquid diets can be helpful when extremely obese patients 
need to lose weight rapidly for medical procedures [31, 32]. VLCDs should be 
administered under medical supervision because patients may develop electrolyte 
abnormalities and gall stones [31, 33]. Patients can lose 15–25% of their initial weight 
within the first 12–16 weeks on VLCDs, but the long-term weight losses are compa-
rable to low calorie diets, because of greater weight regain in VLCD patients [33].

Table 6 Guide to obesity treatment

Treatment

Body Mass Index

25–25.9 27–29.9 30–34.9 35–39.9 ³40

Diet, exercise 
& behavior 
therapy

With 
comorbidities

With 
comorbidities

+ + +

Pharmacotherapy With 
comorbidities

+ + +

Surgery With 
comorbidities

+
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Meal replacements provide a structured approach toward attaining caloric goals 
[33, 34]. The meal replacements provide 500–1,000 kcal/day as 2 or 3 servings of 
a liquid diet. This is complemented by a conventional meal. Because obese patients 
underestimate their daily calorie intake by as much as 40–50% when eating con-
ventional meals, meal replacements have an advantage of providing a known calo-
rie content [33–35]. The meal replacement regimen is simple, involves no food 
preparation by the patient, and avoids poor food choices. A meta-analysis showed 
that meal replacements were more effective than isocaloric diets composed of con-
ventional foods [36]. Meal replacements also resulted in significantly greater 
weight loss and glycemic control in diabetics [37].

Portion-controlled servings of conventional foods can be more effective than 
conventional meals in reducing weight [38–41]. For example, patients who received 
a diet of 1,000 kcal/day designated as 5 breakfasts and 5 dinners in a week lost 
more weight compared to patients who consumed the same total calories as self-
selected meals [40]. Portion-controlled meals can be provided as frozen-food 
entrees as an alternative to liquid diets [41].

Low-carbohydrate high-fat diets, popularized by the Atkins diet, drastically 
reduce carbohydrate intake and increase fat and protein intake [42]. Carbohydrate 
intake less than 50 g/day induces ketosis, which in combination with the high pro-
tein intake is thought to suppress appetite [42]. Although randomized clinical trials 
have reported greater weight loss in patients on low-carbohydrate high-fat diets at 
6 months, this effect was not sustained after a year [43–46].

Low glycemic index diets are popular because they limit the glucose load during 
meals, attenuate the rise in insulin levels, and avoid the adverse metabolic conse-
quences of hyperinsulinemia [47, 48]. The glycemic index of a food is determined by 
measuring the change in blood glucose following ingestion of 50 g of the target food, 
compared to the same amount of control food (i.e., white bread or glucose). Whole 
grains, legumes, vegetables, and fruits with low glycemic index may induce satiation 
while maintaining low insulin levels [48]. However, studies in obese individuals have 
not consistently shown greater effects of low glycemic index foods on weight loss 
[47, 49–51]. Nonetheless, low glycemic index diets are associated with greater reduc-
tions in glucose and glycated proteins than high glycemic index diets [47, 52].

This review of various diets highlights the fact that in the long-term, total caloric 
intake is more relevant than the macronutrient composition of foods. The key to a 
successful diet plan is to emphasize patients’ preferences, compliance, and cost 
considerations.

Exercise

There is ample evidence that exercise improves cardiopulmonary and overall health 
[53–55]. However, exercise alone cannot be a primary treatment for weight loss. 
Contrary to popular belief, it takes a lot of intense exercise to lose weight [56–58]. 
In order to lose a pound a week, one needs to achieve a 3,500 kcal deficit which 
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requires walking 5 miles daily for 7 days in a week. Obviously most individuals 
cannot achieve this feat. The major effect of exercise is to facilitate the maintenance 
of reduced weight [58]. The typical recommendation is for obese individuals to 
increase walking to 30–60 min daily for 5 or more days a week. A meta-analysis of 
weight loss trials found that exercise alone resulted in a 3 kg weight loss, whereas 
a combination of exercise and diet resulted in a 11 kg weight loss [59, 60]. An 
objective and practical method for monitoring exercise is to wear a pedometer.  
A mile is about 2,000 steps and the daily cumulative target is 10,000 steps.

Pharmacotherapy

Drugs approved by the United States Food and Drug Administration (FDA) for the 
treatment of obesity are shown in Table 7.

Sibutramine is a norepinephrine-serotonin reuptake inhibitor approved for long-
term treatment of obesity. Sibutramine has been studied in several clinical trials. In a 
short-term clinical trial lasting 8 weeks, sibutramine decreased weight in a dose-
dependent manner, when administered as 5 vs. 20 mg/day [61]. Over 6 months, 67% 
of patients treated with sibutramine achieved a 5% weight loss from baseline and 35% 
lost 10% or more [61]. The patients regained weight when sibutramine was discon-
tinued, indicating that the drug is effective when treatment is maintained [61]. In the 
Sibutramine Trial of Obesity Reduction and Maintenance (STORM), which lasted  
2 years, patients were initially enrolled in a 6-month open-label trial and treated with 
a sibutramine dose of 10 mg/day [62]. Two thirds of those who lost 8 kg or more 
were then randomized to sibutramine and one third to placebo. Over 18 months, the 
placebo-treated patients regained 80% of their weight, while the sibutramine-treated 
patients maintained their weight for 12 months and then 20% [62].

Table 7 Drugs approved by the United States Food and Drug Administration for the treatment of 
obesity

Generic name Trade name
Drug Enforcement 
Agency schedule Approved use Year approved

Orlistat (120 mg) Xenical None Long-term 1999
Orlistat (60 mg) Alli None Long-term 2007
Sibutramine* Meridia IV Long-term 

(Withdrawn  
in 2010)

1997 
(Withdrawn 
in 2010)

Diethylpropion Tenulate IV Short-term 1973
Phentermine Adipex IV Short-term 1973

Ionamin
Phendimetrazine Bontril III Short-term 1961

Prelu-2
Benzphetamine Didrex III Short-term 1960

*Sibutramine was withdrawn by the European Medicines Agency’s Committee for Medicinal 
Products for Human Use in January 2010, and the United States Food and Drug Administration 
in October 2010, due to adverse cardiovascular events.
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A common side effect of sibutramine is hypertension, which has raised safety 
concerns. In a 52-week trial in obese patients with hypertension whose blood 
 pressure was controlled with calcium channel blockers and/or b-blockers or 
 thiazides, weight loss was greater in the sibutramine-treated patients than the pla-
cebo-treated patients [63]. Diastolic blood pressure was decreased by 1.3 mmHg in 
the placebo-treated group and increased by 2 mmHg in the sibutramine-treated 
group. Systolic blood pressure was increased by 1.5 mmHg in the placebo-treated 
group and by 2.7 mmHg in the sibutramine-treated group. Sibutramine also increased 
the heart rate by 4.9 beats/min [63]. These modest changes did not result in cardio-
vascular morbidity.

Sibutramine is effective in obese diabetic patients [64, 65]. Patients with diabe-
tes treated with sibutramine at 15 mg/day lost 2.8% of body weight compared to 
0.12% in the placebo group after 12 weeks [64]. Hemoglobin A1c levels fell by 
0.3% in the sibutramine-treated group, but did not change in the placebo group. In 
a 24-week trial, sibutramine decreased weight by 4.3% compared to 0.3% in pla-
cebo-treated patients. Hemoglobin A1c levels fell by 1.67% in the sibutramine-
treated group compared to 0.53% in the placebo-treated group [65].

Sibutramine has also been used in obese children [66–68]. In a 12-month 
 multicenter trial, adolescents aged 12–16 years were assigned to placebo or 
sibutramine, 10 mg/day that was increased to 15 mg/day in patients who lost more 
than 10% of body weight in 6 months. The mean change in BMI in the sibutramine-
treated patients was -8.2% compared to -0.8% in the placebo group. Triglycerides, 
HDL cholesterol, and insulin sensitivity all improved after sibutramine treatment. 
Importantly, there was no difference in systolic or diastolic blood pressure between 
placebo and sibutramine treatment [67].

Sibutramine is more effective when combined with a behavioral program. 
Weight loss over 12 months was 5.0 ± 7.4 kg in sibutramine-treated patients. 
Behavior modification alone resulted in weight loss of 6.7 ± 7.9 kg. Addition of 
minimal behavioral therapy to sibutramine resulted in a slightly larger weight loss 
of 7.5 ± 8.0 kg. On the other hand, adding an intensive lifestyle intervention pro-
gram to sibutramine increased the weight loss to 12.1 ± 9.8 kg [68].

To summarize, the usual starting dose of sibutramine is 10 mg/day, which can be 
titrated up or down depending on the response in 4–6 weeks. Sibutramine decreases 
triglycerides, total cholesterol, and LDL cholesterol levels, and increases HDL 
cholesterol levels, depending on the degree of weight loss. Side effects of 
sibutramine include hypertension, palpitations, pseudoageusia, headaches, insom-
nia, and asthenia. Sibutramine increases systolic by approximately 0.8 mmHg, 
diastolic blood pressure by 0.6 mmHg, and pulse rate by 4–5 beats/min. Sibutramine 
is contraindicated in patients with coronary artery disease, congestive heart failure, 
arrhythmias, or stroke. Sibutramine should not be used with selective serotonin 
reuptake inhibitors or monoamine oxidase inhibitors. The latter should be with-
drawn for at least 2 weeks before starting sibutramine.

Sympathomimetic drugs: Benzphetamine, diethylpropion, phendimetrazine, and 
phentermine which block norepinephrine reuptake in the brain, suppress appetite 
and are approved for short-term treatment of obesity, typically 12 weeks (Table 7). 
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A clinical trial lasting 36 weeks showed that continuous or intermittent phenter-
mine treatment resulted in greater weight loss than placebo [69]. Patients treated 
intermittently regained weight during the drug-free period and lost weight when 
phentermine was restarted [69]. Phentermine and diethylpropion are classified by 
the United States Drug Enforcement Agency as schedule IV drugs, and benzphet-
amine and phendimetrazine are classified as schedule III drugs, indicating their 
potential for abuse. The side-effects of sympathomimetic drugs include hyperten-
sion, palpitations, insomnia, dry mouth, asthenia, and constipation.

Orlistat inhibits pancreatic lipase, reduces the intestinal digestion of triglycer-
ides, and increases fecal fat loss. Orlistat is not absorbed to any significant extent, 
and has minimal effect when patients eat a low-fat diet. Orlistat has been studied 
in many clinical trials. In one trial, patients received a 500 kcal/day deficit diet for 
1 year and were treated with placebo or orlistat, and were then switched to placebo 
vs. orlistat or versa in a cross-over design [70]. After the first year, the placebo 
group lost 6.1% of their initial body weight and the orlistat group lost 10.2%. In the 
second year, patients switched from orlistat to placebo gained weight from -10 to 
-6% lower than baseline, whereas patients who were switched from placebo to 
orlistat lost weight from -6 to -8.1% lower than baseline [70].

In a 4-year, double-blind, randomized, placebo-controlled trial in 3,304 over-
weight patients, the lowest body weight after 1 year was more than -11% of initial 
weight in the orlistat-treated group and -6% lower than initial weight in the pla-
cebo-treated group [71]. After the fourth year, the weights of orlistat-treated 
patients were -6.9% lower than baseline, compared to -4.1% for those receiving 
placebo. The conversion of patients from impaired glucose tolerance to overt dia-
betes was reduced by 37% in the orlistat group [71].

Orlistat has been tested in diabetic patients. In one study, orlistat treatment 
decreased body weight by 6.5% after 1 year compared to 4.2% in the placebo group 
[72]. Hemoglobin A1c levels were significantly reduced by orlistat [72]. Another 
study involving pooled data from three 2-year studies revealed that 6.6% of the 
patients taking orlistat converted from a normal to an impaired glucose tolerance 
test result, whereas 10.8% in the placebo-treated group developed diabetes [73]. 
Among the normoglycemic patients, 7.6% in the placebo group developed diabetes 
compared to 3% in the orlistat-treated group [73].

A multicenter trial tested the effects of orlistat in obese adolescents on a hypoca-
loric diet containing 30% fat [74]. The BMI was decreased by 0.55 kg/m2 in the 
orlistat group compared to an increase of 0.31 kg/m2 in the placebo group. At the 
end of the study, the weight increased by 0.51 kg in the orlistat group and 3.14 kg 
in the placebo group.

Orlistat is effective in maintenance of weight loss [75]. In a 1 year study in patients 
who had lost more than 8% of their body weight over 6 months while eating a 1,000-
kcal/day diet, the placebo-treated patients regained 56% of their body weight, com-
pared to a 32.4% in the those treated with orlistat at a dose of 120 mg three times per 
day. Lower doses of orlistat did not prevent the regain of weight [75].

The usual prescription dose of orlistat is 120 mg three times a day with meals. An 
over the counter dose of orlistat 60 mg three times daily is also available. Flatulence, 
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oily stools and related gastrointestinal symptoms are common initially, but tend to 
subside when patients learn to avoid fatty meals. Orlistat can cause significant decreases 
in fat-soluble vitamins, hence a multivitamin should be taken before bedtime.

Rimonabant is a cannabinoid receptor-1 antagonist that inhibits feeding, and 
improves glycemia and lipid levels in patients with the metabolic syndrome [76]. 
Rimonabant was approved by European drug regulatory agencies in 2006 for obe-
sity treatment. The drug was withdrawn in October 2008 because of psychiatric 
side effects, including depression and anxiety [77].

Drugs Used to Treat Obesity But Are Not Approved 
by the United States FDA

Fluoxetine is a selective serotonin-reuptake inhibitor approved by the FDA for 
treatment of depression. Fluoxetine at a dose of 60 mg/day (that is three times the 
usual dose for the treatment of depression) reduces body weight in overweight 
patients, but 50% of the lost weight is regained during the second 6 months of treat-
ment [78]. Thus, fluoxetine is not an appropriate long-term treatment for obesity.

Bupropion is a norepinephrine- and dopamine reuptake inhibitor approved for the 
treatment of depression and smoking cessation. Bupropion has been shown to decrease 
body weight [79]. It appears that non-depressed patients respond to better to bupropion 
with weight loss than depressed patients [80]. Topiramate is approved for the treatment 
of seizure disorders. The anti-seizure activity involves the modulation of GABA

A
 

receptor, kainate subtype of the glutamate receptor, and voltage-dependent sodium and 
calcium channels. Topiramate inhibits food intake through the GABA

A
 receptor [81]. 

Although significant weight loss of 16% was observed after 44 weeks of topiramate 
treatment vs. 8.9% in the placebo group, the trial has terminated due to associated 
adverse events [82]. Zonisamide is an anti-seizure drug with serotonergic and dop-
aminergic activity. Weight loss occurred in patients treated with zonisamide [83].

Some anti-diabetic drugs have been associated with significant weight loss. For 
example, several studies have shown that patients treated with metformin lose more 
weight [4, 84]. In the DPP study of individuals with impaired glucose tolerance, 
patients treated with metformin (850 mg twice a day) lost 2.5% of their initial body 
weight compared with those treated with placebo [4]. This weight loss is modest, 
but establishes metformin as a logical choice for diabetes treatment in overweight 
or obese individuals.

Amylin is co-secreted with insulin and reduces glucose levels. Unlike insulin and 
many anti-diabetic drugs, pramlintide (amylin) decreases body weight [85]. In a study 
of patients with type 1 diabetes randomized to placebo or subcutaneous pramlintide 
at a dosage of 60 mg three or four times a day along with insulin injection, the weight 
decreased by 1.2 kg relative to placebo, and the hemoglobin A1c decreased from 0.29 
to 0.34% [86]. The most common side effect of pramlintide is nausea, which usually 
abates after 4 weeks. Recent studies have shown that combining amylin and leptin 
produces significant weight loss in both rodents and humans [86, 87].
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Exenatide (exendin-4) is a 39-amino acid peptide with 53% homology with 
 GLP-1. Exenatide is approved for treatment of type 2 diabetes in patients with poorly 
controlled glycemia, while being treated with metformin or sulfonylureas. Several 
clinical trials have shown that in addition to reducing the HbA1c levels, exenatide 
produces a significant weight loss [88–90]. Liraglutide is a GLP-1 agonist with a 
slower rate of degradation of GLP-1 due to insertion of a fatty acid residue. Studies 
indicate that liraglutide has beneficial effects on glucose as well as weight [91].

Combination therapy is a logical strategy for enhancing the efficacy of anti-
obesity drugs. For example, phentermine and fenfluramine showed a highly signifi-
cant weight loss when used in combination [92]. However, the drug was withdrawn 
due to reports of valvular regurgitation associated with its use [93, 94]. Other com-
binations of existing drugs are under development, including phentermine and 
topiramate, phentermine and zonisamide, and naltrexone and bupropion. Early 
results suggest that combined drugs may have additive effects on weight loss, but 
long-term studies are needed to evaluate the side effects.

Surgical Treatment of Obesity

Surgical treatment should be considered for obesity patients with BMI > 40 kg/m2, 
or a BMI greater than 35 kg/m2 with serious comorbid conditions, such as sleep 
apnea, poorly controlled diabetes mellitus, and joint disease (Tables 5 and 6). 
Surgical candidates should have tried and failed non-surgical weight loss therapy, 
understand the benefits and risks of surgery, and adhere to postoperative recom-
mendations. Roux-en-Y gastric bypass involves the creation of a small pouch of 
stomach just below the esophagus that empties into a loop of jejunum [95]. Roux-
en-Y gastric bypass produces the greatest degree of weight loss, and independently 
improves diabetes and dyslipidemia [96].

Vertical banded gastroplasty (VBG) is a restrictive procedure involving the 
placement of a staple line parallel to the lesser curvature, and a ring at the end of 
this narrowing which delays the entry of food into the stomach. Laparoscopic 
adjustable gastroplasty (LAG) involves the placement of an adjustable ring that 
narrows the opening between the upper and lower stomach. Pancreaticobiliary 
diversion (BPD) is rarely performed nowadays, and involves the formation of two 
parallel intestinal limbs, one of which empties the stomach and the other into the 
pancreatic and biliary secretions, both of which are emptied near the ileocecal valve 
[96]. BPD produces severe weight loss, likely through malabsorption [95, 96].

In a randomized controlled trial comparing patients with diabetes and a BMI 
between 30 and 40 kg/m2 assigned to either gastric banding or a lifestyle program, 
patients in the gastric banding group lost 20% of their initial body weight compared to 
1.4% in the lifestyle group, after 2 years [97]. Diabetes remission occurred in 73% of 
those in the surgical group, compared to 13% in the lifestyle modification group [97].

The Swedish Obese Subjects Study (SOS) found that cardiovascular risk factors 
were reduced in patients who had bariatric surgery than those in the control group 
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in the first 2 years after surgery [98]. The incidence of new cases of diabetes at 2 
and 10 years was drastically reduced by bariatric surgery [98]. In a follow up SOS 
study, gastric bypass surgery resulted in 29% reduction in mortality after nearly 11 
years compared with the control group [99]. Another study over an 8-year period 
showed that gastric bypass surgery decreased mortality in severely obese patients 
by 40% compared to the control group [100].

Effects of bariatric surgery on diabetes. Interest in the use of bariatric surgery as a 
primary treatment for diabetes is growing. A meta-analysis involving 136 studies and 
22,094 patients found an overall 77% remission of diabetes after bariatric surgery, 84% 
for RYGB, 48% for LAG, 68% for VBG, and 98% for BPD [101]. Case series focusing 
on diabetes outcomes after RYGB have shown a decrease in fasting glucose and HbA1c 
levels to near normal levels [102, 103]. BPD also normalized glucose levels [104]. 
Laparoscopic sleeve gastrectomy decreased weight and led to resolution of diabetes at 
12 months after surgery, comparable with the results of RYGB [105]. The multicenter 
SOS study compared bariatric surgery and medical treatment in well-matched obese 
patients [98, 99]. Bariatric surgery caused an average 16.1% weight loss at 10 years, 
compared to a small weight increase in controls. Weight loss was greater after RYGB 
(25.0 kg) than after LAG (13.2 kg) or VBG (16.5 kg). The fasting blood glucose 
increased in non-surgical controls (18.7%), but decreased substantially in RYGB 
patients at 2 years (13.6%) and 10 years (2.5%) [98, 99]. The underlying mechanisms 
for the hypoglycemic effects of RYGB are unclear, but current evidence suggests that 
changes in GLP-1 and PYY postsurgery may contribute to glucose regulation [106].

Morbidity and mortality of bariatric surgery. Despite the concerns about the 
safety of bariatric surgery, the operative mortality is very low. In a meta-analysis 
involving 361 studies and 85,048 patients, the total mortality was 0.28% by 30 days 
postsurgery, and 0.35% between 30 days and 2 years [101]. Similar outcomes were 
obtained in the longitudinal assessment of bariatric surgery (LABS) Consortium, a 
10-center prospective trial involving 4,776 patients undergoing bariatric surgery 
[107]. Indeed, the mortality rates of bariatric surgery are lower than those of com-
mon abdominal operations, including laparoscopic cholecystectomy, which has an 
operative mortality of 0.3–0.6%. According to the Agency for Healthcare Research 
and Quality (AHRQ), the number of bariatric surgery procedures in the USA 
increased ninefold between 1998 and 2004, while death rates declined by 79%, 
from 0.89 to 0.19% [108]. Between 2002 and 2006, complication rates after bariat-
ric surgery in the United States fell from 24 to 15%, infection rates fell by 58%, and 
abdominal hernias, staple leakage, respiratory failure, and pneumonia decreased by 
29–50% [109, 110]. However, the rates of ulcers, dumping, hemorrhage, wound 
reopening, deep-venous thrombosis, pulmonary embolism, heart attacks, and 
strokes did not change [109, 110]. The decline in mortality and morbidity rates for 
bariatric surgery may be attributable to laparoscopic methods, improved quality-of-
care mechanisms, and multidisciplinary team approaches. Common complications 
of bariatric surgery include anastomotic leaks, wound infections, cardiopulmonary 
events, and hemorrhage [110]. Dumping syndrome can be problematic [111]. 
Rarely, patients develop neuroglycopenia after Roux-en-Y gastric bypass surgery, 
which may require pancreatectomy [112, 113].
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Nutritional complications can occur in the long-term following bariatric surgery 
[114, 115]. Protein malnutrition is seen more often following BPD, but rare after 
the standard RYGB procedure. Intestinal bypass surgery that circumvents the duo-
denum and proximal jejunum can cause micronutrient deficiencies, e.g., iron, cal-
cium, and vitamin D. The incidence of iron deficiency after RYGB is 6–33%, and 
calcium and vitamin D deficiency occurs in 10–51% of patients. Vitamin B

12
 and 

folate deficiency is very common and affects 30 and 60% of gastric bypass patients, 
respectively. Fat-soluble vitamin deficiency is more common after BPD than Roux-
en-Y gastric bypass surgery. Nutritional deficiencies should be anticipated and 
treated with proper supplementation.

References

 1. Ogden, C. L., Carroll, M. D., Curtin, L. R., McDowell, M. A., Tabak, C. J., & Flegal, K. M. 
(2006). Prevalence of overweight and obesity in the United States, 1999–2004. JAMA, 
295(13), 1549–1555.

 2. Freedman, D. M., Ron, E., Ballard-Barbash, R., Doody, M. M., & Linet, M. S. (2006) Body 
mass index and all-cause mortality in a nationwide US cohort. International Journal of 
Obesity, 30(5), 822–829.

 3. McTigue, K., Larson, J. C., Valoski, A., et al. (2006). Mortality and cardiac and vascular 
outcomes in extremely obese women. JAMA, 296(1), 79–86.

 4. Knowler, W. C., Barrett-Connor, E., Fowler, S. E., et al. (2002). Reduction in the incidence 
of type 2 diabetes with lifestyle intervention or metformin. The New England Journal of 
Medicine, 346(6), 393–403.

 5. Tuomilehto, J., Lindstrom, J., Eriksson, J. G., et al. (2001). Prevention of type 2 diabetes 
mellitus by changes in lifestyle among subjects with impaired glucose tolerance. The New 
England Journal of Medicine, 344(18), 1343–1350.

 6. Sjostrom, C. D., Lissner, L., & Sjostrom, L. (1997). Relationships between changes in body 
composition and changes in cardiovascular risk factors: The SOS Intervention Study. 
Swedish Obese Subjects. Obesity Research, 5(6), 519–530.

 7. Moore, L. L., Visioni, A. J., Qureshi, M. M., Bradlee, M. L., Ellison, R. C., & D’Agostino, 
R. (2005). Weight loss in overweight adults and the long-term risk of hypertension: The 
Framingham study. Archives of Internal Medicine, 165(11), 1298–1303.

 8. Stevens, V. J., Obarzanek, E., Cook, N. R., et al. (2001). Long-term weight loss and changes 
in blood pressure, results of the Trials of Hypertension Prevention, phase II. Annals of 
Internal Medicine, 134(1), 1–11.

 9. Farooqi, I. S., & O’Rahilly, S. (2007). Genetic factors in human obesity. Obesity Reviews, 
8(suppl 1), 37–40.

 10. Greenfield, J. R., Miller, J. W., Keogh, J. M., et al. (2009). Modulation of blood pressure by 
central melanocortinergic pathways. The New England Journal of Medicine, 360(1), 44–52.

 11. Lawlor, D. A., Smith, G. D., O’Callaghan, M., et al. (2007). Epidemiologic evidence for the 
fetal overnutrition hypothesis: Findings from the mater-university study of pregnancy and its 
outcomes. American Journal of Epidemiology, 165(4), 418–424.

 12. Reilly, J. J., Armstrong, J., Dorosty, A. R., et al. (2005). Early life risk factors for obesity in 
childhood: Cohort study. BMJ, 330(7504), 1357.

 13. Toschke, A. M., Montgomery, S. M., Pfeiffer, U., & von Kries, R. (2003). Early intrauterine exposure 
to tobacco-inhaled products and obesity. American Journal of Epidemiology, 158(11), 1068–1074.

 14. Latner, J. D., & Clyne, C. (2008). The diagnostic validity of the criteria for binge eating 
disorder. The International Journal of Eating Disorders, 41(1), 1–14.



374 R.S. Ahima

 15. Stunkard, A. J., Allison, K. C., Geliebter, A., Lundgren, J. D., Gluck, M. E., & O’Reardon, 
J. P. (2009). Development of criteria for a diagnosis: Lessons from the night eating syn-
drome. Comprehensive Psychiatry, 50(5), 391–399.

 16. Gable, S., Chang, Y., & Krull, J. L. (2007). Television watching and frequency of family 
meals are predictive of overweight onset and persistence in a national sample of school-aged 
children. Journal of the American Dietetic Association, 107(1), 53–61.

 17. Whitlock, E. P., Williams, S. B., Gold, R., Smith, P. R., & Shipman, S. A. (2005). Screening 
and interventions for childhood overweight: A summary of evidence for the US Preventive 
Services Task Force. Pediatrics, 116(1), e125–e144.

 18. Williamson, D. F., Madans, J., Anda, R. F., Kleinman, J. C., Kahn, H. S., & Byers, T. (1993). 
Recreational physical activity and ten-year weight change in a US national cohort. 
International Journal of Obesity and Related Metabolic Disorders, 17(5), 279–286.

 19. Gallagher, D., Heymsfield, S. B., Heo, M., Jebb, S. A., Murgatroyd, P. R., & Sakamoto, Y. 
(2000). Healthy percentage body fat ranges: An approach for developing guidelines based on 
body mass index. The American Journal of Clinical Nutrition, 72(3), 694–701.

 20. Price, G. M., Uauy, R., Breeze, E., Bulpitt, C. J., & Fletcher, A. E. (2006). Weight, shape, and 
mortality risk in older persons: Elevated waist-hip ratio, not high body mass index, is associated 
with a greater risk of death. The American Journal of Clinical Nutrition, 84(2), 449–460.

 21. Grundy, S. M., Cleeman, J. I., Daniels, S. R., et al. (2005). Diagnosis and management of the 
metabolic syndrome: An American Heart Association/National Heart, Lung, and Blood 
Institute Scientific Statement. Circulation, 112(17), 2735–2752.

 22. Laaban, J. P., Daenen, S., Leger, D., et al. (2009). Prevalence and predictive factors of sleep 
apnoea syndrome in type 2 diabetic patients. Diabetes & Metabolism, 35(5), 372–377.

 23. Executive Summary of The Third Report of The National Cholesterol Education Program 
(NCEP) Expert Panel on Detection. (2001). Evaluation, and treatment of high blood choles-
terol in adults (adult treatment panel III). JAMA, 285(19), 2486–2497.

 24. Wadden, T. A., Womble, L. G., Sarwer, D. B., Berkowitz, R. I., Clark, V. L., & Foster, G. D. 
(2003). Great expectations: “I’m losing 25% of my weight no matter what you say”. Journal 
of Consulting and Clinical Psychology, 71(6), 1084–1089.

 25. Rosenbaum, M., Murphy, E. M., Heymsfield, S. B., Matthews, D. E., & Leibel, R. L. (2002). 
Low dose leptin administration reverses effects of sustained weight-reduction on energy 
expenditure and circulating concentrations of thyroid hormones. The Journal of Clinical 
Endocrinology and Metabolism, 87(5), 2391–2394.

 26. Klem, M. L., Wing, R. R., McGuire, M. T., Seagle, H. M., & Hill, J. O. (1997). A descriptive 
study of individuals successful at long-term maintenance of substantial weight loss. The 
American Journal of Clinical Nutrition, 66(2), 239–246.

 27. Wadden, T. A., Butryn, M. L., & Byrne, K. J. (2004). Efficacy of lifestyle modification for 
long-term weight control. Obesity Research, 12(suppl), 151S–162S.

 28. Orchard, T. J., Temprosa, M., Goldberg, R., et al. (2005). The effect of metformin and inten-
sive lifestyle intervention on the metabolic syndrome: The Diabetes Prevention Program 
randomized trial. Annals of Internal Medicine, 142(8), 611–619.

 29. Fuller, P. R., Perri, M. G., Leermakers, E. A., & Guyer, L. K. (1998). Effects of a personal-
ized system of skill acquisition and an educational program in the treatment of obesity. 
Addictive Behaviors, 23(1), 97–100.

 30. Harvey-Berino, J. (1998). Changing health behavior via telecommunications technology: 
Using interactive television to treat obesity. Behavior Therapy, 29(3), 505–519.

 31. Wadden, T. A., Van Itallie, T. B., & Blackburn, G. L. (1990). Responsible and irresponsible 
use of very-low-calorie diets in the treatment of obesity. JAMA, 263(1), 83–85.

 32. Tsai, A. G., & Wadden, T. A. (2006). The evolution of very-low-calorie diets: An update and 
meta-analysis. Obesity (Silver Spring), 14(8), 1283–1293.

 33. Tsai, A. G., & Wadden, T. A. (2005). Systematic review: An evaluation of major commercial 
weight loss programs in the United States. Annals of Internal Medicine, 142(1), 56–66.

 34. Rolls, B. J., & Bell, E. A. (2000). Dietary approaches to the treatment of obesity. The 
Medical Clinics of North America, 84(2), 401–418, vi.



37519 Principles of Obesity Therapy

 35. Lichtman, S. W., Pisarska, K., Berman, E. R., et al. (1992). Discrepancy between 
 self-reported and actual caloric intake and exercise in obese subjects. The New England 
Journal of Medicine, 327(27), 1893–1898.

 36. Heymsfield, S. B., van Mierlo, C. A., van der Knaap, H. C., Heo, M., & Frier, H. I. (2003). 
Weight management using a meal replacement strategy: Meta and pooling analysis from six 
studies. International Journal of Obesity and Related Metabolic Disorders, 27(5), 537–549.

 37. Li, Z., Hong, K., Saltsman, P., et al. (2005). Long-term efficacy of soy-based meal replace-
ments vs an individualized diet plan in obese type II DM patients: Relative effects on weight 
loss, metabolic parameters, and C-reactive protein. European Journal of Clinical Nutrition, 
59(3), 411–418.

 38. Hannum, S. M., Carson, L., Evans, E. M., et al. (2004). Use of portion-controlled entrees 
enhances weight loss in women. Obesity Research, 12(3), 538–546.

 39. Hannum, S. M., Carson, L. A., Evans, E. M., et al. (2006). Use of packaged entrees as part 
of a weight-loss diet in overweight men: An 8-week randomized clinical trial. Diabetes, 
Obesity & Metabolism, 8(2), 146–155.

 40. Metz, J. A., Stern, J. S., Kris-Etherton, P., et al. (2000). A randomized trial of improved 
weight loss with a prepared meal plan in overweight and obese patients: Impact on cardio-
vascular risk reduction. Archives of Internal Medicine, 160(14), 2150–2158.

 41. Wing, R. R., Jeffery, R. W., Burton, L. R., Thorson, C., Nissinoff, K. S., & Baxter, J. E. 
(1996). Food provision vs structured meal plans in the behavioral treatment of obesity. 
International Journal of Obesity and Related Metabolic Disorders, 20(1), 56–62.

 42. Makris, A. P., & Foster, G. D. (2005). Dietary approaches to the treatment of obesity. The 
Psychiatric Clinics of North America, 28(1), 117–139, viii–ix.

 43. Foster, G. D., Wyatt, H. R., Hill, J. O., et al. (2003). A randomized trial of a low-carbohy-
drate diet for obesity. The New England Journal of Medicine, 348(21), 2082–2090.

 44. Nordmann, A. J., Nordmann, A., Briel, M., et al. (2006). Effects of low-carbohydrate vs 
low-fat diets on weight loss and cardiovascular risk factors: A meta-analysis of randomized 
controlled trials. Archives of Internal Medicine, 166(3), 285–293.

 45. Samaha, F. F., Iqbal, N., Seshadri, P., et al. (2003). A low-carbohydrate as compared with a 
low-fat diet in severe obesity. The New England Journal of Medicine, 348(21), 2074–2081.

 46. Stern, L., Iqbal, N., Seshadri, P., et al. (2004). The effects of low-carbohydrate versus con-
ventional weight loss diets in severely obese adults: One-year follow-up of a randomized 
trial. Annals of Internal Medicine, 140(10), 778–785.

 47. Dumesnil, J. G., Turgeon, J., & Tremblay, A., et al. (2001). Effect of a low-glycaemic index–
low-fat–high protein diet on the atherogenic metabolic risk profile of abdominally obese 
men. The British Journal of Nutrition, 86(5), 557–568.

 48. Ludwig, D. S., Majzoub, J. A., Al-Zahrani, A., Dallal, G. E., Blanco, I., & Roberts, S. B. 
(1999). High glycemic index foods, overeating, and obesity. Pediatrics, 103(3), E26.

 49. McMillan-Price, J., Petocz, P., Atkinson, F., et al. (2006). Comparison of 4 diets of varying 
glycemic load on weight loss and cardiovascular risk reduction in overweight and obese young 
adults: A randomized controlled trial. Archives of Internal Medicine, 166(14), 1466–1475.

 50. Raatz, S. K., Torkelson, C. J., Redmon, J. B., et al. (2005). Reduced glycemic index and 
glycemic load diets do not increase the effects of energy restriction on weight loss and insu-
lin sensitivity in obese men and women. The Journal of Nutrition, 135(10), 2387–2391.

 51. Sloth, B., Krog-Mikkelsen, I., Flint, A., et al. (2004). No difference in body weight decrease 
between a low-glycemic-index and a high-glycemic-index diet but reduced LDL cholesterol 
after 10-wk ad libitum intake of the low-glycemic-index diet. The American Journal of 
Clinical Nutrition, 80(2), 337–347.

 52. Brand-Miller, J., Hayne, S., Petocz, P., & Colagiuri, S. (2003). Low-glycemic index diets in 
the management of diabetes: A meta-analysis of randomized controlled trials. Diabetes 
Care, 26(8), 2261–2267.

 53. Hu, F. B., Willett, W. C., Li, T., Stampfer, M. J., Colditz, G. A., Manson, J. E. (2004). 
Adiposity as compared with physical activity in predicting mortality among women. The 
New England Journal of Medicine, 351(26), 2694–2703.



376 R.S. Ahima

 54. Lee, C. D., Blair, S. N., & Jackson, A. S. (1999). Cardiorespiratory fitness, body composition, 
and all-cause and cardiovascular disease mortality in men. The American Journal of Clinical 
Nutrition, 69(3), 373–380.

 55. Stevens, J., Cai, J., Evenson, K. R., & Thomas, R. (2002). Fitness and fatness as predictors 
of mortality from all causes and from cardiovascular disease in men and women in the lipid 
research clinics study. American Journal of Epidemiology, 156(9), 832–841.

 56. Jakicic, J. M., Winters, C., Lang, W., & Wing, R. R. (1999). Effects of intermittent exercise 
and use of home exercise equipment on adherence, weight loss, and fitness in overweight 
women: A randomized trial. JAMA, 282(16), 1554–1560.

 57. Slentz, C. A., Duscha, B. D., Johnson, J. L., et al. (2004). Effects of the amount of exercise 
on body weight, body composition, and measures of central obesity: STRRIDE–a random-
ized controlled study. Archives of Internal Medicine, 164(1), 31–39.

 58. Wing, R. R., & Hill, J. O. (2001). Successful weight loss maintenance. Annual Review of 
Nutrition, 21, 323–341.

 59. Andersen, R. E., Wadden, T. A., Bartlett, S. J., Zemel, B., Verde, T. J., & Franckowiak, S. C. 
(1999). Effects of lifestyle activity vs structured aerobic exercise in obese women: A ran-
domized trial. JAMA, 281(4), 335–340.

 60. King, A. C., Haskell, W. L., Young, D. R., Oka, R. K., & Stefanick, M. L. (1995). Long-term 
effects of varying intensities and formats of physical activity on participation rates, fitness, 
and lipoproteins in men and women aged 50 to 65 years. Circulation, 91(10), 2596–2604.

 61. Wadden, T. A., Foster, G. D., Letizia, K. A., & Mullen, J. L. (1990). Long-term effects of 
dieting on resting metabolic rate in obese outpatients. JAMA, 264(6), 707–711.

 62. James, W. P., Astrup, A., Finer, N., et al. (2000). Effect of sibutramine on weight mainte-
nance after weight loss: A randomised trial. STORM Study Group. Sibutramine Trial of 
Obesity Reduction and Maintenance. Lancet, 356(9248), 2119–2125.

 63. McMahon, F. G., Fujioka, K., Singh, B. N., et al. (2000). Efficacy and safety of sibutramine 
in obese white and African American patients with hypertension: A 1-year, double-blind, 
placebo-controlled, multicenter trial. Archives of Internal Medicine, 160(14), 2185–2191.

 64. Finer, N., Bloom, S. R., Frost, G. S., Banks, L. M., & Griffiths, J. (2000). Sibutramine is 
effective for weight loss and diabetic control in obesity with type 2 diabetes: A randomised, 
double-blind, placebo-controlled study. Diabetes, Obesity & Metabolism, 2(2), 105–112.

 65. Fujioka, K., Seaton, T. B., Rowe, E., et al. (2000). Weight loss with sibutramine improves 
glycaemic control and other metabolic parameters in obese patients with type 2 diabetes 
mellitus. Diabetes, Obesity & Metabolism, 2(3), 175–187.

 66. Berkowitz, R. I., Fujioka, K., Daniels, S. R., et al. (2006). Effects of sibutramine treatment 
in obese adolescents: A randomized trial. Annals of Internal Medicine, 145(2), 81–90.

 67. Berkowitz, R. I., Wadden, T. A., Tershakovec, A. M., & Cronquist, J. L. (2003). Behavior 
therapy and sibutramine for the treatment of adolescent obesity: A randomized controlled 
trial. JAMA, 289(14), 1805–1812.

 68. Godoy-Matos, A., Carraro, L., Vieira, A., et al. (2005). Treatment of obese adolescents with 
sibutramine: A randomized, double-blind, controlled study. The Journal of Clinical 
Endocrinology and Metabolism, 90(3), 1460–1465.

 69. Munro, J. F., MacCuish, A. C., Wilson, E. M., & Duncan, L. J. (1968). Comparison of continu-
ous and intermittent anorectic therapy in obesity. British Medical Journal, 1(5588), 352–354.

 70. Sjostrom, L., Rissanen, A., Andersen, T., et al. (1998). Randomised placebo-controlled trial 
of orlistat for weight loss and prevention of weight regain in obese patients. European 
Multicentre Orlistat Study Group. Lancet, 352(9123), 167–172.

 71. Davidson, M. H., Hauptman, J., DiGirolamo, M., et al. (1999). Weight control and risk factor 
reduction in obese subjects treated for 2 years with orlistat: A randomized controlled trial. 
JAMA, 281(3), 235–242.

 72. Hauptman, J. (2000). Orlistat: Selective inhibition of caloric absorption can affect long-term 
body weight. Endocrine, 13(2), 201–206.

 73. Torgerson, J. S., Hauptman, J., Boldrin, M. N., & Sjostrom, L. (2004). XENical in the pre-
vention of diabetes in obese subjects (XENDOS) study: A randomized study of orlistat as an 



37719 Principles of Obesity Therapy

adjunct to lifestyle changes for the prevention of type 2 diabetes in obese patients. Diabetes 
Care, 27(1), 155–161.

 74. Chanoine, J. P., Hampl, S., Jensen, C., Boldrin, M., & Hauptman, J. (2005). Effect of orlistat 
on weight and body composition in obese adolescents: A randomized controlled trial. JAMA, 
293(23), 2873–2883.

 75. Hill, J. O., Hauptman, J., Anderson, J. W., et al. (1999). Orlistat, a lipase inhibitor, for weight 
maintenance after conventional dieting: A 1-y study. The American Journal of Clinical 
Nutrition, 69(6), 1108–1116.

 76. Despres, J. P., Golay, A., & Sjostrom, L. (2005). Effects of rimonabant on metabolic risk 
factors in overweight patients with dyslipidemia. The New England Journal of Medicine, 
353(20), 2121–2134.

 77. Le Foll, B., Gorelick, D. A., & Goldberg, S. R. (2009). The future of endocannabinoid-ori-
ented clinical research after CB1 antagonists. Psychopharmacology, 205(1), 171–174.

 78. Goldstein, D. J., Rampey, A. H., Jr., Roback, P. J., et al. (1995). Efficacy and safety of long-term 
fluoxetine treatment of obesity–maximizing success. Obesity Research, 3(suppl 4), 481S–490S.

 79. Gadde, K. M., Parker, C. B., Maner, L. G., et al. (2001). Bupropion for weight loss: An 
investigation of efficacy and tolerability in overweight and obese women. Obesity Research, 
9(9), 544–551.

 80. Jain, A. K., Kaplan, R. A., Gadde, K. M., et al. (2002). Bupropion SR vs. placebo for weight 
loss in obese patients with depressive symptoms. Obesity Research, 10(10), 1049–1056.

 81. Anderson, J. W., Greenway, F. L., Fujioka, K., Gadde, K. M., McKenney, J., & O’Neil, P. M. 
(2002). Bupropion SR enhances weight loss: A 48-week double-blind, placebo- controlled 
trial. Obesity Research, 10(7), 633–641.

 82. Wilding, J., Van Gaal, L., Rissanen, A., Vercruysse, F., & Fitchet, M. (2004). A randomized 
double-blind placebo-controlled study of the long-term efficacy and safety of topiramate in 
the treatment of obese subjects. International Journal of Obesity and Related Metabolic 
Disorders, 28(11), 1399–1410.

 83. Gadde, K. M., Franciscy, D. M., Wagner, H. R., II, & Krishnan, K. R. (2003). Zonisamide 
for weight loss in obese adults: A randomized controlled trial. JAMA, 289(14), 1820–1825.

 84. Fontbonne, A., Charles, M. A., Juhan-Vague, I., et al. (1996). The effect of metformin on the 
metabolic abnormalities associated with upper-body fat distribution. BIGPRO Study Group. 
Diabetes Care, 19(9), 920–926.

 85. Riddle, M. C., & Drucker, D. J. (2006). Emerging therapies mimicking the effects of amylin 
and glucagon-like peptide 1. Diabetes Care, 29(2), 435–449.

 86. Ratner, R. E., Dickey, R., Fineman, M., et al. (2004). Amylin replacement with pramlintide as 
an adjunct to insulin therapy improves long-term glycaemic and weight control in Type 1 dia-
betes mellitus: A 1-year, randomized controlled trial. Diabetic Medicine, 21(11), 1204–1212.

 87. Roth, J. D., Roland, B. L., Cole, R. L., et al. (2008). Leptin responsiveness restored by 
amylin agonism in diet-induced obesity: Evidence from nonclinical and clinical studies. 
Proceedings of the National Academy of Sciences of the United States of America, 105(20), 
7257–7262.

 88. DeFronzo, R. A., Ratner, R. E., Han, J., Kim, D. D., Fineman, M. S., & Baron, A. D. (2005). 
Effects of exenatide (exendin-4) on glycemic control and weight over 30 weeks in met-
formin-treated patients with type 2 diabetes. Diabetes Care, 28(5), 1092–1100.

 89. Edwards, C. M., Stanley, S. A., Davis, R., et al. (2001). Exendin-4 reduces fasting and post-
prandial glucose and decreases energy intake in healthy volunteers. American Journal of 
Physiology. Endocrinology and Metabolism, 281(1), E155–E161.

 90. Heine, R. J., Van Gaal, L. F., Johns, D., Mihm, M. J., Widel, M. H., & Brodows, R. G. 
(2005). Exenatide versus insulin glargine in patients with suboptimally controlled type 2 
diabetes: A randomized trial. Annals of Internal Medicine, 143(8), 559–569.

 91. Vilsboll, T., Zdravkovic, M., Le-Thi, T., et al. (2007). Liraglutide, a long-acting human 
glucagon-like peptide-1 analog, given as monotherapy significantly improves glycemic con-
trol and lowers body weight without risk of hypoglycemia in patients with type 2 diabetes. 
Diabetes Care, 30(6), 1608–1610.



378 R.S. Ahima

 92. Weintraub, M., Sundaresan, P. R., Schuster, B., et al. (1992). Long-term weight control study. II 
(weeks 34 to 104). An open-label study of continuous fenfluramine plus phentermine versus 
targeted intermittent medication as adjuncts to behavior modification, caloric restriction, and 
exercise. Clinical Pharmacology and Therapeutics, 51(5), 595–601.

 93. Connolly, H. M., Crary, J. L., McGoon, M. D., et al. (1997). Valvular heart disease associated 
with fenfluramine-phentermine. The New England Journal of Medicine, 337(9), 581–588.

 94. Palmieri, V., Arnett, D. K., Roman, M. J., et al. (2002). Appetite suppressants and valvular 
heart disease in a population-based sample: The HyperGEN study. The American Journal of 
Medicine, 112(9), 710–715.

 95. Elder, K. A., & Wolfe, B. M. (2007). Bariatric surgery: A review of procedures and out-
comes. Gastroenterology, 132(6), 2253–2271.

 96. Buchwald, H., Avidor, Y., Braunwald, E., et al. (2004). Bariatric surgery: A systematic 
review and meta-analysis. JAMA, 292(14), 1724–1737.

 97. Dixon, J. B., & O’Brien, P. E. (2002). Health outcomes of severely obese type 2 diabetic sub-
jects 1 year after laparoscopic adjustable gastric banding. Diabetes Care, 25(2), 358–363.

 98. Sjostrom, L., Lindroos, A. K., Peltonen, M., et al. (2004). Lifestyle, diabetes, and cardiovas-
cular risk factors 10 years after bariatric surgery. The New England Journal of Medicine, 
351(26), 2683–2693.

 99. Sjostrom, L., Narbro, K., Sjostrom, C. D., et al. (2007). Effects of bariatric surgery on mor-
tality in Swedish Obese Subjects. The New England Journal of Medicine, 357(8), 741–752.

 100. Adams, T. D., Gress, R. E., Smith, S. C., et al. (2007). Long-term mortality after gastric 
bypass surgery. The New England Journal of Medicine, 357(8), 753–761.

 101. Buchwald, H., Estok, R., Fahrbach, K., Banel, D., & Sledge, I. (2007). Trends in mortality 
in bariatric surgery: A systematic review and meta-analysis. Surgery, 142(4), 621–632; dis-
cussion 632–635.

 102. Pories, W. J., Swanson, M. S., MacDonald, K. G., et al. (1995). Who would have thought it? 
An operation proves to be the most effective therapy for adult-onset diabetes mellitus. Annals 
of Surgery, 222(3), 339–350; discussion 350–352.

 103. Schauer, P. R., Burguera, B., Ikramuddin, S., et al. (2003). Effect of laparoscopic Roux-en Y gas-
tric bypass on type 2 diabetes mellitus. Annals of Surgery, 238(4), 467–484; discussion 484–485.

 104. Scopinaro, N., Marinari, G. M., Camerini, G. B., Papadia, F. S., & Adami, G. F. (2005). 
Specific effects of biliopancreatic diversion on the major components of metabolic syn-
drome: A long-term follow-up study. Diabetes Care, 28(10), 2406–2411.

 105. Vidal, J., Ibarzabal, A., Romero, F., et al. (2008). Type 2 diabetes mellitus and the metabolic 
syndrome following sleeve gastrectomy in severely obese subjects. Obesity Surgery, 18(9), 
1077–1082.

 106. Thaler, J. P., & Cummings, D. E. (2009). Minireview: Hormonal and metabolic mechanisms 
of diabetes remission after gastrointestinal surgery. Endocrinology, 150(6), 2518–2525.

 107. Flum, D. R., Belle, S. H., King, W. C., et al. (2009). Perioperative safety in the longitudinal 
assessment of bariatric surgery. The New England Journal of Medicine, 361(5), 445–454.

 108. Zhao, Y., & Encinosa, W. (2007). Bariatric surgery utilization and outcomes in 1998 and 
2004, Statistical brief #23. http://www.hcup-us.ahrq.gov/reports/statbriefs/sb23.pdf.

 109. Encinosa, W. E., Bernard, D. M., Du, D., & Steiner, C. A. (2009). Recent improvements in 
bariatric surgery outcomes. Medical Care, 47(5), 531–535.

 110. Nguyen, N. T., Hinojosa, M., Fayad, C., Varela, E., & Wilson, S. E. (2007). Use and out-
comes of laparoscopic versus open gastric bypass at academic medical centers. Journal of 
the American College of Surgeons, 205(2), 248–255.

 111. Tack, J., Arts, J., Caenepeel, P., De Wulf, D., & Bisschops, R. (2009). Pathophysiology, 
diagnosis and management of postoperative dumping syndrome. Nature Reviews. 
Gastroenterology & Hepatology, 6(10), 583–590.

 112. Goldfine, A. B., Mun, E. C., Devine, E., et al. (2007). Patients with neuroglycopenia after 
gastric bypass surgery have exaggerated incretin and insulin secretory responses to a mixed 
meal. The Journal of Clinical Endocrinology and Metabolism, 92(12), 4678–4685.

http://www.hcup-us.ahrq.gov/reports/statbriefs/sb23.pdf


37919 Principles of Obesity Therapy

 113. Service, G. J., Thompson, G. B., Service, F. J., Andrews, J. C., Collazo-Clavell, M. L., & 
Lloyd, R. V. (2005). Hyperinsulinemic hypoglycemia with nesidioblastosis after gastric-
bypass surgery. The New England Journal of Medicine, 353(3), 249–254.

 114. Brolin, R. E., Gorman, R. C., Milgrim, L. M., & Kenler, H. A. (1991). Multivitamin prophy-
laxis in prevention of post-gastric bypass vitamin and mineral deficiencies. International 
Journal of Obesity, 15(10), 661–667.

 115. Halverson, J. D. (1986). Micronutrient deficiencies after gastric bypass for morbid obesity. 
The American Surgeon, 52(11), 594–598.



381

A
Acipimox, 351
Adenosine triphosphate (ATP), 1
Adipokines

adipocytes, 70
adiponectin

CNS action, 78–79
and metabolic syndrome,  

77–78
regulation, 76
signaling, 76–77

autocrine and paracrine  
mechanism, 70

leptin
glucose metabolism, 75
immunity effects, 75
in neurons, 74–75
regulation, 71
resistance, 73–74
signaling, 71–73

proinflammatory cytokines
interleukin-6, 82
TNF-a, 81–82

resistin
CNS effects, 80
human resistin, 80–81
regulation, 79–80

retinol binding protein-4, 82
white adipose tissue, 69

Adiponectin
cardiac dysfunction, 272–273
CNS action, 78–79
enhanced lipolysis, 298
long-term regulation,  

energy stores, 100
and metabolic syndrome, 77–78
pancreatic b-cell function, 207–208
regulation, 76
signaling, 76–77

Adipose leukocyte infiltration
macrophages

human obesity, 159
infiltration and activation,  

158–159
in mice, 159

T-cell modulation, 160–161
Adipose stem cells (ASCs), 57
Adipose tissue

anatomical distribution and structure, 
55–57

biochemical properties, 53–54
brown adipose tissue

differentiation programme, 61
function, 61
in human adult, 63–64
in vivo regulation, 62–63

dysfunction and inflammation  
(see Inflammation)

functions, 53
pathogenesis, PCOS, 334
physiological system, 54–55
white adipose tissue

differentiation programme, 58–59
progenitor identification, 60–61
in vivo regulation, 57

Adipose tissue macrophages (ATMs), 56
Adipose triglyceride lipase  

(ATGL), 41, 297
Agouti-related peptide (AGRP),  

72, 90–91
Ahlstrom syndrome, 360
Amino acid metabolism, 45–47
AMP-activated protein kinase (AMPK)

activation, SIRT1 system, 48
cellular metabolism changes, 47
leptin signaling, neurons, 74
lipolysis inhibition, 298
metabolic regulation, 47–48

Index

R.S. Ahima (ed.), Metabolic Basis of Obesity,  
DOI 10.1007/978-1-4419-1607-5, © Springer Science+Business Media, LLC 2011



382 Index

Amylin
diabetic drug, 370
islet–hypothalamic axis regulation, 

204–205
pancreatic hormone, 116–117
short-term regulation, 99
weight loss, 370

Apolipoprotein C-III (apoC-III), 301
Arginine vasopressin (AVP), 203
Atherogenic dyslipidemia

apolipoprotein-B synthesis, 301
hepatic lipogenesis, 299–300
hypercatabolism, HDL, 302–303
impaired catabolism, lipoprotein  

remnants, 301–302
visceral adipose tissue, 293
VLDL overproduction

adipose tissue fatty acid storage, 
296–297

adipose tissue, liver, 295
enhanced lipolysis, 296, 297–298
FFA availability, 294
lipoprotein lipase activity, 295–296
mechanism, 294–295

B
Bacteroides thetaiotaomicron, 312
Bacteroidetes, 317
Bardet-Biedl syndrome, 360
Bariatric surgery

effects, 20–21
morbidity and mortality, 21–22

Basal metabolic rate (BMR), 3
Blood-brain barrier (BBB), 92
Body mass index (BMI), 127, 258, 359
Brown adipose tissue (BAT)

differentiation, 61
function, 55, 61
haematoxylin–eosin stained section, 55
in human adult, 63–64
in vivo regulation, 62–63

Brown fat uncoupling protein, 39–40
Bupropion, 370

C
Carbohydrate and energy metabolism

brown fat and uncoupling proteins, 39–40
citric acid cycle, 32
fructose, 31
gluconeogenesis, 32–34
glucose transport and phosphorylation, 

27–28

glycogen, 35–37
glycolytic pathway, 29–31
oxidative phosphorylation, 37–39
pyruvate dehydrogenase, 31–32

Carcino-embryonic antigen-related  
cell adhesion molecule 1 
(CEACAM1), 219

Cardiac adiposity, 262–263
Cardiac dysfunction

clinical consideration, 278–279
co-morbidities

diabetes (hyperglycemia), 264–265
hypertension, 265–266
sleep apnea, 266

dyslipidemia, 257
functional changes

LV diastolic function, 260–261
LV systolic function, 259–260
RV function, 261
vascular function, 261

heart failure, obesity, 258–259
mechanical changes, animal model

altered cardiac substrate  
metabolism, 267

lipotoxicity, 269–271
mitochondrial dysfunction, 268–269
mitochondrial uncoupling, 267–268
in obesity and diabetes, 266–267

multiple mechanisms, 279
obesity paradox, 263–264
postulated mechanism

adiponectin effect, 272–273
cardiomyocyte apoptosis, 276–277
ECM and fibrosis, 275–276
inflammation, 277
leptin effect, 273–275
neurohumoral activation, 271

sleep disorder, 257
structural changes, obesity

cardiac adiposity, 262–263
cardiac tissue composition, 262
left atrial size, 262
left ventricular hypertrophy, 261
right ventricular cardiac  

hypertrophy, 262
valvular heart disease, 262

Cardiometabolic disease
circadian misalignment, 235
feeding time, 235–236
gene, metabolic regulation, 237–238
gene, sleep/wake phenotypes, 236–237
sleep quantity and quality impact,  

234–235
Cardiomyocyte apoptosis, 276–277



383Index

Chemokines
adipose tissue, 160
secretome, 164

Cholecystokinin (CCK)
feeding and energy homeostasis, 97
short-term regulation, 98
upper gastrointestinal tract, 111–112

Chyme, 2
Circadian rhythms

cardiometabolic diseases
circadian misalignment, 235
feeding time, 235–236
gene and sleep/wake phenotypes, 

236–237
metabolic regulation and gene, 

237–238
sleep quantity and quality impact, 

234–235
and metabolism

amino acids, 244
carbohydrates, 244
cellular energy status, 244–246
core clock molecular network, 230–233
endotoxins, 247–248
FAA, 241
fatty acids/lipids, 243–244
ghrelin, 248
hormonal mediators, 246–247
lipid messenger, 247
peripheral clocks, regulation, 233–234

neurophysiological structure
energy center and sleep/wakefulness 

center, 240–241
sleep centers, 238–240

sleep quantity and quality impact, 234–235
Citric acid cycle, 32
c-Jun N-terminal kinase (JNK), 156
Classical hormones. See Specific hormones
Cocaine and amphetamine-regulated transcript 

(CART), 72
Cohen syndrome, 360
Copy number variation (CNV), 129
Cori cycle, 34
Cushing’s syndrome

causes, 143
diagnosis, 143–144
glucocorticoids (GC)  

(see Glucocorticoids (GC))
linking cortisol and metabolic syndrome, 

13–14
sign and symptoms, 143
types, 143
vs. pseudo-Cushing’s syndrome, 144–145

Cytokines, 163–164

D
Data Collection on Adverse Events  

of Anti-HIV Drugs (DAD), 348
Dehydroepiandrosterone sulfate  

(DHEAS), 333
Dexamethasone suppression test (DST), 144
Diabetes (hyperglycemia), 264–265
Diabetes Control and Complications Trial 

(DCCT), 141
Diabetes Prevention Program (DPP), 360
Dietary-induced thermogenesis (DIT), 5
Dinitrophenol, 39. See also Intermediary 

metabolism
DNA microarray, 314
DNA sequencing technology, 325
Dorsomedial nucleus (DMN), 96
Dyslipidemia. See also Atherogenic 

dyslipidemia
coronary atherosclerosis, 257
free fatty acid flux, 294, 295
ischemic heart disease, 257
metabolic atherogenic triad, 293
treatment, HIV-infected patients, 350, 351

E
Electron transport chain. See Oxidative 

phosphorylation
Endogenous cannabinoids, 118
Endothelial lipase (EL), 303
Energy balance and obesity

carbohydrate, 13
chronic imbalance, 12
fat, 13, 14
homeostasis, 10, 11
macronutrient oxidation, 12
protein, 12–13

Energy expenditure
basal metabolic rate (BMR)

body weight estimation, 3
databases, 3–4
fat-free mass, 4
regulation, SNS activity, 5

measurement
direct calorimetry, 8
doubly labeled water method, 10
factorial method, 10
indirect calorimetry, 8–10

physical activity
daily activities, 5–6
PAL, 6–7

resting metabolic rate (RMR), 3
thermic effect of food, 5

Epigenetic factors, 57



384 Index

Epigenetic modification
changes, gene expression, 133, 134
environmental effects, obesity, 134
genomic imprinting, 133

Exenatide, 371
Extracellular matrix (ECM), 275
Extracellular signal-regulated kinase  

(ERK), 164

F
Fat-free mass (FFM), 4
Fatty acid

oxidation
activation, 42
b-oxidation, 43–44
translocation, 42–43

synthesis, 45
Fatty acid synthase (FAS), 223
Female reproductive health

childhood obesity, girls, 331
clinical data, 331
energy homeostasis

leptin, 332–333
white adipose tissue, 332

maternal and fetal complications, 331
pathogenesis, PCOS

adipose tissue, 334
cross talk between leptin and insulin 

signaling pathway, 336–337
LH and FSH systhesis, 334
obesity, 334–336

Firmicutes, 317
Fluorescence-activated cell sorting (FACS), 60
Fluoxetine, 370
Follicle stimulating hormone (FSH), 332
Food anticipatory activity (FAA), 241
Food quotient (FQ), 12
Free fatty acid (FFA)

adipose inflammation, 158
adipose lipolysis, 53
availability, VLDL production, 294
TLR-4 activation, 321–322

Fructose metabolism, 31

G
Galanin, 202
Gastrin-releasing polypeptide (GRP), 117
Gastrointestinal hormones

bombesin-related peptides
endogenous cannabinoids, 118
glucagon-like peptide-2 (GLP-2), 118
G-protein, 117
neuromedin U (NMU), 118

distal gut
oxyntomodulin (OXM), 114
peptide YY, 115

homeostasis, 110
hormonal interactions, 118–119
pancreatic hormones

amylin, 116–117
pancreatic polypeptide (PP), 116

physiological role, 110
upper gastrointestinal tract

cholecystokinin (CCK), 111–112
ghrelin, 110–111
incretins and enteroinsular axis, 

112–114
Gene

candidate genes, 128–129
environmental interaction, 128
epigenetic modification, 133–134
heritability, 127–128
increase, obesity rates, 127
linkage, 130
obesity, prevention and therapy, 135
unanticipated gene, 133
variants, 129–130, 132–133
WGA studies

advantages, 130
genome-wide significance,  

131–132
marker identification, 130

Genome wide association studies (GWAS),  
57, 132

Genomic fingerprinting technique, 314
Ghrelin

circadian rhythms, 248
feature, 98
GHS-Rs, 205
Prader-Willi syndrome, 98
significance, islet b-cell, 205
treatment, 98
upper gastrointestinal tract,  

110–111
Glitazones, 352
Glucagon-like peptide-1 (GLP-1),  

112–113, 200
Glucagon-like peptide-2 (GLP-2), 118
Glucocorticoids (GC), 100

Cushing’s syndrome
clinical manifestiation, 143
diagnosis, 143–144
linking cortisol and metabolic 

syndrome, 145–146
vs. pseudo-Cushing’s syndrome, 

144–145
receptor, 142
secretion of, 142



385Index

Gluconeogenesis
citric acid cycle, 33, 34
cori cycle, 34
glycerol, 34
glycolytic regulation, 34
in liver, 32
pyruvate carboxylase sysnthesis, 33
uses, 32

Glucose-dependent insulinotropic  
polypeptide (GIP), 113–114

Glucose metabolism, 27–28
Glucose toxicity, 191
Glutamine, 47
Glycogen metabolism

breakdown by
phosphorylase, 35
regulatory hormones, 36–37

insulin stimulation, 37
liver and muscle, 19
synthesis, 35

Glycogen synthase kinase 3 
(GSK3), 183

Glycolysis, 29–31
Gonadotropin releasing hormone  

(GnRH), 332
Growth hormone (GH)

deficiency, HIV-infected patients, 353
metabolic complication, GHD,  

149–150
secretion, 149

Growth hormone deficiency (GHD), 149
Growth hormone releasing hormone  

(GHRH), 149, 353
Gut microbiome

characterization, 313–315
diet

alterations, composition of, 319
regulation, 319–320
Western diet, 319

ecology
B. thetaiotaomicron, 312–313
inflammatory bowel disease, 312
role, host metabolism, 312
short chain fatty acids, 313
vitamin synthesis, 313

innate immunity and obesity
adipokines, 320
insulin resistance, 320
TLR-5 activation, 321
TLR-4 signaling, 321–322
toll-like receptors, 320

metabolomics analysis
metabolic reactions, 316
paradigm models, 317
proton NMR/mass spectroscopy, 316

metagenomic analysis
DNA sequences, 315
fecal samples, 315–316
metabolic function, 315

nitrogen balance
intake, dietary proteins, 324
loss of, 323
urea cycle disorders, 324–325
urea hydrolysis, 323

obesity
composition, twins, 318
DIO model, ob/ob mouse, 317–318
energy input, 317
future studies, 318–319
mechanism, 318
in murine systems, 317
physical activity, 317
short-chain fatty acids, 318
thermodynamic first law, 317

type 1 diabetes (T1D), 322–323

H
Hepatic insulin resistance, 299–300
Hepatic lipase (HL), 302
High density lipoprotein (HDL), 293
Highly active antiretroviral therapy  

(HAART), 343
HIV lipodystrophy. See Lipodystrophy,  

HIV patient
Homeostasis, 155
Hormone sensitive lipase (HSL), 297
Human energy metabolism

availability, 1
chyme, 2
definition, 1
energy balance and obesity

carbohydrate, 13
fat, 14
protein, 12–13

energy expenditure
basal and resting metabolic  

rate, 3–5
measurement, 8–10
physical activity, 5–7
thermic effect of food, 5

from food, 1–2
oxidative pathways, 1
risk factors, weight gain

adaptive thermogenesis, 17–18
low fat oxidation, 16
low metabolic rate, 14–15
low physical activity, 15–16
sympathetic nervous acitivity, 18

utility, 1, 2



386 Index

11b-Hydroxysteroid dehydrogenase type 1 
(11b-HSD1)

expression and activity, 145–146
metabolic syndrome, 145

Hyperinsulinemia
insulin clearance, 222
metabolic syndrome, 179–180
PCOS, 335

Hypertension, 265–264
Hypocretins. See Orexins
Hypothalamus

arcuate nucleus
circumventricular organ (CVO), 94
leptin and insulin signaling, 92
neuronal circuitry, 91
neuron populations, 90–91
pharmacological effects, 91, 93–95

dorsomedial nucleus (DMN), 96
lateral hypothalamic area, 97
paraventricular nucleus (PVN), 96
role, 89–90
ventromedial nucleus (VMN), 96

Hypothyroidism
causes, 148
cholesterol synthesis and insulin  

sensitivity, 139
obesity, 148–149
sign and symptoms, 147–148
treatment, 148

Hypoxia, 157

I
IGF binding protein 2 (IGFBP2), 75
Inflammation

adipose leukocyte infiltration
adipose macrophages, 158–159
T-cell modulation, 160–161

adipose-specific activation
adipocyte hypertrophy, 156
cellular stress, 158
free fatty acids, 158
hypoxia, 157

gene expression profiling, 166
insulin resistance, 188–190
insulin signaling pathway

effects, 161, 162
endotoxemia and adipose TLR 

signaling, 161–163
intracellurar kinase, role, 164–165
secretome, 163–164
SOCS protein, 165
transcription factor, 165–166

proteomics, 167

systemic activation
homeostasis, 155
metabolic endotoxemia, 156
TLR, 155

therapeutic implications, 167
existing therapy, 167
leukocyte infiltration, 168–169
novel strategy, 167–168

Inflammatory bowel disease  
(IBD), 312

Innate immunity, gut microbiome
adipokines, 320
insulin resistance, 320
TLR-5 activation, 321
TLR-4 signaling, 321–322
toll-like receptors, 320

Insulin
action of, 140
carbohydrate metabolism regulator, 26
de novo lipogenesis, 141
glucose utilization, 140
islet-hypothalamic axis regulation, 

203–204
lipid metabolism, 140–141
long-term regulation,  

energy stores, 100
obesity, 141–142
pathways, 140

Insulinoma, 142
Insulin resistance. See also Metabolic 

syndrome
clinical vs. molecular, 176–177
HIV lipodystrophy, 344
in humans, 192–193
insulin signaling pathway

Akt/protein kinase B, 182
AS160, 183
atypical PKCs, 182–183
CAP/Cbl Pathway, 182
FoxO1, 184
glycogen synthase kinase 3, 183
insulin receptor substrate proteins, 

180–181
MAP-kinase, 181–182
mTOR, 183
network, 178
PI 3-kinase, 181
receptor, 178–180
SREBP-1c, 184–185

metabolic effects
IRS, 186–187
LIRKO mice, 186
PI 3-kinase, 187
PKC-l knockout, 187–188



387Index

molecular mechanism
endoplasmic reticulum (ER) stress, 

190–191
glucose toxicity, 191
inflammation, 188–190
IRS-1 Ser 307 phosphorylation, 

191–192
lipotoxicity, 190

Insulin signaling pathway
effects, 161, 162
endotoxemia and adipose TLR signaling, 

161–163
insulin resistance

Akt/protein kinase B, 182
AS160, 183
atypical PKCs, 182–183
CAP/Cbl Pathway, 182
FoxO1, 184
glycogen synthase kinase 3, 183
insulin receptor substrate proteins, 

180–181
MAP-kinase, 181–182
mTOR, 183
network, 178
PI 3-kinase, 181
receptor, 178–180
SREBP-1c, 184–185

intracellurar kinase, role
JAK/STAT system, 165
MAPK family, 164–165
NFkB, 164

secretome
chemokines, 163–164
cytokines, 164

SOCS protein, 165
transcription factors, 165–166

Insulin tolerance test (ITT), 150
Interferon regulatory factors (IRFs), 166
Interleukin-6 (IL-6), 82, 208–209
Intermediary metabolism

an integrated modulator of cellular 
metabolism (AMPK), 47–48

carbohydrate and energy metabolism
brown fat and uncoupling proteins, 

39–40
citric acid cycle, 31–32
fructose, 31
gluconeogenesis, 32–34
glucose transport and phosphorylation, 

27–28
glycogen, 35–37
glycolysis, 29–31
oxidative phosphorylation, 37–39
pyruvate dehydrogenase, 31–32

protein and amino acid, 45–47
regulation, 26–27
transgenic model

adipose insulin-stimulated glucose, 41
MIRKO mice, 40

triglyceride and fatty acid
fatty acid oxidation, 42–44
fatty acid synthesis, 45
ketone bodies, 44
lipolysis, 40–42
triglyceride synthesis, 44–45

Intramyocellular lipid (IMCL), 345
Islet amyloid polypeptide (IAPP). See Amylin

J
JAK-2/STAT-3 pathway, 336

L
Laparoscopic adjustable gastroplasty  

(LAG), 371
Left ventricular hypertrophy (LVH), 261
Leptin

adipokines
glucose metabolism, 75
immunity effects, 75
in neurons, 74–75
regulation, 71
resistance, 73–74
signaling, 71–73

cardiac dysfunction, 273–275
hypothalamic-pituitary axis

bimodal effects, 332
hypoleptinemic lipodystrophic, 333
nuclear and cytoplasmic maturation 

enhancement, 333
and insulin-signaling pathways, PCOS, 

336–337
islet-hypothalamic axis regulation, 

206–207
lipodystrophy treatment  

(see Lipodystrophy, HIV patient)
long-term regulation, energy stores, 

99–100
reproduction, 332
signaling, 333

Leukocyte infiltration, 168–169
Lipodystrophy, HIV patient

antiretroviral therapy, body composition 
and metabolic changes

metabolic functions, 346
NRTI, 347
PI effects, 346



388 Index

Lipodystrophy, HIV patient (cont.)
cardiovascular risk

DAD study group, 348
factors, 349
Framingham risk equation, 348
IMT marker, 350
myocardial infarction rates, 349
SMART study, 349–350
vs. non-HIV-infected patients, 348–349

dyslipidemia treatment
acipimox, 351
changes, visceral adipose tissue, 

353–354
GH deficiency, 353
GHRH usage, 353
glitazones, 352
HMGCoA reductase inhibitors, 351
leptin, 352–353
metformin, 351–352
niacin, 351
rosiglitazone, 352
thiazolidinediones, 352

etiology, 343
genetic polymorphism, 347
HAART, 343
metabolic and anthropometric changes

fat redistribution, 346
IMCL and insulin-stimulated glucose 

disposal, 345
insulin resistance, 344
lipolytic rates, 346

Lipolysis
free fatty acid flux, adipose tissue, 295
insulin resistance, 297–298
triglyceride metabolism, 40–42

Lipopolysaccharide (LPS), 320
Lipoprotein lipase (LPL), 295
Lipotoxicity

cardiac dysfunction, 269–270
molecular mechanism, 190
transgenic models, 270–271

Liver-specific insulin receptor knockout 
mouse (LIRKO), 223

Low density lipoprotein (LDL), 293
Luteinizing hormone (LH), 332

M
Matrix metalloproteinases (MMPs), 275
Melanin-concentration hormone (MCH), 201
Melanocortin-4 receptor (MC4R), 360
Metabolic syndrome, 222.  

See also Non-alcoholic  
fatty liver disease (NAFLD)

adiponectin, 77–78

diagnostic criteria, 175, 176
11b-hydroxysteroid dehydrogenase  

type 1, 145
hyperinsulinemia, 179–180
insulin resistance (see Insulin resistance)

Metabolomics analysis, gut microbiome
metabolic reactions, 316
paradigm models, 317
proton NMR/mass spectroscopy, 316

Metagenomic analysis, gut microbiome
DNA sequences, 315
fecal samples, 315–316
metabolic function, 315

Metformin, 335, 351–352
Microsomal triglyceride transfer protein 

(MTP), 301
Mitochondrial dysfunction, 268–269
Mitochondrial uncoupling, 267–268
Mitogen-activated protein kinase (MAPK) 

signaling pathway, 164, 336
Multiple-hit hypothesis, 224
Myocardial infarction (MI), 349

N
N-acylphosphatidylethanolamine  

(NAPE), 247
Neural control, feeding and energy 

homeostasis
adiposity hormones, 99–100
biogenic amine pathways, 100–101
brain-gut-adipose interactions, 90
brainstem regulation, 97
hypothalamic regulation

arcuate nucleus, 90–95
dorsomedial nucleus, 96
lateral hypothalamic area, 97
paraventricular nucleus, 96
ventromedial nucleus, 96

hypothalamus role, 89–90
nutrients and gut hormones

amylin, 99
cholecystokinin, 98
ghrelin, 98
GLP-1 and GLP-2, 99
oxyntomodulin, 99
PYY, 99

Neuromedin U (NMU), 118
Neuropeptide regulations,  

pancreatic islet b-cells
AVP, 203
galanin, 202
MCH, 201–202
NPY and orexins, 202
somatostatin, 203



389Index

Niacin, 351
Nitrogen balance, gut microbiome

intake, dietary proteins, 324
loss of, 323
urea cycle disorders, 324–325
urea hydrolysis, 323

Non-alcoholic fatty liver disease (NAFLD)
hepatic insulin resistance, 219, 221
history, 219, 220
insulin endocytosis, CEACAM1, 219, 221
intertwined paths, insulin and metabolism

CEACAM1, 222–223
fatty acid synthase, 223
hyperinsulinemia, 222

metabolic syndrome, 222
pathogenesis, NASH

Ceacam1 mutant mice, 224–225
hepatic steatosis, 219, 220

Nonalcoholic steatohepatitis (NASH). See 
Non-alcoholic fatty liver disease 
(NAFLD)

Nuclear factor kappa-light-chain-enhancer  
of activated B cells (NFkB), 156

Nucleoside reverse transcriptase inhibitor 
(NRTI), 343

Nucleus of the solitary tract (NTS), 74

O
Obesity paradox, 263–264
Operational Taxonomic Units (OTUs), 314
Orexins, 202
Orlistat

clinical trials, 15–16
diabetic patient, 16
dosage, 16–17
effective, weight loss, 16
obesity treatment, 278

Oxidative phosphorylation, 37–39
Oxyntomodulin (OXM), 99, 114

P
Pancreatic islet b-cells

adipokines and cytokines
adiponectin, 207–208
interleukin-6, 208–209
leptin, 206–207
resistin, 208

gut peptide regulations
amylin, 204–205
ghrelin, 205
GLP-1, 205–206
insulin, 203–204

inhibition of, 200, 201

neuropeptide regulations
arginine vasopressin (AVP), 203
galanin, 202
MCH, 201–202
NPY, 202
orexins, 202
somatostatin, 203

potential therapeutic approaches, 209–210
stimulation of, 200

Pancreaticobiliary diversion (BPD), 371
Pancreatic polypeptide (PP), 116
Paraventricular nucleus (PVN), 72, 96
Partial insulin resistance, 299–300
PCoA, geometric technique, 314
Peptide YY (PYY), 99, 115
Phosphofructo-2-kinase/fructose-2,6-bisphos-

phatase (PFKFB), 30
Physical activity level (PAL), 6
Pioglitazone, 352
Polycystic ovary syndrome (PCOS)

androgen production, 334
childhood obesity, girls, 331
DHEAS, 333–334
etiology, 139
leptin and insulin signaling pathway, 

336–337
LH and FSH synthesis, 334
obesity, 334–336

Polymerase chain reaction (PCR)-based 
analysis, 315

Prader-Willi syndrome, 98, 360
Principal coordinate analysis (PCoA), 314
Proopiomelanocortin (POMC), 72, 91
Protease inhibitor (PI), 343
Protein kinase A (PKA), 30
Protein metabolism, 45–47
Pseudo-Cushing’s syndrome, 144–145
Pyruvate dehydrogenase (PDH), 31–32

Q
Quantitative trait loci (QTL), 133

R
Resistin

CNS effects, 80
islet-hypothalamic axis regulation, 208
in mice and human, 80–81
regulation, 79–80

Resistin-like molecules (RELMs), 79
Resting energy expenditure (REE), 148
Resting metabolic rate (RMR), 3
Right ventricular cardiac hypertrophy, 262
Rimonabant, 370



390 Index

Rosiglitazone, 352
16S rRNA gene sequencing, 314

S
Sarcopenic obesity, 258
Sibutramine

clinical trial, 12–13
diabetic patient, 13
dosage, 14
feeding regulation and energy  

homeostasis, 101
obese childern, 14
obesity treatment, 278
side effect, 13

Sleep. See also Circadian rhythms
clinical evidence

animal studies, 234–235
human studies, 234

genetic evidence, human and animal model
circadian genes, metabolism regulation, 

237–238
circadian genes, wake phenotypes, 

236–237
neurophysiological structure

centers, 238–240
energy center and wakefulness centers, 

240–241
Sleep apnea, 266
Somatostatin, 203
Specific dynamic action (SDA), 5
Stavudine, 347
Steroid hormone binding-globulin (SHBG), 

335
Sterol regulatory element-binding protein  

1c (SREBP-1c), 222
Strategies for Management of Antiretroviral 

Therapy (SMART) study, 349
Stromovascular fraction (SVF), 56
Suppressor of cytokine signaling (SOCS),  

165, 189
Swedish Obese Subjects Study (SOS), 371
Sympathetic nervous system (SNS), 4
Sympathomimetic drugs, 368–369

T
Therapy

amylin, 370
bariatric surgerical treatment

effects, diabetes, 372
morbidity and mortality, 372
nutritional deficiency, 373
SOS study, 371–372

body-mass index, 359
bupropion, 370
clinical evaluation

history, 360–362
laboratory analysis, 363–364
physical examination, 362–363

defintion, obesity, 359
dietary plan

conventional foods, 366
low calorie diet, 365
low glycemic index diets, 366
meal replacement, 366
total energy expenditure, 365
VLCD, 365

exenatide, 371
exercise, 366–367
fluoxetine, 370
lifestyle changes, 364–365
orlistat, 369–370
rimonabant, 370
risk assessment and treatment, 364–365
sibutramine, 367–368
sympathomimetic drugs, 368–369
topiramate, 370
weight loss, 360

Thermic effect of food (TEF), 5
Thiazolidinedione (TZD), 210, 298, 352
Thyroid hormone

effects, fatty acid metabolism, 147
functions, 146
hypothyroidism

clinical manifestation, 147–148
and obesity, 148–149

nuclear receptors, 146–147
synthesis and secretion, 146

Thyrotropin releasing hormone (TRH), 146
Toll-like receptor (TLR), 155, 320
Topiramate, 370
Triacylglycerols (TGs), 53
Triglyceride

carbohydrate metabolism, 25
fatty acid oxidation

activation, 42
b-oxidation, 43–44
translocation, 42–43

fatty acid synthesis, 45
ketone bodies, 44
lipolysis, 40–42
storage, 25
synthesis, 44–45
translocation, 28–30

Triglyceride-rich lipoprotein (TRL),  
295, 296

Type 1 diabetes (T1D), 322–323



391Index

U
Urea cycle disorders (UCD), 324–325

V
Valvular heart disease, 262
Ventral tegmental area (VTA), 100
Ventromedial nucleus (VMN), 96
Vertical banded gastroplasty (VBG), 371
Very low calorie diet (VLCD), 365
Very low density lipoprotein  

(VLDL), 293

W
Weight management plan, 364

Wellcome Trust Case Control Consortium 
(WTCCC) study, 131

White adipose tissue (WAT)
differentiation programme, 58–59
distribution, 55–56
histology, 56
immune cells, 56
progenitors identification, 60–61
SVF, 56
in vivo regulation, 57

Whole genome association (WGA)  
studies, 130

Z
Zonisamide, 370


	Metabolic Basis of Obesity
	Preface
	Contents
	Contributors
	Chapter 1: Principles of Human Energy Metabolism
	Chapter 2: Intermediary Metabolism of Carbohydrate, Protein, and Fat
	Chapter 3: Adipose Tissue Development, Structure and Function
	Chapter 4: Adipokines in Health and Disease
	Chapter 5: Neural Control of Feeding and Energy Homeostasis
	Chapter 6: Gastrointestinal Hormones and Obesity
	Chapter 7: Genes and Human Obesity
	Chapter 8: Classical Hormones Linked to Obesity
	Chapter 9Inflammation and Adipose Dysfunction
	Chapter 10: Insulin Resistance in the Metabolic Syndrome
	Chapter 11: Pancreatic Islet b-Cell Failure in Obesity
	Chapter 12: Non-Alcoholic Fatty Liver Disease and the Metabolic Syndrome
	Chapter 13: Sleep, Circadian Rhythms and Metabolism
	Chapter 14: Obesity and Cardiac Dysfunction
	Chapter 15: Atherogenic Lipid Metabolism in Obesity
	Chapter 16: Gut Microbes, Immunity, and Metabolism
	Chapter 17: Impact of Obesity on Female Reproductive Health
	Chapter 18: Lessons from HIV Lipodystrophy and Drug-Induced Metabolic Dysfunction
	Chapter 19: Principles of Obesity Therapy
	Index



