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1.1 Introduction

The world is currently experiencing a global epidemic of obesity. In the Netherlands ± 

30% of adults are overweight (BMI 25-30 kg/m2) and ± 10% are obese (BMI>30 kg/m2). 

Among adolescents these rates are 20% and 3%, respectively 1. Obesity is a major risk 

factor for insulin resistance, type 2 diabetes mellitus and cardiovascular diseases.

For a long time adipose tissue has been viewed as a relatively inert storage depot 

for triglycerides. However, over the past years adipose tissue has been recognized as 

the largest endocrine organ in the body, synthesizing and secreting several biologically 

active hormones, the adipocytokines, that participate in the regulation of glucose and 

lipid metabolism. Among those adipocytokines is adiponectin, a relatively abundant 

plasma protein, which is produced and secreted predominantly by adipocytes 2. In animal 

experiments, administration of adiponectin ameliorates glucose metabolism by enhancing 

glucose uptake and suppressing hepatic glucose production 3-5. Plasma concentrations 

of adiponectin are low in insulin resistant patients with obesity, type 2 diabetes mellitus 

and HIV-associated lipodystrophy 6, 7. Considering the insulino-mimetic properties of 

adiponectin, the reduction of adiponectin could play a role in the pathogenesis and/ or 

perseverance of insulin resistance in these patients. In addition, adiponectin could be 

involved in the etiology of the derangements in glucose metabolism found during sepsis 

or other acute infections.

This thesis examines the regulation of adiponectin and its role in the disturbances 

in glucose and lipid metabolism with an emphasis on patients with infections and HIV-

lipodystrophy.

1.2 Glucose and lipid metabolism

1.2.1 Glucose metabolism
Maintenance of a constant blood glucose level is essential for normal physiology in humans. 

The plasma glucose concentration is the resultant of a balance between glucose supply 

and glucose utilization. Glucose can be derived from exogenous or endogenous sources. 

In fasting humans, glucose is predominantly produced by the liver and to a smaller extent 

by the kidney. The liver can produce glucose by breaking down glycogen (glycogenolysis) 

or by de novo glucose synthesis from gluconeogenic precursors (gluconeogenesis) such 

as lactate, glycerol and several amino acids (especially alanine and glutamine). After 

an overnight fast, the contribution of gluconeogenesis to hepatic glucose production 
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is approximately 50%, whereas after prolonged fasting this increases up to 95% 8, 9. 

A prerequisite for glycogenolysis is the presence of sufficient glycogen stores. After an 

overnight fast liver glycogen is limited to 70-150 g. Total depletion of hepatic glycogen 

stores takes places within 64 hours of fasting. Therefore, during progressive starvation, 

the relative contribution of glycogenolysis to total glucose production decreases 10, 11.

Glucose utilization forms the opposite side of the glucose balance. After peripheral 

uptake, glucose can be utilized via 2 separate pathways: oxidative and non-oxidative 

utilization. Glucose oxidation is the process of energy (ATP) synthesis from glucose 

molecules. Oxidation of glucose actually takes place in a complicated series of biochemical 

steps involving glycolysis, the Krebs cycle and the respiratory chain. From the oxidation 

of 1 glucose molecule, the net production of ATP molecules is 31. Non-oxidative glucose 

utilization mainly affects the storage of glucose as glycogen or fat. If large quantities of 

carbohydrates are consumed, exceeding immediate demands, the surplus of glucose is 

stored initially as glycogen and later on as fat. Glucose enters the pentose phosphate 

pathway and via the glycolytic route and the Krebs cycle, finally citrate is diverted into the 

cytosol for fatty acid synthesis. Three fatty acids are combined with glycerol-3-phosphate 

to form triacylglycerol (triglycerides) 12.

1.2.2 Lipid metabolism
Adipocytes are able to synthesize triglycerides from glucose and FFA from exogenous 

sources. In addition to adipose tissue, the liver is also able to synthesize triglycerides, 

which are released into the circulation as very low density lipoproteins (VLDL) and 

exported to peripheral tissues. Following the release of free fatty acids (FFA) from VLDL 

by lipoprotein lipase (LPL), VLDL are converted into VLDL remnants, intermediate density 

lipoproteins and finally into low density lipoproteins (LDL).

Another important source of fat is our food. Dietary fat enters the circulation in 

chylomicrons, which are triglyceride-rich lipoproteins, synthesized by the small intestine. 

On the vascular endothelium, LPL releases FFA from chylomicrons. Subsequently, FFA 

can be taken up by tissues, such as skeletal muscle and adipose tissue. Once FFA enter 

peripheral tissues, they are converted to acetyl CoA and directed into one of the following 

metabolic pathways; 1) incorporation into lipids (e.g. triglycerides or phospholipids) or 2) 

mitochondrial β-oxidation. Oxidation of FFA provides energy in an efficient manner and 

is quantitatively important, especially under fasting conditions.

During starvation, as well as during exercise or periods of stress, FFA will be released 

from adipocytes via lipolysis. Lipolysis can be defined as the hydrolysation of triacylglycerol 

to glycerol and FFA molecules. In adipose tissue, lipolysis is controlled by hormone-sensitive 
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lipase (HSL) and adipose triglyceride lipase (ATGL). Once liberated by lipolysis, FFA have 

2 possible fates: they can be transported in plasma bound to albumin and subsequently 

delivered to different organs for oxidation or re-esterification to form triacylglycerol 12, 

13.

1.2.3 Methods to measure glucose production, gluconeogenesis and 
lipolysis
Endogenous glucose production:

The rate of appearance (Ra) of glucose represents the sum of endogenous glucose 

production and exogenous glucose supply. The Ra of glucose can be measured in human 

subjects in vivo with the use of stable glucose isotopes. In this thesis, we use [6,6-2H2]-

glucose, i.e. ‘labelled’ glucose (the tracer), carrying an extra neutron on each of the 

2 hydrogens on position C6 of glucose. The basic principle involved is that the Ra of 

unlabelled glucose (the tracee) is determined by the dilution of infused labelled glucose. 

This procedure involves a priming dose, followed by a continuous infusion of labelled 

glucose. The purpose of the priming dose is to label the whole glucose pool and to 

reach the desired ratio of labelled versus unlabelled glucose within reasonable time. 

Subsequently, the priming dose can be determined by multiplying the desired enrichment 

(e.g. 1 %) with the glucose pool. The continuous infusion is necessary to maintain a 

constant ratio of labelled versus unlabelled glucose during the study.

When the steady state is reached, i.e. when the tracer/ tracee ratio does not change 

during a certain time period, the Ra of glucose can be calculated using the steady state 

equation:

 

p
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a
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where Ra = the rate of appearance of glucose in µmol/kg•min, TTRtracer = the tracer/ 

tracee ratio of the tracer (± 100%), Itracer = the infusion rate of the tracer in µmol/kg•min 

and TTRp = the tracer/ tracee ratio of plasma.

When steady state is not achieved, e.g. during a hyperinsulinemic-euglycemic clamp, 

the equation has to be modified:
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where t = the time of blood sampling, TTRp (t) = the tracer/ tracee ratio of plasma taken 

as the average of 2 consecutive samples, TTRexo = tracer/ tracee ratio of exogenous 

glucose, Iexo = the infusion rate of exogenous glucose in µmol/kg•min, p = the pool 

fraction, V = the distribution volume of glucose in mL/kg (± 40 mL/kg), C (t) = the plasma 

glucose concentration taken as the average of 2 consecutive samples in mmol/L, dTTRp 

(t)/ dt = the change in the tracer/ tracee ratio in plasma between 2 consecutive samples. 

All percentages are corrected for the background enrichment by subtraction of the basal 

enrichment.

Endogenous glucose production in the (non) steady state can be determined using 

the Ra:

where EGP(t) = the endogenous glucose production rate in µmol/kg•min and Itracee = the 

infusion rate of unlabelled glucose in µmol/kg•min.

The rate of disposal of glucose (Rd) can be calculated using the non-steady state 

equation:

 

 

where Rd = the rate of glucose disposal in µmol/kg•min and dC (t)/dt = the change in the 

unlabelled plasma glucose concentration between 2 consecutive samples in mmol/L 14, 15.

Gluconeogenesis:

Gluconeogenesis can be measured using a variety of techniques. In this thesis, we applied 

the deuterated water (2H2O) method. This method is based on the ingestion of the stable 

isotope 2H2O with subsequent measurement of plasma water 2H2O enrichment. During 

gluconeogenesis, deuterium attaches to carbon 5 of glucose (C5). Glucose molecules 

produced by gluconeogenesis and glycogenolysis are labelled with deuterium at carbon 2 

of glucose (C2). Hydrogen from plasma water is added to C2 of glucose-6-phosphate in 

the conversion from fructose-6-phosphate during gluconeogenesis. Glucose-6-phosphate 

is also formed as an intermediate during glycogenolysis and equilibrates extensively with 

fructose-6-phosphate, resulting in the exchange of hydrogen at C2 of glucose-6-phosphate 

with that in body water. The ratio of C5 and C2 enrichment of glucose equals fractional 

gluconeogenesis 16-18. It was shown that after equilibration the enrichment at the C2 

position of glucose equals the enrichment of total body water. Because the analysis of total 

EGP(t) = Ra (t) – Itracee

 

dt
(t) dCpV-(t)R(t)R  a d =
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body water enrichment is considerably less complicated than analysis of C2 enrichment of 

glucose, measurement of enrichment in total body water is preferred 18.

Lipolysis:

Lipolysis can also be measured in a non-invasive way in human subjects in vivo with the 

use of stable isotopes. In this thesis, [2H5]-glycerol was applied. The Ra of unlabelled 

glycerol is determined by the dilution of infused [2H5]-glycerol and reflects lipolysis. The 

methods to determine the Ra of glycerol in the (non) steady state are comparable to 

those of endogenous glucose production 15.

1.2.4 Regulation of glucose and lipid metabolism
The ‘classical’ hormones involved in the regulation of glucose and lipid metabolism are:

Insulin:

Insulin is considered to be the most important hormone controlling glucose metabolism. 

Insulin is produced by the β-cells of the pancreas. In healthy subjects, insulin suppresses 

endogenous glucose production by inhibiting both glycogenolysis and gluconeogenesis. 

In addition, insulin suppresses lipolysis and protein breakdown, while it stimulates de novo 

lipogenesis, protein synthesis and peripheral glucose disposal, the latter predominantly into 

skeletal muscle via the glucose transporter-4 (GLUT-4). The influence of insulin on these 

different metabolic processes depends to a considerable degree on the plasma insulin 

concentration. Lipolysis has the highest insulin sensitivity with a maximum suppression at 

an insulin concentration of ± 200 pmol/L 19, followed by endogenous glucose production, 

which is completely inhibited at an insulin concentration of ± 400 pmol/L 20. Peripheral 

glucose disposal as well as protein synthesis are maximally stimulated at an insulin level 

of ± 500 pmol/L, which is ± 7 times the physiological upper limit of the fasting plasma 

insulin concentration 20, 21.

Glucagon:

Glucagon is produced by the pancreatic α-cells and its effects on glucose metabolism 

are opposite to the effects of insulin. Glucagon increases both hepatic glycogenolysis as 

well as gluconeogenesis. In healthy humans, glucagon has no major effect on peripheral 

glucose disposal 12.
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Catecholamines:

The catecholamines epinephrine and norepinephrine normally do not play an essential 

role in the regulation of glucose and lipid metabolism under basal conditions. However, 

in situations of stress and during exercise the catecholamines become important in 

preventing hypoglycemia. Epinephrine and norepinephrine both increase glucose levels via 

stimulation of glycogenolysis as well as gluconeogenesis and via a sustained suppression 

of glucose disposal. The catecholamines also stimulate lipolysis, which  results in an 

increase in the release of FFA. These FFA could function as alternative fuel sources for 

glucose 10, 12.

Cortisol:

Cortisol has a stimulatory effect on hepatic glucose production via an increase in both 

glycogenolysis and gluconeogenesis. In contrast to glucagon and the catecholamines, 

this effect is much slower and takes several hours to occur. Cortisol also induces insulin 

resistance both at the level of the liver as well as peripherally, resulting in increased 

hepatic glucose production and in decreased peripheral glucose disposal. Regarding lipid 

metabolism, cortisol has a stimulating effect on lipolysis 22, 23.

Growth hormone:

Growth hormone predominantly affects metabolism during prolonged starvation. This 

hormone induces hepatic and peripheral insulin resistance. Like cortisol, these effects 

on glucose metabolism take place after several hours. Growth hormone also stimulates 

lipolysis to provide substrates for gluconeogenesis and alternative fuel sources for glucose 

during prolonged fasting 24.

FFA:

Besides being energy substrates, FFA are metabolic messengers as well. FFA play a 

central role in glucose metabolism in both healthy individuals and in insulin resistant 

patients. In healthy subjects, FFA have a stimulatory effect on gluconeogenesis but not 

on hepatic glucose production, due to a concomitant decrease in glycogenolysis 25. In 

addition to these direct effects on gluconeogenesis, FFA also inhibit insulin-mediated 

suppression of endogenous glucose production by inhibiting insulin-mediated suppression 

of glycogenolysis 26. Regarding peripheral glucose disposal, FFA induce insulin resistance 

as well. It is thought that FFA (metabolites) inhibit insulin-stimulated glucose transport 

via alterations in the insulin signaling pathway 27. During starvation, FFA-induced insulin 
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resistance is physiological: it preserves carbohydrates for use by vital organs, such as the 

central nervous system.

Besides these ‘classical’ hormones, several other factors influence glucose and lipid 

metabolism as well. Important regulators of metabolism are the (adipo)cytokines. The 

role of the adipocytokines in lipid and glucose metabolism will be discussed below. The 

cytokines play a major role in metabolism during infections and in diseases in which 

inflammation is induced:

TNF-α:

In human subjects as well as in rodents, TNF-α induces insulin resistance via an increase 

in lipolysis and via inhibition of the insulin signaling pathway, leading to a decrease in 

the translocation of GLUT-4 28-30. However, as TNF-α-neutralizing antibodies failed to 

improve insulin sensitivity in type 2 diabetes, the role of TNF-α remains to be defined in 

human subjects 31.

IL-1:

In human adipocytes as well as in rats IL-1 induces hepatic and peripheral insulin 

resistance 32, 33. There are no data on the effects of IL-1 on glucose metabolism in human 

subjects.

IL-6:

In rodents, central administration of IL-6 increases energy expenditure, whereas peripheral 

administration induces hepatic and peripheral insulin resistance as well as dyslipidemia 2, 

34. In human volunteers, the data about its effect on glucose metabolism are conflicting 
30, 35-38.

1.3 Adipose tissue

Adipose tissue can be divided into 2 major compartments, subcutaneous (SAT) and 

visceral adipose tissue (VAT), which vary both in their distribution and metabolism. The 

subcutaneous and visceral compartments constitute ± 80% and 10% of total body fat 

respectively, with other depots such as retroperitoneal and perirenal fat accounting for 

the remainder 28.
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Both SAT as well as VAT consists of 2 types of adipose tissue, namely brown and 

white adipose tissue. The predominant type of adipose tissue is white. Brown adipose 

tissue is mainly involved in heat production through thermogenesis, a process mediated 

by mitochondrial uncoupling protein 1. This is a crucial process in several animals as 

well as in human newborns, whose brown fat depots are therefore abundant. However 

in humans, shortly after birth, brown fat is largely replaced by white adipose tissue as 

its role in thermogenesis becomes less important 39. White adipose tissue has several 

important functions: besides its role in mechanical cushioning, it consists of cells which 

are specialized in triglyceride synthesis and storage. By compact storage of triglycerides, 

white adipose tissue can provide energy during sustained periods of fasting via an increase 

in lipolysis 12, 40. On the other hand, during the postprandial period, white adipose tissue 

is able to buffer the lipids that are released from triglycerides-rich lipoproteins 12, 41. 

In addition to these functions, white adipose tissue has recently been recognized as a 

highly active metabolic and endocrine organ which is capable of producing a variety 

of hormones, including TNF-α, IL-6, resistin, leptin and adiponectin 2. Some of these 

adipocytokines mainly originate from adipocytes (leptin, adiponectin) while others are 

shared with other cells, such as macrophages and endothelial cells (TNF-α, IL-6) 41, 42. 

The production and secretion of the various adipocytokines differ between VAT and 

SAT. Visceral fat has been described to secrete more IL-6 43 and adiponectin 44, 45 than 

subcutaneous fat. In contrast, leptin expression and secretion is higher in SAT than in 

VAT 46, 47. The adipocytokines have a major influence on glucose and lipid metabolism. 

Adiponectin appears to be the most interesting adipocytokine by its insulin-sensitizing 

effects and its potent role in the pathogenesis of disturbances in glucose metabolism.

1.4 Adiponectin

Adiponectin is an abundant circulating plasma protein, predominantly produced by 

adipocytes 2. In healthy rodents, administration of adiponectin ameliorates glucose 

metabolism by enhancing peripheral glucose uptake and suppressing hepatic glucose 

production. Moreover, in both lipoatrophic and obese animals, adiponectin reverses insulin 

resistance 3-5. These effects occur via activation of AMPK in muscle, adipocytes as well as 

in the liver. This results in stimulation of FFA oxidation and consequently a reduction in 

triglycerides 4, 48. In plasma, adiponectin circulates as several different entities, including 

a HMW (high-molecular-weight), a hexameric (medium-molecular-weight) and a trimeric 

(low-molecular-weight) form. The HMW oligomer has been implicated as the most active 
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form, responsible for the insulin-sensitizing effects of adiponectin in the liver and skeletal 

muscle 49.

Plasma levels of adiponectin, primarily of the HMW form, are reduced in insulin 

resistant subjects with obesity, type 2 diabetes mellitus and HIV-associated lipodystrophy 
6, 7, 50, 51. Considering the insulino-mimetic properties of adiponectin, the reduction in 

adiponectin levels could play a role in the pathogenesis and/ or perseverance of the 

disturbances in glucose and lipid metabolism in such patients.

Sepsis or other acute infections, such as malaria, are frequently complicated by 

disturbances in glucose metabolism as well. Plasma adiponectin levels and the involvement 

of adiponectin in the derangements in glucose homeostasis during acute infections have 

not been investigated yet.

1.4.1 Regulation of adiponectin
Since hyperinsulinemia and hyperglycemia are characteristic biochemical features of insulin 

resistant patients, insulin as well as glucose could be involved in the down-regulation of 

adiponectin. The effects of insulin have been investigated extensively. Most, but not all 

studies 52 have reported an increase in adiponectin expression and secretion in 3T3-L1 

adipocytes in response to insulin 53-56. Moreover, insulin stimulates adiponectin secretion 

via the phosphatidylinositol 3-kinase (PI3K)-dependent signaling pathway, since selective 

inhibition of this pathway prevented the effect of insulin 55, 57. Besides the PI3K-pathway, 

insulin mediates its metabolic effects via 2 other main signal transduction pathways: 

the Mitogen-activated protein kinase (MAPK) pathway and in synergy with amino acids 

the mammalian target of rapamycin (mTOR) pathway. The influence of the MAPK- and 

mTOR pathway on adiponectin production and secretion have not yet been studied.

In contrast to these studies in 3T3-L1 adipocytes, insulin decreases plasma adiponectin 

levels in human subjects 58-60. The cause for the different effects of insulin on adiponectin 

in 3T3-L1 adipocytes compared to human subjects remains to be elucidated.

The effects of glucose on adiponectin levels have been investigated only in rats. 

Hyperglycemia resulted in enhanced adiponectin expression in visceral fat, whereas 

plasma levels remained constant 61. The regulation of plasma adiponectin levels by 

glucose has not been assessed in human subjects. In addition, studies on the influence of 

the combination of hyperinsulinemia and hyperglycemia on human plasma adiponectin 

levels are lacking.

1.4.2 Disturbances in glucose and lipid metabolism and the role of 
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adiponectin
The most common perturbation of glucose metabolism is insulin resistance. Insulin 

resistance is defined as a reduced action of insulin in target tissues, i.e. skeletal muscle, 

adipocytes and the liver. The most important metabolic consequences of insulin resistance 

are an increase in hepatic glucose production as well as in lipolysis and a reduction in 

peripheral glucose disposal. In the early stages of insulin resistance, plasma glucose is 

normal and insulin levels are moderately increased. Progression of insulin resistance in 

combination with pancreatic β-cell failure lead to overt type 2 diabetes mellitus 12.

Obesity and type 2 diabetes mellitus:

There is a strong association between insulin resistance and obesity, especially with 

abdominal obesity. An estimated 60-90% of patients with type 2 diabetes mellitus are 

or have been overweight. In addition, in the early stages of obesity, insulin resistance is 

already apparent 62. The pathophysiological mechanisms underlying the relation between 

obesity and insulin resistance have not been fully elucidated. Ectopic fat storage has 

been suggested to be one of the key mechanisms. An excess of lipids, exceeding the 

capacity of subcutaneous adipocytes, results in a lipid flux to visceral fat and eventually 

to surrogate storage depots such as in the liver and skeletal muscle.

Visceral fat is more strongly associated with perturbations in glucose and lipid 

metabolism than subcutaneous fat. Compared to subcutaneous adipocytes, lipolytic 

activity is higher in visceral adipocytes, due to a more pronounced effect of β-adrenergic 

stimulation and less sensitivity to the antilipolytic effects of insulin. Moreover, an increase 

in visceral fat leads to a greater FFA delivery directly to the liver due to the drainage of 

visceral fat into the portal vein 28, 41. A high influx of FFA (metabolites) into the liver 

negatively influences glucose and lipid metabolism with consequently hepatic steatosis 

and hepatic insulin resistance 63, 64. Intramyocellular lipid accumulation negatively affects 

glucose metabolism as well. Via inhibition of the insulin signaling cascade, FFA and its 

metabolites (e.g. diacylglycerol and ceramides) reduce insulin-mediated glucose disposal 

into muscle 63-65.

Besides induction of ectopic lipid deposition, obesity also impairs the endocrine function 

of adipocytes, resulting in disturbances in the synthesis and secretion of adipocytokines 
28, 41. Furthermore, hypertrophied adipocytes induce a local inflammatory reaction with 

infiltration of macrophages and overexpression of cytokines and chemokines 42, 66. Both 

factors probably contribute to an increase in plasma (adipo)cytokines with a deleterious 
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effect on metabolism, including TNF-α and IL-6 67-69 in obese humans. These (adipo)

cytokines interfere with normal insulin signaling and eventually lead to insulin resistance.

In contrast to the increased levels of these proteins, plasma adiponectin levels are 

decreased in obese subjects 51. In addition, patients with type 2 diabetes mellitus 

have reduced adiponectin levels as well, primarily of the most active HMW form 6, 50. 

Considering the insulin-sensitizing effects of adiponectin, the decrease in adiponectin 

levels in patients with obesity and type 2 diabetes could play a role in the etiology of 

the disturbances in glucose and lipid metabolism in these patients. Indeed, low total 

and HMW plasma concentrations of adiponectin are associated with insulin resistance 
6, 7, 70-73. Furthermore, prospective studies showed that total plasma adiponectin levels 

declined before the onset of obesity and insulin resistance 70, 74. Finally, up-regulation of 

adiponectin by PPAR- γ agonists resulted in an improvement of insulin sensitivity in these 

patients 75, 76. These improvements in insulin sensitivity were correlated with an increase 

in total and HMW plasma adiponectin levels 76, 77.

Lipodystrophy:

The most common forms of lipodystrophy are genetic and HIV-associated lipodystrophy. 

Lipodystrophy is characterized by a total or partial loss of peripheral subcutaneous fat 

(lipoatrophy) often accompanied by accumulation of visceral, breast and dorsocervical 

(buffalo hump) fat 78, 79. In addition to visceral fat accumulation, lipoatrophy is associated 

with insulin resistance as well 78, 80, 81. Due to the loss of SAT, the capacity to store lipids 

is limited. This leads to ectopic fat deposition. In addition, the endocrine function of 

adipocytes is impaired as well in lipoatrophy, resulting in disturbances of adipocytokine 

levels 82-85. Similar to the situation in obese humans, these factors could be involved in the 

etiology of the disturbances in glucose and lipid homeostasis in lipoatrophic patients.

Certain antiretroviral drugs used for the treatment of HIV-infection have been 

demonstrated to play a major role in the pathogenesis of HIV-lipodystrophy 79. The 

currently most commonly used antiretrovirals belong to 1 of 3 classes, i.e. protease 

inhibitors (PI), nucleoside reverse transcriptase inhibitors (NRTI) and non-nucleoside 

reverse transcriptase inhibitors (NNRTI). Besides inducing metabolic disturbances via 

changes in body fat distribution, antiretrovirals have also been reported to influence 

metabolism in a direct way.

Regarding the role of PI, prospective studies showed a decrease in insulin sensitivity and 

β-cell dysfunction in HIV-1-infected patients several months after starting a PI-containing 

regimen 86-88. Moreover, in healthy volunteers, administration of a single dose of the PI 

indinavir reduced peripheral glucose uptake 89. In-vitro research has demonstrated that 
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several PI are able to acutely inhibit the activity of GLUT-4 90, thereby offering a possible 

explanation for the PI-induced insulin resistance in human subjects. Furthermore, PI have 

been shown to alter the secretion of adipocytokines 91, 92 and to enhance basal lipolysis 
93, which could both cause disturbances in metabolism.

NRTI are thought to contribute mainly indirectly to disturbances in metabolism by 

inducing changes in body fat distribution and lipoatrophy in particular 80, 94. However, 

as insulin resistance has been described to develop as early as 4 weeks after starting a 

regimen of 2 NRTI 95, NRTI may also disturb glucose metabolism more directly. Finally, NRTI 

have also been described to disturb the production and secretion of adipocytokines 96.

In contrast to PI and NRTI, NNRTI have not been demonstrated to negatively influence 

glucose or lipid metabolism.

Prospective studies, investigating the contribution of individual drug classes, NRTI 

in particular, and the sequence of onset of the derangements in glucose and lipid 

metabolism as well as in body fat distribution are lacking in antiretroviral drug-naive, 

HIV-1-infected patients starting antiretroviral therapy.

Similar to what is the case in obese and diabetic patients, adiponectin could contribute 

to the perturbations in glucose and lipid metabolism in HIV-lipodystrophic patients. Plasma 

adiponectin levels are decreased in HIV-lipodystrophic patients compared to HIV-positive 

patients without lipodystrophy and compared to healthy subjects 7. Moreover, the total 

plasma adiponectin levels are positively correlated to insulin sensitivity 7. Whether a 

decrease in plasma adiponectin levels precedes the onset of disturbances in glucose and 

lipid metabolism in HIV-lipodystrophic patients is unknown.

The effects of PPAR-γ agonists in HIV-lipodystrophic patients have been explored by 

several studies 97-102. However, the majority of these studies focused on the influence 

of PPAR-γ agonists on body fat distribution and therefore did not examine glucose 

homeostasis in detail. The association between a PPAR-γ agonist-induced increase in 

adiponectin levels and changes in insulin sensitivity at the level of peripheral glucose 

disposal, hepatic glucose production and lipolysis remains to be elucidated in HIV-

lipodystrophy.

Infections:

Acute infections, such as sepsis and malaria, are frequently complicated by disturbances 

in glucose metabolism. Hypoglycemia is seen in critical illness, as an infrequent feature 

of early sepsis 103, 104. In animal studies, it was demonstrated that hypoglycemia during 

early sepsis is the consequence of a decrease in glucose production by the liver combined 

with a relative stimulation of glucose disposal by selective macrophage-rich tissues, mostly 
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by an insulin-independent mechanism 105, 106. The pathophysiology of hypoglycemia 

can not be explored in humans as immediate treatment is mandatory. Sepsis can be 

mimicked in healthy humans via intravenous administration of Gram-negative bacterial 

lipopolysaccharide (LPS). Studies with LPS in humans are extremely scarce and confirm 

early hypoglycemia, but did not explore its mechanism 107. Data on peripheral and 

hepatic insulin sensitivity in early sepsis or after LPS administration in human subjects 

are lacking.

A prolonged duration of sepsis is associated with an acute and reversible state of 

insulin resistance, leading to hyperglycemia 108. Hyperglycemia could be the consequence 

of a decline in peripheral glucose uptake in combination with an increase in endogenous 

glucose production as well as lipolysis during sepsis 108-112. Counterregulatory hormones 

and pro-inflammatory cytokines have been hypothesized to contribute to these 

disturbances 113-115. The role of adiponectin in the metabolic derangements during 

sepsis is unknown.

In patients with severe malaria, hypoglycemia is a frequent complication, occurring in 

8–30% of individuals affected with this disease, particularly in those with cerebral malaria 
116. As adiponectin suppresses hepatic glucose production, adiponectin could be involved 

in the etiology of hypoglycemia during malaria. The potential pathophysiological role 

of adiponectin in the development of hypoglycemia in malaria patients has not been 

assessed yet.

1.5 Outline of this thesis

This thesis examines some aspects regarding the regulation of adiponectin and its role 

in the disturbances in glucose and lipid metabolism with an emphasis on patients with 

infections and HIV-lipodystrophy.

Chapter 2

Insulin resistant patients are characterized by high plasma insulin levels. Insulin could be 

responsible for the down-regulation of adiponectin in these patients. Insulin mediates its 

metabolic effects via 3 different signal transduction pathways: the PI3K- pathway, the 

MAPK pathway and in synergy with amino acids the mTOR pathway. We examined the 

influence of these different insulin signaling cascades on the production and secretion of 

adiponectin in 3T3-L1 adipocytes. In addition, we also investigated whether autophago-

lysosomal breakdown regulates adiponectin levels.
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Chapter 3

Besides hyperinsulinemia, patients with type 2 diabetes mellitus also have high plasma 

glucose concentrations. Hyperinsulinemia, hyperglycemia or its combination could be 

involved in the etiology of low adiponectin levels. In chapter 3 we investigated the 

selective effects of insulin, glucose and its combination on plasma (HMW) adiponectin 

levels in healthy subjects.

Chapter 4

Sepsis and other acute infections are often associated with disturbances in glucose 

homeostasis. As no data on peripheral and hepatic insulin sensitivity in early sepsis in 

humans exist, we studied glucose metabolism during hyperinsulinemic-euglycemic clamps 

with the use of stable isotopes in healthy volunteers after LPS administration and in a 

control setting. The effects on plasma adiponectin levels were examined as well.

Chapter 5

Disturbances in glucose metabolism frequently complicate severe malaria. We investigated 

plasma adiponectin levels in malaria patients and correlated these levels to endogenous 

glucose production rates to assess the role of adiponectin in the regulation of glucose 

production in malaria.

Chapter 6 and 7

Patients with antiretroviral therapy-associated lipodystrophy are characterized by changes 

in body fat distribution as well as by derangements in lipid and glucose metabolism. In order 

to obtain more insight into the contribution of individual drug classes, NRTI in particular, 

and into the sequence of onset of metabolic disturbances, we studied body composition 

and metabolism in detail in antiretroviral therapy-naive, HIV-1-infected patients starting 

treatment with a NRTI-containing regimen (lopinavir/ritonavir + zidovudine/lamivudine 

(LPV/r + AZT/3TC)) or a NRTI-sparing regimen (lopinavir/ritonavir + nevirapine (LPV/r + 

NVP)). The patients were studied at baseline and 3 (chapter 6), 12 and 24 (chapter 7) 

months following the start of treatment. 

Chapter 8

Considering the insulino-mimetic properties of adiponectin, up-regulation of plasma 

adiponectin could result in improved glucose and lipid metabolism in HIV-associated 

lipodystrophy. In chapter 8, we examined the effects of a rosiglitazone-induced increase 

in adiponectin levels on insulin sensitivity by performing hyperinsulinemic-euglycemic 
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clamps using stable isotopes at baseline and 16 weeks after starting treatment with 

rosiglitazone in a double-blind placebo-controlled trial.

Chapter 9

From the start until the end of this thesis the amount of publications in the Medline 

database, which mention adiponectin have increased exponentially from ± 100 to 4000. 

In chapter 9 we summarize and put into perspective recent advances regarding the 

regulation of adiponectin and its role in lipid and glucose metabolism.
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Abstract

Objective: 

Adiponectin is a fat cell-derived hormone with insulin-sensitizing properties. Low plasma 

adiponectin levels are associated with insulin resistance as found in obesity. One of 

the mechanisms for this finding is hampered insulin signaling via phosphatidylinositol 

3-kinase (PI3K) with concomitant decreased adiponectin secretion. Because insulin can 

also stimulate signaling at the level of mammalian target of rapamycin (mTOR) by a 

mechanism that is dependent on the presence of amino acids, the role of mTOR signaling 

in adiponectin secretion was studied. In view of the vesicular nature of adiponectin 

secretion, the role of lysosomes was explored as well.

Methods: 

In 3T3-L1 adipocytes, by selective stimulation and/ or inhibition of the PI3K- and the 

mTOR- signaling pathways, we studied their effects on adiponectin production and 

secretion. The role of lysosomes was studied by administration of several regulators of 

lysosomal function. Adiponectin was measured by ELISA.

Results: 

In 3T3-L1 adipocytes, both insulin and amino acids stimulated adiponectin secretion. The 

stimulation by insulin was PI3K dependent but mTOR independent. The stimulation by 

amino acids was independent of both PI3K and mTOR. Whereas the effect of insulin via 

PI3K was mainly on adiponectin secretion from

adipocytes, the effect of amino acids was predominantly due to their role as substrates 

for adiponectin synthesis. The acidotropic agents ammonia and methylamine, but not 

the lysosomal protease inhibitor leupeptin and the autophagy inhibitor 3-methyladenine, 

strongly inhibited adiponectin secretion and increased the intracellular adiponectin pool.

Conclusions:

Adiponectin production is substrate driven. PI3K and an acidic lysosomal pH, but not 

amino acid-mediated mTOR signaling or lysosomal breakdown are involved in adiponectin 

secretion. 
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Introduction

Insulin resistance is a major risk factor for the development of type 2 diabetes and has 

frequently been associated with obesity. In addition to being a fat storage depot, adipose 

tissue has been shown to synthesize and secrete several biologically active molecules that 

influence glucose metabolism. Among these adipocytokines is adiponectin, a relatively 

abundant circulating plasma protein, which is produced and secreted exclusively by 

adipocytes 1, 2. In animal experiments, administration of adiponectin ameliorates glucose 

metabolism by enhancing glucose uptake and suppressing hepatic glucose output 3, 

4. Probably, these effects occur via AMP-activated protein kinase (AMPK)-dependent 

stimulation of fat oxidation 4-6.

Plasma concentrations of adiponectin are low in insulin resistant patients with obesity 

and type 2 diabetes 7, 8. The factors responsible for the dysregulation of adiponectin 

levels in these subjects have not yet been fully determined. Since these subjects are insulin 

resistant, insulin itself could be involved in the regulation of adiponectin production. 

In line with this, most, but not all studies 9 reported an increase in adiponectin gene 

expression in adipocytes 10-12 in response to insulin. Moreover, the insulin-stimulated 

increase in adiponectin secretion in 3T3-L1 adipocytes is likely mediated by the PI3K-

dependent signaling pathway, since selective inhibition of this pathway prevented the 

effect of insulin 13, 14. Apart from the involvement of the insulin/PI3K pathway in the 

regulation of adiponectin, two other main signal transduction pathways regulated by 

insulin, could be involved as well: the Mitogen-activated protein kinase- (MAPK) and the 

mTOR pathway. MAPK does not seem to regulate the stimulation of adiponectin secretion 

by insulin 14. The effect of the mTOR signaling pathway has not been considered so far. 

This is surprising because amino acid-dependent signaling synergizes with insulin at the 

level of mTOR and it is generally accepted that mTOR signaling controls protein levels via 

modulation of both protein translation and (autophagic) degradation 15-18. The nutrient-

sensing mTOR pathway has also been implicated in the regulation of leptin production 

by adipocytes 19, indicating that this pathway is important in the regulation of hormones, 

at least those produced by adipose tissue.

In the present study carried out with 3T3-L1 adipocytes, we tested whether, in addition 

to insulin/PI3K signaling, the mTOR pathway is involved in the regulation of adiponectin 

production and secretion. Because of the known vesicular nature of adiponectin secretion 
13, we also investigated whether autophago-lysosomal breakdown of adiponectin plays 

a negative role in this process.
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Materials and methods 

Materials
Insulin, PD98059, rapamycin, leupeptin, 3-methyladenine, methylamine, cycloheximide, 

AICAR (5-aminoimidazole-4-carboxamide riboside) and the chemicals for enhanced chemi-

luminescence (ECL) were from Sigma (St. Louis, MO, USA). LY294002 was obtained 

from Biomol (Plymouth Meeting, PA, USA). Complete protease inhibitor cocktail tablets 

were from Roche Diagnostics (Almere, The Netherlands). Restore Western Blot Stripping 

Buffer was from Thermo Fisher Scientific Inc. (Rockford,IL, USA). Phosphospecific anti-

PKB (Thr308), phosphospecific anti-p44/p42 MAPK (Thr202/Tyr204), phosphospecific 

anti-AMPK (Thr172), phosphospecific anti-p70S6 kinase (Thr389), anti-PKB and anti-MAPK 

were from Cell Signaling Technology Inc. (Leusden, The Netherlands).  Goat anti-rabbit-

HRP was from Biorad (Hercules, CA, USA). Cell-culture reagents were from Gibco BRL 

Life technologies (Paisley, Scotland). LY294002, rapamycin and PD98059 were dissolved 

in DMSO; the final DMSO concentration in the incubations did not exceed 0.5% (v/v). 

Controls were carried out with DMSO alone. All other chemicals were obtained from 

Sigma.

Cell culture and differentiation
3T3-L1 adipocytes (American Type Culture Collection, Rockville, USA) were pre-cultured at 

37 °C under a 10% CO2 air atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% foetal calf serum and 1% penicillin/streptomycin (100 units/ml). 

Confluent cells were differentiated in 12-wells plates by culturing in DMEM containing 

10% foetal calf serum, 1% penicillin/streptomycin, 0.5mM 3-Isobutyl-1-methylxanthine 

(IBMX), 1µM dexamethasone (DEX) and 100nM insulin. After 2 days, medium was 

replaced by the same medium except for IBMX, followed by replacement of the medium 

after another 2 days omitting IBMX and DEX. Cell medium was refreshed every 2 days 

until cells were fully differentiated.

Experiments
Prior to experimentation, adipocytes were washed 3 times with minimal medium (HBSS) 

containing 5mM glucose, supplemented with 45 mM bicarbonate, 10 mM Na+-HEPES, 

pH 7.4 and 0.1% (m/v) BSA. Subsequently, adipocytes were pre-incubated for 3h in 

minimal medium. Adipocytes were then incubated for 24h in minimal medium containing 

the appropriate treatments as described in the results section. Inhibitors (LY294002, 

PD98059 and rapamycin) were added 30 minutes before insulin and/or amino acid 
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treatment. After 24h of incubation, medium was collected and stored at -80ºC in the 

presence of a protease inhibitor cocktail until further analysis. Subsequently, cells were 

quickly washed 3 times with HBSS and lysed in 300µl ice-cold lysis buffer (20 mM Tris 

(pH 7.5), 50 mM NaCl, 250 mM sucrose, 50mM NaF, 5mM Na4P2O7, 1mM dithiothreitol 

(DTT), 1,0% (v/v) Triton X-100), supplemented with protease inhibitor cocktail tablets (1 

tablet per 20 ml lysis buffer). Cell lysate was cleared by centrifugation in a microcentrifuge 

for 15 minutes at 4°C and stored at – 80 °C.

The composition of the complete mixture of all amino acids (4aa) used in the 

experiments was such that the concentration of each of the amino acids was present 

at a concentration 4 times that found in fasted rat plasma. The composition of the 

1aa mixture was, except for a leucine concentration of 250 µM, exactly as described 

before 20; (in µM): asparagine 60, isoleucine 100, leucine 250, lysine 300, methionine 

40, phenylalanine 50, proline 100, threonine 180, tryptophan 70, valine 180, alanine 

400, aspartate 30, glutamate 100, glutamine 350, glycine 300, cysteine 60, histidine 60, 

serine 200, tyrosine 75 and arginine 100.

Immunoblotting
Cell protein was determined by the method of Lowry 21 and 30 µg of protein was 

separated by SDS-PAGE. After separation, a standard Western blotting procedure 

was performed and the polyvinylidene-fluoride blots were incubated with appropriate 

antibodies.  To ensure equal loading, phospho-blots were stripped for 15 minutes at 

room temperature with 30 ml of Restore Western Blot Stripping Buffer and incubated 

with antibodies against total PKB and MAPK. The proteins were visualised by ECL.

Analysis of adiponectin levels
Quantification of adiponectin protein levels was performed using ELISA from R&D 

Systems (Abingdon, UK).

Statistical analysis
The adiponectin levels of individual treated cell cultures were expressed as ng/ml per 24h. 

Results are shown as mean ± SD of 4 to 6 experiments with 3 repeats of each condition per 

experiment. Comparisons between various conditions were performed using an unpaired 

t-test. Probability values of < 0.05 were considered statistically significant. SPSS statistical 

software version 12.0.1 (SPSS Inc, Chicago, IL, USA) was used to analyze data.
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Results

Insulin- and amino acid-dependent signaling
The effects of insulin and amino acids on the activation of the PI3K-, MAPK- and mTOR 

pathways are shown in Fig. 1. The efficacy of LY294002, PD98059 and rapamycin as 

inhibitors of the PI3K-, MAPK- and mTOR pathways, respectively, was verified. PKB 

phosphorylation at Thr308, which is essential for PKB activity 22, was stimulated by 

insulin in a LY294002-sensitive manner (Fig. 1A). In contrast, PD98059 did not affect the 

stimulation of PKB phosphorylation by insulin. MAPK phosphorylation at Thr202/Tyr204 

was stimulated by insulin and inhibited by PD98059, but not by LY294002, as expected 

(Fig. 1B). Rapamycin, which specifically inhibits mTOR, had no effect on insulin-stimulated 

PKB- and MAPK phosphorylation (Fig. 1A and B). In contrast to the effect of insulin, 

exposure to amino acids did not result in phosphorylation of PKB at Thr308 (Fig. 1C). 

Amino acids stimulated phosphorylation of p70S6 kinase at Thr389, which is most critical 

for kinase function 23, in a concentration-dependent manner (Fig. 1D). Insulin did not 

affect p70S6 kinase phosphorylation. LY294002 and rapamycin completely prevented 

phosphorylation of p70S6 kinase under all conditions. None of these inhibitors stimulated 

phosphorylation of AMPK (Fig. 1E), indicating that they did not affect the cellular energy 

state. AICAR, an activator of AMPK phosphorylation 24, 25, was used as a positive control. 

Fig. 1. Effects of insulin and amino acids on signaling. Differentiated 3T3-L1 adipocytes were starved 
for 3h on minimal medium, followed by 24h of incubation with the additions indicated. Lysates 
were separated by SDS-PAGE, immunoblotted with anti-phospho-PKB (Thr308), anti-phospho-MAPK 
(Thr202/Tyr204), anti-phospho-p70S6 kinase (Thr389), anti-phospho-AMPK (Thr172), anti-PKB or anti-
MAPK antibodies and visualised by ECL. Cell integrity was analysed by light microscopy. ctl, control 
(minimal medium); ins, insulin (100nM); ly, LY294002 (100 µM); pd, PD98059 (25µM); ra, rapamycin 
(100 nM); ch, cycloheximide (50µM); AICAR, 5-aminoimidazole-4-carboxamide riboside (250µM).
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Light microscopy analysis of the cells after 24h also indicated that cell integrity was not 

influenced by these compounds (Fig. 1F).

Insulin and amino acids stimulate adiponectin secretion
Adiponectin secretion into the culture media of 3T3-L1 adipocytes was linear with time 

for at least 24h and markedly stimulated by insulin (100nM) and 4aa. Insulin stimulated 

adiponectin secretion by 37% (control 35 ng/ml ± 3.5 vs. insulin 48 ng/ml ± 7.4; 

p<0.0001) and amino acids stimulated adiponectin secretion by 66% (control 35 ng/ml ± 

3.5 vs. amino acids 58 ng/ml ± 7.0; p<0.0001) (Fig. 2) compared to control.

Fig. 2. Insulin and amino acids stimulate 
adiponectin secretion. Differentiated 
3T3-L1 adipocytes were starved for 3h 
on minimal medium, followed by 0, 
4 and 24h of incubation with insulin 
or amino acids. Results are expressed 
as mean ± SD of 4 to 6 experiments 
with 3 repeats of each condition per 
experiment. ctl, control (minimal 
medium); ins, insulin (100nM).

Insulin-stimulated adiponectin secretion is PI3K dependent but MAPK 
independent
The stimulation by insulin was prevented by the PI3 kinase inhibitor LY294002, but not 

by the MAPK inhibitor PD98059. Both compounds slightly inhibited basal adiponectin 

secretion in the absence of insulin (Fig. 3A). 

Insulin-stimulated adiponectin secretion is largely independent of protein 
synthesis
In order to determine whether protein synthesis was involved in adiponectin secretion, 

3T3-L1 adipocytes were incubated in the presence of the protein synthesis inhibitor 

cycloheximide. After 24h, basal adiponectin secretion was significantly decreased when 

cycloheximide was added (control 35 ng/ml ± 3.5 vs. cycloheximide 14 ng/ml ± 1.0; 

p<0.002, n=4). In the presence of cycloheximide, adiponectin secretion was still stimulated 

by insulin in a PI3K-dependent manner (Fig. 3B). As in the absence of cycloheximide, 

PD98059 inhibited basal adiponectin secretion in its presence, but did not affect the 

stimulation by insulin (Fig. 3B). Cycloheximide incubation did not affect cell integrity as 
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indicated by the AMPK phosphorylation state and by light microscopy analysis (Fig. 1E 

and 1F).

Intracellular adiponectin
Although insulin increased adiponectin secretion (Fig. 3A), it had no significant effect on 

intracellular adiponectin levels (Fig. 3C). In the absence of insulin, inhibition of the PI3K 

pathway slightly reduced intracellular adiponectin. In contrast, inhibition of the MAPK 

pathway had no effect on intracellular adiponectin. When protein synthesis was blocked 

by cycloheximide, intracellular levels of adiponectin dropped by 73% compared to control 

(control 33 ng/ml ± 0.6 vs. cycloheximide 9 ng/ml ± 0.5; p<0.002, n=4) and were reduced 

by insulin, but not significantly affected by LY294002 or PD98059 (Fig. 3D).

Amino acid-stimulated adiponectin production is independent of the PI3K, 
MAPK and mTOR pathways
To further investigate the stimulation of adiponectin secretion by amino acids, 3T3-L1 

cells were incubated in the absence or presence of amino acids (4aa), in combination 

with insulin (Fig. 4A). After 24h of incubation, adiponectin secretion was increased by 

Fig. 3. Adiponectin secretion is stimulated by insulin in a PI3K-dependent manner.
Differentiated 3T3-L1 adipocytes were starved for 3h on minimal medium, followed by 24h of 
incubation with the additions indicated. Results are expressed as mean ± SD of 4 to 6 experiments 
with 3 repeats of each condition per experiment. ctl, control (minimal medium); ins, insulin 
(100nM); ly, LY294002 (100 µM); pd, PD98059 (25µM); CH, cycloheximide (50µM). 
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66% (p<0.0001) with 4aa and by 57% with 1aa (p<0.0001) (data of 1aa not shown). 

Insulin had no further effect on adiponectin-stimulated secretion when combined with 

4aa. The stimulation of adiponectin release by amino acids was largely insensitive to 

LY294002 (Fig. 4A) and also not affected by PD98059 (data not shown). Intracellular 

adiponectin levels were enhanced by amino acids in a PI3K-independent fashion (Fig. 

4B). In the presence of cycloheximide, the stimulation of adiponectin secretion by amino 

acids, but not by insulin, was lost (Fig. 4C).

The involvement of the mTOR pathway in adiponectin secretion and production was 

tested by incubating 3T3-L1 adipocytes with rapamycin. Basal adiponectin secretion was 

decreased by 16% (p<0.0007) with rapamycin. The stimulation by insulin and amino acids 

remained largely unaffected by rapamycin incubation (Fig. 4A). Likewise, the increase 

in intracellular adiponectin by amino acids was largely unaffected in the presence of 

rapamycin (Fig. 4B).

Fig. 4. Involvement of the PI3K- and the mTOR pathway in the stimulation of adiponectin secretion 
by insulin and amino acids. Differentiated 3T3-L1 adipocytes were starved for 3h on minimal 
medium, followed by 24h of incubation with the additions indicated. Results are expressed as 
mean ± SD of 4 to 6 experiments with 3 repeats of each condition per experiment. ctl, control 
(minimal medium); ins, insulin (100nM); ly, LY294002 (100 µM); ra, rapamycin (100nM); CH, 
cycloheximide (50µM).
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Effect of autophagy on adiponectin secretion
Adiponectin is known to be secreted in vesicles 13. As secretion is the result of both the 

rate of protein synthesis and degradation, the effect of inhibition of lysosomal function 

was studied. 3-Methyladenine, the classical inhibitor of autophagy 26, neither affected 

the secretion of adiponectin (Fig. 5A) nor its intracellular levels (Fig. 5B). Leupeptin, a 

lysosomal protease inhibitor, had no effect either. Interestingly, methylamine and NH4Cl, 

acidotropic agents that increase the pH of acidic compartments, including the lysosomes, 

strongly decreased adiponectin secretion (by 47 and 49% (p<0.00004), respectively; 

Fig. 5A), and increased the intracellular adiponectin levels (by 41 and 25% (p<0.004), 

respectively; Fig. 5B). None of these chemical compounds affected cell integrity, as 

indicated by the AMPK phosphorylation state and by light microscopy analysis (Fig. 1E 

and 1F).

Fig. 5. Effect of inhibition of lysosomal function 
on adiponectin secretion. Differentiated 3T3-L1 
adipocytes were starved for 3h on minimal 
medium, followed by 24h of incubation with 
the additions indicated. Results are expressed as 
mean ± SD of 3 to 5 experiments with 3 repeats 
of each condition per experiment. ctl, control 
(minimal medium); ra, rapamycin (100 nM); 
3-MA, 3-methyladenine (10mM); leup, leupeptin 
(200µM); ma, methylamine (5mM); NH4Cl, 
ammonium chloride (5mM).

Discussion

Plasma adiponectin concentrations are low in subjects with insulin resistance 7. 

Hampered insulin signaling has been implicated to be involved in the reduced levels of 

this adipocytokine. Studies performed with 3T3-L1 adipocytes have shown that insulin 

stimulates adiponectin secretion via PI3K-dependent signaling 13, 14. The present study 

confirms this: inhibition of the PI3K pathway by LY294002 administration completely 

inhibited the insulin-mediated increase in adiponectin secretion. In the presence of 

insulin, adiponectin levels in the medium of 3T3-L1 adipocytes increased, but intracellular 

adiponectin remained unaffected. This suggests that insulin stimulates both the 
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synthesis and secretion of adiponectin. Indeed, when protein synthesis was blocked by 

cycloheximide, insulin still increased the appearance of adiponectin in the medium and 

decreased its intracellular level.

The inhibition of basal adiponectin production by LY294002 is in contrast with 13, 

but in agreement with the effect of wortmannin, another PI3K-inhibitor, on adiponectin 

mRNA 14. The reason for these slight differences in results is not entirely clear but may 

be related to slight differences in experimental conditions and in the duration of the 

experimental period (2h in 13 vs. 24h in the present study).

Apart from the involvement of the insulin/PI3K signaling pathway in the regulation of 

adiponectin secretion, little information is available about other possible insulin-dependent 

pathways that may influence adiponectin production and secretion. Confirming an earlier 

study 14, inhibition of the MAPK pathway had no effect on the stimulation of adiponectin 

secretion by insulin. This is consistent with observations in models of insulin resistance 

in which the activity of the PI3K signaling pathway is decreased but the MAPK pathway 

still active 27-29.

In studies on the regulation of adiponectin secretion, the effect of amino acids and 

of amino acid-dependent signaling has not been considered so far. This is surprising 

as amino acid-dependent signaling synergizes with insulin at the level of mTOR and it 

is generally known that the mTOR signaling cascade regulates both the synthesis and 

autophagic degradation of proteins 15-18. The synergy between insulin and amino acids 

with regard to mTOR downstream signaling, first reported 30 for hepatocytes and later 

confirmed for other cell types 18, was also apparent in our experiments: insulin alone 

did not affect p70S6 kinase phosphorylation, but promoted the effect of amino acids. 

In agreement with the literature, amino acids did not affect the phosphorylation of PKB 
15, 16, 18. However, the stimulation of adiponectin secretion by amino acids was largely 

insensitive to rapamycin and also to LY294002. This suggests that the stimulation of 

adiponectin secretion by amino acids was largely unrelated to their ability to stimulate 

signaling. Because adiponectin secretion by amino acids was completely prevented by 

cycloheximide, the stimulation of adiponectin production by amino acids must have 

largely been due to their role as substrates for protein synthesis, and thus for adiponectin 

synthesis.

It was shown recently that overactivation of mTOR signaling by amino acids, inhibits 

insulin signaling upstream of mTOR by a negative feedback effect, because of p70S6k-

dependent phosphorylation of IRS1, which results in decreased activity of PI3K 31, 32. 

If this were the case, we would have expected a decrease in adiponectin secretion by 

high concentrations of amino acids in the presence of insulin, but this was not observed. 
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Additionally, we did not find a decrease in insulin-stimulated PKB phosphorylation after a 

24h exposure of the cells to high amino acid concentrations. This demonstrates that the 

feedback effect was not observed under our experimental conditions.

Although, in principle, autophagic degradation of adiponectin could have been 

involved in negative control of adiponectin secretion, our data strongly indicate that 

this was not the case. Inhibition of the autophago-lysosomal pathway by the autophagy 

inhibitor 3-methyladenine and by the lysosomal protease inhibitor leupeptin had no effect. 

These findings are consistent with the fact that mTOR activity, which controls autophagy 
15-18, did not play a major role in adiponectin secretion. Interestingly, both ammonia 

and methylamine, acidotropic agents which increase the pH of acidic compartments, 

including lysosomes, strongly inhibited export of adiponectin from the adipocytes. 

Because adiponectin is secreted via a vesicular pathway 13, 33, this strongly suggests that 

an acidic interior of these vesicles is required for adiponectin secretion, in analogy with 

other exocytotic processes, such as the release of insulin by pancreatic islets 34.

A potential limitation of the present study could be that the function of 3T3-L1 

adipocytes alters after 24h of incubation in minimal medium. Additionally, prolonged 

administration of several stimulators and inhibitors could have resulted in toxicity and 

consequently in changes in adiponectin levels. We believe these possible distorting factors 

are unlikely to play a role. Firstly, our results regarding the role of the insulin/PI3K signaling 

pathway in adiponectin secretion are in agreement with the literature 13, 14 as are the 

results (Fig. 1) on the inhibition and stimulation of the phosphorylation of PKB, MAPK 

and p70S6K 14, 18, 35. Secondly, toxicity would have resulted in lysis of the adipocytes 

with increased medium adiponectin levels as the consequence. This contrasts with the 

observed decrease in medium adiponectin levels in the present study after addition of 

e.g. LY294002, PD98059, methylamine and NH4Cl. Light microscopy also failed to detect 

cell lysis (Fig. 1F). Finally, AMP-activated protein kinase was not phosphorylated after 

24h of incubation in minimal medium whether in the absence or presence of the various 

inhibitors, indicating that the adipocyte energy level was not affected (Fig 1E).

In conclusion, our data indicate that amino acid-dependent mTOR-mediated signaling 

does not regulate adiponectin secretion. Whereas insulin stimulates the secretion of 

adiponectin in a PI3K-dependent manner, amino acids stimulate adiponectin production 

and secretion largely by virtue of their role as substrates for adiponectin synthesis. A 

minor role of mTOR signaling cannot be entirely excluded, however. The lysosomes do 

not regulate adiponectin secretion. An acidic intravesicular pH is required for efficient 

adiponectin secretion.
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Abstract

Objective: 

Adiponectin is a fat-derived hormone with insulin-sensitizing properties. In patients 

with type 2 diabetes plasma adiponectin levels are decreased. Since these patients are 

characterized by high plasma insulin and glucose concentrations, hyperinsulinemia and 

hyperglycemia could be responsible for the down-regulation of adiponectin. Insulin 

decreases adiponectin levels in humans. The effect of hyperglycemia is unknown. 

Methods: 

To determine the selective effects of insulin, glucose or its combination on plasma 

adiponectin, clamps were performed in six healthy males on four occasions in a cross-

over design: (1=reference clamp) lower insulinemic-euglycemic clamp (insulin 100 pmol/L, 

glucose 5 mmol/L); (2) hyperinsulinemic-euglycemic clamp (insulin 400 pmol/L, glucose 

5 mmol/L); (3) lower insulinemic-hyperglycemic clamp (insulin 100 pmol/L, glucose 

12 mmol/L); (4) hyperinsulinemic-hyperglycemic clamp (insulin 400 pmol/L, glucose 

12 mmol/L). Adiponectin concentrations and HMW (high-molecular-weight) to total 

adiponectin ratio were measured at the start and end of the 6-hour clamps. 

Results: 

After the 6-hour study period, total plasma adiponectin levels were significantly (p=0.045) 

decreased by 0.63 µg/ml in the lower insulinemic-euglycemic clamp (clamp 1). In both 

euglycemic groups (clamp 1+2), adiponectin concentrations significantly declined 

(p=0.016) over time by 0.56 µg/mL, whereas there was no change in both hyperglycemic 

groups (clamp 3+4) (p=0.420). In neither of the clamps, the ratio of HMW to total 

adiponectin changed. 

Conclusions:

Insulin suppresses plasma adiponectin levels already at a plasma insulin concentration 

of 100 pmol/L. Hyperglycemia prevents the suppressive effect of insulin. This suggests 

that, in contrast to glucose, insulin could be involved in the down-regulation of plasma 

adiponectin in insulin resistant patients.
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Introduction

Obesity is a major risk factor for insulin resistance, diabetes and cardiovascular diseases. 

In recent years, adipose tissue has been shown to synthesize and secrete a variety of 

biologically active molecules that influence systemic metabolism. These include among 

others adiponectin 1-3. Adiponectin is a relatively abundant circulating plasma protein 

with insulin sensitizing properties. In animal experiments, administration of adiponectin 

ameliorates glucose metabolism by enhancing glucose uptake and suppressing hepatic 

glucose output 4-6. In addition, adiponectin knock-out mice are more insulin resistant 

compared to wild-type mice 7, 8. In plasma, adiponectin circulates as several different 

entities, including a HMW, a hexameric (medium-molecular-weight (MMW)) and a 

trimeric (low-molecular-weight (LMW)) form. The HMW oligomer has been implicated as 

the major active form responsible for the insulin-sensitising effects of adiponectin in the 

liver and peripherally. In line with this, the ratio of HMW to total adiponectin has been 

described to correlate better with insulin sensitivity than total adiponectin levels 9.

As adiponectin is mainly synthesized and released by white adipose tissue, it may be 

expected that its expression in adipocytes would increase in obesity. However, plasma 

levels of adiponectin 10-12 have been shown to be reduced in subjects with obesity as 

well as in patients with type 2 diabetes and HIV-lipodystrophy and this is considered to 

contribute to the degree of insulin resistance in these diseases. The factors responsible 

for this counterintuitive finding in these patients have not been fully determined yet. 

Since hyperinsulinemia and hyperglycemia are characteristic biochemical features of 

these patients, insulin as well as glucose could be responsible for the down-regulation of 

adiponectin. Insulin’s inhibiting effect on adiponectin gene expression and plasma levels 

has been shown in several in vitro and in vivo studies 13-15. However, additional factors 

have to be involved, as in the more advanced stages of type 2 diabetes, associated with 

decreased plasma insulin levels, adiponectin concentrations remain low 16. Hypothetically, 

hyperglycemia could be involved in the low adiponectin levels under these circumstances. 

Indeed, several studies associated low adiponectin concentrations with poor glycemic 

control and high dietary glycemic load in diabetic men 17, 18.

The effects of hyperglycemia per se and/or in combination with hyperinsulinemia on 

plasma adiponectin levels in human subjects have not yet been studied. We hypothesize 

that hyperglycemia, in addition to hyperinsulinemia, results in a (further) decline in 

plasma adiponectin levels. To test this hypothesis, we performed a controlled cross-over 

study in six healthy males on four occasions with plasma levels of insulin and glucose 
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aimed at respectively: (1) insulin 100 pmol/L, glucose 5 mmol/L; (2) insulin 400 pmol/L, 

glucose 5 mmol/L; (3) insulin 100 pmol/L, glucose 12 mmol/L and (4) insulin 400 pmol/L, 

glucose 12 mmol/L. Total and HMW oligomer plasma adiponectin levels were measured 

at baseline and at the end of the 6-hour clamps.

Methods

Subjects
We studied 6 healthy, non smoking, male volunteers (age 21.7 ± 1.2 years; weight 73.2 

± 4.8 kg; body mass index: 21.8 ± 0.9 kg/m2). None of them used medication or had 

a positive family history of diabetes. All volunteers had normal plasma values of fasting 

glucose (4.6 ± 0.2 mmol/L), insulin (33 ± 9 pmol/L), erythrocyte sedimentation rate, 

complete blood count, lipid profile, renal and hepatic function and all had a normal oral 

glucose tolerance test, according to the American Diabetes Association criteria 19. The 

study was approved by the Medical Ethical Committee of the Academic Medical Center 

in Amsterdam and all subjects gave written informed consent. The present study was 

part of a study on effects of insulin and hyperglycemia on different parameters 20, 21. 

The data in the present study, except for the glucose and insulin levels, have not been 

published before.

Study Design
The study protocol had a crossover design with a wash-out period of 4 weeks. The 

sequence of the 4 different clamps was chosen at random in all subjects. Each volunteer 

served as his own control and was studied on four occasions with plasma levels of insulin 

and glucose aimed at respectively: (1=reference clamp) lower insulinemic-euglycemic 

clamp (insulin 100 pmol/L, glucose 5 mmol/L); (2) hyperinsulinemic-euglycemic clamp 

(insulin 400 pmol/L, glucose 5 mmol/L); (3) lower insulinemic-hyperglycemic clamp 

(insulin 100 pmol/L, glucose 12 mmol/L) and (4) hyperinsulinemic-hyperglycemic clamp 

(insulin 400 pmol/L, glucose 12 mmol/L).

For three days prior to the study, all volunteers consumed an isocaloric diet containing 

at least 250 g of carbohydrates with a maximum of 20% disaccharides. After an overnight 

fast subjects were admitted to the clinical research unit and confined to bed. The study 

started with placement of a catheter into an antecubital vein for infusion. Another catheter 

was inserted into a contra-lateral hand vein, kept in a thermo-regulated (60 ºC) box for 

sampling of arterialized venous blood. Saline (NaCl 0.9 %) was infused with a slow drip 
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(30 ml/hr) to keep the catheters patent. At T=0 (9 AM) infusions of somatostatin (250 

µg/h; Somatostatine-ucb; UCB Pharma B.V., Breda, the Netherlands) and glucagon (1 ng/

kg•min; GlucaGen; Novo Nordisk, Alphen aan den Rijn, the Netherlands) were started to 

respectively suppress endogenous insulin and to replace the by somatostatin suppressed 

endogenous glucagon secretion. Concurrently infusions of insulin (Actrapid/L; Novo 

Nordisk) at a rate of 10 or 40 mU/m2 body surface area (BSA)•min (aimed at plasma 

insulin levels of 100 and 400 pmol/L, respectively) and glucose 10 or 20 % at a variable 

rate to obtain eu- or hyperglycemia were started as well. All infusions were administered 

by calibrated syringe pumps (Perfusor fm, Braun, Melsungen AG, Germany). To maintain 

glucose concentrations at 5 or 12 mmol/L from T= 0 until T= 6, every 5 minutes plasma 

glucose concentration was measured on a Beckman glucose analyzer 2 (Beckman, Palo 

Alto, CA). At T=0 and every ten minutes from T= 5:40 till T= 6:00 blood samples were 

drawn for determination of insulin levels. Blood samples were drawn for measurement 

of concentrations of cortisol, catecholamines, glucagon, FFA (free fatty acid), growth 

hormone and total adiponectin as well as for the HMW to total adiponectin ratio 

immediately before and at the end of the infusions (T = 0 and T = 6, respectively). Blood 

samples were kept on ice immediately after collection and subsequently centrifuged for 

10 minutes at 3000 rpm at 4 ºC. All plasma samples were stored below –20 ° C.

Assays
Plasma insulin, cortisol, glucagon, catecholamines and FFA levels were measured as 

described before 22. Plasma adiponectin concentrations were measured in duplicate 

by RIA (Linco Research, St. Charles, MO): intra-assay CV 4-6 %; inter-assay CV 6-9 %; 

detection limit 0.5 µg/mL. The HMW to total adiponectin ratio was measured in duplicate 

by gel electrophoresis and western blot 23. Human growth hormone (somatotropin) was 

determined with a chemiluminescent immunometric assay (Advantage, Nichols Institute 

Diagnostics, San Juan Capistrano, CA, USA).

Calculations and statistical analysis
Data were checked for normal distribution (Shapiro-Wilk test) and equal variances 

(Levene’s test) using the residuals. Depending on the results of these tests, data were 

analyzed either parametrically or non-parametrically. Results are presented as mean ± 

SD. To analyse differences in basal plasma glucose and insulin concentrations between 

the 4 clamps, a repeated measures ANOVA was used. Glucose and insulin levels at the 

end of the 6h study period were compared between clamps using a repeated measures 

ANOVA with correction for baseline levels. To test whether plasma adiponectin levels 
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changed between baseline and after 6 hours of infusion in clamp 1, a paired t-test was 

used. The effects of hyperinsulinemia, hyperglycemia and their interaction on the change 

of adiponectin levels between T = 0 and 6 hours were analyzed by a repeated measures 

ANOVA with correction for baseline adiponectin concentrations. Changes in plasma 

adiponectin levels over time are presented as mean change (95% confidence interval 

(95% CI)). Correlations between changes in plasma adiponectin levels and changes in the 

other parameters between T=0 and T=6 hours were analyzed by Spearman’s correlation 

coefficient. A sample size of six subjects would suffice to have 80% power to detect an 

absolute difference in adiponectin levels of 0.55 µg/mL (~10%), assuming a standard 

deviation of the mean difference of 0.4 µg/mL and using a paired t-test with a two-sided 

alpha of 0.05. SPSS statistical software version 12.0.1 (SPSS Inc, Chicago, IL, USA) was 

used to analyze the data.

Results

Glucose and insulin levels (table 1)
Basal plasma glucose and insulin concentrations were not significantly different between 

the 4 clamps. In all 4 clamps target levels of glucose and insulin were reached. During 

the first hour glucose levels rapidly increased towards target levels in both hyperglycemic 

groups and remained constant in both euglycemic groups. Glucose concentrations at the 

end of the 6h clamp were significantly higher in both clamps 3 and 4 (12.2 ± 0.5 and 

12.4 ± 0.1 mmol/L, respectively) compared to clamp 1 and clamp 2 (5.1 ± 0.1 and 5.0 ± 

0.2 mmol/L, respectively) (p<0.0001). The glucose levels in neither clamp 3 vs. clamp 4 

Table 1 Adiponectin, glucose and insulin

Clamp 1 Clamp 2 Clamp 3 Clamp 4

T=0 T=6 T=0 T=6 T=0 T=6 T=0 T=6

Adiponectin (µg/mL) 5.4±1.5 4.8±1.0* 5.5±1.9 5.0±1.9† 5.7±1.2 5.5±1.3 5.5±1.8 5.3±1.3

HMW: total 
adiponectin ratio

0.13±0.08 0.17±0.12 0.16±0.08 0.21±0.12 0.12±0.10 0.16±0.09 0.16±0.07 0.19±0.12

Glucose (mmol/L) 5.2±0.2 5.1±0.1 5.2±0.2 5.0±0.2 5.2±0.2 12.2±0.5‡ 5.0±0.4 12.4±0.1‡

Insulin (pmol/L) 39±9 89±6 39±9 408±61# 42±18 127±19## 32±8 443±34#

Values are given as mean ± SD, * P<0.05 vs. T=0 (clamp 1), † P<0.02 vs. T=0 (both clamp 1+2), ‡ p<0.0001 vs. 
clamp 1 and 2, # p<0.0001 vs. clamp 1 and 3, ## p<0.01 vs. clamp 1 
T=0: start of the clamp, T=6: end of the 6h clamp 
- clamp 1: insulin 100 pmol/L, glucose 5 mmol/L
- clamp 2 : insulin 400 pmol/L, glucose 5 mmol/L
- clamp 3: insulin 100 pmol/L, glucose 12 mmol/L 
- clamp 4: insulin 400 pmol/L, glucose 12 mmol/L
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nor in clamp 1 vs. clamp 2 differed at T=6 hours. Insulin levels were significantly higher 

at the end of the 6-hour study period in clamp 2 and clamp 4 (408 ± 61 and 443 ± 34 

pmol/L, respectively) compared to both clamp 1 and clamp 3 (89 ± 6 and 127 ± 19 

pmol/L, respectively) (p<0.0001). Between clamp 1 and clamp 3 at T=6 hours, there was 

a small difference in insulin levels, due to incomplete suppression of the hyperglycemia 

induced stimulation of endogenous insulin secretion (p<0.05).

Adiponectin levels (table 1 and figure 1)
After 6 hours of infusion, total plasma adiponectin concentrations were significantly 

decreased compared to basal levels by 0.63 µg/mL (p=0.045, 95% CI: 0.02 - 1.24; 10% 

decrease) in the lower insulinemic-euglycemic clamp (reference clamp=clamp 1). The 

HMW to total adiponectin ratio did not change significantly during clamp 1 (0.04, 95% 

CI: -0.15 - 0.06). The mean decline in total plasma adiponectin levels over time was not 

different between the relatively low insulin and the high insulin groups (0.42 µg/mL vs. 

n clamp 1: insulin 100 pmol/L, 
glucose 5 mmol/L

n clamp 2: insulin 400 pmol/L, 
glucose 5 mmol/L

n clamp 3: insulin 100 pmol/L, 
glucose 12 mmol/L

n clamp 4: insulin 400 pmol/L, 
glucose 12 mmol/L

Data are presented as mean ± SD. * 
P<0.05 vs. T=0 (clamp 1), † P<0.02 
vs. T=0 (both clamp 1+2)

Figure 1.Change in total plasma adiponectin levels (%) from the start till the end of the 6h-clamp 
in the 4 groups:

0.32 µg/mL, mean difference of 0.10, 95% CI: -0.31 - 0.52). During the 6h clamp, there 

was a significant decrease (p=0.016) in total plasma adiponectin concentrations of 0.56 

µg/mL in both euglycemic groups (clamp 1+2) (95% CI: 0.10 - 1.01), whereas there was 

no difference (p=0.420) in both hyperglycemic groups (clamp 3+4) (0.19 µg/mL, 95% 

CI: -0.27 - 0.64). During the clamp, there was no significant change in the HMW to total 

adiponectin ratio in both euglycemic groups (0.05, 95% CI: -0.06 – 0.15), nor in both 

hyperglycemic groups (0.03, 95% CI: -0.07 - 0.14).
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Glucoregulatory hormones and FFA
In all clamps, there were no significant correlations between the changes over time 

in plasma adiponectin levels and the changes over time in plasma concentrations of 

glucagon (r = -0.13, p=0.6), growth hormone (r = -0.20, p=0.4), norepinephrine (r =0.08, 

p=0.7), epinephrine (r = -0.11, p=0.6), cortisol (r =0.09, p=0.7) or FFA (r =0.21, p=0.3).

Discussion

Plasma adiponectin levels are unexplained low in patients with type 2 diabetes and HIV-

lipodystrophy. Since these patients often have hyperinsulinemia as well as hyperglycemia, 

insulin, glucose or the combination of both could be responsible for this decline. The 

present study for the first time describes the influence of hyperglycemia, hyperinsulinemia 

and its combination on plasma adiponectin concentrations in healthy male humans, in 

a study design in which each subject served as his own control. Insulin lowered plasma 

adiponectin levels, while hyperglycemia prevented this decline in healthy humans.

Several studies investigated the effects of insulin on adiponectin production and 

secretion in vitro. Most, but not all 13, in vitro studies found a stimulating effect on 

adiponectin gene expression 24-26 or secretion 27, 28 in 3T3-L1-adipocytes as well as in 

human adipocytes. Additionally, during hyperinsulinemic-euglycemic clamps in rats 

and healthy human subjects, the expression of adiponectin in respectively visceral and 

subcutaneous fat was moderately increased as well 29, 30. In contrast to these in-vitro 

data on adiponectin expression and secretion, insulin lowered human adiponectin levels 

in plasma. Hyperinsulinemic-euglycemic clamp studies in lean subjects reduced total 

plasma adiponectin levels by 10-20% 14, 15, 31. The increased total plasma adiponectin 

concentrations in patients with type 1 diabetes, specifically in those who are C-peptide-

negative, could be in line with this inhibiting effect of insulin 32, 33. Congruent with these 

human studies, we showed a 10% drop in total plasma adiponectin levels after six hours 

of infusion in clamp 1 with insulin levels aimed at 100 pmol/L. Since the mean decrease 

in plasma adiponectin levels over time was not different between the low and the high 

insulin groups, our data suggest that insulin has a maximal inhibiting effect on total 

adiponectin levels at concentrations of ≥100 pmol/L. A dose-independent negative effect 

on plasma adiponectin levels of insulin above 100 pmol/L has been described before 
15. Recently, a study reported that in nondiabetic subjects, hyperinsulinemia resulted 

in a reduction of HMW adiponectin levels as well as of the HMW to total adiponectin 

ratio 34. However, a distinction between the selective effects of insulin and glucose 
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on adiponectin levels was impossible to make as only hyperinsulinemic-hyperglycemic 

clamps were performed in that study. In the present study, we did not find a difference 

in the HMW to total adiponectin ratio after six hours of infusion in the lower insulinemic-

euglycemic clamp. This indicates that in healthy subjects, hyperinsulinemia per se does 

not primarily affect HMW adiponectin levels.

Besides insulin, other factors could have regulated adiponectin levels as well. Since there 

are no data on the effects of somatostatin, we can not exclude a role for somatostatin in 

the declined adiponectin levels. No significant correlations were found between changes 

over time in the levels of plasma adiponectin and changes over time in the plasma levels 

of glucagon, growth hormone, norepinephrine, epinephrine, cortisol nor FFA. Therefore 

these hormones do not seem to be involved in the decrease of adiponectin. As adiponectin 

does not have a circadian rhythm, it is unlikely that this phenomenon is responsible for 

our findings in the euglycemic clamps 35. Therefore high insulin concentrations in patients 

with type 2 diabetes may be involved in down-regulating plasma adiponectin, although 

the effect of insulin on the long run remains unknown.

Between the initiation and the end of the 6h study period, plasma adiponectin 

concentrations significantly declined in both euglycemic groups, whereas there was no 

significant change in the hyperglycemic groups. These data suggest that the inhibiting 

effect on total plasma adiponectin levels of hyperinsulinemia is counteracted by 

hyperglycemia. The effect of hyperglycemia per se on adiponectin levels in human subjects 

has not been described previously. One study reported on the effects of hyperglycemia 

on adiponectin expression and plasma concentrations in rats 29. A five hour clamp was 

performed with infusion of dextrose as well as somatostatin to achieve high glucose and 

low insulin levels, respectively. This clamp resulted in enhanced adiponectin expression 

in visceral adipose tissue, whereas plasma levels remained constant. In addition to the 

study in rats, we investigated the effect of hyperglycemia on plasma adiponectin levels 

during hyperinsulinemia, known to inhibit these levels. The common denominator in both 

studies is the absence of an absolute increase in plasma adiponectin levels. Therefore, it 

can be hypothesized that hyperglycemia per se does not increase plasma adiponectin, 

but only compensates in case of decreased adiponectin levels. Although the effects of 

hyperglycemia in absence of hyperinsulinemia remain unknown in human subjects, the 

relative increase in adiponectin levels during the hyperglycemic clamps could function as 

an adaptive mechanism to restrain glucose levels. In accordance with this hypothesis are 

the increased plasma adiponectin levels in human subjects with an acute severe infection, 

which is associated with insulin resistance and hyperglycemia 36, 37. The mechanisms 
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by which acute hyperglycemia prevents the suppressive effect of hyperinsulinemia on 

plasma adiponectin levels remain to be elucidated.

There was no difference in the HMW to total adiponectin ratio neither during the 

euglycemic nor during the hyperglycemic clamps in the present study. This result is partly 

in contrast to the earlier described study, which reported a decline in the HMW to total 

adiponectin ratio during a hyperinsulinemic-hyperglycemic clamp in nondiabetic subjects 
34. The reason for this difference in study results may be related to the differences in 

study design as insulin levels (700 pmol/L in 34 vs. 400 pmol/L in the present study) and 

duration of the clamp (7h vs. 6h, respectively).

In the present study, we investigated the acute (6h) regulation of plasma adiponectin 

levels by insulin and glucose in healthy, insulin sensitive subjects. Our data can not fully 

explain the low adiponectin levels in diabetic patients, as those levels are usually much 

lower than can be explained by the degree of suppression by insulin found in our study. 

Additionally, in those subjects the concomitant hyperglycemia should have (partly) 

prevented the suppressive effect of insulin. Apparently, other regulatory mechanisms 

are involved as well in the low adiponectin levels in the chronic abnormalities of glucose 

regulation.

In conclusion, insulin suppresses plasma adiponectin levels already maximally at a plasma 

insulin concentration of 100 pmol/L. Hyperglycemia prevents the suppressive effect of 

insulin on plasma adiponectin levels. This suggests that, in contrast to hyperglycemia, 

hyperinsulinemia could be involved in the down-regulation of plasma adiponectin in 

insulin resistant patients.
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Abstract

Objective: 

Sepsis-induced hypoglycemia is a well known, but rare event of unknown origin. In the 

present study we examined the mechanism of sepsis-induced hypoglycemia, focusing on 

hepatic and peripheral insulin sensitivity by using the model of human endotoxemia.

Methods: 

Glucose metabolism was measured in 18 healthy male volunteers during two 

hyperinsulinemic (insulin levels of 100 and 400 pmol/L) euglycemic (5 mmol/L) clamps 

on two occasions: with or without LPS.

Results:

Hepatic insulin sensitivity, defined as a decrease in endogenous glucose production 

during hyperinsulinemia (100 pmol/L), was higher in the LPS group compared to the 

control group (P = 0.010). Peripheral glucose uptake was higher in both clamps after LPS 

compared to the control setting (P = 0.006 and 0.010). In the LPS group, during both 

clamps, there was a significant increase in the plasma concentrations of norepinephrine 

and cytokines.

Conclusions:

These data indicate that shortly (two hours) after administration of LPS, peripheral and 

hepatic insulin sensitivity increase. This may contribute to the hypoglycemia occurring in 

some patients with critical illness, especially in the setting of intensive insulin therapy.
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Introduction

Sepsis and critical illness are associated with an acute and reversible state of insulin 

resistance, characterized by hyperglycemia. Hypoglycemia is also seen in critical illness, as 

an infrequent feature of early sepsis 1, 2. In animal studies it is known that hypoglycemia is 

the consequence of a decreased glucose production combined with a relative stimulation 

of glucose disposal by selective macrophage-rich tissues, mostly by an insulin-independent 

mechanism 3, 4. In humans, the pathophysiology of hypoglycemia during sepsis is 

unexplored. As hypoglycemia is a rare and suddenly occurring event, requiring immediate 

glucose infusion, controlled studies with stable isotopes are not possible. However, 

intravenous administration of Gram-negative bacterial lipopolysaccharide (LPS) induces 

a systemic inflammatory response mimicking many of the clinical features associated 

with sepsis and can be administered safely in a well-defined manner to produce well-

controlled effects 5. Until now only few studies have actually measured aspects of whole 

body glucose metabolism in humans after administration of LPS 5-7. The study by Bloesch 

et al. 7 showed a significant decrease in plasma glucose concentration, two hours after 

LPS injection, followed by hyperglycemia. The decrease in glucose concentrations was 

ascribed to both a decrease in endogenous glucose production rate (rate of appearance 

of glucose/Ra) as well as an increase in peripheral glucose uptake (rate of disappearance/

Rd) although the changes in Ra and Rd of glucose did not match in time with the short 

lasting drop in plasma glucose concentrations 7. Agwunobi et al. 6 reported a significant 

increase in glucose infusion rate during a hyperinsulinemic euglycemic clamp two hours 

after a LPS bolus which they ascribed to an increase in peripheral glucose disposal. 

However since they did not use isotopes to measure glucose fluxes, this explanation 

for their findings remains an assumption. Critical illness is characterized by insulin 

resistance, influencing the normal balance between glucose production and uptake. An 

aspect of the pathophysiology of hypoglycaemia in early sepsis could be increased insulin 

sensitivity. This is especially relevant because it is more or less daily practice that severely 

ill patients, admitted to the ICU, receive intensive insulin therapy to achieve euglycemia 

and start almost immediately with feeding, resulting in exogenous and endogenous 

hyperinsulinemia respectively 8, 9.

As no data on insulin sensitivity in early sepsis in humans exist we studied glucose 

metabolism, with the use of stable isotopes, during a hyperinsulinemic (100 pmol/L 

and 400 pmol/L) euglycemic (5 mmol/L) clamp, in healthy male volunteers, after LPS 

administration and in a control setting.
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Subjects and Methods

Subjects
18 healthy, non-smoking, male volunteers were included (Table 1). None of them used 

medication, had an infection in the preceding three months, was obese (defined as a 

BMI > 25 kg/m2) or had a positive family history of diabetes. All volunteers had normal 

plasma values of fasting glucose, erythrocyte sedimentation rate, complete blood count, 

lipid profile, creatinine and liver enzymes and all had a normal oral glucose tolerance test 

according to the American Diabetes Association criteria 10. The study was approved by 

the Medical Ethical Committee of the Academic Medical Center in Amsterdam and all 

subjects gave written informed consent.

Protocol (Figure 1)
Volunteers (n= 18) were studied during euglycemia (5 mmol/L) either during a plasma 

insulin level of 100 pmol/L or an insulin level of 400 pmol/L. We chose a lower and higher 

insulin level to study hepatic and peripheral insulin sensitivity respectively. In the control 

group volunteers (n=6) were studied twice, i.e. during both clamps. Since we considered 

it not feasible to administer LPS twice to the same subjects, six volunteers underwent the 

clamp aimed at an insulin level of 100 pmol/L and six other volunteers underwent the 

clamp aimed at an insulin level of 400 pmol/L.

For 3 days prior to the study, all volunteers consumed approximately 250 g of 

carbohydrates and were asked to refrain from vigorous exercise. The present study was 

part of a study on the differential effects of plasma glucose and insulin concentrations on 

several parameters relevant for critical ill patients 11-13. The data on glucose metabolism 

in the present study have not been published earlier.

At 0745 h in the LPS group and at 0845 h in the control group a catheter was inserted 

into an antecubital vein for infusion of [6,6-2H2]glucose, insulin, somatostatin, glucagon, 

glucose and LPS. (The difference in time was due to a slight difference in study protocol). 

Another catheter was inserted retrogradely into a contralateral hand vein kept in a 

thermoregulated (60 ºC) plexiglas box for sampling of arterialized venous blood. At T = 0:00 

h (15 minutes after insertion of the catheters) a blood sample was drawn for determination 

of background enrichment of plasma glucose. Thereafter a primed-continuous infusion 

of [6,6-2H2]glucose (prime 8.0 µmol/kg; continuous 0.11 µmol•kg-1min-1; >98 % pure 

and >99 % enriched, ARC Laboratories BV, Apeldoorn, The Netherlands) together with 

somatostatin (250 µg/h; Somatostatine-ucb, UCB Pharma BV, Breda, the Netherlands), 

glucagon (1 ng∙kg-1∙min-1; GlucaGen, Novo Nordisk, Alphen a/d Rijn, the Netherlands), 
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insulin (Actrapid, Novo Nordisk, Alphen a/d Rijn, the Netherlands) at a rate of 10 or 40 

mU/m2 body surface area (BSA)•min-1 (aimed for plasma insulin concentration of 100 

pmol/L or 400 pmol/L respectively) and glucose (10 or 20 %) at a variable rate to maintain 

euglycemia (5 mmol/L), were started and continued for 6 hours in the control group 

and for 8 hours in the LPS group. [6,6-2H2]glucose was added to the variable glucose to 

minimize changes in the achieved plasma isotopic enrichment of ~1 %.

At T = 3:00 h (after three hours of clamping) purified, lyophilized, LPS (Escherichia coli 

lipopolysaccharide, lot G, United States Pharmacopeial Convention, Rockville, MD) was 

administered to the LPS group by IV bolus (4 ng/kg) after reconstitution in sterile water 

for injection.

Analytical procedures
Plasma glucose was measured every five minutes at bedside from T = 0:00 until T = 6:00 

in the control and until T = 5:00 in the LPS group. From T = 2:20 until T = 3:00 and from 

T = 5:20 until T = 6:00 in the control group and from T = 2:20 until T = 3:00 and T = 4:20 

until T = 5:00 in the LPS group five samples were drawn for measurement of glucose 

Figure 1. Experimental design for the clamp studies in the control and the LPS group. T = 0:00 h 
is 0800 h in the LPS group and 0900 h in the control group. gray arrow = control and LPS group; 
white arrow = LPS group; black arrow = control group
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enrichment. The results of the glucose enrichments will be presented as mean of the 

five samples at T = 3:00 and at T = 5:00 (in the LPS group) or T = 6:00 (in the control 

group).

Glucagon, insulin, cortisol, (nor)epinephrine, FFA and total adiponectin were measured 

at T = 3:00 and T = 6:00 in the control group and at T = 3:00 and T = 5:00 in the LPS 

group. 

Interleukin (IL)-6, IL-8, IL-10 and Tumor necrosis factor (TNF)-α were measured at T = 

6:00 in the control group and at T = 5:00 in the LPS group.

Plasma glucose concentrations were measured with the glucose oxidase method using 

a Beckman Glucose Analyzer 2 (Beckman, Palo Alto, CA) with intra-assay variation of 

2-3%. Insulin and cortisol were determined on an Immulite 2000 system (Diagnostic 

Products Corporation, Los Angeles, CA). Insulin was determined with a chemiluminiscent 

immunometric assay, intra-assay variation 47 pmol/L 6%, 609 pmol/L 3%; inter-assay 

variation 91 pmol/L 4%, 120 pmol/L 6%. The detection limit was 15 pmol/L. Cortisol 

was determined with a chemiluminiscent immunoassay, intra-assay variation 89 nmol/L 

8%, 500 nmol/L 7%; inter-assay variation 136 nmol/L 8%, 1092 nmol/L 7%; detection 

limit 50 nmol/L. Glucagon and adiponectin were determined by RIA (Linco Research, St. 

Charles, MO). Glucagon: intra-assay variation 71 ng/L 10%, 147 ng/L 9%, inter-assay 

variation 84 ng/L 5%, 192 ng/L 7%, detection limit 15 ng/L. Adiponectin: intra-assay 

variation 3.0 µg/mL 2%, 8.5 µg/mL 7%; inter-assay variation 3.4 µg/mL 16%, 10.1 µg/

mL 17%; detection limit 1 µg/mL. Norepinephrine and epinephrine were determined by 

an in-house HPLC method. Norepinephrine: intra-assay variation 3.54 nmol/L 2%; inter-

assay variation 0.52 nmol/L 10%, 4.97 nmol/L 10%; Epinephrine: intra-assay variation 

0.36 nmol/L 9% inter-assay variation 0.31 nmol/L 18%, 2.51 nmol/L 14%, detection 

limit 0.05 nmol/L. FFA were measured by an enzymatic method (NEFAC; Wako chemicals 

GmbH, Neuss, Germany), intra-assay variation 0.22 mmol/L 1%, 0.93 mmol/L 1%, inter-

assay variation 0.10 mmol/L 15%, 0.48 mmol/L 4%, detection limit 0.01 mmol/L.

TNF-α, IL-6, IL-8 and IL-10 were measured by cytometric beads array (CBA) multiplex 

assay (BD Biosciences, San Jose, CA): detection limit 2.5 pg/mL.

[6,6-2H2]glucose enrichment was measured as described before 14. For the enrichment 

the intra- and inter assay variation was below 1 % at all levels. 

Calculation and statistics
Ra and Rd of glucose were calculated using the modified form of the Steele equations 

for non-steady state measurements as described previously 15. Endogenous glucose 

production (EGP) was calculated as the difference between Ra glucose and glucose 
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infusion rate. The change of EGP, Rd and glucoregulatory hormones during the 100 

pmol/L and the 400 pmol/L clamp (T= 6.00 compared to T=3.00 in the control group 

and T = 5:00 compared to T = 3:00 in the LPS group) were calculated and expressed as 

the relative (%) difference.

Volunteer characteristics were compared using a Kruskal- Wallis test. For cytokines 

single values, measured during the 100 pmol/L and the 400 pmol/L clamp (T= 6.00 

in the control group and T = 5:00 in the LPS group), were compared. All results were 

compared between the LPS and the control group using the Mann-Whitney U test. Data 

are presented as median [range]. Probability values of < 0.05 were considered statistically 

significant. SPSS statistical software version 12.0.1 (SPSS Inc, Chicago, IL) was used to 

analyze the data.

Results

Subjects characteristics (Table 1)
There were no differences between the groups.

Table 1. Volunteer characteristics

control group LPS group 

 
 

100 and 400 pmol/L
(n=6)

100 pmol/L
(n=6)

400 pmol/L 
(n=6)

 
P

Age (years) 22 [22 - 23] 23 [20 -25] 25 [21 - 27] 0.077

Weight (kg) 74.7 [64 - 77.3] 70.1 [66.7 - 74.2] 78.9 [70.6 - 88.1] 0.265

Length (cm) 186 [172 - 190] 180 [168 - 186] 188 [178 - 198] 0.105

Body mass index (kg/m2) 21.7 [21 - 23.4] 22.0 [19.9 - 23.6] 22.1 [20.9 - 23.7] 0.868

Data are expressed as median [range]

Glucose kinetics during the 100 pmol/L clamp in the control and the LPS 
group (Figure 2)
Euglycemia was obtained during all clamps. At T = 3:00 (just before LPS administration) 

glucose concentrations, EGP and Rd in the control and the LPS group were similar (P = 

0.805, 0.749 and 0.262 respectively). In the control subjects between T=3:00 and T=6:00  

EGP decreased with 55% [38 – 65 %] from 10.0 µmol•kg-1min-1 [6.0 – 16.3] to 4.2 

µmol•kg-1min-1 [2.9 – 7.3] (P = 0.028) and Rd increased with 5 % [-2 – 39 %] from 28.2 

µmol•kg-1min-1 [18.1 – 33.5] to 31.0 µmol•kg-1min-1 [25.0 – 34.5] (P = 0.046).

In the LPS treated subjects between T=3:00 and T=5:00  EGP decreased with 82 % [62 

– 89 %] from 8.9 µmol•kg-1min-1 [4.9 – 17.8] before LPS administration to 1.5  µmol•kg-
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1min-1 [0.9 – 1.7] two hours after LPS and Rd increased with 75 % [35 – 95 %] from 21.4 

µmol•kg-1min-1 before LPS [14.9 – 36.9] to 35.4  µmol•kg-1min-1 after LPS [20.2 – 64.8] 

(both P = 0.028).

In the LPS group the relative decrease in EGP and the relative increase in peripheral 

glucose disposal were significantly higher compared to those values in the control group 

(P = 0.010 and 0.006, respectively).

Glucose kinetics during the 400 pmol/L clamp in the control and the LPS 
group (Figure 2)
Euglycemia was obtained in all clamps. At T = 3:00 glucose concentration, EGP and Rd in 

the control and the LPS group were similar (P = 0.572, 0.102 and 1.000 respectively). In 

the control group EGP and Rd remained similar between T=3:00 and T=6:00 (0.3 µmol•kg-

1min-1 [0.0 – 3.4] vs. 0.3 µmol•kg-1min-1 [0.0 – 3.8] and 54.1 µmol•kg-1min-1 [44.0 

– 67.2] vs. 58.4 µmol•kg-1min-1 [51.9 – 66.5] (P = 0.593 and P = 0.248 respectively)).

In the LPS group between T=3:00 and T=5:00 EGP was unaffected: 2.9 µmol•kg-

1min-1 [0.0 – 5.3] before vs. 2.0  µmol•kg-1min-1 [0.0 – 5.0] two hours after LPS (P = 

Figure 2. Endogenous glucose production (EGP) and peripheral glucose uptake (Rd) during either 
a 100 pmol/L or a 400 pmol/L euglycemic (5 mmol/L) clamp. Results are expressed as relative 
changes in EGP and Rd from T = 3:00 to T = 6:00 in the control (= black blocks) and to T = 5:00 in 
the LPS (= white blocks) group, - signifies the median. * P < 0.05
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0.500). Rd increased significantly from 55.1 µmol•kg-1min-1 [40.0 – 71.3] before vs. 

80.2 µmol•kg-1min-1 [66.9 – 115.4] two hours after LPS (P = 0.028). This change was 

significantly higher compared to that in the control group: + 53 % [16 – 108 %] vs. + 12 

% [-11 – 35 %] (P = 0.010).

Glucoregulatory hormones during the 100 pmol/L and 400 pmol/L clamp 
in the control and the LPS group (Table 2)
During the 100 pmol/L clamp at T = 3:00 there was no difference (P values not shown) 

between the control and the LPS group in plasma concentrations of respectively: insulin 

(pmol/L): 93 [80 – 123] versus 96 [62 – 122]; total adiponectin (µg/mL): 4.8 [4.2 -7.7] 

versus 7.2 [4.6 – 11.5]; FFA (mmol/L): 0.02 [0.02 – 0.03] versus 0.02 [0.02 – 0.09]; 

norepinephrine (nmol/L): 1.14 [0.46 – 10.2] versus 0.73 [0.49 – 1.07]; epinephrine 

(nmol/L): 0.06 [0.05 – 0.21] versus 0.08 [0.05 – 0.09]; glucagon (ng/L): 63 [42 – 102] 

versus 50 [21 -81] and cortisol (nmol/L): 199 [73 – 355] versus 170 [54 – 295].

During the 100 pmol/L clamp, after administration of LPS, there was a significant 

increase in norepinephrine compared to the control group (Table 2).

During the 400 pmol/L clamp at T = 3:00 there was no difference (P values not shown) 

between the control and the LPS group in plasma concentrations of respectively: insulin 

(pmol/L): 436 [332 – 463] versus 307 [277 – 483]; total adiponectin (µg/mL): 5.6 [2.9 

-8.0]  versus 6.6 [6.1 – 11.8]; FFA (mmol/L): 0.02 [0.02 – 0.05] versus 0.02 [0.02 – 0.03]; 

norepinephrine (nmol/L): 0.77 [0.42 – 1.76] versus 0.69 [0.41 – 0.82]; epinephrine 

Table 2. Relative (%) changes of the glucoregulatory hormones during the 100 pmol/L and the 400 
pmol/L euglycemic (5 mmol/L) clamps from T = 6.00 compared to T = 3.00 in the control group 
and T = 5.00 compared to T = 3.00 in the LPS group

100 pmol/L  400 pmol/L  

 control LPS P control LPS P

Insulin (pmol/L) 3 [-28 - 16] -35 [-100 - 35] 0.078 -1 [-3 - 14] -19 [-27 - -15] 0.004

Total adiponectin (mg/mL) -6 [-16 - -2] -2 [-9 - 9] 0.145 -5 [-10 - 0] -1 [-10 - 3] 0.171

FFA (mmol/L) 0 [-33 - 0] 0 [0 - 50] 0.056 0 [-33 - 0] 0 [0 - 50] 0.176

Norepinephrine (nmol/L) -16 [-63 - 54] 295 [21 - 607] 0.006 2 [-44 - 73] 241 [117 - 1407] 0.004

Epinephrine (nmol/L) 0 [-17 - 17] 181 [-35 - 638] 0.053 0 [-44 - 133] 98 [0 - 720] 0.107

Glucagon (ng/L) -7 [-21 - 29] -21 [-36 - 24] 0.150 -11 [-23 - 3] -7 [-62 - 10] 0.784

Cortisol (nmol/L) 21 [-31 - 221] 229 [-100 - 780] 0.150 34 [-50 - 106] 126 [76 - 283] 0.144

Data are expressed as median [range], n=6 per group. 
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(nmol/L): 0.08 [0.05 – 0.14] versus 0.07 [0.05 – 0.14]; glucagon (ng/L): 59 [52 – 92] 

versus 52 [32 - 71]; cortisol (nmol/L): 163 [115 – 287] versus 252 [142 – 306].

During the 400 pmol/L clamp, in the LPS group, there was a significant decrease 

in plasma insulin concentration and a significant increase in plasma norepinephrine 

concentration compared to the control group (Table 2).

Cytokines during the 100 pmol/L and the 400 pmol/L clamp in the control 
and the LPS group (Table 3)
During the 100 pmol/L and the 400 pmol/L clamp all cytokines were significantly higher 

in the LPS group compared to the control group.

Table 3. Plasma cytokines concentrations during the 100 pmol/L and the 400 pmol/L euglycemic 
(5 mmol/L) clamps in the control (T = 6:00 h) and the LPS (T = 5:00 h) group

100 pmol/L 400 pmol/L

Control LPS p Control LPS p

TNF-α  (pg/ml) 3 [3 - 302] 10002 [4055 - 38158] 0.003 3 [3 - 173] 10610 [6266 - 19583] 0.003

IL-6 (pg/ml) 3 [3 - 498] 2556 [1962 - 10555] 0.003 5 [3 - 34] 2948 [1809 - 4868] 0.004

IL-8 (pg/ml) 13 [9 - 755] 3278 [2162 - 4378] 0.004 10 [7 - 460] 3143 [2181 - 4304] 0.004

IL-10 (pg/ml) 3 [3 - 28] 53 [37 - 76] 0.003 3 [3 - 15] 69 [24 - 300] 0.003

Data are expressed as median [range], n=6 per group.

Discussion

In early sepsis hypoglycemia is an infrequent feature followed by hyperglycemia in the 

later stages. The pathophysiological mechanism, especially underlying the hypoglycemia, 

is still unknown and can not be investigated in clinical sepsis since it has to be corrected 

instantaneously. In the present study, we show that administration of LPS, which serves 

as a validated model to mimic the clinical presentation of bacterial sepsis, results in an 

increase of peripheral and hepatic insulin sensitivity. Our data on EGP and Rd during insulin 

clamps extend prior assumptions that the decrease in plasma glucose concentration two 

hours after LPS is due to an increased Rd as well as a decrease in EGP 7. 

The decrease in EGP is a phenomenon found previously in animal studies 4. Theoretically 

this decrease could be caused by either a depletion of glycogen or a decrease in 

gluconeogenesis and/or glycogenolysis. The explanation may be either due to a lack of 

substrate (such as alanine), a change in activity of glucose transporters in hepatocytes 

or an acute inhibition of enzymes involved in these processes 16, 17. Although decreased 
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expression of genes encoding for important gluconeogenetic enzymes, such as PEPCK 

and G6Pase, has been reported after long term exposure to LPS this seems less likely in 

our acute experiments 18, 19.

The increased Rd can be the result of an increase in insulin and/or non-insulin mediated 

glucose uptake. In rodents it has been shown that LPS directly induces an increased non-

insulin mediated glucose uptake by macrophage-rich tissue. However, indirect stimulation 

of glucose uptake via an increase in LPS-induced circulating factors with insulin like 

properties, such as cytokines can not be ruled out 3. As expected, in our study, after the 

administration of LPS, all plasma cytokines were significantly higher compared to the 

control group. The role of these inflammatory mediators is still controversial. On the one 

hand TNF- α, IL-6, IL-8 and IL-10 are associated with insulin resistance, which hampers 

peripheral glucose uptake 20-22. On the other hand infusion of TNF- α and IL-6 is known 

to enhance Rd of glucose, indicating that a possible role for these mediators can not 

be ruled out 23-26. However, since the infusion of IL-6 has previously shown to increase 

EGP, whereas TNF- α did not affect EGP, these factors can not fully explain the increased 

insulin sensitivity found in our study 25, 26.

Although adiponectin is known as a hormone with insulin-like properties 23, this 

adipocytokine unlikely plays a role in the enhanced insulin sensitivity found in the present 

study, as the change in plasma adiponectin levels did not differ between the LPS and the 

control group. The increased norepinephrine lead to insulin resistance and therefore can 

not explain the increased Rd nor the decreased EGP in the LPS group 27, 28.

A potential confounding factor in our study might be the one hour difference in insulin 

exposure between the LPS and the control group. It is known that prolongation of insulin 

infusion results in a decreased EGP and an increased Rd 29. The results of our study, 

however, show the opposite: in the group with the longest duration of insulin infusion 

(the control group), during both clamps, suppression of EGP was less and Rd was lower 

compared to the group with the shorter duration of insulin infusion (the LPS group).

Another distorting factor might be the lower plasma insulin concentrations during the 

400 pmol/L clamp in the LPS group. However, this does not contradict our conclusion, 

as if the insulin concentrations in the LPS group would have been similar to the control 

group, the differences in Rd and EGP between groups would probably have been even 

more pronounced.

In conclusion, in extension to earlier studies, the results of our study show that, two 

hours after administration of LPS, peripheral and hepatic insulin sensitivity increase. This 

is of particular importance because, nowadays, most severly ill patients admitted to the 

ICU receive intensive insulin therapy to achieve euglycemia and start on feeding very early 
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on, resulting in exogenous and endogenous hyperinsulinemia respectively. This clinical 

setting in combination with the increased biological effects of insulin during LPS induced 

sepsis may put the patients at risk for developing hypoglycaemia and in fact may explain 

the incidence of hypoglycaemia seen in septic patients during intensive insulin treatment 
8. Unravelling the mechanism through which LPS establishes this effect seems helpful in 

treating patients by stabilizing glucose metabolism in sepsis.
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Abstract

Objective: 

Infections are often complicated by an increase in glucose production due to stimulation 

of the secretion of glucose counter-regulatory hormones and cytokines. Adiponectin, a 

fat-derived hormone with insulin-sensitizing properties, could play a regulatory role in the 

degree of stimulation of glucose production by the infectious agent. 

Methods: 

To investigate the possible correlation between glucose production and adiponectin 

during infections, we measured glucose production as well as plasma adiponectin levels 

in 7 patients with cerebral malaria, in 6 patients with uncomplicated malaria and in 12 

matched controls.

Results:

Glucose production was significantly higher in malaria patients compared to healthy 

controls (p<0.001). Adiponectin levels were not different between the patients with malaria 

and the control group. However, patients with cerebral malaria had significantly higher 

values for adiponectin than the patients with uncomplicated malaria (p<0.005). Glucose 

production and gluconeogenesis were positively correlated to plasma adiponectin in the 

patients (r=0.835, p<0.001 and r=0.846, p<0.001, respectively), while these correlations 

were absent in the controls (r= -0.329, NS and r= -0.028, NS, respectively).

Conclusions:

Adiponectin levels were not different between malaria patients and their matched 

controls. However, patients infected with Plasmodium falciparum who have higher 

glucose production rates, also have higher adiponectin levels. In healthy subjects such 

a correlation was not found. As adiponectin is known to inhibit glucose production, 

stimulation of adiponectin secretion during infection could be intended to restrain the 

glucose production stimulating properties of hormones and cytokines, secreted during 

infection.



A
diponectin in m

alaria patients

77

C
hapter 5

Introduction

Adipose tissue is an active endocrine organ, producing and secreting several hormone-like 

peptides 1, 2. One of these so called adipocytokines is adiponectin, a hormone with insulin-

like properties. In mice it decreases glucose plasma levels by stimulating glucose-uptake 

in muscles and by increasing the ability of insulin to suppress hepatic glucose production. 

Adiponectin also increases insulin sensitivity by stimulation of skeletal muscle free fatty 

acid (FFA) uptake and oxidation 3-5. These properties are in harmony with the results 

of  euglycemic-hyperinsulinemic clamp studies in humans, in which adiponectin plasma 

levels were positively correlated with insulin sensitivity 6 and negatively with endogenous 

glucose production 7. Adiponectin plasma concentrations were found to be decreased in 

insulin resistant patients with obesity, type 2 diabetes and HIV-lipodystrophy 8-10.

Infections are often complicated by disturbances in glucose and lipid metabolism. 

Catabolic hormone production is enhanced, while insulin sensitivity decreases. The 

consequences are increases in glucose production, gluconeogenesis and lipolysis. The 

mechanisms, via which these changes in metabolism during infection are induced, 

are uncertain. The major modulators of these changes are considered to be the pro-

inflammatory cytokines, like interleukin-1, interleukin-6, TNF-α  and the counter-regulatory 

hormones, like catecholamines, cortisol and glucagon 11-17.

A role for adiponectin in disturbed glucose metabolism due to infection has not yet 

been described. Two theories can be put forward: 1) As an infection induces insulin 

resistance and low plasma adiponectin levels are found in insulin resistant states, it can 

be hypothesized that in infected patients plasma adiponectin levels are lower than those 

in healthy controls. 2) Adiponectin increases the ability of insulin to suppress glucose 

production. It can therefore also be hypothesized that in patients with an infection a 

negative correlation between plasma adiponectin and glucose production will be found.

These 2 hypotheses were tested in a population of patients with the same kind of 

infection, i.e. malaria, but different degrees of disease severity. Malaria is frequently 

complicated by disturbances in glucose metabolism. Although hypoglycaemia has been 

described often, most studies on glucose kinetics in patients with uncomplicated and 

cerebral malaria have found high glucose plasma levels together with an increased 

rate of glucose production and gluconeogenesis 18-22. In addition uncomplicated and 

severe malaria patients were reported to have reduced tissue insulin sensitivity 23, 24. 

We measured plasma adiponectin, glucose production and the fractional contribution 
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of gluconeogenesis in patients with uncomplicated Plasmodium falciparum malaria, in 

patients with cerebral malaria as well as in matched controls. 

Material and methods

Subjects
Thirteen Vietnamese patients (7 with cerebral malaria and 6 with uncomplicated malaria) 

and 12 healthy subjects matched for age, sex, and body mass index (BMI) were included 

in the study. Exclusion criteria were treatment with quinine and concomitant infectious 

diseases. The study was approved by the local health authorities and by the Medical 

Ethical Committee, Academic Medical Center, Amsterdam, The Netherlands. The data 

on glucose production and gluconeogenesis in the malaria patients have been published 

before 21, 25.

Study design
To measure glucose production in our subjects, we used [6,6-2H2]glucose. The fractional 

contribution of gluconeogenesis was measured using 2H2O, which is presently considered 

to be the golden standard 26-28.

Patients were recruited on the day of admission and were treated with artesunate, 

immediately after laboratory confirmation of the diagnosis. After receiving informed 

consent, the patient was given a standard meal followed by a fast until completion of the 

study. During the study two intravenous catheters were introduced into both forearm 

veins: one for blood sampling, the other for stable isotope infusion. The catheters were 

kept patent by a slow isotonic saline drip, 0.5 % enriched with deuterated water. Twelve 

hours after the last meal, after having a urine sample for determination of background 
2H2O enrichment in urine, as well as drawing blood for measurement of background 

enrichment, patients were given 1g of  2H2O per kg body water at 30-minute intervals 

for a total of 5 times. Body water was estimated to be 60 % of body weight in the 

males and 50 % in the females. Four hours after the 2H2O gift, after drawing blood 

for background isotope abundances, a primed (3.2 mg/kg), continuous (2.4 mg/kg/h) 

infusion of [6,6-2H2]glucose, dissolved in sterile isotonic saline was administered by a 

motor-driven, calibrated syringe pump (Perfusorâ Secura FT, B. Braun) through a millipore 

filter (size 0.2 mm; Minisart, Sartorius). Six hours after the 2H2O-gift, 3 blood samples 

for 2H enrichment were taken at intervals of 15 min. Urine for 2H enrichment was 

collected between the 6th and 7th hour after the 2H2O gift, after emptying of the bladder 
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1 hour before. At the end of the study, 3 blood samples were collected at intervals of 

15 min for determination of plasma glucose and [6,6-2H2]glucose enrichment. Plasma 

levels of insulin, cortisol, glucagon, catecholamines, TNF-α, FFA’s and adiponectin were 

also collected at this timepoint. During the study patients could drink ad libitum water, 

enriched with 0.5% deuterated water.

Blood for measurement of gluconeogenesis was promptly deproteinized by adding an 

equal amount of 10 % perchloric acid. Blood for [6,6-2H2]glucose enrichment, as well as 

hormones were collected in prechilled heparinized tubes. All samples were kept on ice 

and centrifuged immediately. Plasma and urine were stored at below –20 ° C and were 

transported on dry ice before assay in The Netherlands.

Blood variables
Plasma samples for glucose enrichments of  [6,6-2H2]glucose were deproteinized with 

methanol 29. The aldonitril penta-acetate derivative of glucose was injected into a gas 

chromatograph mass spectrometer system. Separation was achieved on a J&W (J&W 

Scientific) DB17 column (30m x 0.25 mm, df 0.25 µm). Glucose concentrations were 

determined by gas chromatography using xylose as an internal standard. Glucose was 

monitored at m/z 187, 188 and 189. The enrichment of glucose was determined by 

dividing the peak area of m/z 189 by the total peak area and correcting for natural 

enrichments. To measure deuterium enrichment at the C5 position, glucose was 

converted to hexamethylene-tetra-amine (HMT) as described by Landau et al 30, 31. HMT 

was injected into a gas chromatograph mass spectrometer. Separation was achieved on 

an AT-Amine (Alltech) column (30 m x 0.25 mm, df 0.25 µm). The ions monitored for 

the HMT were m/z 140 and 141. Deuterium enrichment in body water was measured 

by a method adapted from Previs et al 32. All isotopic enrichments were measured on a 

gas chromatograph coupled to a model 5973 mass selective detector, equipped with an 

electron impact ionization mode (Hewlett-Packard).

Plasma insulin concentration was determined by RIA (Insulin RIA 100, Pharmacia 

Diagnostic AB), intra-assay coefficient of variation (CV) 3-5%, inter-assay CV 6-9%, 

detection limit 15 pmol/l. C-peptide was measured by RIA (RIA-coat C-peptide, Byk-

Sangtec Diagnostica), intra-assay CV 4-6%, inter-assay CV 6-8%, detection limit 50 pmol/l. 

Cortisol was measured by enzyme-immunoassay on an Immulite analyzer (DPC), intra-

assay CV 2-4%, inter-assay CV 3-7%, detection limit 50 nmol/l. Glucagon was determined 

by RIA (Linco Research), intra-assay CV 3-5%, inter-assay CV 9-13%, detection limit 15 

ng/L. Catecholamines were measured by an in-house HPLC method; norepinephrine: 

inter-assay CV 6-8%, intra-assay CV 7-10%, detection limit 0.05 nmol/l, and epinephrine: 
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inter-assay CV 6-8%, intra-assay CV 7-12%, detection limit 0.05 nmol/l. Plasma FFA’s 

were measured by an enzymatic method (NEFAC, Wako Chemicals), intra-assay CV 2-4%, 

inter-assay CV 3-6%, detection limit 0.02 mmol/l. TNF-α was measured by ELISA (CLB) 

with a detection limit of 2 pg/ml. Plasma adiponectin concentrations were measured in 

duplicate by RIA (LINCO Research, St. Charles, Missouri): intra-assay CV 4-6 %; inter-assay 

CV 6-9 %; detection limit 0.5 µg/ml.

Calculations and statistics
Glucose production was calculated from the dilution of labeled glucose in plasma. Because 

the plasma glucose concentration and enrichment percentage of  [6,6-2H2]glucose varied 

(albeit little), we applied the Steele equation for non-steady-state conditions 33 with 

the fraction of total extracellular glucose pool assumed to be 165 ml/kg. The rate of 

gluconeogenesis was calculated by multiplying the total rate of glucose production by 

fractional gluconeogenesis . The fractional gluconeogenesis= 100% x ([2H2] enrichment 

on C5 of glucose)/ ([2H2] enrichment in urinary water). The rationale has been discussed 

in detail by Landau 31. In brief, carbon 5 of the glucose formed by gluconeogenesis 

takes its hydrogen from water for both sources, glycerol and phosphoenolpyruvate. The 

isomerization of hydrogen from water that is transferred to carbon is extensive. There 

is no exchange with water of the hydrogen bound to C5 of glucose in glycogenolysis. 

Thus, the ratio of enrichment at C5 of glucose to that at C2 or in water at steady state is 

a measure of fraction of the glucose formed by gluconeogenesis.

Data are presented as mean ± SEM. Comparisons between the groups were made by 

the  Fisher’s exact test (sex) or the Mann-Whitney test (other parameters). Correlations 

between adiponectin and other parameters were analyzed by Spearman’s correlation 

coefficient. All tests were 2-tailed and a p-value of <0.05 was considered to be statistically 

significant. The SPSS statistical software program version 11.5 was used for statistical 

analysis.
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Results

Baseline characteristics (table 1)
The main characteristics of the control and the malaria groups are shown in Table 1.

Table 1 Characteristics of the study subjects

Malaria patients Controls

UM CM

Number 6 7 12

Age (years) 26 ± 4 32 ± 5 31 ± 3

Sex (M:F) 5:1 6:1 10:2

BMI (kg/m2) 20.4 ± 0.7 19.3 ± 0.7 21.2 ± 0.5

Values are given as mean ± SEM. UM= uncomplicated malaria, CM= cerebral malaria. 
No significant differences were found between UM vs. CM, nor between all malaria patients 
(UM+CM) vs. controls.

Glucose metabolism
Glucose production was much higher in patients than in controls (24.5 ± 1.5 vs. 16.5 

± 0.5 µmol/kg/min; p<0.001). Glucose production was almost entirely dependent 

on gluconeogenesis in patients (93.2%), but not in controls (54.6%). Consequently, 

glycogenolysis contributed only a little to glucose production in the patients.

Glucose production was significantly higher in cerebral malaria patients than in patients 

with uncomplicated malaria (28.2 ± 1.9 vs. 20.2 ± 0.6 µmol/kg/min; p=0.004).

Table 2 Hormones, TNF-α and FFA’s

malaria patients controls

UM CM

Hormones

Insulin (pmol/l) 35 ± 9 49 ± 11 36 ± 3

Glucagon (ng/l) 82 ± 9 132 ± 33 57 ± 3‡

Cortisol (nmol/l) 343 ± 62* 1080 ± 163 189 ± 13‡

Epinephrine (nmol/l) 0.22 ± 0.04 0.27 ± 0.13 0.19 ± 0.04

Norepinephrine (nmol/l) 0.91 ± 0.3 4.77 ± 3.5 0.99 ± 0.1

Others

TNF-α (pg/ml) 6.7 ± 5.7 6.6 ± 2.0 1.4 ± 0.3†

FFA (mmol/l) 0.99 ± 0.15 0.80 ± 0.06 0.79 ± 0.07

Values are given as mean ± SEM. UM= uncomplicated malaria, CM= cerebral malaria.
* P<0.05 vs. CM
† P<0.05 vs. all malaria patients (UM+CM)
‡ P<0.005 vs. all malaria patients (UM+CM)
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Adiponectin 
Plasma adiponectin levels were not different between the malaria and the control group 

(6.3 ± 1.0 vs. 6.9 ± 1.5 µg/ml; ns), neither between the different subgroups of the malaria 

patients and the healthy controls. In patients with cerebral malaria, plasma adiponectin 

levels were significantly higher than in patients with uncomplicated malaria (8.9 ± 0.9 vs. 

3.3 ± 0.8 µg/ml; p= 0.004). 

Glucoregulatory hormones, TNF-α and FFA’s (table 2)
There were no significant differences in plasma levels of insulin, epinephrine, 

norepinephrine and FFA’s between the malaria and the control group. Plasma levels of 

cortisol, glucagon and TNF-α were significantly higher in the patients compared to the 

controls.

Plasma cortisol levels were higher in the cerebral malaria patients compared to the 

patients with uncomplicated malaria.

Correlates of plasma adiponectin (fig. 1 and 2)
There was a significant positive correlation between glucose production and plasma 

adiponectin levels in the patients, whereas this correlation was absent in the control 

group. Gluconeogenesis was also significantly correlated to adiponectin levels in the 

patient group.

Cortisol was the only hormone that significantly correlated to adiponectin levels in the 

patients (r=0.78; p=0.002). No correlations were found between adiponectin and insulin, 

glucagon, epinephrine, norepinephrine, FFA, and TNF-α levels.

Figure 1 Correlation between the glucose production and the plasma adiponectin levels in patients 
and in controls. Correlation with Spearman’s correlation coefficient. 
l = cerebral malaria patient, n = uncomplicated malaria patient and l = control subject



A
diponectin in m

alaria patients

83

C
hapter 5

Discussion

Our data show that, although patients infected with Plasmodium falciparum have plasma 

adiponectin concentrations not different from matched controls, those with a more severe 

form of malaria had significantly higher adiponectin plasma levels compared to those 

with uncomplicated malaria. In addition, patients infected with Plasmodium falciparum 

who have  higher rates of glucose production, also have higher plasma adiponectin 

levels. In healthy subjects such a correlation was not found.

Our data in patients infected with Plasmodium falciparum are novel. Neither are 

comparable data in other infectious diseases available.

Adiponectin plasma levels in our control group were a little lower compared to most 

of the previously reported levels in healthy persons, with values between 1.9 and 17 and 

a mean of 8.9 µg/ml 8, 9. This could be due to racial differences, as lower adiponectin 

plasma levels have been described in subjects from Asian background 34. Another 

explanation is the duration of time of fasting. In most studies, samples are obtained after 

an overnight fast, while our subjects were fasting for ± 18 hours. Fasting for a short time 

decreases adiponectin production in adipose tissue 35, 36.

Although adiponectin levels were not statistically different between the malaria and 

the control group, we did find significantly higher levels in the cerebral malaria vs. the 

uncomplicated malaria patients. This could point to an increase in adiponectin levels in 

severe infections. This assumption is supported by data in literature obtained in a model 

Figure 2 Relationship between the gluconeogenesis and the plasma adiponectin levels in patients 
and in controls. Correlation with Spearman’s correlation coefficient.
l = cerebral malaria patient, n = uncomplicated malaria patient and l = control subject
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of sepsis. Relative high adiponectin levels were reported in healthy subjects who were 

injected with endotoxin compared to saline injected subjects 35.

Besides the degree of severity, the location of the infection could play a role in the 

enhanced adiponectin levels in the cerebral malaria patients as well. Compared to 

uncomplicated malaria, cerebral malaria is characterized by higher levels of cytokines in 

the brain, subsequent up-regulation of adhesion molecules on the vascular endothelium, 

sequestration of blood cells in the cerebral microvasculature and consequently lower 

cerebral blood flow 37. Since adipose tissue is controlled by the autonomic nervous 

system 38, cerebral inflammation or ischemia could lead to autonomic dysregulation and 

consequently changes in metabolism of adipocytes.

In our small control group, there tended to be a negative correlation between 

adiponectin plasma levels and glucose production. This correlation was found before in a 

large group of healthy controls 7 and is in harmony with adiponectin’s suppressing effect 

on hepatic glucose production in mice 3. The explanation for the positive correlation 

between plasma adiponectin levels and glucose production in the malaria group can 

not be deduced from our study. Adiponectin is an adipocyt-specific, secreted hormone 

with an important positive role in metabolism. This adipocytokine decreases glucose 

plasma levels and glucose production by sensitizing the liver and muscle to the actions 

of insulin 3-5. Data about the regulation of its secretion are less thoroughly studied. It 

has been shown that in insulin resistant states low plasma adiponectin levels are found, 

suggesting that chronic hyperinsulinemia inhibits the secretion of this adipocyt-specific, 

secreted hormone 8-10. However, experiments indicate that short-term elevation of insulin 

stimulates adiponectin secretion 39-42, indicating a differential regulation of adiponectin 

secretion by insulin, depending on the duration of the increase in secretion of insulin. As 

in our patients no correlation was found between plasma adiponectin and insulin levels, 

insulin does not seem to be the regulator of adiponectin in malaria. The same seems to be 

true for other known regulators of adiponectin secretion i.e. catecholamines, glucagon, 

FFA’s and TNF-α.

Another regulator of adiponectin secretion is cortisol. Adiponectin was positively 

correlated to plasma cortisol concentrations in our patients. As cortisol has been reported 

to decrease adiponectin, both its plasma concentration and its production in adipocytes 
40, 43, 44, cortisol will probably not increase the secretion of adiponectin during infection, 

but this remains to be elucidated.

Although the regulators of adiponectin secretion during infection are unclear, high 

rates of glucose production and gluconeogenesis coincided with higher adiponectin 

levels. As adiponectin has been reported to decrease hepatic glucose production 3, this 
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correlation and the high levels of adiponectin in cerebral malaria patients, who had 

higher rates of glucose production, could represent an adaptive mechanism. Except for 

insulin and adiponectin, all the other hormones and cytokines, known to be involved 

in the regulation of metabolism during infection, stimulate glucose production. Insulin 

resistance is a well-known feature of infection, making its role in the regulation of glucose 

production during infection less prominent. Unopposed stimulation of glucose production 

will result in major dysregulation of glucose metabolism. Concomitant stimulation of a 

hormone, counteracting this effect, will restrain this process. Our data suggest such a 

role for adiponectin during infection. Such a compensatory role for adiponectin in the 

regulation of disturbed metabolism has been suggested before in patients with anorexia 

nervosa and acromegaly 45, 46.

Recently, several studies demonstrated that adiponectin exists in 3 forms in serum, as 

a high molecular weight (HMW) complex, a hexamer and a trimer 47-49. These different 

forms of adiponectin activate different signal transduction pathways. The HMW- and the 

hexamer forms have been described to activate NF-κβ in C2C12 cells 48 and AMPK in 

hepatocytes 49, whereas the trimers activated AMPK in myocytes 48, 49. In our study, only 

total plasma adiponectin levels were measured. However, as the HMW form has been 

suggested to be more active in hepatocytes 47, 49, we hypothesize that the secretion of 

this form is stimulated to decrease glucose production in our malaria patients.

In conclusion: plasma adiponectin levels were not statistically different between malaria 

patients and their matched controls. However patients infected with Plasmodium falciparum 

who have higher glucose production, also have higher plasma adiponectin levels. 

As adiponectin is known to inhibit glucose production, stimulation of adiponectin 

secretion during infection could be intended to restrain the glucose production stimulating 

properties of hormones and cytokines, secreted during infection.
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Abstract

Objective: 

Patients with antiretroviral therapy (ART)-associated lipodystrophy frequently have 

disturbances in glucose metabolism associated with insulin resistance. It is unknown 

whether changes in body composition are necessary for the development of these 

disturbances in ART-naive patients starting treatment with different combination ART 

regimens.

Methods: 

Glucose metabolism and body composition were assessed before and after 3 months 

of ART in a prospective randomized clinical trial of HIV-1-positive, ART-naive men 

taking lopinavir/ritonavir within either a nucleoside reverse transcriptase inhibitor 

(NRTI)-containing regimen (zidovudine/lamivudine; n=11) or a NRTI-sparing regimen 

(nevirapine; n=9). Glucose disposal, glucose production and lipolysis were measured 

after an overnight fast and during a hyperinsulinemic-euglycemic clamp using stable 

isotopes. Body composition was assessed by computed tomography and dual-energy 

X-ray absorptiometry.

Results: 

In the NRTI-containing group, body composition did not change significantly in 3 months. 

Insulin-mediated glucose disposal decreased significantly by 25% (p<0.001) and fasting 

glycerol turnover increased by 22% (p<0.005). Hyperinsulinemia suppressed glycerol 

turnover equally before and after treatment. The disturbances in glucose metabolism 

were not accompanied by changes in levels of adiponectin or other glucoregulatory 

hormones. In contrast, glucose metabolism did not change in the NRTI-sparing regimen. 

Glucose disposal significantly differed over time between the arms (p<0.01).

Conclusions: 

Treatment for 3 months with a NRTI-containing, but not a NRTI-sparing, regimen resulted 

in a 25% decrease in insulin-mediated glucose disposal and a 22% increase in fasting 

lipolysis. In the absence of discernable changes in body composition, NRTI may directly 

affect glucose metabolism, the mechanism by which remains to be elucidated.



C
hanges in m

etabolism
 after starting antiretroviral therapy

93

C
hapter 6

Introduction

Combination antiretroviral treatment (cART) has remarkably improved the prognosis of 

patients with HIV-1-infection 1, but has become associated with changes in body fat 

distribution or lipodystrophy 2 and metabolic disturbances, which include dyslipidemia 

and alterations in glucose metabolism 3-8. The pathogenesis of the disturbances in 

glucose metabolism is likely multifactorial, in which both HIV protease inhibitors (PI) and 

nucleoside reverse transcriptase inhibitors (NRTI) may play a role 9-23. Prospective studies 

showed a decrease in insulin sensitivity and beta-cell dysfunction in HIV-1-infected patients 

several months after starting a PI-containing regimen 10, 17, 19. In healthy volunteers, 

administration of a single dose of the PI indinavir reduced peripheral glucose uptake 

during a hyperinsulinemic clamp 21. 

NRTI drugs are thought to contribute mainly indirectly to disturbances in glucose 

metabolism by inducing changes in body fat distribution 24, 25. This could explain why 

cumulative exposure to particular NRTI was found to be independently associated with 

markers of insulin resistance 26. It has also been reported, however, that in ART-naive, 

HIV-1-infected patients, insulin resistance develops as early as 4 weeks after initiating 

cART containing didanosine and stavudine, but not after abacavir plus 3TC 27. This could 

suggest that particular NRTI drugs may also disturb glucose metabolism more directly. 

In contrast to PI and NRTI, nonnucleoside reverse transcriptase inhibitors (NNRTI) have 

not been implicated in alterations in glucose metabolism.

This study has sought to obtain more insight into the contribution of individual drug 

classes, NRTI in particular, and into the sequence of onset of metabolic disturbances 

by examining body composition and glucose metabolism in detail in a subset of 20 

participants from a randomized clinical trial in ART-naive, HIV-1-infected patients. This 

trial compares a NRTI-containing regimen of zidovudine (AZT) plus lamivudine (3TC) plus 

ritonavir-boosted lopinavir (LPV/r) with a NRTI-sparing regimen of nevirapine (NVP) plus 

LPV/r. The primary objective of the substudy was to assess the impact of both regimens 

on glucose metabolism (peripheral glucose disposal, endogenous glucose production) 

and body composition over time, as well as to compare the effects between both arms. 

Secondary objectives included the effects and comparisons of these 2 arms on lipolysis, 

free fatty acids (FFA), glucoregulatory hormones and lipids. The results reported here 

cover the first 3 months of treatment.
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Patients and methods

Subjects and study design
Subjects were participants in the ‘MEDICLAS’ (metabolic effects of different classes 

of antiretrovirals) trial. This is an ongoing, multicenter, multinational, single-blinded, 

randomized trial over 144 weeks in 50 previously antiretroviral-naive male patients, 18-70 

years old, with an indication to start cART. The trial compares a NRTI-containing regimen 

of LPV/r (400/100 mg twice daily) plus AZT/3TC (300/150 mg twice daily) with a NRTI-

sparing regimen of LPV/r (533/133 mg twice daily) plus NVP (200 mg twice daily). Subjects 

with obesity (body mass index (BMI) >35 kg/m2), a history of hyperlipidemia (according 

to the treating physician) or diabetes mellitus were excluded, as well as patients using 

medication that could affect glucose metabolism, e.g. systemic corticosteroids. For the 

purpose of the substudy, patients with active infections in the preceding 2 months and/

or patients with wasting (defined as a recent loss of  >10% of body weight) were also 

excluded.

In the subgroup, glucose metabolism was investigated by hyperinsulinemic-euglycemic 

clamps using stable isotopes at baseline and 3, 12, 24 and 36 months following the start 

of treatment. Body fat distribution was assessed at these same timepoints by abdominal 

computed tomography- (CT) and dual-energy X-ray absorptiometry (DEXA) scan. Patients 

could be recruited into the substudy if they were followed at the Academic Medical 

Center, The Netherlands or could be referred there from neighboring participating 

centers or at the Helsinki University Central Hospital, Finland, as these were the only 

sites able to perform the clamp studies according to a common protocol (see below). 

The study was approved by the Medical Ethical Committees of all participating centers. 

Written informed consent was obtained from all participants prior to study entry.

Randomization procedure
At the central study coordinating center, a treatment allocation sequence (1:1 for LPV/

r+AZT/3TC and LPV/r+NVP) was generated using the minimization variable BMI (≤25 

versus >25 kg/m2). Treatment allocation was stratified for patients participating only in 

the main study or patients participating both in the main and the substudy.

Hyperinsulinemic-euglycemic clamp protocol
All participants used a balanced diet, containing at least 250 g carbohydrates for 3 days 

prior to each metabolic study. After a 12-hour fast at 10 am, subjects were admitted to 

the metabolic clinical research center and studied in supine position. They fasted till the 
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end of the study day and were only allowed to drink water. Antiretroviral medication 

was taken without food on the study day. A catheter was inserted in the antecubital 

vein of each arm. One catheter was used for sampling of arterialized blood, using a 

thermoregulated (60ºC) box and the other for infusion of [6,6-2H2]-glucose, [2H5]-

glycerol, insulin and glucose 20%. At T=-2.30 (10 AM), after drawing a blood sample 

for background enrichment of plasma glucose and glycerol, a continuous infusion of 

[6,6-2H2]-glucose ( >99% enriched, Cambridge Isotopes, Ma, US) was started at a rate of 

0.11 µmol/kg/min, after a priming dose of 8.8 µmol/kg. At T=-1.30 a continuous infusion 

of [2H5]-glycerol at a rate of 0.11 µmol/ kg/min was started, after a priming dose of 

1.6 µmol/kg. From T=-0.30 until T=0, blood samples were drawn every 10 minutes for 

determination of the rate of appearance (Ra) of glucose and glycerol. Subsequently at 

T=0, a primed continuous infusion of insulin (Actrapid 100 U/mL, Novo-Nordisk Farma BV, 

Alphen a/d Rijn, The Netherlands) was started for 2½ hours at a rate of 20 mU/m2 body 

surface area/min. Plasma glucose concentration was measured every 5 minutes (Beckman 

glucose analyzer-2, Palo Alto, CA, USA) and glucose 20% was infused at a variable rate 

to maintain euglycemia. [6,6-2H2]-glucose was added to the 20% glucose solution to 

achieve glucose enrichments of 1% to minimize changes in isotopic enrichment caused 

by changes in the infusion rate of exogenous glucose 28, 29. During the last hour of insulin 

infusion, samples were drawn every 10 minutes for determination of the Ra of glucose 

and glycerol. Blood for measurement of concentrations of cortisol, catecholamines, 

glucagon, insulin, FFA, soluble TNF-α receptor (sTNFR) 1 and 2 and adiponectin was 

collected at T=-0.30 and T=0 and at the end of the hyperinsulinemic clamp at T=2.00 and 

T=2.30. LPV concentrations were measured in the week preceding and at the end of each 

hyperinsulinemic clamp. Blood samples were kept on ice immediately after collection and 

subsequently centrifuged for 10 minutes at 3000 rpm at 4ºC. All plasma samples were 

stored at –20°C.

Body composition
Total and regional fat mass were quantified in all patients by DEXA (Hologic QDR-

4500W, software version whole body v8.26A:5; Bedford, Massachusetts, USA) providing 

a quantitative assessment of peripheral (sum of arm and leg fat) and trunk fat mass in 

kg. A standardized single-slice abdominal CT-scan through the level of the third lumbar 

vertebra was performed from which the surface area of visceral- (VAT) and subcutaneous 

adipose tissue (SAT) was determined and expressed in cm2.
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Analytical procedures
Plasma insulin, cortisol, catecholamines, glucagon, FFA, sTNFR 1, sTNFR 2 and adiponectin 

concentrations were measured as described before 30, 31. Plasma HIV-1 RNA was 

measured in the participating centers by various tests with a lower limit of quantification 

of 50 copies/mL. LPV concentration was analysed using a validated HPLC-method using 

diode-array detection: coefficient of variation 1.6% at 1.98 mg/L and 1.7% at 7.96 mg/L; 

detection limit 0.008 mg/L. Plasma samples for enrichments of [6,6-2H2]-glucose and 

[2H5]-glycerol were determined as described before 32, 33.

Calculations and statistical analysis
Ra of glucose, peripheral glucose disposal and Ra of glycerol were calculated with a 

modified form of Steele equations, as described before 5, 34. LPV concentration ratios 

were calculated by dividing the measured concentration by the expected concentration 

from the reference curve.

All participants were evaluated as their own control. Analyses were by intent to treat. 

Mean within-group changes were analyzed by paired Student’s t-tests. In both groups, 

for each parameter, the difference was calculated between the value at month 3 and 

at baseline. Subsequently, the mean differences between the 2 treatment arms were 

analyzed by Wilcoxon tests. Alpha <0.05 was considered statistically significant. Data are 

presented as median (interquartile range (IQR)). SPSS statistical software version 12.0.1 

(SPSS Inc, Chicago, IL) was used for all analyses.

Results

Patient characteristics (Table 1)
A total of 50 patients were included in the ‘MEDICLAS’ study between February 2003 and 

June 2005. Twenty of these patients were also enrolled in the substudy; 11 patients were 

randomly assigned to LPV/r+AZT/3TC and 9 patients to LPV/r+NVP. Their demographic 

and clinical characteristics are shown in Table 1. For one patient in the LPV/r+AZT/3TC 

group, data on glucose metabolism during the hyperinsulinemic clamp could not be 

included in the analysis because of technical failure during the conduct of the clamp. 

In the LPV/r+NVP group, data at 3 months were not included in the analysis from 2 

patients, one because he did not return for the visit and the second because of acute 

hepatitis A infection. One patient in the LPV/r+NVP arm discontinued ART after 4 weeks 

because of toxic hepatitis. Following complete recovery, just after the 3 month visit, he 
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resumed LPV/r, with efavirenz instead of NVP. The data of this patient were included in 

the analysis. None of the patients started concomitant medication that could be expected 

to influence glucose metabolism between start of cART and the visit at 3 months.

Virological and immunological parameters (Table 1)
Patients in both groups exhibited an immunological and virological response to cART with 

similar increases in CD4 cell count and decreases in HIV-1 RNA. At month 3, there were 

no significant differences in concentration ratios of LPV taken in the week preceding the 

clamp between the 2 arms. LPV concentrations and concentration ratios during the last 

hour of the hyperinsulinemic clamp, although slightly low because the previous LPV dose 

had been taken while fasting, did not differ between the arms.

Body composition (Table 2)
There were no significant changes in any of the body composition parameters over the 

course of 3 months, with the exception of a minor decline in abdominal SAT (p<0.05) 

and in trunk fat (p<0.05) in patients randomized to LPV/r+NVP. Of note, limb fat did not 

change significantly in either arm, whereas VAT showed a declining trend in both the 

AZT/3TC and the NVP arm (p=0.06 and p=0.15, respectively). 

Table 1. Patient characteristics, virological and immunological parameters

LPV/r+AZT/3TC LPV/r+NVP

Months 0 3 0 3

Number 11 11 9 8

Age (y) 38 (34-41) 46 (41-53)

Weight (kg) 82 (62-86) 79 (62-87) 78 (75-87) 77 (71-88)

BMI (kg/m2) 24 (21-26) 24 (21-26) 23 (22-27) 23 (22-27)

CDC Class (%)

A 64% 56%

B 18% 44%

C 18% 0%

HIV-1 RNA (log10 c/ml) 5.1 (4.8-5.3) 2.1 (1.7-2.4) 4.8 (4.6-5.6) 1.7 (1.7-2.5)

CD4-cell count (x106 cells/l) 200 (85-272) 250 (145-394) 200 (135-284) 330 (278-490)

Lopinavir concentration ratios:

 - in week preceding the clamp NA 1.34 (0.87-1.91) NA 1.44 (0.73-1.50)

 - during last hour of the clamp NA 0.90 (0.52-1.00) NA 0.84 (0.23-1.37)

Lopinavir concentration (mg/l):

 - during last hour of the clamp NA 5.90 (3.65-7.80) NA 6.40 (1.58-9.18)

Data represent median (IQR), NA= not applicable
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Table 2. Body composition, glucoregulatory hormones and lipid profile

LPV/r+AZT/3TC LPV/r+NVP

Month 0 3 change 0 3 change

Body composition N=11 N=11 N=9 N=8

limb fat (kg) 7.3 (4.5-9.3) 6.4 (3.2-10.5) 0.3 (-0.9-1.2) 6.4 (5.9-7.1) 6.2 (4.6-7.2) -0.3 (-0.6-0.5)

Trunk fat (kg) 7.3 (3.5-9.1) 7.7 (3.5-9.7) -0.1 (-0.4-0.5) 6.8 (4.8-7.7) 6.5 (5.0-8.6) -0.8 (-1.5--0.2)* **

VAT (cm2) 115 (40-164) 103 (51-144) -12 (-20-12) 113 (67-130) 96 (63-156) -14 (-26--7)

SAT (cm2) 118 (56-173) 113 (46-171) -4 (-10-8) 110 (80-133) 109 (80-136) -6 (-13--3)*

Hormones N=11 N=11 N=9 N=7

Cortisol (nmol/l) 199 (138-244) 224 (194-286) 2 (-31-107) 190 (170-322) 135 (105-401) -44 (-66-80)

Glucagon (ng/l) 57 (50-71) 58 (47-65) -3 (-12-4) 67 (54-87) 56 (46-63) -28 (-30-2)*

Epinephrine (nmol/l) 0.12 (0.10-0.16) 0.13 (0.08-0.15) 0.00 (-0.02-0.04) 0.06 (0.04-0.16) 0.11 (0.08-0.27) 0.04 (-0.05-0.10)

Norepinephrine (nmol/l) 1.04 (0.95-1.39) 0.72 (0.48-1.23) -0.33 (-0.50--0.06)*# 1.02 (0.52-1.41) 1.62 (0.64-2.54) 0.61 (0.12-0.73)

Adiponectin (µg/ml) 6.5 (4.2-7.5) 6.8 (5.4-7.6) 0.1 (-0.4-1.5) 7.0 (4.7-8.8) 9.5 (5.9-11.3) 1.3 (-0.4-2.5)

Sol TNF-α receptor 1 (ng/ml) 2.0 (1.7-2.1) 1.6 (1.4-2.0) -0.2 (-0.5--0.1)† 1.7 (1.5-1.8) 1.5 (1.3-2.0) -0.2 (-0.4-0.3)

Sol TNF-α receptor 2 (ng/ml) 10.0 (7.7-10.8) 6.7 (5.8-8.6) -2.2 (-3.9--1.5)‡ 9.0 (8.3-12.7) 6.1 (5.6-7.8) -2.8 (-6.6--0.6)

Lipid profile N=11 N=11 N=9 N=8

Total cholesterol (mmol/l) 3.8 (3.5-5.1) 5.2 (4.0-6.1) 1.1 (0.2-1.5)‡ 4.3 (4.0-4.6) 5.4 (4.8-6.6) 0.9 (0.6-1.7)*

HDL- cholesterol (mmol/l) 1.04 (0.83-1.23) 1.13 (1.00-1.50) 0.10 (0.00-0.30)* 1.12 (1.01-1.48) 1.30 (1.18-1.76) 0.30 (0.10-0.50)*

LDL- cholesterol (mmol/l) 2.2 (1.7-3.2) 2.1 (2.1-3.2) 0.2 (-0.1-0.6) 2.3 (2.1-2.8) 3.1 (2.8-3.3) 0.7 (-0.1-0.8)

Triglycerides (mmol/l) 1.4 (0.9-2.1) 2.9 (2.0-4.7) 1.2 (0.8-1.8)* 1.5 (0.9-1.5) 2.2 (1.7-3.1) 1.0 (0.1-1.3)*

Data represent median (IQR), *p<0.05, †p<0.005, ‡p<0.001 within group, **p<0.05, #p<0.01 
between groups

Table 3. Glucose metabolism

LPV/r+AZT/3TC LPV/r+NVP

Month 0 3 change 0 3 change

Fasting N=11 N=11 N=9 N=7

Glucose (mmol/l) 5.2 (5.1-5.6) 5.5 (5.3-5.8) 0.2 (-0.2-0.5) 5.2 (5.1-5.3) 5.3 (5.1-5.8) 0.3 (0.0-0.5)

Insulin (pmol/l) 41 (22-55) 40 (34-69) 12 (-11-23) 36 (22-77) 40 (34-45) -12 (-17-13)

Endogenous glucose production$ 3.9 (2.6-4.4) 4.1 (3.5-4.9) 0.3 (-0.6-1.8) 11.7 (10.2-12.0) 11.4 (10.8-12.5) 0.5 (-0.6-0.8)

Glycerol rate of appearance$ 1.63 (1.28-2.23) 1.85 (1.58-2.61) 0.33 (0.11-0.76)† 1.63 (1.41-2.17) 1.96 (1.63-2.17) 0.11 (-0.21-0.22)

Free fatty acid (mmol/l) 0.34 (0.23-0.48) 0.67 (0.56-0.77) 0.30 (0.17-0.46)‡** 0.49 (0.46-0.59) 0.63 (0.46-0.70) 0.09 (-0.11-0.17)

Clamp N=11 N=10 N=9 N=7

Glucose (mmol/l) 5.0 (4.9-5.1) 5.0 (4.9-5.0) -0.1 (-0.1-0.0) 5.0 (4.8-5.1) 4.9 (4.9-5.1) -0.1 (-0.2-0.3)

Insulin (pmol/l) 191 (161-203) 171 (151-207) -3 (-26-23) 179 (133-207) 182 (150-195) -1 (-17-33)

Endogenous glucose production$ 3.9 (2.6-4.4) 4.1 (3.5-4.9) 0.3 (-0.6-1.8) 4.6 (3.1-5.6) 3.9 (2.7-4.8) -0.7 (-1.9-0.3)

Peripheral glucose disposal$ 22.8 (20.1-29.6) 16.6 (14.6-24.6) -5.1 (-7.2--4.0)‡# 19.2 (13.4-22.8) 20.6 (18.6-24.3) 2.2 (-4.2-6.8)

Glycerol rate of appearance$ 0.71 (0.62-0.87) 0.76 (0.51-0.79) -0.06 (-0.19-0.14) 0.76 (0.65-0.87) 0.65 (0.54-0.65) -0.11 (-0.33--0.11)

Free fatty acid (mmol/l) 0.05 (0.03-0.07) 0.08 (0.03-0.11) 0.01 (0.00-0.04)* 0.05 (0.05-0.13) 0.05 (0.03-0.08) -0.03 (-0.07-0.05)

Data represent median (IQR), $µmol/kg/min, *p<0.05, †p<0.005, ‡p<0.001 within group, 
**p<0.05, # p<0.01 between groups
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Table 2. Body composition, glucoregulatory hormones and lipid profile

LPV/r+AZT/3TC LPV/r+NVP

Month 0 3 change 0 3 change

Body composition N=11 N=11 N=9 N=8

limb fat (kg) 7.3 (4.5-9.3) 6.4 (3.2-10.5) 0.3 (-0.9-1.2) 6.4 (5.9-7.1) 6.2 (4.6-7.2) -0.3 (-0.6-0.5)

Trunk fat (kg) 7.3 (3.5-9.1) 7.7 (3.5-9.7) -0.1 (-0.4-0.5) 6.8 (4.8-7.7) 6.5 (5.0-8.6) -0.8 (-1.5--0.2)* **

VAT (cm2) 115 (40-164) 103 (51-144) -12 (-20-12) 113 (67-130) 96 (63-156) -14 (-26--7)

SAT (cm2) 118 (56-173) 113 (46-171) -4 (-10-8) 110 (80-133) 109 (80-136) -6 (-13--3)*

Hormones N=11 N=11 N=9 N=7

Cortisol (nmol/l) 199 (138-244) 224 (194-286) 2 (-31-107) 190 (170-322) 135 (105-401) -44 (-66-80)

Glucagon (ng/l) 57 (50-71) 58 (47-65) -3 (-12-4) 67 (54-87) 56 (46-63) -28 (-30-2)*

Epinephrine (nmol/l) 0.12 (0.10-0.16) 0.13 (0.08-0.15) 0.00 (-0.02-0.04) 0.06 (0.04-0.16) 0.11 (0.08-0.27) 0.04 (-0.05-0.10)

Norepinephrine (nmol/l) 1.04 (0.95-1.39) 0.72 (0.48-1.23) -0.33 (-0.50--0.06)*# 1.02 (0.52-1.41) 1.62 (0.64-2.54) 0.61 (0.12-0.73)

Adiponectin (µg/ml) 6.5 (4.2-7.5) 6.8 (5.4-7.6) 0.1 (-0.4-1.5) 7.0 (4.7-8.8) 9.5 (5.9-11.3) 1.3 (-0.4-2.5)

Sol TNF-α receptor 1 (ng/ml) 2.0 (1.7-2.1) 1.6 (1.4-2.0) -0.2 (-0.5--0.1)† 1.7 (1.5-1.8) 1.5 (1.3-2.0) -0.2 (-0.4-0.3)

Sol TNF-α receptor 2 (ng/ml) 10.0 (7.7-10.8) 6.7 (5.8-8.6) -2.2 (-3.9--1.5)‡ 9.0 (8.3-12.7) 6.1 (5.6-7.8) -2.8 (-6.6--0.6)

Lipid profile N=11 N=11 N=9 N=8

Total cholesterol (mmol/l) 3.8 (3.5-5.1) 5.2 (4.0-6.1) 1.1 (0.2-1.5)‡ 4.3 (4.0-4.6) 5.4 (4.8-6.6) 0.9 (0.6-1.7)*

HDL- cholesterol (mmol/l) 1.04 (0.83-1.23) 1.13 (1.00-1.50) 0.10 (0.00-0.30)* 1.12 (1.01-1.48) 1.30 (1.18-1.76) 0.30 (0.10-0.50)*

LDL- cholesterol (mmol/l) 2.2 (1.7-3.2) 2.1 (2.1-3.2) 0.2 (-0.1-0.6) 2.3 (2.1-2.8) 3.1 (2.8-3.3) 0.7 (-0.1-0.8)

Triglycerides (mmol/l) 1.4 (0.9-2.1) 2.9 (2.0-4.7) 1.2 (0.8-1.8)* 1.5 (0.9-1.5) 2.2 (1.7-3.1) 1.0 (0.1-1.3)*

Data represent median (IQR), *p<0.05, †p<0.005, ‡p<0.001 within group, **p<0.05, #p<0.01 
between groups

Table 3. Glucose metabolism

LPV/r+AZT/3TC LPV/r+NVP

Month 0 3 change 0 3 change

Fasting N=11 N=11 N=9 N=7

Glucose (mmol/l) 5.2 (5.1-5.6) 5.5 (5.3-5.8) 0.2 (-0.2-0.5) 5.2 (5.1-5.3) 5.3 (5.1-5.8) 0.3 (0.0-0.5)

Insulin (pmol/l) 41 (22-55) 40 (34-69) 12 (-11-23) 36 (22-77) 40 (34-45) -12 (-17-13)

Endogenous glucose production$ 3.9 (2.6-4.4) 4.1 (3.5-4.9) 0.3 (-0.6-1.8) 11.7 (10.2-12.0) 11.4 (10.8-12.5) 0.5 (-0.6-0.8)

Glycerol rate of appearance$ 1.63 (1.28-2.23) 1.85 (1.58-2.61) 0.33 (0.11-0.76)† 1.63 (1.41-2.17) 1.96 (1.63-2.17) 0.11 (-0.21-0.22)

Free fatty acid (mmol/l) 0.34 (0.23-0.48) 0.67 (0.56-0.77) 0.30 (0.17-0.46)‡** 0.49 (0.46-0.59) 0.63 (0.46-0.70) 0.09 (-0.11-0.17)

Clamp N=11 N=10 N=9 N=7

Glucose (mmol/l) 5.0 (4.9-5.1) 5.0 (4.9-5.0) -0.1 (-0.1-0.0) 5.0 (4.8-5.1) 4.9 (4.9-5.1) -0.1 (-0.2-0.3)

Insulin (pmol/l) 191 (161-203) 171 (151-207) -3 (-26-23) 179 (133-207) 182 (150-195) -1 (-17-33)

Endogenous glucose production$ 3.9 (2.6-4.4) 4.1 (3.5-4.9) 0.3 (-0.6-1.8) 4.6 (3.1-5.6) 3.9 (2.7-4.8) -0.7 (-1.9-0.3)

Peripheral glucose disposal$ 22.8 (20.1-29.6) 16.6 (14.6-24.6) -5.1 (-7.2--4.0)‡# 19.2 (13.4-22.8) 20.6 (18.6-24.3) 2.2 (-4.2-6.8)

Glycerol rate of appearance$ 0.71 (0.62-0.87) 0.76 (0.51-0.79) -0.06 (-0.19-0.14) 0.76 (0.65-0.87) 0.65 (0.54-0.65) -0.11 (-0.33--0.11)

Free fatty acid (mmol/l) 0.05 (0.03-0.07) 0.08 (0.03-0.11) 0.01 (0.00-0.04)* 0.05 (0.05-0.13) 0.05 (0.03-0.08) -0.03 (-0.07-0.05)

Data represent median (IQR), $µmol/kg/min, *p<0.05, †p<0.005, ‡p<0.001 within group, 
**p<0.05, # p<0.01 between groups
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Glucose metabolism (Table 3)
There were no significant changes in fasting plasma glucose or insulin levels after 3 

months compared to baseline in either of the 2 treatment arms. In addition, there 

were no changes in fasting endogenous glucose production in either arm. During 

hyperinsulinemia, glucose production could also be suppressed equally at month 3 when 

compared with baseline in both groups. Treatment with LPV/r+NVP did not result in 

a significant change of peripheral glucose disposal during the hyperinsulinemic clamp. 

In contrast, in the LPV/r+AZT/3TC arm, insulin-stimulated peripheral glucose disposal 

decreased significantly by 25% after 3 months of therapy (p<0.001) (Figure 1). This 

resulted in a significant difference in glucose disposal over time between patients in the 

2 treatment arms (p<0.01).

Figure 1. Left: Rate of peripheral glucose disposal (Rd) (µmol/kg/min) during hyperinsulinemia in 
the individual patients (N=10) before and after 3 months of therapy with LPV/r+AZT/3TC. 
--- = mean of all patients, * p<0.001. Right: Rate of peripheral glucose disposal (Rd) (µmol/kg/min) 
during hyperinsulinemia in the individual patients (N=7) before and after 3 months of therapy with 
LPV/r+NVP, --- = mean of all patients

Lipolysis (Table 3)
After a 12h-fast as well as during the hyperinsulinemic clamp, glycerol turnover did not 

change in the LPV/r+NVP group over the course of 3 months. In contrast, in the LPV/

r+AZT/3TC group, fasting glycerol turnover had significantly increased by 22%, 3 months 

after starting therapy (p<0.005). During hyperinsulinemia, however, glycerol turnover was 

suppressed equally at month 3 when compared to baseline in the LPV/r+AZT/3TC arm. In 

agreement with the enhanced glycerol turnover after an overnight fast, fasting plasma 

FFA levels were 84% higher in the LPV/r+AZT/3TC group after 3 months (p<0.001). 

In the LPV/r+NVP group, fasting FFA levels did not change over time. As a result, the 
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change in fasting FFA levels was significantly different when comparing the treatment 

arms (p<0.05). Additionally, after 3 months of treatment with LPV/r+AZT/3TC, FFA 

concentrations were slightly but significantly higher during the clamp (p<0.05). There 

was no significant correlation between the change in insulin-mediated glucose disposal 

and the change in fasting glycerol turnover (r= 0.13).

Glucoregulatory hormones and lipid profile (Table 2) 
There were no significant differences in fasting plasma concentrations of cortisol or 

epinephrine over time in either treatment group. In the LPV/r+NVP group, fasting plasma 

levels of glucagon significantly decreased (p<0.05), whereas in the LPV/r+AZT/3TC group, 

norepinephrine levels decreased after starting treatment (p<0.05). Plasma adiponectin 

concentrations did not change significantly after 3 months of therapy. Concentrations of 

sTNFR 1 and 2 decreased in both arms, but the declines were only significant in the LPV/

r+AZT/3TC arm (p<0.005 and p<0.001 respectively). Plasma total-, HDL-cholesterol and 

triglyceride levels were significantly higher after treatment in both groups (p<0.05) with 

no significant differences between groups.

Discussion

Dyslipidemia, body fat redistribution and disturbed glucose homeostasis are frequently 

seen in HIV-1-infected patients treated with cART 3, 6. Once patients have developed 

clinically overt signs of lipodystrophy, the disturbances in glucose metabolism have been 

shown to include insulin resistance at the level of peripheral glucose disposal, hepatic 

glucose production and lipolysis 4, 5, 9, 35. The present study to our knowledge is the 

first prospective randomized clinical trial that attempts to investigate the onset of the 

derangements in glucose kinetics and body composition in relation to commencing 

treatment with different cART regimens, with and without NRTI, in HIV-1-infected, ART-

naive patients, by conducting hyperinsulinemic-euglycemic clamps. Our results show 

that treatment with a NRTI-containing regimen of LPV/r+AZT/3TC, in the absence of 

significant changes in body fat distribution, led to a 25% decrease in insulin-mediated 

peripheral glucose disposal and a 22% increase in fasting lipolysis after as little as 3 

months, while this was not the case in patients randomized to a NRTI-sparing regimen 

of LPV/r+NVP.

Results from detailed prospective studies on the metabolic side-effects of ART in HIV-

1-infected patients thus far are limited. Only a few studies have tried to investigate the 
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effects of the PI class on insulin sensitivity, measured by the intravenous glucose tolerance 

test, the homeostatic model assessment (HOMA) index and the hyperglycemic clamp. 

These studies showed that in HIV-1-infected patients, insulin resistance was already 

present several months after starting a PI-containing regimen 10, 17, 19. Since these 

studies contained a mixture of ART-naive and ART-experienced patients and the regimens 

included NRTI drugs, it is impossible to conclude whether the observed reduction in 

insulin sensitivity could be attributed only to the use of a PI. The effect of different PI on 

glucose metabolism has been studied in HIV-1-uninfected volunteers. Administration of 

the PI indinavir, both as a single dose and during 4 weeks, reduced peripheral glucose 

disposal and increased endogenous glucose production during a hyperinsulinemic clamp 
20, 21, 23. The effects observed with short-term exposure to LPV/r differ however; insulin 

sensitivity with respect to glucose disposal decreased after a single dose and after 5 days 

of exposure 13, 22, but not after 4 weeks of LPV/r treatment 36. In line with these human 

studies, studies in healthy rodents showed an acute reduction in peripheral glucose 

uptake after administration of several PI drugs, including LPV/r 12, 18. Moreover, these 

studies showed that glucose transport in both skeletal muscle and adipose tissue was 

affected. In-vitro research has shown that several PI, including ritonavir, are able to acutely 

inhibit the activity of glucose transporter-4 (GLUT-4) 11, 14, thereby offering a possible 

explanation for the peripheral insulin resistance found in healthy volunteers and HIV-1-

infected patients with lipodystrophy. Besides PI, NRTI drugs have also been associated 

with insulin resistance in patients with HIV-1-infection. Duration of exposure to NRTI 

has been reported to be independently associated with insulin resistance, as measured 

by fasting insulin levels and the QUICKI index in a number of observational studies 26, 

37. These findings could potentially be explained as indirect effects of NRTI by virtue of 

their association with the development of changes in body fat distribution, especially 

lipoatrophy 24, 25. However, evidence from a randomized trial conducted in previously ART-

naive subjects demonstrated early and sustained increases in fasting serum insulin levels 

and in HOMA indices, as short as 4 weeks after treatment initiation with cART containing 

a thymidine analogue, including stavudine plus didanosine, but not with a thymidine 

analogue-sparing combination of abacavir plus lamivudine 27. These results suggested 

that thymidine analogue NRTI in particular may contribute to the early onset of insulin 

resistance, before any clinically noticeable changes in body fat distribution are present. A 

recent placebo-controlled study in healthy HIV-uninfected volunteers demonstrated that 

administration of stavudine during 4 weeks indeed resulted in a significant decrease in 

insulin sensitivity measured by hyperinsulinemic-euglycemic clamps, without changes in 

body composition. Interestingly, 31P magnetic resonance spectroscopy revealed reduced 



C
hanges in m

etabolism
 after starting antiretroviral therapy

103

C
hapter 6

mitochondrial function in skeletal muscle, which correlated significantly with insulin 

sensitivity. In addition, mitochondrial DNA-content was reduced in muscle biopsies of 

stavudine recipients 38.

The present study, which employed serial hyperinsulinemic-euglycemic clamps, found 

a reduction in peripheral insulin sensitivity in the absence of significant changes in body 

fat distribution, after only 3 months in patients taking LPV/r+AZT/3TC, as opposed to 

those treated with LPV/r+NVP. The latter may seem in contrast with the findings from 

earlier studies assessing changes in insulin sensitivity following the introduction of PI in 

antiretroviral regimens 10, 17, 19. Of note however, the PI in those studies did not include 

LPV/r. Furthermore, patients were concomitantly receiving NRTI in most instances, which 

could have contributed to the reported changes in glucose metabolism. Nonetheless, 

LPV/r did result in a change in insulin sensitivity when administered as monotherapy to 

healthy HIV-1-uninfected persons 13, 22. The difference in duration of LPV/r exposure 

between our study (3 months) and the studies conducted in healthy volunteers (single 

dose and 5 days) may be relevant and an earlier reduction in insulin sensitivity in our 

patients on LPV/r+NVP, which had disappeared after 3 months, cannot be ruled out.

The changes in glucose metabolism in the NRTI-containing arm, as opposed to the 

nucleoside-sparing arm, suggest that exposure to AZT/3TC may have contributed to the 

development of alterations in glucose metabolism. This is in accordance with a number 

of observations concerning the potential contribution of NRTI to the development of 

insulin resistance 26, 27, 37. NRTI, particularly the thymidine analogues d4T and AZT, have 

been shown to play an important role in the onset of lipoatrophy 39. Since lipoatrophy 

has independently been associated with insulin resistance, NRTI have been suggested to 

affect glucose metabolism indirectly via a decrease in peripheral fat 24, 25. In the present 

study, however, LPV/r+AZT/3TC treatment resulted in disturbed glucose metabolism in 

the absence of changes in fat distribution. We can not rule out the possibility of having 

missed a small decline in peripheral fat because of a concomitant increase in fat due to 

recovery from HIV-wasting, as has been described before in patients starting ART 40, 41, 

but find it an unlikely confounding factor as patients with wasting were excluded and LPV/

r+NVP treatment, which is not expected to result in lipoatrophy, likewise did not result in 

increased fat amounts. This suggests that AZT/3TC may have directly contributed to the 

development of reduced insulin sensitivity, for which different possible mechanisms could 

have been responsible. Some NRTI drugs have been shown to disturb the production 

and secretion of adipocytokines, which in turn could affect glucose metabolism. In 3T3 

culture adipocytes, d4T and ZDV both decreased adiponectin production, whereas the 

production of TNF-α, IL-6 and IL-1 was enhanced 42. However, in the present study 
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adiponectin levels were unchanged after 3 months, whereas levels of sTNFR 1 and 2 

decreased rather than increased in the LPV/r+AZT/3TC arm. These results argue against 

abnormal adipocytokine secretion as an explanation for insulin insensitivity. In our study, 

LPV/r+AZT/3TC treatment resulted in stimulation of fasting lipolysis with increased plasma 

FFA levels, which may indicate resistance to insulin’s suppressive effect on lipolysis. As 

FFA have a negative influence on the signaling pathway of insulin 43, 44, increased levels 

could have contributed to insulin resistance with respect to peripheral glucose disposal 

in the LPV/r+AZT/3TC arm. However, since patients with HIV-associated lipodystrophy 

remained insulin resistant (albeit less so) after FFA levels were acutely lowered by 

administration of the lipolysis inhibitor acipimox 45, additional factors are involved as well. 

There might be an important role for mitochondria in fat and muscle in the development 

of insulin insensitivity. NRTI have been associated with mitochondrial toxicity 38, 46-49. 

A decline in oxidative phosphorylation, resulting from mitochondrial dysfunction, could 

result in accumulation of FFA (metabolites), which, in turn, could have a negative effect 

on the signaling cascade of insulin 43, 44 and may reinforce mitochondrial dysfunction 44, 

50. NRTI-induced mitochondrial dysfunction as a cause for insulin insensitivity has been 

suggested by a recent study in healthy volunteers 38.

With respect to plasma lipids, total cholesterol and triglyceride levels increased 

significantly in both arms after 3 months, which was not unexpected given the presence 

of LPV/r in both regimens 51, 52. Compatible with observations in other trials of potent 

cART in ART-naive, HIV-1-infected individuals, HDL-cholesterol likewise increased in both 

arms 53, 54. Further follow-up of lipid changes in all ‘MEDICLAS’ trial participants will be 

needed to determine whether the rise in HDL-cholesterol will be significantly greater in 

the NVP-containing arm.

In conclusion, treatment with the NRTI-containing regimen LPV/r+AZT/3TC, as opposed 

to the NRTI-sparing regimen LPV/r+NVP, resulted in a 25% decrease in insulin-mediated 

peripheral glucose disposal and a 22% increase in fasting lipolysis after only 3 months, 

in the absence of discernable changes in body composition. These findings suggest 

that certain NRTI may directly contribute to ART-associated disturbances in glucose 

metabolism, the precise underlying mechanism of which remains to be elucidated, but 

could include NRTI-induced mitochondrial dysfunction. Follow-up of participants in our 

trial is ongoing and will need to determine to what extent these regimens will continue 

to differ with respect to their effects on peripheral insulin sensitivity and, over the longer 

term, potentially also on other aspects of glucose metabolism, body fat distribution and 

lipid abnormalities. Meanwhile avoiding thymidine analogue NRTI might be appropriate, 

particularly in patients with (a predisposition to develop) diabetes mellitus. 
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Abstract

Objective: 

The extent and manner by which thymidine analogue nucleoside reverse transcriptase 

inhibitors for treatment of HIV contribute to the induction of insulin resistance, directly 

or indirectly by causing lipoatrophy, is unclear. We prospectively evaluated the effect 

of zidovudine/lamivudine (ZDV/3TC) on glucose metabolism in HIV-1-infected patients 

initiating combination antiretroviral therapy (cART). 

Methods: 

cART-naive men were randomized to lopinavir/ritonavir (LPV/r, 400/100mg twice daily) 

plus ZDV/3TC or LPV/r (533/133mg twice daily) plus nevirapine (NVP). Computed 

tomography-, dual-energy X-ray absorptiometry scans and hyperinsulinemic-euglycemic 

clamps using stable isotopes were performed before and after 3, 12 and 24 months of 

cART. 

Results: 

Insulin-stimulated peripheral glucose disposal decreased by 25% after 3 months in 

patients on ZDV/3TC/LPV/r (p<0.001) in a persistent manner, followed by a transient 

reduced insulin sensitivity regarding inhibition of lipolysis after 12 months. In the NVP/

LPV/r arm, hepatic insulin sensitivity had improved after 24 months. Following the initial 

3 months of treatment, limb fat decreased progressively in the ZDV/3TC/LPV/r arm by 

849 ± 345 g up to 24 months (p=0.017). VAT in this treatment arm increased by 36.2 

± 13.3 cm2 over 2 years (p=0.009). In contrast, in the NVP/LPV/r arm, a generalized 

increase in fat mass was observed. Plasma adiponectin increased significantly in both 

arms, but less in the patients on ZDV/ 3TC/LPV/r. 

Conclusions: 

Treatment with ZDV/3TC/LPV/r versus NVP/LPV/r differentially affects glucose and 

lipid metabolism. The ZDV/3TC/LPV/r regimen induced peripheral insulin resistance, a 

transient increase in basal lipolysis and a transient decrease in insulin-mediated inhibition 

of lipolysis, whereas in the NVP/LPV/r regimen hepatic insulin sensitivity actually improved 

after long-term treatment. 
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Introduction

Lipodystrophy in patients with HIV-1 infection on combination antiretroviral therapy 

(cART) has been shown to be associated with insulin resistance in multiple metabolic 

pathways, including a reduction in peripheral glucose uptake, enhanced lipolysis and 

increased endogenous glucose production 1. The sequence of onset of these disturbances 

in glucose and lipid metabolism, and the contribution of the various drug classes or 

individual drugs have not been elucidated. Both protease inhibitors (PI) and nucleoside 

reverse transcriptase inhibitors (NRTI) have been implicated in the pathogenesis of insulin 

resistance, either directly or as a result of associated changes in fat distribution. Studies 

in healthy volunteers have shown that several, but not all PI have an acute inhibitory 

effect on glucose uptake 2-5, although in some studies peripheral insulin resistance was no 

longer present after PI were administered for extended periods 6, 7. NRTI are thought to 

contribute to insulin resistance by inducing changes in fat distribution and lipoatrophy in 

particular. Recently, however, a significant reduction in insulin-mediated peripheral glucose 

uptake was reported after 4 weeks of stavudine administration to healthy volunteers. 

Since body composition did not change, this suggests that stavudine has a direct effect 

on peripheral insulin sensitivity 8; whether the same is true for other NRTI remains to be 

determined. Short-term studies with monotherapy of various antiretroviral drugs in healthy 

volunteers are probably not representative for the clinical situation of patients initiating 

cART, as in this setting suppression of viral replication, restoration of immunity, the use 

of combinations of antiretroviral drugs with potential additive effects and the changes in 

body fat redistribution each may influence glucose and lipid metabolism. 

In order to unravel the sequence of events occurring during the development of 

insulin resistance in relation to changes in body composition and the use of different 

classes of antiretroviral drugs, we performed sequential measurements of glucose 

and lipid metabolism and of body composition after start of therapy in cART-naive 

HIV-1-infected men randomised to either zidovudine/lamivudine/lopinavir/ritonavir or 

nevirapine/lopinavir/ritonavir. We previously reported a decrease in insulin-mediated 

peripheral glucose uptake prior to the development of changes in body fat distribution 

after three months in the ZDV/3TC/LPV/r arm 9. We currently report the results after 

24 months of therapy.
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Patients and methods

Subjects and study design
We studied a subgroup of participants in the MEDICLAS (Metabolic Effects of DIfferent 

CLasses of AntiretroviralS) trial. This is a multicenter, multinational, single-blinded, 

randomized trial over 36 months in 50 previously antiretroviral-naive male patients, 18-70 

years old, with an indication to start cART, comparing a NRTI-containing regimen of 

ZVD/3TC (300/150 mg twice daily) plus LPV/r (400/100 mg twice daily) with a NRTI-

sparing regimen of NVP (200 mg twice daily) plus LPV/r (533/133 mg twice daily). The 

main objective of the trial is to assess and compare the impact of both treatments on 

body fat distribution and metabolic complications. Subjects with severe obesity (body 

mass index (BMI) >35 kilogram (kg)/m2), a history of hyperlipidemia or diabetes mellitus 

were excluded, as well as patients using medication that could affect glucose and lipid 

metabolism, e.g. systemic corticosteroids. For the purpose of the sub-study, patients with 

active infections in the preceding 2 months and patients with wasting (recent loss of 

>10% of body weight) were also excluded. 

In the participants of the sub-study, glucose and lipid metabolism was investigated in 

the fasting state and during a hyperinsulinemic-euglycemic clamp using stable isotopes, 

at baseline and 3, 12, 24 and 36 months following the start of treatment. Body fat 

distribution was assessed at these same time points by abdominal computed tomography- 

(CT) and dual-energy X-ray absorptiometry (DEXA) scan. Patients could be recruited into 

the sub-study if they were followed at the Academic Medical Center, The Netherlands, the 

Helsinki University Central Hospital, Finland or could be referred to one of these centers, 

as these were the only sites able to perform the clamp studies according to the protocol 

(see below). The study was approved by the Ethics Committees of each participating 

center. Written informed consent was obtained from all participants prior to study entry.

Randomization 
At the central study-coordinating center a treatment allocation sequence (1:1 for 

ZDV/3TC/LPV/r and NVP/LPV/r) was generated using the minimization variable BMI (≤25 

kg/m2 versus >25 kg/m2). Treatment allocation was stratified for patients participating 

only in the main study, or patients participating both in the main and the sub-study.

Hyperinsulinemic-euglycemic clamp protocol 
All participants used a balanced diet, containing at least 250 g carbohydrates for 3 

days prior to each metabolic study. After a 12-hour fast, subjects were admitted to the 



Insulin sensitivity during first line antiretroviral therapy

115

C
hapter 7

metabolic clinical research center and studied in the supine position. A catheter was 

inserted into an antecubital vein for infusion of [6,6-2H2]-glucose, [2H5]-glycerol, insulin 

and glucose 20% and another catheter was inserted into a contralateral hand vein and 

kept in a thermoregulated (60ºC) box for sampling of arterialized venous blood.

At T=-2.30 (10 AM), after drawing a blood sample for background enrichment of 

plasma glucose and glycerol, a continuous infusion of [6,6-2H2]-glucose (>99% enriched, 

Cambridge Isotopes, MA) was started at a rate of 0.11 µmol∙kg-1∙min-1, after a priming 

dose of 8.8 µmol/kg. At T=-1.30 (11 AM) a continuous infusion of [2H5]-glycerol at a rate of 

0.11 µmol/ kg/min was started, after a priming dose of 1.6 µmol/kg. From T=-0.30 (12.00 

pm) until T=0 (12.30 PM) blood samples were drawn every 10 minutes for determination 

of the fasting rate of appearance (Ra) of glucose and glycerol. Subsequently, at T=0 

(12.30 PM), a primed continuous infusion of insulin (Actrapid 100 U/mL, Novo Nordisk 

Farma BV, Alphen a/d Rijn, The Netherlands) was started for 2½ hours from T=0 until 

T=2.30 (12.30-15 PM) at a rate of 20 mU∙m-2 body surface area∙min-1. Plasma glucose 

concentration was measured every 5 minutes (Beckman glucose analyzer 2, Palo Alto, 

CA, US) and glucose 20% was infused at a variable rate to maintain euglycemia (5 

mmol/L). [6,6-2H2]-glucose was added to the 20% glucose solution to achieve glucose 

enrichments of 1% to minimize changes in isotopic enrichment, caused by changes in the 

infusion rate of exogenous glucose 10, 11. During the last hour of insulin infusion, samples 

were drawn every 10 minutes for determination of Ra of glucose and glycerol. Blood for 

measurement of concentrations of cortisol, catecholamines, insulin, glucagon, free fatty 

acids (FFA) and adiponectin was collected in the fasted state at T=-0.30 and T=0 and at 

the end of the hyperinsulinemic clamp at T=2.00 and T=2.30. Blood samples were kept 

on ice immediately after collection and subsequently centrifuged for 10 minutes at 3000 

rpm at 4°C. Plasma samples were stored at –20°C. During the clamp, subjects were 

allowed to drink water only. Antiretroviral medication was taken without food on the 

study day. LPV concentrations were measured in the week preceding and at the end of 

each clamp.

Body composition
Total and regional fat mass were quantified in all patients by DEXA (Hologic QDR-

4500W, software version whole body v8.26A:5; Bedford, Massachusetts, USA) providing 

a quantitative assessment of peripheral (limb) as well as trunk fat mass in kilogram. A 

standardized single slice abdominal CT-scan through the level of the third lumbar vertebra 

was performed from which the surface area of visceral (VAT) and subcutaneous adipose 

tissue (SAT) was determined and expressed in centimeter square (cm2). 
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Analytical procedures 
Plasma insulin, cortisol, catecholamines, glucagon, FFA, adiponectin and LPV 

concentrations were measured as described before 9, 12. Plasma HIV-1 RNA was measured 

in each participating center by different tests, each with a lower limit of quantification 

of 50 copies/mL. Plasma samples for enrichments of [6,6-2H2]-glucose and [2H5]-glycerol 

were determined as described before 1, 13.

Calculations and statistical analysis
Endogenous glucose production (EGP), peripheral glucose disposal (Rd) and Ra of glycerol 

were calculated with a modified form of the Steele equations as described before 1, 13. 

LPV concentration ratios were calculated by dividing the measured concentration by the 

expected concentration from the reference curve.

Analyses were by intent to treat. Within-group changes, between-group differences in 

overall course, and between-group differences at each study visit were analyzed by mixed 

model repeated measures analysis with correction for baseline values. Alpha <0.05 was 

considered statistically significant. Data are presented as estimated means ± standard 

error of the mean. SAS statistical software version 9.2 was used for all analyses.

Table 1. Patient characteristics, HIV related characteristics.

ZDV/3TC/LPV/r NVP/LPV/r

baseline Mo 3 Mo 12 Mo 24 baseline Mo3 Mo 12 Mo 24

Number 11 11 11 11 9 8 9 8

Age (years) 38 (34-41) 46 (41-53)

CDC category
A (n, %)
B (n, %)
C (n, %)

8 (73%)
2 (18%)
1 (9%)

5 (56%)
4 (44%)
0 (0%)

CD4 cell count (106 cells/l) 200(140-264) 270 (220-430) 370 (293-450) 458 (355-590) 200 (170-250) 330 (280-406) 460 (370-560) 570 (430-630)

HIV-1 RNA
   (log 10 copies/ml)
   n (%) <50 copies/ml)

5.1 (4.5-5.3)
0 (0%)

2.1 (1.7-2.5)
4 (36%)

1.7 (1.7-1.7)
11 (100%)

1.7 (1.7-1.7)
9 (82%)

4.8 (4.7-5.3)
0 (0%)

1.7 (1.7-2.3)
4 (44%)

1.7 (1.7-1.7)
8 (89%)

1.7 (1.7-1.7)
8 (100%)

Lopinavir concentration ratio’s
   in week preceding clamp
   during last hour of clamp

1.3 (1.1-2.1)
0.9 (0.5-1.2)

1.3 (1.0-1.7)
0.9 (0.7-1.2)

1.0 (0.9-1.6)
0.9 (0.6-1.2)

1.4 (1.0-1.7)
0.8 (0.3-1.2)

1.5 (1.2-1.8)
1.0 (0.8-1.2)

1.3 (1.1-2.1)
0.8 (0.6-1.2)

Lopinavir concentration (mg/l)
   during last hour of clamp 5.9 (3.9-8.1) 6.6 (5.8-7.2) 6.4 (3.7-9.2) 6.4 (2.4-8.6) 7.2 (6.1-8.3) 6.1 (5.2-8.3)

Data represent median (IQR) or number (percentage).
ZDV/3TC/LPV/r: zidovudine/lamivudine/lopinavir/ritonavir
NVP/LPV/r: nevirapine/lopinavir/ritonavir
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Table 1. Patient characteristics, HIV related characteristics.

ZDV/3TC/LPV/r NVP/LPV/r

baseline Mo 3 Mo 12 Mo 24 baseline Mo3 Mo 12 Mo 24

Number 11 11 11 11 9 8 9 8

Age (years) 38 (34-41) 46 (41-53)

CDC category
A (n, %)
B (n, %)
C (n, %)

8 (73%)
2 (18%)
1 (9%)

5 (56%)
4 (44%)
0 (0%)

CD4 cell count (106 cells/l) 200(140-264) 270 (220-430) 370 (293-450) 458 (355-590) 200 (170-250) 330 (280-406) 460 (370-560) 570 (430-630)

HIV-1 RNA
   (log 10 copies/ml)
   n (%) <50 copies/ml)

5.1 (4.5-5.3)
0 (0%)

2.1 (1.7-2.5)
4 (36%)

1.7 (1.7-1.7)
11 (100%)

1.7 (1.7-1.7)
9 (82%)

4.8 (4.7-5.3)
0 (0%)

1.7 (1.7-2.3)
4 (44%)

1.7 (1.7-1.7)
8 (89%)

1.7 (1.7-1.7)
8 (100%)

Lopinavir concentration ratio’s
   in week preceding clamp
   during last hour of clamp

1.3 (1.1-2.1)
0.9 (0.5-1.2)

1.3 (1.0-1.7)
0.9 (0.7-1.2)

1.0 (0.9-1.6)
0.9 (0.6-1.2)

1.4 (1.0-1.7)
0.8 (0.3-1.2)

1.5 (1.2-1.8)
1.0 (0.8-1.2)

1.3 (1.1-2.1)
0.8 (0.6-1.2)

Lopinavir concentration (mg/l)
   during last hour of clamp 5.9 (3.9-8.1) 6.6 (5.8-7.2) 6.4 (3.7-9.2) 6.4 (2.4-8.6) 7.2 (6.1-8.3) 6.1 (5.2-8.3)

Data represent median (IQR) or number (percentage).
ZDV/3TC/LPV/r: zidovudine/lamivudine/lopinavir/ritonavir
NVP/LPV/r: nevirapine/lopinavir/ritonavir

Results

Patient characteristics (Table 1)
A total of 50 patients were included in the ‘MEDICLAS’ trial between February 2003 

and June 2005, of whom twenty were co-enrolled in the sub-study. Eleven of these 20 

patients were randomly assigned to ZDV/3TC/LPV/r and 9/20 patients to NVP/LPV/r. 

Their demographic and clinical characteristics are shown in Table 1. For one patient in 

the ZDV/3TC/LPV/r group, data during the clamp at baseline could not be included in 

the analysis because of technical problems during the clamp. In the NVP/LPV/r group, 

3 months data were not included in the analysis from 2 patients, one patient didn’t 

return for this visit and the other developed acute hepatitis A. One patient in the NVP/

LPV/r arm died at home, presumably due to an acute myocardial infarction, shortly after 

his one-year visit. Antiretroviral therapy was switched in some patients because of side 

effects. One patient in the NVP/LPV/r arm discontinued cART after 4 weeks because of 

toxic hepatitis. Following complete recovery, after 3 months, he resumed LPV/r, with 

efavirenz instead of NVP. In the ZDV/3TC/LPV/r arm, one patient switched from ZDV 

to tenofovir because of anemia shortly after his 3 months visit, and in another patient 
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LPV/r was replaced by NVP after 18 months because of dyslipidemia. Data of all patients 

with medication switches were included in the analysis. None of the patients started 

concomitant medication that could be expected to influence glucose or lipid metabolism 

between start of cART and the 24 months visit.

Virological and immunological parameters and LPV concentrations (Table 1)
Patients in both groups exhibited an immunological and virological response to cART 

with similar increases in CD4 count and decreases in HIV-1 RNA. The increase in CD4 

Table 2 Body composition, glucoregulatory hormones and lipid profile

LPV/r/ZDV/3TC LPV/r/NVP

Baseline Mo 3 Mo 12 Mo 24 baseline Mo 3 Mo 12 Mo 24

Body composition N=11 N=11 N=11 N=11 N=9 N=8 N=9 N=8

Weight (kg) 77.0±0.7 76.8±0.7 77.7±0.7 78.6±0.7 76.9±0.7 76.5±0.8 79.2±0.7 79.4±0.8*

BMI (kg/m2) 23.2±0.2 23.2±0.2 23.4±0.2 23.8±0.2 23.2±0.2 23.1±0.2 23.9±0.2 24.0±0.2*

Limb fat (kg)† 6.58 ±0.26 6.83 ±0.26 6.40 ±0.26# 5.98 ±0.26# 6.57 ±0.29 6.44 ±0.30 7.39 ±0.29 7.25 ±0.31

Total fat (kg) † 14.2±0.4 14.5±0.4# 14.8±0.4 14.7±0.4 14.2±0.5 13.2±0.5 15.8±0.5 15.8±0.5*

Limb/total fat 0.48±0.01 0.48±0.01 0.46±0.01 0.43±0.01*# 0.48±0.01 0.50±0.01 0.48±0.01 0.49±0.01

Trunk fat (kg) 7.6±0.3 7.7±0.3# 8.4±0.3 8.8±0.3* 7.6±0.3 6.7±0.3 8.4±0.3 8.5±0.3*

SAT (cm2) 123.2±5.7 122.0±5.7 133.6±5.9 134.8±5.7 124.0±6.3 116.0±6.6 134.4±6.3 138.9±6.7

VAT (cm2) 118.5 ±10.1 108.7 ±10.1 124.2 ±10.4 154.7 ±10.1* 119.2 ±11.2 101.6 ±11.6 128.3 ±11.2 127.9 ±11.7

TAT (cm2) 242.5 ±13.2 231.4 ±13.2 258.9 ±13.6 290.3 ±13.2* 242.0 ±14.6 216.4 ±15.1 261.5 ±14.6 263.9 ±15.3

SAT/TAT 0.53±0.02 0.56±0.02 0.54±0.02 0.50±0.02 0.53±0.02 0.53±0.02 0.52±0.02 0.55±0.02

Glucoregulatory hormones

Cortisol (nmol/l) † 214±22 251±22 166±22 239±22# 221±25 209±27 193±25 159±26

Glucagon (ng/l) 64±4 63±4# 58±4 55±4 68±4 50±4 52±4 47±4*

Epinephrine (nmol/l) 0.12±0.03 0.12±0.03 0.11±0.03 0.12±0.03 0.13±0.03 0.19±0.03 0.10±0.03 0.09±0.03

Norepinephrine (nmol/l) † 1.23±0.16 0.98±0.16# 1.23±0.18 1.28±0.16 1.23±0.18 1.90±0.20 1.49±0.19 0.89±0.19

Adiponectin (µg/ml) 6.5±0.5 7.0±0.5 8.1±0.5# 8.4±0.5*# 6.4±0.6 7.7±0.6 9.9±0.6 10.8±0.6*

Lipid profile

Total cholesterol (mmol/l) 4.3±0.2 5.3±0.2 5.5±0.2 5.4±0.2*# 4.3±0.3 5.5±0.3 6.2±0.3 6.1±0.3*

HDL-cholesterol (mmol/l) 1.10±0.07 1.24±0.07 1.38±0.07 1.40±0.07* 1.12±0.08 1.38±0.08 1.43±0.08 1.55±0.09*

LDL-cholesterol (mmol/l) 2.5±0.2 2.7±0.2 2.7±0.2 2.8±0.2# 2.6±0.2 3.0±0.2 3.1±0.2 3.4±0.2*

Triglycerides (mmol/l) 1.4±0.6 3.2±0.6 3.6±0.6 2.8±0.6 1.5±0.7 2.5±0.7 3.5±0.7 2.8±0.7

Data represent estimated means ± standard error of the mean. *p<0.05 within group 0-24 
months, #p<0.05 between groups at visit, †p<0.05 between groups difference overall course 0-24 
months. BMI body mass index, SAT subcutaneous adipose tissue, VAT visceral adipose tissue, TAT 
total adipose tissue, HDL high density lipoprotein, LDL low density lipoprotein. ZDV/3TC/LPV/r: 
zidovudine/lamivudine/lopinavir/ritonavir, NVP/LPV/r: nevirapine/lopinavir/ritonavir.
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Table 2 Body composition, glucoregulatory hormones and lipid profile

LPV/r/ZDV/3TC LPV/r/NVP

Baseline Mo 3 Mo 12 Mo 24 baseline Mo 3 Mo 12 Mo 24

Body composition N=11 N=11 N=11 N=11 N=9 N=8 N=9 N=8

Weight (kg) 77.0±0.7 76.8±0.7 77.7±0.7 78.6±0.7 76.9±0.7 76.5±0.8 79.2±0.7 79.4±0.8*

BMI (kg/m2) 23.2±0.2 23.2±0.2 23.4±0.2 23.8±0.2 23.2±0.2 23.1±0.2 23.9±0.2 24.0±0.2*

Limb fat (kg)† 6.58 ±0.26 6.83 ±0.26 6.40 ±0.26# 5.98 ±0.26# 6.57 ±0.29 6.44 ±0.30 7.39 ±0.29 7.25 ±0.31

Total fat (kg) † 14.2±0.4 14.5±0.4# 14.8±0.4 14.7±0.4 14.2±0.5 13.2±0.5 15.8±0.5 15.8±0.5*

Limb/total fat 0.48±0.01 0.48±0.01 0.46±0.01 0.43±0.01*# 0.48±0.01 0.50±0.01 0.48±0.01 0.49±0.01

Trunk fat (kg) 7.6±0.3 7.7±0.3# 8.4±0.3 8.8±0.3* 7.6±0.3 6.7±0.3 8.4±0.3 8.5±0.3*

SAT (cm2) 123.2±5.7 122.0±5.7 133.6±5.9 134.8±5.7 124.0±6.3 116.0±6.6 134.4±6.3 138.9±6.7

VAT (cm2) 118.5 ±10.1 108.7 ±10.1 124.2 ±10.4 154.7 ±10.1* 119.2 ±11.2 101.6 ±11.6 128.3 ±11.2 127.9 ±11.7

TAT (cm2) 242.5 ±13.2 231.4 ±13.2 258.9 ±13.6 290.3 ±13.2* 242.0 ±14.6 216.4 ±15.1 261.5 ±14.6 263.9 ±15.3

SAT/TAT 0.53±0.02 0.56±0.02 0.54±0.02 0.50±0.02 0.53±0.02 0.53±0.02 0.52±0.02 0.55±0.02

Glucoregulatory hormones

Cortisol (nmol/l) † 214±22 251±22 166±22 239±22# 221±25 209±27 193±25 159±26

Glucagon (ng/l) 64±4 63±4# 58±4 55±4 68±4 50±4 52±4 47±4*

Epinephrine (nmol/l) 0.12±0.03 0.12±0.03 0.11±0.03 0.12±0.03 0.13±0.03 0.19±0.03 0.10±0.03 0.09±0.03

Norepinephrine (nmol/l) † 1.23±0.16 0.98±0.16# 1.23±0.18 1.28±0.16 1.23±0.18 1.90±0.20 1.49±0.19 0.89±0.19

Adiponectin (µg/ml) 6.5±0.5 7.0±0.5 8.1±0.5# 8.4±0.5*# 6.4±0.6 7.7±0.6 9.9±0.6 10.8±0.6*

Lipid profile

Total cholesterol (mmol/l) 4.3±0.2 5.3±0.2 5.5±0.2 5.4±0.2*# 4.3±0.3 5.5±0.3 6.2±0.3 6.1±0.3*

HDL-cholesterol (mmol/l) 1.10±0.07 1.24±0.07 1.38±0.07 1.40±0.07* 1.12±0.08 1.38±0.08 1.43±0.08 1.55±0.09*

LDL-cholesterol (mmol/l) 2.5±0.2 2.7±0.2 2.7±0.2 2.8±0.2# 2.6±0.2 3.0±0.2 3.1±0.2 3.4±0.2*

Triglycerides (mmol/l) 1.4±0.6 3.2±0.6 3.6±0.6 2.8±0.6 1.5±0.7 2.5±0.7 3.5±0.7 2.8±0.7

Data represent estimated means ± standard error of the mean. *p<0.05 within group 0-24 
months, #p<0.05 between groups at visit, †p<0.05 between groups difference overall course 0-24 
months. BMI body mass index, SAT subcutaneous adipose tissue, VAT visceral adipose tissue, TAT 
total adipose tissue, HDL high density lipoprotein, LDL low density lipoprotein. ZDV/3TC/LPV/r: 
zidovudine/lamivudine/lopinavir/ritonavir, NVP/LPV/r: nevirapine/lopinavir/ritonavir.

count from baseline to 24 months was 280 (210-420) x 106/l (median (interquartile 

range) in the ZDV/3TC/LPV/r arm and 320 (260-430) x 106/l in the NVP/LPV/r arm. At 

24 months, 9/11 (82%) patients in the ZDV/3TC/LPV/r arm and 8/8 (100%) patients 

in the NVP/LPV/r arm had HIV-RNA below 50 copies/ml. Of the 2 patients who did not 

have undetectable HIV-RNA at 24 months, one had HIV-RNA of 68 copies/ml and for the 

other HIV-RNA was not performed at that time point. Both these patients had HIV-RNA 

below 50 copies/ml at the preceding and following visits, and were not considered to 
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have virological failure clinically. LPV concentrations and concentration ratios during the 

last hour of the hyperinsulinemic clamp did not differ between the arms.

Body composition (Table 2)
After 24 months, body weight had increased by 1.7 ± 0.9 kg (p=0.08) and 2.5 ± 1.1 

kg (p=0.02) in the ZDV/3TC/LPV/r and NVP/LPV/r arm, respectively. Limb fat remained 

stable during the first 3 months in the ZDV/3TC/LPV/r arm, but showed a progressive 

decline thereafter, with a total loss of 849 ± 345 g from 3 to 24 months (p=0.017). Total 

body fat remained unchanged in this arm. In contrast, in the NVP/LPV/r arm, limb fat 

and total body fat both increased. After one year of cART, limb fat in the ZDV/3TC/LPV/r 

arm was 990 ± 392 gram lower and after 2 years 1262 ± 403 gram lower compared to 

the NVP/LPV/r arm (p=0.015 and p=0.003, respectively).

Table 3 Glucose metabolism

ZDV/3TC/LPV/r NVP/LPV/r

Baseline Mo 3 Mo 12 Mo 24 baseline Mo 3 Mo 12 Mo 24

Fasting N=11 N=11 N=11 N=11 N=9 N=7 N=9 N=8

Glucose (mmol/l) 5.2±0.08 5.4±0.08 5.3±0.08 5.3±0.08 5.2±0.09 5.5±1.0 5.4±0.09 5.3±0.09

Insulin (pmol/l) 42±4 48±4 50±4 54±4* 43±4 40±5 51±4 44±5

Endogenous glucose production& 11.6±0.3 11.4±0.3 10.9±0.3 10.8±0.3* 11.5±0.3 11.6±0.3 11.3±0.3 10.2±0.3*

Glycerol rate of appearance& 1.7±0.1 2.1±0.1 1.9±0.1 1.8±0.1 1.7±0.2 1.9±0.2 2.0±0.2 1.6±0.2

Free fatty acid (mmol/l) 0.42±0.05 0.74±0.05# 0.56±0.05 0.52±0.05 0.45±0.06 0.53±0.07 0.57±0.06 0.49±0.06

Clamp N=11 N=10 N=11 N=11 N=9 N=7 N=9 N=8

Glucose (mmol/l) 5.0±0.04 5.0±0.04 5.0±0.04 5.0±0.04 4.9±0.04 5.0±0.05 5.0±0.04 4.9±0.04

Insulin (pmol/l) 185±7 181±7 192±7 196±7 185±8 186±9 208±8 205±8

Endogenous glucose production& 4.0±0.4 4.3±0.4 3.8±0.4 4.1±0.4# 4.6±0.4 3.6±0.5 3.8±0.4 2.7±0.5*

Endogenous glucose production suppression 
absolute& (percentage)

-7.7±0.4
(-66±3%)

-7.3±0.4
(-63±3%)

-7.2±0.4
(-66±3%)

-6.8±0.4
(-64±3%)

-6.9±0.4
(-60±3%)

-8.0±0.4
(-69±4%)

-7.5±0.4
(-66±3%)

-7.4±0.4
(-73±4%)*

Peripheral glucose disposal†& 22.9±1.6 17.3±1.6# 19.1±1.6 19.5±1.6# 22.4±1.7 23.5±1.9 20.9±1.7 24.7±1.8

Glycerol rate of appearance†& 0.78±0.07 0.70±0.07 0.94±0.07# 0.75±0.07 0.78±0.07 0.60±0.08 0.68±0.07 0.57±0.07*

Glycerol rate of appearance suppression 
absolute& (percentage)

-0.9±0.2
(-52±4%)

-1.4±0.2
(-63±4%)

-0.9±0.2 
(-50±4%)#

-1.0±0.2
(-57±4%)

-0.9±0.2
(-53±4%)

-1.3±0.2
(-66±5%)

-1.3±0.2
(-63±4%)

-1.1±0.2
(-62±4%)

Free fatty acid (mmol/l) 0.06±0.01 0.08±0.01 0.09±0.01 0.07±0.01 0.08±0.02 0.04±0.02 0.06±0.02 0.03±0.02*

Free fatty acid suppression (mmol/l)/
percentage

-0.34±0.06
(-82±2%)

-0.65±0.06
(-88±2%)

-0.46±0.06
(-85±2%)

-0.43±0.06
(-86±2%)

-0.37±0.06
(-84±2%)

-0.49±0.07
(-91±3%)

-0.51±0.06
(-89±2%)

-0.45±0.06
(-90±2%)

Data represent estimated means ± standard error of the mean. & µmol/kg/min. *p<0.05 within 
group 0-24 months, #p<0.05 between groups at visit, †p<0.05 between groups difference overall 
course 0-24 months. ZDV/3TC/LPV/r: zidovudine/lamivudine/lopinavir/ritonavir, NVP/LPV/r: 
nevirapine/lopinavir/ritonavir
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Table 3 Glucose metabolism

ZDV/3TC/LPV/r NVP/LPV/r

Baseline Mo 3 Mo 12 Mo 24 baseline Mo 3 Mo 12 Mo 24

Fasting N=11 N=11 N=11 N=11 N=9 N=7 N=9 N=8

Glucose (mmol/l) 5.2±0.08 5.4±0.08 5.3±0.08 5.3±0.08 5.2±0.09 5.5±1.0 5.4±0.09 5.3±0.09

Insulin (pmol/l) 42±4 48±4 50±4 54±4* 43±4 40±5 51±4 44±5

Endogenous glucose production& 11.6±0.3 11.4±0.3 10.9±0.3 10.8±0.3* 11.5±0.3 11.6±0.3 11.3±0.3 10.2±0.3*

Glycerol rate of appearance& 1.7±0.1 2.1±0.1 1.9±0.1 1.8±0.1 1.7±0.2 1.9±0.2 2.0±0.2 1.6±0.2

Free fatty acid (mmol/l) 0.42±0.05 0.74±0.05# 0.56±0.05 0.52±0.05 0.45±0.06 0.53±0.07 0.57±0.06 0.49±0.06

Clamp N=11 N=10 N=11 N=11 N=9 N=7 N=9 N=8

Glucose (mmol/l) 5.0±0.04 5.0±0.04 5.0±0.04 5.0±0.04 4.9±0.04 5.0±0.05 5.0±0.04 4.9±0.04

Insulin (pmol/l) 185±7 181±7 192±7 196±7 185±8 186±9 208±8 205±8

Endogenous glucose production& 4.0±0.4 4.3±0.4 3.8±0.4 4.1±0.4# 4.6±0.4 3.6±0.5 3.8±0.4 2.7±0.5*

Endogenous glucose production suppression 
absolute& (percentage)

-7.7±0.4
(-66±3%)

-7.3±0.4
(-63±3%)

-7.2±0.4
(-66±3%)

-6.8±0.4
(-64±3%)

-6.9±0.4
(-60±3%)

-8.0±0.4
(-69±4%)

-7.5±0.4
(-66±3%)

-7.4±0.4
(-73±4%)*

Peripheral glucose disposal†& 22.9±1.6 17.3±1.6# 19.1±1.6 19.5±1.6# 22.4±1.7 23.5±1.9 20.9±1.7 24.7±1.8

Glycerol rate of appearance†& 0.78±0.07 0.70±0.07 0.94±0.07# 0.75±0.07 0.78±0.07 0.60±0.08 0.68±0.07 0.57±0.07*

Glycerol rate of appearance suppression 
absolute& (percentage)

-0.9±0.2
(-52±4%)

-1.4±0.2
(-63±4%)

-0.9±0.2 
(-50±4%)#

-1.0±0.2
(-57±4%)

-0.9±0.2
(-53±4%)

-1.3±0.2
(-66±5%)

-1.3±0.2
(-63±4%)

-1.1±0.2
(-62±4%)

Free fatty acid (mmol/l) 0.06±0.01 0.08±0.01 0.09±0.01 0.07±0.01 0.08±0.02 0.04±0.02 0.06±0.02 0.03±0.02*

Free fatty acid suppression (mmol/l)/
percentage

-0.34±0.06
(-82±2%)

-0.65±0.06
(-88±2%)

-0.46±0.06
(-85±2%)

-0.43±0.06
(-86±2%)

-0.37±0.06
(-84±2%)

-0.49±0.07
(-91±3%)

-0.51±0.06
(-89±2%)

-0.45±0.06
(-90±2%)

Data represent estimated means ± standard error of the mean. & µmol/kg/min. *p<0.05 within 
group 0-24 months, #p<0.05 between groups at visit, †p<0.05 between groups difference overall 
course 0-24 months. ZDV/3TC/LPV/r: zidovudine/lamivudine/lopinavir/ritonavir, NVP/LPV/r: 
nevirapine/lopinavir/ritonavir

Trunk fat increased in both arms during 24 months follow-up (by +1139 ± 393 gram 

(p=0.005) and + 957 ± 446 gram (p=0.04) in the ZDV/3TC/LPV/r arm and the NVP/LPV/r 

arm, respectively). VAT increased significantly after 24 months, in the ZDV/3TC/LPV/r 

arm only (+36.2 ± 13.3 cm2 over 2 years (p=0.009)). The ratio of SAT to TAT decreased 

in the ZDV/3TC/LPV/r arm after 3 months (0.56 ± 0.02 to 0.50 ± 0.02, mean change 

0.057 ± 0.025, p=0.028), but remained unchanged in the other arm. 

Glucose metabolism (Figure 1, table 3)
There were no significant changes in fasting plasma glucose levels during follow-

up in either of the 2 treatment arms. Fasting plasma insulin levels however increased 

significantly over time in the ZDV/3TC/LPV/r arm. Insulin-stimulated peripheral glucose 

disposal decreased significantly by 25% after 3 months of therapy in the ZDV/3TC/

LPV/r arm (p<0.001), as previously reported 9, and remained stable at this reduced level 
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thereafter. In contrast, treatment with NVP/LPV/r did not result in a significant change 

of peripheral glucose disposal, resulting in an overall significant difference between both 

arms over the 24-month period (p<0.05).

Fasting EGP decreased significantly during follow-up in both arms with no differences 

between arms. During hyperinsulinemia, EGP was suppressed equally in both groups 

in the first 12 months. The suppression of EGP by insulin increased significantly over 

24 months in the NVP/LPV/r arm, leading to a significant difference in hepatic insulin 

sensitivity between both groups after 24 months with a greater suppression of EGP by 

insulin in the NVP/LPV/r group.

Lipolysis (Table 3)
In the ZDV/3TC/LPV/r group, fasting glycerol turnover increased significantly by 0.39 ± 

0.16 µmol/kg/min 3 months after starting therapy, returning to baseline levels during 

Figure 1. Graphs of peripheral glucose disposal (Rd glucose) (µmol/kg/min), endogenous glucose 
production (µmol/kg/min), rate of appearance of glycerol (Ra glycerol) (µmol/kg/min) during the 
hyperinsulinemic clamp and adiponectin levels (µg/ml). Shown are estimated means ± standard 
error of the mean. 
n = ZDV/3TC/LPV/r: zidovudine/lamivudine/lopinavir/ritonavir. 

 = NVP/LPV/r: nevirapine/lopinavir/ritonavir.
* p<0.05 comparison between arms at each timepoint
† p<0.05 overall comparison between arms over 24 months
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further follow-up. No changes in fasting glycerol turnover were observed in the NVP/

LPV/r group over the course of 2 years. The absolute suppression of Ra glycerol during 

hyperinsulinemia showed a trend to decrease in the ZDV/3TC/LPV/r arm from 3 months 

follow-up onwards (p=0.0599). This led to an overall significant difference between 

the 2 arms in glycerol turnover during hyperinsulinemia due to lower insulin-mediated 

suppression in the ZDV/3TC/LPV/r arm. FFA levels, both in the fasting state and during 

hyperinsulinemia, showed a similar pattern, with a trend for overall difference between 

the 2 arms (p=0.07).

Glucoregulatory hormones (Table 2)
There were no significant changes in fasting plasma concentrations of cortisol over time 

in either treatment group, but after 24 months of therapy cortisol levels were significantly 

higher in the ZDV/3TC/LPV/r arm than in the NVP/LPV/r arm. Fasting plasma levels of 

glucagon decreased over time in both arms, but this decrease was significant in the NVP/

LPV/r arm only. No overall changes were observed in epinephrine and norepinephrine 

levels over 2 years in either arm. Plasma adiponectin concentrations increased significantly 

in both arms during follow-up, with the greatest increase in the NVP/LPV/r arm. This 

resulted in significant differences in adiponectin levels between the groups after 12 and 

24 months of cART (mean differences 1.8 ± 0.8 µg/ml (p=0.03) and 2.4 ± 0.8 µg/ml 

(p=0.006) at 12 and 24 months, respectively).

Lipid profile (Table 2)
Plasma total cholesterol increased significantly after initiation of cART in both arms, but 

reached significantly higher levels in the NVP/LPV/r arm. LDL levels increased significantly 

only in the NVP/LPV/r arm and HDL-cholesterol increased significantly in both arms. 

Triglyceride levels increased significantly in both arms up to month 12, but there was no 

significant change from baseline to month 24 in either group.

Discussion

Body fat redistribution, dyslipidemia and insulin resistance are common findings in 

patients treated with cART. To our knowledge, this is the first prospective study 

employing serial euglycemic-hyperinsulinemic clamps, which demonstrates differences 

in changes in glucose and lipid metabolism in relation to the development of changes in 

body fat distribution after initiation of treatment in cART-naive, HIV-1 infected patients, 
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comparing a ZDV/3TC-containing with a ZDV/3TC-sparing regimen. We previously 

reported a decrease in insulin-mediated peripheral glucose uptake within 3 months of 

initiating cART in the ZDV/3TC/LPV/r group without changes in body fat distribution. 

These changes were not observed in patients randomized to the NRTI-sparing regimen of 

LPV/r/NVP 9. We now report a persistence of this decrease in peripheral insulin sensitivity 

up to 24 months of follow-up in patients treated with ZDV/3TC/LPV/r, while insulin-

mediated peripheral glucose uptake was not affected during follow-up in the LPV/r/

NVP group. Other insulin sensitive metabolic pathways like lipolysis and endogenous 

glucose production show a different pattern within and between both groups. After 

12 months, insulin’s effect on the suppression of lipolysis was significantly lower in the 

ZDV/3TC/LPV/r arm compared to the NVP/LPV/r arm, but this difference was no longer 

apparent at 24 months, while hepatic insulin sensitivity (i.e. the suppression of EGP by 

insulin) after 24 months was significantly higher in the NVP/LPV/r group. The successive 

involvement of different insulin-sensitive pathways suggests that different underlying 

pathophysiological mechanisms may be responsible.

Concerning the reduction in peripheral glucose disposal in the ZDV/3TC/LPV/r arm, 

we previously hypothesized that ZDV/3TC may interfere directly with insulin-mediated 

peripheral glucose uptake 9. The persistence of this peripheral insulin resistance, with no 

further deterioration despite the onset of peripheral fat loss and visceral fat accumulation, 

argues against an important contribution of these body composition changes in the 

pathogenesis. Several mechanisms may be responsible for the effects of ZDV/3TC on 

insulin sensitivity, including ZDV-induced mitochondrial dysfunction. This hypothesis is 

supported by a study in healthy volunteers, in which a similar effect on peripheral glucose 

uptake without changes in body composition was observed after treatment with stavudine 

for 4 weeks, which was associated with a significant reduction in muscle mitochondrial 

DNA and reduced mitochondrial function 8. How mitochondrial dysfunction interferes 

with peripheral insulin sensitivity has not been fully clarified yet, but accumulation of 

intracellular lipids due to reduced oxidative capacity may be one mechanism 14.

The observed transient changes in lipolysis during hyperinsulinemia (i.e. insulin sensitivity 

of adipose tissue) may be explained in part by direct effects of NRTI on adipocytes since 

it has been shown in vitro 15-17 that NRTI may induce mitochondrial dysfunction within 

adipocytes leading to oxidative stress, increased apoptosis and lipolysis 18. Another 

potential mechanism may be NRTI-induced inflammatory changes within adipose 

tissue resulting in dysfunctional adipocytes, production of pro-inflammatory cytokines 

and enhanced lipolysis 19. PI may act synergistically with NRTI in the induction of this 

inflammatory state 19. Various studies have shown that patients with lipodystrophy have 
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higher adipose tissue expression of TNF-alpha and IL-6 compared to healthy controls 20, 

21 and that, in these patients, higher TNF-alpha is associated with attenuated insulin-

mediated suppression of FFA 22, which appears to support this hypothesis. The sensitivity 

of adipose tissue for these potential effects of NRTI may be fat depot-specific, with limb 

fat possibly being more sensitive than visceral fat. This may be a potential explanation 

for the changes in body composition and return of lipolysis rates to baseline concurrent 

with the reduction of limb fat and increase in visceral fat. Higher rates of lipolysis result 

in higher plasma FFA which in turn may negatively influence insulin-mediated peripheral 

glucose uptake 23.

Previous studies have shown that patients with lipodystrophy have low levels of 

adiponectin 24, 25 and that adiponectin is correlated with whole body glucose disposal 

in HIV-infected patients 26. This has led to the hypothesis that adiponectin may play a 

role in lipodystrophy-associated insulin resistance. Our findings do not appear to support 

this, as adiponectin increased rather than decreased in the patients who developed 

insulin resistance and fat redistribution. A similar increase in adiponectin was observed in 

healthy volunteers after 4 weeks of administration of IDV and LPV/r 27, 28. Adiponectin 

levels do not appear to explain the peripheral insulin resistance in the ZDV/3TC/LPV/r 

group. However, we cannot exclude that, besides the lower glucagon levels, the higher 

adiponectin in the NVP/LPV/r group at 24 months may have contributed to the increase 

in hepatic insulin sensitivity since adiponectin has been reported to decrease hepatic 

glucose production 29. Whether adiponectin levels stabilize or even decrease if fat 

redistribution progresses to overt lipodystrophy in the ZDV/3TC/LPV/r arm, as might be 

expected from the above-mentioned studies, remains to be determined.

Our finding that no deterioration in glucose or glycerol metabolism occurred in 

patients treated with NVP/LPV/r, at least during 2 years of follow-up, challenges the 

concept that PI drugs importantly contribute to the insulin resistance in patients treated 

with cART 30, 31. This concept is based in part on in-vitro research showing an acute 

inhibitory effect on GLUT-4 activity 32, 33. Although studies in healthy humans confirm 

this acute effect on insulin sensitivity 2, 5, this effect was no longer present after 4 weeks 

of LPV/r monotherapy 6. Furthermore, the scarce prospective data on insulin sensitivity 

in HIV-infected patients cannot distinguish between effects of PI and NRTI, as drugs of 

these classes are generally combined in effective cART 34. We therefore suggest that the 

effect of LPV/r alone on insulin sensitivity is either transient or compensated for by other 

mechanisms, which may include the observed increase in adiponectin.

In conclusion, we found that treatment with ZDV/3TC/LPV/r versus NVP/LPV/r 

differentially affects glucose and lipid metabolism. The ZDV/3TC/LPV/r regimen induced 
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a rapid onset of peripheral insulin resistance, a transient increase in basal lipolysis and 

a transient decrease in insulin-mediated inhibition of lipolysis. In the NVP/LPV/r arm, 

increased insulin-mediated inhibition of hepatic glucose production was observed after 

24 months, probably explained by lower glucagon levels and possibly by the increased 

adiponectin levels. The early decrease in peripheral insulin sensitivity in the ZDV/3TC/

LPV/r arm is probably a direct effect of the medication since no changes in body fat 

distribution occurred at that time point, although the fat distribution changes occurring 

later on may have contributed to the persistence of peripheral insulin resistance. Finally, 

the transient changes in lipolysis may be caused by fat depot specific sensitivity for 

the inflammatory and pro-apoptotic effects of NRTI, with limb fat possibly being more 

sensitive than visceral fat, explaining the return of lipolysis rates to baseline with the 

reduction of limb fat and increase in visceral fat.
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Abstract

Objective:

HIV-infected patients on antiretroviral therapy frequently develop changes in body fat 

distribution and disturbances in glucose metabolism, associated with reduced adiponectin 

levels. As adiponectin, principally the HMW (high-molecular-weight) form, has insulin 

sensitizing properties, upregulation of adiponectin could be effective in improving glucose 

metabolism in HIV-lipodystrophy.

Methods:

In this randomized, double-blind, placebo-controlled trial, we included HIV-1-infected 

patients with severe lipoatrophy, with an undetectable viral load and who had received 

neither protease inhibitors nor stavudine for ≥6 months. Patients were randomized to 

rosiglitazone (8 mg daily (N=8)) to increase adiponectin levels or placebo (N=5) for 16 

weeks. Peripheral glucose disposal, glucose production and lipolysis were measured after 

an overnight-fast and during a hyperinsulinemic-euglycemic clamp using stable isotopes. 

Body composition was assessed by CT and DEXA.

Results:

Although body fat distribution was unaffected, rosiglitazone increased total plasma 

adiponectin levels by 107% (p<0.02) and the ratio of HMW to total adiponectin by 73% 

(p<0.001). In the placebo group, neither total adiponectin levels (p=0.62), nor the ratio 

of HMW to total adiponectin changed (p=0.94). Despite the marked increase in plasma 

adiponectin, rosiglitazone had no effect on basal endogenous glucose production (p=0.90) 

and lipolysis (p=0.90) nor on insulin-mediated suppression of glucose production (p=0.17) 

and lipolysis (p=0.54) or on insulin-mediated peripheral glucose disposal (p=0.13).

Conclusions:

Although rosiglitazone induced an increase in plasma adiponectin levels, primarily of the 

HMW form in HIV-lipoatrophic patients, this did not result in an improvement of glucose 

and lipid metabolism. This questions the importance of adiponectin in regulating glucose 

metabolism in HIV-lipodystrophy.



Effects of increasing adiponectin in H
IV

-lipodystrophy

133

C
hapter 8

Introduction

Combination antiretroviral treatment (cART) has remarkably improved the prognosis 

of patients with HIV-1-infection 1, but is associated with metabolic disturbances and 

changes in body fat distribution or lipodystrophy 2. The metabolic disturbances include 

dyslipidemia and alterations in glucose metabolism, ranging from insulin resistance at 

the level of peripheral glucose disposal, hepatic glucose production and lipolysis to overt 

diabetes mellitus type 2 3, 4. The pathogenesis of these perturbations is likely multifactorial. 

Dysfunction of adipose tissue has been implicated to contribute to the disturbances in 

glucose metabolism 5, 6.

In addition to being a fat storage depot, adipose tissue has been shown to be an 

endocrine organ, which synthesizes and secretes a variety of biologically active molecules 

that influence glucose metabolism. Among these adipocytokines is adiponectin, a relatively 

abundant plasma protein, which is produced and secreted predominantly by adipocytes 
7. In healthy rodents as well as in animals with lipoatrophy or obesity, administration of 

adiponectin ameliorates glucose metabolism by enhancing peripheral glucose uptake and 

suppressing hepatic glucose output 8-10. Probably, these effects occur via AMP-activated 

protein kinase (AMPK)-dependent stimulation of fat oxidation 9, 11. In plasma, adiponectin 

circulates as several different entities, including a HMW, a hexameric (medium-molecular-

weight) and a trimeric (low-molecular-weight) form. The HMW oligomer has been 

implicated as the major active form, responsible for the insulin-sensitising effects of 

adiponectin 12.

Plasma levels of adiponectin, primarily of the HMW isoform, are reduced in insulin 

resistant subjects with type 2 diabetes and HIV-associated lipodystrophy 13, 14. In addition, 

adiponectin mRNA expression in subcutaneous adipose tissue of HIV-lipodystrophic 

patients is lower compared to in cART-treated HIV-infected patients without lipodystrophy 
15. Considering the insulino-mimetic properties of adiponectin, the reduction of (HMW) 

adiponectin could play a role in the pathogenesis and/ or perseverance of insulin resistance 

in HIV-associated lipodystrophy. Indeed, in HIV-infected, lipodystrophic patients, plasma 

adiponectin levels have been negatively associated with markers of insulin resistance 5, 14. 

Therefore it can be hypothesized that upregulation of plasma adiponectin could result in 

improved glucose metabolism in HIV-associated lipodystrophy. As adiponectin has not (yet) 

been administered to human subjects, currently plasma (HMW) adiponectin can only be 

increased in an indirect manner. The most potent enhancers of (HMW) adiponectin are the 

peroxisome proliferator-activated receptor-γ (PPAR- γ) agonists 16. Although several studies 
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have reported on the effects of PPAR- γ agonists in HIV-associated lipodystrophy 17-24, only 

one non-placebo-controlled study addressed the role of (HMW) adiponectin in glucose 

metabolism 25.

In order to obtain more insight into the role of adiponectin in the perturbations of glucose 

metabolism in HIV-lipodystrophy, we conducted a randomized, double-blind placebo-

controlled clinical trial of 16 weeks duration, using the PPAR-γ agonist rosiglitazone to 

enhance (HMW) adiponectin levels. The study was performed in HIV-1-infected patients 

with clinically overt lipoatrophy and an undetectable viral load. Given that, at the time 

the trial was designed and performed, amongst the antiretroviral drugs, mainly protease 

inhibitors (PI) and stavudine (d4T) had been associated with reduced adiponectin 

concentrations 6, 26, 27 and insulin resistance 28, 29, we only included HIV-infected patients 

who were not or no longer receiving PI and d4T for ≥6 months. The effects of rosiglitazone 

on insulin sensitivity at the level of peripheral glucose disposal, endogenous glucose 

production and lipolysis were assessed by performing hyperinsulinemic-euglycemic clamps 

using stable isotopes. Body fat distribution was determined by abdominal computed 

tomography- (CT) and dual-energy X-ray absorptiometry (DEXA).

Patients and methods

Subjects
Male subjects with a documented HIV-infection and ≥18 years of age were recruited 

from the Academic Medical Center, Amsterdam, The Netherlands or from neighboring 

centers. Participants had to be on the same cART regimen for ≥4 months prior to study 

entry. In addition, their antiretroviral treatment could not have included any HIV PI for 

≥9 months, nor d4T for ≥6 months before randomization. Furthermore, patients had to 

exhibit clinically overt lipoatrophy, defined as self-reported and investigator confirmed 

loss of subcutaneous fat (face, arms, legs and buttocks) with or without increased 

abdominal fat mass or the presence of a buffalo hump. HIV-1 RNA values had to be less 

than 50 copies/ mL. Exclusion criteria were serum transaminases, bilirubin and lactate 

concentrations >2.5 times the upper limit of normal, haemoglobin levels <6 mmol/L or an 

active viral hepatitis within the previous 6 months. We also excluded patients with clinical 

evidence of heart failure, diabetes mellitus (fasting glucose levels >7 mmol/l), severe 

hyperlipidemia (triglyceride level >10 mmol/l or total cholesterol level >8 mmol/l), active 

infections or HIV-wasting (a recent loss of >10% of body weight) as well as patients 

using medication which could affect metabolism, e.g. systemic corticosteroids, anti-
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diabetic agents, testosterone, growth hormone or fibrates. The study was approved by 

the Medical Ethical Committee of the Academic Medical Center, Amsterdam. Written 

informed consent was obtained from all participants prior to study entry.

Study design
The study was designed as a randomized, double-blind, placebo-controlled trial. Eligible 

individuals were randomly assigned to receive rosiglitazone (8 mg/day) or identical-

looking placebo for 16 weeks. An independent statistician generated a treatment 

allocation sequence (1:2 for placebo:rosiglitazone). Allocation concealment was ensured 

by an independent pharmacist. After the randomized study period of 16 weeks, patients 

were requested to voluntarily participate in an open-label study of rosiglitazone for an 

additional 16 weeks.

The primary objective of the study was to assess the impact of an increase in plasma 

(HMW) adiponectin levels by rosiglitazone on glucose (peripheral glucose disposal, 

endogenous glucose production) and lipid metabolism (lipolysis, fat oxidation) over 

time. Secondary objectives included the effects on free fatty acids (FFA), glucoregulatory 

hormones, lipids, body composition and safety parameters.

Glucose metabolism was investigated by hyperinsulinemic-euglycemic clamps using 

stable isotopes at baseline and 16 weeks following the start of treatment. Body fat 

distribution was assessed at these same timepoints by abdominal CT-, whole body DEXA-

scan, measurement of body mass index (BMI), waist and hip circumference as well as 

patient-reported- and investigators’ impressions by questionnaires rating the severity of 

lipodystrophy by body site and quality of life. Patients visited the hospital at week 0, 

2, 4, 8 and 16 for drug safety evaluation, which included an updated history, physical 

examination and drawing of blood samples after an overnight fast. During the study, 

participants were requested to maintain their current diet and exercise pattern.

Hyperinsulinemic-euglycemic clamp protocol
The hyperinsulinemic-euglycemic clamp was performed exactly as described before 30. 

The HMW form of adiponectin was measured at T=0.

Indirect calorimetry
Oxygen consumption (VO2) and CO2 production (VCO2) were measured continuously 

during the final 20 min of both the basal state and the hyperinsulinemic clamp by indirect 

calorimetry using a ventilated hood system (Sensormedics model 2900; Sensormedics, 

Anaheim, CA).
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Body composition
Total and regional fat mass were quantified in all patients by DEXA (Hologic QDR-

4500W, software version whole body v8.26A:5; Bedford, Massachusetts, USA) providing 

a quantitative assessment of peripheral (sum of arm and leg fat), trunk and total (sum 

of peripheral, trunk and head fat) fat mass in kg. A standardized single-slice abdominal 

CT-scan through the level of the 4th lumbar vertebra was performed from which the 

surface area of visceral- (VAT) and subcutaneous adipose tissue (SAT) was determined 

and expressed in cm2.

Analytical procedures
Plasma insulin, cortisol, catecholamines, glucagon, FFA, adiponectin and sTNFR 1 and 2 

concentrations were measured as described before 30. The HMW form of adiponectin 

was measured in duplicate by gel electrophoresis and western blot 31. Plasma HIV-1 RNA 

was measured by the Roche Amplicor HIV-1 ultrasensitive assay with a lower limit of 

quantification of 50 copies/mL and the CD4 cell count was determined by flow cytometry. 

Plasma samples for enrichments of [6,6-2H2]-glucose and [2H5]-glycerol were determined 

as described before 32. Other laboratory measurements as lipids were obtained using 

standard techniques.

Calculations and statistical analysis
Ra of glucose, peripheral glucose disposal and Ra of glycerol were calculated with a 

modified form of Steele-equations, as described before 30. Resting energy expenditure as 

well as glucose and fat oxidation rates were calculated from O2 consumption and CO2 

production as reported previously 33.

We used an intent to treat analysis. Changes within groups were analyzed by paired 

Student’s t-tests. In both groups, for each parameter, the difference was calculated 

between the value at week 16 and at baseline. Subsequently, the mean differences 

between the 2 treatment arms were analyzed by Wilcoxon tests. Correlations between 

changes in adiponectin levels and changes in glucose metabolism parameters were 

analyzed by the Spearman correlation coefficient. A p-value <0.05 was considered 

statistically significant. Data are presented as median and interquartile range (IQR). 

SPSS statistical software version 12.0.1 (SPSS Inc, Chicago, IL) was used for all analyses. 

Assuming a mean glucose disposal of 21.3 µmol/kg•min with a standard deviation of 

4.9 µmol/kg•min in male patients with HIV-associated lipodystrophy and ± 50 years of 

age 34, a sample size of 6 patients was considered sufficient to allow detecting a change 

over time of ± 33% with α=0.05 and 80% power.
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Results

Patient characteristics (Table 1)
Between November 2003 and March 2006, 13 male patients were included. Eight 

patients were randomised to rosiglitazone and 5 to placebo. Their demographic and 

clinical characteristics are shown in Table 1. In the placebo group the following regimens 

were used in the usual recommended doses: 1. lamivudine + tenofovir + nevirapine; 

2. zidovudine + lamivudine + abacavir; 3. lamivudine + didanosine + nevirapine; 4+5. 

lamivudine + didanosine + efavirenz. In the rosiglitazone arm patients used: 1. lamivudine 

+ abacavir + nevirapine; 2. zidovudine + lamivudine + nevirapine; 3. lamivudine + 

tenofovir + efavirenz; 4. zidovudine + lamivudine + didanosine + efavirenz; 5. zidovudine 

+ lamivudine + abacavir + nevirapine; 6-8. zidovudine + lamivudine + abacavir. One 

patient in the placebo arm switched from abacavir (regimen of lamivudine + abacavir + 

tenofovir) to nevirapine after 11 weeks of study duration because of emerging concern 

that this regimen might be associated with an increased risk of virological failure. None of 

the patients started medication that could be expected to influence glucose metabolism 

during the study.

Table 1. Baseline patient characteristics, virological and immunological parameters

Rosiglitazone Placebo

Number 8 5

Age (y) 45 (40-50) 43 (42-58)

BMI (kg/m2) 25 (22-27) 23 (22-26)

Duration of ART (y) 8.8 (6.9-11.6) 7.5 (5.1-9.6)

Duration of current regimen (mo) 22 (7-47) 20 (13-39)

Duration after stop PI (mo) 52 (42-64) 48 (30-84)

Duration after stop d4T (mo) 36 (7-48) 39 (18-47)

Lipo-atrophy (%) 100 100

Fat accumulation (%) 88 60

HIV-1 RNA<50 c/ml (%) 100 100

CD4-cell count (x106 cells/l) 565 (488-663) 540 (425-825)

Data represent median (IQR)

Body composition (Table 2)
There were no significant changes in any of the body composition parameters over 

the course of 16 weeks. Neither the patients, nor the investigators reported subjective 

improvement of lipodystrophy (data not shown).
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Plasma adiponectin levels (Table 2, Figure 1)
Rosiglitazone increased total basal plasma adiponectin levels by 107% (p<0.02). The ratio 

of HMW to total adiponectin increased by 73% (p<0.001). In the placebo group, neither 

total adiponectin levels (p=0.62), nor the ratio of HMW to total adiponectin changed 

(p=0.94). As a result, both the changes in total plasma adiponectin levels and in the ratio 

of HMW to total adiponectin were significantly different when comparing the study arms 

(both p<0.01).

Table 2. Body composition, glucoregulatory hormones, lipids and immunological parameters

Rosiglitazone Placebo

Week 0 16 change 0 16 change

Body composition N=8 N=8 N=5 N=5

Weight (kg) 79 (70-102) 80 (70-101) 0.0 (-0.7 to 1.3) 75 (67-81) 74 (66-81) -0.3 (-0.8 to 0.2)

BMI (kg/m2) 25 (22-27) 25 (22-27) 0.0 (-0.2 to 0.4) 23 (22-26) 23 (22-26) -0.1 (-0.3 to 0.1)

Waist to hip ratio 0.99 (0.94-1.03) 0.99 (0.94-1.01) -0.02 (-0.02 to 0.01) 0.97 (0.78-1.02) 0.98 (0.89-1.03) 0.02 (0.01-0.12)

Total body fat mass (kg) 14.3 (9.3-20.0) 14.8 (9.4-20.9) 0.3 (0.0-1.6) 11.1 (6.4-12.9) 11.0 (6.5-12.0) -0.1 (-0.9 to 0.1)

Limb fat (kg) 3.4 (2.9-5.2) 3.4 (3.0-5.6) 0.1 (0.0-0.2) 2.8 (2.1-3.2) 2.8 (1.9-3.1) -0.2 (-0.3 to 0.1)

Trunk fat (kg) 10.1 (5.5-13.7) 10.4 (5.7-14.3) 0.2 (0.0-0.8) 7.6 (3.3-8.8) 7.3 (3.7-7.9) -0.2 (-0.9 to 0.4)

VAT (cm2) 171 (73-236) 201 (92-266) 18 (-6 to 36) 185 (70-188) 129 (56-199) 5 (-41 to 21)

SAT (cm2) 78 (61-114) 88 (63-133) 11 (-5 to 13) 76 (50-99) 57 (32-102) 3 (-2 to 10)

Hormones N=8 N=8 N=5 N=5

Cortisol (nmol/l) 153 (135-244) 180 (115-335) 15 (-59 to 55) 251 (187-366) 252 (140-327) 37 (-215 to 111)

Glucagon (ng/l) 51 (45-75) 71 (54-92) 7 (3-39)* 56 (42-63) 60 (42-65) 1 (-9 to 12)

Epinephrine (nmol/l) 0.16 (0.09-0.23) 0.12 (0.08-0.18) -0.02 (-0.13 to -0.01) 0.14 (0.10-0.22) 0.11 (0.04-0.13) -0.06 (-0.12 to -0.02)

Norepinephrine (nmol/l) 1.39 (1.11-1.43) 1.10 (0.98-1.25) -0.09 (-0.45 to 0.22) 0.88 (0.77-1.09) 0.82 (0.51-1.22) -0.08 (-0.43 to 0.47)

Sol TNF-α receptor 1 (ng/ml) 1.55 (1.05-1.68) 1.40 (1.15-1.60) 0.05 (-0.25 to 0.10) 1.50 (1.20-1.85) 1.40 (1.30-1.80) 0.00 (-0.10 to 0.10)

Sol TNF-α receptor 2 (ng/ml) 4.1 (2.4-5.0) 3.4 (2.4-4.1) -0.1 (-1.2 to 0.1) 4.3 (2.6-6.1) 4.8 (3.1-5.6) 0.4 (-0.6 to 0.6)

Adiponectin (µg/ml) 4.6 (2.2-6.0) 9.5 (5.0-12.6) 5.0 (2.6-6.6)** b 4.9 (2.0-5.6) 5.6 (1.8-5.9) 0.0 (-0.4 to 0.8)

HMW to total adiponectin ratio 0.15 (0.09-0.29) 0.23 (0.18-0.40) 0.11 (0.05-0.13)*** b 0.19 (0.13-0.22) 0.17 (0.12-0.24) 0.01 (-0.05 to 0.04)

Lipids and immunological parameters N=8 N=8 N=5 N=5

Total cholesterol (mmol/l) 5.3 (4.2-5.5) 5.6 (5.1-6.3) 0.8 (0.6-1.1)* a 5.7 (4.6-6.6) 5.1 (4.6-5.6) -0.2 (-1.2 to 0.1)

HDL- cholesterol (mmol/l) 1.16 (0.77-1.28) 1.16 (0.93-1.64) 0.04 (-0.03 to 0.18) 1.02 (0.94-1.44) 1.06 (0.86-1.45) -0.12 (-0.18 to 0.20)

LDL- cholesterol (mmol/l) 2.92 (2.18-3.57) 3.34 (3.21-3.53) 0.8 (0.1-1.1)* a 3.1 (2.1-5.7) 3.0 (1.9-3.4) -0.15 (-2.39 to -0.11)

Triglycerides (mmol/l) 2.21 (1.37-3.09) 2.02 (1.08-3.90) 0.0 (-0.66 to 1.04) 2.08 (1.66-4.57) 1.85 (1.62-4.46) -0.21 (-0.40 to 0.24)

HIV-1 RNA<50 c/ml (%) 100 (0-0) 100 (0-0) 0 (0-0) 100 (0-0) 100 (0-0) 0 (0-0)

CD4-cell count (x106 cells/l) 565 (488-663) 585 (500-638) -15 (-88 to 78) 540 (425-825) 710 (530-745) 0 (-105 to 215)

Data represent median (IQR), *p<0.05, **p<0.02, ***p<0.001 within group, a p<0.05, b p<0.01 
between groups
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Table 2. Body composition, glucoregulatory hormones, lipids and immunological parameters

Rosiglitazone Placebo

Week 0 16 change 0 16 change

Body composition N=8 N=8 N=5 N=5

Weight (kg) 79 (70-102) 80 (70-101) 0.0 (-0.7 to 1.3) 75 (67-81) 74 (66-81) -0.3 (-0.8 to 0.2)

BMI (kg/m2) 25 (22-27) 25 (22-27) 0.0 (-0.2 to 0.4) 23 (22-26) 23 (22-26) -0.1 (-0.3 to 0.1)

Waist to hip ratio 0.99 (0.94-1.03) 0.99 (0.94-1.01) -0.02 (-0.02 to 0.01) 0.97 (0.78-1.02) 0.98 (0.89-1.03) 0.02 (0.01-0.12)

Total body fat mass (kg) 14.3 (9.3-20.0) 14.8 (9.4-20.9) 0.3 (0.0-1.6) 11.1 (6.4-12.9) 11.0 (6.5-12.0) -0.1 (-0.9 to 0.1)

Limb fat (kg) 3.4 (2.9-5.2) 3.4 (3.0-5.6) 0.1 (0.0-0.2) 2.8 (2.1-3.2) 2.8 (1.9-3.1) -0.2 (-0.3 to 0.1)

Trunk fat (kg) 10.1 (5.5-13.7) 10.4 (5.7-14.3) 0.2 (0.0-0.8) 7.6 (3.3-8.8) 7.3 (3.7-7.9) -0.2 (-0.9 to 0.4)

VAT (cm2) 171 (73-236) 201 (92-266) 18 (-6 to 36) 185 (70-188) 129 (56-199) 5 (-41 to 21)

SAT (cm2) 78 (61-114) 88 (63-133) 11 (-5 to 13) 76 (50-99) 57 (32-102) 3 (-2 to 10)

Hormones N=8 N=8 N=5 N=5

Cortisol (nmol/l) 153 (135-244) 180 (115-335) 15 (-59 to 55) 251 (187-366) 252 (140-327) 37 (-215 to 111)

Glucagon (ng/l) 51 (45-75) 71 (54-92) 7 (3-39)* 56 (42-63) 60 (42-65) 1 (-9 to 12)

Epinephrine (nmol/l) 0.16 (0.09-0.23) 0.12 (0.08-0.18) -0.02 (-0.13 to -0.01) 0.14 (0.10-0.22) 0.11 (0.04-0.13) -0.06 (-0.12 to -0.02)

Norepinephrine (nmol/l) 1.39 (1.11-1.43) 1.10 (0.98-1.25) -0.09 (-0.45 to 0.22) 0.88 (0.77-1.09) 0.82 (0.51-1.22) -0.08 (-0.43 to 0.47)

Sol TNF-α receptor 1 (ng/ml) 1.55 (1.05-1.68) 1.40 (1.15-1.60) 0.05 (-0.25 to 0.10) 1.50 (1.20-1.85) 1.40 (1.30-1.80) 0.00 (-0.10 to 0.10)

Sol TNF-α receptor 2 (ng/ml) 4.1 (2.4-5.0) 3.4 (2.4-4.1) -0.1 (-1.2 to 0.1) 4.3 (2.6-6.1) 4.8 (3.1-5.6) 0.4 (-0.6 to 0.6)

Adiponectin (µg/ml) 4.6 (2.2-6.0) 9.5 (5.0-12.6) 5.0 (2.6-6.6)** b 4.9 (2.0-5.6) 5.6 (1.8-5.9) 0.0 (-0.4 to 0.8)

HMW to total adiponectin ratio 0.15 (0.09-0.29) 0.23 (0.18-0.40) 0.11 (0.05-0.13)*** b 0.19 (0.13-0.22) 0.17 (0.12-0.24) 0.01 (-0.05 to 0.04)

Lipids and immunological parameters N=8 N=8 N=5 N=5

Total cholesterol (mmol/l) 5.3 (4.2-5.5) 5.6 (5.1-6.3) 0.8 (0.6-1.1)* a 5.7 (4.6-6.6) 5.1 (4.6-5.6) -0.2 (-1.2 to 0.1)

HDL- cholesterol (mmol/l) 1.16 (0.77-1.28) 1.16 (0.93-1.64) 0.04 (-0.03 to 0.18) 1.02 (0.94-1.44) 1.06 (0.86-1.45) -0.12 (-0.18 to 0.20)

LDL- cholesterol (mmol/l) 2.92 (2.18-3.57) 3.34 (3.21-3.53) 0.8 (0.1-1.1)* a 3.1 (2.1-5.7) 3.0 (1.9-3.4) -0.15 (-2.39 to -0.11)

Triglycerides (mmol/l) 2.21 (1.37-3.09) 2.02 (1.08-3.90) 0.0 (-0.66 to 1.04) 2.08 (1.66-4.57) 1.85 (1.62-4.46) -0.21 (-0.40 to 0.24)

HIV-1 RNA<50 c/ml (%) 100 (0-0) 100 (0-0) 0 (0-0) 100 (0-0) 100 (0-0) 0 (0-0)

CD4-cell count (x106 cells/l) 565 (488-663) 585 (500-638) -15 (-88 to 78) 540 (425-825) 710 (530-745) 0 (-105 to 215)

Data represent median (IQR), *p<0.05, **p<0.02, ***p<0.001 within group, a p<0.05, b p<0.01 
between groups

Glucose and lipid metabolism (Table 3)
In the rosiglitazone group, there were no significant changes in basal plasma glucose 

(p=0.22) or insulin levels (p=0.23) after 16 weeks. Rosiglitazone had no effect on 

insulin-mediated peripheral glucose disposal (p=0.13), endogenous glucose production 

or glucose oxidation, neither basally (glucose production: p=0.90; glucose oxidation: 

p=0.77) nor during hyperinsulinemia (glucose production: p=0.17; glucose oxidation: 

p=0.66). Additionally, there were no differences over time in the rosiglitazone arm 

considering lipolysis or fat oxidation neither after a 12h-fast (lipolysis: p=0.90; fat 
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oxidation: p=0.64) nor during the clamp (lipolysis: p=0.54; fat oxidation: p=0.37). Rates 

of resting energy expenditure did not change either (basal: p=0.83; clamp: p=0.39). 

Rosiglitazone treatment did not change basal FFA levels (p=0.11), but decreased FFA 

levels during hyperinsulinemia (p<0.05).

In the placebo arm, there was a small but significant decline over time in glucose 

production rates both basally and during the hyperinsulinemic clamp (both p<0.05). 

Regarding all other parameters of glucose metabolism, there were no significant changes 

over the course of 16 weeks in the placebo arm. When comparing the 2 study arms, 

there were no significant differences in the changes in parameters of glucose metabolism 

during the study period.

Figure 1 Basal total plasma adiponectin levels (µg/ml) and the ratio of HMW to total adiponectin 
in individual patients before and after 16 weeks of treatment.Left: rosiglitazone arm (N=8). 
Right: placebo arm (N=5). ----- = the mean for all patients in a treatment arm.
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Glucoregulatory hormones, lipids and immunological parameters (Table 2)
There were no significant differences in basal plasma concentrations of cortisol, 

epinephrine, norepinephrine, sTNFR 1 and 2 over time in either treatment group. 

Rosiglitazone significantly increased basal plasma glucagon levels (p<0.05), whereas 

glucagon was not affected by placebo. There was no difference in the change in basal 

glucagon between the 2 arms. Plasma total- and LDL-cholesterol levels significantly 

increased during treatment with rosiglitazone (both p<0.05), resulting in significantly 

increased total- and LDL-cholesterol in patients randomized to rosiglitazone versus placebo 

(both p<0.05). Levels of HDL-cholesterol and triglycerides did not change significantly in 

either arm. CD4 cell count and HIV-1 RNA remained unchanged over the study course in 

both arms.

Correlates of (HMW) adiponectin (Figure 2)
In the rosiglitazone arm there were no significant correlations between the changes over 

time in both total plasma adiponectin levels (data not shown) as well as the ratio of HMW 

to total adiponectin and the changes over time in basal plasma glucose levels (r=0.522, 

p=0.19), basal plasma insulin levels (r=0.133, p=0.75), insulin-mediated peripheral glucose 

disposal (r= -0.289, p=0.49), glucose production or lipolysis, neither basally (r= -0.193, 

p=0.65 and r= -0.265, p=0.53, respectively) nor during hyperinsulinemia (r=0.145, p=0.73 

and r=0.205, p=0.63, respectively).

Figure 2 Left: correlation between the absolute changes (Δ) over time in the basal plasma HMW 
to total adiponectin ratio (%) and the absolute changes over time in insulin-mediated peripheral 
glucose disposal (Rd) in the rosiglitazone arm (N=8). Right: correlation between the absolute 
changes (Δ) over time in the basal plasma HMW to total adiponectin ratio (%) and the absolute 
changes over time in endogenous glucose production during the clamp in the rosiglitazone arm 
(N=8). Correlation with Spearman correlation coefficient.
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Study extension
After the randomized study period of 16 weeks, patients were offered to participate 

in an open-label study of rosiglitazone for another 16 weeks. Three patients who had 

been receiving placebo during the randomized phase, accepted to be treated with 

rosiglitazone during 16 weeks. Inclusion of the data from these 3 patients (N=11) 

resulted in an increase in trunk fat (change 0.3 (0.0-0.9) kg: p<0.05) as well as in total 

body fat (change 0.4 (0.0-1.8) kg: p<0.05).  The results concerning adiponectin levels 

and glucose metabolism did not change: rosiglitazone significantly increased total basal 

plasma adiponectin levels as well as the ratio of HMW to total adiponectin. Despite this 

increase in (HMW) adiponectin, there were no significant improvements in any of the 

parameters of glucose metabolism (data not shown).

Six patients who had already been receiving rosiglitazone during the placebo-controlled 

phase of the study, consented to participate in the study extension and thus eventually 

Table 3. Glucose and lipid metabolism

Rosiglitazone Placebo

Week 0 16 change 0 16 change

Fasting N=8 N=8 N=5 N=5

Glucose (mmol/l) 5.7 (5.3-5.7) 5.5 (5.2-5.7) -0.1 (-0.3 to 0.0) 5.4 (5.2-5.6) 5.2 (5.1-5.4) -0.1 (-0.3 to -0.1)

Insulin (pmol/l) 78 (51-122) 71 (55-92) -3 (-34 to 3) 50 (40-140) 40 (32-100) -8 (-43 to -6)

Endogenous glucose production$ 11.4 (11.1-12.1) 11.8 (9.3-12.8) 0.3 (-1.2 to 0.9) 12.6 (12.2-13.1) 12.2 (10.9-12.2) -1.0 (-1.5 to -0.4)*

Glucose oxidation$ 7.0 (5.7-7.7) 5.6 (4.7-10.0) -1.4 (-1.8 to -0.7) 6.1 (2.1-9.7) 6.5 (3.2-9.9) 0.5 (-3.6 to 4.9)

Glycerol rate of appearance$ 1.44 (1.39-1.68) 1.49 (1.29-1.66) 0.01 (-0.19 to 0.24) 1.50 (1.39-1.84) 1.55 (1.24-1.84) -0.06 (-0.24 to 0.15)

Free fatty acid (mmol/l) 0.59 (0.46-0.63) 0.46 (0.42-0.53) -0.14 (-0.19 to 0.04) 0.40 (0.39-0.55) 0.48 (0.41-0.56) 0.03 (-0.03 to 0.09)

Fat oxidation$ 1.09 (1.04-1.16) 1.21 (1.08-1.40) 0.04 (-0.08 to 0.38) 1.75 (1.24-1.82) 1.36 (1.25-1.65) 0.05 (-0.44 to 0.07)

Energy expenditure (kcal/24hr) 1730 (1416-1898) 1708 (1588-1822) -5 (-96 to 258) 1680 (1534-2009) 1575 (1515-1873) -192 (-235 to 121)

Clamp N=8 N=8 N=5 N=5

Glucose (mmol/l) 5.0 (4.9-5.1) 5.0 (4.9-5.0) 0.0 (-0.1 to 0.1) 5.0 (5.0-5.0) 4.9 (4.8-5.0) -0.1 (-0.2 to 0.1)

Insulin (pmol/l) 231 (198-260) 228 (197-249) -7 (-27 to 8) 193 (163-296) 173 (158-263) -9 (-49 to 5)

Endogenous glucose production$ 4.6 (3.4-7.5) 4.0 (2.5-6.7) -0.6 (-1.1 to -0.3) 5.7 (4.3-7.6) 4.9 (2.7-5.9) -1.4 (-2.5 to -0.6)*

Peripheral glucose disposal$ 11.5 (10.3-16.6) 12.8 (10.7-19.4) 1.4 (-1.0 to 4.7) 15.5 (12.5-29.8) 13.9 (12.6-26.7) -1.4 (-4.8 to 1.6)

Glucose oxidation$ 8.5 (6.8-11.1) 10.7 (8.7-12.9) 1.0 (-2.6 to 3.6) 10.6 (8.0-15.6) 10.8 (7.9-16.0) -0.9 (-2.5 to 3.4)

Glycerol rate of appearance$ 0.80 (0.59-0.99) 0.66 (0.49-0.95) -0.07 (-0.29 to 0.20) 0.67 (0.50-1.02) 0.60 (0.54-0.65) -0.04 (-0.41 to 0.07)

Free fatty acid (mmol/l) 0.12 (0.10-0.23) 0.08 (0.05-0.13) -0.05 (-0.09 to -0.01)* 0.09 (0.06-0.16) 0.09 (0.03-0.14) -0.02 (-0.03 to 0.00)

Fat oxidation$ 1.11 (0.72-1.19) 0.83 (0.75-1.13) 0.05 (-0.26 to 0.07) 1.09 (0.80-1.27) 1.13 (0.68-1.31) 0.00 (-0.12 to 0.06)

Energy expenditure (kcal/24hr) 1596 (1554-1927) 1683 (1483-1924) -32 (-125 to 52) 1689 (1553-1958) 1724 (1562-1903) -21 (-210 to 192)

Data represent median (IQR), $µmol/kg/min, *p<0.05 within group
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Table 3. Glucose and lipid metabolism

Rosiglitazone Placebo

Week 0 16 change 0 16 change

Fasting N=8 N=8 N=5 N=5

Glucose (mmol/l) 5.7 (5.3-5.7) 5.5 (5.2-5.7) -0.1 (-0.3 to 0.0) 5.4 (5.2-5.6) 5.2 (5.1-5.4) -0.1 (-0.3 to -0.1)

Insulin (pmol/l) 78 (51-122) 71 (55-92) -3 (-34 to 3) 50 (40-140) 40 (32-100) -8 (-43 to -6)

Endogenous glucose production$ 11.4 (11.1-12.1) 11.8 (9.3-12.8) 0.3 (-1.2 to 0.9) 12.6 (12.2-13.1) 12.2 (10.9-12.2) -1.0 (-1.5 to -0.4)*

Glucose oxidation$ 7.0 (5.7-7.7) 5.6 (4.7-10.0) -1.4 (-1.8 to -0.7) 6.1 (2.1-9.7) 6.5 (3.2-9.9) 0.5 (-3.6 to 4.9)

Glycerol rate of appearance$ 1.44 (1.39-1.68) 1.49 (1.29-1.66) 0.01 (-0.19 to 0.24) 1.50 (1.39-1.84) 1.55 (1.24-1.84) -0.06 (-0.24 to 0.15)

Free fatty acid (mmol/l) 0.59 (0.46-0.63) 0.46 (0.42-0.53) -0.14 (-0.19 to 0.04) 0.40 (0.39-0.55) 0.48 (0.41-0.56) 0.03 (-0.03 to 0.09)

Fat oxidation$ 1.09 (1.04-1.16) 1.21 (1.08-1.40) 0.04 (-0.08 to 0.38) 1.75 (1.24-1.82) 1.36 (1.25-1.65) 0.05 (-0.44 to 0.07)

Energy expenditure (kcal/24hr) 1730 (1416-1898) 1708 (1588-1822) -5 (-96 to 258) 1680 (1534-2009) 1575 (1515-1873) -192 (-235 to 121)

Clamp N=8 N=8 N=5 N=5

Glucose (mmol/l) 5.0 (4.9-5.1) 5.0 (4.9-5.0) 0.0 (-0.1 to 0.1) 5.0 (5.0-5.0) 4.9 (4.8-5.0) -0.1 (-0.2 to 0.1)

Insulin (pmol/l) 231 (198-260) 228 (197-249) -7 (-27 to 8) 193 (163-296) 173 (158-263) -9 (-49 to 5)

Endogenous glucose production$ 4.6 (3.4-7.5) 4.0 (2.5-6.7) -0.6 (-1.1 to -0.3) 5.7 (4.3-7.6) 4.9 (2.7-5.9) -1.4 (-2.5 to -0.6)*

Peripheral glucose disposal$ 11.5 (10.3-16.6) 12.8 (10.7-19.4) 1.4 (-1.0 to 4.7) 15.5 (12.5-29.8) 13.9 (12.6-26.7) -1.4 (-4.8 to 1.6)

Glucose oxidation$ 8.5 (6.8-11.1) 10.7 (8.7-12.9) 1.0 (-2.6 to 3.6) 10.6 (8.0-15.6) 10.8 (7.9-16.0) -0.9 (-2.5 to 3.4)

Glycerol rate of appearance$ 0.80 (0.59-0.99) 0.66 (0.49-0.95) -0.07 (-0.29 to 0.20) 0.67 (0.50-1.02) 0.60 (0.54-0.65) -0.04 (-0.41 to 0.07)

Free fatty acid (mmol/l) 0.12 (0.10-0.23) 0.08 (0.05-0.13) -0.05 (-0.09 to -0.01)* 0.09 (0.06-0.16) 0.09 (0.03-0.14) -0.02 (-0.03 to 0.00)

Fat oxidation$ 1.11 (0.72-1.19) 0.83 (0.75-1.13) 0.05 (-0.26 to 0.07) 1.09 (0.80-1.27) 1.13 (0.68-1.31) 0.00 (-0.12 to 0.06)

Energy expenditure (kcal/24hr) 1596 (1554-1927) 1683 (1483-1924) -32 (-125 to 52) 1689 (1553-1958) 1724 (1562-1903) -21 (-210 to 192)

Data represent median (IQR), $µmol/kg/min, *p<0.05 within group

had received rosiglitazone for a total of 32 weeks. Inclusion of their data in the analysis 

showed an increase in trunk fat (change 1.2 (0.8-1.9) kg: p<0.02), limb fat (change 0.5 

(0.2-1.1) kg: p<0.05) and total body fat (change 1.8 (1.3-2.6) kg: p<0.02). Despite a 

further increase in plasma (HMW) adiponectin levels (data not shown) after 32 weeks of 

rosiglitazone, likewise no improvements in glucose metabolism were observed.

Discussion

HIV-infected patients treated with cART frequently develop changes in body fat 

distribution and disturbances in glucose metabolism, including insulin resistance at the 

level of peripheral glucose disposal, hepatic glucose production and lipolysis 3, 4. Plasma 

levels of adiponectin, primarily the HMW form, are reduced in insulin resistant patients 

with type 2 diabetes as well as HIV-associated lipodystrophy 13, 14, 25 and have been 
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associated with markers of insulin resistance 5, 14. The present study, to the best of 

our knowledge, is the first prospective, placebo-controlled clinical trial that describes 

the effects of a rosiglitazone-induced increase in plasma (HMW) adiponectin levels on 

the perturbations of glucose and lipid metabolism in HIV-associated lipodystrophy by 

conducting hyperinsulinemic-euglycemic clamps using stable isotopes. Our study shows 

that although rosiglitazone markedly increased both total adiponectin levels as well as 

the ratio of HMW to total adiponectin in HIV-infected lipoatrophic patients, this did not 

result in an improvement of glucose and lipid metabolism.

In animal experiments, administration or overexpression of adiponectin ameliorates 

glucose metabolism by enhancing peripheral glucose uptake and suppressing hepatic 

glucose production 8, 9, 16, 35. As adiponectin has not (yet) been administered to human 

subjects, information on the effects of this hormone on human glucose metabolism is 

limited. Several studies have investigated the influence of adiponectin in humans by 

increasing the levels of this adipocytokine indirectly via administration of PPAR- γ agonists. 

In patients with type 2 diabetes, PPAR- γ agonists enhanced insulin sensitivity both at 

the level of the liver as well as peripherally 36-38. The improvements in insulin sensitivity 

were associated with an increase in total adiponectin levels. More recently, it was shown 

that in patients with type 2 diabetes this association could be further strengthened by 

taking the HMW to total adiponectin ratio into account 16, 37. These data suggest that 

adiponectin, in particular the HMW form, has a major role in improving disturbances in 

glucose metabolism.

Several studies investigated the effects of PPAR-γ agonists in HIV-associated lipodystrophy 
17-24. Most 17-22, 25 but not all 23, 24 of these studies demonstrated an improvement in the 

derangements of glucose metabolism. However, the majority of these reports focused on 

the effects of PPAR-γ agonists on body composition and therefore did not examine glucose 

homeostasis in detail. Only 2 studies investigated glucose metabolism more thoroughly 

by performing hyperinsulinemic-euglycemic clamps 19, 25. These clamp studies reported 

an improvement in whole body insulin sensitivity 3 months after starting rosiglitazone in 

HIV-infected patients with insulin resistance and lipoatrophy. In addition, hepatic insulin 

sensitivity as measured by the Homeostatic Model Assessment (HOMA)-index improved as 

well 25. Concomitantly with these ameliorations in insulin sensitivity, there was a significant 

increase in total plasma adiponectin levels 19, 25, in the plasma levels of the adiponectin 

HMW form as well as in the ratio of HMW to total adiponectin 25. The change in HMW 

adiponectin significantly correlated with the increase in hepatic insulin sensitivity. These 

data implicate that (HMW) adiponectin may be important in the regulation of insulin 

sensitivity in HIV-lipodystrophic patients.
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In the present study 16 weeks of treatment with rosiglitazone resulted in a marked 

increase in plasma adiponectin levels, primarily of the HMW form as indicated by the 

increased HMW to total adiponectin ratio. These elevations are in accordance with 

the results of other studies performed in HIV-associated lipodystrophy 19, 25 and type 

2 diabetes 16, 36, 37. Despite the increase in (HMW) adiponectin levels however, we did 

not find an improvement in any of the parameters of glucose metabolism. This is in 

contrast with the earlier described studies in HIV-lipodystrophic patients 19, 25. These 

different results may be related (partly) to differences in study design. Compared to the 

other trials, we used lower insulin infusion rates (40 mU/m2 in 19, 25 vs. 20 mU/m2 in 

our study) to investigate hepatic and peripheral insulin sensitivity. Additionally, instead 

of the HOMA-index, we measured (hepatic) insulin sensitivity by utilizing stable isotopes, 

which is considered to be the golden standard. Besides these differences in experimental 

design, there was also a difference in study population. In the present study, in contrast 

to the other trials 19, 25 we exclusively examined HIV-patients, who were not or no longer 

receiving PI for ≥9 and d4T for ≥6 months before randomization. It can be postulated 

that rosiglitazone merely antagonizes any negative effects of ongoing PI and/ or d4T 

exposure on glucose metabolism and therefore had no effect in our patients. Finally, 

the different results could be explained by differences in the effects of rosiglitazone 

on body composition. In contrast to our and several other studies 17, 20, 21, 24, there 

was an increase in subcutaneous and a decrease in visceral fat mass in the participants 

of the 2 studies, which showed a positive effect on insulin sensitivity 19, 25. It can be 

hypothesized that this change in body fat distribution may have been responsible for the 

observed improvements in glucose metabolism via redistribution of insulin-desensitizing 

FFA metabolites 39 from the liver and muscle to subcutaneous adipose tissue.

A potential confounding factor in our study might be the increase in basal plasma 

glucagon levels in the rosiglitazone group. As glucagon is known to enhance hepatic 

glucose production, the increased basal glucagon levels in the rosiglitazone arm could 

have counteracted potential positive effects of adiponectin on basal glucose production. 

However, as we only found a minimal increase in glucagon levels of 7 ng/l, we find it an 

unlikely confounding factor 40. Additionally, we do not believe glucagon has affected our 

data during hyperinsulinemia, as we did not find a significant increase in glucagon levels 

during the clamp after 16 weeks of treatment with rosiglitazone (data not shown).

Adiponectin, primarily the HMW form, has been suggested to play an important role 

in the regulation of glucose metabolism in insulin resistant, HIV-associated lipodystrophic 

patients 5, 10, 15, 16, 19, 25. The results of the present study however questions the 

importance of (HMW) adiponectin in this setting. We show that rosiglitazone increased 
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plasma concentrations of total adiponectin to levels above those found in ART-naive, non-

lipodystrophic, HIV-infected patients 30. Moreover, we found that the rise in adiponectin 

was primarily due to an increase in the HMW form, which has been suggested to be 

responsible for the insulin-sensitising effects 12. However, despite the normalization of 

(HMW) adiponectin, rosiglitazone did not improve any of the parameters of glucose 

and lipid metabolism in our HIV-lipoatrophic patients. Inclusion of the data obtained 

during rosiglitazone exposure beyond the placebo-controlled phase (n=11 exposed for 

16 weeks and n=6 exposed for 32 weeks) likewise did not show an effect on glucose 

and lipid metabolism either. These data suggest that in HIV-lipodystrophic patients, low 

(HMW) adiponectin levels per se do not play a (major) role in the pathogenesis and/ 

or perseverance of the disturbances in glucose and lipid metabolism but rather reflect 

dysfunction of adipose tissue. This implies that therapies, which are solely aimed at 

enhancing reduced adiponectin levels are not expected to be beneficial at counteracting 

the insulin resistance in HIV-associated lipodystrophy.

In conclusion, rosiglitazone markedly increased both  total adiponectin levels as 

well as the ratio of HMW to total adiponectin in HIV-lipoatrophic patients. However, 

despite this increase in plasma adiponectin, there was no improvement in glucose and 

lipid metabolism. This questions the role of adiponectin in the regulation of glucose 

homeostasis in HIV-lipodystrophy.
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Obesity is a major risk factor for insulin resistance, diabetes and cardiovascular diseases. 

Traditionally, adipose tissue is known to be an organ that passively stores excess of 

energy as fat. However, in recent years, adipose tissue has been shown to synthesize 

and secrete a variety of biologically active molecules that influence systemic metabolism, 

including TNF-α, IL-6, resistin, leptin and adiponectin 1. Of those adipocytokines, 

adiponectin appears to be the most interesting hormone by its insulin-sensitizing effects 

and its potent role in the pathogenesis of disturbances in glucose metabolism.

Adiponectin was originally identified in 1995. In order to identify novel adipocyte-

specific proteins, mRNA induced during adipocyte differentiation of 3T3-L1 fibroblasts 

was randomly sequenced. As the mRNA expression of adiponectin was induced over 

100-fold during adipocyte differentiation, this new adipocytokine was discovered. 

Adiponectin was shown to be produced and secreted predominantly by differentiated 

adipocytes. In addition, it was shown that adiponectin is a relatively abundant serum 

protein, accounting for up to 0.05% of total serum protein 2.

Structure
Adiponectin consists of a N-terminal collagenous domain, a variable domain and a 

C-terminal globular domain. The globular domain bears a striking similarity to a family 

of hibernation-specific serum proteins 2-5. In plasma, adiponectin circulates in several 

different size entities. Post-translational modification by hydroxylation and glycosylation 

of the collagenous domain of adiponectin produces multiple isoforms, which assemble 

into trimeric (low-molecular-weight) forms. Via disulfide bond formation at the cysteine-36 

residue in the variable domain, hexameric (medium-molecular-weight) and high-molecular-

weight (HMW) complexes are formed 6. The HMW oligomer has been implicated as the 

most active form, responsible for the insulin-sensitizing effects of adiponectin in the liver 

and skeletal muscle. In contrast with its peripheral effects, the central (i.e. in the central 

nervous system (CNS)) actions of adiponectin appear to be mediated predominantly by 

its hexameric and trimeric isoforms 7, 8.

Adiponectin exerts its metabolic effects via binding to 2 receptors, adipoR1 and 

adipoR2. Although both adiponectin receptors are ubiquitously expressed, adipoR1 is 

primarily expressed in skeletal muscle, whereas adipoR2 is most abundantly expressed in 

the liver 9.

Metabolic effects of adiponectin in rodents
In healthy rodents, peripheral administration or overexpression of adiponectin ameliorates 

glucose metabolism by enhancing peripheral glucose uptake and suppressing hepatic 
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glucose output 10-14. Moreover, in lipoatrophic and obese animals administration of 

adiponectin reverses insulin resistance 12, 14, 15. These effects occur via activation of AMP-

activated protein kinase (AMPK) in muscle cells, adipocytes as well as in hepatocytes. 

Via sequential activation of peroxisome proliferator-activated receptor α (PPARα), 

AMPK stimulates free fatty acid (FFA) oxidation and consequently causes a reduction in 

triglycerides content in muscle and liver 14, 16, 17. Adiponectin has also been described to 

redistribute adipose tissue in a metabolic advantageous way: it decreases the amount of 

visceral fat, whereas it increases the amount of subcutaneous fat 13, 18, 19. This change 

in body fat distribution attributes to improved insulin sensitivity. Overexpression of 

adiponectin in mice also increases the amount of interscapular fat, which is known to 

be brown fat, involved in thermogenesis 11. Peripheral administration of adiponectin in 

Agouti yellow obese mice upregulates mRNA expression of uncoupling proteins (UCP) in 

brown fat, white fat and skeletal muscle, resulting in a rise in thermogenesis and energy 

expenditure 18. However, in contrast to this study, overexpression of adiponectin in ob/ob 

mice resulted in a reduction in energy expenditure 19. These data suggest within-species 

differences in the effects of adiponectin, at least in regulation of energy expenditure.

Besides direct effects in the periphery, adiponectin also acts centrally to regulate 

metabolism. In mice, intracerebroventricular administration of the hexameric form of 

adiponectin activates AMPK in the hypothalamus. This results in increased food intake 

and decreased energy expenditure 8.

The data on glucose metabolism in adiponectin knock-out mice are in accordance 

with the improvements in glucose metabolism after adiponectin administration or 

overexpression in healthy rodents. After a high fat/ sucrose diet, adiponectin knock-out 

mice exhibit severe insulin resistance. Adiponectin treatment reverses the impairment 

in insulin sensitivity 20. Furthermore, adiponectin receptor knock-out mice (adipoR1 or 

adipoR2) show a decrease in insulin sensitivity as well 21.

Adiponectin levels in human subjects 
Obesity and type 2 diabetes mellitus

As adiponectin is mainly synthesized and released by white adipose tissue, it may be 

expected that its expression in adipocytes would increase in obesity. However, plasma 

levels of adiponectin are lower in obese subjects compared to non-obese subjects 22. In 

patients with type 2 diabetes mellitus, plasma adiponectin concentrations, primarily the 

HMW form, are lower compared to BMI-matched, non-diabetic subjects 23, 24. Furthermore, 

insulin resistant patients were shown to have a decrease in adiponectin mRNA expression 

in subcutaneous and in visceral fat 25, 26. The low total and HMW plasma adiponectin 
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levels were closely correlated to the degree of insulin resistance 24, 27-29. Prospective 

studies showed that a decrease in total plasma adiponectin precedes the development 

of hyperglycemia and type 2 diabetes mellitus 30, 31, suggesting a pathophysiological role 

for adiponectin in the development of insulin resistance rather than just being a marker of 

insulin resistance.

HIV-lipodystrophy

HIV-infected patients on antiretroviral therapy frequently develop metabolic disturbances 

and changes in body fat distribution or lipodystrophy 32. The metabolic disturbances 

include dyslipidemia and alterations in glucose metabolism, ranging from insulin resistance 

at the level of peripheral glucose disposal, hepatic glucose production and lipolysis to 

overt diabetes mellitus type 2 33-35. The pathogenesis of these perturbations is likely 

multifactorial: both protease inhibitors and nucleoside reverse transcriptase inhibitors 

may play a major role (Chapter 6 and 7) 36-40.

Plasma adiponectin levels are reduced in HIV-lipodystrophic patients compared to HIV-

positive patients without lipodystrophy and compared to healthy subjects 41. In addition, 

adiponectin mRNA expression in subcutaneous adipose tissue of HIV-lipodystrophic 

patients is lower compared to in HIV-infected patients without lipodystrophy 42. The 

low plasma adiponectin levels correlate with the degree of insulin resistance 41. In 

contrast to patients with type 2 diabetes mellitus, the disturbances in glucose and lipid 

metabolism are not preceded by a decrease in total plasma adiponectin levels in HIV-1 

infected patients starting antiretroviral therapy (Chapter 6) and developing lipodystrophy 

(Chapter 7), suggesting that the role of adiponectin in relation to the onset of insulin 

resistance is different in HIV-uninfected individuals with type 2 diabetes mellitus and HIV-

infected patients with lipodystrophy, respectively.

Infections other than HIV

Hypoglycemia is seen as an infrequent feature of early sepsis 43, 44. Sepsis can be 

mimicked in healthy human subjects via intravenous administration of Gram-negative 

bacterial lipopolysaccharide (LPS). In healthy human volunteers, it was demonstrated 

that administration of LPS, compared to a control setting, resulted in an increase in 

peripheral and hepatic insulin sensitivity after several hours, which may contribute to 

hypoglycemia occurring early in sepsis. There was no difference in the change in total 

plasma adiponectin levels between the LPS and the control group (Chapter 4).

A prolonged duration of sepsis however is associated with a reversible state of insulin 

resistance, leading to hyperglycemia 28, 45-48. In healthy volunteers, the induction of 
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insulin resistance, measured by the Homeostatic Model Assessment (HOMA)-index, 

24 hours after LPS administration, was not associated with a change in total or HMW 

plasma adiponectin 28. These data together suggest that adiponectin is not involved in 

the disturbances in glucose metabolism during sepsis.

Hypoglycemia is also a common complication of severe falciparum malaria, occurring 

in 8–30% of individuals affected with this disease, particularly in those with cerebral 

malaria 49. Total plasma adiponectin levels were not different between malaria patients 

and healthy controls. However, in patients with cerebral malaria, plasma adiponectin 

levels are higher compared to patients with uncomplicated malaria. In addition, patients 

infected with Plasmodium falciparum who have higher glucose production rates, also have 

higher plasma adiponectin levels. As adiponectin inhibits glucose production in rodents, 

stimulation of adiponectin secretion could be intended to restrain the glucose production 

rate, which is increased during infection by the high levels of glucose counter-regulatory 

hormones and cytokines. As hypoglycemia was not seen in these malaria patients, a 

possible pathophysiological role of adiponectin in the development of hypoglycemia can 

not be excluded (Chapter 5).

Regulation of adiponectin

Several studies have examined the role of the glucose counter-regulatory hormones and 

cytokines in the regulation of adiponectin production and secretion in vitro. In 3T3-L1 

adipocytes and rodents, cortisol and β-adrenergic stimulation were both shown to decrease 

mRNA expression as well as total plasma adiponectin levels 50-54. Of the cytokines, TNF-α 

and IL-6 inhibited adiponectin expression and secretion in 3T3-L1 adipocytes and human 

subcutaneous fat 52, 55, 56.

Since hyperinsulinemia and hyperglycemia are characteristic biochemical features 

of insulin resistant patients, insulin as well as glucose could potentially be responsible 

for the down-regulation of adiponectin. The effects of insulin have been investigated 

extensively. Most, but not all studies 52 have reported an increase in adiponectin 

production and secretion in 3T3-L1 adipocytes in response to insulin (Chapter 2) 53, 57-59. 

The insulin-stimulated increase in adiponectin production and secretion is mediated by 

the phosphatidylinositol 3-kinase (PI3K)-dependent signaling pathway, since selective 

inhibition of this pathway prevented the effect of insulin (Chapter 2) 59, 60. Two other 

important insulin signaling cascades, the Mitogen-activated protein kinase (MAPK) 

pathway and the mammalian target of rapamycin (mTOR) pathway did not have a major 

influence on adiponectin production or secretion (Chapter 2) 59.
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However, in contrast to these studies in 3T3-L1 adipocytes, insulin decreases plasma 

adiponectin levels in humans. Hyperinsulinemic-euglycemic clamp studies in lean subjects 

reduced total plasma adiponectin levels by 10-20% (Chapter 3) 61-63. The ratio of HMW 

to total adiponectin was not affected by insulin in these subjects (Chapter 3).

The differences between the influence of insulin on adiponectin in 3T3-L1 adipocytes 

compared to human subjects remain to be elucidated. The most likely explanation is 

the major difference between artificial isolated cell systems in which only a few factors 

are controlled and human in-vivo studies. One of those differences could be inter-organ 

effects. It can be hypothesized that insulin affects adiponectin production or secretion 

indirectly in humans, e.g. via the CNS. In addition, insulin could increase the clearance of 

adiponectin. These possibilities have not been explored.

The regulation of adiponectin by glucose has been examined less thoroughly. One 

study has reported on the effects of hyperglycemia on adiponectin expression and plasma 

concentrations in rats. Hyperglycemia resulted in enhanced adiponectin expression in 

visceral fat, whereas plasma levels remained constant 64. In lean humans, hyperglycemia 

prevented the suppressive effect of insulin (Chapter 3). The latter data are contrary to 

expectation and suggest that the characteristic biochemical feature of insulin resistant 

patients, hyperinsulinemia plus hyperglycemia is not the most obvious explanation for the 

low adiponectin levels in type 2 diabetes mellitus.

The same holds true for another characteristic feature of type 2 diabetes mellitus: 

high FFA levels. The acute impact of FFA on plasma adiponectin levels in healthy 

humans has been investigated by short term modulation of FFA via administration of 

pharmacological inhibitors of lipolysis (acipimox) or the fat emulsion intralipid. Neither of 

these 2 interventions affected plasma adiponectin levels, indicating that adiponectin is not 

acutely regulated by FFA 65-67. Furthermore, plasma (HMW) adiponectin concentrations 

were not altered postprandially in response to a normal 68 or a high-fat meal 69-71 in 

healthy human subjects.

These observations do not support a role for adiponectin in the acute (minutes-hours) 

regulation of glucose metabolism in humans.

Up-regulation of adiponectin in humans

In view of the insulin-sensitizing properties of (HMW) adiponectin and its low levels in 

insulin resistant states, it can be hypothesized that up-regulation of plasma adiponectin 

could result in improved metabolism. As adiponectin has not (yet) been administered 

to human subjects, at this stage plasma (HMW) adiponectin can only be increased in 

an indirect manner. The most potent enhancers of adiponectin are the peroxisome 
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proliferator-activated receptor-γ (PPAR-γ) agonists. PPAR-γ agonists markedly increase 

adiponectin levels, predominantly the HMW form 13. In patients with type 2 diabetes 

mellitus, treatment with PPAR-γ agonists results in an increase in insulin sensitivity both 

at the level of the liver as well as peripherally 72, 73. The improvements in insulin sensitivity 

were associated with an increase in total plasma adiponectin levels. More recently, it was 

shown that in diabetic patients this association could be further strengthened by taking 

the HMW to total adiponectin ratio into account 13, 73. Although the exact mechanisms 

of the insulin sensitizing effects of PPAR-γ agonists remain to be elucidated, these data 

suggest that an increase in adiponectin, in particular of the HMW form, could play a role 

in improving disturbances in metabolism in diabetic patients. One can however not rule 

out that this may only represent an association in time rather than a causal relationship.

The effects of PPAR-γ agonists have also been investigated in patients with HIV-

lipodystrophy 74-79. However, the majority of these reports focused on the influence of 

PPAR-γ agonists on body composition and therefore did not examine glucose homeostasis 

in detail. One study reported an increase in the HMW form of adiponectin, which was 

associated with a significant improvement in hepatic insulin sensitivity 80. However in 

this study, hepatic insulin sensitivity was determined by the HOMA-index, which can not 

distinguish accurately between insulin sensitivity at the level of the liver and peripherally. 

Recently, by performing hyperinsulinemic-euglycemic clamps with the use of stable 

isotopes, it was shown that the PPAR-γ agonist rosiglitazone did not improve insulin 

sensitivity at the level of either peripheral glucose disposal, hepatic glucose production 

or lipolysis in HIV-lipodystrophy, although it did induce a marked increase in plasma 

(HMW) adiponectin (Chapter 8), stressing, as mentioned earlier, that insulin resistance 

in type 2 diabetes mellitus and in HIV-associated lipodystrophy are probably different 

pathophysiological entities. Extrapolation of data on this issue from one disease to the 

other is therefore not warranted.

Pathophysiological role of adiponectin 

Plasma levels of (HMW) adiponectin are reduced in insulin resistant subjects with obesity, 

type 2 diabetes and HIV-associated lipodystrophy 23, 24, 41. In HIV-lipodystrophic patients, 

the disturbances in glucose and lipid metabolism are not preceded by a decrease in plasma 

adiponectin (Chapter 6 and 7). Moreover, a rosiglitazone-induced increase in plasma 

(HMW) adiponectin did not improve peripheral or hepatic insulin sensitivity (Chapter 

8). These data question the importance of adiponectin in regulating metabolism in HIV-

lipodystrophy.
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In contrast, in obese and diabetic patients the reduction in (HMW) adiponectin could 

be involved in the pathogenesis and/ or perseverance of the disturbances in glucose 

metabolism. Firstly, because the decrease in total plasma adiponectin levels precedes 

the development of insulin resistance 30, 31 and secondly because up-regulation of 

adiponectin by PPAR-γ agonists results in an improvement of insulin sensitivity in these 

patients 13, 73.

Plasma (HMW) adiponectin concentrations did not change in human models of 

endotoxemia, neither during the early hypoglycemic state, nor during a prolonged 

duration associated with a state of insulin resistance. From these data it can be postulated 

that adiponectin is not involved in the etiology of the changes in insulin sensitivity during 

sepsis (Chapter 4) 28.

In patients infected with malaria, plasma adiponectin levels were positively associated 

to glucose production rates. It can be hypothesized that adiponectin secretion is 

stimulated during malaria to limit the high glucose production rates, induced by cytokines 

and glucose counter-regulatory hormones.

Physiological role of adiponectin

When observing metabolism from an evolutionary point of view, it is not reasonable to 

believe that adiponectin is developed in order to protect us from diseases associated with 

high caloric food intake and a sedentary lifestyle. It can be hypothesized that the other way 

around may be more likely and that adiponectin originated as a starvation signal during 

prolonged fasting in humans as well as during hibernation in animals 13, 21, 81. During 

starvation with limited fat reserves, an increase in adiponectin could serve as a systemic 

sign that the adipocyte size is being reduced and that metabolic adaptations directed at 

survival are needed. By favoring FFA oxidation over glucose oxidation in the periphery, 

HMW adiponectin would save the required supply of glucose to the CNS. Moreover, the 

hexameric and trimeric isoforms of adiponectin could stimulate food intake and decrease 

energy expenditure via central effects. During hibernation in animals, adiponectin could 

enhance the amount of brown fat to increase thermogenesis. In addition, via redistribution 

of fat from the liver and skeletal muscle towards subcutaneous adipose tissue, adiponectin 

could play a role in the preservation of body temperature by heat insulation.

Besides these metabolic properties of adiponectin, aimed at survival during prolonged 

fasting, the hypothesis of adiponectin as a starvation signal is supported by several other 

observations. Firstly, human adiponectin has a relatively long half-life of approximately 14 

hours 71 in comparison with other hormones, which suggests that adaptation to acute 

metabolic challenges is not the primary function of adiponectin. In accordance with this, 
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under normal physiological conditions, the acute regulation of adiponectin is relatively 

modest. Although a small decrease is seen in response to high insulin levels (Chapter 3) 
61-63, adiponectin does not change markedly in response to a meal 68-71 or FFA 65-67.

Therefore it might be expected that adiponectin is responsible for more chronic 

adaptive responses, e.g. during prolonged starvation. Indeed, in human subjects short 

term fasting did not change adiponectin concentrations 82-84, while on the contrary 

prolonged caloric restriction, when accompanied by marked weight loss, resulted in 

higher plasma (HMW) adiponectin 85-89. Moreover, in patients with cardiac cachexia 90 

and anorexia nervosa plasma (HMW) adiponectin concentrations are increased, whereas 

weight recovery reversed the concentrations to levels comparable to controls 91, 92. 

Finally, the supposed role of adiponectin as a starvation signal is supported by the fact 

that the globular domain of adiponectin bears a striking resemblance with hibernation-

specific serum proteins 2-5.

Interestingly, similar to adiponectin, the adipocytokine leptin was initially seen as an 

anti-obesity hormone as well, whereas with increasing knowledge, it became evident 

that leptin also (mainly?) serves as a mediator of the adaptation to fasting and that this 

role may be the primary function for which the molecule evolved 93, 94.

Although several observations imply that adiponectin functions as a starvation signal 

during prolonged fasting, some study results indicate that adiponectin has an additional 

role in the adjustments to disturbances of glucose metabolism in human subjects as well. 

The positive correlation between plasma adiponectin levels and glucose production rates 

in patients infected with Plasmodium falciparum could represent a stimulatory effect on 

the secretion of adiponectin to limit glucose production rates during malaria (Chapter 5). 

The prevention of the insulin-induced suppression of adiponectin by hyperglycemia could 

also function as a compensatory mechanism to restrain glucose levels (Chapter 3). Future 

studies should clarify the role of adiponectin in disturbances of metabolism in humans.

Conclusion

In conclusion, the physiological role of adiponectin could be that of a starvation signal 

during prolonged fasting in humans as well as during hibernation in animals. The 

increased adiponectin levels in these situations may have a protective role in maintaining 

energy homeostasis.

In HIV-lipodystrophic patients the endocrine function of adipose tissue is disturbed 

due to visceral obesity, peripheral lipoatrophy or its combination. The low adiponectin 

levels in these subjects most likely reflect dysfunction of adipose tissue rather than a 
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pathophysiological mechanism underlying the insulin resistance observed in these 

patients.

In contrast, in patients with obesity or type 2 diabetes mellitus, adiponectin could be 

involved in the pathogenesis and/ or perseverance of the disturbances in metabolism in 

these patients. Firstly, because the decrease in total plasma adiponectin levels precedes 

the development of insulin resistance. Secondly, because up-regulation of adiponectin 

by PPAR-γ agonists results in an improvement of insulin sensitivity in these patients. This 

suggests that adiponectin has a different role in relation to the onset of insulin resistance 

in HIV-uninfected subjects with type 2 diabetes mellitus and HIV-infected patients with 

lipodystrophy, respectively.
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Obesity is a major risk factor for insulin resistance, diabetes and cardiovascular diseases. 

Over the past years adipose tissue has been recognized as the largest endocrine organ 

in the body, synthesizing and secreting several  biologically active hormones, the 

adipocytokines, that participate in the regulation of glucose and lipid metabolism. Among 

those adipocytokines is adiponectin. Plasma adiponectin levels are reduced in insulin 

resistant subjects with obesity, type 2 diabetes mellitus and HIV-associated lipodystrophy. 

As adiponectin has insulino-mimetic properties, the reduction in adiponectin could play a 

role in the pathogenesis of the disturbances in glucose metabolism in these subjects.

The aim of this thesis was to examine some aspects on the regulation of adiponectin 

and to investigate its role in the disturbances in glucose and lipid metabolism in human 

subjects with an emphasis on patients with infections and HIV-lipodystrophy.

Chapter 1 is the general introduction to this thesis. An overview of glucose and lipid 

metabolism in healthy human subjects is given, followed by a summary of the methods 

we used in this thesis to measure glucose production, gluconeogenesis and lipolysis. 

The function of adipose tissue is described, emphasizing its role as an endocrine organ. 

Furthermore, some aspects on the regulation and role of adiponectin in the disturbances 

in glucose and lipid metabolism are briefly reviewed.

Insulin mediates its metabolic effects via 3 different signal transduction pathways: the 

phosphatidylinositol 3-kinase (PI3K) pathway, the Mitogen-activated protein kinase 

(MAPK) pathway and in synergy with amino acids the mammalian target of rapamycin 

(mTOR) pathway. In Chapter 2, we examined the influence of these different insulin 

signaling cascades on the production and secretion of adiponectin in 3T3-L1 adipocytes. 

In addition, we investigated whether autophago-lysosomal breakdown regulates 

adiponectin levels.

We found that insulin stimulated adiponectin synthesis and predominantly 

adiponectin secretion. The stimulation by insulin was PI3K dependent but mTOR and 

MAPK independent. Amino acids also stimulated adiponectin synthesis, largely by virtue 

of their role as substrates for adiponectin production. The stimulation by amino acids 

was independent of PI3K, MAPK and mTOR. Autophago-lysosomal breakdown did 

not regulate adiponectin levels. We concluded that the production of adiponectin is 

substrate driven and that insulin stimulates adiponectin production and secretion via the 

PI3K pathway.
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In Chapter 3, we examined the short term, selective effects of insulin, glucose and its 

combination on plasma (HMW) adiponectin levels in healthy subjects. Plasma adiponectin 

levels were suppressed by insulin, whereas hyperglycemia prevented the suppressive 

effect of insulin. We concluded that in contrast to glucose, insulin could be involved in 

the down-regulation of plasma adiponectin in insulin resistant patients.

Sepsis and other acute infections are often associated with disturbances in glucose 

homeostasis. No data on peripheral and hepatic insulin sensitivity in early sepsis in 

humans exist. In Chapter 4, we studied glucose metabolism during hyperinsulinemic-

euglycemic clamps with the use of stable isotopes in healthy volunteers after bacterial 

lipopolysaccharide (LPS) administration and in a control setting. We demonstrated that 

2 hours after administration of LPS, peripheral and hepatic insulin sensitivity increased, 

which may contribute to hypoglycemia occurring early in sepsis. There was no difference 

in the change in total plasma adiponectin levels between the LPS and the control group. 

From these data it can be postulated that adiponectin is not involved in the etiology of 

the changes in insulin sensitivity during early sepsis.

Disturbances in glucose metabolism frequently complicate severe malaria. In Chapter 

5, we investigated plasma adiponectin levels in 7 patients with cerebral malaria, 6 

with uncomplicated malaria and 12 matched controls and correlated these levels to 

endogenous glucose production rates. Adiponectin levels were not different between the 

patients with malaria and the control group. However patients with cerebral malaria had 

significantly higher values of adiponectin than the patients with uncomplicated malaria. 

Glucose production and gluconeogenesis rates were positively correlated to plasma 

adiponectin in the patients, while these correlations were absent in the controls. As 

adiponectin is known to inhibit glucose production, stimulation of adiponectin secretion 

during infection could be intended to restrain the glucose production rate, which is 

increased during infection by the high levels of glucose counter-regulatory hormones and 

cytokines.

Patients with antiretroviral therapy-associated lipodystrophy are characterized by changes 

in body fat distribution as well as by derangements in lipid and glucose metabolism. In 

Chapter 6 and 7, in order to obtain more insight into the contribution of individual drug 

classes, NRTI in particular, and into the sequence of onset of metabolic disturbances, we 

investigated body composition and metabolism in detail in antiretroviral therapy-naive, 

HIV-1-infected patients starting antiretroviral treatment. We compared a NRTI-containing 
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regimen (lopinavir/ritonavir + zidovudine/lamivudine (LPV/r + AZT/3TC)) with a NRTI-

sparing regimen (lopinavir/ritonavir+nevirapine (LPV/r + NVP)).

In Chapter 6, we showed that 3 months of treatment with a NRTI-containing, but 

not a NRTI-sparing regimen, resulted in a 25% decrease in insulin-mediated glucose 

disposal and a 22% increase in fasting lipolysis without affecting body composition or 

plasma adiponectin levels. Therefore, NRTI may directly affect glucose metabolism, the 

mechanism by which remains to be elucidated.

In Chapter 7, we demonstrated that the decrease in insulin-stimulated peripheral 

glucose disposal in patients on a NRTI-containing regimen was persistent after 24 months. 

This decrease was followed by a transient reduction in insulin suppression of lipolysis 

after 12 months. In the LPV/r + NVP arm, hepatic insulin sensitivity improved after 24 

months. In the patients on a NRTI-containing regimen, limb fat was decreased after 24 

months, whereas visceral fat was increased. Plasma adiponectin levels increased in both 

arms. We concluded that the early decrease in peripheral insulin sensitivity in patients on 

a NRTI-containing regimen is probably a direct effect of the medication since no changes 

in body fat distribution or plasma adiponectin occurred at that time point, although the 

fat distribution changes occurring later on may have contributed to the persistence of 

peripheral insulin resistance. The transient change in lipolysis may be caused by fat depot 

specific sensitivity for the inflammatory and pro-apoptotic effects of NRTI, with limb fat 

possibly being more sensitive than visceral fat, explaining the return of lipolysis rates to 

baseline with the reduction of limb fat and increase in visceral fat.

From the data of these 2 studies, we concluded that the disturbances in glucose 

and lipid metabolism are not preceded by a decrease in total plasma adiponectin levels 

in HIV-1 infected patients starting antiretroviral therapy (Chapter 6) and developing 

lipodystrophy (Chapter 7).

Considering the insulino-mimetic properties of adiponectin, up-regulation of plasma 

adiponectin could result in improved glucose and lipid metabolism in HIV-associated 

lipodystrophy. In Chapter 8, we studied the effects of a rosiglitazone-induced increase 

in adiponectin levels on insulin sensitivity by performing hyperinsulinemic-euglycemic 

clamps using stable isotopes at baseline and 16 weeks after starting treatment in HIV-

lipodystrophic patients. Despite inducing a marked increase in plasma adiponectin levels, 

primarily of the active HMW form, rosiglitazone did  not improve insulin sensitivity at 

the level of the liver or peripherally. This questions the importance of adiponectin in 

regulating glucose metabolism in HIV-lipodystrophy.
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In Chapter 9 we summarize and put into perspective (our) recent advances on the 

regulation of adiponectin and its role in lipid and glucose metabolism. We hypothesize 

that adiponectin plays an important physiological role during prolonged fasting in 

humans as well as during hibernation in animals. Whereas adiponectin could be involved 

in the pathogenesis of the disturbances in metabolism in patients with obesity or type 2 

diabetes mellitus, this does not seem to be the case in patients with HIV-lipodystrophy.
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Obesitas is een belangrijke risicofactor voor het ontstaan van insuline resistentie, 

diabetes mellitus type 2 en hart- en vaatziekten. In de afgelopen jaren is gebleken 

dat vetweefsel het grootste endocriene orgaan is van het lichaam. Vetweefsel maakt 

verschillende, biologisch actieve hormonen aan, de adipocytokines genaamd. Tot deze 

adipocytokines behoort o.a. adiponectine. Plasma adiponectine spiegels zijn verlaagd in 

insuline resistente patiënten met obesitas, diabetes mellitus type 2 en HIV-lipodystrofie. 

Aangezien adiponectine een insulineachtige werking heeft, zou de verlaging van 

adiponectine een potentiële rol kunnen spelen in het ontstaan van de stoornissen in het 

glucose metabolisme in deze patiënten.

In dit proefschrift bestuderen we verschillende aspecten van de regulatie van 

adiponectine en de rol van dit vethormoon in het ontstaan van stoornissen in de 

glucose- en vetstofwisseling, waarbij de nadruk ligt op patiënten met infecties en HIV-

lipodystrofie.

In Hoofdstuk 1 wordt de achtergrond van dit onderzoek geschetst. Er wordt een algemeen 

overzicht gegeven van het glucose- en vetmetabolisme, gevolgd door een samenvatting 

van de in dit proefschrift gebruikte methoden voor het meten van glucose productie, 

gluconeogenese en lipolyse. De functie van vetweefsel, met name als endocrien orgaan, 

wordt kort beschreven. Tot slot belichten we enkele aspecten van de regulatie van 

adiponectine en de rol van dit hormoon in de etiologie van stoornissen in het glucose- en 

vetmetabolisme.

Insuline beïnvloedt de stofwisseling via 3 verschillende signaal transductie paden: het 

phosphatidylinositol 3-kinase (PI3K) pad, het Mitogen-activated protein kinase (MAPK) 

pad en in synergie met aminozuren het mammalian target of rapamycin (mTOR) pad. 

In Hoofdstuk 2 bestudeerden we de invloed van deze verschillende insuline signaal 

transductie paden op de productie en secretie van adiponectine in 3T3-L1 adipocyten. 

Tevens hebben we onderzocht of lysosomale afbraak een rol speelt in de regulatie 

van adiponectine concentraties. Insuline stimuleerde de adiponectine synthese en met 

name de adiponectine secretie. De insuline gemedieerde verhoging van adiponectine 

was afhankelijk van het PI3K pad, maar onafhankelijk van het mTOR- en MAPK pad. 

Aminozuren leidden eveneens tot een verhoging van de adiponectine synthese, grotendeels 

via een verhoging van de substraat toevoer ten behoeve van adiponectine productie. 

De verhoging van adiponectine door aminozuren was onafhankelijk van het PI3K-, het 

MAPK- en het mTOR pad. Lysosomale afbraak had geen invloed op de adiponectine 

concentraties. We concludeerden dat de productie van adiponectine afhankelijk is van 
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de substraat toevoer en dat insuline de adiponectine productie en secretie stimuleert via 

het PI3K transductiepad.

In Hoofdstuk 3 bestudeerden we de afzonderlijke en gecombineerde acute effecten 

van insuline en glucose op de plasma (HMW) adiponectine concentraties in gezonde 

vrijwilligers. Plasma adiponectine spiegels werden verlaagd door insuline. Hyperglycemie 

voorkwam de insuline-gemedieerde suppressie van adiponectine. We concludeerden dat 

insuline, in tegenstelling tot glucose, een rol zou kunnen spelen in de downregulatie van 

plasma adiponectine in insuline resistente patiënten.

Sepsis en andere acute infecties worden frequent geassocieerd met stoornissen in de 

glucose homeostase. Er zijn geen data over de perifere en hepatische insuline gevoeligheid 

in de vroege fase van sepsis in mensen. In Hoofdstuk 4 onderzochten we het glucose 

metabolisme tijdens hyperinsulinemische-euglycemische clamps met behulp van stabiele 

isotopen in gezonde vrijwilligers na het toedienen van bacteriële lipopolysaccharide 

(LPS) en in een controle setting. We toonden aan dat 2 uur na het toedienen van LPS, 

de perifere en hepatische insuline gevoeligheid toenam. Deze toename zou kunnen 

resulteren in hypoglycemie in de vroege fase van sepsis. Er was geen verschil zichtbaar 

in de verandering van het totale plasma adiponectine in de LPS vs. de controle groep. 

Derhalve lijkt adiponectine niet betrokken te zijn bij het ontstaan van de veranderingen 

in insuline gevoeligheid gedurende de vroege fase van sepsis.

Ernstige malaria wordt vaak gecompliceerd door stoornissen in het glucose metabolisme. 

In Hoofdstuk 5 hebben we plasma adiponectine concentraties onderzocht in 7 patiënten 

met cerebrale malaria, in 6 patiënten met ongecompliceerde malaria en in 12 gematchte 

controles. Vervolgens hebben we gekeken of er een correlatie was tussen de adiponectine 

concentraties en de endogene glucose productie. Adiponectine concentraties waren niet 

verschillend tussen de patiënten met malaria en de controle groep. Echter, de patiënten 

met cerebrale malaria hadden significant hogere adiponectine concentraties dan de 

patiënten met ongecompliceerde malaria. De glucose productie en de gluconeogenese 

waren positief gecorreleerd aan de plasma adiponectine concentraties in de malaria 

patiënten, terwijl een dergelijk verband ontbrak in de gezonde controles. Omdat 

adiponectine bekend staat als een remmer van de glucose productie, zou stimulatie van 

de adiponectine secretie tijdens infecties als doel kunnen hebben een verdere verhoging 

van de glucose productie, door hormonen en cytokines geïnduceerd, te beperken.
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Patiënten met antiretrovirale therapie-geassocieerde lipodystrofie worden gekenmerkt 

door veranderingen in de lichaamsvetverdeling, alsmede door stoornissen in het glucose- 

en vetmetabolisme. In Hoofdstuk 6 and 7 hebben we de bijdrage van individuele 

medicatie klassen, met name van NRTI onderzocht, alsmede de volgorde van het 

ontstaan van de metabole stoornissen. Lichaamsvetverdeling en metabolisme werden 

in detail onderzocht in antiretrovirale therapie-naïeve, HIV-1-geïnfecteerde patiënten, 

die starten met antiretrovirale therapie. We vergeleken een NRTI-bevattend regimen 

(lopinavir/ritonavir + zidovudine/lamivudine (LPV/r + AZT/3TC)) met een regimen zonder 

NRTI (lopinavir/ritonavir+nevirapine (LPV/r + NVP)).

Hoofdstuk 6 liet zien dat behandeling met een NRTI-bevattend regimen gedurende 

3 maanden, in tegenstelling tot een regimen zonder NRTI, leidt tot een daling van 25% 

van de insuline-gemedieerde perifere glucose opname en tot een stijging van 22% van 

de basale lipolyse zonder de vetverdeling of plasma adiponectine spiegels te veranderen. 

We concludeerden dat NRTI het glucose metabolisme direct kunnen beïnvloeden, via een 

nog onbekend mechanisme.

In Hoofdstuk 7 laten we zien dat de daling van de insuline-gemedieerde perifere glucose 

opname in patiënten met een NRTI-bevattend regimen persisterend is na 24 maanden. 

Deze daling werd gevolgd door een tijdelijke vermindering van de insuline-gemedieerde 

suppressie van de lipolyse na 12 maanden. In de LPV/r + NVP groep verbeterde de 

hepatische insuline gevoeligheid na 24 maanden. Na 24 maanden behandeling met een 

NRTI-bevattend regimen was er sprake van een afname van de hoeveelheid vet in de 

armen en benen van de patiënten, terwijl het viscerale vet toenam. Plasma adiponectine 

concentraties waren verhoogd in beide behandelingsgroepen. We concludeerden dat 

de vroege afname van de perifere insuline gevoeligheid in de patiënten met een NRTI-

bevattend regimen waarschijnlijk een direct effect is van de medicatie, aangezien er geen 

veranderingen te zien waren in de lichaamsvetverdeling en in de plasma adiponectine 

spiegels op dat moment. De later optredende veranderingen in de vetverdeling zouden 

wel een bijdrage gehad kunnen hebben aan het persisteren van de perifere insuline 

resistentie. De stijging van de lipolyse zou veroorzaakt kunnen worden door inflammatoire 

en pro-apoptotische effecten van NRTI. Mogelijk zijn deze effecten slechts tijdelijk, 

vanwege vet depot afhankelijke gevoeligheid voor deze NRTI effecten, waarbij het vet in 

de benen en armen gevoeliger is dan visceraal vet. Een afname in de hoeveelheid been- 

en armvet en een toename in de hoeveelheid visceraal vet zou op deze manier kunnen 

leiden tot herstel van de lipolyse naar waarden van voor de behandeling met NRTI.

Uit de resultaten van deze 2 studies concludeerden we dat de stoornissen in het 

glucose- en vetmetabolisme niet voorafgegaan worden door een verlaging van de totale 
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plasma adiponectine spiegels in HIV-geïnfecteerde patiënten die starten met antiretrovirale 

therapie (Hoofdstuk 6) of in patiënten die lipodystrofie ontwikkelen (Hoofdstuk 7).

 

Gezien de insulineachtige werking van adiponectine, zou upregulatie van plasma 

adiponectine kunnen leiden tot een verbetering van het glucose- en vetmetabolisme in 

HIV- lipodystrofie. In Hoofdstuk 8 onderzochten we de effecten van een rosiglitazone-

geïnduceerde verhoging van de adiponectine spiegels op de insuline gevoeligheid met 

behulp van hyperinsulinemische-euglycemische clamps en stabiele isotopen op baseline 

en 16 weken na het starten van rosiglitazone behandeling in HIV-lipodystrofe patiënten. 

Ondanks een forse stijging van het plasma adiponectine, met name van de actieve HMW 

vorm, resulteerde behandeling met rosiglitazone niet in een verbetering van de perifere 

of hepatische insuline gevoeligheid. Derhalve lijkt adiponectine geen belangrijke rol te 

spelen in de regulatie van de glucose stofwisseling in HIV-lipodystrofie.

In Hoofdstuk 9 worden (onze) recente studies, aangaande de regulatie van adiponectine 

en de rol van dit hormoon in het ontstaan van stoornissen in de glucose- en vetstofwisseling 

samengevat en bediscussieerd. We veronderstellen dat adiponectine een belangrijke 

fysiologische rol speelt tijdens langdurig vasten en bij dieren tijdens de winterslaap. 

Adiponectine lijkt geen pathofysiologische rol te spelen bij het ontstaan van stoornissen 

in het glucose- en vetmetabolisme bij HIV-lipodystrofe patiënten, terwijl dit mogelijk wel 

het geval is bij patiënten met obesitas of diabetes mellitus type 2.
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