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Adipose cell and lipid turnovers in obesity and insulin resistance
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The correlation between the twin epidemics of obesity and

insulin resistance is well established on a population level.

However, the association between the degree of obesity and

the development of insulin resistance is less obvious at the

individual level, although there should be a mechanistic link

that specifically and differentially connects the two condi-

tions. To identify such a link, we must first understand the

process of change in vivo in adipocyte number and volume

and the regulation of lipid storage and removal in both lean

and obese individuals. Obesity, characterized by expanded

fat mass, may involve both an increased volume of preex-

isting adipocytes (hypertrophy) and the generation of new

adipocytes (hyperplasia). Whereas methods for measuring

the size of fat cells are available, it is more difficult to

determine their total number, which can be estimated by

dividing total body fat weight by mean adipose cell weight

calculated from mean cell diameter [1]. However, the

dynamics of fat cell turnover in vivo have not been suffi-

ciently studied. Spalding, Arner, and collaborators [2]

investigated these dynamics in humans by measuring the

incorporation of atmospheric carbon 14 (14C) into genomic

DNA. They took advantage of the fact that 14C levels in the

atmosphere transiently increased during above-ground

nuclear bomb tests between 1955 and 1963 and exponen-

tially decreased after cessation of the tests. 14C in the

atmosphere oxidizes to form carbon dioxide (CO2), which is

taken up into organic components during plant photosyn-

thesis. Because humans eat plants, or animals that live off

plants, the 14C content in the human body parallels that in

the atmosphere and can be used to calculate the turnover

rate of adipocytes. The study authors first confirmed that

adipocyte number in individuals with early onset of obesity

is higher than in lean individuals. They then demonstrated

that 8.4 % of fat cells are renewed annually at all adult ages

and levels of body mass index (BMI). Nevertheless, the

adipocyte number stays remarkably constant in adulthood

in both lean and obese individuals, which indicates that

there should be a mechanism to closely balance their birth

and death rates, even in the obese, and that the difference in

adipocyte number between lean and obese individuals is

established during childhood. In support of this, Spalding

et al. found no significant difference in the average age of

adipocytes in lean versus obese individuals. Therefore,

hyperplastic obesity, which is most marked in early-onset,

severely obese individuals [3, 4], is determined by genetic

factors or by nutrient states in childhood. These findings

also suggest that weight change in adulthood is primarily

the result of changes in adipocyte volume. It was reported

that in a population-based sample, adipocyte hypertrophy is

associated with decreased insulin sensitivity, even in lean

and apparently healthy individuals [5]. This may be relevant

to the hypothesis that larger adipocytes secrete propor-

tionally more proinflammatory adipocytokines than anti-

inflammatory adipocytokines compared with smaller

adipocytes, as was previously reported [6].

Very recently, Arner et al. [7] determined the human

adipose lipid turnover by measuring the incorporation of

atmospheric 14C into adipocyte triglyceride (TG). They

demonstrated that adipose lipids are also dynamic: TG is

renewed six times (mean adipocyte lipid age 1.6 years)

during the average lifespan of human adipocytes

(9.5 years). Lipid age is independent of adipocyte size and is

highly stable across a wide range of adult ages. Thus, lipid
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age, as was seen in adipocyte age, is fixed during childhood.

Lipid age determined by 14C measurement is inversely

correlated with lipid removal rate, which represents the

hydrolysis of TG (lipolysis) followed by the irreversible

removal of lipids by oxidation in peripheral tissues. Because

the removal rate is dependent on total fat mass, the net lipid

storage per year (the rate of lipid uptake) can be determined

by the lipid removal rate and the total fat mass. Surprisingly,

the authors found that the lipid removal rate rather than lipid

storage rate is most strongly related to insulin resistance in

conditions with disturbed lipid metabolism, despite the fact

that lipid age is independent of adipocyte size [7]. In obese

individuals, the rate of TG storage and mean lipid age

(inverse of turnover rate) were markedly increased com-

pared with nonobese individuals. On the other hand, in

nonobese individuals with familial combined hyperlipid-

emia, the most common hereditary form of dyslipidemia,

lipid age was similarly increased, as was found in obesity,

but the rate of TG storage was markedly decreased com-

pared with nonobese individuals. Therefore, in the two

pathological states, lipid age, but not TG storage rate, is

correlated with insulin resistance. Furthermore, even among

lean healthy individuals, lipid age has an impact on whole-

body insulin sensitivity. It remains to be determined just

how adipocyte size (hypertrophy) impacts insulin sensitivity

[5] if the lipid storage rate is unrelated to insulin sensitivity

and if lipid age is unrelated to adipocyte size [7].

Arner et al. [7] also measured adipose tissue lipolysis

because it represents the first step in lipid removal. Although

basal lipolysis was not related to lipid turnover, the cyclic

adenosine monophosphate (cAMP)-induced lipolytic rate

was positively correlated with the rate of TG removal

(inversely correlated with lipid age) but was not related to the

rate of TG uptake (lipid storage). These findings indicate that

lipolysis determines the lipid turnover rate in adipocytes and

the level of insulin sensitivity in a whole body. This is

somewhat counterintuitive, because increased lipolysis due

to insulin resistance is conventionally thought to be

responsible for the increased release of fatty acids (FAs)

from adipocytes (lipolysis is induced by anti-insulin hor-

mones, such as epinephrine, and is suppressed by insulin).

Chronically elevated plasma free FAs might inhibit insulin

signaling and induce ectopic TG storage in liver and skeletal

muscle [8]. However, increased lipolysis itself may not

necessarily cause insulin resistance for several reasons. First,

sustained lipolysis eventually decreases total fat mass and

thus the amount of released FAs, even though the lipolytic

rate per fat mass remains high. Second, an increased supply

of FAs by elevated lipolysis can be accompanied by pref-

erential FA oxidation and may not cause ectopic TG storage

in peripheral tissues. In fact, overexpression of the major

adipose lipase, adipose triglyceride lipase (ATGL), in mouse

adipose tissue does not increase plasma free FA levels

despite increased lipolysis and improves insulin sensitivity

during diet-induced obesity [9].

The above finding, that lipid removal rate rather than

lipid storage rate is correlated with insulin sensitivity

suggests that lipid turnover/cycling/remodeling is essential

to keep adipocytes intact, thus preventing insulin resis-

tance, and to consume lipids efficiently as an energy source

at the whole-body level. In fact, decreased levels of adi-

pocyte lipases and defective lipolysis are often found in

human obesity [10–13]. It remains unknown, however, just

how lipolysis affects insulin sensitivity in obese states. As

discussed above, increased lipolysis eventually decreases

fat-cell mass and size, which may have beneficial effects

by changing adipocytokine repertoires to suppress chronic

inflammation [6]. However, lipid age correlated with

insulin resistance is similar in small or large adipocytes

within and between individuals, which suggests a contin-

uous exchange of lipids within adipose tissue between

adipocytes of different sizes [7]. Adipose tissue re-esteri-

fies *30 % of the free FA released from TG during

lipolysis [14, 15], and the re-esterification process requires

energy that costs *3 % of the total energetic content of a

molecule of TG [16]. Although this futile cycle does not

contribute to the ‘‘irreversible’’ removal rate of TG from

adipose tissue of the sort measured in the work introduced

here [7], locally inert lipid depots without the FA exchange

might cause chronic inflammation and insulin resistance on

the whole-body level. The re-esterification normally occurs

with the supply of glycerol-3-phosphate (G-3-P), which is

derived from glucose via glycolysis or from other sources

such as pyruvate, lactate, and alanine via glyceroneogene-

sis. This is because G-3-P cannot be directly converted from

glycerol due to the absence of glycerol kinase in adipocytes.

Although glyceroneogenesis is generally thought to stimu-

late TG synthesis by antagonizing lipolysis, it may play an

indirect role in stimulating lipid turnover by cycling the

synthesis and breakdown of TG. Indeed, FA re-esterifica-

tion is coupled to lipolysis [17], and both lipolysis and

glyceroneogenesis are induced during a fast [18]. Further-

more, thiazolidinediones (TZDs), which activate peroxi-

some proliferator-activated receptor (PPAR)-c and sensitize

insulin action, stimulate both lipolysis [19–23] and glyc-

eroneogenesis [24, 25]. TZDs induce adipose expression of

phosphoenolpyruvate carboxykinase, a key enzyme of

glyceroneogenesis [24], and the normally absent glycerol

kinase [26], both of which generate G-3-P. Although PPAR-

c induces adipogenesis during differentiation, it may also

play a role in stimulating lipid turnover in mature adipo-

cytes to improve insulin sensitivity. Consistent with this

notion, we recently found that PPAR-c activation selec-

tively in mature adipocytes decreases fat accumulation in

sum in a mouse obesity model and in a cultured 3T3-L1 cell

line, although they promote both synthesis and breakdown
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of TG [27]. In fact, a dysfunction of PPAR-c may well be a

hallmark of obesity. If PPAR-c can be selectively activated

in mature adipocytes, it may more efficiently improve

insulin sensitivity, because weight gain, a major side effect

of TZDs via brain PPAR-c [28, 29], may not occur.

In summary, the seminal data presented by Spalding,

Arner, and collaborators [2, 7] help elucidate the mecha-

nism by which adipose cells and lipid turnover are physi-

ologically regulated and help identify the components that

affect insulin sensitivity in pathological states. A better

understanding of the molecular mechanisms controlling

adipocyte and lipid turnover in vivo may lead to more

effective interventions for obesity and associated insulin

resistance.
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