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Abstract

White adipose tissue is a highly plastic organ and is an important regulator of whole-body
metabolism and energy balance. The magnitude of adipose tissue mass is determined by dynamic
changes in the synthesis and breakdown (i.e. turnover) of adipocytes and triacylglycerols (TGs).
Obesity is a disorder characterised by excessive adiposity and is a risk factor for diseases,
including the metabolic syndrome and type 2 diabetes. Adipose tissue expansion is necessary to
accommodate chronic excess energy intake and is characterised by enlargement of existing
adipocytes (hypertrophy) and by increase in pre-adipocyte and adipocyte numbers (hyperplasia).
Evidence suggests that the manner of subcutaneous adipose expansion can influence metabolic
health, as impaired adipogenesis, namely restricted hyperplasia, may lead to ectopic lipid
deposition in the liver and skeletal muscle, contributing to the pathogenesis of obesity-related
disorders. Despite the plausible role of adipose turnover in human health and pathology, little is
known about the in vivo kinetics of adipose tissue components (both adipose cells and TGs). This
is due, in part, to the slow turnover rate of adipose tissue and the complexity of directly labelling
pathway precursors. This review provides a brief summary of findings derived from in vitro
techniques, as well as an overview of two in vivo methods that are being implemented to assess
the turnover of adipose cells and TGs. Finally, the role of adipose tissue turnover in metabolic
health and disease is discussed.
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Introduction

Adipose tissue is an essential organ and is the primary site for energy storage as
triacylglycerols (TGs). White adipose tissue (WAT) and brown adipose tissue (BAT) are the
predominant types in mammals. As WAT and BAT have different developmental origins and
the majority of human adipose tissue is WAT, this type will be the focus of this review.
Traditionally, studies of WAT function have revolved around its significant role in
controlling energy homeostasis by storing and releasing lipids in response to energy
demands. However, WAT has additional properties, including secretory functions (release of
adipokines), that affect insulin sensitivity and metabolic homeostasis, contributing to the
pathogenesis of obesity and related comorbidities [1].

WAT is distributed throughout the body in several depots, each with distinct functions.
Evidence suggests that regional distribution of WAT, rather than overall obesity, may be a
stronger predictor of metabolic health risks. The accumulation of fat in the upper body
(namely visceral adipose tissue [VAT] but also subcutaneous abdominal [sCABD]) confers a
higher risk of developing type 2 diabetes mellitus and cardiovascular disease, while in the
lower body, subcutaneous gluteal and subcutaneous femoral (ScFEM) fat may be
metabolically protective [2]. Sexual dimorphism in fat distribution is also well-documented:
women, despite having, on average, a higher percentage of body fat than men, display
preferential adipose accumulation in the “protective’ lower-body depots [3]. Conversely, men
tend to deposit more fat in the upper-body VAT depot [4]. Sex differences in fat distribution
and the distinct functions of adipose depots have been discussed in previous reviews [5, 6].

Although most adipose growth occurs during childhood and adolescence, WAT retains the
ability to expand during adulthood in response to fluctuations in energy balance. The
magnitude of adiposity during the development of obesity determined by dynamic changes
in the synthesis and removal (i.e. turnover) of adipose cells (pre-adipocytes and adipocytes)
and TGs. Despite the negative health consequences associated with obesity, little is known
about in vivo WAT turnover humans. This review provides a brief summary of findings
obtained from in vitro methods, as well as an overview two in vivo approaches that are being
implemented to assess the turnover of adipose cells and TGs. Finally, the role of WAT
turnover in metabolic health and disease is discussed.

Adipose turnover

Adipose expansion

WAT stores energy in the form of TGs and releases fatty acids via lipolysis to maintain
metabolic homeostasis. To accommodate lipids, adipose expansion occurs via the
enlargement of existing adipocytes (hypertrophy) and/or the proliferation and differentiation
of pre-adipocytes to adipocytes (hyperplasia or adipogenesis). Evidence suggests that the
manner of subcutaneous WAT expansion (hypertrophy vs hyperplasia) in humans can
influence cardiometabolic health. Cross-sectional and longitudinal studies have shown that
hypertrophic abdominal adipocytes are associated with insulin resistance [7, 8] and type 2
diabetes [9, 10], independent of overall obesity. It has also been proposed that impaired
adipogenesis, or restricted hyperplasia, may lead to ectopic fat deposition in the liver and
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skeletal muscle, contributing to the pathogenesis of obesity-related disorders [11]. Arner et
al developed an “‘adipocyte morphology value’, defined as the difference between the
measured adipocyte size and the expected size given the curve-linear fit for a given body
mass, to predict scABD cellularity in humans [12]. These authors reported that greater
scABD hypertrophy (i.e. higher morphology index) was linked to insulin resistance and
lower adipocyte number, independent of sex and adiposity, while greater hyperplastic
expansion was associated with better insulin sensitivity. Collectively, the above-mentioned
data support the “adipose tissue expandability hypothesis’, which postulates that a lack of
hyperplasia, coupled with a high prevalence of hypertrophic adipocytes, results in a limited
capacity of WAT to expand and store fat, thus causing impaired metabolic health [13].

However, the role of adipogenesis (i.e. hyperplasia) in health risks is debatable. Recent
observations reported a higher prevalence of small fat cells in insulin-resistant individuals
and in those with type 2 diabetes, compared with healthy individuals, suggesting
hyperplastic expansion [8, 14-16]. Importantly, we showed that 8 weeks of 40% overfeeding
(~7.6 kg weight gain) resulted in greater impairment of insulin sensitivity in individuals who
had smaller adipocytes at baseline compared with those who had larger adipocytes [17].
Another human overfeeding study demonstrated that smaller adipocyte size at baseline
predicted a decline in insulin sensitivity following a 3.2 kg weight gain over 4 weeks [18].
These recent studies are contrary to the adipose expandability hypothesis and indicate that
an increased population of small adipocytes (suggesting hyperplasia) is associated with
impaired metabolic health outcomes.

Depot differences in adipose expansion—The opposing associations of upper-body
vs lower-body fat distribution with metabolic health are probably due to intrinsic
characteristics of WAT depots. Few studies have assessed regional differences in
adipogenesis in humans. Depot differences in preadipocytes cultured from WAT have been
reported, with sSCABD fat having higher proliferative and differentiation capacity than
SCFEM fat [19, 20] and VAT [21]. Another adipocyte size assessment suggested depot-
specific fat expansion in response to overfeeding: mainly hypertrophy in SCABD fat and
primarily hyperplasia in scFEM fat [22].

Sex differences in adipose expansion—Studies in the 1980s reported hyperplastic
expansion (higher adipocyte number) of lower-body depots in women and abdominal depots
in men [23]. More recent analyses of fat cell size suggest that lower-body adipose tissue
expansion is primarily governed by hyperplasia in women but by hypertrophy in men [24].
A higher percentage of early differentiated adipocytes has been identified in the sScFEM
depot of women relative to men [20].

Adipocyte death

In addition to adipose expansion, adipocyte death is a vital component of adipose turnover
[25]. Rodent studies reveal an oscillatory pattern of adipose cellularity, including cycles of
hypertrophy, hyperplasia and adipocyte death, with increased adipocyte death in obese

rodents [25, 26]. Data in humans are scarce. Increased adipocyte death has been implicated
in human obesity [25]. Increased response to apoptotic stimuli of VAT (vs scABD fat) pre-
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adipocytes has been reported [27, 28]. One study suggests that SCABD pre-adipocytes from
obese women are more susceptible to apoptosis than the sScFEM pre-adipocytes [20]. To
date, no studies have assessed in vivo adipocyte death in humans and its functional link to fat
distribution and metabolic health.

In vivo studies to measure adipose turnover

As highlighted above, established in vitro methods have been employed to assess adipose
cellularity and turnover and have yielded valuable information. Primary cultures, as well as
functional assays and expression analyses of genes and proteins, have been commonly used
to investigate mechanisms of adipogenesis [21]. A standard approach to estimate adipocyte
cellularity and lipid content is to determine fat cell size via microscopy or osmium tetroxide
fixation [14]. Other assessments in rodents have estimated adipocyte size distributions via
microbiopsies of WAT collected at different time points to assess adipocyte cellularity with
weight gain [26]. Although in vitro and indirect approaches provide insight into the
mechanisms of adipose expansion and adipocyte death, these methods do not provide an
assessment in the WAT’s natural milieu. Hence, in vivo approaches are necessary to assess
adipose turnover accurately. Nevertheless, the assessment of fat kinetics in vivo has been
very difficult in humans, due in part to the slow turnover rate of WAT and the complexity of
directly labelling pathway precursors. Although informative in rodents, the incorporation of
labelled nucleotides, such as 3H-labelled thymidine or 5-bromodeoxyuridine, involves
several limitations, including toxicity and biochemical complications, and thus is not
applicable for use in humans. Therefore, despite the broad acceptance of the adipose
expandability hypothesis, there is a scarcity of data to describe the in vivo dynamics of
adipose turnover and the link with metabolic health in humans. Early studies proposed that
adipocytes are produced only during childhood and adolescence [29] but in vivo evidence is
necessary to substantiate adipocyte generation in adulthood. Below, we review two novel
and distinct in vivo approaches that have been implemented in humans.

2H labelling method

A novel method was developed by Hellerstein’s laboratory to assess in vivo adipose kinetics
using the incorporation of the stable isotope deuterium into adipose tissue [30]. The
protocol, which was validated in mice and then in humans, includes an initial ramp-up of
2H,0 (heavy water) to achieve near-plateau systemic 2H enrichment of body water, followed
by sufficient daily intake to maintain enrichment values [30] (Fig. 1). The 2H from the heavy
water is then incorporated into adipose cells, and isotope enrichment is measured via mass
spectrometry and application of mass isotopomer distribution analysis (MIDA). Measures of
2H-labelled DNA synthesis denote newly formed pre-adipocytes and adipocytes (via pre-
adipocyte differentiation) [31], while 2H incorporation in the glycerol moiety represents TG
synthesis [32].

Hellerstein and colleagues applied the 2H-labelling approach to provide in vivo evidence that
adipocytes are generated in humans during adulthood [33]. We have recently assessed in
vivo Kinetics in subcutaneous WAT from the scABD and scFEM depots using an 8 week
incorporation of 2H into adipose cells in obese women [34]. We reported, for the first time,
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depot differences in in vivo kinetics, with higher adipose cell formation (pre-adipocytes and
adipocytes) and TG synthesis rates in the scFEM depot relative to the scABD depot [34, 38].
These data demonstrate that in vivo adipose cell kinetics differ among WAT depots in
humans and strengthen other experimental observations that implicate the thigh as a more
efficient depot to expand and accommodate lipids in women [2, 5]. Interestingly, adipose
cell formation rates in both scABD and scFEM depots were positively correlated with
percentage body fat, BMI and visceral adiposity, while negatively associated with insulin
sensitivity [35]. These novel data challenge the adipose tissue expandability hypothesis and
provide the first evidence of an association between facets of impaired metabolic health and
higher, not lower, in vivo adipose cell formation.

Hellerstein’s laboratory was also the first to apply the 2H labelling method to directly
measure TG synthesis and turnover in human WAT in vivo [33]. TG half-life was
determined to be ~6 months [33], similar to previous estimates made by indirect techniques
[36]. Other laboratories have applied the 2H labelling approach to demonstrate that TG
kinetics in WAT plays a significant role in metabolism, reporting that in vivo rates of TG
synthesis were significantly lower in insulin-resistant individuals than in insulin-sensitive
individuals [37]. Interestingly, we recently identified race and depot differences in TG
replacement, with a higher rate of TG synthesis in white vs black individuals and in the
ScFEM vs scABD depot [38]. These data are intriguing, as race differences in
cardiometabolic health have been described [39].

14C dating method

In vivo adipocyte turnover in humans has also been estimated by measuring the integration
of atmospheric 14C, released from nuclear bomb tests during the Cold War (1955-1963),
into the genomic DNA of WAT [40]. After cessation of the nuclear bomb testing period, the
levels of 14C in the environ-ment exponentially decreased, and 14C was incorporated into
plants. The consumption of plants, or animals having eaten plants, resulted in 14C
concentrations in the human body reflecting those in the atmosphere at a given time. Hence,
this retrospective analysis estimated net changes in adipose turnover over a period of
approximately four decades by measuring 14C levels in DNA via accelerator mass
spectrometry and relating these values to 14C atmospheric data.

Spalding et al reported that ~8.4% of scABD adipocytes in vivo are replaced every year,
regardless of age or degree of obesity [40]. The authors also suggested that adipocyte
generation and death rates were in equilibrium in individuals with early onset obesity and
that total fat cell number is tightly regulated, even with weight gain or loss. These data
suggest that total adipocyte number may be set during childhood and adolescence and
constant during adulthood. However, additional studies are necessary to assess fat turnover
in individuals with onset of obesity later in life who gradually gain weight over a prolonged
period of time, as changes in total adipocyte number may occur. Indeed, one study has
shown that total adipocyte number increased in the sScFEM depot of women during
overfeeding [22]. As in vitro data based on the adipocyte morphology index supports the
adipose tissue expandability hypothesis (discussed above), Arner et al observed the
relationship of the morphology values to the in vivo generation of adipocytes [12].
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Interestingly, individuals displaying more hypertrophic fat expansion (higher morphology
index) produced fewer adipocytes in vivo per year than individuals displaying hyperplasia.

Spalding and colleagues also applied the 14C dating method to study long-term in vivo WAT
lipid turnover. The mean age of sSCABD adipocyte TGs, reflected as the duration of TG
storage in WAT until irreversible removal via lipolysis (i.e. TG lifespan), was reported to be
~1.6 years [41]. Because the authors estimated adipocyte age as ~9.5 years, this implies that
TGs are replaced roughly six times during the adipocyte lifespan. Lower TG age was
significantly associated with higher in vitro adipocyte lipolysis (stimulated), implicating
lipolysis as an important determinant of TG removal. Interestingly, there was no difference
in TG age between sexes or among adipocyte sizes. Net TG storage was calculated to
represent the amount of TG stored in WAT each year. Obese individuals had higher TG
storage and TG age relative to non-obese individuals, implying that high storage and low
removal of adipose TGs may be determinants of obesity [41]. Interestingly, mean TG age,
but not TG storage, was correlated with insulin resistance, as assessed by HOMA-IR.
Overall, Spalding and colleagues propose that the storage and removal of lipids (TGs),
similar to adipocyte turnover, is constant during adulthood. Nevertheless, the lack of
variation in TG age as assessed long term does not discount the presence of short-term
changes in the dynamics of lipid turnover.

Perspectives on in vivo approaches to measure adipose turnover

The aforementioned in vivo data refute the previous hypothesis that adipocyte formation is
limited to childhood and adolescence and validates the notion that humans generate adipose
cells in various depots during adulthood [34, 40]. Collectively, these methods are a
substantive departure from prior in vitro approaches and provide the first novel insight into
in vivo adipose turnover in humans (Table 1). Nevertheless, there are some considerations to
be addressed. It is important to note that the 14C dating and 2H labelling methods are very
different protocols. The assessment of “naturally’ occurring 4C enrichment was a
retrospective analysis to assess long-term turnover. This approach may underestimate
turnover, as adipocytes derived from the differentiation of post-mitotic pre-adipocytes may
not be integrated with 14C. Furthermore, some labelled adipocytes may not be captured for
analysis because of their formation and subsequent death over a period of years. Heavy
water is suitable for human consumption over a period of weeks or months, allowing the 2H
labelling approach to provide short-term measures of adipose turnover during a variety of
interventional studies, such as diet, exercise and pharmacological treatments. Using birth—
death statistical models, the 14C dating method provided the first estimates of adipocyte
lifespan in humans. The 2H labelling protocol has been validated to provide physiological,
quantitative measures of in vivo adipose cell formation in humans. However, to date, the 2H
approach has not been implemented in the measurement of adipocyte death; therefore, the
comprehensive turnover rate of adipocytes has not been reported using this method.
Nevertheless, this approach could be used to assess adipocyte death, as the loss of 2H
enrichment in the adipose tissue pool after cessation of 2H,O consumption occurs only by
cell loss or death [30].
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Conclusions

Given the strong association between adipose tissue expandability and turnover with
metabolic health, further investigations are necessary to enhance our understanding of the
dynamics of adipose kinetics in humans. Our recent data provide in vivo evidence that is
contrary to the adipose expandability hypothesis [35]; however, it is important to note that
these analyses provide cross-sectional data and do not reflect causality. To date, there have
been no experimental overfeeding studies to truly examine periods of fat expansion in vivo,
as individuals with various capacities for adipose expandability may respond differently.
Hence, it remains to be seen how extended periods of weight gain and frequent weight
cycling in adulthood affect changes in total adipocyte number and turnover and influence
energy metabolism. Interestingly, a recently published study by Arner et al [42]
demonstrated that lipolysis is an important predictor of future weight gain and impaired
glucose metabolism. Hence, similar prospective studies using an in vivo approach (i.e. 2H
labelling) are necessary to clarify the role of adipose turnover in the pathogenesis of insulin
resistance and type 2 diabetes. Such in vivo assessments of WAT will yield new knowledge
of the dynamics of adipose growth during metabolic diseases, and are likely to direct the
discovery of novel therapeutic targets centred on adipocyte generation and death in humans.
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Fig. 1.
2H labelling protocol to assess in vivo adipose turnover. (a) The deuterium labelling method

has been validated to provide in vivo estimates of adipose cell formation, TG synthesis and
adipocyte death in humans via the incorporation of the stable isotope 2H into body water and
adipose tissue. 2H is administered as 2H,0 in such a way as to achieve near-plateau systemic
2H enrichment of body water, followed by daily intake to maintain enrichment values.
Isotope enrichment of adipose cells is measured via mass spectrometry and application of
MIDA. (b) The enrichment of 2H into adipose tissue (pre-adipocytes and adipocytes)
provides measures of adipose cell formation and death. This figure is available as a
downloadable slide
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