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White adipose tissue plays a critical
role in regulating systemic metab-
olism and can remodel rapidly in
response to changes in nutrient availabil-
ity. Nevertheless, little is known regard-
ing the metabolic changes occurring in
adipocytes during obesity. Our labora-
tory recently addressed this issue in a
commonly used, high-fat-diet mouse
model of obesity. We found remarkable
changes in adipocyte metabolism that
occur prior to infiltration of macrophages
in expanding adipose tissue. Results of
metabolomic analyses, adipose tissue res-
pirometry, electron microscopy, and
expression analyses of key genes and pro-
teins revealed dysregulation of several
metabolic pathways, loss of mitochon-
drial biogenetic capacity, and apparent
activation of mitochondrial autophagy
which were followed in time by downre-
gulation of numerous mitochondrial pro-
teins important for maintaining oxidative
capacity. These findings demonstrate the
presence of an adipocyte whitening pro-
gram that may be critical for regulating
adipose tissue remodeling under condi-
tions of chronic nutrient excess.

The adipocyte is a keystone of systemic
metabolism. White adipocytes occupy
subcutaneous and internal adipose tissue
depots and are the primary site of energy
storage and mobilization. Compared with
other cell types, they are conspicuously
unique: >90% of the cell volume of a
mature white adipocyte is occupied by a
central lipid droplet. This droplet contains
triglycerides, prudently placed there via
metabolic processes occurring in the cyto-
plasm, that may be lipolyzed to release the
stored energy to maintain or regulate
bodily ~processes during periods of
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decreased nutrient intake or increased
energy expenditure. In addition, white
adipocytes secrete numerous factors that
regulate feeding behavior, systemic insulin
sensitivity, and inflammatory responses.’
These basic functions of the adipocyte, so
critical to regulating whole body meta-
bolic homeostasis, depend largely upon
adipocyte intermediary metabolism.
Despite the importance of adipocyte
metabolism in lipogenesis, lipolysis, and
even adipokine secretion, a clear under-
standing of how it changes with conditions
such as nutrient excess have yet to be
attained. This is important because such
knowledge could prove useful for develop-
ing therapies for obesity, which has
increased in prevalence remarkably over the
past few decades and is a risk factor for
developing type 2 diabetes and cardiovascu-
lar disease.”® To address this, we used a
muld-pronged approach to define the met-
abolic changes that occur in the expanding
white adipose organ. Results of metabolo-
mic analyses, adipose tissue respirometry,
electron microscopy, and expression analy-
ses of key genes and proteins important for
adipocyte metabolism showed evidence of
dysregulation of metabolic pathways, loss
of mitochondrial biogenetic capacity, mito-
chondrial remodeling, and activation of
mitophagy.® We propose that these find-
ings demonstrate the presence of a
“whitening” program (as opposed to the
more commonly considered “browning”
program) that occurs in adipocytes under
conditions of chronic nutrient excess.

How was the work done?

“We have a habit of writing articles
published in scientific journals to make
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Figure 1. Metabolic changes in white adipocytes during obesity. (A) Considerations for assessing
metabolic changes in adipocytes under conditions of nutrient excess: White adipose tissue from
mice fed a high fat diet (HFD) was used to identify and measure the metabolic changes that occur
in adipocytes during obesity. Near maximal increases in adipocyte size were identified with six
weeks of HFD (green arrow), which preceded the increases in macrophage infiltration known to
occur with longer durations of nutrient excess. Thus, this time point of high fat feeding provided a
model to study adipocyte metabolism in the context of obesity, in the relative absence of infiltrat-
ing macrophages which possess high metabolic activity. (B) Putative model of an adipocyte whiten-
ing program: Conditions of chronic nutrient excess lead initially to robust adipocyte hypertrophy.
When the adipocyte is near its maximal size, Pgcia is diminished leading to decreased mitochon-
drial biogenetic potential. Coordinately, citrate synthase activity is decreased, carbon is re-allocated
via changes in anaplerotic and cataplerotic metabolism, and mitochondrial autophagy is activated.
This leads to overt decreases in mitochondrial abundance and decreased oxidative capacity, i.e. adi-
pocyte whitening.

the work as finished as possible, to cover
up all the tracks, to not worry about blind
alleys or describe how you had the wrong
idea first, and so on. So, there isn’t any
place to publish, in a dignified manner,
what you actually did in order to get to do
the work.” — Physicist Richard Feynman
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This venue offers me the opportunity
to tell what was actually done “in order to
get to do [and publish] the work.” First
things being first, I feel it is important to
discuss the considerations we took into
account to make the study useful to
solid

the scientific community. For
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conclusions to be made and for compara-
bility with the literature, we examined adi-
pose tissue metabolism in a commonly
used, reproducible model of obesity—the
high fat-fed, C57BL/6] mouse.”” Several
important methodological issues were
considered as well. It was imperative to
study metabolism in the intact tissue, as
isolation of adipocytes would undoubtedly
have confounding effects on their metabo-
lism; however, this approach also had
numerous matters with which to deal, pri-
marily, the issue of cell composition.

First is the problem of cell infiltrate.
Feeding a high fat diet to male C57BL/6]
mice has been shown to promote large
increases in macrophages and other
inflammatory cells in white adipose tis-
sue.'”'* While increases in T cells and
neutrophils occur relatively early in the
course of high-fat-diet-induced obesity,"”
infiltration of the metabolically dynamic
macrophage population occurs by 10
weeks of feeding,'*"> with 16 weeks of
high fat feeding culminating in massive
termed a
wave,” that is associated with a profound
increase in macrophages.'” Subsequently,
the adipose organ is repopulated by new
adipocytes and corresponding vascula-
ture.!> Hence, the dynamic nature of the
adipose organ, with multiple cell types en
voyage into and out of the tissue during

“necrotic

adipocyte  death,

its expansion, makes studying adipocyte
metabolism in obesity unusually difficult.
However, upon six weeks of high fat feed-
ing, we found little evidence of infiltrating
macrophages in adipose tissue, despite
near maximal increases in adipocyte size
and the development of systemic glucose
intolerance, and
hyperinsulinemia.®  Thus, we
six weeks of high fat feeding as the model
to study adipocyte metabolism because it
provided a model of near maximal adipo-

intolerance, insulin

chose

cyte hypertrophy occurring in the context
of obesity in the relative absence of infil-
trating inflammatory cells (Fig. 1A).

The second issue relates to the compo-
sition of the adipocytes themselves. When
normalized to explant mass, our early
interpretations from studies on adipose
tissue from obese mice suggested a
decrease in many metabolites; however, as
pointed out in the early stages of manu-
script review by the astute and supportive
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Reviewers and Associate Editor of
the American Journal of Physiology
and Metabolism,
many of our initial conclusions were
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wrong! Expansion of adipocytes
results in less adipocytes and more
triglyceride content per explant,
which when normalized to tissue
mass, led to a specious decrease in
many of our metabolic endpoints.
How to deal with such an issue is
extremely important, not only for
our study, but for that of others
studying metabolism in tissue
explants. And it is of particular
importance with respect to adipo-
cytes, where the metabolic action
occurs in an area comprising <3%
of the total cell volume; in that thin,
peripheral rim that contains cyto-
plasm and forms the boundaries of
the cell. This unique structure dic-
tates that a normalizing factor repre-
sentative  of  cytoplasmic  cell
contents would be an appropriate
way of accounting for changes in
adipocyte number in explants from
obese mice. Protein content was the
most logical choice and was found
to be diminished by ~40% (per mg
tissue) in adipose tissue from high
fatc-fed mice. This

allowed us to correct our data and

information

helped to elucidate veritable meta-
bolic changes that occur in white
adipose tissue of obese mice. Of
note, it would not have been appro-
priate to normalize values to mito-
chondrial content, as this was
unchanged at the six week time
point of high fat diet studied. It is
our hope that this rather simple, yet
critical point helps others to correct
or normalize data to interpret results
from adipose explant studies more
accurately.

What insights does the study
bestow?
“Data does not equal informa-

tion; information does not equal
knowledge; and, most importantly
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Figure 2. Overview of biochemical changes occurring during adipocyte whitening. Conditions of chronic
nutrient excess leading to adipocyte hypertrophy are associated with changes in several metabolic path-
ways. Increased in abundance (top; a-l) are several osmolytes including glycerophosphorylcholine (a), tau-
rine (b) and hypotaurine (not shown), and creatine (c). Also increased are numerous fatty acids. Shown is
arachidonate (d) as well as its downstream product 12-HETE (not shown), which may be involved in adipo-
cyte inflammation. Other indicators of adipocyte inflammation that were higher in abundance in adipose
tissues from obese mice include stearoyl sphingomyelin (e) and cholesterol (f). Evidence of lipid buffering
is suggested by elevated levels of the carnitine lipid derivatives acetylcarnitine (g) and propionylcarnitine
(not shown). Several Krebs cycle intermediates and amino acids were increased in abundance as well;
these include succinate (h), malate (i), glutamine (j), glutamate (not shown), and aspartate (k). Additionally,
the nucleotide monosphosphates uridine monophosphate (I), cytidine monophosphate (not shown) and
inosine monophosphate (not shown) were increased. Also increased in obese mice were the 6-carbon sug-
ars glucose and maltose (not shown). In tandem with the higher levels of these metabolites were
decreases in numerous other biochemicals. Decreases in several amino acids involved in anaplerosis,
including leucine (m), valine (n), phenylalanine (o) and tyrosine (p), were observed in adipose tissues of
high fat-fed mice. Levels of phosphorylated glucose (q) and mannose (r) as well as pantothenate (s), which
is important in coenzyme A synthesis, were diminished as well. Finally, the carnitine degradation product
3-dehydrocarnitine (t) and mead acid (u) were metabolites in the lipid family that were lower in abun-
dance in adipose tissues from high fat-fed mice.
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of all, knowledge does not equal wisdom.
We have oceans of data, rivers of informa-
tion, small puddles of knowledge, and the
odd drop of wisdom.” — Ecologist Henry
Nix.

The results of the study gave us large
amounts of data to consider and integrate
into a conceptual framework. In our
metabolomics analysis, we found changes
consistent with adipocyte inflammation,
osmotic stress, and re-allocation of carbon,
likely via anaplerotic and cataplerotic pro-
cesses. Although mitochondrial abun-
dance as detected by mitochondrial DNA
abundance (relative to nuclear DNA) as
well as mitochondrial protein abundance
was not changed with 6 weeks of nutrient
activity ~ was
remarkably diminished, and Pgcla was

excess, citrate synthase
downregulated,  indicating  decreased
mitochondrial biogenetic capacity. At this
time point in the obesity protocol, indica-
tors of mitophagy were elevated and there
was ultrastructural and biochemical evi-
dence of activation of autophagy. By 12
weeks of high fat diet, there were extensive
decreases in the abundance of multiple
mitochondrial matrix and electron trans-
port chain proteins.”

Collectively, this information enables
construction of a new working model of
adipocyte metabolism
under conditions of nutrient excess. We

how remodels
posit that once an adipocyte reaches near
maximal size, a coordinated adipocyte
“whitening” program is triggered. Sensing
that it is nearly overladen with triglycer-
ides, the adipocyte downregulates citrate
synthase, allocates carbon to metabolic
intermediates important for fat storage,
diminishes  mitochondrial ~ biogenetic
potential, and activates mitophagy to
decrease mitochondrial mass (Fig. 1B).
The term whitening seems appropriate by
analogy. Because adipocyte “browning”
occurs when mitochondrial abundance
(and typically uncoupling protein 1 as
well) is increased in adipose tissue,'” a loss
of mitochondrial cytochromes, which give
mitochondria their characteristic brown
pigmentation, promotes a loss of color—a
whitening.

Many biochemical features are sugges-
tive of a metabolic remodeling that would
be consistent, or complementary, to a
whitening program. It is possible that the
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decrease in citrate synthase is a line of
defense triggered by adipocytes to help
prevent ectopic lipid deposition. By
decreasing synthesis of citrate, fatty acid
synthesis from glucose would be limited,
thereby diminishing de novo lipogenesis
and possibly empowering traditional lipo-
genesis pathways to esterify and store free
fatty acids derived from the circulation.
Metabolomics analysis also identified ele-
vated levels of the Krebs cycle intermedi-
ates malate and succinate, which may be
particularly important for fat storage:
malate is known to be used for the cata-
plerotic production of precursors of glyc-
erol-3-phosphate, which is used for fat
esterification'®; and the higher levels of
succinate could function as an autocrine,
biochemical mitokine that inhibits lipoly-
sis, likely via activation of Gpr91.'® The
coordinate changes in these metabolic
pathways could act in concert with the
mitochondrial biogenetic circuitry and
autophagic processes to promote or main-
tain maximal lipid storage and limit
ectopic deposition of fat.

As summarized in the illustration in
Figure 2, the wealth of metabolomic data
also helped identify other pathways
markedly affected in adipocytes under
of nutrient Key
changes in lipid pathways were apparent,
with increases in the inflammatory media-
tor 12-HETE as well as most metabolites
in the arachidonate synthesis pathway

.. 4
conditions excess.

occurring in adipose tissues from high fat-
fed mice. Other biochemical evidence for
adipocyte
increase in cholesterol and osmolytes,
both of which could activate the inflam-
masome.”’*® Recent evidence suggests

inflammation included an

that such increases in adipocyte inflamma-
tion could be an adaptive response to pro-
mote adipose tissue remodeling and
expansion under conditions of nutrient
excess. ™

The heightened levels of carnitine
derivatives such as acetylcarnitine and pro-
pionylcarnitine, which could act as a
buffer or repository of excess carbon, sug-
gest that adipocyte mitochondria in near
maximally enlarged adipocytes might be
“fHlooded” with substrate under conditions
That respiratory
responses to a mitochondrial uncoupler

of nutrient excess.

were higher in hypertrophied adipocytes

Adipocyte

provides further support to this notion.
We speculate that the adipocyte responds
to the fuel-rich condition by triggering the
whitening program, which decreases the
abundance of mitochondria to limit lipid
oxidation and concomitant oxidative
stress, thereby promoting lipid storage
and preventing excessive tissue damage.

Where do these findings
leave us?

While the study provides novel insights
into a whitening program in adipose tis-
sue, the data spawned numerous ques-
tions, making us even more aware of how
much we don’t know. Some questions are
definitional in nature, but have important
implications. For example, what is mito-
chondrial remodeling? Most commonly,
mitochondrial remodeling is described as
changes in the architecture of mitochon-
dria, dictated by mitochondrial fission
and fusion processes.25’27 Should this defi-
nition be refined? It may be appropriate to
have a more general definition for mito-
chondrial remodeling.  For
changes to mitochondria that affect their

example,

metabolic function, which could include
upregulation and/or downregulation of
mitochondrial proteins (i.e., changes in
the mitochondrial proteome), could be a
more accurate definition of mitochondrial
remodeling. The changes in numerous
mitochondrial metabolites along with
decreases in citrate synthase activity and
upregulation of some genes coding for
mitochondria-contained  proteins (e.g.,
Cox7al), despite downregulation of
others (e.g., Sirt3), would be sufficient to
fit this criteria.* Nevertheless, by electron
microscopy it appeared that increased fis-
sion occurs in adipocytes from obese
mice, which leads to the question of
whether mitochondrial structure dictates
their metabolic function or mitochondrial
metabolic function dictates their structure.
From the current literature, an argument
could be made for both.

Several results of the study fertilize
other grounds of thought. Why would the
adipocyte
Cox7al,

“specific” subunit of cytochrome oxidase,

upregulate genes such as
considered a heart/muscle-

while at the same time downregulating

Volume 4 Issue 1



Sirt3 and Pgcla and activating auto- Conventional paradigm

phagic programs to diminish mito-

chondrial abur}dance? It would Adipocyte Adipose tissue  Adipocyte Macrophage Angiogenesis:

appear that increasing Cox7al hypertrophy | hypoxia death | infiltration Pre-adipocyte

would be more consistent with a | | | recruitment;

browning program rather than a Time Adipogenesis

whitening one, and that its induc-

tion would be a programmatic con-

flict of interest. How do we reconcile . .

. : - Alternative paradigm

this response with the whitening

program? Excessive consumption of ) . ) M N ] )

calories has been shown to have the Adipocyte  Adipocyte ~ Adipocyte Macrophage  Adipose tissue Angiogenesis:
X . . hypertrophy | whitening death infiltration hypoxia Pre-adipocyte

capacity to increase energy utiliza- > recruitment:

tion via diet-induced thermogenesis Time Adipogenesiis

(originally coined by Neumann as

“luxuskonsumption”)l7; hence, it is
possible that upregulation of Cox7a1
is an evolutionarily conserved
response to promote fuel utilization
in the face of nutrient excess. Indeed,
interventions that promote a brown-
ing of adipose tissue, such as inhibit-

ing autophagy, promote lipid

Figure 3. Potential role of adipocyte whitening in the adipose tissue remodeling paradigm. In the conven-
tional view, chronic nutrient excess promotes excessive adipocyte hypertrophy, which contributes to adi-
pose tissue hypoxia, necrotic cell death, and macrophage infiltration. Inclusion of the adipocyte
whitening program could change this paradigm. Here, adipocyte hypertrophy is followed in time by
decreases in mitochondrial abundance (whitening), which diminishes the capacity of the adipocyte to
provide energy for itself. This results in adipocyte necrotic cell death, which is followed by a large influx of
inflammatory cells having high metabolic activity. The relatively high rate of oxygen consumption by mac-
rophages leads to adipose tissue hypoxia, which, in turn, is important for signaling for angiogenesis and
the recruitment of new pre-adipocytes to aid in tissue remodeling.

oxidation and have favorable effects
28
Could

extreme nutrient excess, as occurs with

on systemic metabolism.

continuous provision of high fat die,
result in a state metabolic confusion evi-
denced by the initiation of components of

both the

adipocyte programs? The presence of such

browning and whitening
incongruities suggest that teasing out the
contribution of individual
metabolic changes—such as those associ-
ated with osmotic stress, Krebs cycle metab-
olites, as well as interesting genes such as
Cox7al—is a worthwhile undertaking.

Is the whitening program beneficial or
deleterious in the context of obesity? This
is the ultimate question, one for which we
don’t yet know the answer. However, I
think it is a safe assumption that adipose
whitening is part of a much broader pro-
gram for accommodating a chronically
elevated intake of calories. Inidally, the
physiological response to excessive caloric
intake appears to primarily be via hyper-
trophy of existing white adipocytes with
modest recruitment and differentiation of
preadipocytes  (i.e., adipogenesis)*’;
however, prolonged periods of nutrient
excess (in mice) cause large-scale adipocyte
death, a robust inflammatory response,
and sweeping repopulation of the adipose
with adipocytes.'®?°
This adipose tissue remodeling process

organ new
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appears to lead to an improved capacity to
accommodate lipid and to increase insulin
sensitivity.'® Such favorable changes in
systemic metabolism may be due to adipo-
cyte hyperplasia, leading to an increased
capacity to store excess calories. Indeed,
increases in white adipocyte number, such
as that coerced in several obesity models
in which insulin sensitivity (e.g., adipo-
nectin overexpressionm) or mitochondrial
function (e.g., modulation of MitoNEET
expression”?) have been altered, appear to
promote the development of an adipose
organ with more, smaller adipocytes and
results in sustained systemic insulin sensi-
tivity despite morbid obesity. It is cur-
orchestrated
program of adipocyte whitening might

rently unclear how the

affect recruitment or hyperplasia of (pre)
adipocytes.

How could adipocyte whitening fit
into, or modify, our current understand-
ing of adipose tissue remodeling? The cur-
rent collective thought is that, during
obesity, adipocytes die due to insufficient
perfusion and hypoxia, which is in part
caused by extreme increases in adipocyte
size and insufficient vasculature.””*” This
is then thought to recruit macrophages
to clear the dead cells, with such inflam-
matory responses contributing to systemic

Adipocyte

insulin resistance.””?**> However, recent
studies have challenged this paradigm by
showing the absence of hypoxia and even
increased oxygen tensions in adipose tis-
sues of obese humans.’*>® Furthermore,
oxygen consumption in adipose tissues
and adipocytes of obese humans has been
demonstrated to be diminished compared
with that of lean counterparts,”’ >’ which
could support the concept of adipocyte
whitening. The fact that mitochondrial
protein abundance is diminished remark-
ably several weeks prior to the necrotic
wave phenomena in mice®'® would
appear to suggest that not only is oxygen
consumption by adipocytes unlikely to
contribute to hypoxia, but that the ensu-
ing necrotic cell death may be due simply
to loss of mitochondrial abundance and
lack of a capacity to provide usable energy
for adipocyte survival; that is, in adapting
to store excess energy, adipocytes might
lose the ability to generate ATP for them-
selves. It would then seem more plausible
that the brunt of adipose tissue hypoxia
measured in many studies is caused by dis-
proportionate levels of metabolically
active macrophages working to clear dead
adipocytes (Fig. 3). Should this scenario
be correct, then we would expect that pre-
venting adipose tissue whitening would
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mitigate both adipocyte death and macro-

phage infiltration in adipose tissue. How-

ever, it should be noted that an increase in

mitochondrial uncoupling and adipocyte

oxygen consumption occurring early (e.g.,
3-7 days) after provision of a high fat diet

has been associated with higher abundance

of HIFla in adipose tissue, inflammation

and insulin resistance,*° suggesting that a

more brown-like adipocyte phenotype

might not always be beneficial. Future
studies in which adipocyte whitening is

prevented or coerced could lend insight

into whether this process is beneficial or
harmful in the context of obesity.
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