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De novo lipogenesis in metabolic homeostasis:
More friend than foe?
Giovanni Solinas 1,*, Jan Borén 1, Abdul G. Dulloo 2
ABSTRACT

Background: An acute surplus of carbohydrates, and other substrates, can be converted and safely stored as lipids in adipocytes via de novo
lipogenesis (DNL). However, in obesity, a condition characterized by chronic positive energy balance, DNL in non-adipose tissues may lead to
ectopic lipid accumulation leading to lipotoxicity and metabolic stress. Indeed, DNL is dynamically recruited in liver during the development of fatty
liver disease, where DNL is an important source of lipids. Nonetheless, a number of evidences indicates that DNL is an inefficient road for calorie
to lipid conversion and that DNL may play an important role in sustaining metabolic homeostasis.
Scope of review: In this manuscript, we discuss the role of DNL as source of lipids during obesity, the energetic efficiency of this pathway in
converting extra calories to lipids, and the function of DNL as a pathway supporting metabolic homeostasis.
Major conclusion: We conclude that inhibition of DNL in obese subjects, unless coupled with a correction of the chronic positive energy balance,
may further promote lipotoxicity and metabolic stress. On the contrary, strategies aimed at specifically activating DNL in adipose tissue could
support metabolic homeostasis in obese subjects by a number of mechanisms, which are discussed in this manuscript.
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1. INTRODUCTION

Metabolic homeostasis is an essential condition to sustain life, and
metabolic derangements are at the origin of several debilitating dis-
eases. Obesity, a pathological condition characterized by excessive
accumulation of body lipids, is by far the most prevalent metabolic
disease affecting hundreds of millions of people worldwide. The
leading cause of this excessive lipid accumulation is a chronic positive
energy balance combined with energy partitioning toward lipids.
Lifestyle interventions are in principle ideal solutions to fight the obesity
pandemics, although in practice the implementation of such measures
has largely failed so far [1]. Hence, it is important to better understand
the mechanisms driving excessive lipid deposition and the role of such
mechanisms in impaired metabolic homeostasis. In this context, it has
been proposed that lipids stored in non-adipose tissues (i.e., ectopic
lipid accumulation) play a major role in the pathogenesis of obesity-
related diseases [2,3]. It is also established that de-novo lipogenesis
(DNL) in humans can be, under specific conditions, an important
source of adipose tissue lipids and ectopically stored lipids. Indeed,
DNL was shown to be an important source of intrahepatocellular lipids
in the pathogenesis of non-alcoholic fatty liver disease (NAFLD). Here
we review the current literature on the role of DNL in metabolic ho-
meostasis. We conclude that although DNL significantly contributes to
ectopic lipid accumulation, the specific recruitment of this pathway
may in fact limit the effects of excessive calories on ectopic lipid
deposition and glucose intolerance by a number of mechanisms. We
1Department of Molecular and Clinical Medicine, Institute of Medicine, Sahlgren
Sweden 2Division of Physiology, Department of Medicine, University of Fribourg, Fribo

*Corresponding author. E-mail: Giovanni.Solinas@wlab.gu.se (G. Solinas).

Received February 16, 2015 � Revision received March 6, 2015 � Accepted March 12

http://dx.doi.org/10.1016/j.molmet.2015.03.004

MOLECULARMETABOLISM4 (2015) 367e377 � 2015 The Authors. Published by Elsevier GmbH. This is an ope
www.molecularmetabolism.com
also propose that reactivation of DNL in adipose tissue of obese people
could be a promising strategy for the treatment of obesity-driven
diseases.

2. THE DNL ROAD TO ECTOPIC LIPIDS

2.1. Contribution of DNL to fatty liver disease
Intracellular lipids can accumulate from dietary lipid influx or can be
synthesized de-novo from Acetyl-CoA and Malonyl-CoA produced from
the catabolism of different substrates (Figure 1A). For conditions in
which lean body mass is not increasing, excess calories from positive
energy balance are stored as triglycerides in white adipocytes. Tri-
glycerides are energy dense and chemical stable compounds, and the
adipocyte is a specialized cell type, which can safely store large
amounts of triglycerides in a monolocular lipid droplet [4]. However,
this system has a saturation limit, and excessive calories over a long
period may lead to the deposition of triglycerides and other more toxic
lipids in non-adipose tissues, leading to lipotoxicity and inflammation
[2,3,5e7]. Hence, ectopic lipid deposition is considered a major source
of metabolic stress and a major pathogenic factor in obesity-
associated diseases. In humans, DNL can be an important contrib-
utor to adipose tissue and ectopic lipid accumulation [8,9], and several
cell types express the enzymes implicated in this pathway. Because
the hepatocyte is the non-adipose cell type displaying the highest
lipogenic capacity, NAFLD is an ideal model to investigate the role of
DNL in ectopic lipid deposition. The contribution of DNL to fatty acids
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Figure 1: Energetic and biosynthetic functions of de novo lipogenesis (DNL) in the control of metabolic homeostasis. (A) DNL produces lipids by disposing of glucose and calories.
Whereas lipids can be directly incorporated into intracellular stores in an energetically efficient manner, the conversion of glucose into intracellular lipids via DNL is a costly process.
Glucose enters the cell via specific glucose transporters. It is converted to pyruvate via glycolysis and, in this form, enters the mitochondria where it is converted to acetyl-CoA in
order to enter the Krebs cycle. In the presence of excessive glucose and calories, citrate from the Krebs cycle is exported to the cytoplasm via the citrate carrier (CIC). The latter is
the first committed step of DNL. Indeed, citrate is a powerful inducer of acetyl-CoA carboxylase (ACC) activity, which produces malonyl-CoA, a major intermediate of fatty acid
synthesis and an inhibitor of the fatty acid transporter CPT-1. However, it is important to consider that fatty acid synthase (FAS) consumes malonyl-CoA, limiting its accumulation
and consequent inhibition of CPT-1. Because DNL and b-oxydation of fatty acids are distinct pathways, fatty acid synthesis and b-oxidation can occur simultaneously, creating
futile cycles as described during brown adipose tissue activation and browning of white adipose tissue. The pentose phosphate pathway (PPP) is an important intracellular source of
NADPH, which provides energy for DNL. Altogether DNL is an energetically inefficient way to form intracellular lipids and, in specific circumstances, can act as a considerable sink
for calories and glucose. (B) DNL was also proposed to support the synthesis of several signaling molecules implicated in the control of metabolic homeostasis. These include
specific lipids of the sarcoplasmic reticulum (SR) membrane controlling SERCA function and intracellular calcium; secreted lipids with cytokine-like activity supporting metabolic
homeostasis “lipokines”, such as palmitoleic acid (PAO) and branched fatty acid esters of hydroxy fatty acids (FAHFA); endogenous ligands of nuclear receptors including PPARa
(16:0/18:1-GPC), PPARg (alkyl ether lipids), and possibly LXR. DNL was also implicated in the palmitoylation and acetylation of specific proteins.
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stored in the liver of patients with NAFLD has been quantified in an
elegant study using multiple stable isotopes to trace the different
sources of liver fat [10]. DNL contributed about 26% of fatty acids in
livers of NAFLD patients, free fatty acids from adipose tissue and from
the diet contributed 59% of liver lipids, and dietary triglycerides
associated with chylomicrons contributed 15% of liver fat. Hence, DNL
can contribute about a quarter of the liver lipids in patients with NAFLD.
A more recent study from the same laboratory investigated the
contribution of the different lipid sources above to liver fat of human
subjects with either low or high liver lipid content but with similar
adiposity [11]. The results show that DNL was the only source of lipids
displaying a statistically significant increase in subjects with high liver
lipid content, compared to those with lower liver lipid content but
comparable adiposity [11]. From these results it can be concluded that
DNL is specifically recruited during the development of fatty liver.
These findings led the authors to suggest that DNL plays a causative
role in the pathogenesis of NAFLD and that suppression of DNL by
carbohydrate restriction may be a valuable approach for the treatment
of NAFLD [11]. In support of the latter concept, it has been reported
that carbohydrate restriction clears liver lipids faster than lipid re-
striction in NAFLD patients [12]. However, no difference in liver lipids
was observed between carbohydrate-restricted or fat-restricted pa-
tients after a weight loss of about 7% of the starting body weight
[12,13]. Furthermore, it is not known whether the faster clearance of
hepatic lipids observed during carbohydrate restriction, compared to
fat restriction, depends on differences in DNL. Indeed, it is likely that
carbohydrate restriction, more than fat restriction, will lead to
increased hepatic glucose production, an important caloric output from
the liver, which could further promote hepatocyte negative energy
balance. Additional evidence to support a role for carbohydrate and
DNL in human NAFLD comes from fructose overfeeding studies.
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Healthy men fed a 35% caloric surplus as fructose for seven days
showed significantly elevated intrahepatocellular lipids compared to
control subjects not receiving the fructose caloric surplus [14].
Furthermore, extra calories from fructose synergize with extra calories
from fat to promote fatty liver [14]. Importantly, it was shown that an
extra 25% calories in the form of fructose fed to healthy men for six
days is sufficient to cause a marked increase of fractional DNL [15].
Taken together, these studies demonstrate that DNL is a significant
source of intrahepatocellular lipid in fatty liver disease, and many have
proposed that DNL is a major pathway in the pathogenesis of NAFLD.
However, It is important to note that these studies are correlative and
do not establish whether the specific recruitment of DNL in people with
high-liver lipids is a promoting or a protecting factor in the progression
of NAFLD.

2.2. DNL is the most “energetically costly” road for extra calories
to ectopic lipid deposition
The studies described above demonstrate that DNL is specifically
recruited during the development of NAFLD in humans, and that it
significantly contributes to ectopic lipid accumulation. However, it
could be argued that the specific recruitment of DNL in people accu-
mulating liver lipids may offer some protection from NAFLD (and
ectopic lipid deposition) progression, by minimizing the conversion
efficiency of extra calories from positive energy balance to lipids.
Indeed, among all the possible sources of ectopic lipid deposition DNL
is by far the one that costs the most calories (Figure 1A). Based on
stoichiometry, the synthesis of one molecule of palmitate from acetyl-
CoA costs 7 molecules of ATP and requires the conversion of 14 high-
energy NADPH molecules to NADPþ. Different studies evaluating
feeding efficiency in pigs consistently indicate an energetic cost for
storing fat via DNL of 20%e25% of metabolizable energy intake
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[16,17]. In humans the energy expenditure for DNL has not been
evaluated to the same extent as in pigs, but a study comparing the
effects of overfeeding healthy humans with fat or carbohydrates on
energy storage reported consistent results with the studies above [18].
Interestingly, a study reported that feeding healthy humans a 35%
surplus of calories in the form of fructose for seven days caused an
increase of 16% of intrahepatocellular lipids relative to control sub-
jects, whereas a 30% caloric surplus in the form of dietary fat for only
four days led to an 86% increase of intrahepatocellular lipids relative to
control subjects [14]. It must be mentioned that in this latter, study the
authors do not measure DNL, which is limiting data interpretation.
Nonetheless, these data indicate that a caloric surplus of fructose (a
highly lipogenic nutrient) is much less efficient than a similar caloric
surplus of dietary lipids in promoting hepatic lipid deposition [14].
Consistently, in humans DNL has been shown to be positively corre-
lated with post-prandial energy expenditure [19], and carbohydrate
overfeeding (leading to induction of DNL gene-expression), but not fat
overfeeding, significantly elevated energy expenditure [20,21].
Collectively, these data indicate that carbohydrate conversion to lipids
via DNL may lead to significantly less ectopic lipid deposition for the
same caloric surplus than what dietary lipids or lipids mobilized from
adipose tissue can yield.
In addition, it is also important to consider that, in humans, adipose
tissue is considered to be a major site for DNL, significantly contrib-
uting to body lipid reserves [22e25]. Thus, it is remarkable that he-
patic DNL is positively correlated with insulin resistance and fatty liver,
while the opposite correlation is observed between adipose tissue DNL,
fatty liver, and insulin resistance. Indeed, in humans, large adipocyte
size is correlated with insulin resistance and decreased expression of
DNL genes in adipose tissue [24,26e28]. Furthermore, studies
simultaneously investigating liver and adipose tissue DNL in lean and
obese men show that insulin resistance and steatosis are positively
correlated with DNL in liver and negatively correlated with DNL in
adipose tissue [29,30].
Overall, current human studies indicate that not only is hepatic DNL
specifically recruited during ectopic lipid deposition but also DNL is an
energy-inefficient source of lipids. Indeed, by consuming a larger share
of the caloric surplus driving ectopic lipid accumulation, DNL yields
fewer lipids per calorie than what direct ectopic deposition of lipids
derived from diet or adipose tissue would yield (Figure 1A). Finally, DNL
in adipose tissue is negatively correlated with fatty liver and insulin
resistance. Hence, reactivation of DNL in adipose tissue may be a
promising strategy for the treatment of lipotoxicity-related diseases.

3. DNL, A BIOSYNTHETIC PATHWAY SUSTAINING
HOMEOSTASIS

More mechanistic insights about the role of DNL in ectopic lipid
deposition and metabolic homeostasis can be derived from mouse
genetic studies indicating a specific role for DNL in the production of a
number of bioactive molecules that contribute to metabolic homeo-
stasis in a number of different cell types (Figure 1B). Below, we review
some basic literature from mouse genetic studies targeting essential
enzymes along the DNL pathway and we discuss the role of DNL in the
control of fatty acid oxidation and cell signaling.

3.1. ATP-citrate lyase and acetyl-CoA carboxylase
Malonyl-CoA, an essential substrate for DNL, also acts as potent in-
hibitor of mitochondrial fatty acid oxidation via carnitine
palmitoyltransferase-1 (CPT-1), such that elevated cytoplasmic levels
of malonyl-CoA may promote cellular lipid accumulation (Figure 1A). As
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ATP-citrate lyase (Acly) and acetyl-CoA carboxylase (ACC) are both
upstream of the synthesis of malonyl-CoA the roles of these two DNL
enzymes in ectopic lipid deposition and insulin resistance are dis-
cussed together below.
Targeted genetic inactivation of the Acly locus leads to early embryonic
lethality as no homozygote embryos for Acly inactivation were found
from 8.5 days post-coitum [31]. Hence Acly produces lipids necessary
for the early phase of embryonic development, which cannot be
functionally provided by the mother. More information comes from
experiments where Acly expression is suppressed in livers of mice by
adenoviral-mediated delivery of small interfering RNA (siRNA).
Genetically obese mice lacking a functional leptin receptor (db/db)
were infected with either an adenovirus expressing siRNA against Acly
or a control virus [32]. db/db mice infected with Acly-siRNA adenovirus
showed marked suppression of liver Acly expression, were protected
from NAFLD, and displayed improved glucose tolerance compared to
db/db mice infected with a control virus [32]. These results suggest
that inhibition of DNL in hepatocytes can protect against ectopic lipid
storage. However, mice infected with Acly-siRNA virus displayed a
marked reduction of malonyl-CoA [32] and thus the protective effects
of Acly silencing are at least in part the consequence of increased fatty
acid oxidation due to reduced CPT-1 inhibition from malonyl-CoA
(Figure 1A). It is also important to consider that genetically obese
mice lacking leptin function, such as db/db mice, display exaggerated
hepatic DNL [33] and defective lipolysis in white adipocytes [34,35].
Thus the contribution of DNL to liver lipids in db/db mice on a standard
chow (low fat) diet is most likely significantly higher than the value of
26% measured in humans [10]. Hence Acly inhibition may not protect
or may even promote NAFLD in humans, for whom most liver lipids
come from the diet and adipose tissue. Indeed, suppression of Acly in
wild-type mice by infection with Acly-siRNA virus did not protect from
NAFLD but promoted the development of fatty liver, in particular when
mice were placed on high-fat diet for 25 days [36]. Hence, under
conditions of physiological DNL and adipose tissue lipolysis, as it oc-
curs in wild type mice, liver Acly activity protects from accumulation of
liver lipids.
Downstream to Acly, the enzymes acetyl-CoA carboxylase (ACC) 1 and
2 directly catalyze the reaction leading to the formation of malonyl-CoA
(Figure 1A). Genetic deletion of the ACC1 gene in mice leads to early
embryonic lethality [37], indicating a fundamental role for DNL in early
embryonic development. More information about a role for ACC1 in
metabolism comes from a study using mice with a liver-specific
conditional deletion of ACC1. Mice lacking ACC1 in hepatocytes
maintained on a chow diet displayed a reduction of about one third of
liver lipid content compared to control mice [38]. Importantly, the
difference in lipid content between hepatocyte-specific ACC1 knockout
mice and control mice was exacerbated by feeding the mice a fat-free
diet and blunted by feeding the mice a high-fat diet [38]. The latter
results are consistent with what was discussed above on liver Acly-
inactivation as ACC1 inactivation in hepatocytes caused an important
reduction of liver lipids only in lean mice on extreme lipogenic con-
ditions (fat-free diet) and no protection was observed when dietary
lipids are abundant (high-fat diet).
ACC2 knockout mice are viable [39e42], and it has been reported that
mice lacking ACC2 display a leaner phenotype and reduced hepatic
lipid content [39,40]. However, reduced liver lipids were not due to
reduced hepatic DNL, as malonyl-CoA levels in liver of ACC2 knockout
mice were comparable to those found in control mice [39]. Hence,
reduced liver lipids reported in ACC2 knockout mice are most likely
explained by the leaner phenotype of these mice. It must be also noted
that other laboratories which generated mice lacking ACC2 could not
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observe a leaner phenotype for ACC2 knockout mice, thereby weak-
ening the link between ACC2, adiposity, and NAFLD [41,42]. Further
information on the role of ACC on NAFLD can be derived from ex-
periments where ACC1 and ACC2 are both inactivated in liver. In one
study liver expression of ACC1 and ACC2 was markedly reduced (by
about 80%) in rats, using modified antisense oligonucleotides against
ACC1 and ACC2 [43]. Rats receiving the ACC1 and ACC2 antisense
oligonucleotides displayed reduced liver lipids and improved insulin
sensitivity. However, it is important to note that in rats receiving the
ACC1-2 antisense oligonucleotides, ACC1 and ACC2 activities were
only partially reduced, as indicated by a 50% decrease in malonyl-CoA
levels [43]. Furthermore, analysis of DNL and fatty acid oxidation
showed that ACC1-2 antisense oligonucleotides caused a rather
modest reduction of DNL (about one third) and a marked increase in
fatty acid oxidation (about four times) [43]. The findings that hepato-
cytes treated with ACC1-2 antisense oligonucleotides display a marked
four-fold elevation of fatty acid oxidation and close to control levels of
DNL (about two thirds) suggest the possibility that liver lipids may be
largely disposed by a futile cycle between DNL and fatty acid oxidation
(Figure 1A). Hence, DNL and fatty acid oxidation could be coordinated
in a way to form, under specific conditions, a futile cycle protecting
cells from ectopic lipid deposition by dissipating extra calories in the
form of heat [44e49].
Strong support in favor of a role for DNL in the protection fromNAFLD can
also be derived from a study of mice with hepatocyte-specific double
knockout for ACC1 and ACC2 [50]. Compared to wild type controls, mice
lacking both ACC1 and ACC2 in hepatocytes displayed increased liver
mass, increased liver triglyceride content, and more hepatocyte
microvescicular fat. Importantly DNL, assessed by acetate incorporation
in fatty acids, was blunted in primary hepatocytes from liver-specific
ACC1-2 knockout mice [50]. Surprisingly, the authors also observed
that fatty acid oxidation was reduced by 50% in primary hepatocytes
lacking ACC1 and ACC2 [50], suggesting that basal levels of DNLmay be
required to sustain efficient fatty acid oxidation. Finally, the authors
observed that ablation of ACC1 and ACC2 in hepatocytes leads to altered
acetylation of hundreds of proteins, revealing an important role for liver
ACC activity in sustaining physiological protein acetylation [50].
Altogether, studies targeting the key lipogenic enzymes Acly and
ACC1-2 indicate that DNL plays an important role in embryonic
development and, in adult mice, in the coordination of fatty acid
oxidation by malonyl-CoA dependent and independent mechanisms.
Furthermore, ACC activity in hepatocytes is required to sustain phys-
iological protein acetylation. Although under specific conditions, ACC
and Acly suppression can protect from the accumulation of intra-
hepatocelullar lipids, this effect seems to be more relevant to models in
which DNL is the major source of hepatic lipids and cannot be easily
compensated by other lipid sources (e.g. in db/db mice and in mice fed
a fat-free diet). In wild type mice on chow diet (shown for Acly and
ACC), or on high-fat diet (shown for Acly), targeting these enzymes was
reported to promote lipid accumulation in hepatocytes, indicating a
protective role for these enzymes against fatty liver. An explanation for
the latter could be the high energetic cost of DNL and the possibility to
form futile substrate cycling between DNL and fatty acid oxidation
(Figure 1A) [44e49,51].

3.2. Fatty acid synthase inactivation indicates a role for DNL in
signaling
In contrast to Acly and ACC1-2, fatty acid synthase (FAS) consumes
malonyl-CoA instead of producing it. Hence, inhibition of FAS is ex-
pected to increase intracellular concentrations of malonyl-CoA
(Figure 1A).
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A small-molecule FAS inhibitor, platensimycin, was shown to effec-
tively inhibit FAS activity in mice [52]. Platensimycin protected mice
from liver triglyceride accumulation induced by high-fructose diet but
did not significantly protect db/db mice from fatty liver [52]. Thus,
acute systemic FAS inhibition was shown to protect mice from liver
triglyceride accumulation only when the mice are kept on high-fructose
diet, an experimental model in which the unique road for extra calories
to ectopic lipid is DNL.
In line with what was observed for Acly and ACC1 knockout mice,
targeted genetic deletion of the Fas gene in the mouse causes a lethal
phenotype during embryonic development [53], and feeding the
mothers with a fat-rich diet did not rescue lethality of Fas knockout
embryos. Hence FAS may produce lipids with essential structural or
signaling function for embryonic development. Indeed, subsequent
studies of mouse tissue-specific conditional gene targeting showed
that FAS is required to sustain the levels of specific signaling lipids
(Figure 1B). When the Fas gene is specifically targeted in mature
hepatocytes, mice display suppressed liver FAS activity and higher
levels of liver malonyl-CoA and develop more steatosis when placed on
a fat-free diet [54]. The latter results demonstrate that hepatic DNL is
not required for fat-free diet-induced steatosis, and show that inhibi-
tion of hepatic DNL downstream malonyl-CoA (which inhibits fatty acid
oxidation) exacerbates the steatotic effects of a fat-free diet
(Figure 1A). Interestingly, hepatocyte-specific FAS knockout mice kept
on a fat-free diet display reduced expression of PPARa target genes in
liver and developed hypoglycemia compared to control mice, a
phenotype consistent with decreased PPARa activity [54]. Adminis-
tration of a PPARa agonist to these mice rescued steatosis and hy-
poglycemia, suggesting that FAS activity may be required to sustain
functional concentrations of a physiological PPARa agonist. Indeed, the
same laboratory reported that FAS activity in the hepatocyte is
necessary to sustain the concentration of the phospholipid 1-palmitoyl-
2-oleoyl-sn-glycerol-3-phosphocholine (16:0/18:1-GPC), which binds
and activates PPARa [55]. FAS was also implicated in the synthesis of
PPARa agonists in non-typical lipogenic cells such as neurons [56].
Mice lacking FAS in the hypothalamus and pancreatic b-cells display
normal b-cell function but are leaner than control mice due to reduced
food intake [56]. Loss of FAS activity in the hypothalamus correlated
with decreased expression of PPARa-regulated genes, and intra-
hypothalamic, but not systemic, administration of a low dose of a
PPARa agonist normalized food intake in these mice.
Further support for a role of FAS in the control of nuclear receptor
function comes from conditional gene inactivation of FAS in myeloid
cells [57]. Mice lacking FAS in myeloid cells are protected in a model of
atherosclerosis and display decreased PPARa-mediated gene
expression. The authors reported that macrophages lacking FAS were
less prone to transform to foam cells because of decreased cholesterol
uptake and increased cholesterol export. Interestingly, macrophages
lacking FAS activity display elevated levels of the nuclear receptor LXR
and of its target genes ABCA1 and SREBP1. Overall, the authors
concluded that FAS metabolites in macrophages modulate the activity
of the nuclear receptors PPARa and LXR to orchestrate cellular
cholesterol traffic [57]. Hence, the action of FAS as synthetic pathway
for nuclear receptor ligands is not limited to PPARa but also involves
other nuclear receptors in a tissue-specific manner (e.g. LXR in
macrophage). Consistently with the latter concept, ablation of FAS
activity in white and brown adipocytes leads to a leaner phenotype and
browning of subcutaneous adipose tissue independently from the
generation of PPARa agonists in adipocytes [58]. Indeed, the authors
report increased PPARa-driven gene expression in FAS-deficient adi-
pocytes and show evidence that FAS activity in adipocytes is necessary
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to sustain the production of specific alkyl ether lipids, which act as
PPARg agonists.
Collectively, these studies indicate that FAS generates specific me-
tabolites controlling the activity of different nuclear receptors, including
PPARa; LXR; and PPARg, with specific patterns for specific cell types
(Figure 1B).
In addition to sustaining physiological levels of nuclear receptor ligands
the main product of FAS is palmitate, the substrate of protein palmi-
toylation, an important post-translational modification affecting activity
and cellular localization of proteins (Figure 1B). Mice lacking FAS in
endothelial cells display defective angiogenesis and are sensitized to
the effects of LPS, a phenotype that was explained by defective pal-
mitoylation of nitric oxide synthase (eNOS) [59]. Conditional deletion of
FAS in the intestinal epithelium of mice causes defective mucous
barrier consequent to defective palmitoylation and secretion of mucin-
2, an essential constituent of the intestinal mucus barrier [60]. These
last two studies indicate that FAS activity is required for efficient
functional palmitoylation of some proteins implicated in different
physiological functions.
Another mechanism by which FAS activity was reported to control
cellular function is through the modulation of physiological calcium
signaling. Mice lacking FAS specifically in the myocardium and in
skeletal muscle display increased calcium signaling [61,62], which
was explained by defective activity of the sarcoplasmic calcium
transporter SERCA [62]. The action of FAS on SERCA activity did not
appear to be direct but through modulation of the composition of the
sarcoplasmic reticulum membrane [62]. Thus, this study indicates that
FAS activity in skeletal muscle is required to sustain sarcoplasmic
reticulum membrane lipid composition, and consequently calcium
homeostasis (Figure 1B). Furthermore, the fact that FAS expression in
skeletal muscle was elevated in response to feeding a high fat diet [62]
suggests a possible role for FAS in sustaining myocyte physiological
lipid composition in response to a dietary lipid load. However, to date, it
is not clear whether FAS is important for sustaining the physiological
composition of membrane compartments other than that of the
sarcoplasmic reticulum.
From the mouse genetic studies discussed it can be concluded that
FAS activity is implicated in the synthesis of lipids required to maintain
important cellular signaling and regulatory functions. More specifically,
FAS activity is required to sustain physiological levels of specific nu-
clear receptor ligands, palmitoylation of specific target proteins, lipid
composition of the sarcoplasmic reticulum membrane, SERCA func-
tion, and calcium homeostasis (Figure 1B). Importantly, FAS deletion in
liver did not protect but exacerbated steatosis in mice kept on fat-free
diet. The latter indicates that the protective effects of ACC1 liver
inactivation on intrahepatocellular lipid accumulation observed in mice
kept on a fat free diet are better explained by reduced levels of
malonyl-CoA rather than decreased DNL [38] (Figure 1A).

3.3. Emerging roles for DNL in the immune system
Several lines of evidence suggest a close relationship between the
molecular machinery controlling immune functions and the control of
lipid handling.
Most notably, the transcription factor interferon regulatory factor 4
(IRF4) was reported to be a major transcriptional regulator of the gene
expression program for lipolysis [63,64], whereas the pro-
inflammatory class-1 phosphoinositide 3 kinase g (PI3Kg) emerged
as a potent post-translational regulator of lipolysis [65,66]. Conversely,
lipids released from lipolysis may play an important role in the control
of immune functions [67,68]. IRF4 ablation in fibroblasts resulted in
elevated DNL, indicating a crosstalk between IRF4, lipolysis, and DNL
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[64], suggesting that lipolysis and DNL may be sources of immuno-
modulatory lipids. As discussed above, FAS in macrophages modu-
lates the activity of the nuclear receptors PPARa and LXR [57]. Mice
lacking FAS in the hypothalamus display reduced levels of inflam-
matory cytokines in response to bacterial lipopolysaccharides (LPS)
[69]. Mice lacking FAS activity in endothelial cells display defective
angiogenesis and are sensitized to the effects of LPS, a phenotype that
was explained by defective palmitoylation of nitric oxide synthase
eNOS [59]. Hence, DNL activity may be implicated in the response to
bacterial LPS. Consistently, macrophages undergoing classical LPS-
mediated “M1” activation display high-rates of glucose utilization
compared to monocytes and “M2” activated macrophages [70].
Treatment of macrophages with either LPS or the M1 cytokines TNFa
or INFg causes a marked elevation of the expression of the key DNL
proteins mitochondrial citrate carrier and citrate lyase [71e73].
Furthermore, mitochondrial citrate carrier and citrate lyase activities in
macrophage have been proposed to play a role in the production of
reactive oxygen species, NO and the prostaglandin PGE2 [71e73].
Thus, increased glucose utilization for DNL is a distinct characteristic of
M1-activated macrophages, which may play a role in sustaining innate
immune functions. LPS induces citrate lyase expression and DNL also
in B-cells, and inhibition of citrate lyase causes proliferation arrest,
decreased survival, and defective expansion of the endoplasmic re-
ticulum of B-cell following LPS treatment [74]. Hence, DNL may be
implicated in proliferation, survival, and activation of B-cells in
response to LPS. T-cell metabolism also depends on the specific T-cell
type and on the activation state [75]. Activated proliferating T-cells
display elevated glucose uptake, but the general role of DNL in T-cell
function is not known. However, it was recently reported that memory
CD8þ T-cells utilize glucose to support oxidative phosphorylation of
fatty acids via DNL, implying an energy demanding futile cycle between
fatty acids synthesis and oxidation [51].
DNL is also important in maintaining the integrity of intestinal mucous
barrier, as FAS ablation in the intestinal epithelium of mice causes a
defective mucous barrier, increased intestinal permeability, and pre-
disposition to intestinal inflammation [60]. Nonetheless, it was also
reported that acute FAS inhibition protects mice from the dextran
sulfate induced colitis, indicating a complex action for FAS in mucosal
immunity [76].
Altogether, emerging evidence indicates that DNL is dynamically
recruited in specific leukocytes during differentiation or activation.
DNL action in immunity is in part metabolic, providing structural
lipids necessary for expansion of cell membranes or components of
the intestinal mucous barrier. Furthermore, several lines of evi-
dence suggest that DNL may also be required for the synthesis of
specific lipids implicated in signal transduction. However, our un-
derstanding of the role of DNL in immunity is partial, and further
studies are needed to clarify the role of DNL in specific immune
reactions.

3.4. DNL is an important mechanism for glucose disposal
In the adipocyte, as in the hepatocyte, DNL and the pentose phosphate
pathway generating NADPH (the energy source for DNL) are important
pathways for glucose utilization. Mice with adipose tissue specific
ablation of GLUT-4 display reduced glucose utilization in adipose tis-
sue, glucose intolerance, and decreased insulin signaling in liver and
skeletal muscle relative to control mice [77]. Hence, glucose utilization
in adipose tissue is required to support glucose homeostasis in the
mouse through both local and systemic effects. Interestingly, GLUT-4
ablation in either muscle or adipose tissue resulted in similar glucose
intolerance, and GLUT-4 ablation in both tissues did not lead to additive
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effects on glucose intolerance, which was explained by a compen-
satory increase in hepatic DNL [78]. Thus, liver DNL is an important
pathway for glucose disposal, which can in part compensate for a
severe impairment of muscle and adipose tissue glucose utilization to
sustain blood glucose homeostasis. Furthermore, another study re-
ported that the glucose intolerance observed in mice lacking GLUT-4 in
muscle can be completely corrected by over-expression of GLUT-4 in
adipose tissue [79]. Hence, a severe defect in muscle glucose uptake
can be corrected by increasing glucose uptake in adipose tissue. More
recently, it was shown that the beneficial effects of adipose tissue
GLUT-4 over-expression are blunted in mice lacking the transcription
factor carbohydrate-responsive element-binding protein (ChREBP),
which mediates glucose-dependent induction of adipose tissue DNL
gene expression [80]. Hence, the beneficial effects of increased adi-
pose tissue glucose uptake on blood glucose homeostasis depend on
adipose tissue DNL.
Further evidence for a role of adipose tissue DNL in glucose homeo-
stasis comes from mice lacking essential regulators of the expression
of DNL enzymes in liver. The transcription factor sterol regulatory
element-binding protein (SREBP) 1c plays an important role in the
activation of the DNL gene-expression program in the hepatocyte in
response to insulin. SREBP1c forms a complex with the protein SREBP-
activating protein (SCAP), which is important for SREBP1 translocation
to Golgi apparatus and subsequent activation. Mice lacking SCAP in the
liver (L-SCAP) display reduced DNL in liver, which was compensated
by increased DNL in adipose tissue, so that total DNL was unchanged
[81]. Interestingly, mice lacking L-SCAP display improved fasting blood
glucose, and improved glucose and insulin tolerance, indicating that
shifting DNL from liver to adipose tissue could promote blood glucose
homeostasis [81].
A shift of glucose utilization via DNL from liver to adipose tissue also
has been observed in mice lacking the transcription factors liver-X-
receptors (LXR) a and b in ob/ob mice (LOKO mice) [82]. LXRa and
LXRb control the expression of several genes including SREBP1c and
specific genes in the DNL program.
Compared to control ob/ob mice, LOKO mice show reduced DNL gene
expression program in liver but elevated expression in adipose tissue.
LOKO mice are protected from hepatic steatosis and display improved
insulin sensitivity and adipose tissue glucose uptake despite elevated
expression of inflammatory markers in adipose tissue [82]. These
latter results indicate that enhanced adipose tissue DNL promotes
adipocyte glucose utilization even in the context of marked adipose
tissue inflammation. However, it must be noted that LOKO mice were
glucose intolerant because of a severe defect in circulating insulin
levels consequent to reduced pancreatic b-cell mass. The cause of
this loss of b-cell mass is not clear [82], but it is possible that the
observed elevated adipose tissue inflammation may promote b-cell
loss. Indeed, elevated adipose tissue DNL is expected to promote
adipocyte hypertrophic growth, which in the context of morbid obesity,
as in the case for ob/ob mice, may exacerbate adipose tissue
inflammation.
Finally, recent studies indicate that adipose tissue DNL supports
metabolic homoeostasis by producing cytokine-like lipids “lipokines”
with antidiabetogenic and anti-inflammatory activity, such as
C16:1n17 palmitoleic acid (PAO), and branched fatty acid esters of
hydroxy fatty acid (FAHFA) [83,84] (Figure 1B).
Altogether, the studies above indicate that DNL in liver and, more
notably, in adipose tissue is an important mechanism for glucose
disposal, playing important roles in sustaining blood glucose homeo-
stasis by mechanisms involving direct glucose utilization (liver and
adipose tissue) and synthesis of lipokines (adipose tissue).
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3.5. DNL in metabolic homeostasis: lessons from caloric restriction
and “catch-up fat” during re-feeding
The transition between fasting and feeding is characterized by a
remarkable metabolic flexibility consisting of a switch from glucose to
lipid oxidation during fasting, and rapid induction of glucose utilization
after re-feeding a high-carbohydrate diet [85]. The major modulators of
this metabolic flexibility are insulin, dietary carbohydrates, and dietary
lipids [85]. Insulin promotes glucose utilization by inducing the
membrane translocation of GLUT-4 in muscle and adipose tissue,
promoting glycogen deposition in muscle and liver, and inducing a DNL
gene expression program in liver and adipose tissue [86]. Dietary
carbohydrates also induce DNL in adipose tissue by a mechanism
involving the transcription factor ChREBP. Hence the action of insulin in
DNL is in part consequent to its promotion of glucose transport via
GLUT-4 in adipose tissue [77,80], but not in liver, where glucose
uptake is mediated by the constitutive transporter GLUT-2, and DNL is
more dependent on the transcription factor SREBP1c [87]. Dietary
lipids are known to antagonize glucose utilization since the time of the
Randal cycle hypothesis [88,89], but our mechanistic understanding of
such phenomenon is still partial. At the molecular level, it was pro-
posed that during obesity ectopic deposition of lipids decreases
glucose utilization by causing defective insulin-dependent PI3K-AKT
signaling [7,90,91]. However, the role of these pathways in the acute
effects of dietary lipids on glucose utilization (e.g. during re-feeding) is
not clear. In recent years, it has emerged that DNL plays a major role in
energy disposal and glucose utilization during the physiological
metabolic response to caloric restriction and re-feeding. In a study
investigating lipid metabolism during caloric restriction, DNL was
measured in caloric restricted mice at different time-points during the
day, together with 24 h indirect calorimetry and continuous food intake
measurement [92]. Once a day, the calorie-restricted mice received
70% of the food consumed by ad-libitum control fed mice. Importantly,
calorie-restricted mice consumed all the provided food within 1 h (i.e.
gorging), whereas the food intake of control ad-libitum fed mice was
distributed thoughout the day. Hence, calorie-restricted mice display a
circadian pattern of 1 h gorging and 23 h fasting, and during the 1-h
gorging period calorie restricted mice consume over ten times the
amount of calories consumed by the ad-libitum fed mice. This gorging
feeding is a remarkable allostatic load of calories for the metabolism of
calorie-restricted mice, which exhibit markedly reduced energy
expenditure before gorging [92]. Because caloric restriction increases
life-span, mice must have developed an effective mechanism to
sustain metabolic homeostasis during the high rate of calorie intake
occurring during this gorging phase. Indeed, energy expenditure in
calorie-restricted mice was rapidly elevated following gorging up to the
levels of control fed mice for about 6 h and then decreased to pre-
gorging levels by 10 h after food was provided. The increase in en-
ergy expenditure was paralleled by a marked change of respiratory
quotient from values close to 0.7 (indicating a preference for fatty acid
oxidation) to values above 1 (indicating high rates of DNL) during the
6 h following gorging [92]. Metabolic labeling of newly synthesized
lipids demonstrated that DNL was rapidly and markedly elevated in
both liver and adipose tissue following gorging, with rates of DNL
peaking during the thermogenic response occurring after gorging.
Hepatic gene expression of ACC1 and FAS was markedly reduced in
the calorie-restricted group compared to control mice before gorging,
but was rapidly induced above the level of control fed mice 3 h after
gorging. Interestingly, adipose tissue expression of ACC1 and FAS was
markedly elevated above control fed levels even before gorging [92],
suggesting that during the gorging phase DNL is first recruited to
adipose tissue and then to liver. Altogether, this study indicates that a
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two-step, fat first and liver second, lipogenic response could have
evolved as a mechanism to safely dispose calories and glucose during
gorging following periods of famine.
Further evidence indicating an important role for DNL as a homeostatic
mechanism for glucose and energy disposal comes from a rat model of
semi-starvation/re-feeding characterized by rapid restoration of body
fat (or catch-up fat) even in the absence of hyperphagia [93e97]. In
this model, growing rats are restricted to 50% of caloric intake for two
weeks (leading to growth arrest and marked depletion of body fat
stores) and are then re-fed the equivalent amount of food consumed by
control ad-libitum fed rats, which were not previously food restricted.
Under these conditions of isocaloric feeding on chow (low-fat) diet, the
“re-fed” rats deposit fat at a rate that is more than twice as fast as in
spontaneously growing control-fed rats. This catch-up fat phenome-
non is explained by a 10% reduction in energy expenditure and
associated with hyperinsulinemia after a glucose load but normal
glucose tolerance [93,95]. Hyperinsulinemic euglycemic clamp ex-
periments showed that, compared to control animals, rats re-fed on a
low-fat diet display muscle insulin resistance largely compensated by a
marked increase in insulin-driven glucose utilization in adipose tissue
[94]. These high levels of adipose tissue glucose disposal are paral-
leled by elevated FAS and glucose 6 phosphate dehydrogenase
(G6PDH) activities, indicating increased utilization of glucose for DNL
and in the pentose phosphate pathway. Indeed, in-vivo measurements
of DNL, using 3H labeled water and 14C labeled glucose as tracers,
show that glucose utilization by DNL is drastically increased in adipose
tissue and livers of rats re-fed on low-fat diet compared to control fed
animals [97]. These data indicate that under conditions of rapid adi-
pose tissue expansion DNL can act as an important glucose sink
sustaining physiological glucose levels.
Further support for the role of DNL in glucose and energy homeostasis
can be derived from experiments in the “catch-up fat” model above
comparing rats re-fed a low fat diet with rats re-fed with an isocaloric
high-fat diet. Adipose tissue glucose utilization and adipose tissue and
liver DNL are dramatically reduced in rats re-fed with high-fat diet
compared to rats re-fed a low-fat diet. Furthermore, rats re-fed a high-
fat diet display a remarkable 12% reduction of energy expenditure
compared to rats re-fed a low-fat diet (which already saves energy
compared to control fed rats), gain 53% more fat, and are glucose
intolerant [93,95,97]. These data indicate that in the situation of rapid
adipose tissue expansion (catch-up fat), adipose tissue and liver DNL
act as an important sink for calories and glucose to sustain blood
glucose homeostasis.
Overall, the studies on the cyclic diurnal pattern of gorging and fasting
during chronic calorie restriction and the studies on catch-up fat re-
feeding on low-fat or high-fat diet following caloric restriction, indi-
cate that DNL is dynamically recruited in liver and adipose tissue
during re-feeding as a mechanism for glucose and calories disposal.
Such mechanisms may have evolved to support metabolic homeo-
stasis during episodes of gorging-feeding following periods of food
scarcity.

3.6. DNL in cold-induced thermogenesis
Brown adipose tissue (BAT) metabolizes glucose and lipids at high
rates to generate heat for thermal regulation by a mechanism
involving uncoupling protein-1 (UCP-1) mediated dissipation of the
mitochondrial proton gradient [98]. Brown-like adipocytes, so called
beige or brite adipocytes, are found in cold-exposed adult humans
and the extraordinary glucose-disposing ability of these cells is
evident from PET-scan imaging data [99e102]. The glucose utili-
zation in DNL within the BAT was measured in animal models. Mice
MOLECULARMETABOLISM4 (2015) 367e377 � 2015 The Authors. Published by Elsevier GmbH. This is an ope
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display high basal rates of DNL in BAT, which are dramatically
induced by cold exposure to levels that are higher than in any other
tissue and one order of magnitude higher than in white adipose
tissue or liver [44]. It was estimated that the brown adipocyte
synthesizes about 30% of the fatty acids that it utilizes via DNL [44],
and it should be considered that the other 70% of fatty acids, which
are directly utilized in BAT, are in part synthesized via DNL in liver
and adipose tissue. Thus, cold-induced thermogenesis operates in
the context of a substrate cycle between DNL in BAT, liver, and
white adipose tissue, and fatty acid oxidation in BAT [44,45,103].
This substrate cycle may support thermogenesis by generating heat
and by providing fatty acid substrates that fuel uncoupled mito-
chondria respiration in BAT.
Strong evidence in support of a functional role for DNL in cold-induced
thermogenesis can be derived from the study of mice that do not
express a functional type-2 deiodinase (Dio2�/�) [104,105]. Type-2
deiodinase, the expression of which is induced about 50 fold in BAT
following cold exposure, mediates the local conversion of the thyroid
hormone triiodothyronine (T3) from its pro-hormone thyroxine (T4).
Compared to control mice, Dio2�/� mice display hypothermia during
cold exposure due to a severe defect in BAT thermogenesis, which is in
part compensated for by shivering [104]. Remarkably, the defective
cold-induced thermogenic response in BAT from Dio2�/� mice occurs
despite a dramatic increase of local norepinephrine turnover and
increased UCP-1 levels compared to control mice during cold exposure
[105]. However, Dio2�/� mice could not induce BAT lipogenesis in
response to cold, leading to a rapid depletion of intracellular brown
adipocyte lipids stores during cold exposure [105]. To further inves-
tigate the role of DNL in cold-induced BAT thermogenesis WT mice
were fed for five days with MEDICA-16, a potent pharmacological
inhibitor of DNL, and then cold-induced thermogenesis was evaluated.
Cold-exposed mice fed with MEDICA-16 displayed hypothermia and a
marked reduction in cold-induced BAT thermogenesis despite that
UCP-1 protein levels were similar to those of control mice [105].
Altogether, the studies above indicate that DNL in BAT is rapidly and
potently induced in response to cold and that DNL is required to sustain
cold-induced BAT thermogenesis and to sustain the intracellular lipid
stores in brown adipocyte during cold activation.

4. CONCLUSION: DNL IS PROBABLY MORE FRIEND THAN FOE

Ectopic lipid deposition driven by chronic positive energy balance is
considered to be a major metabolic stressor linking obesity, type-2
diabetes, and the metabolic syndrome. Together with dietary lipids,
and lipids released from adipose tissue, DNL significantly contributes
to ectopic lipid deposition. In particular, DNL was shown to be spe-
cifically recruited in livers of NAFLD patients where it contributes to
about 26% of liver lipids [10]. Yet, a number of evidences discussed in
this review indicate that the specific recruitment of DNL during chronic
positive energy balance may protect from ectopic lipid deposition and
glucose intolerance. Indeed, DNL is an energetically inefficient way to
store extra calories to lipids. Hence, the direct deposition of lipids from
diet or from the circulating pool of fatty acids released from adipose
tissue will lead to more ectopic lipid accumulation than DNL. Because
DNL produces lipids with an extra caloric cost and by disposing
glucose, it should be a safer road for excessive calories to lipid storage
than the alternative pathways. Importantly, DNL and fatty acid oxida-
tion are distinct pathways, which can operate simultaneously in the cell
generating a futile cycle between fatty acid synthesis and oxidation
dissipating extra calories and disposing glucose [44e49,51]
(Figure 1A). Indeed, this futile cycling between DNL and fatty acid
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oxidation was shown to be specifically recruited in adipose tissues
during cold exposure or stimulation with a b-adrenergic agonist
[44,45,49].
Importantly, a relatively large body of evidence indicates that DNL is
required for the synthesis of several signaling lipids implicated in
different physiological functions, some of which may support metabolic
homeostasis. Indeed malonyl-CoA and citrate coordinate fatty acid
oxidation and synthesis by acting on CPT1 and ACC, respectively
(Figure 1A). DNL was implicated in the synthesis of lipid ligands for
nuclear receptors [54,57,58], lipids supporting sarcoplasmic reticulum
membrane function and intracellular calcium homeostasis [61,62],
physiological protein acetylation [50] and palmytoilation [59,60], and
signaling lipids with systemic effects “lipokines” supporting metabolic
homeostasis [83,84] (Figure 1B). Hence, it is possible that inhibition of
DNL as a strategy to prevent ectopic lipid deposition (e.g. as a treat-
ment for NAFLD) may be ineffective or even dangerous unless coupled
to a reduction of the extra calories sustaining ectopic lipid accumu-
lation. A low carbohydrate diet was shown to be effective in resolving
hepatic lipids in NAFLD patients, but there are concerns about the
long-term efficacy of dieting interventions. On the other hand, several
lines of evidence indicate that reactivation of adipose tissue DNL in
obesity could be a promising strategy to support metabolic homeo-
stasis. A possible concern with the latter could be hypertrophic
adipocyte growth promoting metabolic inflammation in overtly obese
subjects [82]. However, an induction of DNL coupled with a simulta-
neous increase in fatty acid oxidation, as occurs during browning of
white adipose tissue [49], may be an effective strategy to exploit the
beneficial effects of DNL without promoting excessive adipose tissue
hypertrophic growth and consequent inflammation.
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