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Recent studies have shown that in addition to their
traditionally recognized functions as building blocks,
energy stores, or hazardous intermediates, lipids also
have the ability to act as signaling molecules with
potent effects on systemic metabolism and metabolic
diseases. This Perspective highlights this somewhat
less apparent biology of lipids, especially focusing on
de novo lipogenesis as a process that gives rise to key
messenger molecules mediating interorgan communi-
cation. Elucidating the mechanisms of lipid-dependent
coordination of metabolism promises invaluable insights
into the understanding of metabolic diseases and may
contribute to the development of a new generation of
preventative and therapeutic approaches.

Lipids have long been known for their roles in cellular
structure and energy storage. Among lipid species, fatty
acids incorporated into triglycerides efficiently function as
energy-dense storage molecules. Perhaps initially for this
purpose, organisms have evolved the ability to synthesize
fatty acids endogenously (de novo lipogenesis [DNL])
from alternative carbon sources such as carbohydrates (1).
Although storage of excess energy in the form of lipids is
a useful defense against starvation, for modern humans,
to whom food is often constantly accessible, this adaptive
mechanism has become inimical, with energy surplus and
excessive lipid exposure generating the basis for a variety
of metabolic disorders. However, more recent research has
revealed that in addition to energy storage, lipids have
wide-ranging actions as signaling molecules that are rele-
vant to systemic metabolism. As described in this review,
emerging evidence suggests that the products of DNL in
particular have potent effects on systemic metabolism, and
hence the tissue-specific regulation of this process is critical
for metabolic homeostasis. Here, we describe some of the

major lipid metabolism pathways that support DNL and
their bioactive products with identified roles in metabolic
disease. Further research in these areas may highlight novel
endocrine pathways and translational opportunities.

REGULATION OF DNL

De novo synthesis of fatty acids takes place primarily in
the liver (2). Under physiological conditions, excess car-
bohydrates that are not stored as glycogen in hepatocytes
are converted into fatty acids and esterified into triglyc-
erides. Dysregulation of DNL and other aspects of lipid
metabolism are common features of obesity and obesity-
associated metabolic diseases such as insulin resistance
and diabetes. In the liver, obesity causes increased DNL
activity and fatty acid esterification, which may be a con-
tributing factor to local and systemic metabolic deteriora-
tion, such as hepatic steatosis and increased triglyceride
levels in circulation (3). Escalation of the liver lipogenic
program observed in obesity is due in particular to an
increased level and activity of sterol regulatory element
binding protein 1 (SREBP1) (4). In fact, loss- and gain-of-
function studies indicate that SREBP1 functions as an im-
portant regulator of DNL in the liver (4,5). Interestingly, in
spite of the fact that insulin signaling is a key activator of
SREBP1 in the liver, enhanced SREBP1 activity and ele-
vated lipogenic capacity persist under even severe insulin
resistant states, such as obesity and type 2 diabetes. This
suggests that insulin signaling–independent mechanisms
may also support the pathological elevation of DNL in the
liver. These mechanisms are not completely understood
and represent an important area of future research. It is
important to note that lipid accumulation in the liver per
se is not universally associated with adverse outcomes,
and several different mechanistic models have been pro-
posed to underlie these events (6). However, multiple
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lines of evidence show a high correlation between an in-
crease in liver DNL and metabolic pathologies such as
insulin resistance (3).

Unlike liver, which is the main site for endogenous
synthesis of fatty acids, the adipose tissue acts as a major
storage depot for excess lipids. In adipocytes, these lipids
are primarily derived from exogenous sources and only a
fraction are endogenously synthesized via DNL (7). Con-
sidering the massive quantities of stored lipid in adipo-
cytes, DNL is unlikely to contribute significantly to the
lipid mass of adipose tissue. Thus, the fact that adipocytes
intrinsically engage in fatty acid synthesis raises the possi-
bility that in comparison with their dietary counterparts,
adipocyte-derived fatty acids may have unique functions
and roles in important biological processes beyond energy
storage.

Under physiological conditions, the regulation of DNL
by feeding and fasting is highly synchronized in the liver
and adipose tissue. Interestingly, however, this coordina-
tion is lost in pathological conditions. For example, contrary
to the liver, the de novo lipogenic capacity of adipocytes is
substantially reduced in obesity, which was initially revealed
by studies tracing labeled glucose in adipocytes isolated
from lean and obese rats (8). Since then, multiple groups
have confirmed a pronounced suppression of enzymes
functioning in the fatty acid synthesis and lipogenesis
pathways in the adipose tissues of obese humans and in
mouse models of obesity (9–12). These observations raise
the possibility that decreased DNL in adipose tissue may
in fact contribute to systemic metabolic perturbations
observed in obesity. In line with the distinct regulation
of DNL in the liver and adipose tissue under pathological
conditions, genetic interventions that impinge on DNL in
the liver are typically associated with reciprocal regulation
of that pathway in adipose tissue. For instance, liver-
specific deficiency of SCAP, which results in suppression
of liver DNL, drives a concomitant upregulation of lipo-
genic genes in adipose tissue (13). Likewise, genetic deletion
of liver X receptor a and b in leptin-deficient (ob/ob) mice
induces the lipogenic program in adipose tissue via acti-
vation of carbohydrate response element–binding protein
(ChREBP) (14), which is a key transcription factor regu-
lating DNL in adipocytes.

In addition to providing evidence for reciprocal regulation
of DNL in the liver and adipose tissue, studies so far have
also documented a possible connection between increased
DNL in adipose tissue and systemic beneficial outcomes,
such as increased insulin sensitivity and improved systemic
glucose homeostasis. This possibility is further supported by
studies of other mouse models in which adipose tissue DNL
is directly targeted. For example, promoting glucose uptake
into the adipose tissue via overexpression of Glut4 in
adipocytes improves systemic glucose homeostasis (15,16).
This effect is largely attributed to ChREBP-dependent tran-
scriptional regulation, since ChREBP loss-of-function abro-
gates the DNL response as well as the beneficial phenotype
seen in this experimental model (17). Reciprocally, adipose

tissue–specific overexpression of constitutively active ChREBP
is sufficient to provide favorable whole-body metabolic
effects, such as improved glucose homeostasis and de-
creased hepatic triglyceride content (18). Another remark-
able connection regarding the systemic effects of adipose
tissue DNL is observed in the setting of calorie restriction.
Despite being an energetically unfavorable process, calorie
restriction results in an increase in adipose tissue DNL
(19). This paradoxical consequence raises the possibility
that the products of DNL may in fact contribute to the
favorable metabolic effects of dietary restriction. Taken
together, the accumulating evidence suggests both that
the control of the DNL program operates independently
and perhaps in an opposite manner in the liver and adipose
tissue under pathogenic conditions and that elevated DNL
in adipose tissue is highly associated with a favorable over-
all metabolic phenotype. Hence, a critical question relates
to the mechanisms underlying these effects and the iden-
tity of the molecules that signal these metabolic activities.

SIGNALING ACTIONS OF ADIPOSE TISSUE DNL
PRODUCTS

Work from our group leading to the identification of
palmitoleate (C16:1n7) as an adipose tissue–derived lipokine
established a direct link between a product of adi-
pose tissue DNL and its beneficial systemic effects (20).
This finding originated from the observation that genetic
deficiency of lipid chaperone proteins FABP4 and FABP5
(also known as aP2 and mal1, respectively) resulted in
elevated adipose tissue expression of DNL genes, such
as fatty acid synthase (FAS) and stearoyl-CoA desaturase
1 (SCD1). Unbiased lipid profiling of the adipose tissue in
FABP4/5-deficient mice revealed a marked increase in
palmitoleate content in multiple lipid classes, such as tri-
glyceride, diacylglycerol, and free fatty acids. The level of
palmitoleate was also significantly increased in the plasma
of FABP4/5-deficient mice on a high-fat diet. Mechanisti-
cally, it was shown in these studies that palmitoleate directly
and positively regulated lipid and glucose metabolism by
suppressing the expression of lipogenic genes in the liver
and increasing insulin sensitivity in the liver and muscle.
Taken together, these data suggest that elevated DNL
and increased production of palmitoleate in adipose tissue
at least in part mediate the whole-body beneficial effects of
FABP4/5 deficiency (20). Interestingly, the levels of oleate,
another product of SCD1 desaturase activity, were not al-
tered in parallel with palmitoleate. This is perhaps due to the
fact that oleate is an abundant fatty acid in mouse chow,
and thus relative to palmitoleate, the contribution of adi-
pose tissue DNL to oleate levels is likely to be negligible. In
other words, the products of DNL that are rare in the diet,
such as palmitoleate, may act as key bioactive signals or
lipokines, mediating organ-to-organ communication and
regulating systemic metabolic homeostasis through their
unique biological activity (Fig. 1).

The beneficial role of palmitoleate has also been dem-
onstrated in various other experimental settings. Similar to
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our findings in an FABP4/5-deficient model, indepen-
dent groups have reported insulin-sensitizing effects of
palmitoleate on muscle (21,22), and palmitoleate admin-
istration improves glucose metabolism in the setting of high-
fat diet–induced insulin resistance and in the KK-Ay diabetic
mouse model (23,24). Palmitoleate has also been shown to
antagonize high-fat diet and palmitate-induced proinflamma-
tory activation of macrophages (25,26). Finally, increased
palmitoleate production in FABP4-deficient macrophages
guards cells against palmitate-induced lipotoxicity and cy-
totoxicity, which is protective in a mouse model of athero-
sclerosis (27). These results point to favorable metabolic and
anti-inflammatory roles of palmitoleate and underscore its
therapeutic potential.

There are several lines of evidence emerging from
human studies that are consistent with the beneficial

effects of adipose tissue palmitoleate production observed
in experimental models (28,29). Interestingly, the relative
contribution of adipose tissue–derived palmitoleate to the
circulation varies depending on where it is produced in
humans. Adipose tissue located in the lower body is a
more significant source of circulating palmitoleate than
abdominal subcutaneous adipose tissue (30). This may
in part explain the relative benefit of “pear-shaped” adipose
tissue accumulation compared with abdominal adiposity.
However, the numerous studies assessing serum palmitoleate
in humans have revealed both positive and negative
associations with metabolic disease conditions (28,29,31–
34). It is critical to consider the complexity of these serum
measurements, as the contrasting findings may be due to
the differences between the lipid fractions in which
palmitoleate was measured in each investigation. For

Figure 1—Products of DNL in adipose tissue regulate systemic metabolism. The de novo lipogenic capacity of adipose tissue is significantly
lower than that of the liver. However, interventions that increase DNL in adipose tissue are associated with improved systemic metabolic
homeostasis. For example, increased expression of FAS and SCD1 in the adipose tissue of FABP4/5-deficient mice significantly increases de
novo production of the monounsaturated fatty acid palmitoleate. In turn, palmitoleate increases insulin sensitivity in muscle and suppresses
lipogenesis and steatosis in the liver. Similarly, increased glucose uptake specifically in the adipose tissue of Glut4-overexpressing mice
induces DNL, leading to elevated synthesis of many complex lipids including PAHSA via a ChREBP-dependent mechanism. PAHSA positively
regulates fatty acid transporter Gpr120 and Glut4-dependent glucose uptake in adipocytes in an autocrine manner and enhances glucagon-
like peptide 1 (GLP-1) and insulin secretion from the intestine and pancreas, thereby improving glucose tolerance.
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instance, studies measuring palmitoleate in the circulating
nonesterified fatty acid fraction show that palmitoleate level
is positively correlated with insulin sensitivity (29). In con-
trast, an increase in palmitoleate in other lipid fractions,
such as cholesterol esters, triglyceride, and diacylglyceride,
is correlated with insulin resistance, nonalcoholic fatty liver
disease, and diabetes (31–33). These seemingly discrepant re-
sults could indicate that the free fatty acid form of palmitoleate
acts as a lipokine with systemic beneficial effects, whereas
esterified palmitoleate loses this distinct function or may
reflect hepatic output. Indeed, esterified fatty acid frac-
tions in the circulation highly resemble liver, but not ad-
ipose tissue, fatty acid composition (30,35), and therefore
the increased esterified palmitoleate observed in patholog-
ical settings may simply be reflective of elevated hepatic
DNL. Alternatively, the coupling of DNL and palmitoleate
production in the liver may in fact be an adaptive mecha-
nism to offset the potential hazards of increased lipogenesis
that would occur in obesity. Altogether, these human studies
illustrate the importance of both the form and the
source of palmitoleate as determinant factors defining
the correlation between palmitoleate levels and disease
conditions and emphasize that additional well-controlled
human trials will be needed to better understand the
action of this lipokine and evaluate its therapeutic utility.

Notably, palmitoleate is not the only mediator of the
systemic beneficial effects of increased adipose tissue DNL.
Recently, studies from the laboratory of Barbara Kahn
described a novel class of adipose tissue–derived lipids with
potent metabolic effects under conditions of elevated ad-
ipose tissue DNL in the Glut4 transgenic model (36). In
these studies, unbiased lipidomic analysis pinpointed a
new class of lipids, fatty acid–hydroxy–fatty acids (FAHFAs),
which are synthesized in vivo and significantly elevated
in the adipose tissue of Glut4-overexpressing mice. An
isomer of FAHFA, consisting of palmitic acid and stea-
ric acid (PAHSA), was highly regulated by fasting/feeding
cycles and in mice fed a high-fat diet. In addition to its
levels in adipose tissue, PAHSA concentration in circulation
also fluctuated and was correlated with improved insulin
sensitivity. Remarkably, exogenous PAHSA treatment im-
proved glucose tolerance and overall glucose metabolism in
mice, mediated in part by enhanced glucagon-like peptide
1 and insulin secretion. Importantly, and similar to
palmitoleate, PAHSA administration exerted an anti-
inflammatory effect on adipose tissue–resident immune
cells (Fig. 1). PAHSA levels were also reduced in the serum
and subcutaneous adipose tissue of insulin resistant human
subjects (36). These results may indicate that lipid-based
communication between metabolically active organs could
be a common mechanism of endocrine regulation and that
adipose tissue DNL is an important process in the gener-
ation of these signaling molecules.

PRODUCTS OF LIVER DNL

Lipid-mediated interorgan communication does not only
result from adipose tissue–derived lipids. Recent studies

focusing on lipid metabolism in the liver have also identified
products of DNL that regulate lipid metabolism in peripheral
organs, such as adipose tissue and muscle. By modulating
the levels of the nuclear receptor peroxisome proliferator–
activated receptor (PPAR)d in mouse liver, the laboratory of
Chih-Hao Lee (37) demonstrated that alterations in the
hepatic DNL program modulate fatty acid utilization in
muscle via a lipid mediator. The Lee lab found that in-
creased hepatic PPARd activity resulted in elevated fatty
acid uptake in muscle, whereas PPARd loss of function in
the liver decreased this process (37). Moreover, unbiased
lipid profiling analysis showed that hepatic PPARd activ-
ity regulated the level of a specific phospholipid species,
phosphatidylcholine 18:0/18:1, in serum. The liver-derived
phosphatidylcholine 18:0/18:1 directly mediated muscle
fatty acid uptake, and its systemic administration im-
proved whole-body glucose and lipid homeostasis in leptin
receptor–deficient (db/db) mice (37). These findings support
the hypothesis that hepatic DNL products can carry out
adaptive responses to manage the lipid load by promoting
lipid disposal and oxidation in muscle tissue.

Additional evidence for the distant effects of DNL in
the liver has emerged from studies focusing on SCD
isoforms and the products of their desaturase activities
(38). Gain-of-function experiments with two different iso-
forms of SCD enzyme, mouse SCD3 and human SCD5,
which have different preferential saturated fatty acid sub-
strates, demonstrated differential effects of endogenously
synthesized palmitoleate and oleate on metabolic homeo-
stasis. Overexpression of SCD5 in the liver of SCD1-
deficient mice significantly increased oleate production,
which was associated with enhanced triglyceride accumu-
lation in the liver, increased adiposity, and suppression of
DNL in adipose tissue. However, SCD3 gain of function in
the liver of SCD1-deficient mice, which resulted in in-
creased palmitoleate levels, did not have detrimental ef-
fects on peripheral tissues or metabolic homeostasis (38).
Taken together, these data suggest that the characteristics
of fatty acids, including the site of their endogenous pro-
duction, are critical factors for determining their identity
and physiological or pathophysiological roles.

The studies described above underscore the differing
de novo lipogenic capacity of liver and adipose tissue and
suggest that the lipid products from these organs may
play different or even opposing roles in modulating sys-
temic metabolism. Therefore, approaches to target DNL
as metabolic disease therapy would require a high degree
of organ specificity, ideally allowing for suppression of
hepatic DNL and promotion of DNL in adipose tissue. Achiev-
ing this will be a very challenging task because the major
lipogenic enzymes lack tissue specificity and are active in
both the liver and adipose tissue. However, it may be pos-
sible that targeting transcriptional regulators of DNL,
such as ChREBP, which has a relatively higher degree of
tissue specificity in driving the expression of DNL ma-
chinery (4,17), could be a more practical and efficient
therapeutic approach.
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OTHER LIPID CLASSES WITH CRITICAL
METABOLIC EFFECTS

The finding that DNL in the liver and adipose tissue are
linked to lipid metabolism in distant metabolically active
organs and the identification of key mediators of this
network have provided significant information about
bioactive fatty acid species functioning as mediators of
systemic metabolism. In addition to DNL products, many
other lipid species also act as mediators of metabolism
with both beneficial and detrimental effects. Sphingolipids
and the related molecules ceramides are some of the best
studied lipids that exert detrimental effects on metabolism
(39). Synthesis of sphingolipids and ceramides is induced
by cellular stresses including inflammation, and in turn
ceramide exerts potent effects on cellular use of glucose
and uptake of other lipids (40). Many groups have dem-
onstrated that incubating cells with exogenous cell-
permeable ceramide or ceramide analogs blocks insulin
signaling (41–46). Further compounding this effect,
palmitate-induced ceramide synthesis in macrophages aug-
ments the release of inflammatory cytokines (47), and ex-
posure to ceramide has been shown to induce expression of
TNF in adipocytes (48). Given these findings, lipids in the
ceramide family have emerged as likely mediators of met-
abolic inflammation and lipid-induced metabolic disease,
and indeed inhibition of ceramide synthesis is protective
in multiple models of insulin resistance (49–51) and ath-
erosclerosis (52). In line with this, it has also been shown
that the adipose tissue hormone adiponectin stimulates
the activity of ceramide-degrading enzymes, which may
underlie the metabolic benefit of the FGF21/adiponectin sig-
naling axis (53–55). However, it is worth noting that
there are some exceptions where such a link may be less
critical for metabolic outcomes (56,57), and the accumu-
lation of diacylglycerol, and subsequent activation of pro-
tein kinase C, has also been put forward as a mechanism
underlying lipid-mediated insulin resistance (58). We will
not delve into the details of this aspect of lipid biology,
which was recently covered in excellent reviews (40,59,60).
It is most likely that engaging the inflammatory networks
and consequently impairing insulin action can be triggered
by more than a single lipid entity or other signaling mol-
ecule. Further research is necessary to clarify the role of
these molecules in the pathogenesis of metabolic disease
and to better understand how the findings in animal mod-
els translate to humans.

At the other end of the spectrum, polyunsaturated
fatty acids (PUFAs), particularly those derived from dietary
sources, have long been studied for their potential
metabolic benefits. In 1979, Dyerberg and Bang linked the
high consumption of n-3 PUFAs to decreased platelet
aggregation and a low rate of cardiovascular disease in
indigenous Greenlanders and speculated that dietary sup-
plementation with the n-3 PUFA eicosapentaenoic acid
could reduce cardiovascular risk (61). These findings
launched a wave of both clinical research and mechanistic

work to unravel this potential, as has been well reviewed
previously (62–66). In macrophages and neutrophils,
n-3 fatty acids are converted into lipoxins by acetylated
cyclooxygenase-2, and these “specialized pro-resolving
mediators” have potent anti-inflammatory activities (64,67).
Failure of this response has been implicated in the un-
resolved chronic inflammation that occurs in the setting
of obesity and contributes to insulin resistance and ath-
erosclerosis (68). In addition, it is now known that n-3
fatty acids exert their anti-inflammatory effects partly
through the membrane receptor GPR120 (69), and poly-
morphisms in the human GPR120 locus are strongly asso-
ciated with obesity and insulin resistance (70). Interestingly,
this study also demonstrated that GPR120 deficiency was as-
sociated with reduced levels of palmitoleate, and palmitoleate
infusion acutely repressed expression of lipogenic genes in
the livers of GPR120-deficient mice (70), suggesting a
complex interaction between dietary and endogenous
lipids in maintaining homeostasis. Furthermore, many other
G protein–coupled receptors have also been demonstrated
to sense and respond to fatty acids, contributing to the
regulation of insulin secretion, immune cell activation,
and other aspects of immunometabolism (71).

Endocannabinoids are another class of bioactive lipids
with multifaceted effects on immunometabolism. These
endogenously produced ligands of the cannabinoid recep-
tors (CB1 and CB2) are synthesized from cell membrane
phospholipid precursors and have been implicated in con-
trolling gut barrier function as well as communicating the
state of the gut microbiota with adipose tissue (72). Endo-
cannabinoids are well characterized for their role in pro-
moting food intake (73), and in mice with diet-induced
obesity, the levels of endocannabinoids in the hippocam-
pus are elevated. Indeed, deletion of CB1 in GABAergic
neurons confers partial protection from weight gain (74).
Interestingly, recent research suggests that the endocan-
nabinoid effect on food intake is nuanced, as activation of
CB1 receptors in a specific class of striatal neurons can
result in hypophagia (75). However, although endocanna-
binoid signaling through CB1 may play a net positive role
in weight gain, signaling through CB2 receptors has anti-
inflammatory effects including blocking Th1 cell differen-
tiation and suppressing macrophage cytokine production
(76), which could have important implications for immuno-
metabolic disease. For example, a low-dose administration of
the cannabinoid tetrahydrocannabinol to atherogenic apoE2/2

mice resulted in reduced development of aortic plaques
and lowered the plaque macrophage content (77). Sim-
ilarly, treating high-fat diet–fed mice with a CB2 ago-
nist reduces diet-induced inflammation in the liver and
adipose tissue, and CB22/2 mice exhibit enhanced age-
related adipose tissue inflammation (78). Taken together,
these studies suggest that a carefully calibrated modula-
tion of the endocannabinoid system, perhaps involving
target tissue selection, would be needed to effectively
treat or prevent obesity and related immunometabolic
diseases.
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CONCLUSIONS

For many years, peptides and proteins have been the
focus of research and therapeutic approaches to diseases,
including metabolic disorders. Approaches to modulate
hormone levels or neutralize circulating proteins have
usually been considered the key to providing promising
solutions. However, the identification and characteriza-
tion of lipid species with bioactive roles in metabolic
homeostasis have paved the way for recognizing un-
charted avenues for potential therapies. Here, there is
much to be learned from natural examples in which bio-
active lipids including the products of DNL convey
potent metabolic benefit. For example, despite an enor-
mous increase in plasma triglyceride and nonesterified
fatty acids after a large meal, Burmese pythons demon-
strate a healthy cardiac hypertrophy without accumula-
tion of triglycerides or fatty acids in the heart itself. A
pool of fatty acids, which includes palmitoleate, has
been found to mediate this effect and, indeed, is suffi-
cient to induce healthy cardiac growth in pythons and
mice (79). There are also examples from human history
that indicate that food sources of bioactive lipids have long
been prized for their health benefits. Indeed, the potency
of palmitoleate is the stuff of legend; Genghis Khan, whose
horses and soldiers conquered the entire continent of Asia
from Korea to Bulgaria, is said to have relied on “chatsar-
gana” or Seabuckthorn to enhance their performance, which
is a rich source of palmitoleate (80). This same plant was also
said to be the favorite food consumed by Pegasus, the flying
horse from Greek mythology (81).

While these legends will remain as such in the ab-
sence of direct scientific evidence, they provide enjoy-
able and inspiring stories to stimulate the imagination.
Hopefully this will result in wider appreciation of the
lesser-recognized components of metabolic homeosta-
sis, such as bioactive lipids and other metabolites, which
take on critical roles in metabolically active organs and
systemic health. Among those, palmitoleate, PAHSA, and
undoubtedly many more to-be-discovered molecules can be
explored for their therapeutic potential against metabolic
diseases as safe, efficacious, affordable, and practical entities.
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