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Abstract
This review highlights the inflammatory and insulin-antagonizing
development of metabolic syndrome. Mechanisms responsible for
these unhealthy effects of SFA include: 1) accumulation of diacylglycerol and ceramide; 2) activation of nuclear factor-kB, protein kinase
C-u, and mitogen-activated protein kinases, and subsequent induction
of inflammatory genes in white adipose tissue, immune cells,
and myotubes; 3) decreased PPARg coactivator-1 a/b activation and
adiponectin production, which decreases the oxidation of glucose and
fatty acids (FA); and 4) recruitment of immune cells like macrophages,
neutrophils, and bone marrow-derived dendritic cells to WAT and
muscle. Several studies have demonstrated potential health benefits
of substituting SFA with unsaturated FA, particularly oleic acid and
(n-3) FA. Thus, reducing consumption of foods rich in SFA and
increasing consumption of whole grains, fruits, vegetables, lean meats
and poultry, fish, low-fat dairy products, and oils containing oleic acid or
(n-3) FA is likely to reduce the incidence of metabolic disease.

SFA, obesity, and chronic disease
Obesity and metabolic disease. The WHO estimated that in
2005, 400 million people were obese (1). Furthermore, ;1.6
billion people were overweight and 20 million of them were
children under the age of 5 y (1). Obesity is closely linked to
insulin resistance or type 2 diabetes. About 80% of individuals
with type 2 diabetes are classified as overweight or obese and
30% of obese children under the age of 12 y display insulin
resistance (2). Along with type 2 diabetes, obesity is associated
with hypertension and atherogenic dyslipidemia. Together, these
disorders are referred to as metabolic syndrome and are closely
linked to chronic inflammation.
SFA consumption. The average American diet is abundant in
SFA, such as palmitate and stearate, and unsaturated fatty acids
(FA), such as oleate and linoleate. Foods high in SFA include fast
foods, processed foods, high-fat dairy products, red meats, and
pork (3). The current consumption of total and saturated fat by
Americans is substantially higher than the latest dietary recom-
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Effects of SFA on WAT
WAT function. The role of WAT is more complex than just
energy storage. WAT acts as an endocrine organ, secreting
factors needed for glucose homeostasis, energy metabolism,
food intake and body weight regulation, hemostasis, and
immune function [reviewed in (11)]. As WAT expands, adipocytes increase in both size and number, leading to adipocyte
dysfunction (12). Hypertrophied adipocytes secrete proinflammatory agents that promote systemic inflammation [reviewed in
(13)]. Furthermore, lipid-engorged adipocytes die and release
their contents, which recruit neutrophils (14) and macrophages
(15). Consistent with this paradigm, adipocyte cell death may be
as much as 300% higher in obese than in lean individuals
(16,17). Thus, obesity-mediated macrophage recruitment to
WAT is associated with excess consumption of fat, resulting in
chronic, low-grade inflammation (Fig. 1).
Effect of SFA on WAT function. WAT expansion is one of the
ways in which SFA causes WAT dysregulation (18). Excess
palmitate not only expands WAT, but it increases inflammation
and apoptosis through oxidative or endoplasmic reticulum stress,
generation of ceramide and reactive oxygen species (ROS), and
protein kinase C (PKC) signaling (Fig. 2). In adipocytes, palmitate
induced endoplasmic reticulum stress by increasing C/EBP homologous protein and glucose regulatory protein 78 and splicing of X
box binding protein-1 mRNA, as well as altering phosphorylation
of eIF2a and increasing phosphorylation of c-jun-NH2-terminal
kinase (JNK) and extracellular receptor kinase (19). Palmitate
activated PKC, nuclear factor-kB (NFkB), and mitogen-activated
protein kinase (MAPK) signaling, leading to cytokine production
in 3T3-L1 adipocytes (20). Furthermore, palmitate robustly
increased the expression and secretion of tumor necrosis factor
2
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effects of saturated fatty acids (SFA), which contribute to the

mendations. The mean daily per capita consumption of fat in the
US in 2003–2004 was 82.7 g, which exceeds the recommended
amount by 16.0 g, based on a 8400-kJ diet. Mean SFA consumption was 27.7 g compared with the recommended 22 g (4).
Consumption of diets rich in SFA is highly correlated with
metabolic syndrome (5–7). Overconsumption of FA contributes
to weight gain and inflammation (8), but SFA have a particularly
strong effect on the inflammatory capacity of white adipose
tissue (WAT)2 [(9), reviewed in (10)].

FIGURE 1 Excess energy intake enhances WAT inflammation and
contributes to the development of metabolic syndrome.

SFA promote cross-talk among adipocytes,
macrophages, and myotubes
SFA-mediated macrophage recruitment and activation in
WAT. Activated macrophages cause inflammation and insulin
resistance in insulin-sensitive cells like WAT, muscle, heart, and
liver [Fig. 3; reviewed in (12)]. Supplementation with palmitate,
one of the major FA released from WAT, caused recruitment of

Macrophage-adipocyte interactions. WAT regularly releases
FA, activating resident macrophages or recruiting new ones. In a
reciprocal manner, activated macrophages influence adipocyte
function by increasing inflammation and insulin resistance.
Using direct contact or transwell cocultures of murine macrophages (RAW264) and adipocytes (3T3-L1), Suganami et al.
(38) demonstrated that each cell type had the capacity to induce
inflammation in the other. SFA increased TNFa mRNA levels in
cocultures of adipocytes and macrophages, whereas unsaturated
FA had no effect. Moreover, TNFa expression was higher and
adiponectin expression was lower in cocultures containing
hypertrophied adipocytes compared with cocultures containing
adipocytes with smaller lipid droplets. These data show that
lipid-filled adipocytes containing SFA have the ability to activate
macrophages to a greater extent than smaller adipocytes,
especially when compared with adipocytes enriched in unsaturated FA. SFA increased inflammatory gene expression in both
cell types by TLR4/NFkB signaling (23). Consistent with these
data, high-fat feeding in mice increased TLR4 signaling in
macrophages and adipocytes and impaired insulin signaling,
whereas mice lacking TLR4 were resistant to these effects (26).
Clearly, factors secreted from macrophages increase adipocyte
inflammation and insulin resistance (39,40). Lastly, FA-binding
proteins play an important role in cross-talk between adipocytes
and macrophages, as mice lacking FA-binding proteins in these
tissues have reduced inflammatory signaling and improved
insulin sensitivity when fed a high-fat diet (41).
SFA cause inflammation and insulin resistance in muscle.
SFA can directly cause inflammation and insulin resistance in
muscle. For example, palmitate-mediated lipid accumulation in
rat muscle caused insulin resistance via PKC signaling (28). Mice
fed a high-fat diet rich in SFA expressed increased levels of
CD11c, indicating infiltration of muscle by inflammatory BMDC,

FIGURE 2 Proposed mechanisms by which palmitate mediates
inflammation in cultures of human adipocytes.
2

Kennedy et al.

FIGURE 3 Cross-talk between inflamed WAT, macrophages (MF),
and muscle, leading to insulin resistance.
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(TNF)a and interleukin (IL)-10 in murine adipocytes compared
with oleic acid and docosahexanoic acid (DHA) (21). SFA
activated Toll-like receptor (TLR) signaling in murine adipocytes
(22–24) and macrophages (22,23,25,26), leading to NFkB and
JNK activation and cytokine production. Consistent with these
data, TLR4 knockout mice were protected against the adverse
effects of feeding a high-fat diet rich in palmitate (27).
In vivo (28) and in vitro (29) studies have shown that
palmitate inhibits the activation of insulin receptor substrate 1,
phosphatidyl-inositol-3-kinase, or Akt, causing insulin resistance. Adiponectin, an insulin-sensitizing protein produced by
adipocytes, is expressed at low levels in obese, insulin-resistant
individuals (30,31). Reducing the levels of adiponectin appears
to be the mechanism by which palmitate caused insulin resistance in isolated rat adipocytes (32). Furthermore, overexpression of adiponectin decreased insulin resistance in mice fed a
high-fat diet (33). Thus, SFA impair insulin sensitivity by
reducing adiponectin secretion and impairing insulin signaling
pathways required for glucose uptake.

monocytes to hypertrophied murine adipocytes by inducing
monocyte chemoattractant protein-1 production via JNK and
NFkB activation (18). Similarly, palmitate increased inflammatory gene expression in human macrophages (U937) by an
NFkB-dependent mechanism (34). Consistent with these data,
lauric acid, but not DHA, activated costimulatory molecules
(e.g. CD40, CD80, CD86) and cytokines in bone marrowderived dendritic cells (BMDC) (35). FFA were reported to
trigger JNK signaling via TLR2/4 activation in murine macrophages (RAW264.7) and BMDC (36). Furthermore, feeding a
high-fat diet rich in SFA increased the number and inflammatory
activity of resident macrophages or BMDC in WAT (37). Taken
together, these data show that SFA are particularly potent in
recruiting and activating immune cells in WAT, thereby increasing inflammation.

Adipocyte-myotube interactions. Eckel et al. (53) used
human skeletal muscle cells treated with conditioned media
from adipocytes, as well as cocultures of adipocytes and muscle
cells. They demonstrated that adiponectin supplementation
rescued decreased Akt and glycogen synthase phosphorylation
and insulin-dependent glucose transporter 4 translocation in
skeletal muscle cells induced by conditioned media from adipocytes (53). Monocyte chemoattractant protein-1 secretion from
adipocytes was largely responsible for the impaired insulin signaling and glucose uptake in muscle (54). Mice fed a high-fat
diet had reduced adiponectin levels and increased muscle FA, as
well as reduced muscle mass, compared with controls (55).
Moreover, FA increased protein degradation in C2C12 myotubes by downregulating insulin receptor substrate 1 and Akt
signaling, thereby activating E3 ubiquitin ligases (55). Palmitate
activation of the E3 ligases was prevented by adiponectin
supplementation.
Collectively, these studies demonstrate the adverse effects of
elevated FFA, especially SFA, on WAT function. Specifically,
excess consumption of SFA enhances WAT expansion and
adipocyte hypertrophy and subsequent death. These events
increase inflammatory signaling and recruitment and activation
of macrophages, neutrophils, and BMDC, leading to inflammation, impaired insulin signaling, and insulin resistance in
multiple tissues, especially in WAT and muscle. Substituting

SFA with unsaturated FA, particularly oleic acid and DHA,
ameliorates many of these adverse metabolic effects of SFA.
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which impair insulin sensitivity (36). Additionally, palmitate
increased the expression and secretion of inflammatory cytokines
(e.g. IL-6 and TNFa) and impaired insulin sensitivity via an
NFkB/PKCu pathway in muscle cells (C2C12) (42,43). Similarly,
palmitate caused insulin resistance in murine L6 myotubes via
NFkB signaling (44). Cosupplementation with linoleate prevented palmitate-induced NFkB activation and subsequent expression and secretion of IL-6 in human myotubes (45).
SFA can also induce insulin resistance by antagonizing
PPARg coactivator (PGC)-1a. PGC-1a promotes oxidative
phosphorylation, mitochondrial gene expression, and insulinstimulated glucose uptake [reviewed in (46)]. Palmitate activated extracellular receptor kinase and NFkB in C2C12
myotubes, decreasing PGC-1a activity (47), which was restored
by cosupplementation with oleate (48). Oleate cosupplementation blocked palmitate-mediated suppression of b-oxidation,
insulin sensitivity, and diacylglycerol (DAG) accumulation in
C2C12 myotubes. Consistent with these data, palmitate and
stearate increased p38 MAPK signaling, thereby reducing PGC1a/1b expression and activity, mitochondrial gene expression,
and oxygen consumption in C2C12 myotubes (49). Thus, SFAmediated reductions in PGC-1a activation would lead to
decreased oxidation of FA and glucose, thereby increasing their
accumulation in tissues and blood.
Accumulation of DAG and ceramide is associated with
insulin resistance in muscle via PKCu, JNK, or IkBa kinase
signaling [reviewed in (50)]. Palmitate, but not oleate, caused the
accumulation of DAG and ceramide in C2C12 myotubes (29).
The resulting insulin resistance was blocked by overexpressing
acid ceramidase (51). Similarly, palmitate, but not linoleate,
increased the levels of DAG and ceramide and reduced insulinstimulated glucose uptake in murine L6 myotubes (52). Rats fed
a high-SFA diet had increased levels of DAG in muscle and were
insulin resistant compared with rats fed a diet rich in unsaturated
FA (52). Taken together, these data demonstrate the adverse
effects of SFA on glucose uptake and utilization in muscle, i.e.
increased inflammation due to increased DAG, ceramide, PKC,
and NFkB signaling and decreased PGC-1 a/b activation.

4

Kennedy et al.

39. Permana PA, Menge C, Reaven PD. Macrophage-secreted factors
induce adipocyte inflammation and insulin resistance. Biochem Biophys
Res Commun. 2006;341:507–14.
40. Lumeng CN, Deyoung M, Saltiel AR. Macrophages block insulin action
in adipocytes by altering expression of signaling and glucose transport
proteins. Am J Physiol Endocrinol Metab. 2007;292:E166–74.
41. Furuhashi M, Fucho R, Gorgun C, Tuncman G, Cao H, Hotamisgligil
G. Adipocyte/ macrophage fatty acid-binding proteins contribute to
metabolic deterioration through actions in both macrophages and
adipocytes in mice. J Clin Invest. 2008;118:2640–50.
42. Jove M, Planavila A, Laguna JC, Vazquez-Carrera M. Palmitateinduced interleukin 6 production is mediated by protein kinase C
and nuclear-factor kB activation and leads to glucose transporter 4
down-regulation in skeletal muscle cells. Endocrinology. 2005;146:
3087–95.
43. Jove M, Planavila A, Sanchez RM, Merlos M, Laguna JC, VazquezCarrera M. Palmitate induce tumor necrosis factor-a expression in
C2C12 skeletal muscle cells by a mechanism involving protein kinase C
and nuclear factor-kB activation. Endocrinology. 2006;147:552–61.
44. Sinha S, Perdomo G, Brown NF, O’Doherty RM. Fatty acid-induced
insulin resistance in L6 myotubes is prevented by inhibition of
activation and nuclear localization of nuclear factor kappa B. J Biol
Chem. 2004;279:41294–301.
45. Weigert C, Brodbeck K, Staiger H, Kaush C, Machicao F, Haring H,
Schleicher E. Palmitate, but not unsaturated fatty acids, induces the
expression of interleukin-6 in human myotubes through proteosomedependent activation of nuclear factor-kB. J Biol Chem. 2004;279:
23942–52.
46. Handschin C, Spiegelman B. Peroxisome proliferator-activated receptor
gamma coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr Rev. 2006;27:728–35.
47. Coll T, Jove M, Rodriguez-Calvo R, Eyre E, Palomer X, Sanchez RM,
Merlos M, Laguna JC, Vazquez-Carrera M. Palmitate-mediated downregulation of peroxisome proliferator-activated receptor-g coactivator
1a in skeletal muscle cells involves MEK1/2 and nuclear factor-kB
activation. Diabetes. 2006;55:2779–87.
48. Coll T, Eyre E, Rodriguez-Calvo R, Palomer X, Sanchez RM, Merlos M,
Laguna JC, Vazquez-Carrera M. Oleate reverses palmitate-induced
insulin resistance and inflammation in skeletal muscle cells. J Biol
Chem. 2008;283:11107–16.
49. Crunkhorn S, Dearie F, Mantzoros C, Gami H, da Silva WS, Espinoza
D, Faucette R, Barry K, Bianco AC, et al. Peroxisome proliferator
activator receptor gamma coactivator-1 expression is reduced in
obesity: potential pathogenic role of saturated fatty acids and p38
mitogen-activated protein kinase activation. J Biol Chem. 2007;282:
15439–50.
50. Schenk S, Saberi M, Olefsky JM. Insulin sensitivity: modulation by
nutrients and inflammation. J Clin Invest. 2008;118:2992–3002.
51. Chavez JA, Holland WL, Bar J, Sandhoff K, Summers SA. Acid
ceramidase overexpression prevents the inhibitory effects of saturated
fatty acids on insulin signaling. J Biol Chem. 2005;280:20148–53.
52. Lee JS, Pinnamaneni S, Eo S, Cho I, Pyo J, Kim C, Sinclair A, Febbraio
M, Watt M. Saturated, but not n-6 polyunsaturated, fatty acids induce
insulin resistance: role of intramuscular accumulation of lipid metabolites. J Appl Physiol. 2006;100:1467–74.
53. Dietze-Schroeder D, Sell H, Uhlig M, Koenen MH, Eckel J. Autocrine
action of adiponectin on human fat cells prevents the release of insulin
resistance-inducing factors. Diabetes. 2005;54:2003–11.
54. Sell H, Dietze-Schroeder D, Kaiser U, Eckel J. Monocyte chemotactic
protein-1 is a potential player in the negative cross-talk between adipose
tissue and skeletal muscle. Endocrinology. 2006;147:2458–67.
55. Zhou Q, Du J, Hu Z, Walsh K, Wang X. Evidence for adipose-muscle
cross-talk: opposing regulation of muscle proteolysis by adiponectin and
fatty acids. Endocrinology. 2007;148:5696–705.

Downloaded from jn.nutrition.org at Univ of New Hampshire on May 11, 2009

22. Suganami T, Mieda T, Itoh M, Shimoda Y, Kamei Y, Ogawa Y.
Attenuation of obesity-induced inflammation in C3H/HeJ mice carrying
a Toll-like receptor4 mutation. Biochem Biophys Res Commun.
2007;354:45–9.
23. Suganami T, Tanimoto-Koyama K, Nishida J, Itoh M, Yuan X,
Mizuarai S, Kotani H, Yamaoka S, Miyake K, et al. Role of toll-like
receptor4/NFkB pathway in saturated fatty acid-induced inflammatory
changes in the interaction between adipocytes and macrophages.
Arterioscler Thromb Vasc Biol. 2007;27:84–91.
24. Song MJ, Kim KH, Yoon JM, Kim JB. Activation of Toll-like receptor 4
is associated with insulin resistance in adipocytes. Biochem Biophys Res
Commun. 2006;346:739–45.
25. Lee JY, Zhao L, Youn HS, Weatherill AR, Tapping R, Feng L, Lee WH,
Fitzgerald KA, Hwang DH. Saturated fatty acid activates but polyunsaturated fatty acid inhibits Toll-like receptor 2 dimerized with Toll-like
receptor 6 or 1. J Biol Chem. 2004;279:16971–9.
26. Shi H, Kokoeva M, Inouye K, Tzanneli I, Yin H, Flier J. TLR4 links
innate immunity and fatty acid-induced insulin resistance. J Clin Invest.
2006;116:3015–25.
27. Davis J, Gabler N, Walker-Daniels J, Spurlock M. TLR-4 deficiency
selectively protects against obesity-induced by diets high in saturated
fat. Obesity (Silver Spring). 2008;16:1248–55.
28. Reynoso R, Salgado LM, Calderón V. High levels of palmitic acid lead
to insulin resistance due to changes in the level of phosphorylation of
the insulin receptor and insulin receptor substrate. Mol Cell Biochem.
2003;246:155–62.
29. Chavez JA, Summers SA. Characterizing the effects of saturated fatty
acids on insulin signaling and ceramide and diacylglycerol accumulation
in 3T3–L1 adipocytes and C2C12 myotubes. Arch Biochem Biophys.
2003;419:101–9.
30. Fain J, Buehrer B, Tichansky D, Madan A. Regulation of adiponectin
release and demonstration of adiponectin mRNA as well as release by
the non-fat cells of human omental adipose tissue. Int J Obes (Lond).
2008;32:429–35.
31. Koska J, Stefan N, Permana P, Weyer C, Sonoda M, Bogardus C, Smith
S, Joanisse D, Funahashi T, et al. Increased fat accumulation in liver
may link insulin resistance with subcutaneous abdominal adipocyte
enlargement, visceral adiposity, and hypoapidonectinemia in obese
individuals. Am J Clin Nutr. 2008;87:295–302.
32. Xi L, Qian Z, Zhou C, Sun S. Corcetin attenuates palmitate-induced insulin
insensitivity and disordered tumor necrosis factor-alpha and adiponectin
expression in rat adipocytes. Br J Pharmacol. 2007;151:610–7.
33. Kim JY, Van de Wall E, Laplant M, Azzara A, Trujillo M. Obesityassociated improvements in metabolic profile through expansion of
adipose tissue. J Clin Invest. 2007;117:2621–37.
34. Laine PS, Schwartz EA, Wang Y, Zhang WY, Karnik SK, Musi N,
Reaven PD. Palmitic acid induces IP-10 expression in human macrophages via NF-kappaB activation. Biochem Biophys Res Commun.
2007;358:150–5.
35. Weatherill AR, Lee JY, Zhao L, Lemay DG, Youn HS, Hwang DH.
Saturated and polyunsaturated fatty acids reciprocally modulate dendritic
cell functions mediated through TLR4. J Immunol. 2005;174:5390–7.
36. Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, Scott PA, Jenn A,
Liu-Bryan R, Glass CK, Neels JG, Olefsky JM. A subpopulation of
macrophages infiltrates hypertrophic adipose tissue and is activated by
free fatty acids via Toll-like receptors 2 and 4 and JNK-dependent
pathways. J Biol Chem. 2007;282:35279–92.
37. Weisberg SP, Hunter D, Huber R, Lemieux J, Slaymaker S, Vaddi K,
Charo I, Leibel RL, Ferrante AW. CCR2 modulates inflammatory
and metabolic effects of high-fat feeding. J Clin Invest. 2006;116:115–24.
38. Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes
and macrophages aggravates inflammatory changes: role of free fatty
acids and tumor necrosis factor alpha. Arterioscler Thromb Vasc Biol.
2005;25:2062–8.

