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  Obesity is associated with infi ltration of proinfl ammatory 
macrophages in adipose tissue and with a low-grade state of 
infl ammation as judged by systemic and tissue measure-
ments of proinfl ammatory cytokines and acute-phase reac-
tants ( 1 ). Numerous studies indicate that increased levels 
of free FAs (FFAs) are critical for the pathogenesis of the 
metabolic syndrome ( 2 ). For instance, palmitate can get 
channeled into increased biosynthesis of ceramides, which 
can cause insulin resistance, infl ammation, and apoptosis 
( 3–5 ). Furthermore, intermediates of FFAs, through their 
conversion to triglycerides (lysophosphatidic acid, phos-
phatidic acid and diacylglycerol), can activate proinfl am-
matory kinases ( 6 ). FFAs may also enhance infl ammation 
through binding and signaling through Toll-like receptor-4 
(TLR4) ( 7 ). Thus, failure of adipose tissue to expand and/
or buffer excess FFAs may be the starting point for obesity- 
and lipodystrophy-related metabolic disturbances. In obe-
sity, as well as in critically ill patients, FFAs are chronically 
elevated and can induce a vicious proinfl ammatory cycle 
over the course of which adipocytes and macrophages fur-
ther aggravate local and systemic infl ammation ( 8 ). In sup-
port of this hypothesis, intensive insulin treatment that 
inhibits lipolysis and hyperglycemia has been successful in 
the reduction of infl ammation and, more importantly, 
mortality of critically ill patients ( 9 ). In healthy individuals, 
lipolysis is effi ciently suppressed by insulin in the fed state. 
However, recent studies by Kosteli et al. ( 10 ) suggest that 
weight loss induces a transient state of infl ammation in adi-
pose tissue. This is also consistent with a central role for 
FFAs in metabolic infl ammation. In fact, the highest levels 
of FFAs in the system are found close to the site of release 
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at 0.09 and 0.75  � g/ml concentrations were <7 and <13%, re-
spectively. The mean recovery of exogenously spiked adipsin 
(0.156, 0.313, and 0.325  � g/ml) in serum and plasma samples 
(n = 5) were 96.9, 96.3, and 101.3% of the expected values, re-
spectively. Linearity of dilutions in serum and plasma samples 
(n = 5) ranged between 83.9% and 122.7%, respectively. For 
SAA ELISAs, the sensitivity was 0.078  � g/ml, dynamic range was 
0.078–5.0  � g/ml, with 10  � l sample volume required. There 
was no signifi cant cross-reactivity with known acute-phase pro-
teins, cytokines and adipokines. However, SAA3 is very similar 
to SAA1 and -2, and we cannot rule out that this assay detects all 
of the isoforms of SAA. Intra-assay and inter-assay CV at 0.2 and 
1.8  � g/ml concentrations were <14 and <13%, respectively. Re-
covery of exogenously spiked SAA3 (0.313, 0.625, and 1.25  � g/
ml) were 97, 96, and 101%, and linearity of dilutions ranged 
between 80.0% and 107%. For AGP ELISA, the sensitivity was 
6.9 pg/ml, dynamic range was 6.9–5,000 pg/ml, and 20  � l of a 
1/3,000 diluted serum or plasma sample is required  . Intra-assay 
and inter-assay CV at 250 and 1,750  � g/ml concentrations were 
<8% and <10%, respectively. Recovery of spiked AGP (123 pg/ml 
and 370 pg/ml) were 95% and 83%, and linearity of dilutions 
ranged between 91% and 121%. 

 Blood chemistry 
 Specifi c ELISAs were developed for SAA, AGP, and adipsin 

levels (Millipore). FFA levels were measured with NEFA  -HR 
( 2 ) (Wako Pure Chemical Industries, Japan). 

 Quantitative real-time RT-PCR 
 Tissues were collected in RNAlater (Ambion) and stored at 

 � 80°C until Trizol reagent (Invitrogen) extraction followed by 
RNA purifi cation using the RNeasy Mini Kit and RNase-Free 
DNase (Qiagen). RNA was reverse transcribed to cDNA by the 
iScript cDNA synthesis kit (Bio-Rad); IQ SYBR Green Supermix 
(Bio-Rad) was used for the quantitative PCR reactions, and  � -actin 
was used as endogenous control. Primer sequences used are pre-
sented in supplementary  Table I . 

 Vascular permeability 
 Evan’s Blue Dye was tail vein-injected at a dose of 25 mg/kg to 

fed and 24 h fasted wild-type FVB mice. Two hours after the injec-
tion, the mice were anesthetized and completely perfused with 
PBS. The adipose tissue was thoroughly minced, and 0.1 ml tissue 
was transferred to 0.175 ml trichloroacetic acid and incubated at 
37°C until the tissue pieces were completely dissolved. The ho-
mogenates were centrifuged at 1,000  g  for 30 min, and the per-
meability, as judged by the blue color in the supernatant, was 
quantifi ed spectrophotometrically at 610 nm. 

 Immunohistochemistry 
 The tissues were collected for immunohistochemical analy-

sis, and deparaffi nized adipose tissue and liver sections were 
stained for Mac2 (rat anti-mouse Mac2; Cedarlane), CD163 
(rabbit anti-mouse CD163; Santa Cruz Biotechnology), and 
CD301 (rat anti-mouse CD301; Serotec) antigen. Antigen re-
trieval by boiling the slides for 15 min in antigen-unmasking 
solution (Vector Laboratories) was performed for adipose sam-
ples that were stained for of CD163 and CD206. Liver samples 
were incubated with Avidin/Biotin blocking system (Thermo 
Scientifi c) to block endogenous biotin/avidin. Endogenous 
peroxidase activity was blocked in all samples by Dual Endoge-
nous Enzyme Block (Dako). Detection was performed by the 
Liquid DAB+ Substrate Chromogen System, using secondary 
anti-rat or anti-rabbit biotinylated anti bodies and HRP-strepta-
vidin (all reagents from Dako). 

and reesterifi cation, i.e., near adipocytes. We expected that 
the systemic increase in FA oxidation during fasting would 
limit a generalized proinfl ammatory response, owing to 
the high turnover of FFAs under those conditions. In con-
trast to our expectations, however, we found that fasting is 
associated with a systemic increase in the acute-phase reac-
tant serum amyloid A (SAA) ( 9 ). Circulating SAA is thought 
to originate mainly from the liver, but adipose tissue can 
also express very high levels under some conditions ( 11 ). 
Prolonged fasting increases hepatic steatosis, suggesting 
that the uptake of lipids exceeds the FA oxidation in this 
organ. We therefore hypothesized that adipose tissue and 
the liver are at risk for a fasting-induced infl ammatory re-
sponse and aimed to study the fasting-induced immune re-
sponse in more detail. We identifi ed vascular endothelial 
growth factor (VEGF) as a potential local mediator of fast-
ing-induced infl ammatory and metabolic effects. In con-
trast to generic metabolically unfavorable conditions, 
fasting induces a response in adipose tissue and in the 
liver that involves macrophages that could operationally 
be categorized as “M2”, i.e., macro phages that display 
a somewhat reduced infl ammatory potential and are 
prone to promoting tissue repair and remodeling ( 12 ). 
This response is seen in metabolically fi t animals only, 
and is lost in metabolically challenged animals. This 
expands the previously established concept of “meta-
bolic fi tness” to an additional area that involves “immu-
nological fi tness” that is lost in the context of metabolic 
dysfunction. 

 MATERIALS AND METHODS 

 Animals 
 Pure wild-type FVB and C57B6 mice were used for all stud-

ies. Adiponectin transgenic (adipo tg) mice ( 13 ) were used for 
plasma measurements as a model of resistance to high-fat diet 
(HFD)-induced metabolic dysfunction, whereas  ob/ob  mice 
were used to collect blood from a mouse model with extreme 
dyslipidemia and hyperglycemia. The fasting response was also 
compared between adipo tg, adiponectin ko mice (adipo-null) 
( 14 ) and wild-type mice. Mice were maintained on a 12 h 
light/dark cycle and housed in groups of two to four with un-
limited access to water, chow (No. 5058, Lab-Diet), or HFD 
(No. D12492, Research Diets, Inc.). A subset of adipo-null and 
wild-type mice on C57B6 background were fed a high-fat high-
sucrose diet (40% lipid, 40% carbohydrates, and 20% protein) 
with or without Rosiglitazone at a dose of 10 mg/kg/day. The 
Institutional Animal Care and Use Committee of the Univer-
sity of Texas Southwestern Medical Center, Dallas approved all 
animal experiments. 

 Development of ELISAs 
 Specifi c sandwich ELISAs were developed by Millipore Cor-

poration to measure plasma adipsin (EZMADPSN-22K), SAA 
(EZMSAA3-12K), and  � 1-acid glycoprotein (AGP) (EZMAGP-
23K). The sensitivity of the mouse adipsin ELISA was 0.039  � g/ml 
with a dynamic standard range of 0.039–2.5  � g/ml and it uti-
lizes 40  � l of a 1/8-diluted serum/plasma sample. There was no 
signifi cant cross-reactivity with known acutephase proteins, cy-
tokines, and adipokines, except for glutathione S-transferase 
tagged mouse lipocalin-2 (1.5%) and mouse AGP (4.0%). Intra-
assay (n = 8) and inter-assay (n = 8) Coeffi cient of Variation(CV) 
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with 2% formalin in PBS, resuspended in FACS buffer, and run 
on an FACScalibur instrument. Analysis was performed using 
FlowJo software. 

 Statistical methods 
 Data are in generally expressed as mean ± SEM. Student’s  t -test 

was used for comparisons between groups, and  P  <0.05 was con-
sidered signifi cant. Asterisks *, **, *** indicate  p -values of <0.05, 
<0.01, and <0.001, respectively. 

 RESULTS 

 Circulating SAA is a marker for low-grade infl ammation 
in mice 

 We initially sought to establish a circulating marker that 
appropriately refl ects infl ammation due to metabolic dys-
regulation in mice. To start with a general proinfl ammatory 

 Flow cytometry analysis 
 Pooled inguinal and gonadal adipose tissues from fed and 

fasted FVB mice were minced and digested at 37°C for 40 min in 
DMEM (Mediatech) supplemented with 1% BSA and 1.5 mg/ml 
collagenase (from  Clostridium histolyticum ; Sigma). Undigested 
tissue was removed by fi ltration through a steel fi lter mesh, and 
the stromal-vascular fraction was pelleted by centrifugation at 
1,000  g  for 8 min. The pellet was dissolved and incubated in red 
blood cell lysis buffer (BD Pharm Lyse; BD Biosciences) for 
2 min at room temperature. Additional buffer (1% BSA-supple-
mented DMEM) was added prior to centrifugation and resus-
pension in fl uorescence-activated cell sorting (FACS  ) buffer (2% 
FBS in PBS). The cells were stained with 1/100-diluted FITC 
anti-mouse F4/80 (Serotec), 1/100 PerCP/Cy5.5 anti-mouse 
CD11b (clone M1/70; BioLegend), 1/100 phycoerythrin   anti-
mouse CD11c (clone N418; BioLegend), and 1/100 allophyco-
cyanin   anti-mouse (clone C068C2; BioLegend) for 30 min on 
ice. Cells were washed twice with FACS buffer, fi xed for 10 min 

  Fig.   1.  Circulating serum SAA, adipsin, and AGP levels in response to 0.1 mg/kg LPS i.p. (A–C) or high-fat 
diet for 48 h or for 6 weeks (D), as well as in genetically obese  ob/ob  mice (E). SAA3 mRNA levels in gonadal 
adipose tissue (WAT) and in liver from chow-fed, 8 weeks high-fat diet-fed and  ob/ob  mice (F  ). [* Signifi cant 
difference as compared with baseline(A–C), normal chow (D, F) or WT (E)].   
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HFD regimen. AGP levels were also increased in the acute 
setting, and then remain at this elevated level after 6 weeks, 
without a further increase compared with the 48-h time 
point. Adipsin levels increased slightly within 48 h of HFD, 
but then dropped below the baseline levels seen for chow-
fed animals after 6 weeks HFD challenge ( Fig. 1D ). 

 The lack of leptin in the  ob/ob  mouse is one of the most 
potent metabolic challenges that a mouse can be exposed 
to. SAA levels were almost 5-fold upregulated under those 
conditions. In contrast, AGP levels were not elevated in  ob/ob  
mice. However, adipsin was profoundly downregulated, 
consistent with previous observations ( 15 ) ( Fig. 1E ). At the 
transcriptional level, HFD-induced obesity, as well as genet-
ically induced obesity in the  ob/ob  mice, was associated with 
increased SAA3 mRNA expression in adipose tissue ( Fig. 
1F ). A similar regulation was also seen for SAA1 and SAA2 
mRNA (see supplementary  Fig. I ). In contrast, obesity did 
not induce an increased expression of SAA3 mRNA in the 
liver. In fact  ob/ob  mice had even lower hepatic SAA3 mRNA 

stimulus, mice were exposed to 100 ng/g body weight li-
popolysaccharide (LPS). SAA, AGP, and adipsin ( 15, 16 ) 
levels were measured at various intervals post injection with 
newly developed ELISA assays. As expected, the classical 
acute-phase reactant SAA was dramatically upregulated  
(  Fig. 1A  ). Adipsin levels increased slightly after 24 h in re-
sponse to LPS ( Fig. 1B ). Similarly, AGP was upregulated, 
albeit to a much lesser extent than SAA and with slower 
kinetics ( Fig. 1C ). 

 To test whether we could induce an elevation in the 
context of metabolic dysfunction, we tested whether the 
levels of SAA, AGP, and adipsin are affected by excess nu-
trient exposure and thereby contribute to the subclinical 
proinfl ammatory conditions frequently observed in the 
obese state. We examined the relative degree of infl amma-
tion in an acute setting after 48 h post initial exposure to 
HFD as well as in the chronic state 6 weeks post initiation 
of the HFD. Within 48 h, SAA levels were signifi cantly in-
creased and go up even further in the chronic, 6 week 

  Fig.   2.  Circulating serum SAA, adipsin, and AGP levels in high-fat diet-fed wild-type and adipo tg mice (A), 
in wild-type (B), and adipo  � / �   mice (C) on high-fat high-sucrose diet with or without rosiglitazone treatment 
(11 days of treatment) and inguinal adipose SAA3 mRNA (D), liver SAA1 (E), and liver SAA3 expression (F) 
in the same mice as used in panels B and C (* signifi cant difference as compared with WT).   
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ment on acute-phase reactant markers in circulation. This 
is consistent with our previous observations that demon-
strated a reduced effi ciency in achieving PPAR �  agonist-
mediated metabolic improvements in the absence of 
adiponectin ( 14 ). 

 Fasting induces a systemic acute-phase response 
 Exposure to as little as 48 h of HFD feeding causes an 

increase in SAA and AGP levels. This further argues for an 
essential role of lipids as a link between metabolic dysfunc-
tion and systemic infl ammation. We therefore sought to 
investigate the effects of FFAs on SAA and AGP levels in 
more detail by manipulating the FFA levels through an oral 
administration of a lipid load (olive oil, 15  � l/g body 
weight), as well as testing the effect of fasting in healthy 
wild-type mice, a condition associated with elevated lipoly-
sis and elevated local FFA levels in adipose tissue. FFA levels 
increased 2 h post the oral lipid gavage and remained sig-
nifi cantly elevated for an additional 2 h  (  Fig. 3A  ). Concom-
itant with the change in FFAs, SAA levels increased within 
2 h and remained high throughout the 8 h study period 
( Fig. 3B ). In contrast, there was a small but signifi cant 
decrease in AGP levels ( Fig. 3C ). A similar response was 
observed after a 24 h fast ( Fig. 3D–F ). In contrast, adi-
ponectin tg mice did not display a signifi cant increase in 
SAA levels after a 24 h fast despite similar FFA levels, fur-
ther highlighting the potent anti-infl ammatory role of 
adiponectin ( Fig. 3G ). To further explore the relation-
ship between FFA and SAA, we induced lipolysis pharma-
cologically by using a low dose (0.1 mg/kg) and a high 
dose (1.0 mg/kg) of  � 3 adrenergic receptor-agonist 
( � 3AR-agonist). Indeed,  � 3AR-agonist dose-dependently 
generated both higher FFA and SAA levels in healthy 
chow-fed mice ( Fig. 3H, I ). 

 Prolonged fasts, such as a 24 h food deprivation in mice, 
are associated with a general repression of the immune 
defense and an increase in whole-body FA oxidation. How-
ever, fasting induces hepatic steatosis ( 21 ), indicating that 
the increase in hepatic FA uptake exceeds the FA oxidation. 
During those conditions, the exposure to FFA is expected 
to be particularly high locally in the adipocyte microenvi-
ronment. Therefore, we hypothesized that fasting induces 
a transient proinfl ammatory response in both the liver 
and in adipose tissue. In support of that, fasting increases 
the mRNA expression of SAA1, -2, and -3 in the liver and 
in inguinal adipose tissue. Surprisingly however, no changes 
were observed in gonadal adipose tissue  (  Fig. 4A–C  ). As 
anticipated, SAA3 is the main SAA isotype in adipose tis-
sue (about 100-fold higher than SAA1 and -2) ( 22 ). How-
ever, SAA1, -2, and -3 were all expressed at a much higher 
degree in the liver, suggesting that the liver may be a sig-
nificant source of circulating SAA during fasting con-
ditions. In contrast, the fasting-induced reduction in 
circulating AGP correlated better with the transcriptional 
changes in adipose tissue. We found reduced expression 
of AGP in adipose tissue, whereas the expression was in-
creased in the liver of fasted mice ( Fig. 4D ). As a control, 
we also measured mRNA expression of PEPCK and 
SREBP1c, genes well known to be regulated by fasting. As 

levels compared with the chow-fed controls ( Fig. 1G ). Liver 
SAA1 mRNA levels were unaltered in the three groups, 
whereas there was about a 2-fold increase in hepatic SAA2 
mRNA in the obese mice (see supplementary  Fig. I ). 

 We have previously demonstrated that mice overex-
pressing adiponectin are protected against the negative 
metabolic impact of a HFD ( 13, 17, 18 ). This was 
achieved, at least in part, through the anti-infl ammatory 
properties that adiponectin can exert on multiple cell 
types. At baseline, there was, however, a slight trend to-
ward increased SAA in the adiponectin-overexpressing 
mice (0.007 ± 0.004 vs. 0.04 ± 0.03  � g/ml in wild-type vs. 
transgenic mice,  P  = 0.14) and a trend toward increased 
AGP levels (0.96 ± 0.09 vs. 1.48 ± 0.50  � g/ml in wild-type 
vs. transgenic mice,  P  = 0.24). In contrast (and consistent 
with the anti-infl ammatory effects of adiponectin), the 
adiponectin-transgenic mice were protected against the 
HFD-induced increase in SAA and AGP. Adipsin levels 
were elevated upon adiponectin overexpression, even at 
baseline (0.72 ± 0.03 vs. 1.24 ± 0.05  � g/ml in wild-type vs. 
transgenic mice,  P  < 0.001), and remained signifi cantly 
higher after 6 weeks on a HFD in adiponectin-overex-
pressing mice  (  Fig. 2A  ). 

 Chronic administration of a PPAR �  agonist (rosiglita-
zone) to HFD-fed mice signifi cantly increases adiponectin 
levels ( 19 ) and improves metabolic parameters, as demon-
strated by many previous reports ( 20 ). Along with improve-
ments in glucose and lipid parameters (data not shown), 
PPAR �  agonists also have potent anti-infl ammatory prop-
erties and signifi cantly suppressed SAA levels. In addition, 
there was also a trend toward increased adipsin levels. 
Somewhat unexpectedly, AGP levels were also increased in 
PPAR �  agonist-treated mice relative to controls. Given that 
PPAR �  agonists substantially increase adiponectin levels, 
we wanted to test whether adiponectin is involved in the 
modulation of SAA and adipsin in this context. We found 
that untreated HFD-fed adiponectin-defi cient mice dis-
played lower SAA levels (0.29 ± 0.02 vs. 0.19 ± 0.02  � g/ml 
in wild-type vs. adiponectin knockout mice,  P  < 0.05), a 
trend toward higher AGP levels (1.89 ± 0.09 vs. 2.27 ± 0.12 
 � g/ml in wild-type vs. adiponectin knockout mice,  P  = 
0.15), while adipsin levels were comparable (0.97 ± 0.04 vs. 
1.0 ± 0.17  � g/ml in wild-type vs. adiponectin knockout 
mice,  P  = 0.84). Importantly, the PPAR �  agonist-mediated 
effects on these proteins were completely lost in mice lack-
ing adiponectin, i.e., SAA, adipsin, and AGP levels in 
adiponectin-defi cient mice were not thiazolidinediones 
responsive   ( Fig. 2C ). In line with the systemic protein 
measurements of SAA, SAA3 mRNA was reduced in adi-
pose tissue depots upon TZD exposure ( Fig. 2D ). A similar 
trend was observed for SAA3 in the liver ( Fig. 2E ). How-
ever, in the PPAR �  agonist-treated adiponectin-defi cient 
mice, this effect was not observed. With respect to hepatic 
SAA1 and -2, neither   liver SAA1 (Fig. 2F) nor SAA2 mRNA 
(data not shown) was affected by PPAR �  agonist in wild-
type mice, whereas PPAR �  agonist-treated adiponectin-
defi cient mice displayed elevated levels of liver SAA1/2 
mRNA. This indicates that adiponectin is important for 
mediating the suppressive effects of PPAR �  agonist treat-
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loading also increases the FFA levels, but the esterifi ca-
tion of FFA to triglyceride is, at the same time, very effi -
cient. Therefore, the local levels of FFA in adipose tissue 
and liver may not refl ect the circulating levels. Interestingly, 
we found that fasting and lipid loading have the opposite 
effect on circulating adiponectin levels ( Fig. 4E ). Fasting 
increases adiponectin levels, whereas lipid loading leads 
to a reduction in adiponectin levels. This is consistent 
with the idea that circulating adiponectin refl ects changes 
in lipid metabolism and energy state in adipose tissue.   

 Fasting induces a local M2 type of infl ammatory response 
in adipose tissue and the liver 

 Infl amed adipose tissue, commonly seen in the context 
of obesity ( 1 ), is characterized by increased macrophage 
infi ltration and the appearance of clusters of macrophages 
that are referred to as crown-like structures (CLSs). This is 
associated with a shift from an anti-infl ammatory M2/Th2 
population toward a proinfl ammatory M1/Th1 type of im-
mune response. Kosteli et al. ( 10 ) have recently observed 
that fasting and weight loss is associated with a transient 

expected, fasting caused increased PEPCK and reduced 
SREBP1c levels in both adipose and liver (see supplemen-
tary  Fig. IA, B ). We also tested whether this fasting-induced 
SAA mRNA expression could be mimicked by an oral load 
of lipid. However, the SAA1, -2, and -3 gene expression in 
liver was unaffected by the exogenous lipid load. In adi-
pose tissue, there was even a tendency toward reduced 
SAA3 mRNA levels 8 h post lipid gavage, as compared with 
PBS-gavaged control mice (data not shown). Thus, exoge-
nous lipids may increase circulating SAA levels by a mecha-
nism other than the fasting-induced release of FFAs. Possibly, 
the gut may be the major source of increased SAA levels 
after an oral lipid loading ( 23 ). We have summarized the 
SAA mRNA responses in liver and adipose tissue, as well 
as plasma protein, under the different conditions in 
   Table 1  . On the basis of these results, we conclude that 
the local levels of FFAs in the adipocyte microenviron-
ment differ between fasted and oral lipid-loaded, fed 
conditions. In the fasted state, there is a dramatic increase 
in FFAs both locally in adipose tissue and systemically, 
while blood fl ow to the gut is downregulated. Oral lipid 

  Fig.   3.  Circulating serum FFA, SAA, and AGP levels in wild-type mice in response to an oral load of lipids 
(A, B, C) or in response to a 24 h fast (D, E, F). Serum SAA in fed and fasted wild-type mice in comparison 
to adiponectin-overexpressing mice (G). H, I: Circulating FFA and SAA levels, respectively, in response to a 
low dose (0.1 mg/kg i.p.) and a high dose (1.0 mg/kg i.p.) of  � 3AR-agonist. [* Signifi cant difference as 
composed with baseline (A–C), fed (D–G) or low dose (H–I)].   
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lapping marker distribution with many subtypes, this re-
mains a useful general categorization describing general 
trends in the macrophage subpopulations. Under the con-
ditions here, M1 markers were either unchanged or down-
regulated, while M2 markers were upregulated in adipose 
tissue and liver ( Fig. 5A ). Immunohistochemical visualiza-
tion of Mgl2 + /CD301 +  and CD163 + -positive cells further sup-
ports an increase of M2-type cells in adipose tissue and the 

increase in macrophage infi ltration. Here, we aim to fur-
ther characterize this response by gene expression and im-
munohistochemistry analysis   of harvested adipose tissue 
and livers of fed and fasted healthy wild-type animals. We 
found that the pan-macrophage marker F4/80 was upreg-
ulated in adipose tissue, but not in the liver  (  Fig. 5  ). While 
it is clear that the M1 and M2 categories of macrophages 
represent a continuum, comprising cells that have an over-

  Fig.   4.  SAA1 (A), SAA2 (B), SAA3 (C), and AGP 
(D) mRNA expression in inguinal adipose tissue 
(IWAT), gonadal adipose tissue (GWAT), and liver of 
fed and 24 h-fasted wild-type FVB mice. E: Circulat-
ing adiponectin levels in fed and overnight-fasted 
wild-type FVB mice before and after an oral lipid 
load. (* Signifi cant difference as compared with 
fed.)   

  TABLE   1.  Obesity, fasting, and lipid-induced changes in circulating SAA and transcriptional regulation of SAA1-3 mRNA in inguinal adipose 
tissue (WAT) and liver 

Obese vs. lean Fasted vs. fed

Lipid load vs. PBSHFD ob/ob Chow HFD

Circulating SAA  ↑  ↑  ↑  ↑  ↑  ↑ ( ↑ )  ↑  ↑  ↑ 
Liver SAA1 mRNA  ↑  –  ↑  ↑  ↑ ( ↑ )  – 
Liver SAA2 mRNA ( ↑ )  ↑  ↑  ↑  ↑ ( ↑ )  – 
Liver SAA3 mRNA  –  ↓  ↑ ( ↓ )  – 
WAT SAA1 mRNA*  –  ↑  ↑  ↑  ↑ ( ↓ ) ( ↓ )
WAT SAA2 mRNA*  –  ↑  ↑  ↑  ↑ ( ↓ ) ( ↓ )
WAT SAA3 mRNA  ↑  ↑  ↑  ↑  ↑  ↑  – ( ↓ )

Arrows represent the relative changes under the studied conditions; an arrow in parenthesis represents 
changes that did not reach signifi cance; an asterisk* indicates transcripts that are expressed only at very low levels; 
 –  indicates no change.
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  Fig.   5.  Expression of macrophage mRNA markers in inguinal adipose tissue (IWAT), gonadal adipose tissue (GWAT), and livers of fed 
and 24 h-fasted wild-type FVB mice (A). Analysis of the relative abundance of F480 + CD11b +  cells of R1 (live cells) in the stromal vascular 
fraction from pooled IWAT and GWAT from fed and overnight-fasted wild-type FVB mice (B). (* Signifi cant difference as compared with 
fed.)   

liver  (  Fig. 6A, B  ). Flow analysis of the stromal vascular frac-
tion of adipose tissue from fed and fasted mice is also 
in agreement with the quantitative real-time RT-PCR 
and immunohistochemistry data. Fasted mice indeed 
had increased levels of macrophages in adipose tissue 
(F4/80 + CD11b + cells) ( Fig. 5B ). As representatives of M1 
and M2 markers, we used CD11c and CD206 respectively, 
but we were unable to detect a signifi cant difference 
between F4/80 + CD11b +  cells from fed and fasted adipose 
tissue (data not shown). The expression of CD11c was, 
however, very low in both groups, indicating that most 
macrophages represent the M2 type in healthy mice and 
that fasting further increases the total number of M2 mac-
rophages. Given the differential transcriptional regulation 

of SAA between fasted and lipid-gavaged conditions, we 
also wanted to explore M1/M2 markers in adipose tissue 
and liver in the context of an oral lipid exposure. In con-
trast to fasting, CD301 mRNA had a trend toward a de-
crease by 33% ( P  = 0.08), while NOS2 mRNA had a trend 
toward an increase by 18% ( P  = 0.07) in adipose of lipid-
gavaged mice. The livers of the lipid-gavaged mice had a 
30% decreased ( P  = 0.04) expression of CD163 mRNA as 
compared with controls, whereas other M1/M2 markers 
and SAA mRNA were unaltered. Interestingly, fasting in-
duced a 60% increase in adiponectin expression in the in-
guinal depot ( P  < 0.05). A similar trend was seen in the 
gonadal depot, and this is refl ected in an increase in the 
circulating adiponectin levels ( Fig. 4E ). Lipid loading, on 
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  Fig.   6.  Immunohistochemical analyses of Mgl1/CD301 (A) and CD163 (B) expression in inguinal adipose tissue (IWAT) and livers of fed 
and 24 h-fasted wild-type FVB mice. Immunohistochemical analyses of Mac2 (C) expression in inguinal adipose tissue (IWAT), gonadal adi-
pose tissue (GWAT), and in livers of fed and 24 h-fasted wild-type FVB mice. D: Mac2 mRNA expression levels from the same animals.     



Fasting-induced immune response 1263

the other hand, reduced adiponectin levels ( Fig. 4E ). 
Thus, our data are in full support of other reports showing 
that adiponectin shifts macrophages toward an M2 pheno-
type ( 24–26 ). 

 Lipid-gavaged mice also displayed a 64% reduction of 
Mac2 mRNA (a marker of phagocytically active mac-
rophages) in adipose tissue compared with controls ( P  = 
0.02). This fi nding was in contrast to fasted mice that dis-
played an increased number of Mac2 +  cells in both adi-
pose tissue and in the liver ( Fig. 6C ). Surprisingly, the 
fasting-induced Mac2 +  CLSs were more common in ingui-
nal adipose tissue, consistent with the gene expression 
data that indicated that fasting-induced infl ammatory re-
sponses are more enhanced in inguinal relative to gonadal 
adipose tissue ( Fig. 6D ). We did not observe CD301 +  or 
CD163 +  cells in the CLSs, suggesting that CLS-associated 
Mac2 +  cells represent a distinct type of macrophage. 

 These observations in fasted mice are in sharp contrast 
to adipose infl ammation in the context of chronic meta-
bolic dysfunction, during the course of which the gonadal 
fat pads play a much more signifi cant role. The differen-
tial depot-specifi c fasting-induced activation of FFAs may 
form the underlying mechanistic basis for these differ-
ences. In insulin-resistant states, adipocytes fail to effi -
ciently sequester excess FFAs due to impaired uptake and 
esterifi cation of FAs as well as impaired suppression of li-
polysis in the fed state. These defects are more commonly 
seen in visceral adipocytes, compared with often smaller-
sized subcutaneous adipocytes. In the fasted state, lipolysis 
is driven primarily by the lack of insulin and, in at least the 
initial phase, also by increased adrenergic signaling. 
Smaller and healthier adipocytes are more sensitive to 
fasting-induced lipolysis, and the subsequent FFA release 
may be further enhanced by the higher surface-to-volume 
ratio. In support of a differential fasting-induced response 
in different fat pads, we observed that the inguinal adi-
pose tissue was signifi cantly more reduced than the go-
nadal adipose tissue compared with the fed controls 
(52.5% lighter inguinal,  P  = 0.01, and 37.3% lighter go-
nadal depot,  P  = 0.06 as compared with fed controls). 
Fasting therefore leads to a more-pronounced local in-
crease of FFAs in the inguinal depot relative to the go-
nadal depot. 

 Fasting increases VEGF-A expression and vascular 
permeability 

 What are the underlying mechanism(s) that explain the 
increase in infi ltrating leukocytes in adipose tissue? We ex-
amined vascular permeability in fed and fasted adipose tis-
sue using an intravenous injection of Evans Blue dye. 
Fasting increased vascular permeability in the gonadal de-
pot and, to a smaller extent, also in the inguinal depot  
(  Fig. 7A  ). This phenomenon was associated with an in-
crease in VEGF-A expression ( Fig. 7B ), a potent inducer of 
vascular permeability and a factor implicated in M2 polar-
ization of macrophages. This could also enhance FFA ex-
change during the fasting period, a time of rapid FFA 
release from adipocytes. However, the inguinal adipose tis-
sue displayed less-pronounced VEGF-A mRNA upregulation, 

  Fig.   7.  Differences in vascular permeability as judged by the ex-
tracted amount of Evans Blue inguinal adipose tissue (IWAT) and 
gonadal adipose tissue (GWAT) after the tail vein administration of 
the dye to fed and fasted wild-type FVB mice (A). mRNA expres-
sion of VEGF-A, the neutrophil marker MPO, and the chemoat-
tractants MCP-1 and MIP-1 �  in inguinal adipose tissue (IWAT), 
gonadal adipose tissue (GWAT) and livers of fed and 24 h-fasted 
wild-type FVB mice (B–E). (* Signifi cant difference as compared 
with fed.)   

but yet more Mac2 +  CLSs and a dramatically increased my-
eoloperoxidase expression   relative to the gonadal depot, 
arguing for additional contributing factors ( Fig. 7C ). 
MCP-1 was a strong candidate, given its established role 
for macrophage infi ltration in obese adipose tissue ( 27, 
28 ), but surprisingly, MCP-1 mRNA was downregulated in 
fasted adipose tissue ( Fig. 7D ). In contrast, we found a 
small upregulation of MIP-1 �  mRNA after fasting in the 
inguinal depot and a similar trend in the gonadal depot 
( Fig. 7E ). MIP-1 �  has been shown to attract both neutro-
phils and macrophages and may therefore contribute to-
ward fasting-induced adipose tissue infl ammation. 

 Fasting of obese mice fails to induce a shift toward 
M2-polarized cells 

 We have established that prolonged fasting leads to a 
phenotypic switch from the M1 to the M2 type of immune 
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complex. Chiba and colleagues ( 33 ) have recently shown 
that adipocyte-derived SAA3 may not reach the circulation. 
The changes in circulating SAA levels reported here are 
more consistent with a model that includes adipose tissue-
derived SAA3 as one of the determinants of circulating 
levels under obese conditions, whereas the liver may con-
tribute to a larger extent during fasted conditions. How-
ever, we do not know how the colon-derived SAA3 (another 
source of SAA3) behaves under these conditions ( 34 ). The 
lack of a transcriptional increase for SAA in both liver and 
adipose in mice that are given an oral load of lipids points 
indeed toward the colon as a potential source. Therefore, 
caution needs to be exerted in terms of singling out a spe-
cifi c tissue as the major determinant for circulating SAA3 
levels. 

 Much less is known about the role of AGP in adipose 
tissue. It is well established that AGP is abundantly expressed 
in adipocytes; however, it is generally not regulated by in-
fl ammatory markers ( 22 ). Its exact function for adipocyte 
physiology therefore remains to be determined, but it is a 
protein that is constitutively expressed at rather high levels 
and may serve as an important carrier protein. 

 With respect to adipsin, progress in the fi eld has been 
signifi cantly hampered by the lack of widely available 
tools to measure this protein in plasma. After a series of 
exciting initial fi ndings ( 15, 16, 35–37 ), adipsin has been 
the focus of studies revolving around acylation-stimulat-
ing protein (ASP) ( 38 ), where it is part of the protease com-
plex that leads to the generation of ASP. While ASP has 
been demonstrated to potentially play an important role 
in cellular lipid handling in adipocytes ( 38 ), it is not clear 
whether adipsin exerts any other functions. However, the 
transcriptional regulation of adipsin bears many resem-
blances to the transcriptional regulation of adiponectin. 
These two proteins are the only known examples of adi-
pokines that display an  inverse  correlation with fat mass, 
despite the fact that their expression is highly enriched 
in adipocytes. 

 We have used the availability of these assays as a segue 
into physiological studies at the interphase of feeding 
and fasting. In the initial phase of fasting, when there is an 
increased tone of the sympathetic nervous system that 
further enhances lipolysis and hepatic glucose output, 
there is also a concurrent activation of the immune sys-
tem. In contrast, prolonged fasting is associated with a 
general suppression of the immune function and infl amma-
tion. One may argue that a higher proportion of FFAs is 
oxidized in the fasted state and that thereby their impact 
on infl ammation is expected to be reduced. However, fast-
ing induces hepatic steatosis, and the local FFA concentra-
tion surrounding adipocytes is elevated and able to signal 
through receptors, such as TLR4, and/or to contribute to 
ceramide synthesis. Indeed, we found that SAA levels are 
increased in circulation and transcriptionally in adipose 
tissue and in the liver. Furthermore, fasting-induced in-
fl ammation is associated with an increase in macrophage 
infi ltration in a depot-specifi c manner. 

 The lack of fasting-induced SAA3 in adiponectin-overex-
pressing mice may rely on the potent local anti-infl ammatory 

cell composition. This is in contrast to the trends seen in 
the context of obesity, which involves primarily a M1 type 
of immunity associated with a systemic and local proin-
fl ammatory state, thereby aggravating metabolic function. 
Therefore, we wanted to investigate whether prolonged 
fasting in diet-induced as well as in genetically-induced 
obese mice would overcome the potent M1 type of infl am-
mation and lead to a similar shift toward an M2-polarized 
response, as observed in lean mice, thereby resetting the 
immune system to a less-proinfl ammatory state. As previ-
ously shown, a HFD induces a baseline elevation of SAA in 
circulation. Just like in lean mice, fasting induces a trend 
toward further elevation of SAA levels in HFD-exposed 
mice  (  Fig. 8A  ). The less-robust increase in SAA in the HFD-
fed mice as compared with chow-fed mice may be a refl ec-
tion of the blunted increase in fast-induced FFA ( Fig. 8B ). 
We also found that the expression levels of neither PEPCK, 
SREBP1c, nor AGP mRNA are signifi cantly regulated by 
fasting in HFD-fed mice (see supplementary  Fig. IIB ). The 
fasting-induced increase in M2, the decrease in M1 mark-
ers, and the increase in VEGF are more-pronounced in 
lean animals. In contrast, these changes occur at a reduced 
level in adipose tissue of HFD-exposed animals ( Fig. 8C ). 
Changes at the level of the liver are seen under HFD condi-
tions ( Fig. 8D ), but these changes remain much less sig-
nifi cant than under chow-fed conditions. We have plotted 
a direct comparison of the fasting-induced changes in the 
lean versus the HFD-induced state in ( Fig. 8E ). Similar ob-
servations were made when we examined  ob/ob  mice in the 
fed and fasted state, i.e., these mice were also unable to 
mount a fasting-induced switch toward M2 macrophages 
(data not shown). Combined, we conclude that under 
chronically challenging conditions, the “normal” switch to 
the M2 phenotype is impaired. Therefore, the metabolic 
infl exibility characteristic of dysfunctional adipose tissue is 
associated with (and at least in part, may be due to) the 
lack of “immunological fi tness” that is observed as part of a 
normal feeding/fasting cycle. 

 DISCUSSION 

 SAA3 is a member of a family of closely related proteins 
( 29 ). In the mouse, SAA3 is the extra-hepatic member of 
this protein family, prominently expressed in adipocytes. 
We have previously shown that upon ablation of all func-
tional adipocytes, SAA levels are reduced signifi cantly 
upon a pro-infl ammatory challenge ( 30 ), highlighting that 
adipocytes can signifi cantly affect total circulating SAA lev-
els, either directly or indirectly. In fact, a recent study by 
Clegg and colleagues ( 31 ) revealed that SAA3 is one of the 
most-differentially-regulated genes between male and fe-
male adipose tissue, even under unchallenged conditions. 

 SAA derived from adipocytes has garnered a lot of atten-
tion, with a number of publications focusing on the effects 
of SAA on a variety of metabolic processes, including its 
function as a mediator of the dialogue between hypertro-
phied adipocytes and macrophages through its regulation 
of adipocyte cholesterol effl ux ( 32 ). The situation for SAA3 
release from adipocytes into circulation seems to be rather 
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effect that adiponectin exerts. This anti-infl ammatory action 
may be caused, at least in part, through the ceramide-lower-
ing effects that we recently described for adiponectin 
( 4 ). As a consequence, adipose tissue macrophages may 
therefore show a reduced response to lipids. Alternatively, 
adiponectin may also exert chronic effects on adipocyte 
lipid composition, causing a lower release of proinfl am-
matory, saturated lipids. What is particularly intriguing is 
that the potent anti-infl ammatory properties associated 
with PPAR �  agonists result in a reduction of both circulat-
ing and adipose tissue SAA levels. Surprisingly, this SAA-
suppressing effect of thiazolidinediones is completely lost 
in the absence of adiponectin, consistent with its powerful 
anti-infl ammatory properties. 

 FFAs are widely accepted as inducers of infl amma-
tion. In that function, they exert potent effects in the con-
text of metabolic dysregulation and are permissive for the 
infi ltration of immune cells into adipose tissue. However, 
the observed polarization toward an M2 population requires 
additional factors. Similar observations may be relevant 
for mice on an intermittent fasting regimen. The ensuing 
switch from an M1 to an M2-leaning population of im-
mune cells may explain the benefi cial effects that an inter-

mittent-fasting paradigm exerts on systemic metabolism. 
M2-type macrophages are generally associated with tissue 
remodeling and with expanding tumors. Thus, the M2 
population of macrophages may play an integral role in 
the need for rapid adipose tissue remodeling during fast-
ing-feeding transitions. 

 We do not know what the specifi c factors are that medi-
ate the switch to an M2 type of macrophage population. 
Potential candidates are VEGF, leptin, and adiponectin. 
Adiponectin has been directly implicated in the M1-to-M2 
transition of macrophages ( 25 ). Here, we observe distinct 
effects on macrophage polarization in response to fasting 
and in response to an oral load of lipids, i.e., both conditions 
characterized by elevated systemic FFA levels. Fasting is, 
however, associated with lipolysis, whereas excess lipid 
load is associated with an increased triglyceride synthe-
sis. Interestingly, these two conditions provide opposite 
responses with respect to adiponectin levels. The di-
chotomous change observed for adiponectin under the 
two conditions are in line with the observed changes in 
macrophage polarization. Adiponectin levels are indeed 
decreased under unhealthy, obese conditions when there 
is a propensity toward increased M1-type macrophages. 

  Fig.   8.  Differences in SAA (A) and FFA levels (B) in fed and fasted animals after an 8 week HFD. Changes in critical macrophage mark-
ers in gonadal fat (C) and liver (D). A direct comparison between fasting-induced changes in adipose tissue is shown in E. [* Signifi cant 
difference as compared with fed (A–D) or lean (E).]     
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On the other hand, adiponectin levels and M2 polariza-
tion are phenomena that may depend on the differ-
ences in energy state of the adipocyte and local lipid 
metabolism. 

 In summary, we are proposing to use the term “immu-
nological fi tness” to indicate concomitant “metabolic fl ex-
ibility,” both of which are parameters that are critical 
determinants of how well adipose tissue adapts to a chang-
ing metabolic environment.  
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