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Abstract

Background: Adipose tissue inflammation occurs not only 

in obesity but also in aging and is mechanistically linked with 

age-associated diseases. Studies show that ablation of the 

l-arginine-metabolizing enzyme arginase-II (Arg-II) reduces

adipose tissue inflammation and improves glucose toler-

ance in obesity. However, the role of Arg-II in aging adipose

tissue inflammation is not clear. Objective: This study inves-

tigated the role of Arg-II in age-associated adipose tissue in-

flammation. Methods: Visceral adipose tissues of young (3–6

months) and old (20–24 months) wild-type (WT) and Arg-

II−/− mice were investigated. Immunofluorescence confocal

microscopy was performed for analysis of macrophage ac-

cumulation and cellular localization of arginase and cyto-

kines; expression of arginase and cytokines was analyzed by

qRT-PCR or immunoblotting or ELISA; activation of mitogen-

activated protein kinases in adipose tissues was analyzed by 

immunoblotting; and arginase activity was measured by col-

orimetric determination of urea production. Results: In the

old WT mice, there is more macrophage accumulation in the 

visceral adipose tissues than in Arg-II knockout animals. An 

age-associated increase in arginase activity and Arg-II ex-

pression in adipose tissues of WT mice is observed. Arg-II 

knockout enhances Arg-I expression and activity, but inhib-

its interleukin (IL)-6 expression and secretion and reduces 

active p38mapk in aging adipose tissue macrophages and 

stromal cells. Treatment of aging adipose tissues of WT mice 

with a specific p38mapk inhibitor SB203580 reduces IL-6 se-

cretion. Conclusions: Arg-II promotes IL-6 production in ag-

ing adipose tissues through p38mapk. The results suggest 

that targeting Arg-II or inhibiting p38mapk could be benefi-

cial in reducing age-associated adipose tissue inflammation. 

Introduction

Aging represents an important challenging health is-
sue of our society [1]. Chronic low-grade inflammation is 
considered a hallmark for development of many age-as-
sociated diseases, including metabolic and cardiovascular 
diseases [2]. Evidence shows that adipose tissue inflam-
mation is an important contributor not only to the obe-
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sity but also to age-associated chronic inflammatory sta-
tus [3–8]. It has been suggested that adipose tissue is a 
major source of inflammatory cytokines such as interleu-
kin (IL)-6 and tumor necrosis factor alpha (TNF-α) in 
obesity and aging, termed “inflammaging,” contributing 
to age-associated diseases [9, 10]. Although many aspects 
of adipose tissue inflammation are shared by obesity and 
aging, relatively less work has been done specifically in 
the context of adipose tissue dysfunction in aging than in 
obesity [11]. The cellular and molecular mechanisms of 
adipose tissue inflammation and cytokine production, 
particularly in physiological aging, are not fully explored.

Studies in recent years demonstrate an important role 
of the l-arginine-metabolizing enzyme arginase in obesi-
ty- and age-associated cardiovascular and metabolic dis-
eases [12–16]. There are 2 isoforms of arginase encoded 
by separate genes, that is, the cytoplasmic type-I arginase 
(Arg-I) and mitochondrial type-II arginase (Arg-II) [17]. 
Both isoforms are involved in l-arginine metabolism and 
have shown to share similar functions [18–20], although 
some controversial findings are described [21]. Both Arg-
I and Arg-II have been shown to be involved in promoting 
endothelial nitric oxide synthase 3 dysfunction and adi-
pose tissue inflammation in obesity mouse models [12, 
18]. Indeed, mice with endothelial specific Arg-I gene 
knockout and Arg-II deficiency (Arg-II−/−) reveal pre-
served endothelial function and also decreased adipose 
tissue inflammation in obesity [12, 18]. However, the role 
of Arg-I and Arg-II in age-associated adipose tissue in-
flammation seems unclear. It is important to note that 
controversial roles of Arg-I and Arg-II, particularly in reg-
ulation of macrophage inflammation and phenotype po-
larization, are reported. While it is well established that 
Arg-I is highly associated with the anti-inflammatory 
macrophage phenotype [21], the role of Arg-II in regula-
tion of macrophage inflammatory response is much less 
well investigated. Our previous study showed the Arg-II 
but not Arg-I is markedly enhanced in lipopolysaccha-
ride-stimulated pro-inflammatory macrophages and in 
macrophages isolated from high-fat-diet-induced obesity, 
and Arg-II gene deficiency reduces the macrophage in-
flammatory response in this model [12, 22]. This finding 
has been further supported by studies from other groups 
[23, 24]. However, the anti-inflammatory function of Arg-
II in macrophages is also described in the literature [25–
27]. To our knowledge, the role of Arg-II in age-associat-
ed adipose tissue macrophage inflammation and the un-
derlying molecular mechanisms are not clear. Moreover, 
adipose tissue contains many other cell types which are 
also involved in adipose tissue inflammation [11].

Mitogen-activated protein kinases (MAPKs), includ-
ing extracellular signal-regulated kinase (ERK), c-Jun 
amino-terminal kinase (JNK), and p38mapk, are impor-
tantly involved in the regulation of inflammation pro-
cesses in obesity [28, 29]. It has been reported that 
p38mapk plays a role in pro-inflammatory cytokine bio-
synthesis (e.g., TNF-α, IL-1β, and IL-6) [30, 31]. Adipose 
tissue-specific deficiency in or pharmacological inhibi-
tion of p38mapk shows protection of mice against obe-
sity [32]. Since aging is often accompanied by obesity 
which interferes with interpretation of organ functional 
changes during aging [19, 33], we investigated the role of 
Arg-II and p38mapk in age-associated adipose tissue in-
flammation in a mouse model. In the present study, we 
demonstrate that p38mapk is the signal transduction 
pathway that mediates Arg-II-induced adipose tissue in-
flammation, particularly IL-6 production in aging adi-
pose tissues.

Materials and Methods

Materials
All chemicals including those used for immunoblotting and 

antibodies (Abs) against β-actin (A5441) and tubulin (T5168) 
were obtained from Sigma (Buchs, Switzerland), and RPMI-1640 
was purchased from Amimed (Muttenz, Switzerland). The 
p38mapk inhibitor SB203580 (4-[4-fluorophenyl]-2-[4-
methylsulfinylphenyl]-5-[4-pyridyl]1H-imidazole) was pur-
chased from Calbiochem (Lucerne, Switzerland). Rat Ab against 
Mac-2 (eBioM3/38, 14-5301-82) was from ebioscienceTM. Rabbit 
Abs against Arg-I (#93668) and Arg-II (#55003), phospho-
p38mapk (Thr180/Tyr182, #4511), IL-6 (#12912), phospho-ERK 
(Thr202/Tyr204, #4377), phospho-stress-activated protein kinas-
es/JNK (Thr183/Tyr185, #9251), and stress-activated protein ki-
nases/JNK (#9252) were from Cell Signaling Technology 
(Allschwil, Switzerland). Mouse Ab against p38mapk (#612168) 
and mouse Ab against pan-ERK (#610123) were from BD Biosci-
ences (NJ, USA). Mouse Ab against TNF-α (ab1793) was from Ab-
cam (Cambridge, UK). Bio-Rad DCTM protein assay kit was from 
Bio-Rad Laboratories (Basal, Switzerland). Alexa Fluor 680-conju-
gated anti-mouse IgG (A21057) was from Molecular Probes\Invi-
trogen (Lucerne, Switzerland). IRDye800-conjugated anti-rabbit 
IgG (#926-32211) was from LI-COR Biosciences (Bad Homburg, 
Germany). Alexa Fluor 488-conjugated goat anti-rabbit IgG (H + 
L) secondary Ab (A-11008) and Alexa Fluor 546-conjugated goat 
anti-rat IgG (H + L) secondary Ab (A-11081) were from Thermo 
Fisher Scientific.

Animals
The Arg-II-deficient mice (Arg-II−/−) were kindly provided by 

Dr. William O’Brien [34] and backcrossed to C57BL/6J for more 
than 8 generations. Genotyping was performed by PCR as previ-
ously described [34]. The wild-type (WT) and Arg-II−/− offspring 
from hetero⁄hetero cross were interbred to obtain WT and Arg-
II−/− mice, respectively, for experiments. Both young (3–6 months 
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old) and old (20–24 months) female WT and Arg II−/− mice were 
maintained on a 12-h light-dark cycle and fed standard chow diet 
and tap water according to the local guidelines for animal experi-
mentation. Since Arg-II expression in various organs is signifi-
cantly higher in females than in males and female animals exhibit 
much stronger aging phenotype than males [35, 36], we decided to 
analyze age-associated adipose tissue inflammation in female ani-
mals. Peri-gonadal fat tissue is the most widely used visceral fat 
tissue for analyzing adipose tissue function; therefore, peri-uterus 
fat tissue was collected for the study. In some cases, mesenteric fat 
tissues were also included. The animals were anesthetized with xy-
lazine (10 mg/kg body weight intraperitoneally) and ketamine 
(100 mg kg−1 body weight intraperitoneally) and euthanized. Peri-
uterus fat was collected for preparation of conditional medium and 
paraffin sections for immunostaining or snap frozen directly in 
liquid nitrogen and kept at −80°C until further biochemical analy-
ses.

Immunofluorescence Staining and Confocal Microscope 
Imaging
For co-immunofluorescence staining of Mac-2, Arg-I, Arg-II, 

and p-p38mapk, peri-uterus fat from WT and Arg-II−/− mice was 
isolated, fixed with 3.7% paraformaldehyde, and embedded in par-
affin. After deparaffinization in xylene, hydration in ethanol, and 
antigen retrieval either in citrate-EDTA buffer (10 mmol/L citric 
acid, 2 mmol/L EDTA, and 0.05% Tween 20, pH 6.2) for Mac-2, 
Arg-I, and p-p38mapk or in EDTA buffer (1 mmol/L EDTA, 
0.05% Tween 20, pH 8.0) for Arg-II at 95–100°C for 20 min, par-
affin-embedded sections (5 μm) were blocked with 1% bovine se-
rum albumin (BSA) and 10% goat serum in PBS for 1 h, and then 
incubated with primary Abs (Mac-2 1:200, Arg-I 1:100, Arg-II 
1:300, and p-p38mapk 1:50) at 4°C overnight. Subsequently, sec-
tions were incubated with fluorescence-labeled secondary Abs at 
room temperature for 2 h, followed by counterstaining with 300 
nmol/L 4 6-diamidino-2-phenyl-indole, dihydrochloride (Invit-
rogen) for 3 min. For co-immunofluorescence staining of Mac-2 
and IL-6, peri-uterus fat was isolated and fixed with 3.7% parafor-
maldehyde. Once fixed, fat tissues were transferred to 30% su-
crose/PBS at 4°C overnight and then embedded in Tissue-Tek op-
timum cutting temperature compound (SAK-4583; Sakura Fine-
tek) and frozen in liquid nitrogen. Frozen sections (20 μm) were 
cut with a cryostat (388159; Thermo Scientific HM525 NX). Sec-
tions were mounted on Fisher Superfrost Plus slides and stored at 
−20°C until immunostaining. After 10 min of rehydration in PBS, 
sections were incubated with blocking buffer for 1 h, followed by 
incubation with primary Abs and secondary Abs, respectively. 
Then, the sections were counterstained with 300 nmol/L 4 6-di-
amidino-2-phenyl-indole, dihydrochloride for 3 min. Negative 
control for staining was performed by omitting the primary Ab 
(using blocking buffer alone). Immunofluorescence signals were 
visualized under a Leica DIM6000 confocal microscope. The num-
ber of macrophage accumulation was determined by counting the 
number of Mac-2-positive cells and expressed as cells per field.

Real-Time qRT-PCR Analysis
Two-step qRT-PCR analysis was performed to evaluate mRNA 

expression of the endogenous Arg-I, Arg-II, and inflammatory cy-
tokines in mouse fat tissues as described previously [18]. Total 
RNA was extracted from fat tissues with Trizol reagent (Molecular 
Research Center, Inc., Cincinnati, OH, USA) following the sup-

plier’s protocol. mRNA expression levels of all genes were normal-
ized to the reference gene glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The primer sequences of mouse origin (m) are as 
follows:

mArg-I-F: GGAATCTGCATGGGCAACCTGTGT;
mArg-I-R: AGGGTCTACGTCTCGCAAGCCA.
mArg-II-F: CCCCTTTCTC TCGGGGACAGAA;
mArg-II-R: GAAAGGAAAGTGGCTGTCCA.
IL6-F: GACAACCACGGCCTTCCCTA;
IL6-R: GCCTCCGACTTGTGAAGTGGT.
IL-1β-F: GCAACTGTTCCTGAACTCAACT;
IL-1β-R: TCTTTTGGGGTCCGTCAACT.
iNOS-F: GGCAAACCCAAGGTCTACGTT;
iNOS-R: TCGCTCAAGTTCAGCTTGGT.
MCP1-F: AGCACCAGCCAACTCTCAC;
MCP1-R: TCTGGACCCATTCCTTCTTG.
mKC-F: CAATGAGCTGCGCTGTCAGTG;
mKC-R: CTTGGGGACACCTTTTAGCATC.
mTNF-α-F: GGCAGGTCTACTTTGGAGTCATTGC;
mTNF-α-R: ACATTCGAGGCTCCAGTGAATTCGG.
mGAPDH-F: ACCCAGAAGACTGTGGATGG;
mGAPDH-R: ACACATTGGGGGTAGGAACA.

ELISA
The protein level of IL-6 in the conditioned medium of DMEM 

containing 0.2% BSA was evaluated by using the ELISA MAX De-
luxe from BioLegend, according to the manufacturer’s instruc-
tions (Lucerna Chem AG, Luzern, Switzerland).

Immunoblotting Analysis
Tissue lysate preparation, sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis, and transfer of protein from within the 
sodium dodecyl sulfate gels to Immobilon-P membranes (Milli-
pore) were performed as previously described [18]. The resultant 
membrane was incubated overnight with the corresponding first 
antibody at 4°C with gentle agitation after blocking with 5% 
skimmed milk. The protein was then decorated with correspond-
ing anti-mouse (Alexa Fluor 680-conjugated) or anti-rabbit (IR-
Dye 800-conjugated) secondary antibodies. Signals were visual-
ized with Odyssey Infrared Imaging System (LI-COR Biosciences). 
Quantification of the signals was performed in NIH Image 1.62 
software.

Arginase Assay
Arginase activity in adipose tissue lysates was measured by col-

orimetric determination of urea formed from l-arginine in an in 
vitro activity assay, as previously described [18]. Briefly, fat pow-
ders were lysed in lysis buffer containing 10 mmol/L Tris-HCl (pH 
7.4), 0.4% Triton X-100, 10 μg/mL leupeptin, and 0.1 mmol/L 
phenylmethylsulfonyl fluoride. Samples were centrifuged at 13,000 
rpm at 4°C for 10 min, and protein concentration of the superna-
tant was determined by the Lowry method (Bio-Rad). For mea-
surement of arginase activity, an equal amount of the lysates was 
added to 50 μL of Tris-HCl (10 mmol/L [pH 7.4]) containing 5 
mmol/L MnCl2. Arginase was then activated by heating the mix-
ture at 56°C for 10 min. The hydrolysis reaction of l-arginine by 
arginase was conducted by incubating the mixture containing ac-
tivated arginase with 100 μL of l-arginine (100 mmol/L [pH 9.6]) 
at 37°C for 1 h. For colorimetric determination of urea, 1 mL of 
chromogenic reagent consisting of 1 volume of 3% 2,3-butanedi-
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one monoxime and 29 volumes of the acid solution mixture 
(H2SO4:H3PO4:H2O 1:3:7) was added, and the mixture was then 
heated at 100°C for 30 min. After placing the samples in the dark 
for 10 min at room temperature, the urea concentration (μmol/L) 
was determined spectrophotometrically by the absorbance at 492 
nm. The amount of urea produced (μmol/L urea/μg protein) was 
used as an index for arginase activity.

Preparation of Adipose Tissue-Conditioned Medium from 
Mouse
The animals were anesthetized with xylazine (10 mg/kg body 

weight intraperitoneally) and ketamine (100 mg kg−1 body weight 
intraperitoneally) and euthanized; 800 mg of peri-uterus fat were 
cut into small pieces and incubated in 1 mL of DMEM supple-
mented with 0.2% BSA in the absence or presence of the p38mapk 
inhibitor SB203580 (10 μmol/L) at 37°C for 24 h. The conditioned 
medium was then collected and kept at −80°C till further analyses.
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Fig. 1. Decreased macrophage accumulation in the adipose tissue 
of old Arg-II deficient (Arg-II−/−) mice. a Representative confocal 
images of macrophage accumulation in the peri-uterus fat tissue 
of old WT and Arg-II−/− mice as assessed by immunofluorescence 
staining of paraffin-embedded sections with antibody against the 
macrophage marker Mac-2 (red), followed by counterstaining of 
the nuclei with DAPI (blue). Scale bar = 100 μm. b Quantification 
of the macrophage number per field is shown in the graph below 

(left panel), n = 4. c qRT-PCR analysis of IL-6 mRNA expression 
in the peri-uterus fat tissue, n = 8. d IL-6 protein level in the con-
ditioned medium from peri-uterus fat tissues of mice measured by 
ELISA, n = 4. n indicates the number of animals of each experi-
mental group. **p < 0.01 between the indicated groups. Arg, argi-
nase; WT, wild type; DAPI, 4 6-diamidino-2-phenyl-indole, dihy-
drochloride.
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Statistics
Data are given as mean ± SEM. In all experiments, n represents 

the number of experiments or animals. Statistical analysis was per-
formed with unpaired t test or ANOVA with Bonferroni posttest 
adjustment. Differences in mean values were considered signifi-
cant at p < 0.05.

Results

Arg-II Deficiency Reduces Adipose Tissue 
Inflammation in Aging
In old WT mice, adipose tissue macrophage accumu-

lation as demonstrated by Mac-2-positive cells forming 
crown-like structures was significantly reduced in the 
age-matched Arg-II−/− mice (Fig. 1a, b). The age-associ-
ated adipose tissue macrophage accumulation was cor-
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Fig. 2. Arg-II deficiency prevents age-associated increase in active p38mapk in adipose tissues. a Peri-uterus fat 
tissue protein lysates were prepared and subjected to immunoblotting analysis of phosphor-p38 (p38-p) and to-
tal p38 (p38-t). β-Actin was used as loading control. b–d Quantification of the signals shown in (a): p38-p/β-actin 
(b), total p38/β-actin (c), p38-p/total p38 (d). n = 6. n indicates the number of animals of each experimental group. 
*p < 0.05, **p < 0.01 between the indicated groups. Arg, arginase; WT, wild type.
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in young and old mice of both genotypes, n = 6 (c); immunoblot-
ting analysis of Arg-I, n = 4 (d); arginase activity assay in young 
and old mice of both genotypes, n = 6 (e). n indicates the number 
of animals of each experimental group. *p < 0.05, **p < 0.01,  
***p < 0.001 between the indicated groups. Arg, arginase; WT, wild 
type; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 4. Localization of Arg-I in adipose tissues of old-Arg-II−/− 
mice. Representative confocal images of the localization of Arg-I 
in adipose tissues of old-Arg-II−/− mice as assessed by immuno-
fluorescence staining of paraffin-embedded sections from peri-
uterus fat tissues of old Arg-II−/− mice with antibodies against Arg-
I (green) and Mac-2 (red), followed by counterstaining of the nu-
clei with DAPI (blue). Scale bar = 50 μm. Arg-I is expressed in 

Mac-2-positive cells (ATMs) (a); Arg-I is also expressed in Mac-
2-negative cells (ATSCs) in peri-uterus fat tissues (b). Shown are 
representative images from 3 independent series of experiments. 
Arg, arginase; WT, wild type; DAPI, 4 6-diamidino-2-phenyl-in-
dole, dihydrochloride; ATMs, adipose tissue macrophages; ATSCs, 
adipose tissue stromal cells.
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related with IL-6 mRNA expression and protein produc-
tion, which was significantly reduced in the Arg-II−/− 
mice (Fig. 1c, d). A trend of decrease in mRNA levels of 
IL-1β and murine keratinocyte-derived chemokine 
(mKC, the murine orthologue of human IL-8) in Arg-
II−/− mouse adipose tissues was observed (see online sup-
pl. Fig. 1a, b; see www.karger.com/doi/10.1159/000507635 
for all online suppl. material). No difference in mRNA 
levels of monocyte chemoattractant protein 1 and induc-
ible nitric oxide synthase could be detected between old 
WT and age-matched Arg-II−/− mice (online suppl. Fig. 
1c, d). Also TNF-α expression either at mRNA or protein 
levels was not different between the 2 groups (online sup-
pl. Fig. 1e, f). Therefore, the following experiments were 
focusing on adipose tissue IL-6.

Arg-II Deficiency Reduces Total p38mapk Protein 
Level in Aging Adipose Tissues
In accordance with the enhanced adipose tissue in-

flammation with aging, an increase in levels of active 
p38mapk (p-p38mapk) in adipose tissues of the old WT 
mice was observed, which was prevented by Arg-II gene 
deficiency (Fig. 2a, b). The reduced p-p38mapk in Arg-
II−/− adipose tissues is attributed to the decreased total 
p38mapk protein level (Fig. 2a, c), but not to an enhanced 
activation of p38mapk as reflected by the comparable p-
p38mapk/total p38mapk ratio (Fig.  2d). No significant 
differences in activation of ERK1/2 and JNK pathways 
were observed between old WT and Arg-II−/− adipose tis-
sues (online suppl. Fig. 2).

Enhanced Arg-I Expression/Activity in Old Arg-II−/− 
Adipose Tissues
There was a significantly increase in Arg-II mRNA ex-

pression in the adipose tissue of old WT mice (Fig. 3a); the 
absolute gene expression level was low as reflected by the 
high CT value in qRT-PCR (data not shown). Although im-
munoblotting was not sensitive enough to detect Arg-II 
protein level in the peri-gonadal fat, it showed a significant 
increase in mesenteric fat in old mice (Fig. 3b). In aging 
adipose tissues, there was no increase in Arg-I mRNA ex-
pression in WT mice (Fig. 3c). However, Arg-I mRNA and 
protein levels were significantly augmented in the old Arg-

II−/− mice (Fig. 3c, d), which shall account for the enhanced 
arginase activity in the old Arg-II−/− animals (Fig. 3e).

Cellular Localization of Arginase, Active p38mapk, 
and IL-6 in Adipose Tissue Cells in Aging
We next investigated cellular localization of arginase, 

active p-p38mapk, and inflammation in aging adipose tis-
sues. Immunofluorescence confocal microscopy demon-
strated that Arg-I was expressed in both Mac-2 (macro-
phage marker)-positive (Fig. 4a) and Mac-2-negative cells 
(Fig. 4b) in the adipose tissue of old Arg-II−/− mice, sug-
gesting that Arg-I was expressed in both adipose tissue 
macrophages (ATMs) and adipose tissue stromal cells 
(ATSCs). Arg-II was detected not only in the Mac2-posi-
tive macrophages (Fig. 5a, upper and middle panels) of old 
WT mice but also in Mac2-negative cells (Fig. 5a, lower 
panel). As expected, Arg-II protein was absent in the old 
Arg-II−/− mice (Fig. 5a). Since a more pronounced active 
p-p38mapk was found with aging in WT mice, cellular 
localization of p-p38mapk was also investigated in old 
mouse adipose tissues. The results show that p-p38mapk 
was mainly found in Mac-2-positive ATMs and could also 
be detected in some Mac-2-negative cells, that is, ATSCs 
(Fig. 6). In line with the results shown in Figure 1a, there 
were much less macrophages in the adipose tissue of old 
Arg-II−/− mice than the WT mice (Fig. 6). Moreover, IL-6 
was also found in Mac-2-positive ATMs and Mac2-nega-
tive ATSCs of old WT mice, which was reduced in Arg-
II−/− mice (Fig. 7a), suggesting that Arg-II deficiency re-
duces IL-6 expression in aging adipose tissues.

p38mapk Is Required for Age-Associated IL-6 Release 
from Adipose Tissues
To assess the role of p38mapk in Arg-II-promoted 

IL-6 production in aging adipose tissues, adipose tissues 
from old WT mice were incubated in cell culture medium 
in the absence or presence of the specific p38mapk in-
hibitor SB203580 for 24 h prior to the collection of the 
conditioned medium. As shown in Figure 7b, SB203580 
significantly reduced IL-6 protein release from the adi-
pose tissues of old WT mice, demonstrating that p38mapk 
is required for age-associated, Arg-II-promoted IL-6 re-
lease from adipose tissues.

(For figure see next page.)

Fig. 5. Localization of Arg-II in adipose tissues in aging. Confocal 
images of the localization of Arg-II in adipose tissues of old WT 
mice (a) and Arg-II−/− mice (b) as assessed by immunofluores-
cence staining of paraffin-embedded sections with antibodies 
against Mac-2 (red) and Arg-II (green), followed by counterstain-

ing of the nuclei with DAPI (blue). Scale bar = 100 μm for lower 
amplification in the upper panel of a, b or 50 μm for zoomed im-
ages. Shown are representative images from 3 independent series 
of experiments. Arg, arginase; WT, wild type; DAPI, 4 6-diamidi-
no-2-phenyl-indole, dihydrochloride.
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Fig. 6. Localization of active p-p38mapk in adipose tissues in ag-
ing. Confocal images of the localization of active p-p38mapk in 
adipose tissues of old mice as assessed by immunofluorescence 
staining of paraffin-embedded sections from peri-uterus fat tissues 
with antibodies against p-p38 (green) and Mac-2 (red), followed 
by counterstaining of the nuclei with DAPI (blue). Scale bar = 100 

μm. p-p38 is mainly expressed in Mac-2-positive cells (ATMs, ar-
rowhead), and also in Mac-2-negative cells (ATSCs, arrow) in 
peri-uterus fat tissues. Shown are representative images from 3 
independent series of experiments. Arg, arginase; WT, wild type; 
DAPI, 4 6-diamidino-2-phenyl-indole, dihydrochloride; ATMs, 
adipose tissue macrophages; ATSCs, adipose tissue stromal cells.
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Discussion

In the present study, we confirmed previous findings 
that aging is indeed associated with chronic adipose tissue 
inflammation [37]. Furthermore, the age-associated adi-
pose tissue inflammation is inhibited in Arg-II−/− mice. 
Previous studies demonstrated an upregulation of Arg-II 
expression in aging endothelial cells, promoting cellular 
senescence and dysfunction [12]. Arg-II is also upregu-
lated in macrophages and promotes pro-inflammatory 
cytokine release, including IL-6 and TNF-α, contributing 
to glucose intolerance in a high-fat-diet-induced obesity 
mouse model [18]. In line with this finding, mice with 
Arg-II deficiency (Arg-II−/−) are protected from vascular 
functions, and metabolic disorders and adipose tissue in-
flammation in obesity [18, 24]. Since aging is often ac-
companied by obesity which interferes with interpreta-
tion of organ functional changes during aging [19], the 
present study investigated the role of Arg-II in adipose 
tissue inflammation of a physiological aging mouse mod-
el [36]. In this aging model, we showed previously that 
Arg-II is upregulated in pancreatic acinar cells and pro-
motes β-cell dysfunction via paracrine release of TNF-α, 
contributing to age-associated glucose intolerance [36]. 
However, there is no difference in TNF-α mRNA and 
protein levels found in visceral adipose tissues from these 
old WT and Arg-II−/− mice, suggesting a tissue specificity 
of age-associated inflammation in aging.

It has been reported that both Arg-I and Arg-II are 
upregulated in vascular endothelial cells and perivascular 
adipose tissues in obesity models [19, 24]. Similar to the 
obesity models, our present aging model shows an en-
hanced arginase activity, which is accompanied by an in-
crease in Arg-II mRNA expression in visceral adipose tis-
sues in aging. Arg-I mRNA in the aging adipose tissue is, 
however, increased only under the condition of Arg-II 
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Fig. 7. Origin of IL-6 and p38mapk-requirement for IL-6 produc-
tion in adipose tissues in aging. a Confocal images of the localiza-
tion of IL-6 in adipose tissues of old mice as assessed by immuno-
fluorescence staining of cryosections from peri-uterus fat tissues 
with antibodies against IL-6 (green) and Mac-2 (red), followed by 
counterstaining of the nuclei with DAPI (blue). Scale bar = 100 μm. 
Shown are representative images from 3 independent series of ex-
periments. b Ex vivo effects of the p38mapk inhibitor SB203580 
(10 μmol/L, 24 h) on IL-6 production/release from peri-uterus fat 
tissues of old WT mice measured by ELISA. Data shown are mean 
± SEM from 3 individual animals of each experimental group.  
**p < 0.01 between the indicated groups. IL, interleukin; Arg, ar-
ginase; WT, wild type; DAPI, 4 6-diamidino-2-phenyl-indole, di-
hydrochloride; SEM, standard error of the mean.
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deficiency. The results implicate a compensatory increase 
in Arg-I in the adipose tissue of Arg-II−/− mice, a similar 
finding reported in gastric tissues [27]. The results also 
suggest a different regulation of arginase isoforms in adi-
pose tissues in obesity and aging. Interestingly, the en-
hanced Arg-I levels in the aging adipose tissue under Arg-
II deficiency are correlated with decreased age-associated 
inflammation, that is, macrophage accumulation and 
IL-6 levels in the adipose tissue, which could be due to the 
fact that Arg-I is upregulated in the M2-like macrophages 
which play an anti-inflammatory role [38–42]. In con-
trast to Arg-I, Arg-II is often associated with pro-inflam-
matory M1-like phenotype cells [18, 41], although con-
troversies are reported in the literature [18, 22–27]. The 
reasons for the controversies are not clear; it is most like-
ly due to the different inflammation disease models. Nev-
ertheless, our present study shows decreased macrophage 
accumulation and IL-6 expression in the aging adipose 
tissue of Arg-II−/− mice, demonstrating a pro-inflamma-
tory role of Arg-II in macrophages in aging.

Adipose tissue is composed of adipocytes and stromal 
vascular fraction cells. The latter is the major source for 
pro-inflammatory mediators produced from inflamed 
adipose tissues [3, 5]. The dominant cells in the stromal 
vascular fraction are leukocytes and ATSCs. The former 
includes ATMs and lymphocytes, whereas the latter in-
cludes mainly pre-adipocytes and fibroblasts. It has been 
shown that ATMs are responsible for almost all adipose 
tissue TNF-α production and that ATSCs are the primary 
source for adipose tissue IL-6 [5, 8]. These cytokines have 
been shown to induce endothelial activation, and are as-
sociated with and predict atherosclerotic plaque progres-
sion [43, 44], suggesting a link between adipose tissue in-
flammation and age-associated diseases such as cardio-
vascular diseases and metabolic diseases.

It is to note that IL-6 was found in both ATMs and 
ATSCs in aging, suggesting that both cell types in aged 
adipose tissues contribute to age-associated adipose tissue 
inflammation. Interestingly, Arg-I expression was also 
found in both ATMs and ATSCs in aging, particularly 
when the Arg-II gene  was ablated. Activated p38mapk 
was also found in ATMs and ATSCs of old WT mice, 
which was significantly reduced in the old Arg-II−/− mice. 
Since the total p38mapk is enhanced in aging and reduced 
in Arg-II−/−, and the ratio of p-p38/p38 is not significant-
ly different between old WT and old Arg-II−/− mice adi-
pose tissues, these results suggest the possibility that Arg-
II regulates total p38mapk levels in aging adipose tissues. 
This is different from the endothelial cells in which activa-
tion of p38mapk signaling is able to stimulate Arg-II ex-

pression [45, 46]. p38mapk has been demonstrated to play 
critical roles in a wide variety of cellular processes, includ-
ing adipose tissue function and inflammation [30, 31]. 
Adipose tissue-specific inhibition of p38mapk is effective 
in anti-obesity in mouse models [32]. Our present study 
suggests that p38mapk inhibition could be also a target for 
inhibition of age-associated inflammation. P38mapk is a 
stress-responsive signaling that is involved in organismal 
aging and cellular senescence [47]. Previous studies show 
that overactive p38mapk signaling plays an important role 
in endothelial dysfunction in aging and obesity [46, 48]. 
Our present study extended this finding in the visceral 
adipose tissue in aging, demonstrating that total p38mapk 
is elevated in this tissue and involved in age-associated 
adipose tissue dysfunction, which is reduced by Arg-II de-
ficiency. Since inhibition of p38mapk reduces IL-6 release 
from aging adipose tissues as demonstrated by the present 
study, a role of p38mapk in Arg-II-promoted IL-6 pro-
duction in aged adipose tissues could be proposed. The 
relevance of this finding is supported by the study of Starr 
et al. [6], showing that aged visceral adipose tissue pro-
duces more IL-6 than that from young animals. Moreover, 
the relevance of our finding is further strengthened by 
clinical studies demonstrating that an elevated plasma 
IL-6 concentration in the elderly people predicts the 10-
year all-cause mortality [49]. It is presumable that adipose 
tissue inflammation cytokines could be released into cir-
culation and contribute significantly to the chronic low-
grade systemic inflammation associated with aging. It re-
mains interesting to investigate to what extent that adi-
pose tissue-derived IL-6 contributes to the systemic 
inflammation, such as the plasma level of IL-6 in aging 
population. If this is confirmed, adipose tissues will pres-
ent an important target organ for inflammaging and age-
associated chronic diseases.

In conclusion, the results of our study demonstrate 
that Arg-II plays an important role in the production of 
IL-6 from both ATMs and ATSCs of aged adipose tissues 
through p38mapk signaling. The study explores a novel 
function of Arg-II in adipose tissue inflammation, which 
may contribute to aging-associated diseases. Thus, target-
ing Arg-II and/or p38mapk might be beneficial in the 
treatment of age-associated inflammatory diseases.

Statement of Ethics

Animal work was approved by the Ethical Committee of Vet-
erinary Office of Fribourg, Switzerland (No. 2011_12_FR, 21096), 
and was performed in compliance with guidelines on animal ex-
perimentation at our institution.
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