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Abstract

Recent data argue for a pro-inflammatory role of CAMP (cathelicidin antimicrobial peptide) in adipocytes and adipose
tissue (AT) and for regulatory circuits involving TLRs. In order to investigate regulatory effects of TLR2 and TLR4, 3T3-
Ll adipocytes were stimulated with TLR2 agonistic lipopeptide MALP-2 and with TLR4 agonist LPS in presence or
absence of signal transduction inhibitors. CAMP gene expression was analysed by quantitative real-time PCR in adipo-
cytes and in murine AT compartments and cellular subfractions. CAMP expression was higher in gonadal than in
subcutaneous AT and there was a gender-specific effect with higher levels in males. Adipocytes had higher CAMP
expression than the stroma-vascular cell (SVC) fraction. MALP-2 up-regulated CAMP expression significantly, mediated
by STAT3 and PI3K and potentially (non-significant trend) by NF-xB and MAPK, but not by raf-activated MEK-1/-2.
Moreover, LPS proved to act as a potent inducer of CAMP via NF-xB, PI3K and STAT3, whereas specific inhibition of
MAPK and MEK-1/-2 had no effect. In conclusion, activation of TLR2 and TLR4 by classical ligands up-regulates adipocyte
CAMP expression involving classical signal transduction elements. These might represent future drug targets for phar-
macological modulation of CAMP expression in adipocytes, especially in the context of metabolic and infectious
diseases.
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Introduction TLRs, C-type lectin-like receptors (CLRs), retinoic-

It is a common clinical observation that inflammatory
diseases are associated with metabolic consequences
such as hyperglycaemia, insulin resistance, and
increased fatty acids." On the other hand, metabolic
diseases are characterized by inflammatory implica-
tions. Most important, there is a chronic and low
grade of inflammation (metaflammation) in obesity
and type 2 diabetes, both systemically and locally in
visceral adipose tissue (adipoflammation).”> Thus,
high emphasis has been increasingly put on the pro-
inflammatory role of the adipose tissue as part of the
innate immune system.*®’ The innate immune system
recognizes bacterial, viral, fungal, and PAMPs as well
as host-derived damage-associated molecular patterns
(DAMPs) by specific PRRs.® Several excellent reviews
discuss the general role of five families of PRRs such as

acid-inducible gene I (RIG-I)-like receptors (RLRs),
absent-in-melanoma  (AIM)-like  receptors, and
NLRs.®? In an adipocyte-specific context, the expres-
sion, regulation, and functionality of nearly all mem-
bers of the TLR family have been demonstrated in
several adipocytic cells.*”'%!" Most importantly, the
TLR system in adipocytes has only recently been
linked to antimicrobial peptides expressed and secreted
by these cells.”-!> 13
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Antimicrobial peptides (AMPs) represent secreted
molecules that are able to kill bacteria via attacking
the integrity of their membrane.'> AMPs can addition-
ally act as pleiotropic and immune-modulating mole-
cules in the context of cellular differentiation,
migration and proliferation, wound healing, or angio-
genesis. CAMP (cathelicidin antimicrobial peptide,
also named LL-37 or CAPI18) represents the only
known human member of the cathelicidin family and
is expressed in a variety of cells and organs, also in
adipocytes and in adipose tissue.”!?

Zhang et al. reported on a pathophysiological link
between CAMP and adipose tissue defense against
Staphylococcus aureus.'> The authors demonstrated
that expansion of adipose tissue occurs after infection
of subdermal adipose tissue by S. aureus;'? the disease
course was more severe in mice with an impaired adipo-
genesis.'”>  Moreover, inhibition of adipogenesis
decreased CAMP expression and CAMP knockout
mice were less effective in fighting against S. aureus
growth.!? A review article by Alcorn and Kolls com-
mented on these results by using the term “killer fat”.'*

Gram-positive bacteria such S. aureus and their spe-
cific lipopeptides are sensed and recognized by TLR2
that signals either as heterodimer TLR1/2 or TLR2/6.
Interestingly, the TLR-2-CAMP-pathway is expressed
and highly inducible in adipocytes.” In detail, TLR2
and CAMP are significantly up-regulated during differ-
entiation of murine 3T3-L1 pre-adipocytes into mature
adipocytes.” Moreover, the lipopeptide MALP-2, a
well described agonistic ligand to TLR2, is highly effec-
tive to induce expression of TLR2 and CAMP when
applying doses between 50 and 100 ng/ml.”'> Besides
Gram-positive bacteria, Gram-negative bacteria are
also able to modulate adipocyte pathways by releasing
LPS. LPS is a strong inducer and activator of TLR4 in
monocytes and it up-regulates CAMP expression in
neutrophils.'® However, numerous publications report
on a wide variety of pro-inflammatory and metabolic
effects of TLR4 activation by LPS also in adipo-
cytes, ! 31722

Based on these considerations,
investigate:

we aimed to

e the basal expression of CAMP mRNA in adipose
tissue compartments and cellular subfractions of
mice

e the effect of TLR2 activation (by MALP-2) and
TLR4 activation (by LPS) on CAMP expression in
mature 3T3-L1 adipocytes

e several signal transduction components (NF-xB,
MAPK, raf-activated MEK-1/-2, PI3K, STAT3)
that could potentially be involved in TLR-
mediated CAMP expression.

Materials and methods

Adipocyte cell culture and stimulation experiments

3T3-L1 Pre-adipocytes are fibroblast-like cells that rep-
resent unipotent cells derived from mesenchymal plurip-
otent stem cells. These unipotent cells can be
differentiated into mature and lipid-storing adipocytes
by using a well-established hormonal differentiation pro-
tocol over 7-9 d as summarized below. Originally, the
3T3-L1 cell line was derived from disaggregated mouse
embryos. The cell line is provided by ATCC (American
Type Culture Collection; Manassas, VA, USA).

3T3-L1 pre-adipocytes were cultured and differenti-
ated into mature adipocytes as described previously.®*?
Briefly, cells were cultured at 37°C and 5% CO, in
DMEM (Biochrom AG, Berlin, Germany) supple-
mented with 10% newborn calf serum (Sigma-
Aldrich, Deisenhofen, Germany) and 1% penicillin/
streptomycin (Aidenbach, Germany), and were differ-
entiated into adipocytes in DMEM/F12/glutamate
medium (Lonza, Basel, Switzerland) supplemented
with  20uM  3-isobutyl-methyl-xanthine  (Serva,
Heidelberg, Germany), 1uM corticosterone, 100 nM
insulin, 200 uM ascorbate, 2pug/ml transferrin, 5%
FCS (Sigma-Aldrich, Deisenhofen, Germany), 1uM
biotin, 17 uM panthothenate, 1% penicillin/streptomy-
cin (all from Sigma Aldrich, Deisenhofen, Germany)
and 300pg/ml Pedersen-fetuin (MP Biomedicals,
Ilkirch, France).***> A differentiation protocol
reported in the literature was used with slight modifica-
tions, with light-microscopy control of adipocyte phe-
notype.>*?*%° Viability, integrity and differentiation of
cells was regularly controlled by using light microscopy
atd 0, 3, 5, 7 and 9 of differentiation and by assessing
cytotoxicity via the lactate dehydrogenase (LDH) assay.
LDH concentration was measured in the supernatants
of all stimulation experiments (Cytotoxicity Detection
Kit, Roche, Mannheim, Germany) to exclude any unex-
pected cytotoxic effects. The fully differentiated cellular
phenotype is regularly reached between d 7 and d 9 of
differentiation. The fully differentiated phenotype can
be defined when cells at confluence have a round shape
(instead of a fibroblastic spindle-shaped form) with an
extensive, intracellular accumulation of multi-locular
lipid droplets that are reactive to Oil-red O staining.
Mature adipocytes were incubated under serum-free
conditions prior to stimulation experiments. The cells
were stimulated with LPS (10ng/ml; from Sigma-
Aldrich) and MALP-2 (50ng/ml; from Axxora,
Loerrach, Germany). LPS was isolated from
Escherichia coli strain O55:B5, purified via gel-
filtration chromatography (protein impurities < 3%
warranted by the supplier), and provided as a lyophi-
lised powder. The LPS concentrations used were as low
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as possible to cause pro-inflammatory effects in adipo-
cytes (only 10 ng/ml).

Co-stimulation experiments were performed with
the NF-xB inhibitor BAY-11 (5uM), the STAT3 inhib-
itor S37-201 (50 uM), the selective MAPK inhibitor
SB239063 (5uM), the MEK-1/-2 inhibitor U0126
(5uM) and the phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002 (5uM) (all purchased from
Merck and Sigma-Aldrich), applying doses similar to
those reported in the literature.’®>*

Isolation of mMRNA and quantitative real-time PCR
analysis of murine CAMP mRNA expression in
adipose tissues of mice and in murine 3T3-L/
adipocytes

Gonadal and subcutaneous adipose tissue compart-
ments were resected from wild type C57BL/6N mice
(sacrificed for organ samples conformable to §4 Abs.
3 Tierschutzgesetz). A specific announcement was made
at the local ethical committee (Regierungspraesidium
Giessen: internal registration number: 544 M) that
was approved subsequently. Small portions of fresh
gonadal and subcutancous adipose tissue were digested
with 0.225 U/ml of collagenase NB 6 (#17458, SERVA
Electrophoresis; Heidelberg, Germany). Adipocytes
were then separated from SVC via centrifugation.
Total mRNA was isolated from frozen murine gonadal
and subcutaneous adipose, from isolated mature
adipocytes, and from the SVC fraction as described
previously.® Briefly, tissues were homogenized in

TRIzol®-Reagent  (Life  Technologies =~ GmbH,
Darmstadt, Germany) in combination  with
gentleMACS  dissociator and M-tubes (Miltenyi

Biotec GmbH, Bergisch Gladbach, Germany) for dis-
sociation and RNA was isolated applying RNeasy®
Mini Kit (Qiagen, Hilden, Germany) including DNase
digestion (RNase-Free DNase Set, Qiagen).

For gene expression analysis, reverse transcription
of RNA (QuantiTect Reverse Transcription Kit from
Qiagen) was performed to generate corresponding
cDNA for RT-PCR (iTaq Universal SYBR Green
Supermix, CFX Connect RT-PCR system; Bio-Rad,
Munich, Germany). Expression levels of the target
gene Cathelicidin were normalized to the gene expres-
sion of GAPDH as a housekeeping gene as done by
other experienced groups.* The following primer pairs
were used:

Murine cathelicidin: 5-CCCAAGTCTGTGAGGT
TCCG-3'/5-GTGCACCAGGCTCGTTACA -3

Murine GAPDH: 5-TGTCCGTCGTGGATC
TGAC-3'/5-AGGGAGATGCTCAGTGT TGG-3'.

All oligonucleotides used were purchased from
Metabion (Martinsried, Germany). The PCR mix

contained the following components: 4pul of cDNA
(in H>O), 1l of specific primer-pair (5uM in H,0),
Sul of reaction mix (iTaq Universal SYBR Green
Supermix, Bio-Rad).

Statistical analysis

For explorative data analysis, a statistical software
package (SPSS 26.0) was used. Non-parametric numer-
ical parameters were analyzed by the Mann—Whitney
U test (for two unrelated samples), the Kruskal-Wallis
test (more than two unrelated samples), the Wilcoxon
test (for two related samples) or the Friedman test
(more than two related samples). A P value below
0.05 (two tailed) was considered as statistically signifi-
cant. In the figures, box plots are shown indicating
median, upper/lower quartiles, interquartile range and
minimum/maximum values and outliers.

Results

Adipose tissue expression of CAMP mRNA in wild
type C57BL/6N mice

As shown in Figure la, a gender-specific effect with a
higher expression level of CAMP in adipose tissue
existed in male mice when compared with female
mice (P=0.014). This gender-specific effect was evi-
dent only in gonadal adipose tissue (which resembles
visceral adipose tissue in mice) but not in subcutaneous
adipose tissue (data not shown). Moreover, when
gonadal and subcutaneous adipose tissue gene expres-
sion levels were compared directly in male mice, gonad-
al adipose tissue CAMP expression was significantly
(P=0.028) higher than subcutancous adipose tissue
CAMP expression (Figure 1b). Finally, CAMP expres-
sion was investigated in cellular subfractions prepared
from gonadal murine adipose tissue (Figure Ic).
Interestingly, CAMP expression was significantly
higher (P =0.025) in mature adipocytes when com-
pared with the stroma-vascular cell fraction. These
results matched our data obtained from differentiating
3T3-L1 pre-adipocytes.’ In this murine cell line, CAMP
expression increased continuously with highest levels in
fully differentiated adipocytes at d 9 of hormonally
induced cellular differentiation.

Signalling pathways involving NF-xB, MAPK and
STAT3 mediate MALP-2-induced CAMP expression
in adipocytes

The lipopeptide MALP-2 represents a potent ligand for
TLR2. We demonstrated previously that CAMP

expression and TLR2 expression were up-regulated in
parallel by MALP-2 not only in fibroblasts but also in
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Figure 1. Quantitative CAMP mRNA expression in adipose tissue compartments and cellular fractions of mice. CAMP expression
was investigated by quantitative real-time PCR in tissues and cellular fractions of wild type C57BL/6N mice. AT, adipose tissue; CAMP,
cathelicidin anti-microbial peptide; gon., gonadal; SVC, stroma-vascular cell fraction; * outlier. (a) CAMP expression is higher in
gonadal adipose tissue of male mice compared with female mice (P = 0.014; Mann—Whitney U test). (b) CAMP expression is
significantly higher in gonadal adipose tissue compared with subcutaneous adipose tissue in male mice (P = 0.028; Wilcoxon test).
(c) CAMP expression is higher in mature adipocytes compared with the stroma-vascular cell fraction (P = 0.025; Wilcoxon test)

prepared from gonadal adipose tissue.

mature 3T3-L1 adipocytes.” Therefore, we aimed to
test classical pro-inflammatory signalling pathways in
adipocytes for their involvement in MALP-2-induced
CAMP expression. As shown in Figures 2 and 4,
MALP-2 significantly (P <0.001 and P = 0.005,
respectively) up-regulated CAMP expression. MALP-
2-induced CAMP expression was potentially antago-
nized (Figure 2) by the NF-kB-Inhibitor BAY-11 (not
significant; P=0.118) and by the selective MAPK-
inhibitor SB239063 (not significant; P =0.084).
Importantly, the STAT3-inhibitor S3I-201 could signif-
icantly (P=0.009) antagonize MALP-2-induced
CAMP expression. The raf-activated MEK-1/-2 inhib-
itor U0126 completely failed to modulate MALP-2-
induced CAMP expression (Figure 2).

Signalling pathways involving NF-xB and STAT3
but not MAPK or MEK-1/-2 mediate LPS-induced
CAMP expression in adipocytes

Since adipocytes are well known to express TLR4 and
to respond to pro-inflammatory activation by LPS, we

aimed to test whether LPS up-regulates CAMP expres-
sion. As shown in Figures 3 and 4, LPS up-regulated
CAMP expression significantly (P=0.003 and
P=0.002, respectively. To investigate putative signal
transduction pathways involved in LPS-induced
CAMP expression in adipocytes (Figure 3), the NF-
kB-inhibitor BAY-11, the STAT3-inhibitor S3/-201,
the selective MAPK-inhibitor SB239063, and the
MEK-1/-2 inhibitor U0oi126  were applied.
LPS-induced expression of CAMP was abrogated
completely by the NF-xB-inhibitor BAY-1/ and by
the STAT3-inhibitor S37-201, whereas the selective
MAPK-inhibitor SB239063 or the MEK-1/-2 inhibitor
U0126 had no effect.

Impact of PI3K on MALP-2- and LPS-induced
CAMP expression

The induction of CAMP expression in 3T3-L1 adipo-
cytes by the TLR2 ligand MALP-2 and by the TLR4

agonist LPS was completely abrogated by the potent
and permeable PI3K inhibitor LY294002 (Figure 4).
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Figure 2. MALP-2-induced expression of CAMP in 3T3-L| adipocytes is antagonized by the STAT 3-inhibitor S31-201 and potentially
antagonized by the NF-kB-Inhibitor BAY-/ | and by the selective MAPK-inhibitor SB239063 but not by the MEK- /-2 inhibitor U0/26.
MALP-2 (TLR-2/-6 activating lipopeptide); BAY-11 (irreversible inhibitor of IKKo and phosphorylation inhibitor of lkBa); SB239063
(selective MAPK-inhibitor); S31-201 (STAT3-inhibitor; signal transducer and activator of transcription-3); U0126 (inhibitor of Raf-
activated MEK-1/-2). The overnight incubation time was 18 h. The Kruskal-Wallis test was applied for calculating P values and
statistical significance (*). Ctrl.: control.
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Figure 3. LPS-induced expression of CAMP in 3T3-L| adipocytes is abrogated by the NF-kB-Inhibitor BAY-/ | and by the STAT3-
inhibitor S31-201 but not by the selective MAPK-inhibitor SB239063 or by the MEK-1/-2 inhibitor U0126. BAY-11 (irreversible
inhibitor of IKKa and phosphorylation inhibitor of IkBa); SB239063 (selective MAPK-inhibitor); S31-201 (STAT3-inhibitor; signal
transducer and activator of transcription-3); U0126 (inhibitor of Raf-activated MEK-1/-2). The overnight incubation time was 18 h.
The Kruskal-Wallis test was applied for calculating statistical significance. Ctrl.: control.
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Figure 4. MALP-2 and LPS-induced expression of CAMP in 3T3-LI| adipocytes is abrogated by the PI3K potent inhibitor LY294002.
The overnight incubation time was 18 h. The Kruskal-Wallis test was applied for calculating statistical significance. Ctrl.: control.

Discussion

Functional TLRs such as TLR2 and TLR4 are
expressed in adipocytes,*>!73%37 and ligand-specific
activation is able to modulate cytokine, adipokine
and chemokine expression'*'"2% in adipocytes and in
adipose tissue. We demonstrated previously that stim-
ulation of pre-adipocytes and mature adipocytes with
the TLR2 agonistic lipopeptide MALP-2 (50-100 ng/
ml) up-regulated TLR2 and CAMP expression in par-
allel.” Moreover, it was documented that CAMP
expression increased during differentiation of murine
3T3-L1 adipocytes with highest levels in mature and
fully differentiated adipocytes.” Based on these data,
it was our aim to verify these observations and to iden-
tify potential signal transduction elements involved in
MALP-2-induced effects on CAMP expression.

In the present study, five intracellular signalling
molecules/pathways were studied since these might
play a role in adipocytes in addition to their established
role in immune cells or mast cells. Moreover, there was
some evidence from the literature and from prior pub-
lications of our group that the regulation of immuno-
modulating adipokines such as progranulin, CTRP-3,
resistin, adiponectin, and leptin comprises several of
these pathways.®710:17:183840 However, exact data on
the involvement of these pathways in the adipocytic
regulation of CAMP expression are lacking. The pre-
sent data show that MALP-2 was able to up-regulate

CAMP expression significantly. This effect was
mediated by STAT3 and PI3K and potentially (non-
significant trend) by NF-kB and MAPK, but not by
raf-activated MEK-1/-2. These regulatory mechanisms
can be hypothesized to be involved in processes with a
pro-inflammatory activation of adipocytes such as host
defense in general and infection by Gram-positive bac-
teria and S. aureus in particular.” Moreover, our data
strongly support the data published by Zhang et al. and
Schmid et al.”-'* Future mechanistic studies i vitro and
in vivo are necessary to describe the molecular mecha-
nisms of S. aureus/lipopeptide sensing by TLR2 in adi-
pocytes and the subsequent up-regulation of CAMP as
a defense mechanism against Gram-positive bacteria.
LPS represents a potent and well-known TLR4
ligand in monocytes®'*'** and in adipocytes®!=¢43 4,
Interestingly, LPS was shown to induce CAMP mRNA
expression in murine mast cells via NF-xB,*® whereas
the involvement of the MAPK pathway remained
obscure. Data on the effects of LPS on CAMP expres-
sion in adipocytes are not available. Thus, we aimed to
test whether LPS also up-regulates CAMP expression
in adipocytes in a similar way. To the best of our
knowledge, the present study showed for the first
time that CAMP was induced by LPS in adipocytes
in vitro. Moreover, classical signal transduction ele-
ments such as NF-xB, PI3K and STAT3 were involved
during this process, whereas specific inhibition of
MAPK and MEK-1/-2 did not play a role. These
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mechanisms might be involved in host defense of adi-
pose tissue against Gram-negative bacteria such as
E. coli that are sensed by LPS. Whereas LPS induces
CAMP mRNA expression in murine mast cells selec-
tively via NF-xB but not via by MAPK/MEK path-
ways,”® LPS activated CAMP expression in adipocytes
not only via NF-kB but also via PI3K and STAT3.

Very recently, we could demonstrate the quantita-
tive measurement of CAMP peptide concentrations by
ELISA in human obesity and during weight loss.*
However, it is a limitation of the present study that
CAMP peptide levels in cell supernatants could not
be presented quantitatively. Several ELISA kits detect-
ing the murine peptide (3T3-L1 cells are of murine
origin) were used. In principle, these kits failed to
give reliable and quantitative results when using the
supernatants of murine and differentiated 3T3-L1 adi-
pocytes. This was due mainly to the very low rate of
CAMP peptide secretion into the supernatants. Thus,
ELISA-based results have not yet been published in the
literature. Future work is under way to develop more
sensitive ELISAs that are applicable for the murine
system and for adipocytes.

Conclusions

Taken together, the activation of TLR2 and TLR4 in
adipocytes up-regulated CAMP expression involving
classical signal transduction elements that could be a
drug target for pharmacological modulation of CAMP
expression in the context of metabolic and infectious
diseases. Future work is necessary to investigate more
downstream elements of signal transduction as well as
mechanisms of transactivation of the CAMP gene in
adipocytes. CAMP might play a role in adipose tissue
defense against Gram-positive and Gram-negative bac-
teria, since adipocytes express the functional sensing
machinery (TLR2 and TLR4) with subsequent up-
regulation of the highly effective anti-microbial peptide
CAMP.
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