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What role do fat cells play in pancreatic tissue?
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ABSTRACT

Background: It is now generally accepted that obesity is a major risk factor for type 2 diabetes mellitus (T2DM). Hepatic steatosis in particular,
as well as visceral and ectopic fat accumulation within tissues, is associated with the development of the disease. We recently presented the first
study on isolated human pancreatic adipocytes and their interaction with islets [Gerst, F., Wagner, R., Kaiser, G., Panse, M., Heni, M., Machann,
J., et al., 2017. Metabolic crosstalk between fatty pancreas and fatty liver: effects on local inflammation and insulin secretion. Diabetologia
60(11):2240e2251.]. The results indicate that the function of adipocytes depends on the overall metabolic status in humans which, in turn,
differentially affects islet hormone release.
Scope of Review: This review summarizes former and recent studies on factors derived from adipocytes and their effects on insulin-secreting
b-cells, with particular emphasis on the human pancreas. The adipocyte secretome is discussed with a special focus on its influence on insulin
secretion, b-cell survival and apoptotic b-cell death.
Major Conclusions: Human pancreatic adipocytes store lipids and release adipokines, metabolites, and pro-inflammatory molecules in
response to the overall metabolic, humoral, and neuronal status. The differentially regulated adipocyte secretome impacts on endocrine function,
i.e., insulin secretion, b-cell survival and death which interferes with glycemic control. This review attempts to explain why the extent of
pancreatic steatosis is associated with reduced insulin secretion in some studies but not in others.

� 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

One major risk factor for the development of type 2 diabetes mellitus
(T2DM) is obesity [2,3]. Obesity comprises not only increased sub-
cutaneous fat deposition but also visceral fat accumulation [4]. Ectopic
fat deposits include adipocyte infiltration into the parenchyma as well
as fat droplet formation within tissue cells other than adipocytes. In the
liver, hepatocytes accumulate fat in intracellular lipid droplets,
whereas, in the pancreas, lipids are mainly stored in adipocytes which
infiltrate the parenchyma [5,6]. Pancreatic adipocyte infiltration was
first described in 1933 [7]. In humans, pancreatic steatosis can be
detected in vivo using a variety of non-invasive techniques, including
CT and MRI [8,9]. The link between pancreatic fat and glycemic control
is still a matter of some debate [8e11]. While studies on cohorts
comprising non-diabetic and diabetic humans do not report an asso-
ciation between the degree of pancreatic fat content and insulin
secretion, an analysis of humans with impaired glucose tolerance and/
or increased fasting glucose suggests that glycemic control de-
teriorates as the amount of pancreatic fat increases. Human studies
addressing the cause and consequence of pancreatic adipocyte infil-
tration were comprehensively reviewed recently [12,13]. Ectopic fat
storage is caused not only by adipocyte infiltration but also occurs
within exocrine parenchyma and islet cells [14,15]. The degree of
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intracellular triglyceride storage in lipid droplets, however, does not
correlate with cellular dysfunction or cell death, albeit circulating or
locally released free fatty acids may affect cellular functions [10,16].
Here, we focus on putative paracrine effects of pancreatic adipocytes
on islet function rather than on the reason why fat cells accumulate
within the pancreas. Further questions are whether the secreted fac-
tors, the so-called “secretomes” of preadipocytes and adipocytes,
depend on the (ectopic) location of the fat cells i.e., whether they are
organ-dependent, and whether humoral factors characteristic for the
diabetogenic milieu have an impact on the secretome. Finally, we
address whether fat cell infiltration has a bearing on proper islet
function.

1.1. The fat cell: a storage cell with a large secretome
The white adipocyte stores lipids in large central droplets. Upon
stimulation, e.g., sympathetic activation during starving conditions,
adipocytes secrete metabolites such as fatty acids, glycerol, and
lysophospholipids. They control lipid metabolism and secrete lipo-
protein lipase (LPL), cholesteryl ester transfer protein (CETP), apo-
lipoprotein E (ApoE), retinol-binding protein-4 (RBP-4), and neutro-
phil gelatinase-associated lipocalin (NGAL). In addition, adipocytes
act as endocrine cells by secreting adipokines [17]. Adipokines are
defined here as adipocyte-specific proteins with hormone-like
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activity. The hormones leptin and adiponectin regulate food intake,
satiety, and hunger. Additional hormones produced by adipocytes
are apelin, resistin, visfatin, omentin, and angiopoietin-like 4
(ANGPTL-4). Fat cells also promote cell growth and vascularization
by the secretion of insulin-like growth factor (IGF-1), fibroblast
growth factor (FGF-1, FGF-2), transforming growth factors (TGF-a,
TGF-b), nerve growth factor (NGF), macrophage colony-stimulating
factor (M-CSF), heparin-binding epidermal growth factor (HB-EGF),
vascular endothelial growth factor (VEGF), and hepatocyte growth
factor (HGF). Last, but not least, they produce chemokines and cy-
tokines including interleukins (IL-6, IL-8, IL-10, IL-15, IL-18),
macrophage migration inhibitory factor (MIF), monocyte chemo-
attractant protein (MCP-1), macrophage inflammatory protein (MIP-
1a), and stromal cell-derived factor (SDF-1), thereby contributing to
local low grade inflammation. A variety of complementary factors
and acute phase reactants, plasminogen activator inhibitor (PAI-1),
C-reactive protein (CRP), haptoglobin (Hp), pentraxin-related protein
(PTX3), and serum amyloid A (SAA) can be added to the list of the
adipocyte secretome (see also Figure 1). As a consequence, fat cells
have many diverse humoral and local paracrine effects on organ
function and the whole body’s metabolic status. Whether adipocytes
Figure 1: Overview of the white adipocyte’s secretory activity. Updated and modified v
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exert beneficial or adverse effects depends on the metabolic envi-
ronment. Our studies on adipocytes isolated from different origins,
i.e., subcutaneous, perivascular, visceral, and renal sinus, suggest
that the secretomes differ between the compartments [18e20].
However, a systematic assessment of differences between pancre-
atic adipocytes and adipocytes from other tissues is not yet
available.
Adipocytes originate from precursor cells, the preadipocytes. Between
15 and 50% of fat cells in adipose tissue are estimated to be pre-
adipocytes [21,22]. While they secrete cytokines and growth factors,
preadipocytes neither store lipids nor do they produce adiponectin.
This hormone, therefore, is a marker for differentiated adipocytes.
Consequently, the different secretomes of preadipocytes and adipo-
cytes may exert distinct paracrine effects, such as, and in our case, on
islet function. Table 1 summarizes the mRNA levels of secreted sub-
stances from human pancreatic preadipocytes and adipocytes cultured
under standard conditions. Interestingly, upon differentiation adipo-
cytes synthesize large amounts of adiponectin mRNA while leptin
mRNA levels were higher in preadipocytes than in adipocytes. The data
further indicate that T2DM may affect the differentiation of pre-
adipocytes into adipocytes.
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Table 1 e The comparison of mRNA levels of substances secreted by human pancreatic preadipocytes and adipocytes cultured and differentiated in vitro; ND,
non-diabetic; PD, prediabetic; D, diabetic. Given are the mRNA levels as read counts (rlog) � SEM (n ¼ 4).

Secretome Preadipocytes Adipocytes

ND PD D ND PD D

Adipokines
Adiponectin 3.73 � 0.03 3.83 � 0.04 3.78 � 0.02 10.38 ± 0.61a 8.44 ± 1.04a 6.84 ± 1.11a

Leptin 10.15 � 0.24 9.31 � 0.71 10.69 � 0.56 5.84 ± 0.24a 6.06 ± 0.27a 7.00 ± 0.44a

Apelin 9.32 � 0.22 8.68 � 0.41 8.9 � 0.48 7.8 ± 0.23a 7.73 ± 0.10a 8.23 � 0.31
ANGPTL-2 10.8 � 0.13 10.81 � 0.27 10.7 � 0.17 11.47 � 0.23 10.82 � 0.18 11.07 � 0.12
ANGPTL-4 11.48 � 0.21 11.64 � 0.28 11.31 � 0.11 11.06 � 0.2 10.51 ± 0.34a 10.69 � 0.16
Visfatin 9.56 � 0.11 9.53 � 0.05 9.89 � 0.31 9.55 � 0.17 9.2 � 0.14 9.2 � 0.25
Adipolinb 5.33 � 0.06 5.4 � 0.10 5.3 � 0.12 5.21 � 0.11 4.93 � 0.12 5.15 � 0.12
Nesfatin 10.98 � 0.10 10.99 � 0.10 10.9 � 0.23 11.24 � 0.20 11.37 � 0.14 11.34 � 0.19
Irisin 6.5 � 0.36 6.38 � 0.26 6.1 � 0.45 8.16 ± 0.34a 7.43 ± 0.38a 7.86 ± 0.28a

WISP1 8.62 � 0.42 8.91 � 0.39 8.69 � 0.51 8.29 � 0.50 9.41 � 0.35 9.22 � 0.32
LepR 9.33 � 0.24 10.13 � 0.30 9.98 � 0.23 8.17 ± 0.32a 8.41 ± 0.29a 8.24 ± 0.27a

Cytokines
IL-6 10.91 � 0.08 10.75 � 0.44 10.91 � 0.11 8.00 ± 0.27a 8.57 ± 0.05a 8.21 ± 0.38a

MCP-1 8.67 � 0.34 8.70 � 0.11 7.94 � 0.25 8.49 � 0.37 7.88 � 0.09 7.23 � 0.28
IL-8b 4.19 � 0.23 4.40 � 0.07 3.85 � 0.14 3.53 � 0.29 3.21 ± 0.12a 3.28 � 0.16
LIFb 6.58 � 0.16 7.07 � 0.30 6.55 � 0.11 6.14 � 0.08 6.13 ± 0.16a 6.00 � 0.12
CXCL5b 2.95 � 0.11 3.06 � 0.04 2.80 � 0.11 3.50 ± 0.13a 3.38 � 0.14 3.41 ± 0.04a

Growth factors
IGF-1b 5.96 � 0.21 6.23 � 0.46 5.81 � 0.40 5.62 � 0.55 6.68 � 0.49 5.81 � 0.37
FGF-1 8.52 � 0.07 8.38 � 0.17 8.49 � 0.30 6.31 ± 0.10a 6.76 ± 0.24a 6.71 ± 0.13a

FGF-2 12.49 � 0.04 12.87 � 0.19 12.36 � 0.19 12.85 � 0.22 13.41 � 0.09 12.74 � 0.06
FGF-21b 0.52 � 0.03 0.35 � 0.07 0.27 � 0.003 0.52 � 0.10 0.60 � 0.08 0.54 ± 0.14a

TGF-b1 11.07 � 0.07 11.38 � 0.14 11.32 � 0.09 10.59 � 0.14 11.04 � 0.08 10.79 � 0.11
TGF-b2b 5.81 � 0.26 6.43 � 0.29 6.26 � 0.19 6.03 � 0.24 5.85 � 0.15 5.87 � 0.16
HGF 5.73 � 0.51 4.99 � 0.36 4.62 � 0.20 7.68 ± 0.34a 5.86 � 0.42 6.36 ± 0.18a

VEGF-A 13.16 � 0.16 13.14 � 0.24 12.94 � 0.21 12.73 � 0.15 13.17 � 0.06 12.88 � 0.1
VEGF-B 11.24 � 0.06 11.24 � 0.01 10.99 � 0.08 11.06 � 0.03 10.87 ± 0.04a 10.91 � 0.1
VEGF-C 10.75 � 0.11 10.9 � 0.15 10.93 � 0.14 9.77 ± 0.14a 9.86 ± 0.23a 9.88 ± 0.15a

VEGF-Db 3.24 � 0.06 3.15 � 0.08 3.48 � 0.24 5.76 ± 0.58a 3.80 ± 0.38a 4.65 ± 0.47a

MCSF 12.35 � 0.08 12.22 � 0.13 12.27 � 0.13 12.13 � 0.08 11.84 � 0.12 12.07 � 0.06
ICAM-1 9.50 � 0.21 9.32 � 0.45 9.86 � 0.25 6.39 ± 0.27a 6.26 ± 0.31a 6.68 ± 0.36a

Transcription factor
PPARg 6.72 � 0.22 6.89 � 0.20 6.08 � 0.20 8.70 ± 0.32a 8.17 ± 0.30a 7.98 ± 0.22a

Lipid metabolism
LPL 3.83 � 0.03 3.97 � 0.04 3.95 � 0.03 10.48 ± 0.53a 8.67 ± 0.87a 7.43 ± 1.15a

ApoE 6.43 � 0.33 5.64 � 0.19 6.11 � 0.21 11.81 ± 0.54a 10.26 ± 0.64a 10.07 ± 0.72a

FABP4 4.41 � 0.06 4.48 � 0.04 4.41 � 0.04 11.72 ± 0.62a 10.17 ± 1.01a 9.51 ± 0.83a

HCNP 11.45 � 0.06 11.43 � 0.06 11.43 � 0.04 11.67 � 0.14 11.48 � 0.06 11.55 � 0.07
RBP4b 4.38 � 0.23 4.35 � 0.13 4.43 � 0.26 7.11 ± 0.57a 5.95 ± 0.67a 5.27 � 0.57

Extracellular matrix
Laminin b1 subunit 13.04 � 0.16 12.98 � 0.18 13.30 � 0.11 12.76 � 0.08 12.91 � 0.12 12.81 ± 0.04a

Laminin b2 subunit 14.64 � 0.03 14.59 � 0.04 14.57 � 0.01 14.02 ± 0.05a 14.07 ± 0.05a 14.08 ± 0.03a

Laminin b3 subunit 7.74 � 0.05 7.12 � 0.20 7.04 � 0.14 9.40 ± 0.22a 8.76 ± 0.33a 8.82 ± 0.13a

Collagen IV a1 chain 15.91 � 0.12 16.45 � 0.18 16.02 � 0.29 15.13 ± 0.11a 15.59 ± 0.22a 15.21 ± 0.27a

Collagen IV a2 chain 15.76 � 0.09 16.16 � 0.12 15.84 � 0.23 14.87 ± 0.12a 15.27 ± 0.18a 15.00 ± 0.24a

Procollagen C-endopeptidase enhancer 11.53 � 0.07 11.44 � 0.06 11.17 � 0.03 11.19 ± 0.09a 10.91 ± 0.18a 10.8 ± 0.09a

a padj < 0.05 vs respective preadipocytes.
b BaseMean < 100 copies.
2. THE PREADIPOCYTE e THE PRECURSOR FAT CELL

2.1. Isolation and in vitro differentiation of preadipocytes into
adipocytes
Due to the lack of specific markers, it is difficult to identify pre-
adipocyte populations in vivo, and they are poorly characterized in
every kind of tissue. However, the exclusion of endothelial (CD31þ)
and immune (CD14þ) cell contamination by FACS made it possible to
isolate preadipocytes from any fat pad [1,18e20]. The isolated and
purified preadipocytes are ideally free of immune cells and conse-
quently negative for IL-1b production. Preadipocytes proliferate
in vitro, and so the cells can be expanded under specific culture
conditions [19]. The differentiation into adipocytes is slow and
MOLECULAR METABOLISM 25 (2019) 1e10 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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requires, among other things, the addition of insulin to the medium.
During differentiation, preadipocytes cease proliferation and begin to
store lipids and produce adiponectin (Table 1). The secretome and the
reactivity to factors known to be increased in pre-diabetes and dia-
betes can be examined in both preadipocyte and adipocyte populations
under well-defined in vitro conditions.

2.2. Diabetic environment activates cytokine and chemokine
production in preadipocytes and adipocytes
In vitro preparations of human pancreatic preadipocytes and adipo-
cytes produce cytokines such as IL-6 (encoded by IL6 gene), IL-8
(encoded by CXCL8), and MCP-1 (encoded by CCL2) [1]. Although
IL6 and CXCL8 mRNA levels of adipocytes are lower than of
ess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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preadipocytes (Table 1), substances abundant in plasma of obese
prediabetic humans, e.g., fatty acids (palmitic acid) and the hepatokine
fetuin-A, specifically stimulate the production of IL-6, IL-8 and MCP-1
in preadipocytes and adipocytes [1,23]. Growth hormone and adipo-
kine production remain unchanged. The selective stimulation of the
above-mentioned cytokines may trigger local inflammation by
attracting monocytes which may then convert into proinflammatory
tissue macrophages. These macrophages, in turn, impair preadipocyte
differentiation [24]. In obese patients, insulin-resistant visceral adipose
tissue expresses TNFa and IL-6 [25]. However, tissue macrophages e
but not fat cells e are the major source of cytotoxic cytokines, such as
IL-1b, TNFa, and IFNg, which are widely used for in vitro induction of
b-cell apoptosis [26e28].
Since palmitic acid and fetuin-A stimulate IL-6, IL-8, and MCP-1
production in both fat cells and islets, these chemokines may also
influence b-cell function in a paracrine manner during the develop-
ment of obesity-linked diabetes. In isolated human islets that pre-
sumably do not contain adipocytes, high levels of CCL2 transcripts
were found, whereas levels of IL6 and CXCL8 mRNA were low [1].
Thus, fat cells accentuate local inflammation.

3. LOW GRADE TISSUE INFLAMMATION

3.1. The role of local MCP-1 production
Multiple studies have already examined the effects of IL-6, IL-8, and
MCP-1 on insulin secretion, b-cell survival, proliferation and apoptotic
cell death (Figure 2). The chemokine MCP-1 is secreted by islet cells
and summons an infiltration of monocytes into islets [29]. This
chemotactic activity of MCP-1 plays a crucial role in the rejection of
Figure 2: Effects of adipocyte derived factors on insulin secretion. In the neighbor
1 (ADIPOR) on b-cells, adiponectin stimulates insulin secretion and b-cell survival. Leptin, w
activation (LEP-R). Via the glucagon receptor (GCR) and b-adrenergic receptors (ADRB), re
release of fatty acids. Fatty acids acutely stimulate insulin secretion through fatty acid rece
concentrations. This is associated with increased b-cell death. Fatty acids also activate
TLR4-dependent stimulation of MCP-1 and IL-8 exerts chemotactic effects on monocytes.
IL-1b and induces b-cell death.
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islet transplants [29]. Tissue adipocytes also secrete MCP-1 and
activate local inflammation [1,18]. In human pancreas, the number of
CD68-positive cells of the monocyte lineage was increased in the
neighborhood of adipocytes [1]. The key cytokine produced in CD68-
positive cells is the cytotoxic interleukin IL-1b. In vitro, IL-1b is
detected in isolated human islets and is associated with tissue mac-
rophages [26,30]. In isolated islets IL-1b production is stimulated by
lipopolysaccharide (LPS) or palmitic acid-induced toll-like receptor-4
(TLR4) activation [30e33]. To avoid isolation and in vitro artifacts,
human islet tissue was collected by laser capture microdissection
(LCM) and directly analyzed using microarray, RNAseq, and RT-PCR
methods [1,34]. An in situ analysis did not reveal any significant
change in IL-1b mRNA levels in islets from resected human pancreas
with high fat cell infiltration [1]. The IL-1b mRNA levels in islet tissue
from humans with and without diabetes were also uniformly low.
These observations indicate that human islets from patients with T2DM
lack cytotoxic M1-macrophages producing IL-1b. However, a diffusion
of IL-1b from surrounding tissue into islets, which cannot be captured
by transcriptomic analysis, is still possible. Surprisingly, the area of
insulin positive cells determined using in situ immunohistological
staining was unaltered both in pancreatic tissue with high level of
adipocyte infiltration and in tissue from T2DM patients when compared
to specimens of non-fatty and non-diabetic humans, respectively. This
finding differs from observations made in T1DM pancreata [35].
Multiple in vitro observations provide evidence of a direct cytotoxic
effect of IL-1b on b-cells [26,31,36e38]. Interestingly, besides the
cytotoxic effect, which is more prominent in vitro when IL-1b is used in
conjunction with IFNg and TNFa, low inflammation and postprandial
plasma concentrations of IL-1b stimulate insulin secretion [27,39e
hood of islets adipocytes secrete adiponectin. By activating the adiponectin receptor
hich is also produced by preadipocytes, inhibits insulin secretion via the leptin receptor
spectively, glucagon and adrenaline stimulate lipolysis in the adipocytes, resulting in a
ptor 1 (FFAR1/GPR40). Fatty acids induce ER stress when taken up chronically at high
the toll-like receptor 4 (TLR4) which is involved in b-cell death and inflammation.
TLR4 stimulation of tissue macrophages activates the release of the cytotoxic cytokine
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41]. To date, the provenance of cytokines is not understood and local,
i.e., paracrine effects have not been studied in detail. Experiments with
human pancreatic resections of variable fat content using the peri-
fusion system presented by Marciniak et al. may help us to understand
local effects of adipocytes on islet function and to examine the
adipocyte secretome under defined conditions [42]. In conclusion,
although inflammatory cytotoxicity plays an important role in b-cell
loss in T1DM, its role in the development of T2DM, which has been
proposed, requires further experimental evidence.

3.2. IL-6 and IL-8: good guys or bad guys?
The role of IL-6 in metabolism is not yet completely understood [43].
During exercise, IL-6 is released from muscle cells in great quantities
and circulating IL-6 levels increase 50e100-fold [44]. Type 2 diabetes
is associated with only a 2e4-fold elevation of circulating IL-6 levels
compared to non-diabetic humans [45,46]. A massive release of IL-6
from exercising muscle increases insulin sensitivity through direct
action on insulin receptor signaling [44,47]. By contrast, in hepato-
cytes, IL-6 has been reported to induce insulin resistance [48,49]. IL-6
is also a known regulator of adipose homeostasis in obesity [50].
These contrasting effects of IL-6 may explain the minor effect of IL-6
deficiency on glucose homeostasis in mice [43,51].
In islets, a consistent stimulatory effect of IL-6 on insulin secretion has
not been found [52,53]. In mice, hepatic overexpression of IL-6
improved glucose tolerance and led to an increase of glucose-
stimulated insulin secretion (GSIS) [52]. The beneficial effect on
glucose tolerance in mice can be explained at least in part by a
stimulatory effect of IL-6 on GLP-1 secretion from intestinal cells [54].
A further effect of IL-6 was the protection against cytokine-induced cell
death [55]. Recent studies suggest that IL-6 protects b-cells from
oxidative stress through the stimulation of autophagy [56,57]. A b-cell-
specific knockout of IL-6-receptor a (IL6RA) in mice exacerbated
oxidative stress. Secretion of IL-6 from pancreatic adipocytes con-
tributes to high local levels of the cytokine and favors b-cell protection.
In glucagon-secreting a-cells, IL-6 treatment increased proliferation
[54,58]. Inversely, IL-6 is also a pro-inflammatory cytokine which is
secreted by M1 macrophages and which has regulatory properties on
macrophage polarization [59e61]. The crosstalk of pancreatic adi-
pocytes with macrophages and the role of a local production of IL-6 on
islet function require further experimental evidence [62]. Together with
IL-6, IL-8 production is stimulated via activation of TLR4 in human
islets [63]. IL-8 derives from pancreatic a-cells and serves as a
chemoattractant for monocytes [30]. In fact, IL-8 antibodies inhibited
LPS-induced monocyte migration in human islets [63]. Unlike the
putative pro-inflammatory role of IL-8 derived from islets, the duct cell-
derived IL-8 has been attributed a pro-angiogenic role that may favor
islet graft revascularization [64]. The pleiotropic and contrasting effects
of IL-6 and IL-8 on islet function disqualify them as possible thera-
peutic targets in the treatment of b-cell dysfunction (Figure 2).

4. SECRETION OF GROWTH HORMONES, ANGIOGENIC, AND
FIBROTIC FACTORS

Increased inflammation and ROS production lead to fibrosis and
insufficient perfusion, both of which are hallmarks of long-term dia-
betes complications [65]. The situation in the pancreas, however, is not
so clear. Architecture of islets is altered during late diabetes when
large amyloid-like deposits can be visualized [66,67]. These extra-
cellular matrix deposits are believed to contribute to the impairment of
insulin secretion [68,69]. However, multiple in vitro studies have failed
to provide a conclusive picture [70e72]. When examining pancreatic
MOLECULAR METABOLISM 25 (2019) 1e10 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
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tissue, the architecture of adjacent islets varies from a normal to a
heavily damaged appearance. Only a low percentage of islets display
extracellular deposits. In addition, such damaged islets were detected
in pancreatic resections in 4 out of 44 T2DM patients (unpublished
observation). Whether amyloid or fibrotic deposits contribute to
impaired insulin secretion remains to be verified. Fibrosis and
vascularization may determine whether or not insulin reaches the
blood stream rapidly and efficiently. Vascularization and islet function
were studied by Berggren and Speier using the method of islet
transplantation into the anterior eye chamber [73e76]. This approach
allows the in vivo visualization of islet architecture and function through
the eye cornea. The formation of vessels within the engrafted islets of
old mice into young mice improved insulin secretion and glucose
homeostasis, suggesting that fibrosis of old islets hampers insulin
disposition [76]. Vessel formation within the islets, as well as b-cell
differentiation and function depend on the presence of VEGF-A since
reduced vascularization and insulin production and secretion has been
observed in the absence of VEGF-A [77]. However, both human islets
and adipocytes produce VEGF to facilitate the maintenance of sufficient
vascularization regardless of the degree of fat cells abundance (Table 1
and [1]). Furthermore, the secretion of growth factors from adipocytes,
such as VEGF and HGF, remained unaffected by fatty acids and fetuin-
A [1]. There is, therefore, no evidence that adipocytes disturb islet
vascularization in humans. However, inflammation is accompanied by
fibrosis in GK rats [78]. Whether locally released chemokines and
cytokines from adipocytes contribute to inflammation and fibrotic tis-
sue alterations and impact on vessel formation and in vivo hormone
dissemination is still a matter of speculation.

5. CROSSTALK BETWEEN PANCREATIC ADIPOCYTES AND
ISLETS

5.1. Effects of adipocytes on b-cell differentiation and function
The direct crosstalk between pancreatic adipocytes and islets has not
yet been studied in depth [1,79]. Using the insulin secreting cell line
Min6 and 3T3-L1 adipocytes in a co-culture system, a downregulation
of glucokinase, of the KATP-channel protein Kir6.2, and of insulin has
been observed [79]. In vitro exposure of human islets to preadipocytes
and adipocytes in a co-culture system revealed that mRNA levels of
islet differentiation markers (islet specific hormones, PDX-1 and GLUT-
2) did not change [1]. The theory that fat cells do not affect b-cell
differentiation is further corroborated by the unaltered in situ immu-
nostaining for insulin, glucagon, and somatostatin of islets in the
neighborhood of fat cells. Of note, this method may not be sensitive
enough to detect changes of hormone storage until the reduction is
already well advanced. Hormone content, moreover, may not correlate
with the ability to secrete insulin in response to glucose. The use of
new techniques such as metabolome and transcriptome analyses will
provide additional information on changes induced by fatty degener-
ation of the pancreas as performed in subcutaneous fat biopsies [80].

5.2. Direct effects of leptin and adiponectin on islet function
Fat cells produce and secrete the hormones leptin and adiponectin
[81,82]. Our parallel analysis of preadipocytes and adipocytes reveal
that preadipocytes synthesize leptin while adiponectin production is
induced upon differentiation into adipocytes only. Direct effects of
leptin and adiponectin on insulin secretion and b-cell survival have
been studied using in vitro systems and are summarized in several
reviews as well as in Figure 2 [83e87]. Leptin signaling is linked to
increased potassium channel activity through Jak2-dependent acti-
vation of AMPK and PI3K signaling pathways [88e90]. The underlying
ess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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mechanism involves NMDA receptors and AMPK activation [91,92].
Furthermore, leptin-induced inhibition of GSIS is also linked to PKA
activity and to an activation of phosphodiesterase PDE3B in both rodent
and human islets [93,94]. A neuronal effect of leptin in the CNS may
indirectly regulate insulin secretion [95]. The expression of leptin and
adiponectin receptors has been demonstrated in both rodent and
human islets [96,97]. In isolated single islet cells and purified b-cells,
high expression of ADIPOR1 e but only a low expression of LEPR e
was detected [98]. However, the role of adiponectin on insulin
secretion is less clear since both stimulatory and inhibitory effects have
been demonstrated [99e101]. The main action of adiponectin on b-
cells would appear to be an anti-apoptotic effect through activation of
AMPK [102e104]. We ascertained that neither leptin nor adiponectin
secretion was stimulated by fatty acids and fetuin-A [1]. In humans
with impaired glucose tolerance, fetuin-A was associated with reduced
insulin secretion, whereas adiponectin was not [23]. The direct local
effect of adiponectin and leptin secreted from pancreatic adipocytes
and preadipocytes on islet function requires further experimental
evidence.

5.3. Local effects of lipogenesis and lipolysis
Adipocytes store triglycerides in a large central lipid droplet. The vi-
cinity of adipocytes to pancreatic islets may increase local concen-
trations of fatty acids in situations of increased lipolysis, but may
reduce local fatty acid disposition under situations of lipogenesis. While
insulin promotes lipogenesis, sympathetic stimulation through b-
adrenergic receptors and fasting conditions activate lipolysis, resulting
in a local elevation of fatty acids [105]. Fatty acids rapidly augment
GSIS in dogs and rodents [106e110]. In humans, fatty acids stimulate
insulin secretion even in the presence of low, non-stimulatory glucose
concentrations [111]. Chronically elevated fatty acids, however, impair
b-cell function, mainly by cytotoxic effects i.e., the promotion of
apoptotic cell death [112,113]. The mechanism of lipotoxicity has been
largely elucidated [114e121]. Most studies suggest that saturated
fatty acids induce, while unsaturated inhibit b-cell death
[114,115,122,123]. Of note, no more than 10e20% of the fatty acids
released from adipocytes during lipolysis are saturated, the major part
consisting of both mono- and polyunsaturated acids [124]. Lipolysis is
induced by the activation of the b-adrenergic receptor expressed on
the adipocyte plasma membrane [125]. Thus, on the one hand,
sympathetic activation promotes lipolysis. On the other hand, (nor)
adrenaline potently inhibits insulin secretion in both humans and ro-
dents [126e128]. The inhibition of insulin secretion may further
accentuate lipolysis since the latter is no longer inhibited by insulin.
While the stimulation of lipolysis is exerted through b-adrenoceptors,
the inhibition of insulin secretion is mediated via a2-adrenoceptors and
accompanied by a reduction in cytosolic Ca2þ and cAMP [129,130].
The a2-adrenoceptors are expressed in b-cells, and a receptor poly-
morphism affects insulin secretion [15,131]. It has been proposed that
the inhibitory effect on insulin secretion in humans is mediated only
through the a2-adrenoceptors expressed in endothelial cells, i.e., by
reducing blood supply/flow. In human pseudoislets deprived of
endothelial cells, adrenaline inhibits insulin secretion induced by
glucose, GLP-1, and fatty acids, again pointing to a direct effect of
adrenaline on the b-cell (E. Lorza Gil and S. Ullrich, submitted for
publication).
Thus, the crosstalk between pancreatic adipocytes and islets is
determined by the metabolic status which modulates both the
secretome of adipocytes and islet function and, consequently, the
putative paracrine effects (Figure 2).
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From a b-cell point of view, hyperglycemia develops when the b-cell
response is already impaired. High glucose is therefore not the primary
cause but rather a consequence of b-cell failure [34,112,132]. Later
during diabetes progression, persistent hyperglycemia exerts addi-
tional glucotoxic effects [68,133].
Under fasting conditions and under sympathetic activation, i.e. con-
ditions of suppressed insulin secretion, locally stimulated lipolysis may
increase fatty acid concentration within the tissue and augment insulin
secretion [105]. Whether systemically high fatty acid concentrations or
locally secreted fatty acids from neighboring adipocytes play the key
role in insulin hypersecretion, which is observed in early stages of
diabetes pathogenesis, remains elusive [134].
Multiple studies suggest that long term exposure to fatty acids
exhausts b-cells by inducing chronic insulin hypersecretion and
impairing insulin biosynthesis [135e140]. This deprives the cells
of insulin, and, as a consequence, reduced and insufficient insulin
secretion favors hyperglycemic episodes. Fatty acid-dependent
insulin hypersecretion, therefore, could be one cause of relative
insulin deficiency, a hallmark of T2DM. The lipotoxic effect of
chronically elevated fatty acids is generally believed to reduce the
functional b-cell mass, which explains at least in part the relative
insulin deficiency in obesity-linked T2DM [133]. An analysis of
islet architecture in human pancreatic resections showed het-
erogeneous islet size and highly variable staining for insulin,
glucagon and somatostatin, regardless of diabetic status [1]. This
high variability and the low number of damaged islets i.e., with
extracellular deposits and a lower number of endocrine cells,
make it difficult to exactly quantify b-cell mass using human
pancreatic resections.

6. SUMMARY AND PERSPECTIVES

In summary, the secretome of adipocytes within the pancreas is
regulated by the metabolic status, e.g., diabetogenic substances, and
becomes adverse only upon induction of production and secretion of
metabolites, chemokines, and interleukins. Increased uptake of fuels
from local adipocytes may affect the local concentration of fatty acids
as well as of glucose, all of which may have an impact on the
stimulation of pancreatic endocrine cells. On the other hand, under
conditions with increased lipolysis, a local accumulation of fatty acids
may accentuate insulin secretion and chronically influence b-cell
survival. Consequently, the locally produced and differentially
secreted factors may initially influence b-cell function and, later in the
disease development together with persistent hyperglycemia, also
reduce b-cell mass. The effort to collect and characterize human
pancreatic tissue specimens together with individual metabolic and
genetic parameters will pave the way for a better understanding of
changes within the human pancreas in the pathogenesis of diabetes.
To date, it is not technically feasible to visualize and quantify para-
crine effects. New sensitive methods are required with which small
amounts of substances released locally can be visualized and
measured.
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