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ARTICLE INFO ABSTRACT

Objective: Ectopic fat accumulation in the pancreas in response to obesity and its implication on the onset of type
2 diabetes remain poorly understood. Intermittent fasting (IF) is known to improve glucose homeostasis and
insulin resistance. However, the effects of IF on fat in the pancreas and [3-cell function remain largely unknown.
Our aim was to evaluate the impact of IF on pancreatic fat accumulation and its effects on islet function.
Methods: New Zealand Obese (NZO) mice were fed a high-fat diet ad libitum (NZO-AL) or fasted every other day
(intermittent fasting, NZO-IF) and pancreatic fat accumulation, glucose homoeostasis, insulin sensitivity, and
islet function were determined and compared to ad libitum-fed B6.V-Lep®”°” (ob/ob) mice. To investigate the
crosstalk of pancreatic adipocytes and islets, co-culture experiments were performed.

Results: NZO-IF mice displayed better glucose homeostasis and lower fat accumulation in both the pancreas (-32%)
and the liver (-35%) than NZO-AL mice. Ob/ob animals were insulin-resistant and had low fat in the pancreas but
high fat in the liver. NZO-AL mice showed increased fat accumulation in both organs and exhibited an impaired
islet function. Co-culture experiments demonstrated that pancreatic adipocytes induced a hypersecretion of insulin
and released higher levels of free fatty acids than adipocytes of inguinal white adipose tissue.

Conclusions: These results suggest that pancreatic fat participates in diabetes development, but can be prevented
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by IF.
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1. Introduction

The worldwide prevalence of obesity has nearly tripled since 1975
with 13% of adults obese and 39% overweight in 2016 and a growing
prevalence among children (WHO, 2018). This constitutes a major health
concern as obesity is associated with several co-morbidities including
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diabetes, cancer, and cardiovascular diseases. In obesity, the circulating
levels of non-esterified fatty acids (NEFA) and triacylglycerol (TG) are
elevated in combination with a limited adipose tissue capacity. This
results in an ectopic fat storage in non-adipose tissue organs, such as
liver, skeletal muscle or pancreas [1,2]. The elevated fat deposition in
the liver, the non-alcoholic fatty liver disease (NAFLD) has been well
studied over the last decades. However, this is not the case for the
pancreas, even if it seems to be more susceptible to fat accumulation in
comparison to the liver [3]. The first description of excessive fat storage
in the pancreas was reported by Ogilvie in 1933 [4]. Later, several terms
were used to qualify pancreatic fat accumulation. In 2011, Smits and
van Geenen defined pancreatic steatosis in association with obesity and
metabolic syndrome as non-alcoholic fatty pancreas disease (NAFPD)
[5]. Animal and human studies have shown that both NAFPD and
NAFLD very frequently co-exist [6-8]. Insulin resistance plays an impor-
tant role in the development of NAFPD, NAFLD and type 2 diabetes,
but pancreatic fat infiltration might lead to more rapid progression of
diabetes through other mechanisms such as a decrease in 3-cell number
and function [2,3]. However, despite in vitro and animal studies were able
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to show that NAFPD plays a role in diabetes development via effects on
insulin resistance and (3-cell dysfunction, the data in humans remain
inconclusive [2,9,10].

As overfeeding leads to the development of obesity, insulin
resistance, type 2 diabetes and ectopic fat accumulation, dietary
interventions limiting energy intake such as intermittent fasting (IF)
could be used to prevent and/or treat these conditions. In rodents, IF
improves some gluco-metabolic, cardiovascular and neuronal parame-
ters [11,12]. Recent trials aim to confirm this in human subjects [13].
However, all these emerging statements need to be validated and the
mechanisms behind the improvement of general health by IF remain
poorly understood.

We have recently shown that IF prevents the onset of diabetes in
New Zealand Obese (NZO) mice, a mouse model for obesity and type
2 diabetes. This was associated with changes in lipid droplet proteome
and levels of some diacylglycerols in the liver and skeletal muscle [14].
As NAFPD, NAFLD and type 2 diabetes are often associated, we followed
two approaches: (1) we compared hepatic and pancreatic fat content
in two obese mouse models which differ in their diabetes-
susceptibility and (2) tested whether IF has beneficial effects on pancre-
atic fat accumulation.

2. Material and methods
2.1. Animals

Male NZO/HIBomDife and B6.V-Lep®”°” (ob/ob) mice from our own
breeding (German Institute of Human Nutrition Potsdam-Rehbruecke,
Nuthetal, Germany) were kept at a temperature of 20 + 2 °C with a
12:12 h light-dark cycle and ad libitum access to drinking water. After
weaning, mice were single caged and fed a high-fat diet (HFD, 49 kcal
% from carbohydrates, 33 kcal% from fat, and 18 kcal% from protein,
$8022-E080 unsat. FA, Ssniff, Soest, Germany) ad libitum (NZO-AL and
ob/ob) until the age of 9 weeks. Starting at 4 weeks of age, a subgroup
of NZO mice received food only every other day with constant access
to drinking water (intermittent fasting, NZO-IF). The measurements of
glucose tolerance, insulin tolerance and the islet isolation were per-
formed following to a feeding day. All experiments with mice were ap-
proved by the ethics committee of the State Office of Environment,
Health and Consumer Protection (Federal State of Brandenburg,
Germany).

2.2. Body weight, body composition and blood glucose measurements

Body weight and blood glucose levels were measured weekly in
the morning. At 3, 6 and 9 weeks of age, blood samples were collected
and body composition was assessed by nuclear magnetic resonance
(EchoMRI-100H, EchoMRI LLC, Houston, TX, USA).

2.3. Glucose and insulin tolerance tests

At the age of 7 weeks, mice were fasted for 6 h and received either
an oral glucose bolus (2 g/kg body weight) for oral glucose tolerance
tests (OGTT) or an intraperitoneal insulin injection (1 IU/kg body
weight) for insulin tolerance tests (ipITT). Blood was sampled from
the tail vein at indicated time points for blood glucose and plasma in-
sulin detection.

2.4. Plasma parameters, total pancreatic insulin, pancreatic and hepatic
triacylglycerol levels

Plasma insulin, TG, glycerol and NEFA levels were determined as
described before [15]. Total plasma cholesterol was measured using the
Cholesterol liquicolor kit (Human Diagnostics Worldwide, Wiesbaden,
Germany). Circulating adiponectin and leptin levels were assessed as
described before [16]. To examine pancreatic insulin and TG

concentrations, pancreases were grounded in liquid nitrogen and di-
vided into two parts. One part was homogenized in ice-cold acidic
ethanol (0.18 mol/L HCl) and incubated overnight at 4 °C. After cen-
trifugation (5000 xg, 15 min), insulin concentrations were measured
by ELISA (80-INSMSH-EO1 and 80-INSMSU-EO1, Alpco Diagnostics,
Salem, USA). The other part was homogenized (10 mmol/L
NaH,P04, 1 mmol/L EDTA, 1% Polyoxyethylene (10) tridecyl ether,
pH 7.4), incubated for 5 min at 70 °C while shaking, placed on ice
for 5 min and centrifuged (13,000 xg, 10 min). TG concentrations
from pancreases and liver samples were determined using a kit
(TR210, Randox Laboratories, Crumlin, UK).

2.5. Isolation of pancreatic adipogenic precursor cells and stromal vascular
fraction from inguinal white adipose tissue

Flow cytometric isolation was performed based on procedures as
described before [17]. In brief, minced pancreas or inguinal white adi-
pose tissue (iWAT) were digested at 37 °C for 1 h in 1 mg/mL and
2 mg/mL of collagenase type Il (Worthington Biochemical Corporation,
Lakewood, NJ, USA) solution, respectively. Pancreas and iWAT samples
were centrifuged at 100 xg and 290 xg, respectively. Cells were stained
with antibodies as follows: Anti-Mouse Ly-6A/E (Sca-1) (Clone: D7;
eBioscience), Anti-Mouse CD45 FITC (Clone: 30-F11; eBioscience);
Anti-Mouse CD31 (PECAM-1) FITC (Clone: 390; eBioscience) using
protocols described before [17]. Cells were sorted for Sca-1 (positive
selection) and CD45/CD31 (negative selection) to purify adipogenic
precursor cells (APCs). After sorting, pancreatic APCs and the stromal
vascular fraction from iWAT were plated and cultured for one week as
described [17]. Subsequently, cells were seeded on cell culture inserts
(353103, Corning Incorporated, Corning, NY, USA) for three days
followed by adipogenic differentiation [17].

2.6. Co-culture experiments and glucose-stimulated insulin secretion

Pancreatic islets of 9-week-old mice were isolated as described [18]
and co-cultured with differentiated adipocytes derived from pancreas
APCs or iWAT stromal vascular fraction in RPMI 1640 medium (PAA Lab-
oratories, Pasching, Austria) containing 10% FCS GOLD (PAA Laborato-
ries) and 1% penicillin/streptomycin for 48 h. Afterwards, islets were
equilibrated in Krebs-Ringer bicarbonate HEPES buffer (KRBH,
115 mmol/L NaCl, 4.5 mmol/L KCI, 2.6 mmol/L CaCl,, 1.2 mmol/L
KH,POy4, 1.2 mmol/L MgS0O,4, 20 mmol/L NaHCO3, 10 mmol/L HEPES,
0.2% BSA, pH 7.4) for 1 h under low glucose conditions (2.8 mmol/L)
and consecutively transferred to 2.8 mmol/L glucose and 20 mmol/L
glucose for 1 h each to detect glucose-stimulated insulin secretion
(GSIS). Insulin concentrations in the supernatants were measured and
islets were transferred to 1 mLice-cold acidic ethanol to extract residual
insulin (80-INSMSH-EO1, Alpco Diagnostics).

2.7. Co-culture experiments with 3T3-L1 cells and islets of C57BL/6] mice

3T3-L1 pre-adipocytes or 3T3-L1 adipocytes were grown in cell
culture inserts as described above and co-cultured with islets isolated
from 9-week-old C57BL/6] mice for 48 h before insulin secretion was
measured as described in Section 2.6.

2.8. Islet perifusion

Sixty freshly isolated pancreatic islets per mouse were used for
perifusion experiments. Islets were equilibrated in KRBH under low
glucose conditions (2.8 mmol/L) for 30 min and subsequently
transferred into perifusion chambers. After a 10 min adaption phase,
GSIS was recorded with a continues flow of 0.5 mL/min under low glu-
cose, high glucose (20 mmol/L), low glucose and 40 mmol/L KCI condi-
tions for 18, 35, 30 and 20 min, respectively. Insulin levels of the
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perifusates were determined and normalized to residual insulin content
(80-INSMSU-EO1, Alpco Diagnostics).

2.9. Pancreas histology, immunofluorescence and image analysis

For the determination of pancreatic adipocytes and islet mass, 4 pm
paraffin sections were deparaffinized, rehydrated, and stained with
Mayer's hematoxylin (1 min, Bio-Optica, Milano, Italy) and eosin
(45 s, Sigma-Aldrich, St Louis, MO, USA), followed by dehydration.
Sections were recorded with a MIRAX MIDI scanner (Zeiss, Oberkochen,
Germany) and adipocytes as well as islet mass were analyzed using the
MIRAX Viewer software.

For insulin glucagon co-staining, primary antibodies against insulin
(1:50,000, 12018, Sigma-Aldrich) and glucagon (1:2000, A0565, Agilent,
Santa Clara, CA, USA) were applied for 1 h at room temperature and
overnight at 4 °C, respectively. Alexa Fluor conjugated secondary anti-
bodies were applied for 1 h at room temperature (1:200, A11017 and
A11035, Invitrogen, Karlsruhe, Germany). Nuclei were stained with
DAPI. Images were recorded using the Keyence BZ-9000 fluorescent mi-
croscope and the BZ-II Analyser software (Keyence International,
Mechelen, Belgium).

2.10. Statistical analysis

All data are expressed as mean + SEM. Statistical analysis was per-
formed using Student's t-test, one-way ANOVA with Tukey's multiple
comparisons test or two-way ANOVA with Sidak's multiple compari-
sons test (GraphPad Prism Version 6.07, GraphPad, La Jolla, CA, USA).
If not otherwise stated, statistical significance is expressed as *P < 0.05,
**P<0.01, and ***P < 0.001.

3. Results

3.1. Intermittent fasting reduced body weight gain and fat mass in
NZO mice

HFD-fed male NZO and ob/ob mice were subjected to different feeding
regimens. NZO-AL and ob/ob mice were fed ad libitum while NZO-IF mice
had access to food ad libitum only every other day. NZO-IF and ob/ob mice
exhibited lower body weights in comparison to NZO-AL mice (Fig. 1A).
This was significant from 5 weeks of age, thus already one week after
the beginning of the IF procedure. NZO-IF animals also displayed lower
body fat mass and slightly higher body lean mass compared to NZO-AL
and ob/ob mice (Fig. 1B and C). At the end of the protocol, NZO-AL
animals had increased pancreas and spleen weights compared to
NZO-IF and ob/ob groups. NZO-IF animals were lighter and had a reduc-
tion in selected fat depots and visceral white adipose tissue masses in
comparison to NZO-AL and ob/ob animals, and in heart and kidney
weights compared to NZO-AL animals. Ob/ob mice displayed higher
weight of liver, white and brown adipose tissue as well as lower weight
of heart, kidney and gastrocnemius than both NZO-AL and NZO-IF
groups (Table 1).

3.2. Intermittent fasting prevented the development of hyperglycemia and
hyperinsulinemia and enhances circulating lipids

NZO-IF mice showed significantly lower blood glucose levels than
NZO-AL mice from 6 weeks of age until the end of the protocol
(Fig. 1D) and lower plasma insulin levels than ob/ob mice at 9 weeks
of age (Fig. 1E). NZO-IF animals displayed significantly lower plasma
leptin concentration in comparison to their NZO-AL littermates
(Table 2). NZO-AL mice had higher circulating levels of TG compared to
NZO-IF and ob/ob. Total cholesterol levels were significantly lower in
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Fig. 1. Intermittent fasting improves body composition and glucose homeostasis in NZO mice. (A) Body weight, (B) fat mass, (C) lean mass, (D) blood glucose levels, and (E) plasma insulin
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Table 1
Body weight and organ tissue weights of 9-week-old NZO-AL, NZO-IF and ob/ob mice.
NZO-AL NZO-IF ob/ob Pvalue
Body weight (g) 456 + 1.0 392+ 1.0 452 + 14 8
Pancreas (g) 0.28 + 0.01 0.23 £ 0.01 0.23 £ 0.01 L #
Liver (g) 1.54 + 0.05 1.38 + 0.04 3.40 £+ 0.18 #,8
Fat (g) 3.02 £ 0.12 248 +0.15 412 £ 0.16 *#,8
Visceral fat (g) 1.09 + 0.05 0.79 + 0.06 1.29 4+ 0.09 L #, 8
Spleen (g) 0.111 4 0.008  0.084 4+ 0.003  0.075 + 0.005 L #
Heart (g) 0.169 + 0.003  0.143 £ 0.002 0.110 4 0.003  * #,§
Kidney (g) 0.264 4 0.007  0.245 4+ 0.006 0.164 + 0.004 #,§
Gastrocnemius (g)  0.097 £ 0.003  0.093 4 0.003  0.080 + 0.004 #,8
BAT (g) 0.34 + 0.03 0.38 + 0.02 0.53 4+ 0.04 #,8

Data are mean 4 SEM (n = 16-17). Fat mass was calculated as the sum of subcutaneous,
gonadal and visceral fat depots. *P < 0.05 (NZO-AL vs. NZO-IF), #P < 0.05 (NZO-AL
vs. ob/ob), §P < 0.05 (NZO-IF vs. ob/ob) by one-way ANOVA with Tukey's multiple com-
parisons test.

NZO-IF and higher in ob/ob group while plasma glycerol concentration
was increased in NZO-AL and decreased in ob/ob mice. Plasma NEFA
were significantly lower in ob/ob animals compared to both other groups
(Table 2).

3.3. Intermittent fasting improved glucose tolerance and insulin sensitivity

Glucose and insulin tolerance tests were performed at 7 weeks of
age. During OGTT, NZO-IF mice displayed lower blood glucose concen-
trations before and 15 min after glucose administration in comparison
to NZO-AL and ob/ob mice. However, from time point 30 min until the
end of the test, NZO-IF and ob/ob mice had similar blood glucose levels
while NZO-AL animals showed increased blood glucose levels (Fig. 2A,
left panel). The area under the curve (AUC) of the OGTT was higher in
the NZO-AL mice than in the two other groups (Fig. 2A, right panel).
The insulin values during the OGTT showed a marked difference
between the strains. They were about 5-fold higher in ob/ob than in
NZO mice, which showed lower insulin concentrations in response to
IF (Fig. 2B). Plasma insulin concentrations of NZO-AL were between
1.37 and 1.84 pg/L, of NZO-IF much lower with 0.37 to 0.79 pg/L,
pointing towards improved insulin sensitivity in response to intermit-
tent fasting. In fact, MATSUDA index calculated based on basal blood
glucose and insulin levels, was significantly higher in NZO-IF than in
NZO-AL and ob/ob mice (Fig. 2C). Also during ipITT, NZO-IF animals
displayed lower blood glucose concentrations before and 30, 60 and
120 min after insulin injection (Fig. 2D, left panel), resulting in a lower
AUC during the test in comparison to both NZO-AL and ob/ob groups
(Fig. 2D, right panel). The transiently elevated blood glucose concentra-
tion of NZO mice 15 min after insulin treatment might be a result
of stress induced by handling during the insulin application. Taken
together, these data confirm that IF improves glucose tolerance and in-
sulin sensitivity in NZO mice and show that ob/ob mice exhibit a similar
glucose clearance as NZO-IF mice.

Table 2
Circulating cytokines and plasma lipids of 9-week-old NZO-AL, NZO-IF and ob/ob mice.
NZO-AL NZO-IF ob/ob Pvalue

Adiponectin (ng/ml) 6782 + 245 6626 4399 5212 £ 331 #,8
Leptin (pg/ml) 68,133 4 5983 42,292 4 3004 N/A P<0.001
Triacylglycerol (ug/ml) 1037 + 64 446 + 24 404 + 34 #
Glycerol (ug/ml) 727 + 34 632 + 21 467 + 25 L #,8
Cholesterol (mg/dl) 185+ 6 162 +5 215+ 10 L #,§
NEFA (mmol/L) 1.15 £ 0.05 1.03 +£0.04 0.67 +0.04 #,8

Data are mean =+ SEM (n = 13-18). *P < 0.05 (NZO-AL vs. NZO-IF), #P < 0.05 (NZO-AL vs.
ob/ob), §P < 0.05 (NZO-IF vs. ob/ob) by one-way ANOVA with Tukey's multiple compari-
sons test. For leptin values, statistical analysis was performed using Student's t-test.

3.4. Intermittent fasting reduced fat in pancreas and liver

In order to test if NZO and ob/ob mice differ in their pancreatic fat
content and if IF can reduce it, we evaluated both the total TG and the
insulin concentrations from the whole organ. Pancreas TG levels were
significantly lower in NZO-IF and ob/ob animals in comparison to
NZO-AL ones (Fig. 3A). The total insulin content in the pancreas was
similar between NZO-AL and NZO-IF groups but significantly higher
in the ob/ob group (Fig. 3B). In the liver, the TG concentration was sig-
nificantly lower in NZO-IF animals while it was higher in ob/ob than
in NZO-AL mice (Fig. 3C). The hematoxylin/eosin staining of pancreas
slices shows an accumulation of adipocytes in the tissue of NZO-AL
mice and only a few adipocytes in NZO-IF and ob/ob pancreases
(Fig. 3D, upper panel). The quantification of adipocytes revealed a
lower adipocyte area in ob/ob and NZO-IF in comparison to the NZO-
AL pancreas (Fig. 3D, lower panel). These data show that diabetes-
susceptible mice exhibit higher fat content in the pancreas, whereas
diabetes-resistant mice store more fat in the liver. In addition, IF reduces
both, hepatic and pancreatic fat.

The staining of glucagon and insulin of pancreatic sections of
9-week-old NZO-AL, NZO-IF and ob/ob mice showed comparable
islet architecture. However, the islets of ob/ob mice appear to be larger
with a higher number of B-cells (Fig. S1). The quantification of islet
mass in pancreatic sections confirmed that ob/ob mice exhibited an
elevated islet area per pancreas in comparison to NZO mice (Fig. 3E).

3.5. Intermittent fasting protected islets from insulin hypersecretion

In order to determine if intermittent fasting has effects on the first-
and the second-phase of insulin secretion, we analyzed freshly isolated
islets from NZO-AL, NZO-IF and ob/ob mice with a perifusion system.
The first-phase insulin secretion was similar in NZO-AL and ob/ob islets
but lower in NZO-IF islets, whereas the second-phase insulin secretion
of NZO-IF and ob/ob islets was similar (Fig. 4A). The low insulin secre-
tion of NZO-IF islets confirms the low insulin concentrations detected
during the glucose tolerance test (Fig. 2B), and might be a consequence
of the improved glucose homeostasis and insulin sensitivity in response
to intermittent fasting. During the second-phase and even after reduc-
ing the glucose concentration to 2.8 mmol/L, NZO-AL islets did not re-
duce their insulin secretion in the same manner as NZO-IF and ob/ob
islets (Fig. 4A). Thus, the overall insulin secretion during the perifusion
experiment, assessed by the AUC, was significantly reduced in NZO-IF
islets and tended to be lower in ob/ob islets as compared to NZO-AL
(P = 0.053) (Fig. 4B).

3.6. Adipocytes modified islet insulin secretion

To clarify whether adipocytes affect insulin secretion, we first co-
cultured 3T3-L1 adipocytes with islets from B6 mice for 2 days and
subsequently measured insulin secretion under low (2.8 mmol/L) and
high (20 mmol/L) glucose concentrations. Without co-culture, B6 islets
secreted very low levels of insulin at low glucose conditions; insulin
release increased 17-fold at high glucose concentrations. Co-culture
experiments with 3T3-L1 pre-adipocytes showed a similar response.
Interestingly, after co-culture with 3T3-L1 adipocytes, basal as well as
high glucose-stimulated insulin secretion significantly increased but
the effect of glucose stimulation (2.6-fold) was smaller than without
co-culture (Fig. 5A).

Next, adipogenic precursor cells (APCs) were isolated from
pancreases of B6 mice by flow cytometric sorting (Fig. 5B) and adipo-
cytes from iWAT stromal vascular fraction were taken and cultured as
well. In parallel, islets were isolated from NZO-AL, NZO-IF and ob/ob
mice and recovered for 2 days in order to wash out the effects of the
fatty pancreas. The islets were divided in 3 subgroups: The first sub-
group of islets of NZO-AL, NZO-IF and ob/ob mice was cultured in stan-
dard conditions, the second subgroup was co-cultured with
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Fig. 2. Intermittent fasting ameliorates glucose tolerance and insulin sensitivity in NZO mice. (A) Blood glucose and (B) plasma insulin levels during OGTT with respective area under the
curves (AUCs) and (C) MATSUDA indices. (D) Blood glucose levels during ipITT with respective AUC. Data are mean + SEM, n = 9-12 mice per group.*P < 0.05, ***P < 0.001 by one-way

ANOVA with Tukey's multiple comparisons test.

differentiated APCs from the pancreas, the third subgroup with differenti-
ated adipocytes from iWAT (Fig. 5C). In the first subgroup (no co-culture),
the islet insulin secretion during GSIS was similar between the three
groups (Fig. 5D, left panel), demonstrating that culture conditions washed
out the differences in insulin secretion as detected by the perifusion of
freshly isolated islets (Fig. 4). However, after 2 days of co-culture with
pancreatic adipocytes or iWAT adipocytes, islets from NZO-AL, NZO-IF
and ob/ob animals displayed a much higher insulin secretion already at
the basal state (2.8 mmol/L glucose) (Fig. 5D, left panel). The insulin se-
cretion was even higher than at 20 mmol/L glucose (Fig. 5D, right panel).
The co-culture with pancreatic and iWAT adipocytes affected NZO-AL
and NZO-IF islets more than ob/ob islets which displayed overall a
lower insulin secretion during the GSIS (Fig. 5D). However, NZO-AL
and NZO-IF islets showed the same pattern and levels of insulin secretion
under the different conditions, demonstrating that IF did not change the
insulin secretion of the islets after a 2-day recovery. As the co-culture of
B6 islets with 3T3-L1 adipocytes resulted already in a lower degree of
glucose-stimulated insulin secretion, we believe that the lack of an in-
duction of glucose-stimulated insulin secretion in islets of obese mice is
a consequence of a severe islet insulin resistance which might be induced
by the elevated secretion of fatty acids from adipocytes. Accordingly, B6
islets which were co-cultured with adipocytes derived from pancreatic
APCs showed an elevated insulin secretion at 2.8 mmol/L glucose, and
20 mmol/L of glucose was not sufficient to potentiate this reaction
(Fig. S2). We measured the NEFA released by the pancreatic and iWAT
adipocytes into the medium after 2 days of co-culture and detected
significantly higher NEFA concentrations in the co-culture medium of
pancreatic adipocytes than in the medium of adipocytes derived from
iWAT (Fig. 5E). Taken together, these data indicate that adipocytes that
are in close proximity to islets induce insulin hypersecretion.

4. Discussion

In this study, we demonstrate that (i) fat accumulation in the pan-
creas is associated with diabetes development and 3-cell dysfunction,

(ii) adipocytes in close proximity to islets induce a hypersecretion of in-
sulin, (iii) pancreatic adipocytes are particularly harmful for the islet
function, and (iv) intermittent fasting reduces pancreatic fat cell accu-
mulation and prevents the onset of diabetes.

For the first time to our knowledge, we show that the reduction of
pancreatic fat accumulation participates in the prevention of diabetes in
response to intermittent fasting. As already suggested by some previous
studies in other animal models [11-13], we could prove that intermittent
fasting is an effective strategy to prevent diabetes also in NZO mice [14].
In these diabetes-prone mice intermittent fasting resulted in a significant
reduction of body weight, blood glucose and insulin levels, decreased fat
mass and improved glucose tolerance and insulin sensitivity. During the
OGTT, NZO mice under IF displayed similar blood glucose levels as ob/
ob mice which were protected from diabetes [19]. The improved
glucose tolerance in NZO-IF mice occurred despite a lower insulin content
in comparison to ob/ob mice, which was assessed by the total pancreatic
insulin. This suggests that intermittent fasting can normalize the glucose
tolerance and improve the B-cell function of NZO mice to a similar extent
as reached by ob/ob mice via inducing 3-cell proliferation [19].

To date, most studies which link ectopic fat accumulation and diabe-
tes suggest that insulin resistance is a common pathway for the develop-
ment of NAFPD, NAFLD and diabetes [2]. However, other mechanisms
than insulin resistance, such as a reduction in 3-cell number and function,
could also be responsible for the rapid progression of diabetes with
NAFPD. Previous studies on this matter are inconclusive on whether pan-
creatic fat causes lipotoxicity to the 3-cells or whether NAFPD is rather a
marker of B-cell dysfunction [20,21]. Besides, the association between
NAFPD and insulin resistance is controversial. It seems that NAFPD
could be positively associated to insulin resistance only when NAFLD is
also occurring [22,23] and that insulin resistance could be more related
to visceral WAT and hepatic fat instead of pancreatic fat [2,24,25]. In
this study, we wanted to clarify whether fat accumulation in the pancreas
can be linked to an elevated diabetes risk. Diabetes-prone NZO-AL
animals, which are insulin resistant and glucose intolerant, display high
amounts of fat in the pancreas and in the liver. In contrast, diabetes-
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resistant ob/ob animals are insulin resistant, exhibit a severe hepa-
tosteatosis, but showed only low fat accumulation in the pancreas and
at the same time a better glucose tolerance than NZO mice. This fact indi-
cates that fatty pancreas is a stronger risk factor for type 2 diabetes than
fatty liver. Interestingly, when NZO mice were put on an intermittent
fasting intervention, their pancreatic fat decreased, as well as their he-
patic fat accumulation, which improved glucose tolerance and insulin
sensitivity. Thus, our data indicate that insulin resistance is responsible
for fatty liver while pancreas steatosis induces [3-cell dysfunction pre-
sumably via an adipocyte islet cell crosstalk.

Among others, circulating lipids and cytokines are factors known to
influence B-cell function in type 2 diabetes [26]. Thus, high concentra-
tions of circulating NEFA, derived from lipoprotein hydrolysis or adipo-
cyte lipolysis, have been shown to impair 3-cell function [26-28]. In our
study, NZO-AL mice have increased circulating levels of TG, NEFA and
glycerol, pointing towards an elevated lipolysis. In contrast, NZO-IF
and ob/ob mice display lower plasma lipid concentrations. These results
confirm the negative effect of circulating TG, NEFA, and glycerol on
3-cell function as only the NZO-AL mice developed type 2 diabetes. In
the same way, some cytokines released by adipose tissue (adipokines)
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or the liver (hepatokines) can also modulate 3-cell function [22,26]. Two
major adipokines play a role in type 2 diabetes and islet function:
adiponectin, described to exert positive effects on the 3-cell, and leptin,
which contributes to 3-cell failure [29-31]. Plasma adiponectin concen-
trations were significantly lower in ob/ob mice in comparison to both
NZO groups. This is consistent with previous reports indicating that
ob/ob mice which are leptin-deficient have low plasma adiponectin
levels [32]. According to their reduced fat mass, NZO-IF animals
displayed significantly lower levels of plasma leptin in comparison to
their NZO-AL littermates, which is in line with their improvement in
glucose homeostasis.

We next asked the question whether IF, which improved glucose
homeostasis and reduced ectopic fat accumulation, is sufficient to re-
cover islet function. To this end, we examined the insulin secretion of
freshly isolated islets, which should still carry the memory of the
organ/body environment. Ob/ob islets secreted more insulin than
NZO-IF islets during the first phase, but insulin secretion was compa-
rable in the second phase in both groups. In contrast, islets from
NZO-AL mice did not reduce their insulin secretion after the first
phase and after lowering the glucose concentration as it was de-
tected for ob/ob islets. Thus, NZO islets show a hypersecretion
which could result in a later secretory decline (due to exhaustion)
and diabetes development as it was recently shown for children
with high circulating NEFA [33]. Another recent study showed that
lowering endogenous FA levels in B-cell medium, immediately re-
duced their insulin secretion [34]. Thus, we speculate that islets of
NZO-IF and ob/ob mice, which have lower NEFA plasma levels and
less fat in the pancreas than NZO-AL mice, show a lower NEFA expo-
sition and a lower insulin secretion.

In fact, we demonstrated the direct influence of adipocytes on islet
function. The co-culture of islets and adipocytes has not been inten-
sively used so far. We compared the insulin secretion of islets co-
cultured either with pancreas-derived adipocytes or iWAT-derived
adipocytes. Under both conditions, insulin secretion was markedly ele-
vated, especially in NZO islets. An elevated insulin secretion and the lack
of a potentiation of insulin secretion in response to a glucose challenge
were also visible in islets of B6 mice which were either co-cultured with
3T3-L1 adipocytes or pancreatic adipocytes. This observation demon-
strates the negative crosstalk of adipocytes to 3-cells which appears to
be mediated via NEFA.

Up to now we do not know the differences between adipocytes
derived from pancreatic precursor cells and cells from iWAT, but
our actual data show that pancreatic adipocytes release more NEFA
than iWAT adipocytes. It is well known that NEFA increase insulin se-
cretion [35].

The power of our study is that we clearly show the different impact
of ectopic fat in liver and pancreas on glucose homeostasis. Our results
are also unique because APCs from pancreas have never been isolated
and analyzed before. The limitation is the lack of intensive comparison
of pancreatic adipocytes with those of other depots. Further investiga-
tions will be necessary to deeply elucidate the specific role of pancreatic
adipocytes on islet physiology and diabetes risk.

5. Conclusion

In conclusion, we found that diabetes-susceptible and diabetes-
resistant mice differ markedly in their pancreas fat content, that adipo-
cytes induce hypersecretion of insulin when co-cultured with islets and
that intermittent fasting is an effective and non-invasive way to prevent
fat accumulation in the pancreas and to improve glucose tolerance and
insulin sensitivity.

Author contributions

C.Q, AS., TJ.S., and C.B. conceived and designed the experiments.
C.Q, N.D, A.G.,, M.S,, E.G., and A.H. contributed to the acquisition and

analysis of data. C.Q. and A.S. drafted and wrote the manuscript. M.S.,
F.G., and T.J.S. were responsible for discussions and critical revision
of the manuscript. M.S. and A.S. edited the manuscript. All authors con-
tributed to the interpretation of data and approved its final version for
publication. A.S. is the guarantor of this work and, as such, had full
access to all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Acknowledgments

The authors thank the Max-Rubner-Laboratory for animal care,
Andrea Teichmann for her technical assistance, and Wenke Jonas for
her support and discussions. The study was supported by grants from
the German Ministry of Education and Research (BMBF: DZD grant
82DZD00302) and the State of Brandenburg.

Declaration of Competing Interest
All authors declare no conflict of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2019.05.005.

References

[1] Pitt HA. Hepato-pancreato-biliary fat: the good, the bad and the ugly. HPB (Oxford)
2007;9(2):92-7. https://doi.org/10.1080/13651820701286177.

[2] Yu T-Y, Wang C-Y. Impact of non-alcoholic fatty pancreas disease on glucose metabo-
lism. ] Diabetes Investig 2017;8(6):735-47. https://doi.org/10.1111/jdi.12665.

[3] Pinnick KE, Collins SC, Londos C, Gauguier D, Clark A, Fielding BA. Pancreatic ectopic
fat is characterized by adipocyte infiltration and altered lipid composition. Obesity
(Silver Spring, Md) 2008;16(3):522-30. https://doi.org/10.1038/0by.2007.110.

[4] Ogilvie RF. The islands of Langerhans in 19 cases of obesity. ] Pathol Bacteriol 1933;
37:473-81.

[5] Smits MM, van Geenen EJM. The clinical significance of pancreatic steatosis. Nat Rev
Gastroenterol Hepatol 2011;8(3):169-77. https://doi.org/10.1038/nrgastro.2011.4.

[6] van Geenen E-JM, Smits MM, Schreuder TCMA, van der Peet DL, Bloemena E, Mulder
(JJ. Nonalcoholic fatty liver disease is related to nonalcoholic fatty pancreas disease.
Pancreas 2010;39(8):1185-90. https://doi.org/10.1097/MPA.0b013e3181f6fce2.

[7] Fraulob JC, Ogg-Diamantino R, Fernandes-Santos C, Aguila MB, Mandarim-de-
Lacerda CA. A mouse model of metabolic syndrome: insulin resistance, fatty liver
and non-alcoholic fatty pancreas disease (NAFPD) in C57BL/6 mice fed a high fat
diet. ] Clin Biochem Nutr 2010;46(3):212-23. https://doi.org/10.3164/jcbn.09-83.

[8] Lee JS, Kim SH, Jun DW, Han JH, Jang EC, Park JY, et al. Clinical implications of fatty
pancreas: correlations between fatty pancreas and metabolic syndrome. World ]
Gastroenterol 2009;15(15):1869-75.

[9] Taylor R, Al-Mrabeh A, Zhyzhneuskaya S, Peters C, Barnes AC, Aribisala BS, et al. Re-
mission of human type 2 diabetes requires decrease in liver and pancreas fat content
but is dependent upon capacity for {3 cell recovery. Cell Metab 2018;28(4):547-56
e3 https://doi.org/10.1016/j.cmet.2018.07.003.

[10] Heiskanen MA, Motiani KK, Mari A, Saunavaara V, Eskelinen J-], Virtanen KA, et al.
Exercise training decreases pancreatic fat content and improves beta cell function
regardless of baseline glucose tolerance: a randomised controlled trial. Diabetologia
2018;61(8):1817-28. https://doi.org/10.1007/s00125-018-4627-x.

[11] Gotthardt JD, Verpeut JL, Yeomans BL, Yang JA, Yasrebi A, Roepke TA, et al. Intermittent
fasting promotes fat loss with lean mass retention, increased hypothalamic norepineph-
rine content, and increased neuropeptide Y gene expression in diet-induced obese male
mice. Endocrinology 2016;157(2):679-91. https://doi.org/10.1210/en.2015-1622.

[12] Anson RM, Guo Z, de Cabo R, Iyun T, Rios M, Hagepanos A, et al. Intermittent fasting
dissociates beneficial effects of dietary restriction on glucose metabolism and neuro-
nal resistance to injury from calorie intake. Proc Natl Acad Sci U S A 2003;100(10):
6216-20. https://doi.org/10.1073/pnas.1035720100.

[13] Mattson MP, Longo VD, Harvie M. Impact of intermittent fasting on health and disease
processes. Ageing Res Rev 2017;39:46-58. https://doi.org/10.1016/j.arr.2016.10.005.

[14] Baumeier C, Kaiser D, Heeren J, Scheja L, John C, Weise C, et al. Caloric restriction and
intermittent fasting alter hepatic lipid droplet proteome and diacylglycerol species
and prevent diabetes in NZO mice. Biochim Biophys Acta 2015;1851(5):566-76.
https://doi.org/10.1016/j.bbalip.2015.01.013.

[15] Vogel H, Jdhnert M, Stadion M, Matzke D, Scherneck S, Schiirmann A. A vast genomic
deletion in the C56BL/6 genome affects different genes within the I1fi200 cluster on
chromosome 1 and mediates obesity and insulin resistance. BMC Genomics 2017;
18(1):172. https://doi.org/10.1186/512864-017-3552-6.

[16] Stadion M, Schwerbel K, Graja A, Baumeier C, Rodiger M, Jonas W, et al. Increased
Ifi202b/IFI16 expression stimulates adipogenesis in mice and humans. Diabetologia
2018. https://doi.org/10.1007/s00125-018-4571-9.


https://doi.org/10.1016/j.metabol.2019.05.005
https://doi.org/10.1016/j.metabol.2019.05.005
https://doi.org/10.1080/13651820701286177
https://doi.org/10.1111/jdi.12665
https://doi.org/10.1038/oby.2007.110
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0020
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0020
https://doi.org/10.1038/nrgastro.2011.4
https://doi.org/10.1097/MPA.0b013e3181f6fce2
https://doi.org/10.3164/jcbn.09-83
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0040
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0040
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0040
https://doi.org/10.1016/j.cmet.2018.07.003
https://doi.org/10.1007/s00125-018-4627-x
https://doi.org/10.1210/en.2015-1622
https://doi.org/10.1073/pnas.1035720100
https://doi.org/10.1016/j.arr.2016.10.005
https://doi.org/10.1016/j.bbalip.2015.01.013
https://doi.org/10.1186/s12864-017-3552-6
https://doi.org/10.1007/s00125-018-4571-9

C. Quiclet et al. / Metabolism Clinical and Experimental 97 (2019) 9-17 17

[17] SteinbringJ, Graja A, Jank A-M, Schulz TJ. Flow cytometric isolation and differentiation of
adipogenic progenitor cells into brown and brite/beige adipocytes. Methods Mol Biol
2017;1566:25-36. https://doi.org/10.1007/978-1-4939-6820-6_4 (Clifton, NJ).

[18] Kluth O, Matzke D, Kamitz A, Jahnert M, Vogel H, Scherneck S, et al. Identification of
four mouse diabetes candidate genes altering (3-cell proliferation. PLoS Genet 2015;
11(9):e1005506. https://doi.org/10.1371/journal.pgen.1005506.

[19] Kluth O, Matzke D, Schulze G, Schwenk RW, Joost H-G, Schiirmann A. Differential
transcriptome analysis of diabetes-resistant and -sensitive mouse islets reveals sig-
nificant overlap with human diabetes susceptibility genes. Diabetes 2014;63(12):
4230-8. https://doi.org/10.2337/db14-0425.

[20] Poitout V, Amyot J, Semache M, Zarrouki B, Hagman D, Fontés G. Glucolipotoxicity of
the pancreatic beta cell. Biochim Biophys Acta 2010;1801(3):289-98. https://doi.
org/10.1016/j.bbalip.2009.08.006.

[21] Zhang X, Cui Y, Fang L, Li F. Chronic high-fat diets induce oxide injuries and
fibrogenesis of pancreatic cells in rats. Pancreas 2008;37(3):e31-8. https://doi.org/
10.1097/MPA.0b013e3181744b50.

[22] Gerst F, Wagner R, Kaiser G, Panse M, Heni M, Machann J, et al. Metabolic crosstalk be-
tween fatty pancreas and fatty liver: effects on local inflammation and insulin secretion.
Diabetologia 2017;60(11):2240-51. https://doi.org/10.1007/s00125-017-4385-1.

[23] Yamazaki H, Tsuboya T, Katanuma A, Kodama Y, Tauchi S, Dohke M, et al. Lack of
independent association between fatty pancreas and incidence of type 2 diabetes:
5-year Japanese cohort study. Diabetes Care 2016;39(10):1677-83. https://doi.org/
10.2337/dc16-0074.

[24] Wong VW-S, Wong GL-H, Yeung DK-W, Abrigo JM, Kong AP-S, Chan RS-M, et al.
Fatty pancreas, insulin resistance, and 3-cell function: a population study using
fat-water magnetic resonance imaging. Am | Gastroenterol 2014;109(4):589-97.
https://doi.org/10.1038/ajg.2014.1.

[25] Rossi AP, Fantin F, Zamboni GA, Mazzali G, Rinaldi CA, Del Giglio M, et al. Predictors
of ectopic fat accumulation in liver and pancreas in obese men and women. Obesity
(Silver Spring, Md) 2011;19(9):1747-54. https://doi.org/10.1038/0by.2011.114.

[26] Cernea S, Dobreanu M. Diabetes and beta cell function: from mechanisms to evalua-
tion and clinical implications. Biochem Med 2013;23(3):266-80.

[27] Poitout V, Robertson RP. Glucolipotoxicity: fuel excess and beta-cell dysfunction.
Endocr Rev 2008;29(3):351-66. https://doi.org/10.1210/er.2007-0023.

[28] van Raalte DH, Diamant M. Glucolipotoxicity and beta cells in type 2 diabetes
mellitus: target for durable therapy? Diabetes Res Clin Pract 2011;93(Suppl. 1):
S37-46. https://doi.org/10.1016/S0168-8227(11)70012-2.

[29] Dunmore SJ, Brown JEP. The role of adipokines in 3-cell failure of type 2 diabetes.
J Endocrinol 2013;216(1):T37-45. https://doi.org/10.1530/JOE-12-0278.

[30] Turer AT, Scherer PE. Adiponectin: mechanistic insights and clinical implications.
Diabetologia 2012;55(9):2319-26. https://doi.org/10.1007/s00125-012-2598-x.

[31] Wijesekara N, Krishnamurthy M, Bhattacharjee A, Suhail A, Sweeney G, Wheeler MB.
Adiponectin-induced ERK and Akt phosphorylation protects against pancreatic beta
cell apoptosis and increases insulin gene expression and secretion. ] Biol Chem 2010;
285(44):33623-31. https://doi.org/10.1074/jbc.M109.085084.

[32] Frithbeck G, Catalan V, Rodriguez A, Ramirez B, Becerril S, Portincasa P, et al. Normal-
ization of adiponectin concentrations by leptin replacement in ob/ob mice is accom-
panied by reductions in systemic oxidative stress and inflammation. Sci Rep 2017;7
(1):2752. https://doi.org/10.1038/s41598-017-02848-0.

[33] Groebe K, Cen ], Schvartz D, Sargsyan E, Chowdhury A, Roomp K, et al. Palmitate-
induced insulin hypersecretion and later secretory decline associated with changes
in protein expression patterns in human pancreatic islets. ] Proteome Res 2018;17
(11):3824-36. https://doi.org/10.1021/acs.jproteome.8b00239.

[34] Hauke S, Keutler K, Phapale P, Yushchenko DA, Schultz C. Endogenous fatty acids are
essential signaling factors of pancreatic 3-cells and insulin secretion. Diabetes 2018;
67(10):1986-98. https://doi.org/10.2337/db17-1215.

[35] Nolan CJ, Madiraju MSR, Delghingaro-Augusto V, Peyot M-L, Prentki M. Fatty acid
signaling in the beta-cell and insulin secretion. Diabetes 2006;55(Suppl. 2):
S$16-23. https://doi.org/10.2337/diabetes.


https://doi.org/10.1007/978-1-4939-6820-6_4
https://doi.org/10.1371/journal.pgen.1005506
https://doi.org/10.2337/db14-0425
https://doi.org/10.1016/j.bbalip.2009.08.006
https://doi.org/10.1016/j.bbalip.2009.08.006
https://doi.org/10.1097/MPA.0b013e3181744b50
https://doi.org/10.1097/MPA.0b013e3181744b50
https://doi.org/10.1007/s00125-017-4385-1
https://doi.org/10.2337/dc16-0074
https://doi.org/10.2337/dc16-0074
https://doi.org/10.1038/ajg.2014.1
https://doi.org/10.1038/oby.2011.114
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0130
http://refhub.elsevier.com/S0026-0495(19)30093-9/rf0130
https://doi.org/10.1210/er.2007-0023
https://doi.org/10.1016/S0168-8227(11)70012-2
https://doi.org/10.1530/JOE-12-0278
https://doi.org/10.1007/s00125-012-2598-x
https://doi.org/10.1074/jbc.M109.085084
https://doi.org/10.1038/s41598-017-02848-0
https://doi.org/10.1021/acs.jproteome.8b00239
https://doi.org/10.2337/db17-1215
https://doi.org/10.2337/diabetes

	Pancreatic adipocytes mediate hypersecretion of insulin in diabetes-�susceptible mice
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Body weight, body composition and blood glucose measurements
	2.3. Glucose and insulin tolerance tests
	2.4. Plasma parameters, total pancreatic insulin, pancreatic and hepatic triacylglycerol levels
	2.5. Isolation of pancreatic adipogenic precursor cells and stromal vascular fraction from inguinal white adipose tissue
	2.6. Co-culture experiments and glucose-stimulated insulin secretion
	2.7. Co-culture experiments with 3T3-L1 cells and islets of C57BL/6J mice
	2.8. Islet perifusion
	2.9. Pancreas histology, immunofluorescence and image analysis
	2.10. Statistical analysis

	3. Results
	3.1. Intermittent fasting reduced body weight gain and fat mass in NZO mice
	3.2. Intermittent fasting prevented the development of hyperglycemia and hyperinsulinemia and enhances circulating lipids
	3.3. Intermittent fasting improved glucose tolerance and insulin sensitivity
	3.4. Intermittent fasting reduced fat in pancreas and liver
	3.5. Intermittent fasting protected islets from insulin hypersecretion
	3.6. Adipocytes modified islet insulin secretion

	4. Discussion
	5. Conclusion
	Author contributions
	Acknowledgments
	Declaration of Competing Interest
	Appendix A. Supplementary data
	References


