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Aims: There is a pancreatic islet adaptation in obese subjects, resulting in insulin resistance and diabetes type 2.
We studied the effect of intermittent fasting (IntF) on the islet structure of diet-induced obese (DIO) mice.
Methods: Three-month-old male mice fed a control diet (C, 10% Kcal fat) or a high-fat diet (HF, 50% Kcal fat) for
twomonths (n=20 each group). Then, half of each group did IntF (alternating 24 h fed/24 h fast), continuing in
their diets four more weeks: C, C-IntF, HF, HF-IntF. Islets were prepared to microscopy or isolated for molecular
analysis.
Results:HFgroup (vs. C group) showedhyperglycemia, hyperinsulinemia, hyperleptinemia, hypoadiponectinemia,
glucose intolerance, insulin resistance, and islet hypertrophy with a consequent higher both the alpha-cell and
beta-cell masses. In the HF group (vs. C), there was low PDX1 (pancreatic and duodenal homeobox 1), and IntF
did not alter PDX1. Therewas a low p-AKT/AKT ratio (protein kinase B), and IntF enhanced it. Also, tumor suppres-
sor p53 was increased, and IntF decreased it. IL (interleukin) -6 was higher in the HF group (vs. C), and HF-IntF
(vs. C-IntF). Any significant change in NFkB was seen among groups.
Conclusions: IntF improves pancreatic islet structure in DIO mice, even with continued HF diet intake, primarily
considering on the alpha- and beta-cell masses regulation, then improving insulin signaling and decreasing cell
apoptosis. Future research should explore whether the shortening of the IntF extend could maintain the benefits
observed in the long term.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Sustained hyperglycemia is a significant insult to pancreatic islets,
promoting an adaptation of islet cells (hyperplasia, hypertrophy,
recruitment of progenitor cells).1 The persistence of hyperglycemia
leads to beta-cell depletion (hypoplasia, hypotrophy, and dedifferentia-
tion), and insulin resistance.2 Insult continuity progresses to diabetes
mellitus type 2 (T2D)with decreased functional beta-cellmass, the hall-
mark of T2D,3 and beta-cell death.4,5 Therefore, efforts should be made
for effectively increasing, enhancing, or restoring beta-cell function.6,7
r the curve; BM, body mass; C,
homeostasismodel assessment
ce test; IL6, interleukin-6; IntF,
B; OGTT, oral glucose tolerance
1, pancreatic duodenal homeo-
l points of the test-system; QA,
; Vv, volume density.
io de Janeiro, Centro Biomédico,
lismo e Doença Cardiovascular.
il.
-Lacerda).
Intermittent fasting (IntF) is usually performed by religious
motivations,8 besides being a dietary intervention effective in reducing
bodymass (BM). IntFmight be categorized in alternate-day fasting, full-
day fasting, and time-restricted feeding as one meal-per-day.9 The IntF
might maintain the structure and function of pancreatic islets,10–12

and, in rodents improves insulin sensitivity and adiposity,13 hyperglyce-
mia, and T2D14,15 benefits that may be translated to humans.16

The studywas undertaken to assess the high impact of the long-term
intake of the high-fat diet and consequent obesity installation on the
pancreatic islet alpha- and beta-cell arrangement and islet molecular
markers when the animal is submitted to IntF.

2. Materials and methods

2.1. Animals and diets

The study followed the guidelines for experimentation with animals
(National Institutes of Health Publication No. 85-23, revised in 1996),
and the protocol was approved by the Animal Ethics Committee of the
University of the State of Rio de Janeiro (Protocol No. CEUA/040/
2016). The animals were maintained under controlled temperature
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conditions in ventilated cages of theNexgen system (Allentown Inc., PA,
USA) with 20 ± 2 °C and 12 h/12 h dark/light cycle.

Forty 12-weeks-old male C57BL/6 mice were randomly divided into
two groups (n = 20) each one fed a particular diet for eight weeks
(manufactured by PragSolucoes, Jau, SP, Brazil, following the recom-
mendations of AIN-93M)17 (supplemental Table S1): a) control group
(C, 10% kcal lipids, 14% kcal proteins, 76% kcal carbohydrates,
380 kcal/100 g), and b) high-fat group (HF, 50% kcal lipids, 14% kcal pro-
teins, 36% kcal carbohydrates, 500 kcal/100 g).

After eight weeks, each group continued to feed its diets, but half
of the group underwent IntF for an additional four weeks. The IntF
animals alternated 24 h of feeding and 24 h of fasting. The new groups
were (n = 10 each group): C, C-IntF, HF, HF-IntF.

2.2. Oral glucose tolerance test and intraperitoneal insulin tolerance test

Before the start of the IntF, and at the end of the experiment, mice
fasted for 6 h were assessed to the oral glucose tolerance test (OGTT);
glucose (25% in sterile saline, 0.9% NaCl, 1 g/kg)was orally administered
to provoke glucose overload. The intraperitoneal insulin tolerance test
(IITT) was performed in fasted mice for 4 h, and insulin (0.5 U/kg,
Humalog Insulin Lispro, Lilly, IN, USA) was injected intraperitoneal. In
both tests, blood samples were collected at 0, 15, 30, 60, and 120 min,
and blood glucose was measured (glucometer, Accu-Chek, Roche,
Germany). The analyses were based on the area under the curve
(AUC) from zero to 120 min (GraphPad Prism v. 8.2.1 for Windows;
GraphPad Software, La Jolla, CA, USA) and the homeostasis model
assessment for insulin resistance (HOMA-insulin resistance),was calcu-
lated as (fasting insulin × glucose)/22.5.18

2.3. Body mass and food intake

BM was measured weekly (Friday, 10 a.m.), and food intake (the
difference between the food provided and the amount of food left in
the cage after 24 h) was determined daily (7 a.m.). The gain of BM
was calculated as the difference between the final and initial BM.

2.4. Sacrifice and tissue extraction

Animals fasted for 6 h (1 a. m.–7 a. m.) were deeply anesthetized
(intraperitoneal sodium pentobarbital, 150mg/kg) and killed by exsan-
guination (section of cervical vessels). Blood was rapidly collected and
centrifuged to separate the plasma (12,000g for 15 min). The pancreas
was dissected and weighed (n = 5/group), or the islets were isolated
(n = 5/group). The dissected pancreas was fixed in a fixative solution
for 48 h (4% w/v, 0.1 M formaldehyde, pH 7.2) and then embedded
in Paraplast plus (Sigma-Aldrich Co., St. Louis, MO, USA) to light
microscopy and confocal laser scanning microscopy. For islet isolation,
the pancreas was digested with collagenase retrogradely injected
through the common bile duct and inflated with cold Hanks' solution
(14025126, Invitrogen, CA, USA) with bovine serum (1 mg/mL), and
collagenase (#C9263, Sigma-Aldrich Co., St Louis, MO, USA) until the
pancreas was inflated. Then, it was removed, placed in a tube with
collagenase, and incubated in a 37 °Cwater bath for 20min to the diges-
tion of the exocrine tissue. After digestion, the tissue was centrifuged
at 290 g for 30 s at 4 °C, and the supernatant was discarded.19 Then,
the islets were collected manually with electronic pipettes under
magnification (Luxeo 4D StereoZoom Microscope, Labomed, CA, USA).

2.5. Alpha-cell mass, beta-cell mass

The pancreaswas entirely sectioned at 5 μmthickness. Sectionswere
alternately stained with hematoxylin and eosin (HE) or incubated with
antibodies (anti-glucagon and anti-insulin) in a ratio of 10 HE sections
to one section immunostained with anti-glucagon or anti-insulin.
Digital images were obtained, and random fields at the pancreas long
were studied per animal (Nikonmicroscopemodel 80i, and DS-Ri1 dig-
ital camera, Nikon Instruments, Inc., New York, USA). Briefly, the islet
volume density (Vv [islet, pancreas]) was estimated by point-counting
(the ratio between the number of points hitting islets, Pp [islet,
pancreas], and the test points of the test-system, PT).20 Thus, islet
mass (M [islet, pancreas]) was estimated as the product of Vv [islet,
pancreas] and pancreas mass (measured previously).

The islet sectional areawas assessed as A [islet, pancreas]=Vv [islet,
pancreas]/2. QA [islet, pancreas] (QA is the numerical density of islets per
area into a frame of known area, but avoiding the islet crossed by the
“exclusion lines”).21 Furthermore, the volume densities of both alpha
and beta cells (Vv [alpha-cell, islet] and Vv [beta-cell, islet]) were esti-
mated by image analysis in sections incubated with anti-glucagon
(Ab1846, Abcam Cambridge, MA, USA; 1:100), and anti-insulin
(sc-9168, Santa Cruz Biotech, CA, USA; 1:100), and then incubated
with biotinylated secondary antibodies and streptavidin-peroxidase
conjugates. The sections were washed in PBS, revealed with liquid
diaminobenzidine (DAB, Histostain Plus Kit, Invitrogen, CA, USA) and
counterstained with hematoxylin. The islet with immunohistochemis-
try staining was outlined (the ‘region of interest,’ ROI tool) and the
image #2 obtained in the color deconvolution window was the DAB
image (glucagon-positive area and insulin-positive area) measured in
units of intensity, then converted to optical density (%) (ImageJ v.
1.52/FIJI, Http://imagej.nih.gov/ij).22 Finally, the alpha-cell mass
(M [alpha-cell, islet]) and beta-cell mass (M [beta-cell, islet]) were
determined as the product of Vv [alpha-cell, islet] or Vv [beta-cell,
islet], and M [islet, pancreas].23,24

2.6. Double labeling alpha- and beta-cells

The double immunofluorescence labeling of insulin and glucagon
expressions allowed observing the distribution of alpha- and beta-
cells. The sections were deparaffinized, and the antigenic recovery
used citrate buffer (pH 6.0) for 20 min, then blocking with ammonium
chloride and 2% glycine. Nonspecific binding of polyclonal antibodies
was blocked by incubation in PBS/5% BSA, and sections were incubated
with the primary antibodies overnight at 4 °C (rabbit anti-glucagon
Ab1846, Abcam Cambridge, MA, USA, 1:50, and guinea pig anti-insulin
Ab7842, Abcam, 1:50). The secondary antibodies were conjugated to
the Alexa 546 and Alexa 488 (Invitrogen Molecular Probes, Carlsbad,
CA, USA), and the slides were mounted with slow fade (Invitrogen) to
maintain fluorescence. The negative controls were obtained, omitting
the primary antibodies. Immunofluorescent digital images were ac-
quired with the Nikon confocal laser scanning microscope (Model C2,
Nikon Instruments, Inc., New York, USA).

2.7. Hormones

The hormone concentrationsweremeasured in duplicatewith com-
mercially assay Millipore kits (Darmstadt, Germany): a) insulin
(#EZRMI-13K)with 0.9–8.4% precision intra-assay and 0.2 ng/mL sensi-
tivity; b) leptin (#EZML-82K) with 1.1–1.8% precision intra-assay and
0.05 ng/mL sensitivity; c) adiponectin (#EZMADP-60K) with 3.8–8.2%
precision intra-assay and 0.78 ng/mL sensitivity (TP READER NM,
Wasserburg, Germany).

2.8. Western blotting in isolated islets

Total proteinwas extracted from about 300 islets/groupwith extrac-
tion buffer (urea 7 M, EDTA 5 mM, Triton X-100 1%, protease and phos-
phatase inhibitors) and BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA) to quantify the protein concentration. The superna-
tant was collected andmixedwith protease and phosphatase inhibitors.
The protein was extracted with lysis buffer (1 ml buffer/100 μg tissue)
for further quantification of protein concentration (Pierce BCA Protein
Assay Kit, Thermo Scientific). Equal quantities of total protein were
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separatedusing polyacrylamide gel electrophoresis. Themembranewas
blockedby incubation in 5% (wt/vol) nonfat drymilk in Tris-buffered sa-
line (20 mmol/L Tris/HCl pH 7.4 and 500 mmol/L NaCl), and incubated
overnight at 4 °C with the primary antibodies: Akt (anti-rabbit, protein
kinase B, 44-609G Invitrogen,Waltham,MA, USA; 1:500/60 kDa); Beta-
actin (anti-mouse, SC81178 Santa Cruz Biotech, Santa Cruz, CA, USA;
1:1000/43KDa); IL6 (anti-rabbit, interleukin-6, AB7737 Abcam, Cam-
bridge, MA, USA; 1:500/21KDa); NFκB (anti-rabbit, nuclear factor
kappa B, SC-109 Santa Cruz Biotech, Santa Cruz, CA, USA; 1:500/
65KDa); p53 (anti-mouse, tumor suppressor p53, Nb200-103 Novus Bi-
ologicals, Centennial, CO, USA; 1:500/53KDa); pAKT (anti-
rabbit, phospho-AKT [pS473], 44-621G Invitrogen, Waltham, MA, USA;
1:500/65 kDa); PDX1 (anti-goat, pancreatic duodenal homeobox 1,
AB3503 Abcam, Cambridge, MA, USA, 1:500/46 kDa). The membranes
were washedwith TBS-T after incubation and incubated againwith sec-
ondary antibodies (1 h at room temperature and constant shaking). The
membrane, developed with ECL WB detection reagents, has the images
of the blot acquired with the Bio-Rad image Chemidoc XRS Molecular
System (Bio-Rad, Hercules, CA, USA). The chemiluminescent intensity
of the bands was quantified with ImageJ (ImageJ v. 1.52/FIJI, Http:/
imagej.nih.gov/ij). The blots were incubated again with beta-actin to
correct the expression of the proteins of interest.

2.9. Data analysis

The data were the means and standard deviations (SD) and were
analyzed with the Brown-Forsythe and Welch analysis of variance
(ANOVA, which does not assume equal SD among the groups), and
Dunnett's T3 multiple comparisons test (recommended for small
samples).25 The effect of the diet and IntF and the interaction between
these two factors were verified with a two-way ANOVA, and Holm-
Sidak multiple comparisons test (Prism version 8.2.1 for Windows,
GraphPad Software, La Jolla, CA, USA).

3. Results

Intermittent fasting lessens body mass and body mass gain without
a change in food intake in the fed day.
Fig. 1. Body mass, food intake (in the fed day), and plasma biochemistry. (A) Final body mass;
(F) plasma adiponectin. Groups: C (control), HF (high-fat), IntF (intermittent fasting). Data are
The HF group had a higher final BM than the C group (+17%) as
predictable. The IntF reduced BM significantly in both group C (−15%),
and the HF group (−17%), but final BM was still high in the HF-IntF
group than the C-IntF group (+14%) (Fig. 1A). Therefore, BM gain was
negative in both IntF groups (Fig. 1B). The food intake in the feed days
(the days that alternated with the IntF days when the animals were fed
freely) did not indicate a difference between the groups (Fig. 1C).

3.1. Intermittent fasting improved the levels of insulin, leptin, and
adiponectin

Plasma concentrations of insulin (Fig. 1D) and leptin (Fig. 1E) re-
peated the same result, an increase in the HF group compared to the C
group, and a reduction in the HF-IntF group compared to the HF
group. However, leptin remained higher in the HF-IntF group than the
C-IntF group (Fig. 1E). Adiponectin was usually the reverse of leptin
(Fig. 1F). Adiponectin was lower in the HF group than the C group, but
HF-IntF showed higher adiponectin concentration than the HF group.
However, adiponectin remained more depressed in the HF-IntF group
than the C-IntF group (Fig. 1F).

3.2. Intermittent fasting controlled the elevated blood glucose of DIO mice

The result is shown in Figs. 2 and 3 (oral glucose tolerance test,
OGTT, and intraperitoneal insulin tolerance test, IITT - first the
blood glucose evolution curves at times analyzed, followed by the
analysis of the area under the curve, AUC in mmol/L/min, and the
statistical analysis). Fig. 2 shows the findings after eight weeks of
dietary intervention. Fig. 3 shows the outcomes after four weeks of
intermittent fasting.

At the end of eight weeks of the diet, HF animals have the AUC of
blood glucose higher than the control animals, both in OGTT and IITT,
which confirms that HF animals presented glucose intolerance/insulin
resistance. After four weeks of IntF, AUC analysis of blood glucose
showed that IntF had no action on the control animals, but had a signif-
icant effect on HF animals, even though the AUC of OGTT from the HF-
IntF animal remained still higher than the C-IntF animal.

The HOMA-IR calculated at the end of the experiment corroborates
this analysis. HOMA-IR did not show any difference in the groups C
(B) body mass gain; (C) food intake in the fed day; (D) plasma insulin; (E) plasma leptin;
the mean and SD: **P b 0.001, ***P b 0.0001.



Fig. 2. Glucose and insulin tests after eight weeks of the diet. (A) Oral glucose tolerance test evolution curves (blood glucose, mmol/L); (B) area under the curves (mmol/L/min);
(C) intraperitoneal insulin tolerance test evolution curves (blood glucose, mmol/L); (D) area under the curves (mmol/L/min). Groups: C (control), HF (high-fat). Data are the mean
and SD: **P b 0.001.
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and C-IntF, but it was significantly higher (P b 0.05) comparing C vs. HF
(+120%) and C-IntF vs. HF-IntF (+60%), and lower comparing HF-IntF
vs. HF (−30%) (data not shown).

3.3. Intermittent fasting improves the islet remodeling in DIO mice

The pancreas mass was higher in the HF group compared to the C
group (+40%), and IntF reduced it by 33% in the HF-IntF group com-
pared to the HF group (Fig. 4A). Comparatively, the islet mass was also
higher in theHF group than in the C group (+428%), and IntF decreased
it by 62% in the HF-IntF group compared to the HF group (Fig. 4B). The
islet mass represented 2% of the entire pancreas in the C group, 3% in
the C-IntF group, 9% in the HF group, and 4% in the HF-IntF group. The
sectional area of the islet in the equatorial plane was 300% higher in
the HF group than in the C group (Fig. 4C).

Figs. 4D-E were drawn at the same scale to allow comparison and
show a similar result: higher islet cell mass in the HF group compared
to the C group (alpha-cell, +1130%; beta-cell, +782%). IntF reduced
the islet cell mass in the HF-IntF group in comparison with the HF
group (alpha-cell, −76%; beta-cell,−74%).

The alpha-cell mass corresponds to 9%, and the beta-cell mass corre-
sponds to 31% of the islet mass in both the groups C and C-IntF, and 19%
(alpha-cell) and 52% (beta-cell) in the HF group, and 13% (alpha cell)
and 36% (beta-cell) in the HF-IntF group.

Fig. 4F illustrates representative islets with double immunofluores-
cence labeling for glucagon (alpha-cell in green) and insulin (beta-cell
in red) observed in the confocal laser scanning microscope.

3.4. Intermittent fasting improved the islet molecular markers

PDX1 (pancreatic and duodenal homeobox 1) is a homeobox tran-
scription factor required for the embryonic development of the pancreas
and a transcriptional activator of several genes, including insulin,
somatostatin, glucokinase, islet amyloid polypeptide, and glucose trans-
porter type 2. In our study, PDX1 was diminished in the HF group
compared to the C group, and IntF did not change it (Fig. 5A).

The serine/threonine kinase (AKT) has a critical role in regulating
diverse cellular functions, including metabolism, growth, proliferation,
survival, transcription, and protein synthesis. In our study, p-AKT/AKT
ratio lessens due to the HF diet and the IntF enhanced p-AKT/AKT
ratio comparingHF-IntF vs. HF. However, the p-AKT/AKT ratio remained
lower in the HF-IntF group in comparison with the C-IntF group
(Fig. 5B).

Thep53 (a tumor suppressor gene encodinganuclearphosphoprotein)
plays a role in cell cycle control, DNA repair, and induction of apoptosis.
Our study demonstrated that p53 increased in the HF group compared to
the C group, and IntF decreases p53 in the HF-IntF group compared to
the HF group (Fig. 5C).

IL6 is a soluble mediator with a pleiotropic effect on inflammation,
immune response, and hematopoiesis. Here, IL6 was augmented in HF
vs. C, and HF-IntF vs. C-IntF (Fig. 5D).

NFkB is a transcription factor involved in the control of the expres-
sion of several genes connected to the inflammatory response. Our
study did not show any significant change in NFkB (Fig. 5E).

3.5. Single and combined effects of diet and intermittent fasting (two-way
ANOVA)

Table 1 shows the two-way ANOVA results (diet effect, IntF effect,
and interaction between diet and IntF). The diet was significant in all
analyses of plasma biochemistry, body and pancreas, and protein
expressions. The IntF was not substantial for adiponectin, islet area,
and PDX1. Therewas an interaction between diet and IntF for numerous
analyzes, but there was no interaction of diet and IntF for insulin, body



Fig. 3.Glucose and insulin tests after fourweeks of intermittent fasting. (A) Oral glucose tolerance test evolution curves (blood glucose,mmol/L); (B) area under the curves (mmol/L/min);
(C) intraperitoneal insulin tolerance test evolution curves (blood glucose,mmol/L); (D) area under the curves (mmol/L/min). Groups: C (control), HF (high-fat), IntF (intermittent fasting).
Data are the mean and SD: *P b 0.05, **P b 0.001, ***P b 0.0001.

Fig. 4. Photomicrographs of the pancreas and islets and quantitative data: islets, alpha- and beta-cells. (A) Confocal laser scanning microscopy and immunofluorescence for islet
cell distribution (double-labeled for glucagon, alpha-cell in green, and insulin, beta-cell in red; same magnification to all pictures). The identification of the groups is indicated in
the left upper corner. (B) Cross-sectional area of the islets (μm2); (C) alpha-cell mass (mg); (D) beta-cell mass (mg). Groups: C (control), HF (high-fat), IntF (intermittent
fasting). Data are the mean and SD: *P b 0.05, **P b 0.001, ***P b 0.0001.
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Fig. 5. Islet protein expressions with representative bands blots. (A) Pancreatic duodenal homeobox 1 (PDX1); (B) protein kinase B phosphorylated (pAkt)/Akt; (C) tumor suppressor
53 (p53); (D) interleukin-6 (IL6); (E) nuclear factor kappa B (NFkB). Groups: C (control), HF (high-fat), IntF (intermittent fasting). Data are the mean and SD: *P b 0.05, **P b 0.001.
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mass, islet area, p-AKT/AKT, and PDX1. When both diet and IntF were
significant, the diet had a higher relative impact than IntF, except in
body mass and pancreatic mass. Also, diet and IntF interacted
Table 1
Two-way analysis of variance: diet vs. intermittent fasting.

Data % of variation and significance test

Diet Intermittent
fasting

Interaction

% P-value % P-value % P-value

Adiponectin 81.79 b0.0001 2.73 ns 4.26 0.03
Body mass 30.94 0.0003 45.25 b0.0001 0.76 ns
Glucose 90.42 b0.0001 1.44 ns 2.62 0.01
HOMA-IR 71.49 b0.0001 11.08 0.0003 9.10 0.0007
Insulin 56.74 b0.0001 15.62 0.002 9.99 ns
IPITT 21.45 b0.0001 36.24 b0.0001 39.24 b0.0001
Leptin 82.95 b0.0001 5.44 0.001 5.90 0.0009
OGTT 59.51 b0.0001 13.29 0.002 11.29 0.004

Pancreas
A [islet] 34.17 0.05 0.63 ns 14.10 ns
Alpha-cell 44.25 b0.0001 21.95 b0.0001 25.20 b0.0001
Beta-cell 42.62 b0.0001 22.26 b0.0001 26.14 b0.0001
Mass Islet 43.27 b0.0001 17.22 0.0005 25.07 b0.0001
Mass pancreas 21.11 0.004 035.43 0.0006 12.64 0.02
Vv [alpha-cell, islet] 61.93 b0.0001 14.31 b0.0001 15.47 b0.0001
Vv [beta-cell, islet] 59.97 b0.0001 23.23 b0.0001 15.24 b0.0001
Vv [islet] 49.68 b0.0001 8.15 0.023 21.41 0.0009

Molecular analysis
IL6 71.03 b0.0001 5.98 0.023 7.75 0.01
p53 34.85 0.0007 20.19 0.006 13.41 0.02
p-AKT/AKT 63.73 b0.0001 12.37 0.006 3.99 ns
PDX1 57.63 b0.0001 0.03 ns 0.91 ns

Abbreviations: Akt, protein kinase B; HOMA-IR, homeostasismodel assessment for insulin
resistance; IITT, intraperitoneal insulin tolerance test; IL6, interleukin-6; ns, not significant;
OGTT, oral glucose tolerance test; p53, tumor suppressor p53; pAkt, phospho-Akt; PDX1,
pancreatic duodenal homeobox 1; Vv, volume density.
significantly for some data, except insulin, BM, islet area, p-AKT/AKT,
and PDX1.

4. Discussion

DIO mice showed, as expected, hyperinsulinemia, hyperleptinemia,
hypoadiponectinemia, glucose intolerance, insulin resistance, and the
rise of proinflammatory pathways p53 and IL6, and lessen of PDX1
and pAKT. The animals were fed one day and fasted the next day
(alternate day fasting protocol, 24 h/24 h), used in both rodent26 and
human studies.27–29 The fasting time of 24 h encompasses a com-
plete 12 h/12 h dark/light cycle used in animal maintenance. In
these circumstances, even maintaining the high-fat diet throughout
the experiments, IntF improved pancreatic islet remodeling and
function, primarily considering on the alpha- and beta-cell mass
regulation, and improved insulin signaling (pAKT) and decreased
apoptosis (p53).

IntF is a method of energy deprivation.30 In the current study, all
groups submitted to IntF presented a reduction in BM, which agrees
with literature.31,32 Notably, BM was lower in the C-IntF group com-
pared to the C group, with no other detectable difference between
these groups that were maintained under the control diet.

DIO mice gradually develop hyperinsulinemia and, if compensatory
mechanisms fail, islet hypertrophy, impaired beta-cell function, insulin
resistance, and hyperglycemia.33 Islet cell disarray is related to
lipotoxicity, caused by the increased lipolysis characteristic of the
hyperinsulinemia state, also an inducer of islet remodeling.34Moreover,
circulating fatty acids compromise the beta-cell function, including
changes in cell signaling, insulin secretion, mitochondria metabolism,
and membrane composition.35

The adipose tissue secretes modulators of glucose metabolism, the
adipokines that have effects on target organs, including the brain,
liver, heart, and islet beta-cell.36 The adipose tissue remodeling in obe-
sity alters the pattern of the adipokines secretion, and low adiponectin
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levels in obesity are negatively related to plasma insulin and positively
associated with increased HOMA-insulin resistance,37 which agrees
with our findings.

Leptin inhibits the release of insulin from islet beta-cell in the fed
state, preventing hyperinsulinemia.38 Moreover, a high concentration
of leptin is produced by a higher fat mass in obesity, characterizing lep-
tin resistance, promoting the loss of the suppressive ability of leptin on
insulin secretion by beta-cells, thus developing insulin resistance and
hyperinsulinemia,39 besides an anorexigenic effect of leptin.40

Triglycerides (of the high-fat diet) cross the blood-brain barrier and
induce central leptin and insulin receptor resistance, decreasing
satiety.41 It is plausible to consider it affects the DIOmice. Also, the hor-
mone Amylin is released from beta cells together with insulin and con-
tributes to the control of BM and glucose homeostasis. Amylin reduces
food intake by activating neurons in the area postrema, and synergize
with leptin, producing a higher weight loss and food intake reduction
than either hormone alone. In mice, the leptin-receptor expression is
required for the full anorexic effect of Amylin.42 DIO mice showed
higher leptin levels, and after IntF the leptin level decreased but
remained higher than the control counterpart. Furthermore, decreased
levels of insulin and leptin and augmented the level of adiponectin be-
cause of IntF, is in favor of improving insulin and leptin sensitivities.43

Besides, IntF did not enhance food intake in the study.
The hormones insulin and glucagon participate in the regulation of

energy homeostasis and insulin sensitivity. In alpha-cell, insulin resis-
tance translates into an increase of glucagon release. In beta-cell, insulin
secretion rises,44 which agrees with the beta-cell immunostaining
enhanced in the HF group than the C group. Also, intra-islet glucagon-
like peptide type 1 (GLP-1) may exert insulinotropic and beta-cell
effects locally via paracrine and autocrine actions, under both normal
and diabetic conditions.45 The dysregulation of insulin secretion, with
an increase in alpha- and beta-cell turnover results in more insulin
release into the circulation.46

We observed in DIO mice an increased pancreatic mass and larger
islets, and enhanced islet glucagon and insulin immunostaining. Most
likely, the islet increase associated with expanded alpha- and beta-cell
immunolabeling corresponds to a state of adaptation to hyperglycemia,
which culminates in hyperplasia, hypertrophy, and hyperinsulinemia
before progressing to beta-cell exhaustion, and later, the death of
beta-cells.47 Notably, our data demonstrated that IntF might ameliorate
islet remodeling and function in DIO animals, which agrees with a
recent report in the literature.10

There is a possible role for beta-cell-derived proteoglycans in islet am-
yloid polypeptide formation.48 Beta-cell death caused by extracellular
islet amyloid polypeptide requires membrane-bound heparan sulfate.
The interaction between heparan sulfate and islet amyloid polypeptide
or the subsequent effects represent a possible therapeutic target whose
blockage can lead to prolonged survival of beta cells.49 Cell-surface hepa-
ran sulfate proteoglycans are also required for PDX-1 internalization, and
that PDX-1 protein transduction could be a valuable strategy for inducing
insulin expression in pancreatic stem/progenitor cells.50 A decrease in
PDX1 expression is related to insulin resistance and the development of
T2D51 since PDX1 promotes a state of “premature senescence” of beta-
cell. Herein, the lower PDX1 expression in the HF group corroborates
with the insulin resistance state already reported in the literature.52

Previously, we have identified that maternal vitamin D-restricted
diet might modify the development of the pancreas of the offspring,
leading to islet remodeling and altered insulin-signaling pathways,
where the decrease of PDX-1 is probably significant to the changes in
the beta-cell mass and insulin secretion in adulthood.53 Here, IntF did
not change the reduction of PDX1 expression observed in DIO mice.

DIO mice are supposed to have pAkt signaling pathway inhibition,
which contributes to the insulin signaling blockade.54 Also, activation of
the p53 tumor suppressor causes apoptosis associated with double-
strand breaks of DNA and beta-cell deficiency following hyperglycemia.55

Thus, the reduction of the p53 expression because of IntF is a remarkable
news, besides the consideration that IntF and lower concentrations of
pro-inflammatorymarkers are connected,56 even if IL6 and NFkB expres-
sion changes have been indetectable in the present study in association
with IntFr.

In conclusion, pancreatic islet adaptation to face the metabolic
changes caused by chronic consumption of the HF diet modify islet
structure and function significantly. Our study in DIO mice determined
that IntF led to islet size regularization, primarily considering on the
alpha- and beta-cell mass regulation, and improved insulin signaling
and decreased apoptosis, even with the continued intake of the HF
diet. Future research should explore whether the shortening of the
IntF extend could maintain the benefits observed in the long term.
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