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4-Phenylbutyrate (PBA) treatment
reduces hyperglycemia and islet
amyloid in a mouse model of type 2
diabetes and obesity

Sara de Pablo?, Julia Rodriguez-Comas?, Daniela Diaz-Catalan2, Gema Alcarraz-Vizan?,
Carlos Castafio®?, Juan Moreno-Vedia?, Joel Montane?, Marcelina Parrizas®?,
Joan-Marc Servitja®23*“ & Anna Novials>23*

Amyloid deposits in pancreatic islets, mainly formed by human islet amyloid polypeptide (hIAPP)
aggregation, have been associated with loss of -cell mass and function, and are a pathological
hallmark of type 2 diabetes (T2D). Treatment with chaperones has been associated with a decrease in
endoplasmic reticulum stress leading to improved glucose metabolism. The aim of this work was to
investigate whether the chemical chaperone 4-phenylbutyrate (PBA) prevents glucose metabolism
abnormalities and amyloid deposition in obese agouti viable yellow (AYY) mice that overexpress hIAPP
in B cells (A" hIAPP mice), which exhibit overt diabetes. Oral PBA treatment started at 8 weeks of age,
when A" hIAPP mice already presented fasting hyperglycemia, glucose intolerance, and impaired
insulin secretion. PBA treatment strongly reduced the severe hyperglycemia observed in obese

AYY hIAPP mice in fasting and fed conditions throughout the study. This effect was paralleled by a
decrease in hyperinsulinemia. Importantly, PBA treatment reduced the prevalence and the severity
of islet amyloid deposition in A" hIAPP mice. Collectively, these results show that PBA treatment
elicits a marked reduction of hyperglycemia and reduces amyloid deposits in obese and diabetic mice,
highlighting the potential of chaperones for T2D treatment.

Abbreviations

AV Agouti viable yellow
ER Endoplasmic reticulum
GTT Glucose tolerance test

HOMA  Homeostatic model assessment
hIAPP Human islet amyloid polypeptide
IAPP Islet amyloid polypeptide

ITT Insulin tolerance test

PBA 4-Phenylbutyrate

TUDCA Tauroursodeoxycholic acid
T2D Type 2 diabetes

Wt Wild type

During type 2 diabetes (T2D) evolution, B cells increase their function to compensate the peripheral insulin
resistance. Over time, this situation causes { cell failure, leading to a decrease in B cell mass and function'. One
of the hallmarks of T2D is the presence of amyloid deposits in pancreatic islets, which are associated with p cell
mass reduction?. These deposits are mainly formed by a p cell-secreted hormone known as islet amyloid polypep-
tide (IAPP) or amylin. Under certain stressful settings, human IAPP (hIAPP) misfolds and aggregates forming
the amyloid deposits found in the pancreas of T2D patients>* through a process known as amyloidogenesis.

IPathogenesis and Prevention of Diabetes Group, Institut d’Investigacions Biomédiques August Pi i Sunyer
(IDIBAPS), C. Rossello 149-153, 08036 Barcelona, Spain. 2Centro de Investigacion Biomédica en Red de Diabetes
y Enfermedades Metabdlicas Asociadas (CIBERDEM), Barcelona, Spain. 3These authors jointly supervised to this
work: Joan-Marc Servitja and Anna Novials. *email: servitja@clinic.cat; anovials@clinic.cat

Scientific Reports |

(2021) 11:11878 | https://doi.org/10.1038/s41598-021-91311-2 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-91311-2&domain=pdf

www.nature.com/scientificreports/

The process of ordered aggregation into amyloid fibrils is a common event in a broad range of cell-degenerative
diseases, including Alzheimer’s Disease (AD)°.

A number of studies show that the toxicity of the amyloidogenic peptides lies in the oligomeric intermediates
rather than in the mature fibrils. Of interest, the oligomeric intermediates of this process have been related with
several toxic effects in B cells® such as membrane disruption®!’, proteasome impairment''~*?, autophagy**=,
endoplasmic reticulum (ER) stress!>'®1° or inflammation®*-??, which may ultimately result in B cell death>*°.
Thus, the conversion of a normally soluble protein into amyloid structures underlies the pathogenesis induced
by hIAPP aggregation through cell toxicity and cell deathS.

Although the primary sequence of IAPP is highly conserved throughout evolution, not all species form islet
amyloid deposits?. In particular, human and nonhuman primates, but not rodents, express a sequence of [APP
which can form amyloid fibrils. The central region of hIAPP presents hydrophobic amino acids that are thought
to be responsible for its aggregation®. Mouse and rat IAPP differ from the human protein mainly in this central
region, with three proline residues that are absent in hTAPP, which maintains the protein soluble and prevents
its aggregation®. Thus, mouse and rat models used for T2D research cannot recapitulate one of the hallmarks
of the disease. For this reason, rodent models that stably overexpress hIAPP in { cells have been developed?®.

Chaperones are molecules that help to correct protein folding, thus alleviating ER protein overload?”. Chap-
erones have shown promising results restoring glucose homeostasis in animal models*®*’ mainly acting towards
the ER stress that characterizes T2D'#**-32, In this regard, chemical chaperones such as bile acid derived tauro-
ursodeoxycholic (TUDCA) and 4-phenylbutyrate (PBA) have been shown to decrease ER stress and improve
insulin sensitivity in ob/ob mice®®. Of note, PBA has been reported to partially alleviate lipid-induced insulin
resistance and B cell dysfunction in humans®. We have previously shown that chaperones improve the function of
pancreatic INS1E-f cells overexpressing hIAPP3**°. Moreover, we demonstrated that oral treatment of transgenic
mice overexpressing hIAPP in pancreatic { cells with the chemical chaperone PBA prevents glucose intolerance
and islet inflammation?. This study was performed in mice until they reached 20 weeks of age. At this stage, we
did not observe amyloid deposits in pancreatic islets, as longer periods of time are required to detect them®.
Nevertheless, PBA prevented amyloid formation in hIAPP transgenic islets exposed to high glucose concentra-
tion ex vivo, most likely through a direct interaction of PBA with hIAPP oligomers®.

It has been demonstrated that formation of amyloid deposits is accelerated by crossing hIAPP transgenic
mice with obese and insulin resistant agouti viable yellow (A") mice (A" hIAPP mice), which results in overt
diabetes”. In order to gain insights on the therapeutic potential of chaperones for the treatment of T2D, the main
objective of the present work was to test whether oral treatment with the chemical chaperone PBA could improve
glucose homeostasis and prevent islet amyloid formation in obese and diabetic A" hIAPP mice.

Materials and methods
Transgenic mouse models and PBA treatment. Heterozygous female mice overexpressing hIAPP in
B cells (FVB strain, hIAPP#" transgene, A/A genotype for the agouti locus, purchased from The Jackson Labo-
ratory) were crossed with obese agouti viable yellow (A") male mice (C57BL/6] strain, A"/a genotype for the
agouti locus, purchased from Charles River Laboratory)*”. The generated four-genotype offspring were named
as wt (A/a), hIAPP (A/a hIAPP#?), A" (A"¥/A), and A"Y hIAPP (A"/A hIAPP™8°) mice. The A" and A"Y hIAPP
offspring were identified by their yellow coat compared to the agouti coat-colored littermates (wt and hIAPP
mice)¥. All animals were housed at the specific pathogen free (SPF) animal facility of Universitat de Barcelona,
in a 12 h dark/light cycle under controlled temperature conditions. Mice were fed a regular chow diet, with free
access to drinking water. All animal studies were performed in compliance with current Spanish and European
legislation and with the ARRIVE guidelines, and were approved by the Ethics Committee of Universitat de Bar-
celona (189/18, 190/18, 192/18).

8-week-old male A" and A" hIAPP transgenic mice were left untreated (control) or treated with the chemical
chaperone PBA (Scandinavian Formulas, Pennsylvania, USA) dissolved in water (1 g/kg/day) during 12 weeks?>3,
until mice were 20 weeks old. Mice had free access to water, which was changed 3 times/week. PBA concentration
in drinking water was adjusted during each change according to body weight and water intake. Body weights and
random-fed and 5-h fasting glucose levels were periodically monitored during the treatment.

Glucose tolerance test and insulin secretion.  Glucose tolerance tests (GTT) were performed in mice
after 15 h of fasting (8 weeks of age) or 5 h of fasting (20 weeks of age). The shorter fasting was performed in mice
to reduce the stress observed in 20-week-old A" hIAPP mice when fasted overnight. Mice were intraperitoneally
injected with D-glucose (1 or 2 g/kg body weight, as indicated), and glucose levels in tail vein blood samples were
measured with a blood glucometer (NovaPro GLU/KET, Nova Medical) just before and 15, 30, 60 and 120 min
after glucose injection. Blood samples were taken at just before and 15 min after glucose injection with Micro-
vettes containing EDTA (Starstedt, Niimbrecht, Germany) to obtain plasma and measure insulin using an Ultra
Sensitive Mouse Insulin ELISA kit (Crystal Chem, Elk Grove Village, IL, USA).

Insulin tolerance test and HOMA-IR calculations. Insulin tolerance tests (ITT) were performed after
5 h of fasting to determine insulin resistance. Human insulin (0.75 U/Kg, Humulina Regular, Lilly, Madrid,
Spain) was intraperitoneally injected, and glucose levels were measured with a blood glucometer (NovaPro
GLU/KET, Nova Medical) just before and 15, 30, and 60 min after insulin injection. The homeostasis model
assessment index (HOMA-IR) was calculated as follows: G, x 1y/450, where G is fasting glucose (mg/dL), and
I, is fasting insulin (mU/L)*.
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Immunohistochemistry. The pancreas was extracted from mice and fixed overnight with 4% formalin,
embedded in paraffin and microsectioned. Next, pancreas sections were stained using a polyclonal guinea-pig
anti-insulin antibody (Dako-Agilent Technologies, CA, USA), followed by secondary incubation with an Alexa
Fluor 555 anti-guinea-pig antibody (Invitrogen, CA, USA). For amyloid staining, pancreas sections were then
incubated in 0.5% Thioflavin S (Sigma-Aldrich) solution for 2 min and rinsed twice with 70% ethanol. Nuclei
were stained using Hoechst 33342. Fluorescence images were obtained using Leica LAS Image Analysis software.
Image] version 1.49 software (National Institutes of Health) was used to determine the islet area and Thioflavin S
staining area. Percentage of amyloid severity related to total islet area and amyloid prevalence related to total
number of islets were calculated.

Statistical analyses. Data are expressed as mean + SEM. To test whether the variables followed a normal
distribution, D’Agostino & Pearson omnibus normality test was carried out. Statistical significance differences
between two groups were determined by Unpaired Student’s t-test for parametric quantitative variables and
Mann-Whitney U test for quantitative nonparametric variables. Differences among more than two groups were
carried out by one-way or two-way ANOVA, followed by post hoc Tukey test. For time-course experiments,
multiple global comparisons considering all the time points in each group were performed. Statistical analyses
at specific time points of glucose and insulin tolerance tests were performed by using two-way ANOVA followed
by Tukey’s post hoc tests, or Student’s t test when comparing only two groups. Differences were considered sta-
tistically significant when p value was lower than 0.05 (p <0.05). Graphs and statistical analysis were carried out
using GraphPad Prism software (6 version, GraphPad Software, Inc., CA, USA).

Results

A" hIAPP mice present early-glucose intolerance, insulin resistance and overt diabetes. To
study the effects of PBA in obese mice expressing hIAPP, we crossed hIAPP transgenic mice with agouti viable
yellow (A") mice, a strain of obese and insulin resistant mice. The offspring of these crosses generated four dif-
ferent experimental groups: wt mice (wt), hIAPP transgenic mice (hIAPP), obese mice with the A" transgene
(A") and obese mice with the A" and the hIAPP transgenes (A" hIAPP).

In order to characterize the double crossing and to define the protocol for PBA administration, we first per-
formed a temporal phenotypic characterization of the A”Y hIAPP model that included the assessment of glucose
homeostasis and the formation of islet amyloid deposits. For this, we determined body weight, food intake, and
random-fed and fasting glycemia evolution. We observed that, already at 4 weeks of age, mice carrying the A"
gene presented a higher weight compared to their lean littermates that increased progressively thereafter (Sup-
plementary Fig. S1A). The increase in weight was paralleled by increased food intake (Supplementary Fig. S1B).

hIAPP mice presented mild but significant and persistent increased random-fed glycemia values compared
with their wt littermates (Fig. 1A). Both A" and A" hIAPP mice showed higher fed glycemia values compared
with wt mice (Fig. 1A), being the values in double transgenic A" hIAPP mice higher than in A" mice. Interest-
ingly, random-fed glycemia started to increase earlier in A" hIJAPP mice (before 10 weeks of age) than in A" mice
(starting at 15 weeks, Fig. 1A). Regarding fasting glucose, no differences were observed between wt and A”Y mice,
and only a slight increase was observed in hIAPP mice over time (Fig. 1B). In contrast, fasting glucose values were
consistently elevated in A" hIAPP mice and this impairment was much more exacerbated by week 15 (Fig. 1B).

At 8 weeks of age, hIAPP and A" mice already presented glucose intolerance compared with wt mice. A"
hIAPP mice were much more glucose intolerant, even compared to their A" littermates (Fig. 1C). Insulin toler-
ance tests revealed that both 8-week-old A™ and A"Y hIAPP mice were similarly insulin resistant compared to
their wt and hIAPP littermates (Fig. 1D), in line with their common obese phenotype. Plasma insulin levels in
response to a glucose challenge were increased in A" mice in comparison to the other groups. (Fig. 1E). In con-
trast, the insulin response to glucose was impaired in double transgenic A" hIAPP (Fig. 1E), which is compatible
with the presence of amyloid deposits is pancreatic islets, as described below.

Time-course analysis of amyloid deposits formation in A*Y hIAPP mice. In order to define a treat-
ment window for PBA administration, we performed a time course study of the amyloid plaques by Thioflavin S
staining in A" hIAPP mice. Amyloid deposits started to be detected at 10-12 weeks of age, presenting a slightly
delayed onset with respect to the impairment of glucose homeostasis (Fig. 2A). The amyloid severity notably
increased by week 14, and was stabilized around 15% at 20 weeks of age (Fig. 2B).

PBA treatment prevents random-fed and fasting hyperglycemia in AYY hIAPP mice. Once
established the evolution of A" hJAPP mouse diabetic phenotype, we evaluated whether PBA treatment could
prevent glucose metabolism alterations. Given that we previously reported that PBA treatment improves glucose
metabolism in lean mice overexpressing hIAPP, in the present study we focused on the effect of PBA in A" and
A" hIAPP mice®. For this, the chemical chaperone PBA was administered in drinking water (1 g/kg/day). Oral
PBA treatment started at 8 weeks of age, when A" hIAPP mice already presented fasting hyperglycemia, glucose
intolerance, and impaired insulin secretion. The treatment finalized at 20 weeks, when, as shown before, islet
amyloid was stabilized around 15% of severity.

First, we observed that PBA treatment had no impact on body weight in A" and A" hIAPP mice (Fig. 3A).
To test whether PBA had an effect on glycemia values in both groups of mice, we monitored random-fed and
fasting glycemia throughout the treatment period. PBA treatment markedly reduced the hyperglycemia in fed A"
hIAPP mice (Fig. 3B). The efficacy of PBA in preventing the increase of glycemia in A" hIAPP mice was observed
during all the study and was more evident during the last weeks of treatment, when the values were as high as
400 mg/dL in non-treated mice and around 200 mg/dL in PBA-treated littermates (Fig. 3B,C). Remarkably,
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Figure 1. Glycemia evolution, glucose and insulin tolerance, and insulin response of A" hIAPP mice. (A)
Fed glycemia and (B) 5-h fasting glycemia were evaluated in wt, hIAPP, A" and A" hIAPP mice between 4
and 18 weeks of age. (C) Glucose tolerance tests (2 g/kg glucose) in 8-week-old mice. Glycemia values and the
respective areas under the curve (AUC) are shown. (D) Insulin tolerance tests (0.75 U/kg insulin) in 8-week-old
mice. Percentages of glycemia values respect to the initial value are represented. (E) Plasma insulin levels just
before and 15 min after glucose injection. Results are presented as mean+ SEM of (A,B) 7-34 determinations/
group/time point, or (C,D) 12-20 and (E) 8-12 mice/group. Statistical analyses were performed using two-
way ANOVA followed by Tukey’s post hoc tests: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. In A and

B, multiple global comparisons considering all the time points in each experimental group were performed.
Statistical analysis at specific time points of the insulin tolerance test was performed by two-way ANOVA
followed by Tukey’s post hoc tests: “P < 0.05, ***P <0.001 (A" vs. wt); *P <0.05, **P <0.01 (A" hIAPP vs. wt).

PBA treatment also induced a potent reduction of fasting glycemia, which reached very high values during the
last weeks of the experiment in non-treated A" hIAPP mice (Fig. 3D). A" mice did not show increased fasting
glycemia values throughout the study (Fig. 3D), and only presented increased random-fed glycemia during the
last weeks of the treatment, which was also prevented by PBA treatment (Fig. 3B,C).

PBA treatmentin A"y hIAPP mice ameliorates glucose intolerance and hyperinsulinemia. Glu-
cose metabolism was further studied by glucose tolerance tests 10 weeks after the initiation of PBA treatment,
when mice were 18 weeks old (Fig. 4). Globally, PBA did not significantly improve glucose tolerance in A" and
A" hIAPP mice (Fig. 4A). However, it should be noted that the analysis of the glucose tolerance tests was ham-
pered by a technical underestimation of glycemia in A" hIAPP mice as many values reached the detection limit
of the glucometer (600 mg/dL). Indeed, 60 min after glucose administration, glycemia in 50% of non-treated A"
hIAPP mice reached the detection limit, whereas only 16% of the PBA-treated A" hIAPP mice presented such
values, indicating that the glycemic values were higher and over range in non-treated mice compared to their
PBA-treated littermates (Fig. 4A). In line with this, after 120 min of glucose administration, glycemia values were
significantly lower in treated A" hIAPP mice (Fig. 4A). Together with the lower basal glucose levels observed in
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Figure 2. Time course of islet amyloid deposition in A" hJAPP mice. (A) Representative images of pancreatic
islets from A" hIAPP mice at different ages. Pancreas sections were stained with Thioflavin S to study amyloid
deposits (green) and an anti-insulin antibody (red). Scale bars, 100 um. (B) Amyloid severity quantification
(percentage of amyloid respect to total islet size). Results are presented as mean + SEM of 2-5 mice/group.
Statistical analyses were performed using one-way ANOVA. *p <0.05.
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Figure 3. PBA treatment reduces hyperglycemia in A" hIAPP mice. (A) Body weight and (B) fed glycemia
evolution of non-treated and PBA-treated mice. (C) Fed glucose values of 17-week-old mice, after 9 weeks

of PBA treatment. (D) 5-h fasting glycemia evolution of non-treated and PBA-treated mice. Representative
results from two independent experiments are shown. Results are presented as mean + SEM of 4-7 mice/
group. Statistical analyses were performed using two-way ANOVA followed by Tukey’s post hoc tests: *p <0.05,
**p<0.01, ***p<0.001. In B and D, multiple global comparisons considering all the time points in each
experimental group were performed.

treated A" hIAPP mice, these results demonstrate that PBA treatment improves glucose homeostasis in these

mice.

We next evaluated the insulin sensitivity by insulin tolerance tests (ITTs) at 18 weeks of age. Both A" and A"
hIAPP mice presented a potent insulin resistance that was not improved by PBA (Fig. 4B). This lack of effect of
PBA may be due to a severe insulin resistance, too high to detect differences by a conventional dose of insulin

Scientific Reports |

(2021) 11:11878 |

https://doi.org/10.1038/s41598-021-91311-2

nature portfolio



www.nature.com/scientificreports/

A - AW -~ AW hIAPP B - AW - AW hIAPP

-o- AW Avy hIAPP PBA -o- AW vy
600- A" PBA 200~ AY PBA A" hIAPP PBA

500+

-
(2.
e

Glucose (mg/dL)
N w B
[=3 [=3 [=3
i S

% Glucose (mg/dL)
o >
e <

1004

c T T T T T c T T T 1
0 15 3 60 120 0 15 30 60 90
Time (min) Time (min)

20+ ** -

@8 0 min 200 @ Control
~ 15 CJ 15 min 150 3 PBA
E . x
2 3
= 104 = 100
E 2
2 s 50+

0- T T T 'lrl 0- T T
By & \§Q & AY A" hIAPP
S o 2ed
v y &
A o

v.

Figure 4. PBA treatment improves glucose homeostasis in A" hIJAPP mice. (A) Glucose tolerance tests (1 g/

kg glucose) in 18-week-old A" and A" hIAPP mice treated or not with PBA for 10 weeks. (B) Insulin tolerance
tests (0.75 U/kg insulin). Percentages of glycemia values respect to the initial value are represented. (C) Plasma
insulin levels after a 5-h fasting (0 min) or 15 min after glucose injection (15 min). (D) HOMA-IR index was
calculated using 5-h fasting glucose and insulin levels. Results are presented as mean + SEM of 4-7 mice/group.
Statistical analyses were performed by using (A) Student’s t test at each time point comparing each treated group
vs. the respective non-treated control group, or (C,D) two-way ANOVA followed by Tukey’s post hoc tests:
*p<0.05, *p<0.01, ***p<0.0001.

when performing the ITT. Indeed, the fasting insulin levels observed in all A" groups were very high (reach-
ing values as high as 15 ng/mL in A" mice), which is consistent with a severe insulin resistance state (Fig. 4C).
Importantly, PBA treatment did reduce the fasting insulin levels in A" and A" hIAPP mice, illustrating a partial
amelioration of insulin resistance that was not uncovered by the ITTs (Fig. 4C). However, we did not observe
an increase in insulin levels in any of the four experimental groups after a glucose challenge, indicating that the
islet response to glucose remained blunted even in PBA-treated mice (Fig. 4C).

Taken advantage of the fasting glycemia and insulinemia values, we calculated HOMA-IR, as an index of
insulin resistance. Of note, HOMA-IR was decreased in both A" and A" hIAPP mice treated with PBA com-
pared with their non-treated controls to a similar extent (Fig. 4D), supporting again that PBA treatment reduces
insulin resistance in both experimental groups. Thus, mice treated with PBA were able to improve (A" hIAPP)
or maintain (A%) glycemic values with lower insulin levels respect to non-treated littermates.

PBA treatment in AYY hlIAPP mice reduced islet amyloid deposition. Finally, we aimed to deter-
mine whether PBA treatment had an impact on the deposition of amyloid deposits in A" hIAPP mice. For
this, pancreas sections from 20-week-old A" hIAPP mice and after 12 weeks of treatment were stained with
Thioflavin S (Fig. 5A). PBA treatment decreased amyloid prevalence, calculated as the percentage of pancreatic
islets with a positive Thioflavin S staining (Fig. 5B). Remarkably, amyloid severity was reduced by almost 60% in
PBA-treated A" hIAPP mice compared with non-treated littermates (Fig. 5C).

Discussion

Patients with T2D are characterized by increased glycemic values due to insulin resistance and/or p-cell dysfunc-
tion. One of the hallmarks of T2D is the presence of amyloid deposits in pancreatic islets>*, formed by the
cell-secreted peptide hIAPP*. Chaperone treatment has emerged as a potential therapeutic approach for T2D. In
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Figure 5. PBA treatment prevents amyloid formation in A" hJAPP mice. (A) Representative images of islets
from 20-week-old A" hIAPP mice after 12 weeks of treatment with oral PBA. Non-treated mice were used as
controls. Pancreas sections were stained with Thioflavin S to detect amyloid deposits (green), an anti-insulin
antibody (red), and Hoechst 33,342 (blue). Scale bars, 100 um. (B) Amyloid prevalence (% of islets with
amyloid) and (C) amyloid severity (% of amyloid to total islet size). Results are presented as mean + SEM of
7-8 mice/group, from 2 independent experiments. Statistical analyses were performed using Student’s t-test.
*p<0.05.

the present study, we show that oral treatment with the chemical chaperone PBA improves glucose homeostasis
and reduces amyloid deposits in a mouse model characterized by obesity and P cell dysfunction due to hIAPP
overexpression, highlighting the potential of this drug for the treatment of T2D.

The so called group of amyloidogenic diseases, including Alzheimer’s disease (AD), Parkinson disease, some
rare diseases, and T2D, share the accumulation of abnormally folded and insoluble proteins that interfere with
cell function*'. While in AD brain amyloid is formed by the aggregation of AP protein, in T2D islet amyloid is
formed by aggregation of hIAPP, a peptide hormone co-secreted with insulin by [ cells in response to glucose.
hIAPP misfolds into oligomers, which results in amyloid plaque formation. hIAPP aggregation is toxic for B
cells, leading to f cell death>*'2 Thus, preventing amyloid formation is a logical approach in drug discovery for
T2D, AD and other amyloidogenic diseases.

We previously reported that PBA treatment of lean mice overexpressing hIAPP in {3 cells ameliorates glu-
cose intolerance®. This study was performed in mice until they reached 20 weeks of age, when increased basal
glucose levels and islet amyloid deposits in pancreatic islets are still not detected. In the present study, we have
used the A" hIAPP mice model, generated by crossing hIAPP transgenic mice with obese and insulin resistant
A" mice. This cross has been shown to induce obesity, insulin resistance, overt diabetes and large islet amyloid
deposits®. In order to characterize the appropriate treatment window to evaluate the efficacy of PBA in vivo,
we first performed a weekly analysis of the random-fed and fasting glucose levels in blood. We observed that
A" hIAPP consistently presented increased random-fed glycemia earlier than A" mice, reaching values as high
as 400 ng/mL at 18 weeks of age. Moreover, A" hIAPP also presented increased fasting glycemia at very early
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stages and dramatically increased from 12 to 18 weeks of age. In parallel, we performed an extensive time-course
evaluation of the formation of amyloid deposits, since other studies have performed analyses in more advances
stages or in specific time points*”*2. Amyloid deposits started to appear in A" hIAPP mice approximately at
10-12 weeks of age and increased over time. At 18-20 weeks of age, the amyloid severity was stabilized at 15%.
Therefore, according to our characterization of the model, we decided to implement an oral PBA treatment in
A" hIAPP mice starting at 8 weeks of age and finalizing at 20 weeks of age in order to evaluate the efficacy of
this drug against both hyperglycemia and islet amyloid formation.

Our results demonstrate that PBA treatment potently reduced random-fed glycemia and fasting hyperglyce-
mia observed in A" hIAPP mice. PBA was also able to decrease random-fed glycemia in obese A" mice. Remark-
ably, the capacity of PBA to prevent increased glycemia was accompanied by a reduction of the hyperinsulinemia
observed in both A" and A" hIAPP mice. Therefore, lower insulin levels were needed to maintain similar or
even lower glycemic values in PBA-treated mice, which is illustrated by the reduced HOMA-IR values observed
in PBA-treated A" and A" hIAPP mice. Although the HOMA-IR index was created using large clinical studies
in humans, multiple studies in rodents have shown a correlation between this index and measures based on
hyperinsulinemic euglycaemic clamps***, the gold standard for insulin resistance determination. HOMA-IR has
been indeed used as a reasonable and reliable surrogate for IR in many studies performed in mice*. We could
not detect an improvement of insulin sensitivity by a conventional insulin tolerance test, most likely due to a
severe insulin resistance in A" and A" hIAPP, as shown by the severe hyperinsulinemia observed in these mice
at 20 weeks of age. For instance, the basal insulin levels were as high as 15 ng/mL and 8 ng/mL in 20-week-old
A" and A" hIAPP mice, respectively, compared to 0.2 ng/mL in the same mice at 8 weeks of age.

The reduced hyperinsulinemia observed in PBA-treated mice is in line with the reported insulin-sensitizing
effects of chemical chaperones, including PBA, on peripheral tissues. For instance, Ozcan et al. demonstrated
in ob/ob mice that treatment with TUDCA and PBA decreased ER stress and ameliorated hyperglycemia by
improving insulin sensitivity in white adipose tissue and liver®®. PBA has also been related with reduction of body
weight through decreasing adipogenesis in epididymal white adipose tissue*® and sensitizing for leptin signaling
in hypothalamus™®. It is important to note that in our study, PBA improved glucose metabolism in obese A"
and A" hIAPP mice by decreasing glycemia and basal hyperinsulinemia without affecting body weight, which
is more in accordance to the results by Ozcan et al.?%.

Remarkably, the beneficial effects of PBA on glucose homeostasis were paralleled by a decrease in islet amy-
loid deposition in A" hIAPP mice. These results are in line with our previous studies showing that PBA reduces
amyloid formation in transgenic hIAPP islets cultured at high glucose concentration? and other studies showing
that chaperones inhibit amyloid deposition*****45, Qur previous studies pointed to a direct interaction between
PBA and hIAPP oligomers and fibrils, ensuring a preventive and even a reversing effect on amyloid aggrega-
tion, that was paralleled by a restoration of glucose homeostasis in lean hIAPP mice®. Since in A" hIAPP mice
amyloid formation is triggered by the insulin resistance of these mice, it is very difficult to ascertain whether
the improvement in glycemia and amyloid is due to the PBA effect to improve insulin sensitivity or improve
B cell function, or both. The fact that PBA reduces HOMA-IR in both A" and A" hIAPP, and that the blunted
glucose-stimulated insulin secretion in these mice is not alleviated by PBA, suggests that this chaperone may act
mainly through the improvement of insulin sensitivity, although we cannot rule out that the effect on amyloid
deposition may be potentiated by a direct effect on pancreatic islets. Thus, we can speculate that a reduced f
cell overload illustrated by reduced hyperinsulinemia, together with the direct anti-amyloidogenic effects of
PBA, would generate a double beneficial effect of this drug in reducing amyloid deposition in pancreatic islets.

Other agents have been shown to protect B cells against hIAPP-induced toxicity. For instance, targeting
islet inflammation with an IL-1 receptor antagonist improved glucose tolerance in obese hIAPP transgenic
mice, although amyloid accumulation was not reduced*. Similarly, we recently demonstrated that the anti-
inflammatory molecule alphal-antitrypsin ameliorated glucose intolerance and P cell dysfunction in hIAPP
transgenic mice*. Moreover, we also showed that overexpression of the chaperone protein disulfide isomerase
(PDI), which does not play a direct role in ER stress, restored insulin secretion in hIAPP transgenic islets without
reducing amyloid deposition®®. PBA treatment has the advantage that can be administered orally, has a reduced
cost, presents a long-term safety profile, and has been approved by the U.S. Food and Drug Administration
(FDA) for clinical use in urea-cycle disorders and cystic fibrosis®**!. In this regard, PBA has been reported to
partially alleviate lipid-induced insulin resistance and p cell dysfunction in humans®. This, together with the
fact that PBA is able to act on the peripheral tissues and prevent and even reverse amyloid deposits, provides a
superior beneficial effect of PBA with respect to other agents that have also been shown to successfully protect
hIAPP transgenic islets.

In conclusion, our results show that treatment with oral PBA improves glucose homeostasis and prevents
amyloid deposition in A" mice that overexpress hIAPP, an obese mouse model with amyloid-induced islet dys-
function causing severe hyperglycemia. These results highlight the therapeutic potential of chemical chaperones
for the treatment of T2D.

Received: 3 March 2021; Accepted: 25 May 2021
Published online: 04 June 2021

References
1. Lingohr, M. K., Buettner, R. & Rhodes, C. J. Pancreatic B-cell growth and survival: A role in obesity-linked type 2 diabetes?. Trends
Mol. Med. 8(8), 375-384 (2002).
2. Jurgens, C. A. et al. B-cell loss and B-cell apoptosis in human type 2 diabetes are related to islet amyloid deposition. Am. J. Pathol.
178(6), 2632-2640 (2011).

Scientific Reports |

(2021) 11:11878 | https://doi.org/10.1038/s41598-021-91311-2 nature portfolio



www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

. Westermark, P. Quantitative studies of amyloid in the islets of Langerhans. Upsala J. Med. Sci. 77(2), 91-94 (1972).
. Hull, R. L., Westermark, G. T., Westermark, P. E. R. & Kahn, S. E. Islet amyloid: A critical entity in the pathogenesis of type 2

diabetes. J. Clin. Endocrinol. Metab. 89(8), 3629-3643 (2004).

. Yankner, B. A. & Lu, T. Amyloid beta-protein toxicity and the pathogenesis of Alzheimer disease. J. Biol. Chem. 284, 4755-475910

(2009).

. Haataja, L., Gurlo, T., Huang, C. J. & Butler, P. C. Islet amyloid in type 2 diabetes, and the toxic oligomer hypothesis. Endocr. Rev.

29(3), 303-316 (2008).

. Abedini, A. et al. Time-resolved studies define the nature of toxic IAPP intermediates, providing insight for anti-amyloidosis

therapeutics. Elife 5, 12977 (2016).

. Soty, M. et al. Involvement of ATP-sensitive potassium (K ATP) channels in the loss of beta-cell function induced by human islet

amyloid polypeptide. J. Biol. Chem. 286(47), 40857-40866 (2011).

. Abedini, A. & Schmidt, A. M. Mechanisms of islet amyloidosis toxicity in type 2 diabetes. FEBS Lett. 587(8), 1119-1127 (2013).
. Brender, J. R, Salamekh, S. & Ramamoorthy, A. Membrane disruption and early events in the aggregation of the diabetes related

peptide IAPP from a molecular prospective. Acc. Chem. Res. 45(3), 454-462 (2012).

Kayatekin, C. et al. Translocon declogger Ste24 protects against IAPP oligomer-induced proteotoxicity. Cell 173(1), 62-73 (2018).
Casas, S. et al. Impairment of the ubiquitin-proteasome pathway is a downstream endoplasmic reticulum stress response induced
by extracellular human islet amyloid polypeptide and contributes to pancreatic beta-cell apoptosis. Diabetes 56(9), 2284-2294
(2007).

Costes, S. et al. Beta-cell dysfunctional ERAD/ubiquitin/proteasome system in type 2 diabetes mediated by islet amyloid polypep-
tide-induced UCH-L1 deficiency. Diabetes 60(1), 227-238 (2011).

Rivera, J. E, Costes, S., Gurlo, T., Glabe, C. G. & Butler, P. C. Autophagy defends pancreatic B cells from human islet amyloid
polypeptide-induced toxicity. J. Clin. Invest. 124(8), 3489-3500 (2014).

Shigihara, N. et al. Human IAPP-induced pancreatic f cell toxicity and its regulation by autophagy. J. Clin. Invest. 124(8), 3634~
3644 (2014).

Garcia Hernandez, M. et al. Pancreatic B cells overexpressing hIAPP impaired mitophagy and unbalanced mitochondrial dynamics.
Cell Death Dis. 9(5), 481 (2018).

Kim, J. et al. Amyloidogenic peptide oligomer accumulation in autophagy-deficient p cells induces diabetes. J. Clin. Invest. 124(8),
3311-3324 (2014).

Montane, J., Cadavez, L. & Novials, A. Stress and the inflammatory process: A major cause of pancreatic cell death in type 2 diabetes.
Diabetes Metab. Syndr. Obes. Targets Ther. 7(7), 25-34 (2014).

Huang, C. et al. Induction of endoplasmic reticulum stress-induced p-cell apoptosis and accumulation of polyubiquitinated proteins
by human islet amyloid polypeptide. Am. J. Physiol. Endocrinol. Metab. 293(6), E1656-E1662 (2007).

Westwell-Roper, C. et al. IL-1 blockade attenuates islet amyloid polypeptide-induced proinflammatory cytokine release and pan-
creatic islet graft dysfunction. J. Immunol. 187(5), 2755-2765 (2011).

Masters, S. L. et al. Activation of the NLRP3 inflammasome by islet amyloid polypeptide provides a mechanism for enhanced
IL-1P in type 2 diabetes. Nat. Immunol. 11(10), 897-904 (2010).

Westwell-Roper, C. Y., Ehses, J. A. & Verchere, C. B. Resident macrophages mediate islet amyloid polypeptide-induced islet IL-1p
production and B-cell dysfunction. Diabetes 63(5), 1698-1711 (2014).

Westermark, P., Andersson, A. & Westermark, G. T. Islet amyloid polypeptide, islet amyloid, and diabetes mellitus. Physiol. Rev.
91(3), 795-826 (2011).

Westermark, P., Engstrém, U., Johnson, K., Westermark, G. & Betsholtz, C. Islet amyloid polypeptide: Pinpointing amino acid
residues linked to amyloid fibril formation. Proc. Natl. Acad. Sci. U S A 87(13), 5036-5040 (1990).

Raleigh, D., Zhang, X., Hastoy, B. H. & Clark, A. C. The B-cell assassin: IAPP cytotoxicity. . Mol. Endocrinol. 59(3), R121-R140
(2017).

Matveyenko, A. V. & Butler, P. C. Islet amyloid polypeptide (IAPP) transgenic rodents as models for type 2 diabetes. Ilar J. 47(3),
225-233 (2006).

Ellis, R. J. Molecular chaperones: Assisting assembly in addition to folding. Trends Biochem. Sci. 31, 395-401 (2006).

Ozcan, U. et al. Chemical chaperones reduce ER stress and restore glucose homeostasis in a mouse model of type 2 diabetes. Sci-
ence 313(5790), 1137-1140 (2006).

Montane, J. et al. Amyloid-induced B-cell dysfunction and islet inflammation are ameliorated by 4-phenylbutyrate (PBA) treat-
ment. FASEB J. 31(12), 5296-5306 (2017).

Ozcan, L. et al. Endoplasmic reticulum stress plays a central role in development of leptin resistance. Cell. Metab. 9(1), 35-51
(2009).

Cnop, M., Toivonen, S., Igoillo-esteve, M. & Salpea, P. Endoplasmic reticulum stress and eIF2 a phosphorylation: The Achilles heel
of pancreatic f cells. Mol. Metab. 6(9), 1024-1039 (2017).

Hotamisligil, G. S. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell 140(6), 900-917 (2010).
Xiao, C., Giacca, A. & Lewis, G. E Sodium phenylbutyrate, a drug with known capacity to reduce endoplasmic reticulum stress,
partially alleviates lipid-induced insulin resistance and p-cell dysfunction in humans. Diabetes 60(3), 918-924 (2011).

Cadavez, L. et al. Chaperones ameliorate beta cell dysfunction associated with human islet amyloid polypeptide overexpression.
PLoS ONE 9(7), e101797 (2014).

Montane, J. et al. Protein disulfide isomerase ameliorates B-cell dysfunction in pancreatic islets overexpressing human islet amyloid
polypeptide. Mol. Cell. Endocrinol. 420, 57-65 (2016).

Verchere, C. B. et al. Islet amyloid formation associated with hyperglycemia in transgenic mice with pancreatic beta cell expression
of human islet amyloid polypeptide. Proc. Natl. Acad. Sci. USA 93(8), 3492-3496 (1996).

Soeller, W. C. et al. Islet amyloid-associated diabetes in obese Avy/a mice expressing human islet amyloid polypeptide. Diabetes
47(5), 743-750 (1998).

Wiley, J. C., Pettan-Brewer, C. & Ladiges, W. C. Phenylbutyric acid reduces amyloid plaques and rescues cognitive behavior in AD
transgenic mice. Aging Cell 10(3), 418-428 (2011).

Matthews, D. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28(7), 412-419 (1985).

Zraika, S. et al. Toxic oligomers and islet beta cell death: Guilty by association or convicted by circumstantial evidence?. Diabetologia
53(7), 1046-1056 (2010).

Gotz, J., Ittner, L. M. & Lim, Y. A. Common features between diabetes mellitus and Alzheimer’s disease. Cell. Mol. Life Sci. 66(8),
1321-1325 (2009).

Westwell-roper, C. Y. et al. IL-1 mediates amyloid-associated islet dysfunction and inflammation in human islet amyloid polypep-
tide transgenic mice. Diabetologia 58(3), 575-585 (2015).

Berglund, E. D. et al. Glucose metabolism in vivo in four commonly used inbred mouse strains. Diabetes 57(7), 1790-1799 (2008).
Mather, K. Surrogate measures of insulin resistance: Of rats, mice, and men. Am. J. Physiol. Endocrinol. Metab. 296(2), E398-E399
(2009).

Parks, B. W. P. et al. Genetic architecture of insulin resistance in the mouse. Cell. Metab. 21(2), 334-347 (2015).

Scientific Reports |

(2021) 11:11878 | https://doi.org/10.1038/s41598-021-91311-2 nature portfolio



www.nature.com/scientificreports/

46. Basseri, S., Lhotdk, S, Sharma, A. M. & Austin, R. C. The chemical chaperone 4-phenylbutyrate inhibits adipogenesis by modulating
the unfolded protein response. J. Lipid Res. 50(12), 2486-2501 (2009).

47. Cheng, B, Gong, H., Xiao, H., Petersen, R. B. & Zheng, L. Huang K (2013) Inhibiting toxic aggregation of amyloidogenic proteins:
A therapeutic strategy for protein misfolding diseases. Biochim. Biophys. Acta 10, 4860-4871 (1830).

48. Potter, K. J. et al. Amyloid inhibitors enhance survival of cultured human islets. Biochim. Biophys. Acta 1790(6), 566-574 (2009).

49. Rodriguez-Comas, J. et al. Alphal-antitrypsin ameliorates islet amyloid-induced glucose intolerance and p-cell dysfunction. Mol.
Metab. 37, 100984 (2020).

50. Maestri, N. E., Brusilow, S. W, Clissold, D. B. & Basset, S. S. Long-term treatment of girls with ornithine transcarbamylase defi-
ciency. N. Engl. ]. Med. 335(12), 855-859 (1996).

51. Chen, W. Y,, Bailey, E. C., McCune, S. L., Dong, J. Y. & Townes, T. M. Reactivation of silenced, virally transduced genes by inhibi-
tors of histone deacetylase. Proc. Natl. Acad. Sci. USA 94(11), 5798-5803 (1997).

Acknowledgements

This work was supported by projects from the Instituto de Salud Carlos III (P114/00447 and PI17/00879 to JMS
and AN) co-funded by the Fondo Europeo de Desarrollo Regional (FEDER, European Union, A way to build
Europe), by the Centro de Investigacion Biomédica en Red de Diabetes y Enfermedades Metabdlicas Asociadas
(CIBERDEM), and by the CERCA Programme and grant 2014_SGR_520 (Generalitat de Catalunya). CIBER-
DEM is an initiative of the Instituto de Salud Carlos III. This work was developed at the Centre Esther Koplowitz
(Barcelona).

Author contributions

J.-M.S. and A.N. designed research; S.P, J.R.-C., D.D.-C., G.A.-V,, C.C,, .M.-V. and J.M. performed research;
S.P., M.P. and J.-M.S. analyzed data; S.P,, J.M, J.-M.S. and A.N. wrote the paper. All authors contributed to the
discussion of results, reviewed the manuscript and approved the final version of this manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-91311-2.

Correspondence and requests for materials should be addressed to J.-M.S. or A.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11878 | https://doi.org/10.1038/s41598-021-91311-2 nature portfolio


https://doi.org/10.1038/s41598-021-91311-2
https://doi.org/10.1038/s41598-021-91311-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	4-Phenylbutyrate (PBA) treatment reduces hyperglycemia and islet amyloid in a mouse model of type 2 diabetes and obesity
	Materials and methods
	Transgenic mouse models and PBA treatment. 
	Glucose tolerance test and insulin secretion. 
	Insulin tolerance test and HOMA-IR calculations. 
	Immunohistochemistry. 
	Statistical analyses. 

	Results
	Avy hIAPP mice present early-glucose intolerance, insulin resistance and overt diabetes. 
	Time-course analysis of amyloid deposits formation in Avy hIAPP mice. 
	PBA treatment prevents random-fed and fasting hyperglycemia in Avy hIAPP mice. 
	PBA treatment in Avy hIAPP mice ameliorates glucose intolerance and hyperinsulinemia. 
	PBA treatment in Avy hIAPP mice reduced islet amyloid deposition. 

	Discussion
	References
	Acknowledgements


