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ABSTRACT

Diabetes is a life-threatening and debilitating disease with

pathological hallmarks, including glucose intolerance and in-

sulin resistance. Plant compounds are a source of novel and

effective therapeutics, and the flavonoid (−)-epicatechin,

common to popular foods worldwide, has been shown to im-

prove carbohydrate metabolism in both clinical studies and

preclinical models. We hypothesized that (−)-epicatechin

would alleviate thermoneutral housing-induced glucose intol-

erance. Male rats were housed at either thermoneutral (30 °C)

or room temperature (24 °C) for 16 weeks and gavaged with

either 1mg/kg body weight or vehicle for the last 15 days be-

fore sacrifice. Rats housed at thermoneutrality had a signifi-

cantly elevated serum glucose area under the curve

(p < 0.05) and reduced glucose-mediated insulin secretion. In

contrast, rats at thermoneutrality treated with (−)-epicate-

chin had improved glucose tolerance and increased insulin se-

cretion (p < 0.05). Insulin tolerance tests revealed no differ-

ences in insulin sensitivity in any of the four groups. Pancreat-

ic immunohistochemistry staining showed significantly great-

er islet insulin positive cells in animals housed at thermoneu-

trality. In conclusion, (−)-epicatechin improved carbohydrate

tolerance via increased insulin secretion in response to glu-

cose challenge without a change in insulin sensitivity.

(−)-Epicatechin Reverses Glucose Intolerance
in Rats Housed at Thermoneutrality#

# Dedicated to Professor Dr. A. Douglas Kinghorn on the occasion of his

75th birthday.
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Introduction
Diabetes, characterized by elevated glucose secondary to a com-
bination of insulin resistance and decreased insulin secretion, is a
serious worldwide health problem [1]. This disease has an excess
impact on low- and middle-income countries and is associated
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with a significant increase in cardiovascular and microvascular
complications and premature mortality [1].
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Investigating medicinal plants for therapeutic potential has led
to medications such as metformin (from Galega officinalis), the
most commonly prescribed medication for diabetes around the
world. Diabetes and its complications pose a global threat to
health, and innovations using insights from medicinal plants may
provide inexpensive and effective treatment options. Flavonoids
are secondary compounds found in plants that are largely respon-
sible for flower and plant color. They are among the most diverse
bioactive plant compounds in human-consumed foods. Flavo-
noids, and flavonoid-rich foods, have been shown to promote in-
sulin secretion, potentiate insulin-stimulated glucose uptake, and
moderate glucose-stimulated insulin secretion via the P13K/Akt/
GLUT2 pathway [2–5]. Of these compounds, (−)-epicatechin
(EPICAT), found primarily in chocolate (Theobroma cacao L. Stercu-
liaceae), is highly bioactive and well studied for its support of va-
sodilation, cardiovascular health, mitochondrial function, and
antioxidant activity [6–9].

EPICAT has shown efficacy in the treatment of metabolic con-
ditions, including diabetes [10–14]. In a clinical trial in healthy
subjects, EPICAT supplementation decreased fasting insulin and
improved insulin sensitivity, but did not impact fasting blood glu-
cose concentrations [10]. Insulin sensitivity improvements, as well
as pancreatic β-cell function, improved erythrocyte function, and
beneficial impacts on blood pressure parameters under stress,
were also observed in clinical trials with dark chocolate [15,16]
containing EPICAT [11]. In vivo studies further report that EPICAT
alone, cacao liquor or cocoa extract treatment, resulted in lower
glucose concentrations [12–14] and alleviation of oxidative stress,
cellular damage, and mitochondrial dysfunction in a model of
myocardial infarction [17–19]. Most clinical trials have focused
on dark chocolate and cocoa mixtures. These mixtures contain
EPICAT, but detailed studies on this compound in isolation are still
needed to determine specific responses. In tandem, animal mod-
els are crucial to further elucidate EPICATʼs bioactive mechanisms.
Rat models of diabetes and metabolic syndrome do not precisely
mimic human diabetes, type 2 diabetes, but can offer mechanistic
insights in response to intervention.

Thermoneutrality (TN) refers to an environmental temperature
where caloric intake is not used to maintain body temperature ho-
meostasis. Human TN is between 14.8 °C and 24 °C [20], thus ani-
mal research environments are kept at room temperature (RT),
which is comfortable to human workers. However, TN for rats is
much higher at 30 °C [21,22], prompting debate regarding opti-
mal housing temperature for rodent research of interest to hu-
man physiology [23,24]. Several recent studies in mice have
shown that TN housing is well suited for translational comparison
to humans, including similar energy expenditure to basal meta-
bolic rate ratio [23], a cardiovascular profile more aligned with
that of humans [25], induction of high-fat diet-induced diabetes
[26,27], and general differences in cardiovascular parameters of
both rats and mice as compared with RT housing [28,29]. These
studies highlight that TN is likely the most translational environ-
ment for rodent biomedical research; however, little is known re-
garding the impact of TN on rat carbohydrate physiology.

Wehypothesized that housingmaleWistar rats at their TN tem-
perature (30 °C) would result in impaired glucose tolerance and in-
sulin resistance, verifying a model of metabolic syndrome and dia-
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betes in which to test potential therapeutics. Further, we hypothe-
sized that EPICAT treatment would improve metabolic profiles.
Results

Metabolic parameters

Body temperature was taken superficially, and an elevated tem-
perature was achieved in those housed at thermoneutral condi-
tions compared with those housed at room temperature (30.4 ±
0.1 °C vs. 27.4 ± 0.1 °C; p < 0.001). Biometric parameters of the
animals were assessed at 1 week and 16 weeks of the study. Rat
weight was significantly lower in those housed at TN compared
with those at RT after 16 weeks (p < 0.05) (▶ Table 1). There was
an effect approaching significance on the interaction of housing
temperature, EPICAT, and time (p < 0.08) (▶ Table 1), with those
at TN treated with EPICAT having a higher weight at 16 weeks
than those at RT (▶ Table 1). There was a significant interaction
effect of EPICAT and time (p < 0.05) (▶ Table 1), as well as EPICAT,
time, and TN (p < 0.05) (▶ Table 1) on fasting glucose concentra-
tions, resulting in lower concentrations in animals treated with
EPICAT at RT compared with TN after 16 weeks. There were also
significant effects of both EPICAT and TN on fasting insulin con-
centrations (p < 0.001 for both) (▶ Table 1) as well as a significant
interaction of time and TN (p < 0.05) (▶ Table 1). Animals treated
with EPICAT had higher insulin concentrations compared with
those given vehicle, and insulin was elevated to a greater degree
in those at RT (p < 0.001) (▶ Table 1). Animals housed at TN con-
sumed significantly less food after 16 weeks than those housed at
RT (p < 0.001) (▶ Table 1). There was also a significant interaction
between temperature and EPICAT on food consumption, resulting
in those treated with EPICAT at TN consuming more than those
treated with vehicle (p < 0.05) (▶ Table 1).

(−)-Epicatechin treatment resulted in lower glucose
area under the curve during intraperitoneal glucose
tolerance test

Fasted animals were injected with glucose, and glucose concen-
trations were measured at timed intervals during a 2-h period.
We observed a significant effect of EPICAT (p < 0.01), TN
(p < 0.05), and interaction of time and TN on glucose area under
the curve (AUC) (p < 0.01) (▶ Fig. 1). Specifically, animals treated
with EPICATshowed a significantly less glucose AUC after 16 weeks
compared with other groups (p < 0.01) (▶ Fig. 1). Glucose con-
centrations at timepoints 15, 30, 45, and 60min were signifi-
cantly different (p < 0.05 for all) (▶ Fig. 1), and animals at RT treat-
ed with EPICAT had significantly lower glucose concentrations
compared to either RT or TN animals (p < 0.05 for all) (▶ Fig. 1).
TN animals treated with EPICAT had a lower glucose AUC than
those treated with vehicle (▶ Fig. 1).

Insulin concentrations during intraperitoneal glucose
tolerance test under thermoneutrality and (−)-epicatechin-
treated conditions

Plasma insulin concentrations and AUC were assessed during the
intraperitoneal glucose tolerance test (IP‑GTT) at 1 week (▶ Table
2) and 16 weeks (▶ Fig. 2). No differences were observed after
(−)-Epicatechin Reverses Glucose… Planta Med 2022; 88: 735–744 | © 2022. The author(s).



▶ Table 1 Animal weight, fasting glucose and insulin concentrations, and food consumption at 1 and 16 weeks of treatment. Animals in each
housing condition are shown in the 1-week table. The 16-week table shows animal groups after separating them into vehicle or EPICAT-treated
groups.

1 Week

Housing RT TN

Weighta, † (g) 136.7 ± 3.5 121.2 ± 1.8

Glucosed, e (mg ·dL−1) 85.9 ± 1.7 85.4 ± 2.3

Insulina, b, c (µg ·mL−1) 0.671 ± 0.084 0.611 ± 0.113

16 Weeks

Housing RT TN

Treatment -EPICAT +EPICAT -EPICAT +EPICAT

Weight a, † (g) 571.0 ± 13.2 571.6 ± 22.6 508.3 ± 23.7 557.6 ± 23.7

Glucosed, e (mg ·dL−1) 70.4 ± 2.6 66.8 ± 1.9 67.2 ± 2.3 70.9 ± 3.7

Insulina, b, c (µg ·mL−1) 1.142 ± 0.173 2.094 ± 0.186 0.886 ± 0.236 1.035 ± 0.127

Food consumption per animala, e (g) 22.82 ± 0.65 21.65 ± 0.45 15.24 ± 1.11 18.35 ± 0.71

aP < 0.05 temperature, bEPICAT, ctime × temperature, dtime × EPICAT, etime × EPICAT × temperature effects; †p < 0.08 time × temperature × EPICAT.
Data were analyzed with a mixed-effects model and/or repeated measures two or three-way ANOVA and data are reported as themean ± standard error of
the mean (SEM), n = 8.

▶ Fig. 1 Intraperitoneal glucose tolerance test (IP‑GTT). Fasted animals were injected with glucose; glucose concentrations were measured at time
intervals during a 2-h period at 16 weeks. aP < 0.05 temperature, bEPICAT, ctime × temperature, dtime × EPICAT, etime × EPICAT × temperature
effects; †p < 0.07 time × EPICAT. Data were analyzed with a mixed-effects model and/or repeated measures three-way ANOVA ± SEM, n = 8.
1 week of TN exposure for glucose or insulin with IP‑GTT (▶ Table
2). After 16 weeks of the study, there was a significant effect of TN
housing on insulin AUC, resulting in an elevated AUC in those ani-
mals (p < 0.05) (▶ Fig. 2). We also observed a significantly greater
AUC of 253.5 ± 63.5 in EPICAT-treated animals at TN compared
with 110.1 ± 20.8 in EPICAT-treated animals at RT (▶ Fig. 2).

Insulin tolerance was not impacted by either thermo-
neutrality housing or (−)-epicatechin treatment

Fasted animals were injected with insulin, and glucose concentra-
tions were measured at time intervals during a 2-h period. There
were no significant effects or interactions of TN housing or EPICAT
treatment on insulin sensitivity after 16 weeks (▶ Fig. 3).
Chun JH et al. (−)-Epicatechin Reverses Glucose… Planta Med 2022; 88: 735–744 |© 2022. The
Thermoneutrality housing increased islet insulin-positive
cells and pancreata of (−)-epicatechin-treated animals
had less insulin

Insulin positive cells per islet were analyzed as a percentage of to-
tal islet area (▶ Fig. 4a). Animals housed at TN had significantly
greater insulin-positive cells per islet than those housed at RT
(p < 0.05) (▶ Fig. 4a). EPICAT-treated animals had significantly
less insulin present in the pancreas than vehicle-treated ani-
mals, regardless of housing temperature, as expressed as insu-
lin per total tissue area (p < 0.01) (▶ Fig. 4b). There was no dif-
ference between control animalsʼ amount of pancreatic insulin
(▶ Fig. 4b).
737author(s).



▶ Table 2 Glucose concentrations for the IP‑GTT group (mg/dL) (a), concurrent insulin concentrations (ng/mL) during an IP‑GTT (b), and glucose
concentrations during an IP‑ITT (c) at 1 week of the study. Results at 16 weeks of the study for IP‑GTT and IP‑ITT for all groups are presented in
▶ Figs. 1–3.

Group 0min 15min 30min 45min 60min 120min AUC

a Glucose concentrations for the IP‑GTT group (mg/dL).

RT 85.4 ± 2.3 180.3 ± 6.5 125.8 ± 5.1 101.6 ± 2.7 102.1 ± 3.3 85.6 ± 2.9 3546.6 ± 283.2

TN 85.9 ± 1.7 206.9 ± 10.3 125.4 ± 4.6 92.5 ± 4.7 98.8 ± 4.3 85.2 ± 2.2 3615.0 ± 361.8

b IP‑GTT concurrent insulin concentrations (ng/mL).

RT 0.671 ± 0.085 2.134 ± 0.268 1.161 ± 0.110 0.843 ± 0.099 0.682 ± 0.105 0.927 ± 0.099 45.8 ± 8.6

TN 0.611 ± 0.113 2.350 ± 0.360 1.170 ± 0.188 0.944 ± 0.194 0.844 ± 0.109 0.752 ± 0.102 62.1 ± 15.2

c IP‑ITT glucose concentrations (mg/dL).

RT 88.2 ± 3.5 69.0 ± 2.6 51.7 ± 2.6 41.7 ± 2.3 40.8 ± 3.4 62.0 ± 5.1 4737.7 ± 511.7

TN 85.2 ± 2.5 64.4 ± 4.0 42.2 ± 2.4 36.2 ± 2.3 34.7 ± 2.0 61.7 ± 4.3 4936.4 ± 329.6

aP < 0.05 temperature, bEPICAT, ctime × temperature, dtime × EPICAT, etime × EPICAT × temperature effects; †p < 0.08 time× temperature × EPICAT, three-way
ANOVA, mean ± SEM, n = 8.

▶ Fig. 2 Concurrent insulin concentrations during IP‑GTT. Plasma insulin concentrations were measured during IP‑GTT, and area under the curve
(AUC) was determined for each group at 16 weeks. aP < 0.05 for effect of temperature, two-way ANOVA or mixed-effects model. Data are presented
as the mean ± SEM, n = 8.

Original Papers
Discussion
In this study, we observed a glucose-lowering response to EPICAT
treatment in both RT and TN rats. Further, animals housed at TN
conditions showed significantly worse glucose tolerance and
lower insulin secretion in response to IP‑GTT. Animals treated with
EPICAT showed higher fasting insulin concentrations and im-
proved glucose tolerance compared with controls. EPICAT treat-
738 Chun JH et al.
ment significantly stimulated insulin secretion in those housed at
TN. Fasting insulin concentrations were higher in the RT EPICAT-
treated rodents, whereas insulin secretion was not different with
IP‑GTT, likely related to the absence of a significant spike in glu-
cose with IP‑GTT. In contrast to prior reports [11], we observed
that insulin tolerance was not impacted by either housing temper-
ature or EPICAT treatment. Taken together, these findings are
consistent with a primary effect of insulin secretion as the media-
(−)-Epicatechin Reverses Glucose… Planta Med 2022; 88: 735–744 | © 2022. The author(s).



▶ Fig. 3 Intraperitoneal insulin tolerance test (IP‑ITT). Fasted animals were injected with insulin; glucose concentrations were measured at time
intervals during a 2-h period at 16 weeks. aP < 0.05 temperature, bEPICAT, ctime × temperature, dtime × EPICAT, etime × EPICAT × temperature
effects; †p < 0.07 time × EPICAT. Data were analyzed with a mixed-effects model and/or repeated measures three-way ANOVA. Data are presented
as the mean ± SEM, n = 8.
tor of the glucose-lowering effect of EPICAT. These data build
upon reported studies on EPICATʼs glucose-lowering bioactivity
[10,12–14,30].

Glucose intolerance was present in our animals housed at TN,
as measured by IP‑GTT. Concurrent measurements of insulin se-
cretion with the IP‑GTT suggest that insulin secreted by TN-
housed animals is inadequate, as we observed glucose intolerance
without a change in insulin sensitivity. Treating animals housed at
both RT and TN conditions with EPICAT resulted in improved glu-
cose tolerance, most dramatically in animals housed at RT, align-
ing with previous reports [10,12–14,31].

To address impacts of housing temperature and EPICAT treat-
ment on insulin secretion, we investigated pancreatic islets. The
amount of insulin per islet was significantly elevated in those
housed at TN conditions, regardless of EPICAT treatment, consis-
tent with pancreatic compensation in the context of impaired glu-
cose tolerance in these animals. Impaired or compensatory insulin
secretion and production is common in metabolic syndrome and
diabetes [32]. Of interest, EPICAT treatment resulted in signifi-
cantly less islet area per total pancreas regardless of housing envi-
ronment. Taken together, these pancreatic analyses may point to
EPICATʼs ability to augment efficiency of glucose-mediated insulin
secretion. Previous reports on islet compensation show a larger is-
let area with less insulin staining per islet [33]. Our observation
warrants further study as we noted improved insulin secretion
without detecting a change in insulin staining per islet with
EPICAT. The finding of augmented insulin secretion with 15 days
of EPICAT treatment is most consistent with improved glucose-
mediated insulin response. Our study shows that EPICAT im-
proved insulin secretion in tandem with a glucose challenge, im-
proving the match of insulin supply with glucose demand. Overall,
these results agree with in vitro studies showing that EPICAT stim-
ulates insulin secretion [34–36].

There are several mechanisms potentially explaining our re-
sults that warrant future investigation. For example, EPICAT is re-
ported to increase circulating glucagon like peptide − 1 (GLP-1)
plasma concentrations [37], an incretin that augments glucose-
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mediated insulin secretion. Other reports state that EPCIAT can
act on cellular signaling in the beta cell via the CaMKII pathway up-
stream of insulin secretion [35], and/or the stimulation of tissue-
localized mitochondrial respiration (to augment beta cell glucose
sensing) [38]. Most notably, EPICAT may be acting on various
forms of nitric oxide synthase (NOS). Inducible/inflammatory
NOS (iNOS) blunts insulin secretion. Elevated pancreatic iNOS, in-
duced by inflammatory processes, suppresses insulin secretion
[39–41]. EPICAT has been shown to decrease excess iNOS [42,
43], resulting in improved insulin secretion [43]. Endothelial NOS
(eNOS) is activated by insulin signaling through the PI3K/Akt/
eNOS cascade [44]; many studies show that EPICAT stimulates
eNOS [7,9, 45,46]. In light of this previous work, our data could
be explained by a model by which EPICAT may stimulate eNOS or
suppress pancreatic iNOS, resulting in robust insulin secretion in
response to glucose concentrations further normalizing postpran-
dial carbohydrate dynamics. However, we showed no effect of
EPICAT on insulin per islet, consistent with EPICAT acting on the
secretion process itself in response to glucose rather than on β-
cell function or adaptation. Future studies will address these and
other mechanisms.

Intriguingly, insulin sensitivity in the intraperitoneal insulin tol-
erance test (IP‑ITT) was unaffected by either housing temperature
or EPICAT treatment. Although a study reported similar data in a
clinical trial [47], this is unexpected in light of the significant
effects of both variables on glucose tolerance and islet insulin,
and also is in contrast to other previous clinical studies [10,48,
49]. We interpret these results as pointing to adaptation of glu-
cose handling independent of the insulin signaling cascade involv-
ing cellular glucose uptake and/or β-cell function. EPICAT clearly
modulates insulin secretion and perhaps glucose uptake at the
cellular level, independent of impacts on insulin sensitivity.

We observed divergent impacts of EPICAT on fasting glucose
concentrations, resulting in lower concentrations in animals
housed at RT and higher concentrations in those housed at TN.
As there were significant interactions between EPICAT, time, and
temperature on this parameter, it follows that the interplay of the
739author(s).



▶ Fig. 4 MATLAB analysis of islet insulin-positive cells (a), and pancreas stained for insulin (b). Animal pancreases were preserved in paraffin and
sacrificed after 16 weeks, then stained for insulin using immunohistochemistry. Insulin-positive cells/DAPI per islet were quantified as a percentage
of area analyzed (a). Stitched image of whole pancreatic tissue section (ab). Representation of insulin-positive islet cell analysis taken from the
whole tissue section (ab) including cell nuclei stained with DAPI, insulin stained with GFP, and the overlay of both together. Insulin was quantified
per total tissue area by analyzing the insulin antibody fluorescent signal and normalizing to that of the entire tissue area (b). Results of the two-way
ANOVA test are depicted as effect of ap < 0.05 temperature, bEPICAT, and interaction of cEPICAT × temperature. Data were analyzed with a two-way
ANOVA and presented as the mean ± SEM, n = 7–8.

Original Papers
variables is impacting glucose concentrations. Although TN hous-
ing caused lower fasting insulin concentrations overall, EPICAT
treatment resulted in higher concentrations compared with ve-
hicle controls, agreeing with our other data showing more effi-
cient insulin production and improved glucose tolerance.

This study has several limitations. Although our dosage and du-
ration of EPICAT treatment was devised based on previous suc-
cessful studies [12,50,51], 15 days of this compound may not be
enough time to impact insulin secretion and insulin action in ani-
mals housed at TN. Other reports have addressed bioavailability
by administering EPICAT in a mixture [10,48,49], and we used
DMSO and a saline solution for solubility in oral gavage. This may
have affected bioavailability, although we do report significant
impacts on glucose tolerance and insulin secretion and related ef-
ficiency. Despite this, our dosage of 1mg/kg body weight may
also have been too low to perturb certain metabolic aspects in
TN animals; dose responses will be considered in future studies.
740 Chun JH et al.
Also, to definitively conclude EPICATʼs mechanism of action in in-
sulin secretion requires further study, especially in different ani-
mal models to verify broad bioactivity. Cellular signaling upstream
of insulin secretion and glucose uptake may also be important to
further define EPICATʼs antidiabetic bioactivity. Although this
thermoneutral animal model has been ideal for the purpose of
this work, additional studies are planned. Interestingly, we
showed that animals housed at their thermoneutral temperature
show metabolic dysfunction. This has been reported in previous
reports for rodents [23,24,26,27], and is one of the reasons this
housing is an emerging method towards aligning rodent models
with human metabolism. The physiology behind these unique
metabolic responses to thermoneutral housing is a subject of on-
going investigation in our laboratory and others.

In conclusion, we show that EPICAT lowers glucose and im-
proves insulin response to a glucose load, with a likely modulation
of pancreatic insulin production and secretion. In addition, our
(−)-Epicatechin Reverses Glucose… Planta Med 2022; 88: 735–744 | © 2022. The author(s).



study also shows that animals housed at TN consume less food,
agreeing with other reports [52]. Investigating EPICAT with the
use of IP‑GTT concurrent insulin concentrations and islet insulin
quantification is a somewhat unique approach to ascertaining bo-
tanical antidiabetic activity. Although we are not the first to report
that EPICAT stimulates insulin secretion, our study adds to the ex-
isting data in the field by utilizing a thermoneutral animal model.
Housing rats at their thermoneutral temperatures provides a
novel animal paradigm of metabolic dysfunction easy to establish
and prime for screening specific bioactivity from natural products
and functional foods. Our results have broad implications for hu-
man health, as diabetes is prevalent around the world [1]. Impor-
tantly, EPICAT is already sold and consumed as a supplement as
well as a component of highly popular foods, making it immedi-
ately applicable in several forms. Future studies will focus on a
mechanistic evaluation of EPICATʼs impact on islet function and
insulin secretion.
Methods and Materials

Reagents

Pharmaceutical grade glucose and PBS, and EDTA are from Sigma-
Aldrich. DMSO, sodium chloride, and bovine serum albumin were
purchased from Fisher Scientific. Insulin (Humulin R) was manu-
factured by Eli Lilly and Company. EPICAT was procured from
Cayman Chemical. Unconjugated FLEX Polyclonal Guinea Pig
Anti-Insulin antibody was used at a 1 :5 dilution in 2% Normal
Donkey Serum in 1 × PBST. Alexa Fluor 488 AffiniPure Donkey
Anti-Guinea Pig IgG (H+L) was diluted 1 :500 in 2% NDS/PBST.
DAPI was diluted 1 :1000 in 1 × PBST. Prolong Gold Antifade
Mountant was purchased from Thermo Fisher Scientific.

In vivo experiments

The animal study protocol was approved by the Institutional Ani-
mal Care and Use Committee of the RMR VA Medical Center, pro-
tocol number 2CD2013R, approved July 14, 2020. Animals (male
Wistar rats, 5 weeks old, procured from Charles River Laborato-
ries, Inc.), kept at 2 animals per cage, were housed at either RT
(22 °C) or TN (29–30 °C) from the time they arrived at the facility.
As quarantine is 1 week, all measurements were taken 1 week
after initial housing. Animals were fed a customized diet contain-
ing 13% kcal fat (LFD) (Envigo [Teklad]) for 16 weeks, and ran-
domized into 4 groups, with n = 8 in each group: RT + vehicle,
RT + EPICAT, TN + vehicle, and TN + EPICAT. EPICAT solution was
provided at 1mg/kg body weight by diluting the specific dosage
from a 15mg/mL stock in 50 :50 DMSO :PBS (vehicle) up to
0.046mL for a final DMSO dosage of 1.58% of the solution. For a
final gavage volume of 1.5mL total, the dosage or vehicle was di-
luted in 1.454mL of PBS. During the final 15 days, animals were
gavaged test solutions once per day before noon. Blood (approx-
imately 50 µL) from the tail vein was collected in 0.5 M EDTA and
spun at 12000 g for 10min at 4 °C. Plasma was extracted and
stored at − 80°C. Fasting blood (6 h), also from the tail vein, was
taken at the beginning and end of the study and fed blood from
the tail vein was taken biweekly for glucose and insulin concentra-
tions. Body weight and food consumption were measured weekly.
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Endpoint parameters were taken at sacrifice, and all animals were
euthanized in the morning following ad libitum food consump-
tion. Euthanasia was conducted via isoflurane gas administration,
along with consistent oxygen. This method of euthanasia com-
plies with IACUC requirements and was formally approved in the
protocol listed above.

Insulin and glucose intraperitoneal tolerance tests

Insulin tolerance testing (ITT) was done at 1 and 16 weeks of the
study, following a 6-hour fast, by interperitoneal injection of
1 U · kg−1 body weight of insulin [53]. Blood glucose concentra-
tions were sampled at 0, 15, 30, 45, 60, and 120min post-injec-
tion. Glucose tolerance testing (GTT) followed the same protocol
using 1.5 g · kg−1 body weight of glucose, injected intraperito-
neally, and was separated from ITT testing by 4 days. Fasting glu-
cose and insulin concentrations were taken as the 0-minute blood
collection during GTT. Baseline concentrations were subtracted
for AUC analyses.

Pancreatic staining

The pancreas was collected from each animal after sacrifice and
processed and analyzed the same way for each animal. Each pan-
creas was fixed for 24 hours in 10% formalin, then rinsed 3 times
in 70% EtOH. These tissue samples were then processed in paraf-
fin overnight using a Histocore Pearl instrument and embedded in
paraffin using a Tissue Tek II instrument (Sakara Finetek). Each tis-
sue mold was then sectioned into 5 µm sections using a micro-
tome and positioned on positively charged slides. The slides were
incubated overnight at 65 °C. Slides were incubated in xylene
2 times for 10min each, 100% EtOH 2 times for 10min each,
95% EtOH for 3min, 70% EtOH for 3min, 50% EtOH for 3min,
rinsed in DI H2O twice, and rehydrated in 1 × PBST for 10min.
Each tissue section was blocked using 2% NDS in 1 × PBST for
30min at RT. After removing the blocking solution, unconjugated
FLEX Polyclonal Guinea Pig Anti-Insulin antibody (1 :5) was applied
and incubated overnight in 4 °C covered with parafilm. The next
day, the parafilm was removed and each slide was washed in
1 × PBST 4 times for 5min each. Alexa Fluor 488 AffiniPure Donkey
Anti-Guinea Pig IgG (H+L) (1 : 500) was applied and incubated for
1 h at RT, protected from light and covered with parafilm. Parafilm
was removed and slides washed again 4 times in 1 × PBST for
5min each. DAPI was applied to each tissue section and incubated
for 15min at RT, protected from light. The slides were washed
2 times in 1 × PBST and mounted using Prolong Gold mounting
solution and a glass coverslip. This protocol is very similar to that
previously described [54]. Each tissue section was imaged using a
Keyence BZ-X800 fluorescence microscope with a DAPI and FITC
lasers and 20 × zoom lens. Animals treated with EPICATwere com-
pared with pooled controls of animals housed at RT and TN to al-
low for a robust statistical analysis.

Islet parameter assessment

A custom Matlab M-file was written to analyze the number of is-
lets per section of pancreas as assessed by DAPI staining. The soft-
ware reads an image into Matlab as an RGB image and then is
made into a binary image based on fluorescence intensity. Otsuʼs
method was used to choose a threshold of pixel intensity that
741author(s).
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minimizes the intraclass variance of the thresholded black and
white pixels. The “binarization” uses a 256-bin image histogram
to compute Otsuʼs threshold. The code begins by removing inten-
sity artifacts from the green layer of the image (insulin positive)
by eliminating items less than 15 pixels in size. The code then fills
in any gaps within identified bodies larger than 15 pixels. This step
is used to account for intensity gaps in the islet and helps to accu-
rately measure islet perimeter and area. The Matlab function
“bwboundaries” is then employed to find all boundaries in the im-
age and aids in distinguishing true islets from artifacts by utilizing
islet morphology. The area and perimeter of the islets are deter-
mined as part of the “bwboundaries” function. These two param-
eters are used in a metric calculation to determine islet morphol-
ogy based on a sliding scale where 1 represents an islet and 0 rep-
resents an artifact in the image. The metric uses a threshold of
0.98 to identify true islets. Finally, the islets are evaluated by an-
other threshold that measures size and islet morphology metric
score concurrently and islets that do not meet a user define value
are removed. The remaining islets are exported to an Excel file
with the total islet count, area of each islet, and metric score
listed.

Fluorescence imaging assessment

A second custom Matlab M-file was used to identify the FITC-pos-
itive (insulin) regions in the pancreas section (DAPI positive). The
script asks the user to define an area of background fluorescence
on the green layer (insulin) in the image. The mean intensity of
this defined region is then used to background subtract the entire
green layer; values less than zero are assigned a zero value. The
user than selects the entire slice of tissue in the blue layer (DAPI)
and a binary mask is generated. The binary mask is then applied to
the green layer of the image. Values inside the region of interest
retain their fluorescence intensity and items outside are assigned
a zero value. The insulin layer was then binarized into pixels with
fluorescence intensity (1) or areas without (0). The insulin-positive
areas were summated and divided by the area of the user-defined
slice and multiplied by 100. The percentage of insulin-positive
area to DAPI-positive area was exported to the same Excel file.

Statistical analysis

To analyze data with time/dose along with EPICAT and tempera-
ture, we employed a repeated measures ANOVA, along with a
mixed-effects model. For data without a time or dose component,
we employed a two-way ANOVA for the variable temperature and
EPICAT. Tukeyʼs post hoc analyses were conducted within ANOVA
tests. A p value of less than 0.05 was used as the cutoff for statis-
tical significance in all tests. A p value of equal or less than 0.08
was considered indicative of data trends approaching significance
and thus reported.
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