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Abstract

The incidence of type-2 diabetes (T2D) and the burden it places on individuals, as well as society
as a whole, compels research into the causes, factors and progression of this disease.
Epidemiological studies suggest that chronic stress exposure may contribute to the development
and progression of T2D in human patients. To address the interaction between chronic stress and
the progression of T2D, we developed a dietary model of the prediabetic state in rats utilizing
unlimited access to 30% sucrose solution (in addition to unlimited access to normal chow and
water), which led to impaired glucose tolerance despite elevated insulin levels. We then
investigated the effects of a chronic variable stress paradigm (CV'S; twice daily exposure to an
unpredictable stressor for 2 weeks) on metabolic outcomes in this prediabetic model. Chronic
stress improved glucose tolerance in prediabetic rats following a glucose challenge. Importantly,
pair-fed control groups revealed that the beneficial effect of chronic stress did not result from the
decreased food intake or body weight gain that occurred during chronic stress. The present work
suggests that chronic stress in rodents can ameliorate the progression of diet-induced prediabetic
disease independent of chronic stress-induced decreases in food intake and body weight.

Keywords
chronic stress; glucose tolerance; type 2 diabetes; insulin

© 2014 Elsevier Ltd. All rights reserved

Corresponding Author: Amy E. B. Packard, PhD Department of Psychiatry and Behavioral Neuroscience University of Cincinnati
2180 E. Galbraith Road ML0506 Cincinnati, Ohio 45237 513-558-3203 amy.packard@uc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions Amy E. B. Packard performed experiments, interpreted data, and wrote the manuscript
Sriparna Ghosal performed experiments, analyzed data, and edited the manuscript

James P. Herman interpreted data and edited the manuscript

Stephen C. Woods interpreted data and edited the manuscript

Yvonne M. Ulrich-Lai planned and performed experiments, interpreted data, and wrote and edited the manuscript

Disclosures We have no conflicts of interest to disclose.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 2

Introduction

The incidence of type-2 diabetes (T2D) in the United States is alarming. 25.8 million
Americans have diabetes and 90-95% of those cases are T2D (Centers for Disease Control
and Prevention, 2011). According to current statistics from the World Health Organization,
347 million people worldwide have diabetes and of those cases 90% are T2D. T2D is
characterized by decreased glucose tolerance and reduced insulin sensitivity as well as
pancreatic f cell dysfunction. The increased incidence of this disease is generally attributed
to changes in lifestyle including increases in sedentary behavior and consumption of
calorically-dense and sugar-laden foods. In addition, there exists a complex and equivocal
relationship between stress and diabetes.

Stress is generally defined as a real or perceived threat to homeostasis or well-being (Ulrich-
Lai and Herman, 2009). The physiological response to stress primarily involves activation of
the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system. HPA
axis activation leads to the production of glucocorticoids (e.g., cortisol in humans and
corticosterone in rats); these hormones have numerous effects throughout the body,
including actions on the liver and pancreas to promote the mobilization of stored energy
(Cherrington, 1999). Similarly, activation of the sympathetic nervous system exerts
numerous effects including increased heart rate, elevated blood pressure and energy
mobilization (Ulrich-Lai and Herman, 2009).

Given that physiological responses to stress have profound effects on energy storage and
mobilization, one might expect that stress exposure could play a role in the development and
progression of metabolic disorders such as T2D (Ulrich-Lai and Ryan, 2014). However,
clinical studies suggest that the effects of stress are variable and complex. Whereas some
clinical studies report no effect of stress on glycemic control in T2D patients (Naliboff et al.,
1985; Pibernik-Okanovi¢ et al., 1993; Rogli¢ et al., 1993), other studies suggest that stress
contributes to the progression of T2D and its complications, but that this may depend on
factors such as the nature of the stressor and social support (Bradley, 1979; Duong et al.,
2012; Faulenbach et al., 2012; Griffith et al., 1990; Manenschijn et al., 2013; Reynolds et
al., 2010).

Given these clinical data, one might expect that chronic stress exposure in rats would impair
glucose tolerance and contribute to the development of T2D. However, in the few studies
that have addressed this question, researchers have generally observed that chronic stress
ameliorates symptoms of T2D. Repeated immobilization stress improves glucose tolerance
in Otsuka Long Evans Tokushima Fatty (OLETF) rats (Kai et al., 2000), and repeated
restraint delays the development of hyperglycemia in Zucker diabetic fatty rats (Bates et al.,
2008, 2007). Similarly, swim stress in deep or shallow water delays the progression of T2D
in Zucker diabetic fatty rats (Kiraly et al., 2007). Because these prior studies used genetic
models of diabetes, they did not consider environmental (e.g., dietary) conditions that are
thought to contribute to the development of T2D in humans (Consortium, 2013; Malik et al.,
2010), raising the possibility that chronic stress may have different effects in a dietary model
of prediabetes. Additionally, the reactivity of the HPA axis is increased in the Zucker
diabetic fatty rats suggesting that this genetic model may not be ideal for stress studies
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(Guillaume-Gentil et al., 1990). Moreover, prior work used repeated exposure to a single
type of stressor, which permits habituation of the physiologic stress responses (Bates et al.,
2007; Herman et al., 1995), and, consequently, potentially alters the effects of stress
exposure. Lastly, the observed improvements in T2D by chronic stress have been attributed
to stress-induced reductions in food intake and body weight to varying degrees (Bates et al.,
2008, 2007; Kai et al., 2000). Since glucocorticoids and sympathetic activation have the
potential to act directly on peripheral tissues (e.g., liver and adipose tissue) to alter glucose
metabolism (Cherrington, 1999), it is important to determine whether chronic stress can alter
glucose tolerance independent from effects on food intake and body weight.

In order to address these critical factors, we first developed a dietary-model of “prediabetic”
glucose intolerance, in which rats with free access to chow and water are given additional
unlimited access to a 30% sucrose solution. This dietary paradigm was then combined with
chronic variable stress (CVS), a well-characterized model of chronic stress in which rats are
given twice-daily exposure to an unpredictable stressor, and which is designed to limit
habituation of the stress response (Herman et al., 1995). Importantly, as CVS is known to
decrease food intake and reduce body weight gain (Ulrich-Lai et al., 2006), factors that
themselves could affect glucose tolerance, pair-fed control groups were included to directly
test the extent to which chronic stress acts via reductions in food intake and body weight.
We found that CVS attenuates the progression of prediabetes, and that it is independent of
reduced food intake and body weight gain.

Adult male Long-Evans rats (250g) from Harlan (Indianapolis, IN) were allowed at least one
week to acclimate to the facility prior to the experiments. They were housed individually
and kept on a 12h light/dark cycle (0600-1800h lights on) with access to chow (LM-485;
Harlan Teklad, Madison WI) and water in an Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. The University of
Cincinnati (OLAW# A3295-01) Internal Animal Care and Use Committee approved all
procedures according to the National Institutes of Health Guidelines.

Characterization of the dietary sucrose paradigm to induce glucose intolerance

Three groups of rats (n=12-13 per group) were given ad libitum access to chow and water
and an additional bottle containing either 30% sucrose (MP Biomedicals, Solon,OH), 0.1%
saccharin (Sigma-Aldrich, St.Louis, MO), or water. Food intake, body weight, and fluid
intake from the second bottle were monitored.

Glucose tolerance tests (GTT) were conducted following both intraperitoneal (ip) injection
(ipGTT) and oropharyngeal gavage (0GTT) of glucose to determine whether the effects of
sucrose drink depend on oro-gastric glucose-induced incretins. The ipGTT was performed
on Day 10 of drink exposure, while the oGTT was performed on Day 15 of drink exposure.
In both cases, animals were fasted the night before GTT testing, and the following morning
glucose (1.5 g/kg, 50% dextrose; Vedco Inc., Saint Joseph, MO) was administered. Blood
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was sampled from the tip of tail at 0, 15, 30, 45, 60 and 120 min following glucose
administration for measurement of blood glucose (Freestyle blood glucose meters and strips;
Abbott Diabetes Care Inc., Alameda, CA). Additional blood samples were collected in
chilled EDTA-coated tubes at 1, 30 and 120 min following glucose administration for later
measurement of plasma insulin by ELISA (Ultra Sensitive Rat Insulin ELISA; Crystal Chem
Inc., Downers Grove, IL).

Effects of chronic variable stress on sucrose-induced glucose intolerance

Rats were weighed and nuclear magnetic resonance (NMR) (Echo MRI, Echo Medical
Systems, Houston, TX) was used to determine body composition. Rats were divided into
four groups (n=12-13 per group) matched for body weight and percent body fat (Day 0). On
Day 1, all rats began having ad libitum access to 30% sucrose (MP Biomedicals), water and
chow, which continued throughout the remainder of the study (until Day 21) to induce
glucose intolerance as determined above. On Days 5-15, half of the rats were given CVS
and half remained undisturbed in their home cages. Because CVS is known to decrease food
intake and reduce body weight gain (Ulrich-Lai et al., 2006), which could themselves affect
glucose tolerance, two groups of pair-fed controls were included. Group 3 (No CVS- food
restriction) received the chow and sucrose drink in amounts equivalent to that consumed by
the CVS- ad libitum group. This was approximately 11% less chow (since CVS decreased
chow intake by 11%) with the same amount of sucrose (since CVS did not affect sucrose
intake). Moreover, since food restriction itself could affect glucose tolerance (Escriva et al.,
1992), the fourth group received both CVS and food restriction. Specifically, these rats were
offered 11% less chow and the same amount of sucrose drink as the CVS- ad libitum group.
Since meal-feeding, in which food-restricted rats are given their daily food allotments once
daily at a scheduled time, can affect glucose tolerance and thus confound experimental
interpretation, we sought to minimize meal-feeding effects in the two food restriction groups
(Vahl et al., 2010). Daily chow allotments were subdivided into a varying number of "meals'
(between 1-3 per day) that were given at variable times of day (between 0900 — 1600h).
Overall, this experimental design resulted in a 2x2 factorial design with one factor being the
presence or absence of CVS and the other factor being the presence of absence of mild food
restriction (approximately 11%). Body weight, food and sucrose intake were monitored
throughout study.

CVS groups were exposed to twice-daily stressors on Days 5-15, as described previously
(Ulrich-Lai et al., 2006). The types of stressors varied and were presented in an
unpredictable order, with all CVS rats following the same schedule of stressor exposure.
Stressors included: 30-min hypoxia (8% oxygen, 92% nitrogen), 1 h on a rotating platform
(100 rpm), 1-h cold stress (4 °C), 10-min cold swim (16-18 °C), 20-min warm swim (31-33
°C), 30-min restraint, and 10 min in an open-field apparatus. The last stress exposure
occurred on the afternoon of Day 15.

All rats were fasted on the evening of Day 15, and glucose tolerance was assessed by ipGTT
on the morning of Day 16. An ipGTT was used since the prior experiment established that
unlimited sucrose intake impaired both ip and oral glucose clearance (i.e., impaired glucose
tolerance following unlimited sucrose intake did not depend on the incretin response to oro-
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gastric glucose). The ipGTT was performed with measurement of blood glucose and plasma
insulin as described above, except that plasma insulin was measured at 1, 30, 60, and 120
min post-glucose injection. After the ipGTT all rats were returned to ad libitum access to
chow and sucrose drink for the remainder of the experiment.

On Day 17, post-CVS body fat composition was assessed by NMR. On the afternoon of Day
21, undisturbed rats were sacrificed by rapid decapitation with collection of trunk blood for
measurement of plasma hormones and cytokines. Care was taken to complete the collection
procedure within 3 min of first disturbing the rats to ensure that hormone levels reflected the
undisturbed state (Vahl et al., 2010). Blood was collected into EDTA containing tubes and
spun (3000xg, 15 min at 4 °C) to separate plasma. Plasma was aliquotted and stored at —80
°C until analyzed. Radioimmunoassays (RIAs) were used to measure corticosterone (MP
Biomedicals) and ACTH (as previously described (Jasper and Engeland, 1991)). Enzyme-
linked immunosorbent assays (ELISAS) were used to measure adiponectin (Millipore,
Billerica, MA), leptin (Chrystal Chem Inc), interleukin (IL)-1p, IL-6, and I1L-10 (Life
Technologies, Grand Island, NY). Carcasses were stored at —20 °C until they were dissected
to separate pelt (skin with subcutaneous fat) from remaining carcass (with enclosed visceral
fat), and NMR was used to determine the fat content of each portion to assess effects on
body fat distribution.

Data are depicted as mean + SEM. Integrated glucose responses were calculated as the area-
under-the-curve. Data were analyzed by ANOVA, with repeated measures when
appropriate. Square root transform was applied if groups were not found to have
homogeneous variance. Post-hoc analyses were performed by protected Fisher's post-hoc
test. Spearman test was used for correlation analysis. Statistical significance was taken as
p<0.05.

Dietary sucrose induces glucose intolerance

To attempt to model a diet-induced “prediabetic' state, rats were given free access to normal
chow, a water bottle, and a second bottle containing 30% sucrose solution for 14 d. Control
groups received either 0.1% saccharin (a non-caloric sweetener) or water in their second
bottle. During this time, rats gained comparable body weight (p=0.073; Figure 1A). As
expected, rats drank more from the bottle (p<0.01) that contained either saccharin or sucrose
than from the water bottle (Figure 1B). Chow intake was markedly reduced (p<0.01) in rats
drinking sucrose (Figure 1C), likely to compensate for the calories consumed as sucrose
(Rowland et al., 2005).

During the ipGTT on Day 10 of the dietary paradigm (Figure 2A) there was no main effect
of drink type (p=0.064) on blood glucose, but a main effect of time (p<0.01) and a drink x
time interaction (p=0.018). Post-hoc analysis revealed that sucrose-fed rats had elevated
blood glucose levels at 45 and 60 min post-injection relative to both water and saccharin-fed
rats. Sucrose increased the integrated glucose response relative to both water and saccharin
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(p=0.009; Figure 2B). The time course of the plasma insulin response (Figure 2C) was
affected by drink type (p=0.003) and time post-injection (p<0.01), with no drink x time
interaction (p=0.082). Post-hoc analysis revealed that sucrose increased both basal and post-
injection plasma insulin levels relative to water and saccharin, and saccharin modestly
increased plasma insulin relative to water at 30min.

To test for a potential role for the incretin response, an oGTT was also performed. During
the oGTT on Day 15 of the dietary paradigm (Figure 3A) there was no main effect of drink
type (p=0.79) on blood glucose, but a main effect of time (p<0.001) and a drink x time
interaction (p=0.018). Post-hoc analysis revealed that sucrose-fed rats had elevated blood
glucose levels at 15 and 30 min post-injection relative to both water and saccharin-fed rats.
Drink type affected the integrated blood glucose response (p=0.020), with sucrose increasing
the response relative to both water and saccharin (Figure 3B). The time course of the plasma
insulin response (Figure 3C) was also affected by drink type (p=0.001) and time post-
injection (p<0.001), with no drink x time interaction (p=0.13). Post-hoc analysis revealed
that sucrose increased both basal and post-injection plasma insulin levels relative to water
and saccharin, and saccharin modestly increased plasma insulin relative to water at 30 min.

Effects of chronic variable stress on body weight, chow intake and sucrose intake

To determine whether chronic stress affects the development of T2D, rats were made
“prediabetic’ using the same dietary paradigm while receiving CVS exposure (vs. no CVS
controls). Since CV'S decreases chow intake and reduces body weight gain (Ulrich-Lai et al.,
2006), consequences which could themselves affect glucose tolerance, two groups of pair-
fed controls were included. Specifically, the chow and sucrose intake of the third treatment
group (No CVS- food restriction) was limited to that consumed by the CVS- ad libitum
group. Moreover, since this mild food restriction itself could affect glucose tolerance
(Escriva et al., 1992), the fourth treatment group (CVS-food restriction) received both CVS
and a mild food restriction so that their intake was limited to the same extent.

As expected, both CVS and mild food restriction reduced body weight (Figure 4A). The
amount of body weight gained over Days 5-15 (the period of CV'S and/or mild chow
restriction; Figure 4B) was affected by CVS (p<0.001), and mild food restriction (p<0.001),
with no CVS x food restriction interaction (p=0.97). Post-hoc analysis revealed that CVS
reduces body weight gain (~ 20 g) regardless of mild food restriction, while mild food
restriction also reduces body weight gain (~ 7 g) regardless of CVS.

Chow intake (Figure 4C) was affected by time (p<0.001) with significant CVS x time
(p=0.029) and food restriction x time (p<0.001) interactions (there were no main effects of
CVS (p=0.26) or food restriction (p=0.37) nor any other interactive effects (p>0.5 for all)).
Post-hoc analysis revealed that CVS (Days 5-15) decreased chow intake, and that mild food
restriction reproduced the same extent of reduced chow intake such that the "NO CVS-food
restricted' and "CVS-food restricted' groups each ate 11% less chow (and drank identical
amounts of sucrose) than their respective ad libitum groups. Moreover, once all rats were
returned to ad libitumfood access on Day 15, rats with prior food restriction ate more chow
than those without prior food restriction regardless of CVS history likely in an attempt to
recover to their defended body weight (Levin and Dunn-meynell, 2000).
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Sucrose intake (Figure 4D) was affected by time (p=0.008), but not by CVS (p=0.080) or
mild food restriction (p=0.082), and there were no interactive effects (p>0.18 for all),
indicating that the CVS did not affect sucrose intake in rats with ad libitum access to chow
and 30% sucrose. As such, the mild food-restriction rats were offered sucrose drink in
amounts matched to the sucrose intake of the ad libitum CVS group, (i.e., they were offered
and consumed the full amount of sucrose such that the net extent of sucrose restriction in
food restricted rats compared to ad libitum rats was 0%). This resulted in no differences in
sucrose intake among the four treatment groups throughout the duration of the experiment.

Effects of chronic variable stress on sucrose-induced glucose intolerance

The ipGTT given on Day 16 (i.e., the day after completion of CVS and/or mild food
restriction) revealed that CVS rats had overall improved glucose tolerance. Blood glucose
levels immediately prior to and after glucose injection (Figure 5A) revealed main effects of
CVS (p=0.016) and time (p<0.001), with no effect of mild food restriction (p=0.66) and a
CVS x time interaction (p=0.027) with no other interactive effects (p>0.16 for all). Post-hoc
analysis revealed that the CVS-induced reduction in blood glucose levels occurred primarily
in the ad libitum rats at 30, 45 and 60 min post-injection. CVS similarly reduced the
integrated incremental blood glucose response (Figure 5B), in which there was a main effect
of CVS (p=0.002), but no effect of mild food restriction (p=0.76) and no CVS x food
restriction interaction (p=0.40). Again, post-hoc analysis revealed that the CVS-induced
reduction in integrated blood glucose levels occurred primarily in the ad libitum rats.

The time course of the plasma insulin response (Figure 5C) revealed a main effect of time
(p<0.001) and a CVS x time interaction (p<0.001), but no effect of mild food restriction
(p=0.247) and no other interactions (p>0.38 for all). Post-hoc analysis revealed that CVS
reduced the plasma insulin response at 60 min post-injection, and this occurred in both ad
libitumand food restricted rats. CVS similarly reduced the integrated incremental plasma
insulin response (Figure 5D). There was a main effect of CVS (p=0.003), but no effect of
mild food restriction (p=0.44) and no CVS x food restriction interaction (p=0.10). Post-hoc
analysis revealed that the CVS-induced reduction in integrated plasma insulin levels
occurred primarily in the ad libitum rats.

Effects of chronic variable stress on body composition

The percent body fat (Figure 5E) was affected by time (p<0.001) but not by CVS (p=0.55)
or mild food restriction (p=0.99), with no interactive effects (p>0.27 for all). Post-hoc
analysis revealed that percent body fat increased throughout the experiment in all treatment
groups.

After termination of the experiment on Day 21, carcasses were pelted to determine the
proportion of total body fat stored in the viscera (Figure 5F). The percentage of body fat
stored in the viscera was increased by CVS (p=0.029), but not affected by mild food
restriction (p=0.98), with no CVS x food restriction interaction (p=0.43). Post-hoc analysis
revealed that the CVS-induced increase in visceral distribution occurred primarily in ad
libitum rats.
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Effects of chronic variable stress on terminal metabolic hormone levels

On Day 21, plasma ACTH was not affected by a history of CVS (p=0.81), or mild food
restriction (p=0.076), with no CVS x food restriction interaction (p=0.87; Table 1). Plasma
corticosterone was not affected by CVS (p=0.26), or mild food restriction (p=0.99), with no
CVS x food restriction interaction (p=0.11; Table 1). Plasma leptin was not affected by CVS
(p=0.72), or mild food restriction (p=0.09), with no CVS x food restriction interaction
(p=0.43; Table 1). Plasma adiponectin was not affected by CVS (p=0.62), or mild food
restriction (p=0.22), with no CVS x food restriction interaction (p=0.68; Table 1). Plasma
leptin and adiponectin positively and significantly correlated with terminal body weight
(p=0.0099 for leptin and p=0.0270 for adiponectin). Lastly, plasma IL-6, IL1$ and IL-10
were below the minimum detection level of the respective assays in all groups.

Discussion

We generated a dietary model of the prediabetic state in rats. Animals were given ad libitum
access to 30% sucrose, which after a brief time caused impaired glucose tolerance despite
elevated insulin levels, mimicking the prediabetic state. As stress may be linked with the
progression of diabetes in human patients, we investigated the effects of chronic stress on
metabolic outcomes in sucrose-fed rats. Chronic stress improved glucose tolerance in
prediabetic rats independent of the chronic stress-induced reductions in food intake and
body weight gain. This finding suggests that chronic stress can attenuate prediabetes disease
progression.

Sucrose intake is linked with the development of T2D in humans (Consortium, 2013; Malik
et al., 2010), suggesting that unlimited sucrose intake may be an ethologically-relevant
approach to model the prediabetic state in experimental animals. As such, the present work
nicely characterizes a dietary model of the prediabetic state with rats having free access to
sucrose in addition to normal chow and water and with appropriate controls. Rats with
sucrose access drank readily and compensated for the increased caloric input from sucrose
by decreasing their chow intake resulting in no overall effect on body weight for the
duration of the experiment. After only 9-14 d of drinking sucrose, blood glucose and plasma
insulin were both increased following both ipGTT and oGTT compared to controls. Thus,
animals given free access to sucrose develop a prediabetic phenotype with decreased
glucose tolerance despite elevated insulin levels and presumed insulin resistance (Abdul-
Ghani, 2006). Moreover, similar results for the ipGTT and oGTT suggest that impaired
glucose tolerance following unlimited sucrose intake does not depend on the incretin
response to oro-gastric glucose. Notably, this glucose intolerance occurred despite an
equivalent body weight, suggesting that this paradigm may be ideal for studying factors that
contribute to the development of T2D independent from increased body weight. Previously,
a similar prediabetic model with 9-weeks access to a 35% sucrose solution also resulted in
hyperinsulinemia and impaired glucose tolerance (Nunes et al., 2013). The present findings
demonstrate that these characteristics can emerge at shorter durations of sucrose exposure,
which may be particularly important when a shortened experimental time course is needed.
Overall, the present work characterizes an ethologically-relevant, diet-based model of the
prediabetic state in rats, in which glucose intolerance develops quickly and occurs without
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accompanying increases in body weight. We expect that this model will be useful for
investigating factors and mechanisms that influence the development of T2D, particularly
those that are independent from increases in body weight.

Using this newly characterized model, we assessed the effect of chronic stress on the
progression of the prediabetic phenotype. CVS exposure improved glucose clearance in an
ipGTT, and it was accomplished with lowered plasma insulin. Importantly, the beneficial
effects of CVS were not due to changes in fasting basal or peak levels of glucose or insulin,
but rather to a faster subsequent clearance of the glucose. Thus, these findings suggest that
CVS may be protective against sucrose-induced prediabetes. This finding is consistent with
previous reports using genetic models of T2D and other types of chronic stress. For instance,
repeated immobilization delayed the progression of T2D in OLETF rats (Kai et al., 2000), as
did repeated restraint or swim stress in ZDF rats (Bates et al., 2008, 2007; Kiraly et al.,
2007). This suggests that the beneficial effects of chronic stress occur across different
models of T2D. Moreover, these improvements occur regardless of whether habituating
repeated stress or non-habituating variable stress paradigms are used. Collectively, this work
strongly suggests that some forms of chronic stress retard the development of T2D in
rodents.

The mechanism by which chronic stress improves glucose tolerance in rodents is not known.
However, chronic stress has numerous effects on the brain and body many of which have the
potential to influence glucose metabolism, including decreased food intake and body weight
gain, increased sympathetic and HPA activity, increased inflammation, and increased
visceral fat deposition. As with previous CVS studies, animals exposed to CVS had
decreased body weight gain compared to no CVS controls (Ulrich-Lai et al., 2006). CVS
animals ate less chow and maintained sucrose intake at pre-CVS levels. Nonetheless, the
inclusion of pair-fed controls demonstrated that a mild food restriction equivalent to the
extent of CVS-induced anorexia was not sufficient to improve glucose tolerance. Moreover,
CVS-induced reductions in body weight gain are unlikely to contribute since mild food
restriction similarly reduced body weight without improving glucose tolerance. Percent body
fat increased to the same extent in all treatment groups, suggesting that improved glucose
tolerance by CVS was not secondary to reductions in body fat. In addition, CVS increased
the percentage of total body fat stored in the viscera. However, increased visceral adiposity
is linked with worsened glucose tolerance (Foster et al., 2013), so one would expect that this
fat distribution may have actually limited the CVS-induced improvements. Taken together,
our data suggest that improved glucose tolerance by CVS is not mediated via CVS-induced
anorexia or reductions in body weight or adiposity.

Chronic stress also increases sympathetic and HPA tone (Ulrich-Lai and Herman, 2009),
and the sympathetic and HPA systems profoundly influence energy metabolism, suggesting
that they are possible mediators of the metabolic changes that occur following chronic
stress. Moreover, this CVS paradigm is known to elicit repeated episodes of HPA and
sympathetic activation that accompany each stressor exposure (Flak et al., 2011; Herman et
al., 1995; Ulrich-Lai and Herman, 2009). However, epinephrine and glucocorticoids
typically decrease glucose tolerance (Deibert and DeFronzo, 1980; Fransson et al., 2014),
suggesting that such episodes of HPA and sympathetic activation are unlikely to mediate
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improvements in glucose clearance. Moreover, the present data demonstrate that the CVS
paradigm did not produce enduring changes in basal HPA tone, as neither ACTH nor
corticosterone were altered at 6 days following the end of CVS. Taken together, this
suggests that neither altered basal nor stressor-evoked HPA and sympathetic tone are likely
to mediate CVS-induced improvements in glucose tolerance.

The progression of glucose intolerance and T2D can be affected by metabolic hormones. For
instance, leptin and adiponectin provide feedback from adipocytes to the brain to influence
energy intake and expenditure and improve glucose tolerance (Rosen and Spiegelman,
2006). It is possible that CVS may alter levels of these regulatory hormones thereby
improving metabolic outcomes. However, measurement of leptin and adiponectin in the
plasma collected at the end of the experiment indicated no differences between groups,
suggesting that CVS does not have enduring effects on these metabolic hormones. (Note-
CVS may have altered leptin and adiponectin at earlier time points, but if so, these effects
did not persist through the end of the experiment). Both leptin and adiponectin levels
correlated significantly with terminal body weights, suggesting that these metabolic
hormones may be relative to overall body size (Cnop et al., 2003; Iwamoto et al., 2011,
Mastronardi et al., 2002; Smith et al., 2006). As discussed above, the effects of CVS on
glucose clearance were not secondary to effects on body size/adiposity, suggesting that
leptin and adiponectin are unlikely to be the means by which CVS improves glucose
management. However, future work can address this possibility more directly.

The mechanisms by which chronic stress improves glucose tolerance in prediabetic rodents
remain elusive, particularly since stress in T2D patients does not improve disease outcomes.
However, a cumulative history of higher glucocorticoid exposure during chronic stress in
rodents (relative to people) could provide for a greater net glucocorticoid action. These high
levels of glucocorticoids may be protective in part due to their anti-inflammatory actions.
The prediabetic state induces a pro-inflammatory environment. Cytokines such as IL-6 and
IL-1B have been implicated as potential sources of damage to pancreatic 3-cells or as means
to lead to damaging neuroinflammation increasing the risk of developing T2D (Alexandraki
et al., 2006; De Souza et al., 2005; Kleinridders et al., 2009; Zhang et al., 2008; Ziegler,
2005). Indeed, prediabetic patients may benefit from salicylate treatment, an aspirin
derivative with anti-inflammatory effects (Faghihimani et al., 2012). High glucocorticoid
levels as a result of CVS could help to blunt this inflammatory response. This suggests that
protection from T2D by chronic stress in rodents may occur via reduced inflammatory
processes. Circulating cytokines were not detectable in the present work suggesting that
systemic inflammation likely does not occur in sucrose-fed rats at this time point. We
conclude that chronic stress did not improve glucose tolerance in the present work via
reducing systemic inflammation. However, future work is needed to determine whether
chronic stress acts via reducing inflammatory processes at other time points, involving other
inflammatory pathways or occurring on a more localized scale (in brain or peripheral
tissues) rather than systemic circulation.

During periods of chronic stress, people have highly variable responses, with many people
eating less food and losing weight, while others over-eat and gain weight, and still others
have no net change in body weight (Epel et al., 2004; Oliver and Wardle, 1999; Torres and
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Nowson, 2007; Weinstein et al., 1997). This high degree of variance is mirrored in the
clinical research, in which the effects of stress on glucose tolerance seem to depend on
numerous factors, including the individual and the type of stress (Bradley, 1979; Duong et
al., 2012; Faulenbach et al., 2012; Griffith et al., 1990; Manenschijn et al., 2013; Naliboff et
al., 1985; Pibernik-Okanovic et al., 1993; Reynolds et al., 2010; Rogli¢ et al., 1993). The
present data from experimental rats seems to resemble the segment of the population that
responds to stress by eating less and losing weight, suggesting that this work may have
particularly important implications for this segment of the population (Dallman et al., 2003;
Ulrich-Lai and Ryan, 2014).

In summary, this work puts forth a dietary model of the prediabetic state in rats induced by
unlimited access to sucrose. The model can be utilized to further investigate the factors
leading to the development of T2D. Employing this model, we found that chronic stress
appears beneficial and improves metabolic outcomes such as glucose tolerance and insulin
resistance. Mechanistically, the beneficial effect of CVS was not due to CVS-induced
improvements in body weight, food intake, adiposity, visceral fat deposition, adipokines, or
circulating cytokines. Although these results may seem surprising given the suggested
associations between stress and T2D progression in humans (Duong et al., 2012; Faulenbach
et al., 2012; Manenschijn et al., 2013; Reynolds et al., 2010), they provide an opportunity
for discovery. Identifying and capitalizing on the beneficial aspects of the CVS paradigm
could lead to new treatments or medical recommendations for prediabetic patients.
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Figure 1.
Rats with free access to normal chow and water, given additional free access to a second

bottle containing either 30% sucrose, 0.1% saccharin, or water for 14d. (A) Drink type did
not affect body weight gain. (B) Rats drank more from their second bottle when it contained
sucrose or saccharin solution as opposed to water. (C) Rats given sucrose ate less chow. n =
12-13/group. Different letters denote statistical differences. #p<0.05 vs. water, *p<0.05 vs.
both water and saccharin.

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Packard et al. Page 16

® Water
B Saccharin
A Sucrose

1004

Blood glucose (mg/dl)
2

U0 15 30 45 60 120
Time after glucose (1.5 g/kg; ip) injection

B

*

(mg/d*min/100)
8 3 8
T T ]

n
=]
1

Integrated blood glucose

=)
I

Wat Sac Suc

(@)

Water
W Saccharin
A Sucrose

Plasma insulin (ng/ml)

0 30 120
Time after glucose (1.5 g/kg; ip) injection

Figure 2.
Glucose tolerance to an ip injection of glucose (1.5g/kg) is impaired by sucrose intake

despite elevated insulin levels. In the ipGTT performed on Day 10 of drink exposure, both
the time course of blood glucose levels (A) and the integrated incremental blood glucose (B)
are increased in rats drinking sucrose relative to water or saccharin. (C) Plasma insulin
levels are elevated in sucrose-fed rats before and after glucose injection. n = 9-12/group.
Different letters denote statistical differences. #p<0.05 vs. water, *p<0.05 vs. both water and
saccharin, $p<0.05 vs. saccharin.
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Figure 3.
Glucose tolerance to an oral gavage of glucose is impaired by sucrose intake despite

elevated insulin levels. In the oGTT performed on Day 15 of drink exposure, both the time
course of blood glucose levels (A) and the integrated incremental blood glucose (B) are
increased in rats drinking sucrose relative to water or saccharin. Moreover, plasma insulin
levels are elevated in sucrose-fed rats before and after glucose injection (C). n = 12-13/
group. Different letters denote statistical differences. #p<0.05 vs. water, *p<0.05 vs. both
water and saccharin.
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Figure 4.
Chronic variable stress (CVS) decreased body weight gain relative to rats not receiving CVS

(NOCVS) regardless of whether rats were consuming chow and 30% sucrose solution in
unlimited (ad libitum; AL) or mildly food-restricted (FR; chow restricted to match the 11%
reduction in chow intake observed in CVS-AL rats) amounts. (A) Body weight throughout
the duration of the experiment, and (B) the change in body weight that occurred from days 5
to 15 (the period of CVS and/or mild FR) show that body weight gain is reduced by both
CVS and mild FR. (C) Chow intake throughout the experiment shows that CVS decreased
chow intake, and that mild food restriction reproduced the same extent of reduced chow
intake. Moreover, once all rats were returned to ad libitum food access on Day 15, rats with
prior FR ate more chow than those without FR regardless of CVS history. (D) Sucrose
intake was not affected by CVS, thus the FR groups were given the same amount of sucrose
that the CVS-AL rats consumed, resulting in no differences in sucrose intake among the
treatment groups. n = 12-13/group. Different letters denote statistical differences. #p<0.05
vs. AL, *p<0.05 vs. NOCVS.
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Figure 5.
Clearance of an injected (ip) glucose bolus was improved in rats with a history of CVS

regardless of mild food restriction. For rats with access to chow, a water bottle, and a second
bottle containing 30% sucrose, both the time course of blood glucose levels (A) and the
integrated incremental blood glucose (B) were reduced in rats that received CVS, and
unaffected by mild food restriction. Similarly, both the time course of plasma insulin levels
(C) and the integrated incremental plasma insulin (D) were reduced in rats that received
CVS, and unaffected by mild food restriction. n = 8-13/group. *p<0.05 vs. NOCVS. CVS
and mild food restriction did not affect overall body adiposity, however CVS shifted fat to a
more visceral distribution. For rats with access to chow, a water bottle, and a second bottle
containing 30% sucrose, (E) percent body fat increased between experiment onset (Pre) and
day 17 (Post; after completion of CVS and/or mild food restriction and the Day 16 ipGTT),
and this increase was unaffected by a history of CVS or mild food restriction. #p<0.05 vs.
Pre. (F) Percentage of total body fat stored in the viscera was increased by CVS and
unaffected by mild food restriction. n = 12-13/group. *p<0.05 vs. NOCVS.
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Basal plasma hormone levels in rats consuming a chow/sucrose diet are unaltered by a prior history of chronic
variable stress (CVS) and/or mild food restriction (FR).

NOCVS-AL (n=13) | CVS-AL (n=12) | NOCVS-FR (n=13) | CVS-FR (n=12)
ACTH (pg/ml) 387+73 39.2+5.1 493+6.9 519+57
Corticosterone (ng/ml) 197 + 53 177 £33 129+ 31 245 + 45
Leptin (ng/ml) 59+0.4 55+05 6.1+05 5.0+0.3
Adiponectin (ng/ml) 21+03 24+05 27+04 27+03

Data are shown as mean + SEM. Samples were collected at 13:00 h on day 21 from fed rats. There are no statistical differences.
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