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Abstract: During acute exercise, normoglycemia is maintained by a precise match between
hepatic glucose production and its peripheral utilization. This is met by a complex interplay of
hepatic responses and glucose uptake by muscle. However, the effect of a single bout of exercise
on hepatic gluconeogenesis, corticosterone (CORT) secretion, and glucose homeostasis in the
db/db mouse model of type 2 diabetes is poorly understood. Diabetic db/db and lean control
littermates were subjected to a 30 minute session of treadmill running and sacrificed either
immediately after exercise or 8 hours later. Plasma glucose levels were markedly increased in
db/db mice after exercise, whereas no change in glucose was observed in lean mice. Post-exercise
measurements revealed that plasma CORT levels were also significantly increased in db/db mice
compared to lean mice. Plasma hypothalamic corticotropin releasing hormone and pituitary
adrenocorticotropic hormone levels were reciprocally decreased in both db/db and lean mice
after exercise, indicating intact feedback mechanisms. Protein expression, determined by Western
blot analysis, of the glucocorticoid receptor in liver was significantly increased in db/db mice
subjected to prior exercise. In liver of db/db mice, a significant increase in the expression of
phosphoenolpyruvate carboxykinase was noted compared to lean mice after exercise. However,
no change in the expression of glucose-6-phosphatase (G6Pase) o or § was observed in db/db
mice. Expression of 11B-hydroxysteroid dehydrogenase type 1 was increased significantly
in db/db mice compared to lean mice after exercise. Our results show differences in plasma
glucose and protein expression of gluconeogenic enzymes after acute exercise between lean
and diabetic db/db mice. The db/db diabetic mouse is hyperglycemic after acute exercise. This
hyperglycemic state may be explained, in part, by enhanced endogenous CORT secretion and
regulated hepatic phosphoenolpyruvate carboxykinase and 11B-hydroxysteroid dehydrogenase
type 1 protein expression.
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Introduction
Exercising on a regular basis is recommended for the treatment of diabetes mellitus
and obesity because of the beneficial effects on body weight and glycemic control.
Epidemiological studies have demonstrated that exercise is pivotal in reducing
hyperglycemia and improving insulin sensitivity.'* The same benefits of exercise
have been well-established in several experimental models of diabetes, including the
insulin-resistant and Zucker diabetic fatty rat models of type 2 diabetes.*” The chronic
hyperglycemia observed in these rodent models can be reversed with exercise as a
result of a reduction in hepatic glucose production.”®

During acute exercise, the liver is faced with the major challenge of providing
a constant supply of glucose to the working muscle. In fact, to maintain normogly-
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cemia, the liver must increase its production of glucose by
gluconeogenesis to precisely match peripheral glucose uti-
lization. The effects of acute exercise on the expression of
major enzymes of hepatic glucose production have been stud-
ied in the non-diabetic mouse, and as expected, adaptation to
exercise involves increased expression of phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase) o or B.° In contrast, the effects of acute exercise on
the transcriptional response of the gluconeogenic enzymes in
liver of the db/db mouse model of diabetes are unknown.
The db/db mouse is a model of type 2 diabetes resulting
from defective leptin receptor signaling.!’ This mouse pres-
ents a phenotype that is very similar to humans diagnosed
with that metabolic disorder. In addition to the gradual onset
of obesity and hyperglycemia, the db/db mouse also exhibits
hypertrophy of the adrenal cortex and elevated plasma levels
of corticosterone (CORT),"!? risk factors associated with the
development of insulin resistance and hyperglycemia.'>* We
have shown that treadmill exercise training results is hyper-
cortisolemia and fails to mitigate the hyperglycemia in the
db/db mouse.'*!¢ Based on the phenotype of the db/db mouse
as well as this maladaptation to exercise training, one might
assume that the hyperglycemia seen in the db/db mouse after
exercise training may be the result of an increased glucose
supply by the liver from CORT.""'? Surprisingly, no studies
have examined the effects of a single bout of acute exercise
on CORT secretion and glucose homeostasis in the db/db
mouse. Therefore, the present study was designed to compare
the effects of acute treadmill running on CORT secretion
and hepatic expression of gluconeogenic enzymes in lean
and db/db mice. Because the glucocorticoid receptor (GR)
is more abundant in the diabetic state,* we also measured
expression of this receptor in liver after acute exercise.

Materials and methods

Mouse model of diabetes

The Midwestern University Institutional Animal Care and
Use Committee approved this study. All animals used in
this study were maintained in accordance with the recom-
mendations in The Guide for the Care and Use of Laboratory
Animals, National Institutes of Health, Publication No
85-23, 1986. Diabetic mice (C57BL/Ks]J strain) were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and
studied at the age of 7-8 weeks. The C57BL/Ks]J-lept®-lept®
mice have two mutant copies of the leptin receptor gene,
which precipitates a gradual onset of hyperglycemia and
obesity with subsequent hyperinsulinemia (as associated with
type 2 diabetes in humans). The lean littermates, which have

one mutant and one normal copy of the leptin gene (db/*),
were used as controls. Mice were provided with food and
water ad libitum and maintained in a room at 22°C with an
alternating 12 hour (h) light/dark cycle.

Acute exercise session
Two series of experiments were performed. In the first series,
the effects of acute exercise on blood glucose, insulin, non-
esterified fatty acids (NEFA), and CORT levels in db/db
mice and lean littermates were determined. After a 1 week
period of acclimatization, mice were habituated to daily activ-
ity on an electrically driven treadmill (Exer3/6; Columbus
Instruments, OH, USA). The habituation period consisted
of daily running at durations of 5-10 minutes (min) and
intensities of 8—12 m/min over a period of 5-6 days with the
final habituation session conducted 48 h before the exercise
session. Each mouse served as its own control: blood was
obtained before exercise for baseline values and a repeat blood
draw was obtained immediately after exercise. The acute
exercise session consisted of 30 min at 12 m/min at a grade
of 0 degrees, followed by immediate asphyxiation induced by
an atmosphere of 100% CO, gassing and blood collection.
In the second series of experiments aimed to determine
the effects of acute exercise on protein expression of key
hepatic gluconeogenic enzymes, db/db and lean mice were
randomly assigned to sedentary and exercise groups. Mice
in the sedentary groups were placed on a stationary treadmill
adjacent to the treadmill used for the actual running. After the
acute exercise session, also consisting of 30 min at 12 m/min,
exercised mice were returned to their cages and euthanized
8 h later. We chose this 8 h period after exercise because of
previous observations that demonstrated that peak myogenic
and metabolic gene expression occurs at this time."”

Blood sampling and tissue collection

In the first series of experiments, non-anesthetized mice
were kept warm on a heating pad for 30 min before blood
was obtained from a submandibular vein puncture prior
to exercise. Blood was centrifuged at 3,000 rpm for 5 min
at 4°C, and plasma was stored at —80°C for subsequent
measurement of NEFA, glucose (Wako Pure Chemical
Industries, Ltd, Osaka, Japan), insulin (Alpco Diagnostics,
Salem, NH, USA), and CORT levels (Cayman Chemical
Company, Ann Arbor, MI, USA). In the second series of
the experiment, blood was collected 8 h after acute exer-
cise for assay of corticotrophin-releasing hormone (CRH),
adrenocorticotropic hormone (ACTH), and CORT (Cayman
Chemical Company) levels using standard enzyme-linked
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immunosorbent assay (ELISA) techniques as described by
the manufacturer. Mice were exposed to an atmosphere of
100% CO,, followed by thoracotomy, and blood was removed
by cardiac puncture. Whole liver was removed for determina-
tion of the GR, PEPCK, 11B-hydroxysteroid dehydrogenase
(11B-HSD) type 1, and G6Pase o and B protein expression
using standard Western blot techniques.

Western blot analysis

of gluconeogenic proteins

Whole liver was immediately frozen using clamps pre-cooled
to the temperature of liquid nitrogen and stored at —80° for
Western blot analysis. Briefly, samples were analyzed for protein
content, and separated on 4%—12% Bis-Tris gels at 150 volts
for 1.5 h. Transfer was for 2 h at 30 volts on ice. Blots were
incubated with primary antibody to GR (1:1000; Cell Signaling
Technology, Danvers, MA, USA), PEPCK (1:200; Santa Cruz
Biotechnology Inc., Dallas, TX, USA), 113-HSD1 (1:1000;
Abcam Cambridge, MA, USA), G6Pase o (1:200; Santa Cruz
Biotechnology Inc., Dallas, TX, USA), and G6Pase 3 (1:200;
Santa Cruz Biotechnology Inc.) overnight at 4°C. To probe for
actin, blots were incubated with anti-actin primary antibody
(1:5000; EMD Millipore, Billerica, MA, USA) for 1 h at room
temperature. After washing, blots were incubated with secondary
antibody, anti-rabbit Immunoglobulin G (IgG) (heavy and light
chains) DyLight (1:100,000; Cell Signaling Technology) and
simultaneously with anti-mouse IgG (H+L) DyLight (1:15,000;
Cell Signaling Technology), for 1 h at room temperature. Images
of membranes were obtained with the abundance of all proteins
of interest normalized to actin, which was the internal control.
Band density was analyzed using Odyssey-Clx (LI-COR,
Lincoln, NE, USA) and Image Studio (LI-COR).

Statistical analysis

Data are presented as mean + standard error of the mean
(SEM). Group mean differences were determined using
analysis of variance (ANOVA), followed by the Student—
Newman—Keuls comparison for post hoc analysis. Analyses
were performed using GraphPad software (GraphPad
Software, Inc., La Jolla, CA, USA). A value of P<<0.05 was
considered statistically significant.

Results

Physical characteristics

of lean and db/db mice

Shown in Table 1 are the characteristics of the mice used
in this study. Body weight was significantly increased in
db/db mice compared to lean control mice. Associated with

Table | Basic physical characteristics of lean and diabetic db/

db mice
Parameter Body Liver Plasma
weight (g) weight (mg) glucose (mg/dL)
Lean mice 21.2+0.4 871+27 164120
db/db mice 30.8+0.7* 1,714£101* 420+19*

Notes: Body weight represents combined weight of mice from series | and 2. Liver
weight is representative of mice from series 2 that were euthanized 8 hours after
acute exercise. Plasma for the measurement of glucose was obtained in mice prior
to exercise in series |. Values are expressed as mean + SEM. *P<<0.001 compared
to lean mice.

Abbreviation: SEM, standard error of the mean.

increased body weight of db/db mice was a significantly
greater liver weight. Further, the concentration of glucose
in the plasma of db/db mice, as expected, was increased
compared to lean mice.

Plasma levels of glucose, insulin, NEFA,

and CORT in mice after exercise

To evaluate the effects of one bout of exercise on selected
plasma parameters, db/db mice ran on the treadmill for 30 min.
Plasma levels of glucose, insulin, NEFA, and CORT in mice
before (basal) and after the exercise (post-exercise) session
are shown in Figures 1 and 2. Plasma levels of glucose and
insulin were significantly higher in db/db mice compared to
lean mice under basal conditions, confirming the diabetic
state (Figure 1). After 30 min of acute exercise, plasma levels
of glucose and insulin were unchanged in lean mice. In db/db
mice, however, exercise resulted in a significant increase in
the plasma levels of glucose, whereas plasma insulin levels
were decreased compared to the basal state. Plasma levels
of CORT were also significantly higher in db/db mice com-
pared to lean mice before exercise, whereas no differences
in plasma NEFA were observed between groups (Figure 2).
In lean mice, plasma levels of NEFA were unchanged after
exercise whereas a significant increase was noted in db/db
mice. Plasma CORT levels were increased in both lean and
diabetic mice after exercise.

Plasma levels of CRH,ACTH, and CORT

in db/db mice 8 h after exercise

Plasma hormone levels of the hypothalamus-pituitary adrenal
axis (HPA) obtained 8 h after acute exercise are shown in
Figure 3. Plasma levels of CORT were significantly higher
in db/db mice compared to lean mice. Prior exercise also
significantly increased plasma levels of CORT in db/db
mice. However, in lean mice subjected to prior exercise,
plasma CORT levels were not significantly increased. As
expected, and consistent with negative feedback control by
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Figure | Effect of a 30 minute bout of exercise on plasma glucose (A) and insulin
(B) in db/db mice.

Notes: Plasma measurements were obtained immediately after exercise. Values
are reported as a mean + standard error of the mean for ten mice in each group.
*P<<0.05 compared to lean control; TP<<0.05 compared to basal conditions.

CORT, plasma ACTH levels (Figure 3B) were reciprocally
decreased in both lean and db/db mice, regardless of exercise.
A significant decrease in plasma levels of hypothalamic CRH
was observed in sedentary db/db mice and in db/db mice after
exercise (data not shown).

Protein expression of hepatic GR,
gluconeogenic enzymes and | [3-HSDI

after exercise in mice

Expression of the hepatic proteins of interest measured 8 h
after exercise is shown in Figures 4 to 8. GR expression
was not altered by prior exercise in lean mice. However,
compared to lean mice, a significant increase in GR expres-
sion was observed in db/db mice subjected to exercise
(Figure 4). Also accompanying the increase in GR expression
in db/db mice was a significant increase in PEPCK expres-
sion (Figure 5). However, no change in PEPCK protein
expression was observed in lean mice subjected to exercise.
Interestingly, as shown in Figures 6 and 7, neither the
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Figure 2 Effect of a 30 minute bout of exercise on plasma NEFA (A) and
corticosterone (B) in db/db mice.

Notes: Plasma measurements were obtained immediately after exercise. Values
are reported as a mean * standard error of the mean for ten mice in each group.
*P<<0.05 compared to lean control; 1P<<0.05 compared to basal conditions.
Abbreviation: NEFA, non-esterified fatty acids.

diabetic state nor exercise induced changes in the expression
of G6Pase. Expression of 11B-HSD1, the key enzyme that
converts inactive CORT to active CORT, and regulating
access to the GR, was significantly increased in db/db mice
compared to lean mice. Although expression of 113-HSD1
remained increased in db/db mice after exercise compared to
the lean mice (Figure 8), a 21% decrease in the expression of
the protein was observed in these mice after exercise. In sum-
mary, plasma levels of CORT remained higher in db/db mice
compared to lean mice 8 h after acute exercise. During this
period, expression of hepatic GR, PEPCK, and 113-HSD1
was significantly increased in db/db mice compared to lean
mice after exercise.

Discussion

The results of this present study demonstrate that differences
exist between lean and diabetic db/db mice in the secretion
of CORT and expression of proteins that regulate hepatic
gluconeogenesis following an acute session of treadmill
running. Compared to lean mice, the main findings after
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Figure 3 Plasma levels of corticosterone (A) and adrenocorticotropic hormone
(ACTH) (B) measured 8 hours after acute exercise in db/db mice.

Notes: Values are reported as a mean + standard error of the mean for 69 mice in
each group. *P<<0.05 compared to lean control; {P<<0.05 compared to lean exercise
mice; *P<<0.05 compared to db/db mice.

30 mins of treadmill running could be summarized as follows.
Firstly, an acute bout of exercise induces a state of hyperg-
lycemia in db/db mice. Secondly, acute exercise increases
CORT secretion in both lean and db/db mice. However,
this effect is sustained and persists for a period of 8 h after
exercise in db/db mice only. And lastly, liver of db/db mice
demonstrates increased protein expression of the PEPCK, GR,
and 11B-HSD1 8 h after acute exercise. Our results, therefore,
suggest that a number of potential mechanisms relating to
hepatic gluconeogenesis exist to explain the hyperglycemia
observed in the db/db mouse after exercise. It is possible that
acute exercise by increasing endogenous CORT secretion may
further increase the expression of PEPCK by acting through
the GR. The hyperglycemic response in the db/db mouse
may also be explained indirectly by the enhanced expression
of 11B-HSD1, which would increase hepatic CORT levels.
These differences in protein expression in liver of lean and
db/db mice were expected considering that CORT secre-
tion was enhanced in db/db mice under basal conditions,

and was further increased with exercise as well as during
the 8 h period after the exercise session.!'> We chose the
db/db mouse because of the close phenotypic resemblance
of the mouse metabolic disorder and human type 2 diabetes.
The db/db mouse exhibits defective leptin receptor signal-
ing, resulting in leptin resistance and hyperleptinemia.'
This is rarely a cause of diabetes in humans but is nonethe-
less reported in diabetes and obesity.'® Interestingly, recent
evidence indicates that leptin treatment to uncontrolled
steptozotocin-diabetic rats normalized plasma glucose and
CORT levels by decreasing rates of hepatic gluconeogenesis,
suggesting a role for leptin in regulating HPA function and
glucose production.”

Human studies show that excess endogenous glucocorti-
coid production is diabetogenic in nature, leading to visceral
adiposity, insulin resistance, and increased glucose output
from the liver.’ Excess production of glucocorticoids is also
linked, in part, to the development of hyperglycemia and insu-
lin resistance in the db/db mouse.'>?! Our results showed that
acute exercise increased CORT release and that endogenous
CORT production remained elevated in the db/db mouse for
a period of at least 8 h after exercise. The observation that
acute exercise further worsened the hyperglycemic state in the
db/db mouse is consistent with the role of CORT in glucose
metabolism. Elevated circulating CORT in exercising mice
can be the result of an increased central drive from the HPA
or increased peripheral activation of glucocorticoids though
11B-HSD1 expression, or both.?? The data shown in the current
study suggest that the increase in CORT in db/db mice after
exercise is not caused by direct stimulation of the HPA since
ACTH levels were reciprocally decreased in the presence of
high plasma CORT levels, indicating no disruption in feedback
regulation. It is possible that the source of the excess CORT
originates from a hypertrophied adrenal cortex, although this
is a structural change that is known to occur in response to
chronic forced treadmill training.”* Similarly, earlier studies
suggest that excess endogenous CORT production is due to
hyper-secretion of ACTH, although this is age-dependent and
occurring only in older obese-hyperglycemic mice.'"*

Another important finding of this study is the effect of the
diabetic state on 113-HSD1 expression.® The up-regulation of
11B-HSD1 protein in liver of db/db mice is consistent with
the hypercortisolemia seen in this model. Increased expres-
sion of 113-HSD1 is known to increase the local exposure
to the glucocorticoid pool in rodents, by converting inactive
11-dehydrocorticosterone to active CORT. Overexpression
of 113-HSD1 in mice has been linked to visceral adipose tis-
sue accumulation and increases in hepatic gluconeogenesis,
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Figure 4 Hepatic protein expression of the glucocorticoid receptor (GR) measured 8 hours after acute exercise in db/db mice.
Notes: Values are reported as a mean * standard error of the mean for 6-9 mice in each group, and normalized to internal control. *P<<0.05 compared to lean control;

tP<0.05 compared to lean exercise mice.

hyperglycemia, and insulin resistance in skeletal muscle.>?’
The increased expression of 113-HSD1 in liver along with
increased plasma glucose levels in db/db mice is consistent
with the role of 11B3-HSD1 in providing an indirect source
of glucose. However, we observed a tendency for protein
expression to be lower (~21%) in db/db mice after acute
exercise. The relevance for this decrease in hepatic 113-HSD1
protein expression after acute exercise is not clear. It is pos-
sible that this may confer protection against tissue elevations
in CORT, but the metabolic implications of this decrease

in 11B-HSDI1 protein expression are gleaned from chronic
training studies. Indeed, endurance running studies in the
Syrian hamster have demonstrated significant decreases in
the expression of 113-HSDI1 in skeletal muscle and liver,?
resulting in beneficial effects such as improved insulin sensi-
tivity, decreased visceral adipose tissue obesity, and reduced
hepatic gluconeogenesis.”

Liver of db/db mice responded to exercise whereas this
was not the case in liver of non-diabetic mice. The reasons
for these differences in the expression of hepatic proteins
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Figure 5 Hepatic protein expression of phosphoenolpyruvate carboxykinase (PEPCK) measured 8 hours after acute exercise in db/db mice.
Notes: Values are reported as a mean * standard error of the mean for 6-9 mice in each group, and normalized to internal control. *P<<0.05 compared to lean control.
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Figure 6 Hepatic protein expression of glucose-6-phosphatase 0. (G6Pase o) measured 8 hours after acute exercise in db/db mice.
Notes: Values are reported as a mean = standard error of the mean for 6—9 mice in each group, and normalized to internal control.

between non-diabetic and diabetic mice are unknown.
One could speculate that the intensity of the exercise bout
(12 m/min") was not sufficient to induce a transcriptional
response in non-diabetic mice. This is supported by a
recent study in which a weak and insignificant expression
of PEPCK messenger RNA was reported in C57BL/6 mice
immediately after 60 min of exercise at 14 m/min™', which
was accompanied by a modest decrease in liver glycogen
content.’ In contrast, an up-regulation of G6Pase messenger
RNA content in liver was observed under the same exercise
conditions,’ suggesting that its expression may peak early

during recovery. We did not study the time course of hepatic
protein expression after exercise, but based on these observa-
tions, it is clear that proteins are differentially expressed and
influenced by the intensity of exercise, the time elapsed after
exercise, and the presence of diabetes.

An important question which arises from this study
is what is the role of hepatic glycogenolysis on glucose
homeostasis during acute exercise in db/db mice? Acute
exercise reduces liver glycogen content and this is asso-
ciated with an increase in glucose output by the liver to
meet energy demands.’® The increased glucagon/insulin
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Figure 7 Hepatic protein expression of glucose-6-phosphatase § (G6Pase ) measured 8 hours after acute exercise in db/db mice.
Notes: Values are reported as a mean =* standard error of the mean for 6-9 mice in each group, and normalized to internal control.
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Figure 8 Hepatic protein expression of | | B-hydroxysteroid dehydrogenase type | (11B-HSD type |) measured 8 hours after acute exercise in db/db mice.
Notes: Values are reported as a mean + standard error of the mean for 6-9 mice in each group, and normalized to internal control. *P<<0.05 compared to lean control;

tP<<0.05 compared to lean exercise mice.

ratio and effect of catecholamines are also associated with
increased rates of hepatic glycogenolysis during exercise,*!
changes that appear to have been detected in db/db mice
based solely on the decrease in insulin secretion. These are
important metabolic signals contributing to overall plasma
glucose homeostasis during exercise, and demonstrated in
rodents and diabetes.?*3>3* Further, alterations in hepatic
glycogenolysis are dependent on the exercise protocol with
pronounced changes occurring with a greater duration and
intensity of running.*® Hence, it could be argued that the
hepatic response and hyperglycemia detected during exercise
in the db/db mouse, compared to the lean mouse, is also
explained by the increased metabolic demand of the obese
state of db/db mice. A decrease in insulin secretion and an
increase in plasma NEFA was observed only in db/db mice,
indicating a more exhaustive response to exercise compared
to lean mice. Clearly, the effect of exercise on hepatic gly-
cogenolysis and the exact transcriptional responses in this
model of type 2 diabetes need to be investigated.

A hyperglycemic response during acute submaximal
exercise may be viewed as a perturbation in glucose control
worsening the diabetic state and alleviating any possible ben-
efit of exercise. In the db/db mouse, however, this response to
exercise can be considered as an abnormal feature unique to
this model for the following reasons. First, the db/db mouse
is leptin resistant, and leptin treatment to leptin-deficient
ob/ob mice, a model that also displays obesity and hyper-
glycemia, results in increased ambulatory and running wheel
activity, and increased energy expenditure.** In addition,

several studies have indicated that low intensity wheel or
treadmill running improves cardiovascular and metabolic
risk factors in absence of any improvement on obesity or
hyperglycemia.?* 3¢

In conclusion, the results of this study show that CORT
secretion and hepatic protein expression of PEPCK, GR,
and 11B-HSDI are elevated following one session of acute
exercise in diabetic db/db mice, and thus may contribute to
the hyperglycemia in this model of type 2 diabetes. The role
of hepatic glycogenolysis should be considered as a factor
also contributing to hyperglycemia during exercise in the
db/db mouse.
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