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Abstract Diabetic cardiomyopathy (DCM) is a disease
of heart muscle that remains one of the leading causes of
death in diabetic individuals. Shifts in substrate preference
resulting in aberrant serum lipid content and enlarged left
ventricular wall thickness are well-established characteristics associated with the development of DCM. As underlying mechanisms driving the onset of the DCM remain
relatively unclear, this study sought to characterize agedependent development of left ventricular (LV) wall thickness in diabetic (db/db) mice. Such data were compared
with low-density lipoprotein (LDL) and triglyceride serum
levels to assess whether any correlation exists between the
parameters here investigated. For methods, db/db mice
together with nondiabetic controls (n = six per group) were
monitored from the age of 6–16 weeks. Mice were terminated each week to measure body weights, heart weights,
liver weights, tibia length, and fasting plasma glucose levels. Heart tissues were stained with haematoxylin and eosin
to measure LV wall and interventricular septum thickness
together with an assessment of myocardial remodeling.
Serum was collected weekly and used to measure LDL
and triglyceride levels. Results showed that db/db mice
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presented significantly increased body weights, liver/body
weight, and fasting plasma glucose levels from the age of
6–16 weeks. They further displayed a marked enlargement
of LV wall and interventricular septum thickness from the
age of 11 weeks, while increased heart weight/tibia length
was recorded only from week 16. From week 11, the LV
wall and interventricular septum thickness results corresponded with cardiac remodeling and raised LDL and triglyceride serum levels. In summary, age-dependent development of LV wall thickness in db/db mice is partially
associated with increased LDL and triglyceride levels, elucidating a potential pathophysiological mechanism.
Keywords Type 2 diabetes · Cardiomyopathy · Left
ventricular wall thickness · Triglycerides · Low-density
lipoprotein

Introduction
The diabetic cardiomyopathy (DCM) is a disease of the
myocardium that is characterized by measurable deterioration of heart muscle in persons with diabetes mellitus (DM). Dandamudi and colleagues have estimated the
prevalence of DCM to be 1.1% in the general population,
while it stands at 16.9% when considering the population of diabetic patients only [1]. An important feature
of DCM is an enlarged left ventricular (LV) mass that is
accompanied by reduced diastolic function [2, 3]. The precise mechanisms explaining LV impairment that is linked
to diastolic dysfunction in a diabetic state have only been
partially elucidated [3, 4]. Chronic hyperglycemia in the
absence of coronary artery disease and hypertension is
central to the development of DCM [4–6]. Epidemiological studies consistently report on a significantly increased
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LV wall thickness in both men and women with DM [7,
8]. Although the precise time of development of such
structural modifications remains to be identified, persistent hyperglycemia may play a central role in the initiation of such impediments [7, 9]. Chronic hyperglycemia
may cause structural remodeling by impairing myocardial
substrate metabolism through abnormally enhancing intracellular flux of free fatty acids (FFAs) [10, 11]. Increased
mitochondrial FFA flux within the cardiomyocytes is associated with altered fatty acid oxidation (FAO) and subsequent apoptosis [12].
In a diabetic heart, an adaptive response is observed
where there is diminished utilization of glucose with an
increase in FAO [12]. This process is believed to have a
considerable contribution in altering myocardial ultrastructure within the failing heart. However, there is a fine line in
the balance of cardiac substrate preference. For example,
decreasing cardiac FAO may result in the elevation of lowdensity lipoprotein (LDL) and triglyceride levels, which, in
turn, may lead to the generation of toxic lipid build-up and
potentially accelerate the progression of heart failure [13].
Although it is unclear how lipids induce cardiac dysfunction, it can promote myocardial respiratory inefficiency
resulting in the development of hypertrophy and subsequent heart failure [14, 15]. Furthermore, animal models
displaying severe cardiac muscle derangements such as
obesity and DM are characterized by enhanced lipid serum
levels similar to that observed for type 2 diabetic (T2D)
patients [15, 16].
Leptin-receptor-deficient diabetic (db/db) mice represent a well-established model to study the metabolic syndrome, a cluster of risk factors for the development of cardiovascular disease (CVD). The previous findings on db/db
mice revealed a strong link between altered myocardial
substrate preference and the development of LV dysfunction [16–18]. These mice are leptin-resistant and spontaneously become obese and hyperglycemic at a very young
age. As a result of excessive food intake, organs such as the
liver are exposed to increased substrate availability, which
may exceed adipose tissue capacity to store fat resulting in accelerated lipid storage and enhanced low-density
lipoprotein (LDL) secretion. In the diabetic heart, such
metabolic dysregulation may directly lead to the DCM
by causing LV wall thickness and diastolic dysfunction
[16–20]. Therefore, these mice represent a useful rodent
model to study cardiac-related pathophysiological changes
that may be induced by the metabolic syndrome [16–20].
Such changes would require a comprehensive understanding of age-dependent development of LV wall thickness
in relation to the circulating lipid profile. Thus, the objective of the present study was to examine the age-dependent
development of LV wall thickness in relation to circulating
LDL and triglyceride levels in db/db mice. We found that
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the development of LV wall thickness in db/db mice was
closely related to elevated LDL and triglyceride levels from
the age of 11 weeks onwards.

Materials and methods
Animals
Male C57BLKS/J homozygous db/db mice and their heterozygous littermate (db/+) controls were obtained from
Jackson’s Laboratories (Sacramento, USA) and housed
at the Primate Unit and Delft Animal Centre (PUDAC) of
the South African Medical Research Council (SAMRC).
Animals were kept in a controlled environment with a
12-h light/dark cycle and a temperature range of 23–25 °C
(relative humidity: ∼50%). The mice received standard
laboratory chow pellets (Afresh Vention, Cape Town, RSA)
ad libitum and had free access to water. The study was performed per principles and guidelines of the South African
Medical Research Council’s Guidelines on Ethics for Medical Research: Use of Animals in Research and Training,
2004 (http://ww.mrc.ac.za/ethics/ethicsbook3.pdf) under
the institutional ethical approval of the SAMRC (ECRA
no. 07/13) and the Stellenbosch University Ethics Committee (SU-ACUM13-00021).

Experimental protocol
Mice (n = six/group) were fasted for 4 h before being
weighed and anesthetized with halothane (Safeline Pharmaceuticals, Johannesburg, RSA). The mice were sacrificed
weekly, from week 6 to 16. Animals received the anesthetic
until no reaction could be recorded by pedal reflex before
removal of the heart and liver as well as tibia length measurement. The heart tissue was weighed and fixed in 10%
formalin (Merck-Millipore, Billerica, USA) for a minimum
of 16 h before it was processed using a Leica TP 1020
automated processor (Leica Biosystems, Buffalo Grove,
USA) and embedded in paraffin wax. Paraffin embedded
tissue was cut into sections and attached to aminopropyltriethoxysilane coated glass slides (Sigma-Aldrich Corp., St.
Louis, USA).

Measurement of fasting plasma glucose concentrations
In mice fasted overnight for 16 h, fasting plasma glucose
concentrations were measured weekly by tail prick using a
OneTouch Select handheld glucometer (LifeScan Inc., Milpitas, CA, USA).
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Hematoxylin and eosin stain

and triglycerides analyses. The lipid profiles were only
assessed in mice from week 9 to 13.

Embedded tissue was stained with hematoxylin and
eosin stain (Merck-Millipore, Billerica, USA) as previously described [21]. Stained sections were visualized
using a Nikon Eclipse Ti inverted microscope (Tokyo,
Japan). Micrographs for heart LV wall and interventricular septum thickness were taken in nonoverlapping fields
of 1 mm2 under 40× magnification, and measurements
were done using NIS Elements imaging software (Tokyo,
Japan).

Serum measurement of low‑density lipoprotein
and triglyceride levels
On termination day, mice were fasted for 4 h, anesthetized with halothane before blood was collected from
the abdominal vena cava for subsequent lipid profile
analysis. Blood was centrifuged at 4000g at 4 °C for
15 min; serum was removed and sent to PathCare Medical Diagnostic Laboratories (Cape Town, RSA) for LDL

Fig. 1  Diabetic (db/db) mice displayed significantly increased body
weight (a) and fasting plasma glucose concentrations (b) when compared to nondiabetic controls (db/+) from week 6 to 16. Results are
expressed as the mean ± SEM and each treatment group contained
six mice. SEM values were too small to be drawn by GraphPad Prism
software version 5.0 (GraphPad Software, Inc., La Jolla, USA).
***p ≤ 0.0001 versus nondiabetic mice (db/+)

Statistical analysis
Results were expressed as the mean ± SEM. Each treatment group contained six mice. Statistical analysis was performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, USA). Comparisons between
groups were performed using two-way ANOVA. A p value
of ≤0.05 was deemed as statistically significant.

Results and discussion
T2D remains the major factor that increases the risk for
CVD, including DCM [4–6]. T2D individuals display
increased body weight that correlates with persistent
hyperglycemia [5, 6]. As a model for T2D, db/db mice
exhibit similar characteristics, including spontaneous
weight gain and elevated fasting plasma glucose concentrations [16]. Such phenotypic abnormalities are important for various pre-clinical studies, particularly those

Fig. 2  Diabetic (db/db) mice exhibited significantly increased percentage liver weight/body weight (week 6–16) (a) and percent heart
weight/tibia length (at week 16) (b) when compared to nondiabetic
controls (db/+). Results are expressed as the mean ± SEM and
each treatment group contained six mice. *p ≤ 0.05, **p ≤ 0.001,
***p ≤ 0.0001 versus nondiabetic mice (db/+)
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investigating the pathophysiology of DCM [16, 19]. Myocardial LV wall and interventricular septum thickness is
a distinct feature of DCM that occur concomitantly with
persistent hyperglycemia [4, 5]. Reduced myocardial
function as a result of enlarged LV wall normally occurs
concurrently with hyperlipidemia and subsequent to
apoptosis within diabetic hearts [7, 8]. Therefore, additional work is needed to elucidate the pathophysiological
mechanisms associated with the development of LV wall
enlargement and enhanced lipids during different stages
of diabetes progression.
Numerous studies revealed that db/db mice become
obese and hyperglycemic at approximately 6 weeks of
age [16, 22, 23]. Confirming the previous findings, this
study showed that db/db mice presented with significantly increased body weight and fasting plasma glucose
concentrations from the age of 6 weeks when compared
to the db/+ controls (Fig. 1a, b). Similarly, db/db mice
demonstrated increased liver/body weight from the age
of 6 weeks, a prominent sign of the metabolic syndrome
(Fig. 2a). Increased liver/body weight may develop in
T2D individuals as a result of enhanced lipid accumulation in the form of triglycerides [24, 25]. The majority

Fig. 3  Diabetic (db/db) mice presented significantly increased left
ventricular wall (a) and interventricular septum (b) thickness when
compared to nondiabetic controls (db/+) from week 11 to 16. Results
are expressed as the mean ± SEM and each treatment group contained six mice. *p ≤ 0.05, **p ≤ 0.001 versus nondiabetic mice
(db/+)
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of T2D patients display a cluster of metabolic abnormalities such as weight gain, hyperglycemia, and increased
liver/body weight that increases the risk of CVD [24, 25].
Although the precise causes of heart muscle deterioration
in DCM are still incompletely understood, the development of LV wall thickness and hypertrophy are implicated as major contributing factors [25, 26].
Cardiac hypertrophy is usually defined as an increase
in the size of the entire heart or more generally of a specific cardiac chamber relative to body size. Increased
heart weight/tibia length occurs at the same time with LV
hypertrophy through enlarged cardiomyocyte size in rats
[27]. In this study, a significant increase in heart weight/
tibia length of db/db was only observed at week 16 when
compared to the db/+ controls (Fig. 2b). However, a significant difference in LV wall and interventricular septum
thickness developed at week 11, occurring earlier than
increased heart weight/tibia length (Fig. 3a, b). Although
a direct relationship can occur between LV wall thickness
and the likelihood of heart failure in T2D patients, contradicting information exists on the precise time of development of this phenomenon in db/db mice. Li et al. [28],
using speckle-tracking echocardiography showed that LV
radial strain and circumferential strain only developed
at week 16, while Barouch and colleagues demonstrated

Fig. 4  Diabetic (db/db) mice presented significantly increased lowdensity lipoprotein (a) and triglyceride (b) levels when compared to
nondiabetic controls (db/+) from week 9 to 13. Results are expressed
as the mean ± SEM and each treatment group contained six mice.
**p ≤ 0.001 versus nondiabetic mice (db/+)
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Fig. 5  Photomicrographs show no visible signs of myocardial muscle changes from week 8 to 10 (a); however, cardiac muscle remodeling was visible from week 11 to 13 (b) in diabetic (db/db) mice and

was characterized by increased vacuolization (arrows) and derangements of cardiac muscle fibers (an indication of fibrosis) versus heart
muscle of nondiabetic controls (db/+)

that LV wall thickness and LV mass were increased at
6 months [29]. In untreated db/db mice, we have shown
that cardiac remodeling is already apparent from week 16
[30]. While the precise phenotype and disease stage for
mice at a given age can be reliant on strain background
and other colony specific factors, evaluation of additional
parameters that could contribute to the development of
LV wall thickness remains essential.

Despite cumulative evidence on the correlation between
DM and heart failure, limited information is available on
the age-dependent impact of hyperlipidemia on myocardial
structure. It is fairly well known that enhanced triglyceride
levels in animal T2D models are associated with reduced
cardiac contractility [6, 11, 14]. Therefore, a targeted
approach to monitor circulating lipids such as LDL and
triglycerides may be an ideal way to assess its impact on
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myocardial structure modification. This study demonstrated
significantly raised LDL and triglyceride serum levels from
week 9 to 13 in db/db mice (Fig. 4a, b). Interestingly, the
observed results were consistent with accelerated cardiomyocyte deterioration and fibrosis, becoming prominent
from week 11 (Fig. 5b). The observed primary modifications that were associated with cardiomyopathy in db/db
mice included increased vacuolization and derangements
of cardiac muscle fibers (indication of fibrosis) (Fig. 5b).
These findings, therefore, represent strong equivalent features of DCM in hearts of both human and animal models
[14, 16, 31, 32].
With DCM, the progression of metabolic disturbances
such as chronic hyperglycemia and hyperlipidemia can
contribute to enhanced lipid intake and alteration of myocardial structure, thereby leading to heart failure [9, 14,
15]. Here, increased FFAs precede cardiac structural
remodeling. Using radiolabeled substrate [9,10-3H]palmitate), Belke et al. [16] demonstrated that hearts isolated
from db/db mice exhibit a complete reliance on FAO.
Even though they did not characterize the time-dependent
changes in myocardial substrate utilization, their results
are in agreement with our recent findings using an in vitro
cardiomyocyte model. For the latter, we demonstrated
that exposing cultured cardiomyocytes to chronic hyperglycemia causes alteration in myocardial substrate preference through excessive FFA uptake that is followed by
cardiomyocyte remodeling and apoptosis [33, 34]. Therefore, we propose that the enlargement of LV wall and
interventricular septum in db/db mice may occur due to
hyperglycemia-induced flux of lipid intermediates into
cardiomyocytes.

Conclusion
An increase in LV wall thickness in T2D patients is associated with the development of the DCM. Contradictory
evidence still exists regarding the time-dependent development of LV wall thickness in the db/db mouse model.
Echocardiography studies on this strain previously correlated thickened LV wall thickness to cardiac dysfunction
through reduced diastolic function [26]. Although this
feature was not investigated in the present study, our findings provide strong evidence that LV wall thickness may
be an early sign linked with the development of DCM,
initiating as early as the 11th week. Of note, we found
that high serum LDL and triglyceride levels manifested
in parallel to thickened LV walls, probably contributing
to impaired myocardial substrate preference. However,
time-dependent assessment of intramyocardial lipid content as well as other parameters such as inflammation
and oxidative stress is required to further characterize the
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db/db mouse model to gain an improved understanding of
the pathogenesis of DCM.
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