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The prevalence of obesity and type 2 diabetes mellitus (T2DM) continues to rise, and as a result, research aimed at

understanding the molecular basis for the co-morbidities has become an area of much scientific interest. Among the

more recently recognized chronic complications of T2DM is the increased risk of fracture, especially hip fracture, that has

been reported independent of bone mineral density (BMD). A widely used animal model to study how the development

and progression of impaired glucose tolerance affect the skeleton has been the diet-induce obesity (DIO) model. As the

name implies, this model employs the use of a version of high-fat diets to induce obesity and the subsequent metabolic

perturbations that occur with T2DM. Although the model offers a number of advantages, the literature reveals some

inconsistent results. Upon further review, discrepancies in the choice of the experimental high-fat diets and the control

diets have become a point of major concern. The variability between diets and study design has made it difficult to

compare data and results across studies. Therefore, this review aims to provide guidelines that should be employed

when designing studies using DIO models of T2DM.
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Introduction

Obesity is a condition of excess adiposity defined as a body
mass index (BMI) greater than or equal to 30 kg m� 2 in adults.1

In the United States, a significant increase in the prevalence of
obesity has occurred over the past five decades, and current
estimates indicate that B35% of adults and 17% of children
and adolescents are obese.1 One of the most striking health
consequences related to the prevalence of obesity has been the
staggering increase in cases of type 2 diabetes mellitus (T2DM),
and while not all type 2 diabetics are overweight or obese, the
majority of the cases occur in this population. The systemic
nature of impaired insulin-stimulated glucose uptake
associated with T2DM predisposes adults and children to a
number of health complications that can negatively impact
one’s quality of life.

Complications classically associated with T2DM include
macro- and micro-vascular diseases, retinopathy, nephro-
pathies and neuropathies. Over the last two decades, studies
designed to determine whether T2DM influenced fracture risk
based on assessment of bone density using dual-energy X-ray

absorptiometry revealed mixed results, with the preponderance
of the evidence indicating that patients were not at increased
risk.2–4 However, subsequent studies with fracture as the
primary outcome variable have challenged these initial findings
and the clinical evidence indicates: (i) patients with T2DM have
an increased risk of fracture, independent of BMD, particularly
in the hip; (ii) fracture risk in T2DM is underestimated when using
BMD; and (iii) fracture risk increases with increasing duration of
T2DM.3,5–12

To begin to unravel the phenomenon of increased skeletal
fragility in T2DM, it is imperative that the alterations in
bone metabolism be investigated during the initiation and
progression of glucose intolerance. Contributing factors such
as inflammation, glucose availability/transport and insulin
signaling have important roles in the pathogenesis of T2DM with
each of these factors having the potential to alter bone
metabolism. Although some aspects of the metabolic
phenotype can be accomplished by culturing cells under high-
glucose, high-insulin conditions13,14 (Supplementary Table 1),
the relative contribution of each of these metabolic and
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immunological factors on the bone undoubtedly differs over
time as the patient progresses from impaired glucose tolerance
to the more advanced stages of glucose intolerance. Increased
adiposity and the consequent increase in weight-bearing in
most T2DM patients can also confound the skeletal
response.15,16 Therefore, animal models provide important
tools for studying the molecular aspects and pathological
effects of obesity-induced changes in glucose homeostasis
and progression to glucose intolerance in bone tissue. In
conjunction with these animal models, in vitro model systems
could prove especially important while studying mechanisms
contributing to skeletal alterations.

In 1949, Ingle17 was the first to report on an obesity model in
which rats were fed diet ad libitum and their physical activity, or
energy expenditure, was restricted which would ultimately
result in a net positive energy balance. Since then, there have
been many studies aimed at characterizing the metabolic
response of rodent models exposed to high-fat diets. In
particular, the mouse appears to have become the most widely
used rodent, presumably due to their lower cost and the
availability of genetically modified models for follow-up studies.
Among the different mouse strains, the C57BL/6 mouse is
commonly used during diet-induced obesity studies because
it mimics many of the metabolic alterations observed with
obesity and T2DM in humans, including hyperinsulinemia,
hyperglycemia and hypertension.18 In addition to the metabolic
and cardiovascular derangements that occur, diet-induced
obesity models often demonstrate a compromise in bone
structure, biomechanics and metabolism with obesity and the
subsequent metabolic perturbations (Table 1). It is important to
note that some inconsistencies exist within the literature as to
how a high-fat diet affects bone. While some of this can be
attributed to the differences in study design (i.e., age at initiation
and duration of treatment, gender, strain/substrain and so on),
it is also apparent that major discrepancies exist in the diets
being used. The following sections aim to present the key
considerations when designing studies using diet-induced
obesity models to study bone, and in particular to provide
pertinent information relative to diet formulation with the
intent of establishing guidelines for choosing high-fat and
control diets.

Materials and Methods

Pre-treatment considerations
Prior to the initiation and execution of studies utilizing the
diet-induced obesity model, there are several aspects of the
experimental design that should be considered. First, and
perhaps foremost, is the genetic background of the mouse
model to be used. Although a number of different mouse strains
are available, it is relatively well documented that certain strains
exhibit different metabolic perturbations in response to a
high-fat diet and/ or obesity. These include strains such as
BALBc19 and C3H/HeJ mice20–22 which exhibit a mild
protection or resistance from high-fat-induced metabolic
disturbances (e.g., glucose intolerance, hepatic triglyceride
accumulation and bone loss). In addition, more subtle and
often over looked mouse substrain variations should also be
considered. For example, C57BL/6 J mice have a mutation
in nicotinamide nucleotide transhydrogenase (Nnt) which
results in a truncated gene (in-frame deletion of exons 7–11) and

absent protein expression, while C57BL/6 N mice have a
functional, intact Nnt.22,23 Given Nnt’s role as an inner mito-
chondrial membrane protein which reduces NADPþ to
facilitate proton re-entry24 and its importance in maintaining
glucose-stimulated insulin secretion by the b-cells,25 the choice
of the C57BL/6 J compared to the C57BL/6 N strain could be
significant and complicate interpretation of the results. While
the intent of this review is to focus on nutritional considerations
when utilizing models of diet-induced obesity, it should be
noted that genetically modified mouse models that mimic
various aspects of T2DM are also available and excellent
reviews of these models do exist (Note 1).26–28

Other factors to consider prior to the start of experiments
include the age of the mice at the initiation of dietary treatment,
gender and duration of the treatment. While it has not been
extensively studied, it appears that starting animals on the diet
earlier (B4–8 weeks of age) results in a more homogenous
response (e.g., ‘responders’ vs ‘non-responders’).29 Inzana
et al.30 directly addressed this concern and demonstrated that
immature (5–week-old) cancellous bone is more susceptible to
the detrimental effects of high-fat diet as opposed to skeletally
mature (20-week-old) mice (Table 1). The vast majority of
studies aimed to determine how diet-induce obesity impacts
bone have been performed in males.22,30–39 One study that
compared both genders reported that males gain more weight
and lose more cancellous bone on a high-fat diet than
females;40 however, there is an overall lack of knowledge as to
how female bone tissue is altered in this model. Another factor
to consider is the duration of the treatment. Although a high-fat
diet has been shown to increase bodyweight and initiate the
impairment of glucose tolerance after only 2 weeks, no skeletal
alterations have been documented this early.39 However, as
high-fat diet feeding continues for 8 and 16 weeks, a number of
skeletal changes have been reported, including a lower femoral
BV/TV, decreased whole body BMD, along with stunted tibia
growth.39 It should also be emphasized that the duration of the
high-fat diet feeding has significant implications on the various
metabolic changes that are occurring in the development of
T2DM, and these metabolic derangements should be docu-
mented. For example, obesity is an outcome variable that is
often documented by monitoring body weight and body
composition in these studies, but whether the animals are
hyperglycemic, glucose intolerant, hyper- or hypoinsulinemic
are distinct etiologies in T2DM that can have very different
effects on bone metabolism. Thus, the metabolic state of the
animals should be well documented (Note 2). The differences in
the metabolic response occurring over time highlight the need
to monitor the metabolic perturbations occurring over the
course of the high-fat feeding. Since diet-induced obesity in this
instance is being used as a model of early T2DM, it is important
to characterize these metabolic changes, whether that is by
means of fasting blood glucose and plasma insulin (Note 3) to
glucose and/or insulin tolerance tests.

Experimental diets for diet-induced obesity models of
T2DM
Experimental diets used in the diet-induced obesity models are
those that will induce obesity and the subsequent phenotype
with the co-morbidities/complications of interest, in this
case T2DM. The most commonly used and widely accepted
diets for these models are those that contain high amounts of fat
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Table 1 Review of the literature assessing bone structure has primary outcome and the corresponding high-fat and control diets used

Study Strain Sex Age Duration Control diet HF Diet (HFD) Impact of HFD on bone

Cao et al.31 C57BL/6 Male 6 wk 14 wk 10% kcal fat - high
sucrose

45% kcal fat (lard) kBV/TV (tibia)

Ionova-
Martin
et al.32

C57BL/6 Male 4 wk 19 wk Chow - 21.6% kcal fat,
55.2% carb, 23.3%
protein

60% kcal fat (lard) No change BMD (whole
body, femur, vertebra)
m CtTh,
k Biomechanical
properties

Patsch
et al.34

C57BL/6 Ja Male 7 wk 3 or 24 wk 10% kcal fat 60% kcal fat k BMD and BV/TV
(vertebra)

Ionova-
Martin
et al.33

C57BL/6 Male 3 wk or
15 wk

16 wk 10% kcal fat 60% kcal fat (lard) No change BMD (whole
body, femur)
kBMD (vertebra)
kBone strength

Inzana
et al.30

C57BL/6 J Male 5 wk and
20 wk

12 wk;
switch
12 wk

10% kcal fat 60% kcal fat (lard) kBV/TV (femur;
vertebra)
kBiomechanical
properties (vertebra)

Lu et al.35 C57BL Male 17 day 8 wk AIN-93G (14% kcal fat) 45% fat (corn oil) No change BMD (tibia)
kTibia trabecular BMD
kBiomechanical
properties

Doucette
et al.66

C57BL/6 J Male;
female and
male

3 wk or
13 wk

12 wk or
14 days

10% kcal fat - high
sucrose

60% kcal fat (lard);
Surwit 58.8% kcal fat
(coconut oil)

No Change in BMD,
BV/TV. or cortical (femur)
kTbN, ConnDens

Gautam
et al.40

C57BL/6 Male and
female

4 wk 10 wk Chow 60% kcal fat (lard) kBV/TV (femur and tibia)

Brown
et al.36

C57BL/6 J Male 5 wk 0-35 days
post
fracture

10% kcal fat - high
sucrose

60% kcal fat (lard) kFracture healing
kBiomechanical
properties

Fehrendt
et al.37

C57BL/6 J Male 4 wk 23 wk 10% kcal fat 60% kcal fat No change BMD (whole
body, spine, tibia)
kTbTh (femur)
kBone area (femur)

Lecka-
Czernik
et al.38

C57BL/6 Male 12 wk 11 wk 12% kcal fat 45% kcal fat (lard) m BV/TV (tibia)
m CtAr, CtTh

Shu et al.65 C57BL/6 J Male 5 wk 6 or 12 wk 10% kcal fat - high
sucrose

60% kcal fat (lard) k BV/TV (femur)

Rendina-
Ruedy
et al.22

C57BL/6 J
C57BL/6 N
C3H/HeJ

Male 8 wk 24 wk 10% kcal fat - sucrose
matched

45% kcal fat (lard) k BV/TV (vertebra) -
BL6J and BL6 N
No change BV/TV
(femur)
No change BMD (whole
body)

Rendina-
Ruedy
et al.39

C57BL/6N
C3H/HeJ

Male 6 wk 2, 8, 16 wk 10% kcal fat - sucrose
matched

60% kcal fat (lard) k BV/TV (femur) BL6N
k BMD (whole body)
kCortArea (femur)
kBiomechanical
properties (BL6N)
No change BV/TV
vertebra

Abbreviations; BMD, bone mineral density; BV/TV, bone volume per total volume; ConnDens, connectivity density; CtAr, cortical area; CtTh, cortical thickness;
HFD, high-fat diet; TbN, trabecular number, TbTh, thickness; TbSp, separation; wk, week.
Strain/substrain, age of initiation and duration of treatment, and gender are also reported. Missing details indicates a lack of or inadequate information to determine
based on original publication.
aIndicates that C57BL/6 J animals were reported in original publication, however mice are described from Charles River and most likely C57BL/6 N.
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(Note 4), often ranging from 45 to 60% kcal from fat (Note 5).
Most of the studies that have examined the effects of
diet-induced obesity and impaired glucose homeostasis on
bone have used high-fats diets with 60% of the kcal from fat
(Table 1). If the goal of the research is to produce a model
that most closely mimics human consumption, then it is evident
that a diet with 45% of the kcal from fat is a more reasonable
choice. However, there is often greater variability in the
response to the 45% fat diet from a metabolic standpoint.
As such, researchers should account for this response with
appropriate power calculations when designing studies to
ensure adequate animal numbers and stringent metabolic
profiling to document high and low responders.29 In contrast,
the 60% fat diet induces obesity and loss of insulin sensitivity in
a relatively short period of time (i.e., as early as 2 weeks) and has
been shown to provide more reproducible results. Thus, it is
important for investigators to consider the advantages and
disadvantages of the 45% and 60% diets when designing
studies.

Another important aspect of the diet that needs to be
considered when selecting a high-fat diet is the type of fat that is
to be used. Soybean oil is the fat source in the reference diet
designed by the American Institute of Nutrition (AIN)-93 due to

its composition of essential fatty acids, linoleic and linolenic
acid. Technically, high-fat diets used in the diet-induced obesity
models can be designed with additional fat from either plant or
animal sources (Table 2). The most commonly used fat source in
metabolic as well as bone studies (Table 1) is animal fat or lard.
The fatty acid profile of lard is B37% saturated (sFA), 46%
monounsaturated (MUFAs), and 17% polyunsaturated (PUFAs)
(Note 6). Lard has particularly high amounts of palmitic, steric
and oleic acid (Table 3). It is important for researchers to take
note that not all high-fat diets at a given percentage of kcal are
created equal and the additional fat source is of particular
relevance. For example, the fatty acid profile from these
lard-based high-fat diets is in stark contrast to coconut oil used
in the Surwit diet (58% kcal from fat).41 Coconut oil is high in sFA,
accounting for B90%, while MUFAs and PUFAs constitute 2%
and 4%, respectively. For example, while coconut oil has been
shown to increase adiposity, there is some question as to
whether these animals display impaired insulin sensitivity.42

Further analysis of coconut oil’s fatty acid profile reveals high
amounts of lauric, myristic, capric, and caprylic acid which differ
significantly from lard. The individual fatty acids derived
from these different fat sources can exert very different, direct
effects on tissues that are beyond the scope of this review.
Nonetheless, investigators should carefully deliberate the
choice of a fat source, knowing that this choice as well as the
amount of fat may alter the cellular response which can
particularly important when studying molecular mechanisms by
which bone is responding.

It is also important to highlight that it is not possible to
simply manipulate the percentage of kcal coming from one
macronutrient without changing the relative contribution of
other macronutrients. Consequently, it stands to reason that
increasing the percentage of kcal from fat in the diet will require
adjustments in either the percentage of kcal from carbohydrate,
protein or both. High-fat diets are often formulated to maintain
20% kcal from protein and decrease the amount of
carbohydrates from 64–70% to 35–20% kcal depending on
whether fat accounts for 45 or 60% kcal. In a purified diet, the
source of carbohydrate that is most commonly reduced to

Table 2 Diet formulation of American Institute Nutrition (AIN)-93 mature (M), control diet sucrose matched to the 60% kcal fat diet, control diet with additional sucrose as

carbohydrate source, high-fat diet with 60% kcal from fat, and the Surwit diet

AIN-93M Control (sucrose matched) Control (high sucrose) High fat Surwit

Protein kcal% 14.7 20 20 20 16.4
Carbohydrate kcal% 75.9 70 70 20 25.5
Fat kcal% 9.4 10 10 60 58

kcal g� 1 3.85 3.85 3.85 5.24 5.56
Sucrose kcal 400 275 1400 275 700

g kg� 1 100 65.2 331.74 88.9 175
Cornstarch kcal 1983 2024.8 1200 0 0

g kg� 1 495.7 479.8 298.6 0 0
Maltodextrin kcal 500 500 140 500 680

g kg� 1 125 118.5 33.2 161.5 170
Coconut Oil kcal — — — — 3001

g kg� 1 — — — — 333.5
Lard kcal — 180 180 2205 —

g kg� 1 — 20 20 245 —
Soybean Oil kcal 360 225 225 225 225

g kg� 1 40 25 25 25 25
Saturated % 14 24 23.5 37.1 93.46
Monounsaturated % 21 34.7 29.7 46 2.38
Polyunsaturated % 58 40.2 46.8 16.9 4.16

Table 3 Fatty acid profile (%) of soybean oil, lard, and coconut oil

Soybean oil Lard Coconut oil

Saturated 14 40 90
Lauric — — 48
Myristic — 2 16
Palmitic 10 27 9
Caprylic — — 8
Capric — — 7
Stearic 4 11 2

Unsaturated 81 59 9
Oleic 23 44 7
Linoleic 51 11 2
Linolenic 7 — —
Palmitoleic — 4 —

Other 5 1 1
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account for the increased fat is the cornstarch. These
alterations in macronutrients result in what can be considered a
high-fat, low carbohydrate diet, and as such, may result in the
accumulation of ketone bodies. It should be noted, that the
working assumption here is investigators desire to have
isocaloric diets and are not merely adding fat to an adequate
purified diet or chow. This practice is strongly discouraged due
to the fact that the concentration of vitamins and minerals can
be diluted and deficiencies can result.

When choosing an experimental diet to be used for
diet-induced obesity models, key considerations include the
percentage of kcal from fat, the fat source and the impact of the
adjustments on other macro- and micronutrients (Table 4).
These decisions can have implications on the characteristics
and timing of the metabolic response that is achieved as well
as the resulting bone phenotype. However, after careful
consideration is given to the experimental diet, an important,
but often overlooked next step, is to make sure that an
appropriate control diet is selected.

Control diets for diet-induced obesity models
As with any experimental treatment, the control cohort should
be designed in such a way as to minimize variation. Although
this seems like a trivial concept, the fact that controversy and
debate still exists on the topic of control diets relative to
diet-induced obesity models, underscores the complexity of
the issue. Ideally, once an experimental, high-fat diet has been
determined, an appropriate control diet should minimize
differences with the experimental diet to key dietary variables of
interest (i.e., fat and carbohydrate content and source).
Excessive deviation between the control and experimental diet
such as the sources macro- and micronutrients arederived from
will certainly confound data interpretation and the conclusions
that can be drawn. Laboratory rodent diets are generally divided
into two categories; chow or unpurified and purified and
semi-purified diets (Note 7). From those basic descriptors it is
intuitive that the appropriate control for a purified high-fat diet
would at the very least be a purified control diet.
Unfortunately the literature suggests the profound
differences between purified diets and chow are not always
appreciated.43

While the decision of using chow vs. purified diets presents a
real dilemma for some scientists, purified control vs. purified
high-fat diets can also pose serious problems as well. Purified
control diets should mimic the experimental high-fat control as
closely as possible, however, the amount of fat and the
carbohydrate source must be altered. These control diets often
have 10% kcal from fat, often coming from both soybean oil and
lard. Since the fat proportion is lower (10% kcal) and the protein
is the same (20% kcal) compared to the defined high-fat diet,
the carbohydrate proportion must account for 70% of kcal. This
is achieved by increasing the amount of cornstarch or sucrose in
the diet. Although both ‘control’ diets are readily available to
laboratories, it is important to note that matching the sucrose
amount to that of the high-fat diet and substituting the remaining
carbohydrates with cornstarch appears to be the most
appropriate formulation (Note 8). These diets are specifically
designed so that when the same amount of calories are
consumed by the experimental and control groups the same
amount of sucrose is consumed. In summary, diet-induced
obesity models of T2DM can be a very useful and powerful tool,
however, care must be taken when designing and carrying out
these studies. This review aimed to bring those key
considerations to the forefront of discussion in an attempt to
establish some guidelines to facilitate the reproducibility
between studies and ability to compare results across
data sets; and to highlight key nutritional aspects of the
diet-induced obesity models.

Notes
Note 1. Other animal models used in metabolic research include
L-SACC, TALLYHO/JngJ, KK-Ay (yellow Kuo Kondo), ob/ob,
and db/db, mice as they develop severe obesity and sub-
sequent metabolic derangements (i.e., hyperglycemia and
glucose intolerance). Interestingly, the skeletal phenotype of
each of these models is variable. The L-SACC mice,
for example, demonstrate higher bone mass due to both
decreased bone formation and bone resorption,44 while
TALLYHO/JngJ mice have lower BMD and diminished peak
bone mass.45,46 The KK-Ay mouse appears to be more
complicated as BMD and cortical bone are increased, while
trabecular bone is decreased.47,48 Perhaps even more complex
is the skeletal phenotype reported from ob/ob and db/db mice.

Table 4 Key dietary considerations when using a diet-induced obesity (DIO) model

Experimental Diets
Amount of fat: 45% kcal from fat closely mimics high-fat diet intake by humans but increases the response variability (i.e., increase in non-
responders); 60% kcal from fat more homogeneous response and most commonly used in studies focused on bone as an outcome.

Source of fat: Lard is the most commonly used source of saturated fats and will yield different metabolic responses compared to plant sources of
saturated fats (i.e., coconut oil) and polyunsaturated or monounsaturated fats.

Adjustments in other nutrients: Adding fat to a diet will alter the proportion of other nutrients; purified diets allow for maintaining adequate protein
(amino acid) and micronutrient status while adjusting fat.

Control Diets
Chow diets: Generally chow is cereal- or grain-based with fat, vitamins and minerals added; seasonal variations can occur; chow contains
phytochemicals and is not easily modified; adding fat to chow diets is discouraged due to the dilution of protein as well as vitamins and minerals.

Purified diets: Improve repeatability of the study due to known ingredients and well characterized diets such as AIN-93 diet; most high-fat diets
increase fat and decrease the carbohydrates with minor or no modifications in protein; purified diets are recommended for control diet.

Adjustments in other nutrients: To account for the absence of additional fat relative to the experimental diet other macronutrients (usually
carbohydrate sources such as cornstarch or sucrose) are often manipulated; often, high amounts of sucrose can alter the metabolic response;
reference AIN diets should be consulted.

These include the amount and source of fat, and adjustments in other nutrients in both the experimental and the control diets.
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The ob/ob mice were initially reported to have high bone
mass,49 further studies revealed that while these mice have
increased trabecular bone in the vertebra, and they also
exhibited decrease cortical bone.50–52 In addition, the db/db
mice which exhibit a more severe metabolic phenotype
compared to the ob/ob, have impaired longitudinal bone
growth, decreased cortical bone, and increased trabecular
bone.53–56

Note 2. Prior to focusing on diet, there is one other point that
should be emphasized. It is important to monitor food intake
throughout the course of diet-induced obesity studies.
Although this may not seem critical, when drawing conclusions
based on treatment groups it can be a valuable data.
An example of this would be if an experimental group on the
high-fat diet is not increasing bodyweight, a conclusion could
be drawn that is merely that. However, other options could be
that the animals are not consuming as much food and their
caloric intake is lower or, if food intake is adequate, energy
expenditure could be elevated. These bits of information help to
gain full, well-rounded insight into how the animals are
responding.

Note 3. An additional variable that may complicate study-to-
study comparisons is the duration of the fast prior to testing.
Clinically, fasting often implies an ‘overnight’ fast, 8–12 h. As
such, this same approach is often applied to laboratory settings
and rodent models; however, this may not be appropriate.57

Fasting mice can experience alterations in a number of key
parameters, including hormones, hepatic energy metabolism
and body temperature.58 It is also important to highlight that
mice consume approximately two-thirds of their total food
intake during the night or scotophase. Therefore, fasting mice

for 5–6 h instead of overnight may be more comparable to
humans.

Note 4. It is essential to note that the subjective terms ‘high’ and
‘low’ in regards to nutrients are given value by comparisons to
an established reference diet. For example, ‘high’ fat diets used
in diet-induced obesity models are meaningless until a ‘normal’
or reference dietary fat intake is established for laboratory
rodents. As such, these standards have been defined by the
American Institute of Nutrition (AIN) to include AIN-76(A),
AIN-93G, and AIN-93M. Relevant to this particular topic, the fat
source was changed from corn oil to soybean oil in 1993 as it is
the only single source of dietary fat that provides sufficient
amounts and adequate balance of the essential FAs linoleic and
linolenic acid.59,60 In the AIN-93G diet,B16 of kilocalories (kcal)
are from fat, while B10% kcal from fat as an energy source in
the AIN-93M diet. Therefore, based on these references we are
able to deem diets as ‘high’ fat based on the amount of kcal from
fat. Due to the rigor that has been exercised during the
development and refinement of AIN diets,59,61,62 these formulas
are typically the basis that all other experimental diets are
formulated around.

Note 5. It should be noted that diet formulas may differ in
how macronutrient amounts are described or reported. For
example, some may list fat as g kg� 1 diet, which is not % kcal.
For the conversion of macronutrients by weight to energy
density, Atwater factors are used to assign 9 kcal g� 1 for fat and
4 kcal g� 1 for carbohydrates and proteins.

Note 6. Although the exact stability of this diet is unknown, diets
high in PUFAs are especially susceptible to oxidation. Due to the
high-fat content of these diets it is often recommended to store
the diet at � 20 1C and change the diet 2–3 times per week to
minimize rancidity. Companies that formulate diets report that
users often find that when the diet is changed less often the daily
consumption is decreased, which is disconcerting given the
dependence of the model on food and calorie intake.

Note 7. An unpurified diet, or ‘chow’ as it is commonly referred
to, is a grain based diet that is inexpensive to manufacture and
palatable to rodents. These rudimentary qualifications of
chow are the primary reason it is used as a background or
‘maintenance’ diet. Interpreting this diet as a control diet
however, poses many problems including; (1) diets are often
‘closed’ formulas, meaning that the exact amount of each
ingredient is unknown to the purchaser; (2) many compounds
are inseparable from the next; (3) the content of these plant
materials will naturally fluctuate from batch to batch; (4) the
exceptionally high and variable amounts of phytoestrogens;
and (5) extremely high-fiber content and presence of toxic
heavy metals.

Note 8. Some investigators account for the lower fat (10% kcal),
and disregard the high addition of sucrose to the diet. This
commercially available ‘control’ diet hasB332 g sucrose per kg
diet or 35% kcal sucrose, compared with the 7% kcal sucrose
found in the 60% high-fat diet and 10% kcal sucrose from the
AIN-93M. As such, these high sucrose ‘control’ diets have been
shown to exhibit mild metabolic derangements including
glucose intolerance and non-alcoholic fatty liver disease

Figure 1 Schematic diagram outlining the considerations researchers must when
using diet-induced obesity models for T2DM. Red lines depict prefered and justified
selections, while hashed lines are discouraged.

Diet-induced obesity model
E Rendina-Ruedy and BJ Smith

6 OCTOBER 2016 | www.nature.com/bonekey

http://www.nature.com/bonekey


(NAFLD).63 This is particularly important when using diet-
induced obesity models, as many of these perturbations are
relevant to the condition being tested. For example, high-fat diet
leads to impaired glucose tolerance, and as such, is commonly
used as a tool for studying T2DM. In this scenario if the ‘control’
group exhibits glucose intolerance as well, there is no system to
study how impaired glucose tolerance impacts said condition or
co-morbidity. Furthermore, it is possible that the higher sucrose
in this diet increases food intake due to palatability and
preference, which can also confound results (Table 4).

Conclusion

Matthew Ricci and Edward Ulman64 sum it up best when they
stated that all scientists feeding an animal some type of diet
should add nutritional scientist to their job description. Though
this is true for the vast majority of studies, it is especially critical
when the experimental model is diet dependent. While it’s
important to ensure adequate nutritional status, aside from the
target of the dietary modification when manipulating any diet,
one must understand what ingredient is being altered and have
an appreciation for how this may impact the other ingredients.
Fortunately, many diet manufacturers offer excellent nutritional
guidance and advice, but ultimately the responsibility rests on
researchers to ensure the diet is appropriate for the model.

The diet-induced obese mouse model provides a valuable
tool that portrays the complexity of the physiological
environment that occurs in the development of and increasing
duration of glucose intolerance. The decision process that
researchers must undergo when designing studies to inves-
tigate the skeletal response to decreased insulin sensitivity
resulting from diet-induced obesity have been described herein
and a working model is provided (Figure 1). Each of these
decisions can be made following consideration of the aspects
of T2DM that is to be studied and recognition that not all high-fat
diets will elicit the same response. Although there are a number
of factors that can affect the outcomes of these studies, the
choice of the diet, both experimental and control, is critical and
should be selected based on considerations highlighted in this
review.
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