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Diet-induced obesity (DIO) in laboratory rodents can serve as a model with which to study
the pathophysiology of obesity, but obesogenic diets (high-sugar and/or high-fat) are
often poorly characterised and simplistically aimed at inducing metabolic derangements
for the purpose of testing the therapeutic capacity of natural products and other bioactive
compounds. Consequently, our understanding of the divergent metabolic responses to
different obesogenic diet formulations is limited. The aim of the present study was to
characterise and compare differences in the metabolic responses induced by low-fat,
medium-fat/high-sugar and high-fat diets in rats through multivariate statistical
modelling. Young male Wistar rats were randomly assigned to CON (laboratory
chow, low-fat), OB1 (high-sugar, medium-fat) or OB2 (high-fat) dietary groups (n =
24 each) for 17 weeks, after which metabolic responses were characterised. Projection-
based multivariate analyses (principal component analysis (PCA) and orthogonal partial
least squares-discriminant analysis (OPLS-DA)) were used to explore the associations
between measures of body composition and metabolism. Furthermore, we conducted a
systematic literature survey to examine reporting trends in rat dietary intervention studies,
and to determine how the metabolic responses observed in the present study compared
to other recently published studies. The OB1 and OB2 dietary regimens resulted in
distinct metabolic profiles, with OB1 characterised by perturbations in insulin
homeostasis and adipose tissue secretory function, while OB2 was characterised by
altered lipid and liver metabolism. This work therefore confirms, by means of direct
comparison, that differences in dietary composition have a profound impact on
metabolic and pathophysiological outcomes in rodent models of DIO. However,
through our literature survey we demonstrate that dietary composition is not reported
in the majority of rat dietary intervention studies, suggesting that the impact of dietary
composition is often not considered during study design or data interpretation. This
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hampers the usefulness of such studies to provide enhanced mechanistic insights into
DIO, and also limits the translatability of such studies within the context of human obesity.

Keywords: obesity, rodent models, obesogenic diets, dietary intervention studies, metabolic fingerprinting,
multivariate analysis

INTRODUCTION

The global prevalence of obesity has more than tripled since 1975,
and obesity in adults is now more prevalent than undernutrition.
Approximately 40% of adults globally are overweight [body mass
index (BMI) ≥ 25 kg/m2] while 13% of adults are obese (BMI ≥
30 kg/m2) (World Obesity Federation, 2022). Obesity is
associated with several co-morbidities including type II
diabetes (T2D), various types of cancer and cardiovascular
disease (Guh et al., 2009), as well as severe economic burden
(Loeppke et al., 2009; Tremmel et al., 2017) and increased
mortality (Whitlock et al., 2009).

TheWorld Health Organisation (WHO) has set a global target to
halt the rise in obesity by 2025, but recent data suggest that it is
unlikely that this target will be achieved (Lobstein and Brindsen,
2020). A contributing factor to the lack of success at addressing
human obesity may be our over-reliance on inadequately
characterised rodent models of diet-induced obesity with which
to study the mechanisms underpinning the establishment and
progression of obesity. For clear ethical reasons, obesity cannot
be induced in humans for research purposes, while longitudinal
cohort studies, which aim to identify associations between genetic
and lifestyle factors and the natural onset of obesity in humans, only
yield results over decades. Consequently, human obesity is often
studied retrospectively by comparing individuals with established
obesity to their lean counterparts, and therefore the systemic and
cellularmechanisms involved in the development and progression of
obesity, especially diet-induced obesity, are only partially known. A
large body of work has been performed examining the progression of
diet-induced obesity (DIO) in rodent models, but the validity and
applicability of these models in the context of human obesity are
hampered by inadequate study design and a poor understanding of
the unique or divergent metabolic consequences of different
obesogenic diet formulations. In the majority of rodent studies
where obesity is induced by dietary intervention, the overall aim
of these studies is to demonstrate the efficacy of a purported weight-
loss product or metabolic modulator, such as the anti-oxidant or
anti-diabetic properties of natural botanical extracts. In such studies,
the simplistic goal of the dietary intervention is to induce metabolic
derangements, in order to demonstrate the effectiveness of the tested
product at reversing or ameliorating these DIO effects. This often
results in a “blunt-force-trauma” approach, where pathology is
induced through various extreme diets, such as high-fructose
(HFr) or high-cholesterol (HC) content, or a combination of
high-fat (HF) and high-sugar (HS) content (HFHS), with little
consideration for the real-life applicability of such diets or the
relative contributions of different dietary constituents to the final
metabolic profile. To our knowledge, only three rodent dietary
intervention studies (Dourmashkin et al., 2005; Pranprawit et al.,
2013; Matias et al., 2018) have compared the metabolic profiles

resulting from different types of obesogenic diets [HF, HS, HFHS
and medium fat (MF)], and although these studies have
demonstrated differences in the metabolic outcomes between the
various diets examined, several informative parameters such as
serum insulin, leptin and adiponectin levels were not reported.
As a result, much remains to be documented about the divergent
metabolic consequences of obesogenic diets with different
proportions of fat, sugars and cholesterol in rodent models of DIO.

In the present study, the primary aim was to compare the
metabolic outcomes of three different diets [control (diet CON);
HS/MF (diet OB1) and HF/HC (diet OB2)] in rats by using
standard univariate statistical analyses as well as multivariate
statistical modelling approaches, including principal component
analysis (PCA) and orthogonal partial least squares-discriminant
analysis (OPLS-DA) modelling. The variables (measures)
considered here included body composition, organ weights,
markers of glucose and insulin homeostasis, serum lipid profiles
and serum cytokine/adipokine concentrations. These measures are
routinely reported in rodent DIO studies in which single
obesogenic diets are compared with control diets. To the best of
our knowledge, this is the first time that this specific analytical
approach has been used to directly compare the divergent effects
on body composition, organ indices and metabolic markers of
these feeding regimes commonly implemented in rodentmodels of
DIO. As a secondary aim of our study, we conducted a literature
survey to report some of the trends and assumptions around what
constitutes a “successful” or “appropriate” response to obesogenic
high-sugar and high-fat diets in rodent models.

MATERIALS AND METHODS

Ethical Approval
Ethical approval was obtained from the Stellenbosch University
Research Ethics Committee: Animal Care and Use (ethics
clearance number ACU-2018-6786). All experiments involving
animals were performed according to the ARRIVE guidelines for
in vivo animal research. All animals were housed at the Animal
Research Facility, Tygerberg campus, Stellenbosch University.

Materials
For the dietary intervention study, standard laboratory rat chow
pellets (Rodent Breeder Customized Laboratory Animal Diet) were
purchased from LabChef Research Nutrition, Stellenbosch, South
Africa. Sweetened condensed milk, cooking fat (solid vegetable oil
brick, consisting predominantly of palm oil) and sucrose were
purchased from local retail supermarkets. Fructose (#F0127),
cholesterol (#C8503) and casein (#C7078) were purchased from
Sigma-Aldrich (Germany). Sodium pentobarbitone (Eutha-naze)
was from Bayer South Africa. Vacuette 5 ml serum separator tubes
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(SSTs) were from Greiner Bio-one. The Milliplex MAP rat
cytokine/chemokine magnetic bead panel (RECYTMAG-65K,
five-plex: leptin, tumour necrosis factor-alpha (TNF-α),
interleukin (IL)-18, IL-6 and IL-1α), rat/mouse insulin ELISA
kits (#EZRMI-13K) and rat adiponectin ELISA kits (#EZRADP-
62K) were purchased from Merck South Africa.

Preparation and Composition of the
Experimental Diets
The preparation of the diets used in the present study was
described previously (Obasa et al., 2021; Smit et al., 2022).
Diet CON consisted of standard laboratory rat chow pellets;
diet OB1 was prepared by mixing CON pellets with sweetened
condensed milk, sucrose and a moderate amount of cooking fat,
and diet OB2 was prepared by mixing CON pellets with large
amounts of cooking fat, fructose, cholesterol and casein. A
composite sample of each diet was analysed by a commercial
food and nutritional testing analytical laboratory accredited by
the South African National Accreditation System. The
macronutrient composition for each diet is presented in
Table 1. In terms of percentage energy (%E) from
macronutrients, diet CON was low-fat (17 %E from fat) and

consisted predominantly of protein (40 %E) and carbohydrates (43
%E; mostly starch with only 8 %E from sugars). Diet OB1 had a
high carbohydrate content (49 %E from carbohydrates, 36 %E
from sugars) and a moderate fat content (34 %E), while diet OB2
had a high fat content (68 %E) and very low carbohydrate content
(15 %E from carbohydrates, 9 %E from sugars) (Table 1). As a
consequence of the preparation method for diets OB1 and OB2,
which involved the mixing of the additional dietary constituents
with CON chow pellets, both diet OB1 and OB2 had increased
moisture content and reduced protein and fibre content, compared
to the CON diet, but the moisture, protein and fibre content was
similar betweenOB1 andOB2 (Table 1). Themineral content (mg/
kJ) diets OB1 and OB2 were considerably lower than diet CON,
with diet OB2 having the lowest mineral content (Table 1).

Published guidelines (Benevenga et al., 1995) state that
laboratory rat diets should contain 15% protein (w/w) for
growing rats. Diets OB1 and OB2 contained 9 and 12.9% (w/
w) protein respectively, which at first glance would appear to
indicate these diets to be protein deficient. However, the
considerable 4-fold higher moisture content of diets OB1 and
OB2, compared to the CON diet, affected the relative weight of
the food; therefore a more accurate measure of the protein
content would be mg protein/kJ. When expressed as such,

TABLE 1 | Macronutrient composition of the three experimental diets.

Variable (unit) Dietary group

CON OB1 OB2

Energy (kJ/100 g) 1225 968 1350
Moisture content (g/100 g) 10.4 42.2 41.1
Mineral (ash) content (g/100 g) 8.11 2.5 2.22
Mineral (ash) content (mg/kJ) 6.6 2.6 1.6

Carbohydrate

Glycaemic carbohydrate (g/100 g) 27.4 27 11.5
Starch (g/100 g) 22.1 6.9 4.7
Total sugar (g/100 g) 5.2 20.1 6.7
Glucose (g/100 g) 0.1 0 0.2
Sucrose (g/100 g) 4.6 17.5 1.5
Fructose (g/100 g) 0.3 0.1 4.4
Other sugars (maltose, lactose, galactose, trehalose) (g/100 g) 0.2 2.5 (consisting solely of lactose) 0.7

Fat/Lipid

Total fat (g/100 g) 5.04 8.80 24.09
%E from fat 17 34 68
Saturated fat (g/100 g) 1.28 5.26 14.3
Mono-unsaturated fat (g/100 g) 1.28 2.61 7.42
Poly-unsaturated fat (g/100 g) 2.48 0.94 2.38
Cholesterol (mg/100 g) 44 11 440

Protein

Protein (g/100 g) 25.8 9 12.9
Protein (mg/kJ) 21 9.3 9.6

Fibre

Fibre (g/100 g) 16.8 4.0 5.5
Fibre (mg/kJ) 13.7 4.1 4.1

CON, standard laboratory control chow diet; OB1, high-sucrose/medium-fat diet; OB2, high-fat/fructose/cholesterol diet; %E, % energy.
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diets OB1 and OB2 contained 9.3 and 9.6 mg protein/kJ,
respectively, which is above the minimum protein content of
6.0–7.4 mg protein/kJ recommended for growing rats (Benevenga
et al., 1995). It can therefore be concluded that diets OB1 andOB2
were not protein deficient, although the protein content (w/w)
was between 2- to 2.9-fold lower than in the CON diet.

Dietary Intervention Study
Weanling male Wistar rats (approximately 6 weeks of age, body
weight 170–200 g) were randomly assigned into one of the three
dietary groups. The rats were housed in groups of four per cage,
maintained at 22°C under a 12 h/12 h day/night cycle, and had ad
libitum access to food and water. Animals were maintained on
their respective diets for 17 weeks. Food intake (grams) and water
consumption (ml) were recorded daily for each cage, and body
weight was recorded weekly for each animal.

Sample Collection
After 16 weeks of dietary intervention (8 days before euthanasia),
animals were fasted overnight and at 09:00 in the morning, a low
dose (10 mg) of sodium pentobarbitone was administered via
intraperitoneal injection to induce mild sedation. Animals were
subsequently briefly anesthetized with 2% isoflurane gas mixture
to collect 1 ml blood from the jugular vein into SSTs for serum
analyses. A tail prick was also performed to collect blood for
measuring fasting blood glucose (FBG) with a GlucoPlus™
glucometer. Once the isoflurane anaesthesia was reversed, a
sucrose solution (1 mg/g body weight) was administered by
oral gavage. Blood glucose levels were measured at 3, 5, 10, 15,
20, 25, 30, 45, 60, 90, and 120 min.

After 17 weeks of dietary intervention, the rats were weighed
and euthanized in the non-fasted state by intraperitoneal
injection with an overdose (160 mg/kg body weight) of sodium
pentobarbitone, and subsequent exsanguination. All
euthanizations were performed between 09:00 and 11:00, in
order to avoid the impact of circadian cycles on metabolic
variables. Blood was collected into SSTs and internal organs
were harvested and weighed. The perirenal visceral fat from
one flank was dissected as described previously (Sadie-Van
Gijsen et al., 2020) and weighed as a surrogate marker for
total visceral fat, as it was previously found that obesogenic
diets affect the volume of this fat depot in rats (Pickavance
et al., 1999; Du Toit et al., 2008). Sonographic measurements
of perirenal fat have also been validated as a marker of total
visceral fat in humans (Kawasaki et al., 2008; Grima et al., 2010).
The pancreata and livers were also dissected and weighed. Organ
indices were calculated as organ weight/body weight X 100.

Blood Biochemistry
Blood samples collected into SSTs were allowed to clot on ice, and
the serum was separated by centrifugation at 4°C for 10 min at
1800 × g. Serum aliquots were stored at −80°C until analysed.
Quantification of serum insulin, adiponectin, ALT (alanine
transaminase), AST (aspartate transaminase) and lipid profiles
were all performed on serum samples collected in the fasted state
(before the OGTT), while leptin, tumour necrosis factor-alpha
(TNF-α), interleukin (IL)-18, IL-6 and IL-1α were quantified in

serum collected in the non-fasted state at exsanguination. An
insulin conversion factor of 1 µU/ml = 0.04 ng/ml was used to
convert the mass-based measurement of insulin to active insulin
units, as per the manufacturers’ instructions. The derived insulin
concentration values (µU/ml) along with fasting blood glucose
concentrations were used to calculate HOMA2-IR, HOMA2-%S
(insulin sensitivity) and HOMA2-%B (pancreatic beta-cell
function) (Wallace et al., 2004), utilising the University of
Oxford Diabetes Trials Unit HOMA2 calculator software
(online calculator available at https://www.dtu.ox.ac.uk/
homacalculator/). Blood lipid profile analyses and
quantification of serum ALT and AST were performed by
Pathcare licensed pathology laboratories (Cape Town, South
Africa). Leptin, TNF-α, IL-18, IL-6 and IL-1α were quantified
with a Milliplex MAP rat cytokine/chemokine magnetic bead
panel (RECYTMAG-65K), utilising a Bio-plex 200 automated
immunoassay array system and Bio-Plex Manager 6.1 software
(Bio-Rad Laboratories) for data acquisition.

Statistical Analysis and Multivariate
Modelling
Data sets for each variable per diet group were assessed for
departures from normality (visual inspection and Shapiro-
Wilk normality test) and the presence of outliers. SPSS version
27 (IBM Corporation, Armonk, NY) and GraphPad Prism
version 5 (GraphPad Software, San Diego, CA) were used for
univariate analyses. Repeated measures analysis of variance
(ANOVA) was used to compare dietary group differences in
food intake and energy intake (documented per cage) over weeks
6–10 (as a representative sample of the total study duration).
Statistically significant differences in the distribution of metabolic
variables between CON, OB1 and OB2 dietary groups were
identified by one-way ANOVA followed by Tukey’s multiple
comparisons post-hoc test. Where data exhibited non-normal
distribution, a Kruskal–Wallis test followed by Dunn’s multiple
comparison post-hoc test was used. Multivariate data analysis was
performed in SIMCA version 15 (Umetrics Umeå, Sweden). Data
structure and clustering were explored by unsupervised PCA.
OPLS-DA, a supervised projection-based analysis, was performed
to assess the relative contribution of the different metabolic
variables to discriminate between the dietary groups (Bylesjö
et al., 2006). OPLS-DA can successfully tolerate the multi-
collinearity between metabolic variables that is often present in
biological data sets containing many highly correlated variables,
such as in the present study. Scatter and loading plots, and
Variable Importance in Projection (VIP) score plots were
constructed and interpreted to identify the metabolic variables
most relevant for dietary group discrimination (Xi et al., 2014).
The performance of the OPLS-DA model was assessed with
k-fold cross-validation, by calculating the goodness of fit
parameter R2 and the predictive ability parameter Q2.
Permutation test was used to assess the robustness of the
results and the possibility of overfitting (Triba et al., 2015). All
variables were mean-centred and scaled to unit-variance before
inclusion in the models. A p-value of ≤0.05 was considered to
define statistical significance.
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Literature Survey
In addition to the dietary intervention study, we utilised a
systematic search strategy to conduct a survey of dietary
intervention studies in rats indexed on PubMed, using the
following search terms: “rat” AND “adiponectin” AND “diet”
AND “insulin”. The purpose of the literature survey was two-
fold: 1) to establish to what extent the metabolic responses
observed in the present study corresponded with findings from
similar dietary studies reported elsewhere; and 2) to identify
current trends in study design, preferred rat strains and
reporting standards in rat dietary intervention studies. Studies
published between 1 January 2016 and 30 June 2021 were included,
but studies that used genetic models of obesity and/or diabetes, or
where a diabetic or pre-diabetic state was induced with
streptozotocin (STZ), were excluded, as well as studies involving
surgery or pre-natal programming. Studies on high-cholesterol,
high-fat, high-sugar (sucrose or fructose) or high-carbohydrate
diets (or any combination thereof) were included, while studies on
high-protein diets were excluded. Other exclusion criteria were as
follows: studies where final body weight or changes in body weight
were not reported; studies where serum insulin and serum
adiponectin concentrations were not reported; studies where no
dietary control group (standard laboratory chow or an equivalent)
was included; articles where the full text was not available.

RESULTS

Energy Intake, PrimaryMetabolic Endpoints
and Univariate Analyses
Data for all the primary metabolic endpoints included in the
present study are summarized as mean ± standard deviation (SD)
by dietary group in Table 2. Further characterisation of the data
distribution (sample size, range, median, 25th percentile and 75th
percentile) is provided in Supplementary Table S1, while raw
data obtained during the OGTT is provided in Supplementary
Table S2. Between weeks 6 and 10 the average food consumption
in g/cage/week was highest in the OB1 dietary group and lowest
in the OB2 dietary group (Table 2). However, when food
consumption was expressed as energy intake (kJ/cage/week),
using the values in Table 1, the energy intake between the
different dietary groups were similar (Table 2). Given that
diets OB1 and OB2 had similar protein and fibre content
when expressed as mg/kJ (Table 1), protein and fibre intake
was therefore also similar between OB1 and OB2, although
protein and fibre intake in OB1 and OB2 was lower than in
CON, due to the lower protein and fibre content of diets OB1 and
OB2 compared to the CON diet (Table 1). When the mineral

TABLE 2 | Food and energy intake and metabolic characteristics (end-point analysis) for each dietary group.

**Variable (unit) Dietary group

CON OB1 OB2 p-value*

Food intake (g/cage/wk) 722.87 (82.68)a 890.50 (72.57)b 662.07 (49.32)c a vs. b; a vs. c; b vs. c: p < 0.01
Energy intake (kJ/cage/wk) 8855.12 (1012.88)a 8620.04 (702.51)a 8937.90 (665.76)a n.s
Mineral intake (g/cage/wk) 58.62 (6.71)a 22.26 (1.81)b 14.70 (1.09)c a vs. b; a vs. c; b vs. c: p < 0.001
Final body weight (g) 378.26 (38.35)a 430.26 (45.08)b 410.83 (38.63)b a vs. b: p < 0.001
Perirenal visceral fat one flank (g) 0.89 (0.30)a 1.56 (0.50)b 1.46 (0.52)b a vs. b: p < 0.001
Visceral adiposity index (% of final body weight) 0.47 (0.14)a 0.72 (0.20)b 0.70 (0.21)b a vs. b: p < 0.001
Liver weight (g) 12.03 (1.51)a 11.99 (1.42)a 15.50 (1.70)b a vs. b: p < 0.001
Liver index (% of final body weight) 3.18 (0.21)a 2.81 (0.28)b 3.81 (0.44)c a vs. b; a vs. c; b vs. c: p < 0.001
Pancreas weight (g) 0.63 (0.16)a 0.62 (0.15)a 0.43 (0.08)b a vs. b: p < 0.001
Pancreas index (% of final body weight) 0.17 (0.04)a 0.14 (0.03)a 0.11 (0.02)b a vs. b: p < 0.01
Fasting blood glucose (mmol/L) 5.50 (0.61)a 5.98 (0.86)a 5.94 (0.77)a n.s
OGTT AUC (arbitrary units) 194.18 (54.60)a 248.90 (53.52)a 254.34 (129.25)a n.s
Fasting insulin (ng/ml) 1.96 (1.16)a 4.11 (1.93)b 2.89 (1.48)a a vs. b: p < 0.001
HOMA2-IR 6.62 (3.53)a 11.18 (3.52)b 9.08 (4.00)a a vs. b: p < 0.001
HOMA2-%B 299.10 (110.61)a 418.13 (120.39)b 343.52 (145.05)a a vs. b: p < 0.01
HOMA2-%S 21.24 (16.45)a 10.14 (4.40)b 14.62 (11.06)a,b a vs. b: p < 0.01
Fasting adiponectin (ng/ml) 55.91 (18.39)a 88.89 (26.29)b 60.81 (22.42)a a vs. b: p < 0.001
Leptin (ng/ml) 16.34 (5.65)a 27.32 (9.31)b 14.09 (7.49)a a vs. b: p < 0.001
TNF-α (pg/ml) 0.70 (0.52)a 0.51 (0.51)a,b 0.51 (0.93)b a vs. b: p < 0.05
IL-18 (pg/ml) 173.18 (77.36)a 186.23 (54.78)a 292.64 (139.80)b a vs. b: p < 0.01
Fasting TAG (mmol/L) 0.67 (0.26)a 1.24 (0.35)b 1.27 (0.42)b a vs. b: p < 0.001
Fasting total cholesterol (mmol/L) 1.84 (0.28)a 1.67 (0.25)a 2.95 (0.65)b a vs. b: p < 0.001
Fasting HDL-C (mmol/L) 1.18 (0.22)a 1.01 (0.13)b 1.13 (0.18)a,b a vs. b: p < 0.05
Fasting LDL-C (mmol/L) 0.02 (0.07)a 0.03 (0.15)a 1.07 (0.49)b a vs. b: p < 0.001
ALT (IU/L) 38.22 (8.80)a 42.38 (14.24)a 145.09 (94.80)b a vs. b: p < 0.001
AST (IU/L) 104.44 (18.41)a 95.29 (18.71)a 148.43 (57.55)b a vs. b: p < 0.01

Different lower-case letters a, b, and c denote statistically significant differences.
*Test for difference between dietary groups: ANOVA and Tukey’s post-hoc test (normally distributed variables) or Kruskal-Wallis and Dunn’s test (non-normal distribution).
**All data are shown as mean (± standard deviation), regardless of distribution. Additional descriptive statistics, including sample size for each analysis (N), median and interquartile range,
can be found in Supplementary Table S1.
CON, standard laboratory control chow diet; OB1, high-sucrose/medium-fat diet; OB2, high-fat/fructose/cholesterol diet; ALT, alanine transaminase; AST, aspartate aminotransferase;
HDL, high-density lipoprotein; HOMA, homeostatic model assessment; LDL, low-density lipoprotein; OGTT AUC, oral glucose tolerance test area under the curve; TAG, triacylglycerol;
TNF-α, tumour necrosis factor-alpha; wk, week; n.s, no significant difference.
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intake per dietary group was calculated using the values in
Table 1, it was found that mineral consumption was highest
in dietary group CON and significantly lower in dietary groups
OB1 and OB2. Mineral intake in dietary group OB2 was also
significantly lower than in OB1 (Table 2). The amount of weekly
food intake within the different dietary groups was constant over
the 5-week period between weeks 6 and 10 (results not shown).

The final mean body weight of the rats in OB1 and OB2 were
similar and significantly higher compared to the rats in CON
(Table 2). Likewise, the mean perirenal fat mass (as a surrogate
marker of total visceral fat) and the mean visceral adiposity index
(VAI) were similar in OB1 and OB2 and significantly higher
compared to CON. The mean liver weight and liver index were
elevated in OB2 compared to CON and OB1, while the mean liver
index was reduced in OB1 compared to CON andOB2. The mean
pancreas weight and pancreas index were reduced in OB2
compared to CON and OB1. The mean OGTT AUC values
and FBG concentrations were not significantly different
between the three dietary groups. The mean fasting insulin
concentrations and the HOMA2-IR index were significantly
elevated in OB1 compared to CON and OB2. In OB1 the
mean HOMA2-%S index (insulin sensitivity) was reduced and
the mean HOMA2-%B index (pancreatic beta-cell function) was
elevated compared to CON and OB2 (Table 2).

The mean serum triacylglycerol (TAG) concentration was
elevated to the same extent in both OB1 and OB2, compared to

CON. Mean total cholesterol and LDL-cholesterol concentrations
were higher in OB2 than in CON and OB1, while the mean HDL-
cholesterol concentration was slightly lower in OB1 than in CON
and OB2. Mean serum ALT and AST concentrations were higher
in OB2 compared to CON and OB1. Mean serum adiponectin and
leptin concentrations were highest in OB1, with no differences
between CON and OB2 (Table 2). Serum TNF-α concentrations
were overall very low, and were below the minimum detectable
concentration of the assay (<1.9 pg/ml) in many samples. For
samples where TNF-α concentrations of <1.9 pg/ml were reported,
these concentrations were estimated by the Bio-plex Manager
software, extrapolating between the lowest assay standard and
the negative control. Although mean TNF-α levels (Table 2) did
not differ between OB1 and OB2, median TNF-α levels
(Supplementary Table S1) were lowest in OB2 and
significantly different from CON. Mean serum IL-18
concentrations were higher in OB2 compared to CON and
OB1. IL-6 and IL-1α were undetectably low in all three dietary
groups (<30.7 pg/ml for IL-6 and <4.2 pg/ml for IL-1α, according
to the manufacturer’s information on the minimum detectable
concentration for each analyte). For IL-6, this is consistent with
other studies using young male Wistar rats, where reported serum
IL-6 concentrations ranged between 1 and 19 pg/ml (Zhao et al.,
2017; Peng et al., 2018; Vidé et al., 2018), and indicates that the
assay utilised here may not be the most appropriate choice for the
quantification of low IL-6 levels in young male Wistar rats.

Metabolic Fingerprinting of High-Sugar and
High-Fat Diet Responses Compared to
Control Diet
Principal component analysis (PCA) is a tool for reducing the
number of variables included in a statistical model, by identifying
subsets of variables (principal components) that can effectively
distinguish between experimental groups. When data on all the
measured variables for the 72 rats were included in the PCA, the
first two principal components accounted for 41% of the original
variation, with component 1 accounting for 23% and component
2 accounting for 18% (p < 0.05 for both components) (Figure 1).
Component 2 (of which the most influential variables were LDL-
C, total cholesterol, ALT, AST, liver weight and pancreas weight)
achieved unambiguous separation between OB2 and non-OB2
animals, while component 1 (of which the most influential
variables were OGTT AUC, blood glucose concentrations at
the 20, 30 and 60 min time-points of the OGTT, visceral fat
weight and visceral adiposity index) distinguished between CON
and OB1, with very little overlap between these two dietary
groups (Figure 1). The clear separation of the dataset into
three distinguishable sub-groups in the PCA score plot
(Figure 1), which corresponded to a large extent with the
three dietary groups, indicated that a substantial share of the
observed variation in the metabolic variables could be ascribed to
inter-group differences rather than heterogeneity within the
dietary groups.

The strong performance of the PCA enabled us to construct an
OPLS-DA model with low risk of spurious or aggressively forced
group separation (Worley and Powers, 2016), to determine which

FIGURE 1 | PCA model standardised scores plot. R2x[1] and R2x[2]
indicate the proportion of variance explained by the first and second principal
components, respectively. Only the first and second principal components are
shown. The coloured dots (individual rats) indicate dietary group
membership (CON = yellow, OB1 = blue, and OB2 = red) and the ellipses
indicate the 95% confidence interval for each data set.
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metabolic variables most significantly contributed to the
discrimination between the dietary groups. OPLS-DA model
outputs are summarised in the scores and loadings plots
(Figures 2A,B), and the VIP scores plot (Figure 3), while the
model parameters are summarised in Supplementary Table S3.
Significant group separation was achieved along the first two
predictive components (R2X = 0.31) and one orthogonal
component (R2X = 0.172) (Figure 2A). The second predictive
component of the OPLS-DA model sufficiently separated OB2
from OB1 and CON (based on liver and lipid metabolism
measures, as well as pancreas weight), whereas predictive
component one separated CON and OB1 dietary groups

(based mainly on insulin and glucose measures) (Figure 2A).
The VIP score plot in Figure 3 indicates that markers of liver and
lipid metabolism were the strongest predictors (highest VIP
scores) of dietary group membership, followed by measures of
visceral adiposity and insulin resistance. In this model, glucose
measures derived from the OGTT (FBG, glucose levels at
individual time-points and AUC) and inflammatory markers
(TNF-α and IL-18) provided information less relevant to
dietary group membership. The pattern of association of the
metabolic markers with the CON, OB1 and OB2 dietary groups
are presented in Figure 4. Overall, CON and OB1 dietary groups
were associated with more favourable lipid (lower TAG, total

FIGURE 2 | OPLS-DA model scores scatter plot (A) and loadings scatter plot (B). R2x[1] and R2x[2] indicate the proportion of the variance explained by the first
and second predictive component, respectively. In (A), the coloured dots (individual rats) indicate dietary group membership, with CON = yellow, OB1 = blue and OB2 =
red. In (B), dietary groups are represented by coloured dots (CON = yellow, OB1 = blue, and OB2 = red) and the metabolic variables by grey dots. Values were scaled as
proportion to R2X (A) and normalised to unit length (B).

FIGURE 3 | OPLS-DA model Variable Importance for Projection (VIP) scores plot.
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cholesterol and LDL-C) and liver (lower ALT and liver weight)
metabolism profiles compared to the OB2 dietary group, which
associated with higher liver weight, ALT and AST concentrations.
CON was associated with higher HDL-cholesterol compared to
OB1, while OB1 was associated with higher serum insulin,
adiponectin and leptin levels, compared to CON.

The validation of the OPLS-DA model provided satisfactory
results. The values of the fit parameter R2 = 0.713 and the
predictive ability parameter Q2 = 0.663 were similar and well
above the cut-off of 0.5 commonly used in literature as an
indication of good predictive power (Triba et al., 2015). The
area under the receiver operating characteristic (ROC) curve
indicated high discriminatory power with values close to the
unity for the three dietary groups (Supplementary Figure S1).
The negative intercepts of the Q2 regression lines in the
permutation plots (Supplementary Figures S2–S4) and the
minimal overlapping of the original and permuted points
(7/500, 9/500 and 6/500 overlapping points for diets CON,
OB1, OB2 respectively) supports the validity of the model and do
not suggest overfitting (SIMCA® 15 User Guide, www.sartorius.com).

Outcomes of the Literature Survey
The purpose of the literature survey was to compare our study to
previous studies of similar design, in terms of the metabolic

variables included and the impact of different dietary
interventions on these variables. The search terms were chosen
to select studies where comprehensive metabolic
characterisations were performed, ensuring sufficient
comparability with our present study design and observations.
The raw data of the literature survey are provided in
Supplementary Table S4, with references listed in
Supplementary Datasheet S1; a brief summary is presented here.

The final survey included 72 publications with 77 comparisons
between obesogenic diets and control diets; 4 publications
(Marques et al., 2016; Sangüesa et al., 2017; Moreno-
Fernández et al., 2018; Muhammad et al., 2021) included more
than one comparison. Diet formulations were not standardised
and most obesogenic diets were used only once across the 72
publications, except where the same diet was used in multiple
studies by the same research group, or where commercially
available research diets were used. Male Wistar rats were the
model of choice (39/77), followed by male Sprague-Dawley rats
(29/77). Female rats were only used in 9 (4/9Wistar; 5/9 Sprague-
Dawley) of the 77 comparisons. Young rats, defined as either
≤200 g body weight or ≤8 weeks old, were used in more than half
of the comparisons (47/77). The majority of comparisons (62/77)
induced obesity in order to test a product or intervention for its
capacity to reverse the diet-induced metabolic derangements.
Two studies (Sangüesa et al., 2017; Moreno-Fernández et al.,
2018) compared the effects of different sugars (fructose vs.
glucose), but none of the included studies compared the
effects of different types of fat in obesogenic diets. Only one
study compared the impact of the diets between males and
females (Muhammad et al., 2021), and only one study
compared the effects between different rat strains (male
Wistar vs. Sprague-Dawley rats) (Marques et al., 2016). None
of the included studies compared the effects of obesogenic diets
between young and old rats. Perhaps the most disappointing
finding was that fewer than 50% of the included comparisons (34/
77) provided the complete macronutrient composition and
energy content (kJ/g or kcal/g) of the different diets used, and
49/77 did not report the total energy intake in kJ or kcal of the
different dietary groups. Many of the publications included in the
survey supplied incomplete lists of the dietary constituents, for
example, dietary ingredients such as the mass of lard or soybean
oil expressed as g/100 g food, but this information was not
sufficient to allow for macronutrient comparisons between
studies. A large proportion of the comparisons (60/77) stated
that a high-fat diet was utilised (high-fat, high-fat-high-sugar or
high-fat-high-fructose), but in 36 of these 60 comparisons the fat
content of the diet was either lower than that of commercially
available validated high-fat diets for laboratory rodent research
(≥40% energy from fat)1, or not enough information was
provided to verify the fat content of the diet. Isocaloric energy
intake between the control and obesogenic dietary groups was
reported in only 7 of the 77 dietary comparisons.

FIGURE 4 | Multivariate association of metabolic variables with dietary
group: partial correlation coefficients.

1https://www.envigo.com/diet-induced-obesity-custom-diets; https://
researchdiets.com/opensource-diets/in-stock-diets#dio-series-diets, accessed 3
March 2022.
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A variety of metabolic responses to the obesogenic diets were
reported, which showed a high degree of correspondence with the
results of the present study (summarised in Table 3). Final body
weight was higher compared to that of control rats in the majority
of studies (62/77), regardless of dietary composition. However, in
4/7 studies where energy intake was isocaloric between the
control and obesogenic dietary groups, the final body weights
were similar between dietary groups. Where it was measured (53/
77 comparisons), visceral adiposity was almost universally (50/53
comparisons) increased with obesogenic feeding. Fasting glucose
concentration was elevated in 47/73 comparisons (not reported in
four comparisons), and fasting insulin concentration was elevated
in 60/77 comparisons. Where reported, the serum triacylglycerol
concentration was elevated in 51/66 comparisons, and serum
total cholesterol concentrations were elevated in 48/68
comparisons. Serum adiponectin concentration was elevated in
8/77 comparisons, decreased in 49/77 comparisons, and similar
to the control dietary group in 20/77 comparisons. Serum leptin
concentration was elevated in 43/52 comparisons where it was
reported, and in 26/52 comparisons where both leptin and
adiponectin concentrations were reported, an inverse
correlation between adiponectin and leptin concentrations
were found (lower adiponectin and higher leptin
concentrations in the obesogenic dietary groups, compared to
control groups).

DISCUSSION

To our knowledge, this is the first study to compare the
metabolic consequences in rats that were fed obesogenic
diets containing different proportions of fat, cholesterol and

sugars, using comprehensive metabolic analyses and
multivariate statistical modelling. The univariate analyses
demonstrated that increased visceral adiposity and
hypertriglyceridemia were the only metabolic consequences
common to both the OB1 and OB2 diets. In support of this
observation, the applied OPLS-DA model demonstrated that
there was very little overlap in the metabolic profiles between
the three dietary groups. Variables related to insulin and
adipose tissue metabolism featured more strongly in dietary
group OB1 (high-sugar/medium-fat), while variables related to
liver function and cholesterol metabolism were more
prominently impacted in dietary group OB2 (high-fat/high-
cholesterol). In particular, our observations that serum leptin
and adiponectin concentrations were specifically increased
only in response to the OB1 diet demonstrates that, perhaps
counter-intuitively, adipose tissue function and metabolism
are affected more profoundly by high-sugar feeding than high-
fat feeding. In contrast, the high-fat/high-cholesterol diet
specifically impacted liver function. In addition, while
increased proportions of fat and sugar both resulted in
increased serum triacylglycerol, increased serum cholesterol
was only observed as a consequence of increased dietary
cholesterol. Furthermore, although serum TNF-α and IL-6
concentrations were uninformative in our study, the
increase in serum IL-18 concentration in dietary group OB2
nevertheless suggests a heightened systemic inflammatory
state specific to the OB2 diet.

While the OB1 and OB2 obesogenic diets had lower fibre
and protein content and higher moisture content than the
control diet CON, the moisture, fibre and protein content of
diets OB1 and OB2 was virtually identical. The increased
moisture content and resultant enhanced palatability of

TABLE 3 | Summary of results of literature survey and comparison with present findings.

Literature survey

Variable Number of
comparisons

where measured

Outcome in obesogenic
dietary group, compared

to CON

Present study (outcome
in OB1 and

OB2, compared to
CON)

Final body weight 77/77 (Isocaloric: 7/7) Higher in 62/77 (Isocaloric: Higher in 3/7) Higher in OB1 and OB2
Visceral adiposity 53/77 (Isocaloric: 7/7) Higher in 50/53 (Isocaloric: Higher in 6/7) Higher in OB1 and OB2
Fasting blood
glucose

73/77 (Isocaloric: 6/7) Higher in 47/73 (Isocaloric: Higher in 3/6) No difference in 26/73 (Isocaloric: no
difference in 3/6)

No difference between CON, OB1
and OB2

Fasting serum
insulin

77/77 (Isocaloric: 7/7) Higher in 60/77 (Isocaloric: Higher in 4/7) Higher in OB1, no difference between
CON and OB2

Serum
triacylglycerol

66/77 (Isocaloric: 5/7) Higher in 51/66 (Isocaloric: Higher in 3/5) Higher in OB1 and OB2

Serum total
cholesterol

68/77 (Isocaloric: 5/7) Higher in 48/68 (Isocaloric: Higher in 1/5) Higher in OB2, no difference between
CON and OB1

Serum adiponectin 77/77 (Isocaloric: 7/7) Higher in 8/77 Lower in 49/77 Not different in 20/77 (Isocaloric: Higher in 1/7
Lower in 4/7 Not different in 2/7)

Higher in OB1, no difference between
CON and OB2

Serum leptin 52/77 (Isocaloric: 6/7) Higher in 43/52 (Isocaloric: Higher in 4/6) Higher in OB1, no difference between
CON and OB2

CON, standard laboratory control chow diet; OB1, high-sucrose/medium-fat diet; OB2, high-fat/fructose/cholesterol diet. “Isocaloric” refers to the subset of 7 comparisons where energy
intake did not differ between the control and obesogenic dietary groups. Additional information on the full set of studies included in the final survey can be found in Supplementary
Table S4.
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diets OB1 and OB2, together with unrestricted access to the
food, may potentially have stimulated hyperphagia, but this
was apparently not the case in the present study, as the energy
(kJ) intake was similar across all three dietary groups,
irrespective of dietary composition. Therefore, it is unlikely
that these factors (moisture, protein and fibre content, and
energy intake) could have contributed to differences in the
metabolic outcomes between the OB1 and OB2 dietary groups,
although the lower fibre and protein content of diets OB1 and
OB2 may have contributed to the differences between CON
and OB1, or between CON and OB2 (Pezeshki et al., 2016;
Pellizon and Ricci, 2018). This supports the conclusion that the
divergent metabolic consequences of diets OB1 and OB2 are
attributable solely to differences in the relative proportions of
fat, cholesterol and sugar components of the diets. Mineral
intake was lower in dietary groups OB1 and OB2, compared to
CON, and lower in dietary group OB2, compared to OB1,
which may have contributed to differences in metabolic
outcomes between the three dietary groups. However, given
that mineral intake is often not reported in rat DIO studies, as
demonstrated through our literature survey where only 20 out
of 77 included comparisons documented mineral intake, the
metabolic impact of different levels of mineral intake against
the background of different obesogenic diets remains largely
uncharacterised.

The results of the present study correspond well with the
findings of many previous studies, as determined by our
literature survey. We observed very slight differences in the
final body weights of the rats between the three different dietary
groups. This is in agreement with the findings of the literature
survey, which highlighted that obesogenic diets did not always
result in increased body weight of the rats, compared to rats on
the control diets, especially where energy intake was similar
between dietary groups. Body weight was correspondingly also a
relatively unimportant variable in the OPLS-DA model. In
contrast, rats in both the OB1 and OB2 dietary groups
exhibited increased visceral adiposity, it was a more
important variable in the OPLS-DA model and it was
increased in response to obesogenic feeding in almost all of
the studies included in the literature survey irrespective of
dietary composition. In addition, our finding of
hypertriglyceridemia in response to both the OB1 and OB2
diets is in agreement with the majority of studies included in the
literature survey, irrespective of dietary composition. However,
while many comparisons included in the literature survey
reported increased serum cholesterol concentrations in
response to obesogenic feeding, our present study results
demonstrate that this effect is influenced by dietary
composition.

It is noteworthy that neither diet OB1 nor diet OB2 resulted in
increased fasting blood glucose concentrations, but similar
observations were made in approximately one-third of the
comparisons included in our literature survey. We speculate
that the absence of changes in fasting blood glucose may be
related to other variables that also remained unchanged between
the groups or only showed very small changes, such as calorie
intake or final body weight. Alternatively, it is possible that

different glucose-regulating mechanisms were involved in
maintaining normoglycemia in OB1 and OB2, respectively. In
contrast to most previous DIO studies where serum adiponectin
concentrations were downregulated, we observed that serum
adiponectin was upregulated in specifically the OB1 dietary
group. In our literature survey, the serum adiponectin
concentration was elevated in only 8 out of 77 studies, but
notably all of these studies used diets with high-sugar (glucose,
sucrose or fructose) content, similar to the OB1 diet in our study.
In 7 of these 8 studies, the serum fasting insulin concentration
was concomitantly elevated, as was observed in the present study
in the OB1 dietary group. We speculate that this may be an
adaptive response to the increased sugar load in these diets,
whereby insulin-dependent glucose uptake capacity can be
supported and enhanced by adiponectin-stimulated insulin-
independent glucose uptake via the AMPK pathway (Rana
et al., 2015), in an attempt to maintain normoglycemia. In 3
of these 8 studies, the fasting blood glucose concentrations were
not increased in response to high-sugar feeding, and in the
present study the fasting blood glucose concentrations were
only elevated in five rats in the OB1 dietary group. Taken
together, these observations suggest that this metabolic
compensation strategy might be at least partially successful to
maintain normoglycemia in the presence of sustained high-sugar
feeding. In contrast, such a compensatory mechanism was clearly
absent in rats on the OB2 diet, with serum insulin and
adiponectin levels not significantly different to that of the
CON dietary group. However, such a mechanism was likely
also not required, given the very low sugar load of diet OB2.
Our results also demonstrate that DIO-induced increases in
serum triacylglycerol concentration are not always coupled
with a downregulation of serum adiponectin concentration,
given that the hypertriglyceridemia in dietary groups OB1 and
OB2 occurred against the background of both elevated serum
adiponectin (OB1 vs. CON) or unchanged adiponectin levels
(OB2 vs. CON). These observations are also supported by the
findings of our literature survey (Supplementary Table S4) and
suggest that these changes in keymetabolic variables are governed
by a complex interplay of physiological mechanisms which still
need to be elucidated.

Multivariate data analyses, such as OPLS-DA and PLS-DA,
have gained popularity in metabolic research as a tool to integrate
large numbers of metabolic variables into coherent statistical
models that can explain overall outcomes, instead of isolated
analyses that can only provide limited insights. Through the use
of VIP plots, such modelling approaches can also assist in
identifying variables of higher pathophysiological, diagnostic
or therapeutic importance than conventionally used variables,
and may contribute towards biomarker discovery. Several studies
have utilised these modelling approaches to compare the
metabolic impact of single obesogenic diets to that of control
diets (Cai et al., 2021) and to comprehensively characterise the
effects of traditional Chinese medicine products and other natural
products against a background of high-fat feeding (Gooda Sahib
Jambocus et al., 2016; Feng et al., 2018; Shi et al., 2020; Wang
et al., 2020). Of relevance to the present study are other published
works where multivariate data analyses have been used to
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improve our understanding of the differences between various
rodent metabolic models, for example, by characterising the
different metabolic profiles of lean, high-fat diet (HFD)-fed
and HFD/streptozotocin (STZ)-induced T2D rats (Chen et al.,
2021) or of HFD/STZ-induced T2D vs. STZ-induced type I
diabetic rats (Mediani et al., 2018). The impact of diabetic
status on the metabolic response to HFD has also been
explored using this methodology (Lee et al., 2021). In
addition, Letsinger et al. (2020) demonstrated how a high-fat/
high-sugar diet differentially affects the gut metabolome between
male and female mice, which is of particular importance given the
predominance of male rodent use in animal dietary studies and
the lack of studies comparing the responses of male and female
rodents to obesogenic feeding, as identified in our literature
survey. However, to our knowledge, our study is the first to
directly compare the metabolic consequences in rats consuming
three different diets, using multivariate data analyses.

In conclusion, our analyses clearly showed divergent metabolic
consequences in rats resulting from obesogenic diets with different
proportions of cholesterol, fat and sugar. Therefore, it can be
concluded that dietary composition is a dominant contributor to
the metabolic outcomes of these type of studies. This has profound
implications for animal DIO studies, in particular where therapeutic
or nutraceutical compounds are being tested against the background
of such diets, as the metabolic impact of the obesogenic diet may
influence the efficacy of the compound being tested. However, our
literature survey demonstrated the vast heterogeneity of diets used
under the “umbrella term” DIO, which hampers our ability to
compare findings between diets, or to develop a comprehensive
understanding of the metabolic consequences of any given type of
obesogenic diet. Moreover, the lack of DIO studies performed in
female animals, and the lack of direct comparisons between males
and females means that we have very little insight into the impact of
biological sex on the metabolic outcomes of such diets. This
shortcoming needs to be urgently addressed by including female
animals in the design of DIO studies, especially given that obesity is
more prevalent among women than men (Lobstein et al., 2022).
Taken together, our OPLS-DA model and our literature survey also
confirm that there is no single “appropriate” or “successful” response
to obesogenic feeding in rodents, but rather that the response to
individual obesogenic diets will be dependent on dietary
composition and will need to be characterised objectively in each
study. Furthermore, excess nutrient supply results in oxidative stress
and mitochondrial dysfunction and therefore independently drives
metabolic dysfunction during DIO, regardless of dietary
composition (De Mello et al., 2018). Excess energy intake, or
differences in energy intake between dietary groups, therefore
constitutes a confounding factor in DIO studies and may hamper
the interpretation of themetabolic consequences of a given diet, or of
a therapeutic or nutraceutical compound tested against the
background of such a diet. However, findings from our literature
survey demonstrating the poor reporting regarding dietary
composition and energy intake, as well as the small number of
studies reporting isocaloric intake between control and obesogenic
dietary groups, provide strong evidence that these aspects are mostly
not taken into consideration during either study design or data
interpretation, and starkly underscores the fact that the “blunt-force-

trauma” approach still predominates in animal studies of this kind.
Moreover, our ranking of variables in the OPLS-DA model
demonstrates that variables that are relatively easy and
inexpensive to measure, such as body weight and blood glucose
concentrations, may unfortunately not be very important or
informative in characterising the response to obesogenic feeding.
Dissection-related measurements, such as organ weight and
adiposity indices, were of moderate importance in the model,
while the majority of the serum-derived markers had high
importance in the OPLS-DA model. Our findings should provide
researchers with a guide as to which variables should be included
when rodentmodels of DIO are characterised. Researchers should be
cognisant of the diverse metabolic impact of different obesogenic
diets when developing animal models of DIO, and findings should
be interpreted with caution. Improved understanding of the
pathophysiological mechanisms involved in DIO in animal
models should contribute to the translatability of such studies
within the context of human obesity.
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