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PUBLIC SUMMARY

= Diet-induced rodent models dominate bioactive research.

= Qutcome reporting is skewed toward basic metabolic markers.
= Mechanistic depth varies and is often limited.

= Sex bias and design variability affect reproducibility.

= Aframework is proposed to guide animal model selection.

Evidence synthesis of animal models & dietary bioactives

C. elegans

Animal models Mous%_)
A\\\

Lipid metabolism
Gut microbiota

Body weight

Evidence-based framework for
model selection

‘@ Research objective

2
R E— o
MWW Bioactive characteristics

™~

&b BIZTTTID

R e iin
-f<

-

|

'?i‘\ Experimental design
-—4a

‘_‘& o

uonLINN UolibAOUU| 3Y |

[I J—

The Innovation Nutrition 1(2): 100029, July 28, 2026

1



mailto:baojunxu@bnbu.edu.cn
mailto:baojunxu@bnbu.edu.cn
https://doi.org/10.59717/j.xinn-nutri.2026.100029
https://doi.org/10.59717/j.xinn-nutri.2026.100029
https://doi.org/10.59717/j.xinn-nutri.2026.100029
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.59717/j.xinn-nutri.2026.100029&domain=pdf

www.the-innovation.org/the-innovation-nutrition

REVIEW

OPEN aAccess s
Y

Animal models of obesity and diabetes mellitus for dietary bioactive
component development: A systematic review

Nidesha Randeni,"? Jinhai Luo,"? and Baojun Xu"*

"Food Science and Technology Program, Department of Life Sciences, Beijing Normal-Hong Kong Baptist University, Zhuhai 519087, China

“These authors have equal contributions to this paper
*Correspondence: baojunxu@bnbu.edu.cn

Received: April 26, 2026; Accepted: July 15, 2026; Published Online: July 21, 2026; https://doi.org/10.59717/j.xinn-nutri.2026.100029
© 2026 The Author(s). This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
Citation: Randeni N., Luo J. and Xu B. (2026). Animal models of obesity and diabetes mellitus for dietary bioactive component development: A systematic review. The Innovation Nutri-

tion 1:100029.

Animal models are widely used to investigate the metabolic effects of
dietary bioactive compounds in obesity and type 2 diabetes mellitus
(T2DM). However, unlike conventional drugs, dietary bioactives often exert
pleiotropic and context-dependent effects that are strongly influenced by
disease severity, dietary background, and experimental conditions. Conse-
quently, model selection and methodological variability may affect the
reproducibility and translational relevance of preclinical findings. This
systematic review evaluated animal models used in dietary bioactive
research, identified methodological trends and limitations, and proposed a
framework to guide future model selection. A systematic search of
PubMed, Scopus, Web of Science, ScienceDirect, SpringerLink, and Wiley
Online Library was conducted for studies published within the last five
years. Data were extracted on species, strain, model type, dietary induction,
intervention characteristics, outcome measures, and mechanistic depth. A
total of 194 studies were included. Diet-induced obesity models were the
most frequently used (67.2%), followed by genetic, hybrid, and chemically
induced models. Rodents, particularly mice and rats, predominated, while
alternative models such as zebrafish and invertebrates were used infre-
quently. Outcome reporting focused mainly on body weight, glucose
metabolism, and lipid profiles, whereas mechanistic investigations varied
considerably. Substantial methodological heterogeneity was observed in
diet composition, dosing strategies, study duration, and reporting quality,
alongside a marked bias toward male animals. Overall, current preclinical
research is characterized by model dominance, methodological variability,
and inconsistent mechanistic validation. The proposed framework provides
a structured approach to improve study design and enhance the transla-
tional relevance of dietary bioactive research in metabolic disease.

INTRODUCTION

Obesity and type 2 diabetes mellitus (T2DM) are among the most signifi-
cant global health challenges of the 21% century. The prevalence of these
conditions has increased markedly over recent decades, affecting both devel-
oped and developing countries. According to the World Health Organization,
more than 1 billion people worldwide were living with obesity in 2022, repre-
senting a substantial rise compared to previous decades.' In parallel, the
International Diabetes Federation estimated that approximately 537 million
adults were living with diabetes in 2021, with projections suggesting this
number could reach 783 million by 2045.” These conditions are closely inter-
connected and share common underlying mechanisms, including insulin
resistance, dysregulated glucose and lipid metabolism, chronic low-grade
inflammation, and oxidative stress. As a result, obesity and T2DM are
increasingly viewed as components of a broader metabolic disease spec-
trum rather than isolated disorders. This spectrum also includes related
metabolic complications such as Metabolic dysfunction-associated steatotic
liver disease (MASLD), which frequently coexists with obesity and insulin
resistance and is increasingly recognized as a major component of
cardiometabolic disease. Despite advances in pharmacological therapies,
long-term management remains challenging, highlighting the need for effec-
tive and sustainable preventive strategies.’

In recent years, dietary bioactive compounds have attracted considerable
attention as potential modulators of metabolic health. These compounds,
which include polyphenols, flavonoids, peptides, probiotics, and other food-
derived molecules, are widely present in plant- and animal-based foods.*®

Unlike conventional pharmaceuticals, dietary bioactives typically exert multi-
target and pleiotropic effects, influencing multiple metabolic pathways.
However, their mechanisms of action are often less specific, their bioavail-
ability can be limited, and their effects may depend on dietary context and
long-term exposure.” These characteristics make the evaluation of dietary
bioactives fundamentally different from that of single-target pharmacologi-
cal agents and require carefully designed experimental approaches. Impor-
tantly, the relatively modest and context-dependent effects of many dietary
bioactives mean that experimental outcomes may be particularly sensitive to
model selection, disease severity, dietary background, and intervention dura-
tion. Consequently, animal models that are optimized for rapid or severe
disease induction may not always be optimal for evaluating nutritional inter-
ventions intended to produce gradual physiological improvements.

Animal models, therefore, remain central to the development of dietary
bioactive interventions for obesity and diabetes. They allow controlled testing
of efficacy, mechanism, dose, and treatment duration in ways that are diffi-
cultto achieve in human studies. However, animal models are not inter-
changeable. Diet-induced obesity (DIO) models are often preferred for
mimicking the nutritional and environmental drivers of human metabolic
disease, whereas chemically induced, genetic, and hybrid models capture
different aspects of glucose dysregulation, insulin deficiency, insulin resis-
tance, or obesity-related complications. As several recent reviews have
pointed out, model choice strongly influences the phenotype observed, the
pathways engaged, and the translational relevance of the findings.”® This
issue may be particularly important in dietary bioactive research, where
excessively severe metabolic models, highly obesogenic diets, or extensive B-
cell destruction may obscure, underestimate, or distort biologically relevant
nutritional effects. Therefore, appropriate alignment between intervention
characteristics and disease model selection is essential for generating mean-
ingful and translatable findings.

Recent reviews have extensively summarized animal models of obesity
and T2DM, focusing primarily on their physiological characteristics, induction
methods, and relevance to human disease. These studies provide valuable
insights into model validity and experimental design, but largely emphasize
disease modeling rather than its application in specific research contexts. In
particular, the use of these models in dietary bioactive research and how
model selection influences intervention outcomes remains less systemati-
cally explored. Although numerous studies have examined dietary bioactives
or specific animal models individually, there remains a lack of comprehensive,
systematic analyses that integrate both aspects. In particular, there is limited
understanding of how different animal models are used in dietary bioactive
research, how model choice influences outcomes, and what methodological
patterns and limitations exist across studies. Addressing these gaps is
essential for improving the design, interpretation, and translational potential
of future research. Accordingly, a critical evaluation of model selection is
needed not only to catalogue current practices but also to identify potential
mismatches between dietary bioactive interventions and experimental
disease models that may limit translation to human nutrition and metabolic
health.

Therefore, the objective of this systematic review was to analyze animal
models of obesity and diabetes mellitus used for dietary bioactive compo-
nent development over the past five years. Specifically, this review aimed to
(i) characterize the types of animal models employed, (i) examine the distri-
bution and classes of dietary bioactive compounds investigated, (iii) assess
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the metabolic outcomes and methodological features reported, and (iv) iden-
tify key limitations and translational challenges in current preclinical research.

METHODOLOGY

A systematic literature search was conducted to identify relevant studies
published within the last five years. The electronic databases PubMed,
Scopus, Web of Science, ScienceDirect, SpringerLink, and Wiley Online Library
were searched. The search strategy combined keywords related to animal
models, obesity, T2DM, and dietary bioactive compounds, along with
metabolic outcomes. Representative search terms included "animal model”,
"mouse’, "rat", or "zebrafish’, combined with "obesity", "type 2 diabetes’,
"insulin resistance”, or "metabolic syndrome’, and further combined with
"bioactive compound”, "polyphenol”, "flavonoid’, "probiotic”, "nutraceutical’, or
"dietary intervention’, as well as terms related to "glucose metabolism” and
"lipid metabolism”. The search strategy was adapted for each database, and
only studies published in English were considered. Additionally, manual
searching of reference lists of included articles and relevant reviews was
performed to identify further eligible studies. All studies identified through
both database and manual searches were screened and evaluated based on
the same inclusion and exclusion criteria. All retrieved records were exported
and compiled into a master database, and duplicates were removed. The
screening process was performed in three stages: title screening, abstract
screening, and full-text assessment. Study selection was guided by prede-
fined eligibility criteria and followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

Studies were included if they were conducted in vivo using animal models
and investigated obesity, T2DM, insulin resistance, or metabolic syndrome.
Eligible studies were required to evaluate a dietary bioactive compound or
food-derived intervention and report at least one metabolic outcome related
to body weight or adiposity, glucose metabolism (such as fasting glucose,
oral glucose tolerance test, or insulin levels), or lipid metabolism. Studies
were excluded if they were in vitro, in silico, or human-only studies, as well as
review articles, meta-analyses, protocols, or conference abstracts. Studies
that investigated pharmacological drugs only, without dietary bioactive
components, or reported only mechanistic outcomes without assessing
metabolic parameters were also excluded. Data from the included studies
were extracted into a structured spreadsheet. Where studies used more than
one animal model, each model was treated as a separate experimental entry
while maintaining linkage to the original study. Extracted information included
study characteristics (author, year, journal, DOI), animal model details
(species, strain, sex, age or weight, model type, and induction method), inter-
vention details (bioactive compound, class, form, dose, frequency, route, and
duration), and experimental design (group number, sample size, and random-
ization). Outcomes extracted included body weight, adiposity, glucose
metabolism, lipid profile, inflasnmation, oxidative stress, gut microbiota, and
liver-related parameters. In addition, mechanistic depth was categorized
based on the extent of molecular and functional analyses reported in each
study. Studies reporting primarily phenotypic or biochemical outcomes were
classified as having low mechanistic depth, while studies incorporating
molecular pathway analyses, including gene or protein expression assess-
ments, were classified as moderate mechanistic depth. Studies including
functional validation approaches, such as pathway inhibition, genetic manip-
ulation, or multi-level mechanistic investigations, were categorized as high
mechanistic depth. A descriptive analytical approach was used to synthesize
the data. Animal models were categorized into diet-induced, genetic, chemi-
cally induced, hybrid, and other models, while bioactive compounds were
grouped into major classes such as polyphenols, flavonoids, probiotics or
prebiotics, peptides, lipids, and mixed extracts. Quantitative summaries were
generated to assess the distribution of animal models, types of bioactive
compounds, reported outcomes, and key methodological characteristics
across studies. Risk-of-bias assessment was conducted for the included
studies using SYRCLE's risk-of-bias tool for animal studies. The assessment
evaluated domains including random sequence generation, baseline charac-
teristics, allocation concealment, blinding, incomplete outcome data, selec-
tive outcome reporting, and other potential sources of bias. Each domain was
categorized as low, high, or unclear risk of bias.”

REVIEW

RESULTS AND DISCUSSION
Study selection

A total of 10,394 records were identified through comprehensive database
searching across PubMed, Scopus, Web of Science, ScienceDirect, Springer-
Link, and Wiley Online Library. After removal of duplicate records (n = 2,356),
the remaining records underwent an initial eligibility filtering step, during
which titles were preliminarily reviewed to exclude clearly irrelevant publica-
tions based on predefined inclusion and exclusion criteria. This process
excluded studies unrelated to metabolic dysfunction-associated steatotic
liver disease (MASLD), non-animal studies, conference abstracts, reviews,
editorials, and studies lacking dietary bioactive interventions, resulting in 696
records eligible for formal title screening. In parallel, an additional 154 records
were identified through manual searching of reference lists from eligible arti-
cles and relevant review papers to ensure comprehensive literature coverage
and minimize the risk of missing relevant studies. These manually identified
records were screened using the same eligibility criteria and integrated with
the database-derived records prior to subsequent screening stages. Follow-
ing title screening, a total of 391 records were considered potentially relevant
and subjected to abstract screening. After exclusion of 150 records at the
abstract stage, 241 articles were assessed for full-text eligibility. Of these, 47
studies were excluded based on predefined inclusion and exclusion criteria,
including non-animal study design, absence of dietary bioactive interventions,
or lack of relevant metabolic outcomes. Ultimately, 194 studies were included
in the final analysis. It should be noted that four publications contained muilti-
ple experimental comparisons; therefore, 194 studies contributed 198 study
arms to the qualitative synthesis. The overall study selection process is illus-
trated in the PRISMA flow diagram (Figure 1). Additional methodological
details, including the PRISMA checklist (Supplementary Table S1), detailed
study selection methodolog, and complete database search strategies, are
provided in the Supplementary Materials.

Risk-of-bias assessment of the included studies is presented in Supple-
mentary Table S5 and Supplementary Figures 1—2. Overall, most studies
demonstrated low risk for random sequence generation and selective
outcome reporting. However, allocation concealment, blinding, and reporting
of baseline characteristics were frequently rated as unclear due to insuffi-
cient methodological detail. Incomplete outcome data represented a poten-
tial source of bias in a subset of studies, indicating moderate variability in
reporting quality across the included studies.

Characteristics of included studies

Atotal of 198 study arms from 194 studies were included in the final anal-
ysis, representing a broad range of experimental approaches investigating
dietary bioactive compounds in animal models of obesity and T2DM. Detailed
extracted data for all study arms are provided in Supplementary Tables
S1-83. For clarity, the term "studies" is hereafter used to refer to the 198
analyzed study arms unless otherwise specified. The studies were published
within the last five years, reflecting the growing interest in the use of food-
derived compounds for metabolic disease management. The majority of
studies employed rodent models, with mice and rats being the most
commonly used species, while a smaller number of studies utilized alterna-
tive models such as zebrafish or other organisms. Across the included stud-
ies, a wide variety of experimental designs were observed. Most studies
involved diet-induced models of obesity or metabolic dysfunction, often using
high-fat or high-energy diets to mimic human metabolic conditions. In addi-
tion, genetic models and chemically induced models, including those using
streptozotocin (STZ), were also employed to investigate specific aspects of
glucose dysregulation and insulin resistance. Some studies utilized combined
or hybrid approaches to better replicate the complexity of metabolic disease.
The interventions evaluated in these studies included a diverse range of
dietary bioactive compounds, such as polyphenols, flavonoids, peptides,
probiotics, prebiotics, and complex plant or food extracts. Both purified
compounds and whole extracts were used, with considerable variation in
dose, duration, and route of administration. Intervention periods ranged from
short-term studies to longer experimental designs, reflecting differences in
study objectives, including prevention and treatment approaches. In terms of
outcomes, most studies assessed parameters related to body weight,
glucose metabolism, and lipid profiles, which are central to obesity and
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induced models.

diabetes research. Additional outcomes, such as inflammation, oxidative
stress, gut microbiota composition, and liver function, were also frequently
reported, highlighting the multifactorial nature of metabolic disease and the
diverse mechanisms through which dietary bioactives may exert their effects.
Overall, the included studies demonstrate a high degree of heterogeneity in
terms of animal models, experimental design, intervention strategies, and
outcome measures. This variability underscores the need for systematic
evaluation and comparison to better understand the strengths and limita-
tions of current approaches and to improve the translational relevance of
preclinical research in this field.

Animal model landscape

Distribution of model types. The distribution of animal models used
across the included studies revealed a clear predominance of diet-induced
approaches. DIO models accounted for 67.2% of all studies, followed by
genetic models (15.2%), hybrid models (10.6%), and chemically induced
models (5.6%), while other model types were rarely used (Figure 2A).

Predominance of diet-induced models. The pattern indicates a strong
preference for diet-based induction of metabolic disorders in preclinical

research on dietary bioactive compounds. This trend reflects practical
considerations. These models are easier to establish, relatively inexpensive,
and allow faster generation of metabolic phenotypes. These models repro-
duce key features such as weight gain, insulin resistance, and dyslipidemia
through controlled dietary manipulation. Previous studies have emphasized
that DIO models offer relatively high face validity for human metabolic
disease, particularly in the context of overnutrition and sedentary behavior.'*"'
However, their construct and predictive validity remain variable, as the
metabolic phenotype is highly dependent on diet composition, strain, and
experimental conditions.

The marked dominance of DIO models in the present dataset likely reflects
a combination of biological relevance and practical considerations. DIO
models offer relatively high face validity for obesity and T2DM because they
incorporate dietary and environmental drivers that contribute to human
metabolic disease. However, their widespread use may also be influenced by
accessibility, familiarity, relatively low cost, and ease of implementation
compared with more specialized genetic, hybrid, or large-animal models.
While this dominance has facilitated comparison across studies, excessive
reliance on a single model type may inadvertently limit phenotypic diversity
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and reduce exploration of alternative disease mechanisms. Given the hetero-
geneous nature of human metabolic disorders, greater use of complemen-
tary model systems may improve mechanistic understanding and transla-
tional interpretation.

As shown in Figure 2B, the dietary patterns in the included studies were
dominated by high-fat diets (HFD), followed by moderate-fat and high-fat-
unspecified categories. This is consistent with the wider DIO literature, where
high-fat feeding is the most common strategy because it reliably induces
weight gain, adiposity, and insulin resistance in rodents. Earlier reviews also
note that diet-induced models are preferred because they capture the envi-
ronmental component of obesity better than purely chemical or genetic
models.'”""* Not all HFDs are used for the same reason. In practice, moderate-
fat diets are often chosen when researchers want a slower and potentially
more physiologically relevant phenotype, whereas very-high-fat diets are
used to accelerate obesity and metabolic dysfunction. This helps explain why
our dataset contains both moderate-fat and high-fat categories. The choice
is often a trade-off between translational relevance and speed. Several
authors have argued that 45% kcal from fat may better approximate human
Western diets, while 60% fat diets produce faster and stronger phenotypes
but can be less representative of usual human intake.'*”'"* The type of fat also
matters. Many rodent studies use lard-based diets, not simply because lard is
common, but because saturated-fat-rich diets tend to induce stronger insulin
resistance and hepatic steatosis than many unsaturated-fat diets. Compara-
tive work in rats has shown that the metabolic phenotype varies substantially
with fatty acid composition, meaning that a "HFD" is not a single biological
exposure. That is important for interpreting the high-fat unspecified group,
because incomplete reporting of fat type and percentage reduces compara-
bility across studies.'*™""

Our results also support the discussion of mixed dietary patterns, espe-
cially high-fat, high-sucrose (HFHS) and high-fat, high-fructose (HFFr)
models. These diets are usually selected when researchers want to move
beyond obesity alone and generate a broader metabolic syndrome pheno-
type. HFHS diets are often described as closer to a modern Western dietary
pattern because they combine excess fat with palatable sugar exposure,
which worsens glucose dysregulation and metabolic stress. HFFr models are
commonly used when the aim is to intensify hepatic steatosis, dyslipidemia,
and insulin resistance, since fructose has a particularly strong effect on liver
lipid metabolism."®™"® There is also a mechanistic difference between the use
of sucrose and fructose. Sucrose is often included to improve palatability and
better reflect processed human diets, especially in HFHS models. Fructose, in
contrast, is more often used when the goal is to aggravate liver fat accumu-
lation and insulin resistance. That distinction helps explain why HFHS and
HFFr should not be treated as equivalent categories in the discussion. They
may both worsen metabolic disease, but they do so with different
emphases.'® By contrast, high-sugar-only models were less common in the
dataset. This also fits the literature. Sugar-rich diets can induce glucose intol-
erance, dyslipidemia, and some features of metabolic syndrome, but they are
generally less reliable than HFD for producing robust obesity, especially over
shorter study periods. For that reason, sugar is often used in combination
with fat rather than as a standalone obesogenic strategy.” ™'

Although rodents dominate metabolic research, non-rodent models are
also used to study DIO and diabetes, particularly when closer physiological
similarity to humans is required. Species such as zebrafish, Drosophila, and
non-human primates are employed with tailored dietary interventions that
reflect their metabolic biology. For example, zebrafish models often use high-
fat or high-cholesterol diets, as well as glucose-enriched feeding, to induce
obesity, hyperglycemia, and hepatic steatosis in a relatively short time.””
These models are advantageous for studying lipid metabolism and screen-
ing bioactive compounds due to their rapid response and transparency for
imaging. Similarly, Drosophila models commonly utilize high-sugar or HFD to
induce insulin resistance and lipid accumulation, making them useful for
mechanistic and genetic studies, although their translational relevance is
limited.” In contrast, non-human primates are typically fed Western-style
diets rich in fat and sugar, which more closely mimic human dietary patterns
and disease progression. These models develop obesity, insulin resistance,
and metabolic syndrome over longer periods, offering higher translational
value but at significantly greater cost and ethical complexity.”* Overall, dietary

REVIEW

selection in non-rodent models is strongly influenced by species-specific
metabolism, with simpler organisms favoring high-sugar or high-fat formula-
tions for rapid phenotype induction, while higher-order models aim to repli-
cate human dietary exposure more closely.

Overall, the study suggests that dietary model selection is not random.
Researchers appear to choose diets based on the phenotype they want to
generate. HFDs are used for efficient induction of obesity and insulin resis-
tance. Moderate-fat diets may be preferred for slower and less extreme
disease development. HFHS diets are used to better mimic Western dietary
exposure. HFFr diets are often selected when hepatic and metabolic injury
need to be intensified. This makes dietary composition a mechanistic choice,
not just a feeding protocol.

Representation of chemical-induced models. A major finding from the
dataset is the heavy reliance on STZ-based models. These were used either
alone or in combination with dietary interventions. STZ is widely recognized
as one of the most preferred methods for inducing diabetes because it is
simple, rapid, and cost-effective.”” In most studies, STZ was used to induce
hyperglycemia within a few days. This makes it highly attractive for interven-
tion studies, especially when screening bioactive compounds. But this conve-
nience comes with important limitations. STZ primarily works by destroying
pancreatic B-cells. Therefore, STZ-alone models primarily reflect B-cell injury
and insulin deficiency, whereas HFD combined with low-dose STZ models
better represent the interaction between insulin resistance and partial B-cell
dysfunction characteristic of T2DM. The resulting phenotype is closer to type
1 diabetes than T2DM. In contrast, human T2DM develops gradually, involv-
ing insulin resistance followed by progressive B-cell dysfunction. This
mismatch is critical. Another issue is variability. The dose of STZ, number of
injections, species, and even preparation methods differ widely between
studies. These differences can significantly alter disease severity. In some
cases, partial recovery of B-cell function may even occur, further complicat-
ing interpretation.”” Taken together, while STZ models are efficient, they are
biologically limited. Their widespread use raises concerns about how well
findings translate to human metabolic disease.

Combination models: HFD + STZ and improved disease representation.
To overcome the limitations of STZ alone, many studies in our dataset used
combination models, particularly HFD combined with low-dose STZ. This
approach attempts to mimic both key features of T2DM: insulin resistance
and B-cell dysfunction. These models are often considered more relevant.
The HFD induces obesity and metabolic stress, while STZ introduces
controlled B-cell impairment. Together, they produce a phenotype that
resembles human disease more closely than either component alone.
However, these models are still not perfect. Their outcomes depend heavily
on experimental conditions. Small changes in diet composition, duration, or
STZ dose can lead to very different results. This lack of standardization is a
major limitation and is widely reported in the literature. So while combination
models are an improvement, they remain artificial and protocol-sensitive.

Taken together, these findings suggest that no single model adequately
captures the full spectrum of human metabolic disease. DIO models better
reproduce obesity-associated inflammation, gradual insulin resistance, and
microbiota alterations, whereas STZ-based models provide rapid and repro-
ducible hyperglycemia but limited metabolic complexity. Hybrid HFD + STZ
models partially bridge this gap by incorporating both insulin resistance and -
cell dysfunction, although their outcomes remain highly protocol-dependent.
These differences are important because model selection may directly influ-
ence interpretation of dietary bioactive efficacy, particularly for interventions
targeting inflammation, gut microbiota, or insulin signaling pathways.

Use of genetic models and dietary considerations. Genetic models,
although less frequently used compared to diet-induced or chemical models,
play an important role in understanding specific mechanisms of obesity and
diabetes. In our dataset, these models were typically maintained on standard
laboratory diets, which generally contain around 16—17% fat. This is inten-
tional. Unlike DIO models, where diet is used to induce metabolic dysfunction,
genetic models such as ob/ob, db/db, or other mutation-driven systems
already possess inherent defects in energy balance, leptin signaling, or insulin
regulation. As a result, a standard diet is often preferred to avoid introducing
additional dietary variables that could confound interpretation. Using a
controlled baseline diet allows researchers to isolate the effects of the genetic
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Figure 3. Distribution of animal models used in the included studies (A) Species distribution, (B) Sex distribution of animals used, (C) Study duration and experimental designs.

mutation itself, rather than combining it with external dietary stress. At the
same time, some studies may still introduce high-fat feeding in genetic
models to exacerbate the phenotype, but this is usually done selectively and
with a clear mechanistic purpose.”* Qverall, the reliance on standard diets in
genetic models reflects a different experimental goal, focusing on intrinsic
biological pathways rather than environmental induction of disease.

Species and strain trends and their impact on metabolic outcomes. The
distribution of species and strains across the included studies represents a
major source of variability in experimental outcomes. Rodent models domi-
nated the included studies, with mice accounting for 54.0% and rats for 33.3%
of studies. However, non-rodent models such as zebrafish (7.1%),
Caenorhabditis elegans (2.5%), and Drosophila melanogaster (2.0%) were
used comparatively less frequently (Figure 3A). This imbalance reflects both
practical considerations and long-standing methodological preferences in
metabolic disease research. Rodents offer a favorable balance between
experimental control, cost-effectiveness, and physiological relevance,
whereas non-rodent models are often employed for specific purposes such
as high-throughput screening or pathway discovery. However, each species
presents distinct advantages and limitations that influence its suitability for
different research objectives. A comparative overview of commonly used
models, including their strengths, limitations, and optimal applications, is
provided in Table 1.

Rodent models. Rodents remain the primary experimental systems for
studying obesity and T2DM due to their favorable balance between experi-
mental control, cost-effectiveness, and physiological relevance. Their rela-
tively short lifespan, ease of handling, and well-characterized metabolic
responses make them suitable for both mechanistic and intervention studies.
In addition, the availability of standardized diets and protocols has
contributed to their widespread adoption. However, despite their utility,
rodents do not fully replicate human metabolic physiology. Differences in lipid
metabolism, energy expenditure, and insulin dynamics can influence how
results translate to clinical settings. As highlighted in previous reviews, no
single animal model captures the full complexity of human metabolic
disease, and findings in rodents should be interpreted within this context.'*'

Mice were the most frequently used species in the present dataset, reflect-
ing their unique advantages in genetic manipulation and mechanistic
research. The availability of transgenic, knockout, and knock-in models
enables precise investigation of signaling pathways involved in metabolism,
inflalnmation, and insulin resistance. This makes mice particularly valuable
for mechanistic studies of dietary bioactive compounds. Among mouse
strains, C57BL/6 is the most widely used due to its high susceptibility to DIO,
insulin resistance, and hepatic steatosis. This susceptibility enhances the
reproducibility of obesity-related phenotypes and makes it a preferred model
for diet-induced studies. However, this same predisposition may also exag-
gerate disease progression compared to humans, potentially limiting transla-
tional relevance. Furthermore, mice differ from humans in several physiologi-
cal aspects, including lipid metabolism, thermoregulation, and adipose tissue
distribution. For example, mice have higher basal metabolic rates and distinct
lipoprotein profiles, which may influence responses to dietary interventions.
These differences should be carefully considered when extrapolating find-

ings to human populations.'’

Rats accounted for approximately one-third of the included studies and are
often preferred for investigations requiring detailed physiological, pharma-
cokinetic, or behavioral assessments. Compared to mice, rats exhibit more
stable metabolic responses and are considered more suitable for studies
involving glucose tolerance, insulin sensitivity, and complex metabolic pheno-
typing. Commonly used strains such as Wistar and Sprague—Dawley rats are
known for their responsiveness to dietary manipulation, although differences
between strains can influence outcomes. Rats also offer practical advan-
tages due to their larger size, which facilitates repeated blood sampling and
surgical procedures. Despite these advantages, rats are less amenable to
genetic manipulation compared to mice, which limits their use in mechanis-
tic studies. Consequently, their role in metabolic research is often comple-
mentary rather than substitutive, with rats being used for physiological vali-
dation and mice for mechanistic exploration.”’

Emerging non-rodent models: zebrafish and invertebrates. Non-rodent
models such as zebrafish, C. elegans, and Drosophila were used less
frequently but offer distinct advantages that are increasingly recognized in
metabolic research. Zebrafish, in particular, have gained attention due to their
rapid development, optical transparency, and suitability for high-throughput
screening. They also share conserved metabolic pathways with mammals,
making them useful for studying lipid metabolism and adipogenesis. Inverte-
brate models provide additional benefits, including low cost, rapid lifecycle,
and genetic tractability. These systems are particularly valuable for identify-
ing conserved metabolic pathways and conducting large-scale screening of
bioactive compounds. However, these models also have important limita-
tions. Differences in physiology, organ structure, and metabolic regulation
restrict their ability to fully replicate human metabolic disease. In particular,
their translational relevance for complex metabolic, endocrine, and reproduc-
tive physiology remains limited compared with mammalian systems. Conse-
quently, these models are most appropriately used for early-stage screening
and pathway discovery rather than as standalone systems for translational
interpretation. Positive findings obtained from non-rodent models should
therefore be further validated in rodent models before broader translational
conclusions are drawn. As a result, they are often best used as complemen-
tary models for early-stage screening rather than as standalone systems for
translational studies.””™

Strain-dependent variability and reproducibility challenges. Strain
selection represents a critical but often underappreciated determinant of
metabolic outcomes in preclinical research. Within rodent models, strains
such as C57BL/6 mice, Wistar rats, and Sprague—Dawley rats are most
frequently used due to their well-characterized responses to dietary and
pharmacological interventions. However, accumulating evidence indicates
that metabolic phenotypes can vary substantially between strains, even when
experimental conditions are identical. For example, C57BL/6 mice are highly
susceptible to DIO, insulin resistance, and hepatic steatosis, making them a
preferred model for studying obesity-related metabolic dysfunction. In
contrast, other mouse strains, such as A/J or BALB/c, exhibit partial resis-
tance to weight gain and metabolic impairment under similar dietary condi-
tions. These strain-dependent differences reflect underlying genetic variation
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Table 1. Advantages and limitations of common animal models in metabolic research.

REVIEW

Species / Model Major Strengths

Major Limitations

Best Use / Application

Extensive genetic tools; cost-effective; widely

AR ) characterized

C57BL/6 mouse High susceptibility to DIO and insulin resistance

Stable physiology; larger sample collection

Rat (general) capacity

Wistar rat Responsive to dietary interventions

Sprague—Dawley rat Suitable for chronic metabolic studies
Zucker diabetic rat  Strong insulin resistance phenotype

Zebrafish High-throughput screening; conserved metabolic

May develop exaggerated metabolic

Variable metabolic responses

Monogenic/genetic artifact

Limited physiological complexity

Physiological differences from humans Mechanistic and transgenic studies

DIO and obesity-related studies

phenotypes

Fewer genetic tools compared with mice Phar_macoklnetlc IRl
studies

Variable obesity susceptibility Nutrl_tlonal il e el g
studies

Long-term intervention studies

Diabetes progression and insulin
resistance

Early-stage metabolic screening

pathways
DLl Rapid lifecycle; strong genetic tractability Limited translational relevance Pathyvay € IEEDE £ e
melanogaster studies
C. elegans Simple metabolic system; rapid experimentation Lacks mammalian physiology Stezjs;jl;:esmetabollsm &0 Sy

DIO (HFD/HFHS) High face validity for obesity and insulin

resistance
STZ Rapid and reproducible diabetes induction
NA-STZ Partial representation of T2DM

HFD + STZ (Hybrid) Combmgs insulin resistance and B-cell
dysfunction
Genetic (db/db,

ob/ob) Strong mechanistic and pathway specificity

Long induction duration; protocol
variability

Limited insulin resistance phenotype
Variable induction severity

Complex and protocol-sensitive

Monogenic etiology limits translation

Obesity and metabolic syndrome

B-cell dysfunction and
hyperglycemia

T2DM-related glucose dysregulation
Obesity-associated T2DM

Mechanistic and signaling pathway
studies

that influences energy balance, lipid metabolism, and insulin sensitivity.'"™'
Similarly, in rat models, differences between commonly used strains such as
Wistar and Sprague—Dawley have been reported in terms of adiposity,
glucose tolerance, and responsiveness to dietary interventions. These differ-
ences can influence both baseline metabolic status and the magnitude of
response to bioactive compounds, thereby affecting the reproducibility and
comparability of findings across studies.”

Importantly, strain effects extend beyond phenotypic variability to influ-
ence disease progression and mechanistic pathways. Experimental evidence
demonstrates that susceptibility to obesity and diabetes varies widely across
strains, even when animals are exposed to identical HFDs, highlighting the
strong interaction between genetic background and environmental factors.'
In genetic models, the influence of strain is even more pronounced. Pheno-
types observed in models such as ob/ob and db/db mice are not solely
determined by the underlying mutation but are significantly modified by the
genetic background on which the mutation is expressed. As a result, identical
mutations can produce different degrees of obesity, insulin resistance, and
hyperglycemia depending on the strain context, complicating interpretation
and cross-study comparison.*

These findings have important implications for reproducibility. Variability in
strain selection across studies may contribute to inconsistent outcomes,
even when experimental designs appear similar. Furthermore, inadequate
reporting of strain details, as observed in several studies within this review,
further limits the ability to interpret and replicate findings. This issue aligns
with broader concerns in preclinical research, where lack of standardization
and incomplete reporting have been identified as major barriers to repro-
ducibility and translation.” Overall, the strong influence of genetic back-
ground suggests that strain selection should be considered a key experimen-
tal variable rather than a logistical choice. Greater standardization, along with
explicit justification and reporting of strain selection, will be essential for
improving reproducibility, comparability, and translational relevance in
metabolic research.

Sex bias in animal models. A pronounced sex bias was observed across
the included studies: 81.3% were conducted exclusively in male animals,

compared to only 5.1% in females and 4.5% including both sexes; 9.1% did
not report sex (Figure 3B). This male dominance is consistent with trends
reported in preclinical metabolic research, where male rodents are often
preferred to avoid variability associated with the estrous cycle. However, this
approach may reduce biological and translational representation. Sex is a
critical biological variable in metabolic regulation. Female animals often show
partial protection against DIO and insulin resistance due to hormonal influ-
ences such as estrogen, whereas males tend to develop more severe
metabolic dysfunction under similar conditions. Although this may partly
explain the frequent use of male animals, it may also bias experimental find-
ings toward more severe metabolic phenotypes.

Importantly, some models demonstrate sex-dependent differences in
disease susceptibility and progression, where outcomes vary not only in
magnitude but also in mechanism. As highlighted in rodent diabetes models,
both strain and sex significantly influence metabolic phenotype and response
to induction protocols.”** Ignoring these differences limits the translational
relevance of findings, particularly given that human obesity and diabetes also
exhibit clear sex-specific patterns. Beyond differences in body weight and
insulin sensitivity, sex also fundamentally influences endocrine signaling,
adipose tissue distribution, inflammatory responses, and reproductive
metabolism. Sex differences are also closely linked to immunometabolic
regulation. Estrogen signaling has been shown to modulate adipose tissue
inflammation, macrophage polarization, and insulin sensitivity, contributing to
partial protection against obesity-associated metaflammation and metabolic
dysfunction in females. Consequently, dietary bioactive compounds with anti-
inflammatory or phytoestrogenic properties may exhibit sex-specific and
potentially divergent biological effects that cannot be adequately captured in
male-only study designs.® This is particularly relevant for female-specific
metabolic conditions such as polyendocrine metabolic ovarian syndrome
(PMOS) and obesity-associated reproductive dysfunction, where metabolic
and hormonal disturbances are closely interconnected.” The underrepresen-
tation of female animals, therefore, limits understanding of how dietary
bioactive interventions may differentially affect female metabolic physiology
and endocrine health. Overall, the strong male bias observed in this dataset
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Figure 4. Distribution of dietary bioactive compounds investigated in the included studies (A) Classification of bioactive compounds by major classes, (B) Distribution of inter-

vention types, (C) Relationship between bioactive class and model type.

suggests that many studies may overlook important biological variability.
Increasing the inclusion of female animals and conducting sex-stratified
analyses would improve the robustness and applicability of future research.

Influence of study duration and experimental design. Study duration
varied considerably across the included models, reflecting differences in both
experimental design and disease induction strategy. As shown in Figure 3C,
diet-induced models generally required longer durations, with median values
around ~70 days and a wide spread extending beyond 200 days. This is
expected, as DIO models rely on gradual metabolic changes such as weight
gain, insulin resistance, and adiposity, which develop over time. In contrast,
chemical models showed shorter and more variable durations, often cluster-
ing around ~30—40 days, as agents like STZ rapidly induce hyperglycemia
through B-cell damage. Hybrid models displayed intermediate durations,
combining the slower onset of dietary induction with the accelerated effects
of chemical intervention. Interestingly, genetic models also showed moder-
ate to long durations, reflecting the progressive nature of phenotype develop-
ment driven by inherent mutations.

These differences highlight an important trade-off. Shorter studies are effi-
cient and suitable for screening interventions but may only capture acute
metabolic changes. Longer studies, particularly in diet-induced and genetic
models, better represent chronic disease progression but require greater time
and resources. This variation in duration can significantly influence
outcomes, including the severity of metabolic dysfunction and the observed
efficacy of interventions. Therefore, study duration is not just a methodologi-
cal detail but a critical factor shaping the phenotype and interpretability of
results.

Bioactive compound landscape

Distribution of bioactive classes. The distribution of bioactive
compounds across the included studies revealed a strong concentration
within a limited number of classes (Figure 4A). Polyphenols represented the
most frequently investigated group, followed by botanical extracts/whole-
food-derived interventions and fiber/polysaccharide-based compounds. In
contrast, lipid-derived compounds, probiotics, peptides, and other classes
were comparatively less represented, while categories such as alkaloids and
glucosinolates were only sporadically studied. This pattern reflects a clear
research bias toward plant-derived phytochemicals, particularly polyphenols.
The prominence of polyphenols is consistent with their well-documented
antioxidant and anti-inflammatory properties, which have been extensively
linked to metabolic health benefits. However, the disproportionate focus on
this class raises concerns regarding mechanistic redundancy within the field.
Many studies repeatedly investigate similar endpoints such as oxidative
stress reduction and inflammatory modulation, without substantially advanc-
ing mechanistic understanding.

Formulation characteristics: Extract-dominated research. A striking
feature of the dataset was the overwhelming dominance of extract-based
interventions (Figure 4B). The majority of studies utilized crude or semi-puri-
fied extracts, whereas only a small proportion investigated pure compounds
or whole-food-based interventions. While extract-based approaches may

better reflect the complexity of dietary exposure, they introduce significant
challenges related to standardization, reproducibility, and mechanistic inter-
pretation. In many cases, the chemical composition of extracts is incom-
pletely characterized, and batch-to-batch variability is rarely addressed. This
makes it difficult to attribute observed biological effects to specific bioactive
components.

Furthermore, extract-based studies often operate at the interface between
nutrition and pharmacology, yet without adhering to the rigor of either field.
Unlike pharmaceutical compounds, extracts are frequently administered
without precise characterization or dose normalization. At the same time,
they are often delivered at concentrations that exceed typical dietary intake,
raising concerns about translational relevance. Previous analyses have high-
lighted that poor standardization of botanical extracts is a major barrier to
reproducibility and clinical translation in bioactive research.”’

Source and conceptual framing of "dietary” bioactives. The predomi-
nance of botanical extracts and phytochemical-rich compounds suggests
that the field is heavily oriented toward plant-based interventions. However,
this raises an important conceptual issue: many of these interventions are
framed as "dietary” bioactives, yet are tested under conditions that resemble
pharmacological treatment rather than normal dietary exposure. For example,
concentrated plant extracts administered via oral gavage or high doses may
not reflect realistic human consumption patterns. This creates a disconnect
between experimental design and real-world applicability. While such
approaches may be useful for mechanistic exploration, they risk overstating
the practical relevance of findings. This issue has been widely recognized in
nutrition research, where the distinction between dietary exposure and phar-
macological dosing is critical for interpretation. Studies that do not account
for this distinction may contribute to inflated expectations regarding the effi-
cacy of bioactive compounds in human populations.®

Intervention strategy: Prevention versus treatment. The analysis
revealed that treatment-oriented studies (57.6%) were more common than
prevention-based approaches (42.4%) (Figure 4C). This distribution suggests
that most studies focus on evaluating the therapeutic potential of bioactive
compounds in established disease models rather than their role in disease
prevention. While treatment studies are important, prevention-based
approaches are particularly relevant in the context of dietary interventions,
where long-term modulation of metabolic risk factors is a primary goal. The
relatively lower representation of prevention studies may therefore represent
agap in the literature. Additionally, prevention studies often involve concur-
rent administration of bioactives during model induction, which may not
accurately reflect real-world scenarios where interventions are introduced
after disease onset. Conversely, treatment studies may better simulate clini-
cal conditions but are often conducted over relatively short durations, limiting
their ability to capture long-term effects. This imbalance highlights the need
for more longitudinal and well-designed studies that integrate both preven-
tive and therapeutic perspectives.

Outcome reporting patterns
Predominance of core metabolic outcomes. Across the included studies,
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ies incorporating molecular evidence compared to non-molecular assessments, (D) Heatmap showing the relationship between model type and reported outcomes.

outcome reporting was strongly centered on a relatively narrow set of core
metabolic endpoints. Body weight was the most frequently reported variable
(89.4%), followed by lipid-related outcomes (84.3%), glucose metabolism
(74.7%), and liver function (66.2%) (Figure 5A). Insulin and adiposity were
reported in roughly half of the studies, whereas inflammation, oxidative
stress, and especially gut microbiota were less consistently assessed. This
pattern indicates that most studies remain focused on readily measurable
phenotypic indicators of metabolic improvement rather than building a
broader and more integrated assessment of disease biology. This trend is
understandable. Body weight, fasting glucose, oral glucose tolerance, and
serum lipids are widely accepted indicators of metabolic dysfunction in
animal models and remain central to preclinical obesity and diabetes
research. At the same time, reliance on these endpoints alone can oversim-
plify the evaluation of dietary bioactive compounds. A reduction in body
weight or fasting glucose does not necessarily indicate meaningful correc-
tion of insulin resistance, B-cell dysfunction, adipose tissue remodeling, or
organ-specific pathology. Recent methodological reviews have similarly
emphasized that preclinical studies of bioactive compounds in metabolic
disease often generate only a limited range of information, and that conclu-
sions about efficacy are highly dependent on the breadth and quality of the
selected outcome measures.”'**

In the context of dietary bioactive development, this is particularly impor-
tant. Unlike single-target drugs, dietary bioactives are typically expected to
act across multiple physiological systems. If studies assess only body weight
or glucose-related endpoints, the resulting evidence may appear positive but
remain too shallow to support mechanistic interpretation or translational
prioritization. In other words, outcome selection itself can shape the appar-
ent success of an intervention.

Integration of secondary outcomes. A second pattern in the dataset was
the partial but inconsistent incorporation of secondary outcomes such as
inflammation, oxidative stress, microbiota composition, and liver-related
parameters. These outcomes are biologically relevant because obesity and
T2DM are not isolated glycemic disorders; they involve chronic low-grade
inflammation, redox imbalance, altered gut—host interactions, and tissue-
specific dysfunction. However, in many studies, these measures appeared as
supplementary endpoints rather than being integrated into a coherent mech-

anistic framework. This distinction matters. Measuring inflammatory
cytokines or oxidative stress markers can strengthen interpretation, but only
when these outcomes are linked clearly to the disease model and interven-
tion hypothesis.

In the present dataset, liver function was reported more frequently than
many other secondary endpoints, suggesting growing recognition of hepatic
steatosis and liver injury as central features of metabolic disease. By
contrast, gut microbiota-related outcomes were among the least frequently
reported, despite the increasing emphasis on microbiota-mediated mecha-
nisms in nutrition and bioactive research. Similarly, endocrine and reproduc-
tive outcomes were rarely evaluated across the included studies, despite
increasing recognition that obesity and T2DM profoundly influence hypotha-
lamic-pituitary-gonadal (HPG) axis regulation, sex hormone signaling, fertility,
and reproductive health.”*® Recent advances in immunometabolism and
gut—host interaction research further emphasize the importance of integrat-
ing inflammatory, microbial, endocrine, and metabolic endpoints when evalu-
ating dietary bioactive efficacy.”' ~** Furthermore, interpretation of microbiota-
related outcomes should consider the bioavailability characteristics of many
dietary bioactive compounds. Numerous polyphenols and flavonoids exhibit
limited absorption in the upper gastrointestinal tract and may reach the colon
largely intact, where they undergo extensive microbial biotransformation into
secondary metabolites that can contribute substantially to biological activity.
Consequently, observed metabolic effects may be mediated not only by the
parent compounds but also by microbiota-derived metabolites. This high-
lights the need for more rigorous mechanistic approaches beyond descrip-
tive microbiota profiling, including functional analyses, fecal microbiota trans-
plantation, antibiotic-depletion models, or germ-free systems capable of
establishing causal relationships between microbial changes and host
metabolic outcomes.” This uneven distribution suggests that the field is
beginning to broaden beyond classical metabolic markers, but has not yet
achieved methodological consistency in how secondary outcomes are
selected or interpreted. Importantly, variability in diet composition and model
selection may substantially influence microbiota composition, inflammatory
signaling, and metabolic phenotype, complicating direct comparison across
studies. The wider literature supports this concern. Reviews of obesity- and
diabetes-related preclinical models have repeatedly noted that experimental
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outcomes are highly sensitive to model design, feeding conditions, housing,
and endpoint selection, and that overinterpretation is common when a limited
set of biomarkers is used to support broad mechanistic claims.'*

The molecular depth of outcomes. One of the more encouraging findings
from the present study is that molecular evidence was incorporated in a
substantial proportion of studies. Based on the final dataset, 71.7% of stud-
ies included molecular-level analysis, whereas 28.3% remained non-molecu-
lar (Figure 4C). Likewise, most studies were classified as having high or
moderate mechanistic depth, with only a small minority categorized as low-
depth studies (Figure 5B). Mechanistic depth classification was based on the
extent of molecular and functional analyses reported in each study, including
the use of pathway-focused molecular assessments and functional valida-
tion approaches. This suggests that the field is not limited to phenotype-level
screening alone and that many investigators are attempting to connect
metabolic outcomes to underlying pathways.

However, this should not be interpreted uncritically. The presence of
molecular evidence does not automatically indicate strong mechanistic infer-
ence. In many preclinical studies, mechanistic claims are based on a small
number of gene-expression or protein-expression markers, often without
pathway perturbation, inhibitor studies, loss-of-function validation, or tissue-
specific functional testing. Accordingly, molecular measurements such as
gene or protein expression changes should be interpreted primarily as
supportive or correlative evidence unless accompanied by functional experi-
ments capable of establishing causal pathway involvement. Although many
studies incorporated molecular analyses, mechanistic interpretation should
be approached with caution, as a substantial proportion relied primarily on
correlational gene or protein expression data without functional validation
experiments to establish causal relationships. In such cases, molecular data
provide useful clues, but not definitive evidence of causality. A change in
AMPK, AKT, GLUT4, or inflammatory marker expression may be consistent
with a proposed mechanism, yet still fall short of proving that the pathway
mediates the observed phenotype. Therefore, although many studies demon-
strated moderate or high mechanistic depth according to the predefined
classification criteria, the strength of causal inference varied considerably
across the included literature.

Nevertheless, several mechanistic patterns emerged repeatedly across the
included studies. Improvements in inflammatory signaling pathways, includ-
ing reductions in TNF-q, IL-6, NF-KkB activation, and oxidative stress markers,
were among the most consistently reported findings across diverse interven-
tion classes. Multiple studies also reported modulation of insulin-signaling
pathways such as AMPK, AKT, and GLUT4, suggesting convergence toward
improved metabolic homeostasis. In contrast, mechanisms involving gut
microbiota modulation, bile acid signaling, neuro-metabolic regulation, and
immunometabolic interactions were less consistently investigated and often
relied on associative rather than functionally validated evidence. Conse-
guently, while inflammatory and insulin-signaling pathways appear compara-
tively well supported across studies, several emerging mechanistic pathways
remain preliminary and require more rigorous causal validation. This is a
broader issue in preclinical animal research. Recent methodological discus-
sions emphasize that the robustness, reliability, and translational value of
bioactive research depend not only on whether mechanistic endpoints are
included but on how convincingly those endpoints are linked to functional
outcomes and experimental design. In this sense, the present dataset
suggests a field that is moving toward greater mechanistic sophistication, but
where mechanistic claims may still outpace experimental validation.'***

Outcome selection across model types. The model—outcome heatmap
Figure 5D provides an especially important insight: outcome reporting was
not uniform across model classes. Diet-induced models were associated
with the largest number of reported outcomes across all categories, includ-
ing glucose metabolism, lipid metabolism, inflammation, oxidative stress, and
gut microbiota modulation. This is expected because diet-induced models
dominated the dataset numerically and are commonly used to evaluate broad
metabolic phenotypes. Genetic and hybrid models also showed relatively
wide outcome coverage, whereas chemically induced models tended to be
more narrowly represented.

This pattern has important implications. Not all animal models are equally
suited to all outcome domains. For example, diet-induced models are partic-

ularly appropriate for studying adiposity, insulin resistance, dyslipidemia, and
diet—=microbiota interactions, whereas chemically induced models are often
more focused on hyperglycemia and pancreatic injury. If a study uses a given
model but measures only a subset of the outcomes most relevant to that
model, important biological information may be missed. The question is
therefore not simply whether outcomes are measured, but whether the
chosen outcomes are appropriately aligned with model biology. This is well
supported by the broader literature. Recent reviews stress that no single
animal model captures the full spectrum of human obesity or T2DM, and that
the phenotype of a model can differ substantially depending on induction
strategy, feeding conditions, and duration. As a result, outcome selection
should be model-informed rather than routine or formulaic.”*

Implications for dietary bioactive development. Taken together, the
outcome-reporting patterns identified in this review reveal both progress and
persistent limitations. On the positive side, most studies now go beyond
simple weight change and include a mixture of glycemic, lipid, inflammatory,
oxidative, hepatic, microbial, or molecular outcomes. This reflects increasing
recognition that obesity and diabetes are multisystem disorders and that
dietary bioactives may act through more than one biological route. At the
same time, the field still appears skewed toward commonly measured, low-
barrier endpoints, while deeper physiological integration remains inconsis-
tent. Several gaps remain clear: insulin-related measures are less common
than body weight or lipids, gut microbiota outcomes are still relatively under-
used, and mechanistic studies do not always achieve true causal depth. For
the development of dietary bioactive compounds, these weaknesses matter
directly. A candidate compound that lowers body weight but lacks convinc-
ing evidence for improved insulin signaling, adipose remodeling, hepatic
metabolism, or durable pathway engagement may appear promising in early-
stage research yet fail to support meaningful translation.

From a methodological perspective, this reinforces the importance of more
standardized and hypothesis-driven outcome selection. Reporting frame-
works such as ARRIVE 2.0 were developed precisely because inadequate
reporting and incomplete methodological detail reduce reproducibility and
make cross-study comparison difficult. For future preclinical work in dietary
bioactives, stronger integration of phenotypic, biochemical, and molecular
endpoints matched appropriately to model type will likely be necessary to
improve both interpretability and translational confidence.™

Methodological quality and trends

Study design characteristics and internal validity. Across the included
studies, considerable variability was observed in key elements of experimen-
tal design, including randomization, blinding, and group allocation. While most
studies employed controlled experimental settings, explicit reporting of
randomization procedures and blinding was inconsistent. In many cases,
these methodological details were either not described or only briefly
mentioned, making it difficult to assess the internal validity of the findings.
The absence of clearly reported randomization and blinding raises concerns
regarding potential bias in outcome assessment and data interpretation.
These factors are well recognized as essential components of rigorous
experimental design, particularly in preclinical research where investigator
influence may inadvertently affect measurements such as histological scor-
ing, behavioral assessment, or endpoint selection. Previous methodological
analyses have highlighted that the lack of randomization and blinding is a
common limitation in animal studies and can contribute to inflated estimates
of treatment effects.”

Incomplete reporting and transparency limitations. A recurring issue
across the dataset was incomplete reporting of key experimental parameters.
Critical details such as diet composition, dose justification, duration of inter-
vention, and even basic animal characteristics (e.qg., sex or age) were not
consistently reported. In some cases, studies referred to "HFD" or "bioactive
supplementation” without providing sufficient detail to allow replication. This
lack of transparency represents a major barrier to reproducibility and cross-
study comparison. Without standardized reporting of experimental condi-
tions, it becomes difficult to determine whether differences in outcomes are
attributable to the intervention itself or to variations in study design.

Reproducibility challenges and experimental heterogeneity. The find-
ings of this review highlight substantial heterogeneity across studies in terms
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of model selection, dietary composition, intervention strategies, and outcome
measurement. While some degree of variability is expected in biological
research, the extent observed here suggests a lack of standardization that
may limit reproducibility. For example, diet-induced models varied widely in
fat content and composition, intervention durations ranged from short-term
to long-term designs, and dosing strategies for bioactive compounds were
often inconsistent or poorly justified. These factors can significantly influ-
ence metabolic outcomes, making it difficult to compare results across stud-
ies or to draw generalized conclusions about the efficacy of specific bioac-
tive compounds. Such variability has been widely recognized as a major
challenge in preclinical metabolic research. Even small differences in experi-
mental conditions, such as diet formulation, animal strain, or housing envi-
ronment, can lead to divergent results, underscoring the need for more stan-
dardized and well-characterized experimental frameworks.

An additional but often overlooked source of variability is the selection of
control diets. In many studies, HFDs were compared with standard chow
diets, despite substantial differences extending beyond fat content alone.
Chow diets typically contain complex ingredient mixtures, variable fiber
sources, and naturally occurring bioactive compounds, whereas purified
experimental diets are more compositionally defined. Consequently, observed
metabolic effects may reflect multiple dietary differences rather than fat
content alone, complicating interpretation and cross-study comparison. The
use of matched low-fat purified control diets may improve experimental rigor
by minimizing confounding dietary variables and enhancing reproducibility
across studies.”

Translational limitations of current preclinical approaches. The
methodological limitations identified in this review collectively contribute to
the reduced translational relevance of preclinical findings. Several recurring
issues are particularly important in this context. First, many studies utilized
experimental conditions that do not reflect typical human exposure, including
extremely HFDs or supraphysiological doses of bioactive compounds.
Second, the strong bias toward male animals limits the generalizability of
findings, given well-established sex differences in metabolic regulation. Third,
relatively short study durations may fail to capture the chronic and progres-
sive nature of obesity and T2DM. In addition, while many studies reported
positive metabolic outcomes, these findings were often based on a limited
set of endpoints or supported by relatively shallow mechanistic evidence. As
a result, the predictive value of these studies for human interventions remains
uncertain. This issue is not unique to dietary bioactives; it reflects broader
challenges in translating preclinical findings into clinical success. Analyses of
translational failure have consistently shown that promising results in animal
models frequently do not replicate in human trials, often due to differences in
physiology, experimental design, and outcome relevance.*

A broader issue emerging from this review is the potential mismatch
between the biological characteristics of dietary bioactive interventions and
the severity of some experimental disease models. Unlike conventional phar-
macological agents, dietary bioactives often exert pleiotropic, multi-target,
and context-dependent effects that may require prolonged exposure to
produce measurable physiological benefits. Consequently, highly aggressive
disease models, including severe obesogenic diets or extensive B-cell
destruction, may underestimate, obscure, or distort the efficacy of dietary
interventions. This highlights the importance of model-mechanism match-
ing, where the choice of animal model should be aligned not only with the
disease phenotype of interest but also with the expected magnitude and
mechanism of action of the dietary bioactive under investigation. Improving
this alignment may enhance both biological interpretation and translational
relevance.”

Emerging improvements and future methodological directions. Despite
these limitations, several positive trends were also observed. An increasing
number of studies have begun to incorporate molecular analyses, microbiota
assessments, and multi-system outcome measures, reflecting a shift toward
more comprehensive evaluation of metabolic function. There is also growing
awareness of the importance of model selection, disease relevance, and
experimental design in improving the quality of preclinical research. Moving
forward, several key improvements are needed to strengthen the field. These
include more consistent application of randomization and blinding, improved
reporting of experimental details in line with established guidelines, and
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greater standardization of diets and dosing strategies. In addition, incorporat-
ing both sexes, extending study duration where appropriate, and integrating
mechanistic validation with phenotypic outcomes will be critical for enhanc-
ing translational relevance. Ultimately, improving methodological rigor is
essential not only for reproducibility but also for the successful development
of dietary bioactive compounds as evidence-based interventions for
metabolic disease. Addressing these challenges will help bridge the gap
between preclinical findings and clinical application, ensuring that promising
results are both reliable and meaningful.

Model selection and experimental design framework for future studies

The findings of this review highlight substantial variability in animal model
selection, outcome reporting, and methodological rigor across studies inves-
tigating dietary bioactive compounds. While this diversity reflects the
complexity of metabolic diseases, it also underscores the absence of a stan-
dardized, objective-driven approach to model selection. To address this gap,
a structured framework is proposed to guide researchers in selecting appro-
priate animal models based on study objectives, disease characteristics, and
practical considerations. Table 2 and Figure 6 together provide a practical
framework linking study objectives, model selection, dosing considerations,
comparator interventions, and outcome assessment strategies for future
dietary bioactive research.

Objective-driven model selection. The choice of animal model should be
primarily determined by the specific research objective. As demonstrated in
the present analysis, diet-induced models dominate the field and are particu-
larly suitable for studies focusing on obesity, adiposity, and diet-related
metabolic dysfunction. These models offer high face validity and closely
mimic environmental and dietary drivers of human metabolic disease.'* In
contrast, studies targeting hyperglycemia or B-cell dysfunction may require
chemically induced or genetic models. STZ-based models, including nicoti-
namide-STZ combinations, are widely used for inducing pancreatic B-cell
damage and are appropriate for investigating insulin deficiency and glucose
regulation.”® However, these models may not fully capture the complexity of
obesity-associated insulin resistance."” For studies aiming to investigate
combined metabolic phenotypes, such as obesity-associated T2DM, hybrid
models (e.g., HFD combined with low-dose STZ) provide a more comprehen-
sive representation of disease pathology. Similarly, genetic models such as
db/db and ob/ob mice are particularly useful for mechanistic studies, as they
allow investigation of specific signaling pathways and gene—phenotype rela-
tionships, although their translational relevance may be limited due to mono-
genic etiology.”’

Alignment of the model with disease phenotype and stage. A critical
consideration in model selection is the alignment between the chosen model
and the targeted stage or phenotype of disease. Obesity and T2DM develop
progressively, involving transitions from adiposity and insulin resistance to 8-
cell dysfunction and systemic metabolic impairment. No single model
captures all aspects of this progression.”” Diet-induced models are most
appropriate for early-stage metabolic disturbances, including weight gain,
dyslipidemia, and insulin resistance. In contrast, chemical and genetic models
are better suited for studying later-stage features such as hyperglycemia and
impaired insulin secretion. Hybrid models offer an intermediate approach by
combining features of both, enabling the study of multi-system metabolic
dysfunction. This distinction is essential because mismatches between
model characteristics and study objectives can lead to misleading conclu-
sions. For example, evaluating anti-obesity interventions in models primarily
characterized by B-cell toxicity, or assessing insulin resistance in models
lacking dietary induction, may limit the biological relevance of the findings.

Mechanism-oriented model selection. In addition to disease phenotype,
model selection should consider the primary biological mechanism targeted
by the intervention. As observed in this review, dietary bioactive compounds
often exert pleiotropic effects, including modulation of inflammation, oxida-
tive stress, gut microbiota, and metabolic signaling pathways. Diet-induced
models are particularly suitable for studying inflammation and microbiota-
related mechanisms, as these models involve chronic exposure to obeso-
genic diets that directly influence immune responses and gut microbial
composition. Conversely, genetic models provide controlled systems for
investigating specific signaling pathways, such as insulin signaling or lipid
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Table 2. Recommended animal models and experimental considerations according to research objectives.

Research Objective Recommended Key Strength Major Limitation Suggested Outcomes Positive Control / Dose Consideration
Model Comparator
: N High face Long induction  Body weight, adiposity, = Metformin Prefer physiologically
Slpzsinyd celeehy - OIS {AFNEAS) validity duration insulin resistance Orlistat relevant dietary doses
Combined . . . N
Insulin resistance HFD + low-dose metabolic Protocol OGTT, insulin sensitivity, Metformin Dose normalization by body
STz variability HOMA-IR weight and intake
phenotype
Rapid . . . . . . . . .
B-cell dysfunction  STZ / NA-STZ hyperglycemia Limited obesity Fastlng glucose, insulin Metfgrmm Avoid supraphysiological
. . phenotype secretion Insulin exposure
induction
e Long-term Liver histology, ALT/AST, Pioglitazone Consider dietary matrix
NAFLD/ MASLD HFHS/HFFr diets  steatosis ; . - " ’ . .
. feeding required lipid accumulation Metformin composition
progression
Inflammation / DIO or hybrid phronlc Yarlable TNF-q, IL-6, NF-KB, Anti-inflammatory Match dose to achievable
. . inflammatory inflammatory o
immunometabolism models . macrophage markers comparator nutritional exposure
phenotype severity
Microbiome-focused . . Qut-hos_t Highly diet- Microbiota profiling, bile  Standardized diet Strict control of background
. DIO + defined diet interaction e . .
studies sensitive acids, SCFAs comparator diet
relevance
Mechanistic pathwayTransgenic/genetic SHEIY . Reduce(_j Molecular and functional Pathway-specific Include functional
. mechanistic  translational - S
studies mouse models L o validation controls validation
precision generalizability
10-11,14,46-47

Adapted and synthesized from outside

metabolism, due to their well-defined molecular defects. Chemical models
are useful for studying B-cell function and glucose homeostasis, but may be
less appropriate for investigating complex systemic mechanisms. Aligning
model selection with the hypothesized mechanism of action enhances the
interpretability of results and reduces the risk of overgeneralizing findings
from inappropriate experimental systems.

Beyond the depth of molecular analysis, effective mechanistic investiga-
tion requires alignment between the proposed mechanism of action of a
dietary bioactive and the underlying pathology of the selected animal model.
For example, compounds intended to improve insulin sensitivity are most
appropriately evaluated in models exhibiting robust insulin resistance,
whereas interventions targeting B-cell preservation may be better assessed
using STZ-based or hybrid models. Similarly, microbiota-targeted bioactives
require dietary models that preserve gut—host interactions, while anti-inflam-
matory interventions are best evaluated in models characterized by chronic
metabolic inflammation. Failure to align intervention mechanisms with model
pathology may reduce interpretability and translational relevance, even when
extensive molecular analyses are performed. To facilitate mechanism-
oriented study design, Table 3 summarizes the alignment between major
dietary bioactive mechanisms of action and animal models most suitable for
evaluating these pathways.

Integration of outcome measures and experimental design parameters.
Appropriate model selection must be complemented by careful selection of
outcome measures and experimental design. As highlighted in Section 3.5,
many studies rely heavily on core metabolic outcomes such as body weight
and glucose levels, while deeper mechanistic and system-level assessments
are inconsistently included. The proposed framework emphasizes the impor-
tance of integrating multiple outcome layers, including phenotypic, biochemi-
cal, and molecular endpoints. Core outcomes should be supplemented with
measurements of insulin sensitivity, inflammatory markers, oxidative stress,
and, where relevant, gut microbiota and liver function. Importantly, molecular
validation should be incorporated to support mechanistic claims. Experimen-
tal design considerations are equally critical. These include the use of appro-
priate control groups, inclusion of both sexes where feasible, selection of
biologically relevant doses, and ensuring sufficient study duration to capture
chronic disease progression. Failure to address these factors may compro-
mise both internal validity and translational relevance.*

A critical but often underreported aspect of experimental design is the
selection of appropriate intervention doses and the inclusion of suitable
control groups. In the context of dietary bioactive compounds, considerable

and related studies discussed in this review.

variability exists in dosing strategies, with many studies employing doses that
exceed physiologically relevant levels. While such approaches may demon-
strate efficacy, they can limit translational applicability. Therefore, future
studies should prioritize dose selection based on dietary relevance, pharma-
cokinetic considerations, and, where possible, dose—response relationships.
Equally important is the inclusion of positive control groups using estab-
lished pharmacological agents, such as metformin or other standard antidia-
betic drugs. The absence of such controls, as observed in a proportion of
studies within this dataset, restricts the ability to contextualize the magni-
tude and relevance of observed effects. Incorporating both negative and
positive controls, alongside appropriate vehicle groups, is essential for
improving interpretability, benchmarking efficacy, and enhancing the overall
rigor of experimental design.

Practical considerations and translational relevance. Beyond biological
and mechanistic factors, practical constraints play a significant role in model
selection. These include study duration, cost, facility availability, and feasibil-
ity of sample size. For example, diet-induced and genetic models often
require longer study durations and higher costs, whereas chemical models
provide rapid induction but may sacrifice physiological relevance. Balancing
these constraints with scientific objectives is essential. Short-term models
may be appropriate for initial screening, but longer-term and more physiolog-
ically relevant models are necessary for evaluating translational potential.
Translational interpretation may also be influenced by dietary matrix compo-
sition, as differences in lipid and carbohydrate sources can alter gut micro-
biota, bile acid metabolism, and the biological activity of dietary bioactives. In
addition, the limited use of clinically relevant comparator interventions in
many studies makes it difficult to benchmark the translational significance of
reported effects. Recent advances in metabolic animal research have also
expanded toward neuro-metabolic and systems-level mechanisms involved
in obesity and T2DM. For example, next-generation GLP-1 receptor agonists
have been shown to modulate brain reward circuitry and hedonic feeding
pathways in mouse models, highlighting increasing integration between
metabolic and neurobehavioral research.”® Other emerging approaches
include microbiota-targeted models, humanized models, and multi-organ
metabolic phenotyping strategies designed to improve translational rele-
vance and better capture the complexity of human metabolic disease.'"*
Such developments further emphasize the importance of model selection
strategies that integrate metabolic, behavioral, endocrine, and tissue-specific
outcomes.

In parallel, alternative experimental platforms such as organoids, multicel-
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Figure 6. Framework for selection of animal models in dietary bioactive research for metabolic disorders.

lular in vitro systems, and advanced humanized models are increasingly
being explored to complement conventional animal studies.”™ These
approaches offer several potential advantages, including improved mecha-
nistic control, higher-throughput screening capacity, reduced experimental
variability, and partial reduction of animal use in accordance with the princi-
ples of replacement, reduction, and refinement (3Rs). Humanized and

organoid-based systems may also provide greater human-specific physio-
logical relevance for investigating tissue-specific metabolic responses, drug
metabolism, gut—host interactions, and personalized therapeutic strategies.
In particular, organ-on-chip and multicellular co-culture systems are increas-
ingly being utilized to model complex inter-organ communication and
microenvironmental interactions that are difficult to isolate in conventional
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Table 3. Mechanism—model matching matrix for dietary bioactive research in obesity and T2DM.

Dietary Bioactive

Mechanism Key Biological Target

Recommended
Animal Models

Less Suitable Models Rationale

AMPK, AKT, GLUT4, IRS-1

Insulin sensitization . ;
signaling

STZ

B-cell protection or

. B-cell survival, insulin secretion
regeneration

STZ

Anti-inflammatory effects WP, TG N7, e s
infiltration

Antioxidant and ROS pathways, Nrf2,

mitochondrial modulation mitochondrial biogenesis

Gut microbiota Microbiota composition, SCFAs,

modulation bile acid metabolism

Hepatic lipid accumulation,

lipogenesis, B-oxidation

Leptin, ghrelin, hypothalamic

signaling

Lipid metabolism and
NAFLD/MASLD
Appetite regulation and
energy balance
Endocrine and

: . HPG axis, sex hormones, fertility
reproductive regulation

PMOS models

Immunometabolic
regulation

Innate immunity, adipose
inflammation

Multi-target nutritional

. ; Combined metabolic pathways
interventions

DIO, HFD + low-dose

STZ, NA-STZ, HFD +

DIO, HFD + STZ
DIO, genetic models
DIO with defined dietsSTZ-only models
HFHS, HFFr, DIO
DIO, ob/ob, db/db
Female DIO models,
DIO, hybrid models

DIO, HFD + STZ

Requires established insulin resistance
phenotype

Allows direct assessment of B-cell
preservation and function

Chronic low-grade inflammation resembles
human metabolic disease

Oxidative stress is prominent and
measurable

High-dose STZ alone

DIO alone

Acute chemical
models

Severe B-cell
destruction models
Preserves diet—microbiota interactions and
host metabolic responses

Better representation of hepatic disease
progression

Allows evaluation of feeding behavior and
adiposity

Captures sex-specific endocrine and
metabolic interactions

STZ-only models
STZ-only models

Male-only models

Simple acute Better reflects chronic metabolic
hyperglycemia models inflammation

Highly specialized More closely reflects complexity of human
genetic models dietary exposure

animal models. However, despite these advances, important limitations
remain. Most alternative platforms cannot yet fully reproduce the systemic
interactions involved in obesity and T2DM, including neuroendocrine regula-
tion, immune responses, behavioral influences, long-term disease progres-
sion, and whole-body metabolic adaptation. Consequently, these emerging
systems are best considered complementary translational tools that may
enhance mechanistic investigation and improve translational precision, rather
than complete replacements for in vivo metabolic models.'” Additionally, the
widespread use of male animals, as observed in this review, highlights the
need to consider sex as a biological variable in future studies.

Proposed framework and its implications. The decision-making frame-
work presented in Figure 6 integrates these considerations into a structured
workflow, guiding researchers from defining research objectives to selecting
appropriate models, outcomes, and experimental design parameters. By
incorporating both biological relevance and practical constraints, this frame-
work aims to improve consistency, reproducibility, and translational value in
dietary bioactive research. Importantly, this framework does not prescribe a
single "optimal” model but instead emphasizes context-dependent decision-
making. Given the multifactorial nature of obesity and T2DM, the use of
complementary models and multi-layered outcome assessment may be
necessary to generate robust and translatable findings. Future studies would
also benefit from greater adherence to standardized reporting frameworks
such as ARRIVE 2.0 guidelines, particularly regarding randomization, blinding,
sample size justification, and experimental transparency. Improved reporting
consistency would strengthen reproducibility, facilitate cross-study compari-
son, and enhance the translational reliability of preclinical dietary bioactive
research.*

Limitations of the current evidence base and this review

Despite the growing body of research investigating dietary bioactive
compounds in animal models of metabolic disease, several important limita-
tions should be acknowledged. A strong reliance on DIO models was
observed across the included studies. Although these models offer relatively
high face validity for obesity-associated metabolic dysfunction, they may not
fully capture the heterogeneity and progression of human obesity and T2DM.
Similarly, the predominant use of male animals limits the broader applicabil-
ity of findings, given well-established sex differences in metabolism,
hormonal inflammation, and endocrine regulation.

Considerable heterogeneity was also identified in experimental design,
including differences in diet composition, intervention duration, dosing strate-
gies, and outcome selection. This heterogeneity complicates cross-study

comparison and limits reproducibility and translational interpretation. More-
over, the term "dietary bioactives" encompasses a wide range of interven-
tions, including whole-food interventions, purified compounds, concentrated
extracts, and high-dose gavage administration. Consequently, not all included
studies reflected physiologically achievable dietary exposures, and some
interventions may more closely resemble pharmacological rather than nutri-
tional exposure models. This distinction should be considered when inter-
preting translational relevance to human dietary practice. In addition, differ-
ences in dietary matrix composition, including lipid and carbohydrate sources,
may alter gut microbiota composition, bile acid metabolism, nutrient absorp-
tion, and metabolic signaling, thereby potentially modifying the efficacy and
biological activity of dietary bioactives. Variability in background diet compo-
sition across studies may therefore contribute to differences in reported
outcomes and translational interpretation. Furthermore, relatively few studies
incorporated clinically relevant comparator interventions, such as estab-
lished pharmacological therapies or standardized dietary interventions,
making it difficult to benchmark the magnitude and clinical relevance of
reported bioactive effects.

Third, although many studies reported positive metabolic outcomes, the
depth of mechanistic investigation was often limited. Mechanistic conclu-
sions were frequently based on limited gene or protein expression markers
without functional validation, reducing confidence in causal pathway inter-
pretation. Species and strain selection also represented important but incon-
sistently addressed sources of variability, as genetic background can
substantially influence susceptibility to metabolic dysfunction and respon-
siveness to interventions.

Several limitations of the present review should also be considered.
Although multiple databases were systematically searched, the inclusion of
only studies meeting predefined criteria may have excluded relevant work.
The review was limited to recent publications, which may overlook earlier
foundational studies. Furthermore, due to the heterogeneity of study designs,
interventions, and outcome measures, a quantitative meta-analysis was not
feasible, and findings are therefore based on qualitative synthesis. Finally, the
analysis relied on reported data, and incomplete reporting in primary studies
may have influenced the interpretation of methodological quality and
outcomes. Taken together, these limitations highlight the need for improved
standardization, reporting transparency, and mechanistic rigor in future
preclinical studies. Addressing these challenges will be essential for enhanc-
ing reproducibility and improving the translation of dietary bioactive research
into clinically meaningful outcomes.
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Future directions

Future research should focus on improving both the diversity and rigor of
animal model-based studies in metabolic disease. Greater use of comple-
mentary models, including hybrid and non-rodent systems, may help capture
the multifactorial nature of obesity and T2DM more effectively. In parallel,
standardization of experimental design, particularly diet composition, dosing
strategies, and study duration, will be essential to enhance reproducibility and
cross-study comparability. Incorporating both sexes and adopting physiolog-
ically relevant dosing approaches should be prioritized to improve transla-
tional relevance. Additionally, future studies should move beyond descriptive
outcomes and emphasize mechanistic validation through integrated molecu-
lar and functional approaches. Given the close interaction between metabolic
and endocrine dysfunction, particularly in conditions such as obesity-associ-
ated reproductive dysfunction and PMOS, future preclinical studies should
more comprehensively incorporate reproductive and endocrine endpoints
when assessing long-term dietary bioactive interventions. Finally, aligning
model selection, outcome measures, and study design with clearly defined
research objectives will be critical for generating more reliable and clinically
meaningful evidence.

CONCLUSION

This review provides a comprehensive evaluation of animal models used to
investigate dietary bioactive compounds in obesity and T2DM. The findings
highlight a strong reliance on diet-induced rodent models, with compara-
tively limited use of alternative or complementary systems. While these
models offer practical advantages and high face validity, substantial variabil-
ity in species, strain, experimental design, and outcome selection contributes
to inconsistencies across studies. A key observation is that many studies
prioritize basic metabolic outcomes, with relatively fewer incorporating
deeper mechanistic validation or integrated, multi-system assessments. In
addition, methodological limitations, including sex bias, lack of standardiza-
tion, and inconsistent reporting, further restrict reproducibility and transla-
tional relevance. These challenges collectively underscore the need for a
more structured and objective-driven approach to preclinical study design. To
address these gaps, this review proposes a model selection framework that
aligns research objectives with appropriate animal models, outcome
measures, and experimental design considerations. By integrating biological
relevance with practical constraints, this framework aims to improve consis-
tency, interpretability, and translational potential in dietary bioactive research.
Overall, advancing the field will require greater model diversity, improved
methodological rigor, and stronger integration of mechanistic and physiologi-
cal outcomes. Such efforts are essential to bridge the gap between preclini-
cal findings and clinical application, and to support the development of
dietary bioactive compounds as effective interventions for metabolic disease.
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