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Preface

Obesity remains one of the most important health challenges worldwide and is closely linked
to metabolic disease, chronic inflaimmation, impaired quality of life, and a growing burden for
health systems. Its prevention and management require an integrated perspective that considers
dietary habits, lifestyle, body composition, psychosocial factors, biological mechanisms, and the
broad clinical consequences of excess adiposity.

This Reprint brings together contributions that reflect the diversity and relevance of current
research in nutrition and obesity. The included studies address population based aspects
of overweight and obesity, nutritional status and systemic inflammation, emotional eating in
adolescence, and experimental approaches focused on obesity related metabolic dysfunction.
Together, they illustrate how research across clinical, epidemiological, behavioral, and mechanistic
fields can contribute to a better understanding of obesity and its associated complications.

The purpose of this Reprint is to provide researchers, clinicians, dietitians, nutritionists, public
health professionals, and students with a useful overview of emerging evidence in this rapidly
evolving field. We hope that the work collected here will encourage multidisciplinary dialogue
and support the development of more effective, personalized, and sustainable strategies for obesity

prevention and treatment.

Javier Go6mez-Ambrosi and Victoria Catalan
Guest Editors
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Editorial
Hot Topics in Nutrition and Obesity: Integrating Epidemiology,
Mechanisms, and Therapeutic Perspectives
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1. Introduction: The Global Burden of Obesity

Obesity remains one of the most pressing global public health challenges, contributing
significantly to the development of metabolic disorders, including type 2 diabetes, cardio-
vascular disease, dyslipidemia, metabolic dysfunction-associated steatotic liver disease
(MASLD/MASH), and certain types of cancer [1,2]. Despite substantial advances in our
understanding of obesity biology and the emergence of innovative therapeutic strategies,
its global prevalence continues to rise, underscoring the need for comprehensive and
multidisciplinary approaches.

On the 15th anniversary of Nutrients, this Special Issue, “Hot Topics on Nutrition and
Obesity 2024”, was launched to provide an updated overview of key developments in the
field. The aim was to gather high-quality contributions spanning nutritional epidemiology,
mechanistic research, clinical and lifestyle interventions, and emerging technologies, reflect-
ing the multifactorial nature of obesity. This collection includes eight articles—seven original
research papers and one review—that collectively illustrate the complexity of obesity from
population-level determinants to molecular mechanisms and therapeutic perspectives.

2. Epidemiological Insights and Population-Level Trends

Understanding the distribution and determinants of obesity at the population level is
essential for informing effective prevention strategies. Epidemiological studies provide crit-
ical insights into prevalence patterns, temporal trends, and sociodemographic disparities,
helping to identify high-risk groups and guide targeted public health interventions [3,4]. At
the population level, the study by Traczyk et al. (contribution 4) provides a comprehensive
analysis of the prevalence of overweight, general obesity, and abdominal obesity in a large
sample of Polish adults, based on data from the National Health Program (2016-2020).
Importantly, the authors not only quantify the burden of excess body weight but also
examine its distribution across sociodemographic groups, revealing disparities associated
with age, sex, and socioeconomic status. These findings reinforce the uneven distribution
of obesity and highlight the need for targeted public health strategies.

Complementing these epidemiological insights, Jakse et al. (contribution 5) present
a longitudinal assessment of body composition changes in Slovene adults over a two-
year period. By incorporating both BMI and body fat percentage classifications, they
demonstrate that reliance on BMI alone may underestimate true adiposity and related
health risks. The longitudinal design further allows the authors to capture dynamic changes
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in body composition, offering valuable evidence on the progression of obesity and the
importance of continuous monitoring.

3. Advances in Body Composition Assessment

Accurate assessment of body composition is fundamental for the proper diagnosis
and management of obesity [5,6]. Beyond conventional anthropometric indices, emerging
methodologies allow for a more precise evaluation of adiposity and its distribution, partic-
ularly in populations where standard measures may be limited or misleading [7-10]. The
importance of accurate body composition assessment is further emphasized in the study
by Baginiska-Chyzy and Korzeniecka-Kozerska (contribution 6), which focuses on children
with spina bifida. In this population, standard anthropometric measures are often inade-
quate due to altered growth patterns and body proportions. The authors demonstrate that
bioelectrical impedance analysis provides a more reliable tool for assessing adiposity and
guiding weight management interventions, underscoring the need for tailored approaches
in vulnerable and clinically complex populations.

4. Mechanistic Insights into Obesity and Metabolic Dysfunction

Elucidating the biological mechanisms underlying obesity is key to understanding its
associated complications and identifying novel therapeutic targets [11,12]. Experimental
and translational studies continue to uncover the complex interactions between the dietary
components, cellular processes, and organ systems involved in metabolic dysfunction.
The mechanistic studies in this Special Issue shed light on the biological underpinnings of
obesity and its complications. Sivasubramanian et al. (contribution 7) investigate the effects
of palmitic acid, a common saturated fatty acid, on human brainstem astrocytes. Their
findings reveal that it induces oxidative stress and cellular senescence while impairing
glutamate transporter expression, suggesting a potential link between dietary fat intake,
neuroinflammation, and obesity-associated sympathetic overactivity. This work contributes
to a growing body of evidence implicating central nervous system mechanisms in obesity-
related cardiometabolic dysfunction.

In a complementary experimental study, Kang and Cao (contribution 3) explore
the therapeutic potential of ursolic acid in a high-fat diet-induced obesity model. Their
results show that ursolic acid supplementation improves muscle strength, enhances lipid
metabolism, and reduces hepatic steatosis. These findings are particularly relevant in the
context of sarcopenic obesity and metabolic liver disease, highlighting the potential of
naturally occurring bioactive compounds as adjunctive treatments.

5. Inflammation and Immune-Nutritional Interactions

Chronic low-grade inflammation is a hallmark of obesity and a major contributor to
its metabolic consequences [13-15]. Investigating the interplay between nutritional status
and immune responses provides valuable insights into disease progression and highlights
potential biomarkers and intervention targets. The role of inflammation as a key mediator
of obesity-related complications is further explored by Uzun et al. (contribution 2), who
examine the relationship between nutritional status and systemic immune-inflammation
indices across BMI categories. By integrating multiple validated nutritional and inflamma-
tory markers, the authors demonstrate a clear association between worsening nutritional
status, increased adiposity, and heightened systemic inflammation. This reinforces the
concept of obesity as a chronic low-grade inflammatory state and highlights the value of
composite indices in risk stratification.

https://doi.org/10.3390/nu18101595
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6. Gut Microbiota and Emerging Therapeutic Targets

The gut microbiota has emerged as a central player in the regulation of host metabolism
and energy balance [16-18]. Advances in this field are shedding light on how diet-microbe
interactions influence obesity development and how microbiota-targeted strategies may
offer innovative therapeutic opportunities. Positioned at the interface of diet, microbiota,
and metabolic health, the review by Yi et al. (contribution 8) provides a comprehensive syn-
thesis of microbiota-based interventions in the context of high-fat diet-induced metabolic
alterations. The authors discuss how changes in gut microbial composition, bile acid
metabolism, and host-microbe interactions contribute to obesity pathogenesis. Importantly,
they also evaluate potential therapeutic strategies aimed at restoring microbial balance,
offering insights into a rapidly evolving and promising area of research.

7. Psychosocial and Behavioral Determinants of Obesity

Obesity is not only driven by biological factors but is also strongly influenced by be-
havioral and psychosocial determinants [19-21]. Understanding the role of stress, emotional
regulation, and lifestyle behaviors is crucial for developing comprehensive and sustainable
prevention and intervention strategies. The psychosocial dimension of obesity is addressed
by Glabska et al. (contribution 1), who investigate the influence of stress and emotional
eating on body mass in a population of Polish female adolescents. Their findings highlight
the significant role of emotional and behavioral factors in shaping dietary habits and weight
outcomes. The study underscores the importance of early-life interventions that incorporate
psychological support and behavioral strategies to prevent the development of obesity.

8. Conclusions

Taken together, the contributions in this collection underscore the multifactorial nature
of obesity, encompassing biological, behavioral, and environmental determinants. They
highlight the need for integrated approaches that combine precise phenotyping, mechanistic
understanding, and targeted interventions. Future research should aim to elucidate causal
relationships, improve the precision of nutritional assessments, and develop personalized
and scalable interventions. In particular, emerging fields such as nutrigenomics, digital
health technologies, and microbiome research offer promising avenues for innovation.

In conclusion, this Special Issue provides a comprehensive overview of current “hot
topics” in nutrition and obesity. By bringing together diverse lines of evidence, it contributes
to advancing our understanding of this complex condition and supports the development
of more effective strategies to address the ongoing obesity pandemic.
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Abstract

Background/Objectives: Emotional eating is defined as a coping mechanism characterized
by food consumption in response to negative emotions, and it typically involves over-
consumption and a preference for energy-dense and highly palatable foods. The aim of
this study was to analyze the influence of experienced stress and emotional eating on
body mass in a population of Polish female adolescents. Methods: This study included
816 participants (aged 15-20 years) recruited within the nationwide PLACE-19 Study
using random quota sampling of Polish secondary schools, and data were collected by
the Computer-Assisted Web Interview (CAWI). Perceived stress was measured with the
Adolescent Stress Questionnaire (ASQ), emotional eating was measured with the Emotional
Eating Subscale (EE-3) of the Three-Factor Eating Questionnaire (TFEQ), and self-reported
body mass was also recorded. Body mass was interpreted either using standard BMI
values for adults or growth reference values for minors. Results: Adolescents with ex-
cessive body weight reported higher levels of stress on the peer pressure (p = 0.0011 for
continuous variables; p = 0.0016 for categories) and financial pressure component scales
(p = 0.0319 for continuous variables) than their normal-weight and underweight counter-
parts. They also displayed higher emotional eating scores across all subscales and for the
total emotional eating score (p < 0.05 for continuous variables), particularly for anxiety
(p = 0.0345 for categories). The association was confirmed within mediation analysis, as
the direct influence explained 79% of the influence of stress on body mass, and the indirect
influence, mediated by emotional eating, explained 21% of the influence of stress on body
mass. Conclusions: Adolescents with excessive body weight are more prone to stress
and emotional eating. The stress itself affects body weight not only directly, but also by
affecting emotional eating; therefore, adolescent girls should be taught how to cope with
negative emotions using strategies other than increasing food consumption in response to
negative emotions. Further studies should assess the mediating role of emotional eating
among adolescent girls and evaluate the impact of stress management interventions on

body weight.

Keywords: stress; emotional eating; body mass; adolescents; Adolescent Stress Questionnaire
(ASQ); Emotional Eating Subscale (EE-3); Three-Factor Eating Questionnaire (TFEQ);
PLACE-19 Study
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1. Introduction

According to the World Health Organization (WHO), stress is defined as an individu-
ally experienced worry or mental tension resulting from a situation perceived as difficult [1].
This global problem is gradually escalating and is currently indicated as one of the health
epidemics of the 21st century, which is reflected in rising stress levels; e.g., in the United
States of America, its prevalence increased from 10% in 1983 to 30% in 2009 [2]. Before the
COVID-19 pandemic, multiple stressors were identified at the individual level (e.g., abuse,
educational problems), relationship level (e.g., conflicts with partner, parents, or friends),
sociocultural level (e.g., socioeconomic status, norms and values), and community level
(e.g., war, neighborhood environment, healthcare access) [3]. The COVID-19 pandemic
emerged as a specific and novel stressor, exacerbating previously existing stressors [4].

The umbrella review by Amini-Rarani et al. [5] focusing on the COVID-19 pandemic
identified patients, healthcare workers, pregnant women (populations particularly prone
to infection or its consequences), and students as the groups experiencing the highest stress
levels. This may result from the fact that responses to various stressors in adolescents
differ from those in adults, including heightened stress-induced hormonal responses and
an increased risk of stress-mediated psychological dysfunction [6]. Similarly, it has been
emphasized that the COVID-19 pandemic was a more serious stressor for females, resulting
in a higher prevalence of anxiety and depression compared to their male counterparts [7].
Moreover, in an analysis of the psychological and cognitive reactions to the COVID-19-
related stress, young females were defined as an especially vulnerable group [8].

The influence of perceived stress on eating behavior may differ, depending on the
circumstances, the physiological reaction of the organism, and individual factors [9]. This
results from the multidimensional influence of stress on appetite and eating behaviors, a
phenomenon observed at both the physiological and psychological levels [10]. Acute stress
triggers a ‘fight-or-flight” reaction, which is associated with an increased heart rate, blood
glucose release, and the suppression of non-essential body functions, including hunger [11].
On the other hand, chronic stress is associated with elevated levels of appetite-related
hormones, resulting in enhanced food cravings and reward-driven eating behavior [12].
This phenomenon is associated with so-called emotional eating, which is commonly defined
as a coping mechanism involving food consumption in response to negative emotions
(e.g., stress, upset, furiousness). In such cases, overconsumption is often observed, and
energy-dense and palatable food products are chosen [13].

Emotional eating has been identified as an important variable to be taken into account
in body mass management, as emphasized in a recent systematic review and meta-analysis
by Smith et al. [13]. However, the level of emotional eating may differ depending on
the studied group and individual characteristics within that group. In a national study
conducted in the United States of America, named the Family Health Habits Survey [14],
the groups with the highest emotional eating levels were defined as females, non-Hispanic
Caucasians, and younger respondents. The role of the female gender was confirmed in
a study of adolescents, also conducted in the United States of America, which indicated
that a higher number of stimuli triggers emotional eating in girls than in boys [15]. At the
same time, the role of age has been confirmed in several studies, indicating that emotional
eating increases from early adolescence [16] and decreases with age in adulthood [17].
Consequently, in the case of adolescent girls, the frequency of emotional eating may reach
43%, compared to 15% for boys in the same population, as indicated for 16-year-olds in the
Northern Finland Birth Cohort 1986 (NFBC1986) [18].

Stress-induced body mass changes may include either a decrease or an increase
in weight, as indicated in the systematic review by Haidar et al. [19] for a population
of students. Moreover, stress-related body mass change may be associated with initial
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body weight; the Whitehall II Study [20] revealed that for men in the lowest Body Mass
Index (BMI) quartile, stress caused body mass reduction, while for those in the highest
BMI quartile, it caused weight gain. However, when emotional eating is included as
a stress-induced reaction, the typical consequence is weight gain, leading to increased
BMI [21] and waist circumference [22]. The role of emotional eating, as a mediator between
stress and body mass, has been recently highlighted by several authors, based on studies
conducted in populations of children [23], adolescents [24], young adults [25], adults [26],
and parents [27].

Little is known about the phenomenon of emotional eating [28], as well as the neural
pathways involved, including interactions between neural and neuroendocrine pathways,
which are not fully understood [29]. Moreover, a recent review of the current clinical
evidence by Dakanalis et al. [30] emphasized that, in spite of the fact that the influence of
psychological distress on emotional eating and resultant weight gain is documented, more
studies are needed, especially to define the coping mechanisms that are still unknown.

Despite the fact that emotional eating is indicated as an important phenomenon
influencing body mass, and stress as a factor commonly activating it, little is still known
about the complex influence of experienced stress and emotional eating on body mass.
The previous Polish analysis conducted within the PLACE-19 Study (Polish Adolescents’
COVID-19 Experience Study) assessed various psychological aspects of eating behaviors,
but so far, it focused on the self-regulation of eating behaviors [31], emotional eating [32],
emotional overeating [33], and the association between stress and emotional eating [34].
However, the combined influence of stress and emotional eating on body mass has not yet
been addressed. Taking into account that young females are an especially stress-vulnerable
group with the highest level of emotional eating, the aim of this study was to analyze
the influence of experienced stress and emotional eating on body mass in a population of
Polish female adolescents.

2. Materials and Methods
2.1. General Information

The analysis was conducted within the third phase of the PLACE-19 Study, assessing
the psychological aspects of eating behaviors (conducted between 21 January and 17
February 2021). The first phase of the PLACE-19 Study assessed hygienic and personal
protective behaviors, while the second phase assessed nutritional behaviors.

The PLACE-19 Study was conducted by the Institute of Human Nutrition Sciences,
Warsaw University of Life Sciences (WULS-SGGW). This study was approved by the Ethics
Committee of the Central Clinical Hospital of the Ministry of Interior and Administration in
Warsaw (No. 2/2021). It was conducted in agreement with the guidelines of the Declaration
of Helsinki, and all the participants of this study, as well as their parents/legal guardians,
expressed informed consent for participation.

2.2. Studied Population of Polish Female Adolescents

Recruitment within the PLACE-19 Study was conducted based on the random quota
sampling of Polish secondary schools (separately conducted for each phase of this study).
Based on the administrative division of Poland into 16 voivodeships and the division of
voivodeships into counties, from each voivodeship, five counties were randomly selected
(16 x 5 =80 counties). Afterwards, based on the national register of the secondary schools,
from each county, five secondary schools were randomly selected (80 x 5 = 400 secondary
schools). The procedure of gathering a national sample within the secondary schools was
chosen due to the high Net Enrollment Rate (NER) in Poland for this level of education
(89.38% for December 2019, based on the statistics of the Central Statistical Office (CSO)
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in Poland [35]). As a consequence, the population of adolescents aged 15-20 years was
targeted (typical age for secondary school students in Poland).

The principal of each selected secondary school was contacted and informed about this
study. If the principal agreed to the participation of his school in this study, the students, as
well as parents/legal guardians (in case of minor participants), were informed about this
study, and their informed consents were gathered. The students, providing their informed
consent (and the informed consent of their parents/legal guardians), received an electronic
link to the study questionnaire to gather the necessary data within the Computer-Assisted
Web Interview (CAWI).

The following inclusion criteria were applied: female individuals; age 15-20 years;
being a student of a secondary school randomly chosen within a procedure of random
quota sampling; informed consent provided; informed consent of parents/legal guardians
provided by minor participants. The following exclusion criteria were applied: partici-
pation within any previous phase of the PLACE-19 Study; any missing/unreliable data
within the questionnaires used for the analysis. The final sample for the conducted study
was 816 female participants meeting the inclusion criteria and not excluded due to the
exclusion criteria.

2.3. Questionnaire Applied Within This Study

To assess the level of perceived stress, the Adolescent Stress Questionnaire (ASQ) [36]
was applied and to assess the emotional eating, the Emotional Eating Subscale (EE-3) [37]
of the Three-Factor Eating Questionnaire (TFEQ) [38] was applied.

The ASQ was developed and validated by Byrne et al. [36]. Afterwards, it was used
within large-scale studies, e.g., the international HELENA Study [39], and other studies in
various countries—either in a full or in a shortened version [40-42], as it is stated to be the
primary questionnaire of choice when measuring adolescent stress [43].

In the conducted study, ASQ was used in its full version, including 58 questions
about stressors (including events, emotions, processes) relevant for adolescents. The
58 items are grouped within 10 stress component scales, based on the specific situations
(contexts of stressors) associated with (1) home life, (2) school performance, (3) school
attendance, (4) romantic relationships, (5) peer pressure, (6) teacher interaction, (7) future
uncertainty, (8) school/leisure conflict, (9) financial pressure, and (10) emerging adult
responsibility. For each question, a respondent is asked about the previous year and should
define how stressful the potential stressor was, while using a 5-point Likert scale, using the
categories as follows: ‘not stressful at all” (1 point on a Likert scale), ‘a little stressful’
(2 points), ‘moderately stressful’ (3 points), ‘quite stressful’ (4 points), and ‘very
stressful” (5 points) [36]. Taking into account the total number of points (maximum:
58 questions x 5 points = 290 points), the stress level for each individual was defined
based on the division of the studied group into quartiles of the stress level into lowest
stress level within the studied group (first quartile), medium stress level within the studied
group (second quartile and third quartile) and highest stress level within the studied group
(fourth quartile).

The TFEQ was developed and validated by Stunkard & Messick [38] to measure
cognitive restraint of eating (control over consumed food to influence body mass and/or
body image), disinhibition (loss of control over food consumption), and hunger (subjective
feeling of hunger and food cravings), based on 51 questions about eating behaviors. The
following authors broadened the possibility of interpreting the obtained data, presenting
the results and validations not only for the total TFEQ, but also for newly defined sub-scales
(revised scales), including the Emotional Eating Subscale (EE-3), based on three questions
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only [37]. The newly defined sub-scales, including EE-3, were validated and used in various
studies [44—46], including the study conducted for a Polish population [47].

For each question, the respondent is asked about a specific statement and should
define whether it is true or false for them, while the statements for EE-3 are as follows:
(1) “‘When I feel anxious, I find myself eating’, (2) ‘When I feel blue, I often overeat’,
(3) “When I feel lonely, I console myself by eating’. Respondent should assess each sentence
while using a 4-point response scale, as follows: ‘definitely true’ (4 points), ‘mostly true’
(3 points), ‘mostly false’ (2 points), and ‘definitely false’ (1 point). Based on the total number
of points obtained for the sub-scales, the raw scores for individuals were transformed into
a result expressed in percent, based on the following equation: raw score minus lowest
possible raw score (namely, 3 for EE-3), divided by possible raw score range (namely,
9 for EE-3) and multiplied by 100 [48]. Taking into account the total number of points
(maximum: 100% after recalculation), the emotional eating level for each individual was
defined based on the division of the studied group into sub-groups, as follows: emotional
eating (recalculated result > 50%), and no emotional eating (recalculated result < 50%).

In order to adapt the tools for use in a Polish population, the applied questionnaires
were adopted, according to the WHO recommendations [49]. The procedure of adaptation
included: (1) forward translation from English to Polish, (2) backward translation from
Polish to English, and (3) final polishing conducted by the panel of experts. Afterwards,
the validation of the questionnaires included assessment of their internal consistency.

Except for the questions of the ASQ and EE-3, the study questionnaire included the
questions allowing to verify the inclusion and exclusion criteria, as well as the questions
about body mass and height (self-reported data).

In order to assess body mass, the BMI was calculated by dividing body mass in kilo-
grams by the square of the body height in meters [50]. Afterwards, adult individuals
(age > 18 years) were classified, based on the standard BMI cutoffs, as those with under-
weight (<185 kg/m?), normal body weight (18.5-25.0 kg/m?), overweight
(25.0-30.0 kg/m?), and obesity (>30.0 kg/m?) [51]. At the same time, for minor indi-
viduals, the Polish gender- and age-specific growth reference values were used [52], while
for each individual values were calculated using the Polish OLAF growth charts [53],
and they were classified based on the standard WHO cutoffs, as those with underweight
(<5th percentile), normal body weight (5th-85th percentile), overweight (85th-95th percentile)
and obesity (>95th percentile) [54].

In order to assess body mass change, an additional question about the body mass and
height one year before was asked, while to interpret existing change, the BMI from one
year before was calculated separately and compared with the current value (using either
the standard BMI value for adults, or growth reference values for minors).

2.4. Statistical Analysis

The normality of the data distribution was verified using two different methods
depending on the group size—for large samples (n > 100), the Kolmogorov—-Smirnov
test with Lilliefors correction was applied, and for smaller samples, the Shapiro-Wilk
test was applied. To compare subgroups, the {-Student test or Mann-Whitney U test
were used for continuous variables (based on distribution), or the chi?® test was used for
categorical variables. The linear regression analysis and mediation analysis were conducted
to verify the hypothesis of the mediating role of emotional eating for the influence of
stress on body mass. The internal consistency of the ASQ component scales and EE-3
subscale was evaluated using Cronbach’s alpha coefficient, with a value of >0.70 considered
acceptable [55].
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The p < 0.05 was considered statistically significant. The statistical analysis was
conducted using Statistica 8.0 (Statsoft Inc., Tulsa, OK, USA) and Jamovi (The Jamovi
project, version 2.6.44, Sydney, NSW, Australia).

3. Results

The general characteristics and body mass measures of the Polish female adolescents
in the PLACE-19 Study are presented in Table 1. Because the study population included
participants under 18 years of age, as well as individuals up to 20 years old, BMI was
reported as BMI values and as BMI percentiles for minors. The majority of adolescents
were of normal weight; however, the proportion of participants with excessive weight was
higher than that of those who were underweight. The distribution of recent body weight
change was diverse, with similar proportions of participants reporting weight loss and
weight gain, but the majority declaring no recent change in body mass.

Table 1. General characteristics and body mass measures of the Polish female adolescents in the
PLACE-19 Study (n = 816).

Characteristics Median 2 (IQR)
Age (years) 17 (2)
Body Mass Index (BMI) (kg/m?) 20.8 (4.1)
BMI percentile 1 56 (54)
n (%)
Underweight 28 (3.4%)
Normal body weight 619 (75.8%)
Body mass Overweight 106 (13.0%)
Obesity 63 (7.7%)
Decrease 237 (29.0%)
Body mass change No change 357 (43.7%)
Increase 223 (27.3%)

!_reported for minors (1 = 771); 2—non-parametric distribution confirmed by Kolmogorov-Smirnov test with

Lilliefors correction; IQR—Interquartile range.

Stress scores of the Polish female adolescents in the PLACE-19 Study, assessed with
the ASQ, are presented in Table 2. The highest stress burden was observed for home life
and school performance component scales, while the lowest levels were reported for school
attendance and emerging adult responsibilities. The Cronbach’s alpha values exceeded
0.80 for all domains, indicating good internal reliability, while, for school performance,
peer pressure, future uncertainty, school/leisure conflict, and emerging adult responsibility
component scales, values exceeded 0.90, indicating very good internal reliability.

Emotional eating scores of the Polish female adolescents in the PLACE-19 Study,
assessed with the EE-3 of the TFEQ), are presented in Table 3. Emotional eating was most
pronounced in response to loneliness, followed by depressive symptoms and anxiety. The
Cronbach’s alpha value for the EE-3 exceeded 0.84, indicating good internal consistency.

Associations between stress continuous variable scores and body mass categories
of the Polish female adolescents in the PLACE-19 Study are presented in Table 4. Most
stress domains did not differ significantly between underweight, normal body weight,
and excessive body weight subgroups. However, adolescents with excessive body weight
reported significantly higher scores for peer pressure (p = 0.0011) and financial pressure
(p = 0.0319) than adolescents with normal weight. This suggests that, while overall stress
may not be related to body mass status, specific psychosocial stressors, particularly inter-
personal and financial ones, may affect adolescents with excessive body weight more than
other adolescents.
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Table 2. Stress scores of the Polish female adolescents in the PLACE-19 Study (1 = 816), assessed with
the Adolescent Stress Questionnaire (ASQ).

Details

Stress Component Scales of the ASQ

Cronbach’s Alpha Median ! (IQR)
Home life 0.90 23 (18)
School performance 0.93 21 (13)
School attendance 0.81 6 (4)
Romantic relationships 0.82 8 (8)
Peer pressure 0.92 14 (13)
Teacher interaction 0.87 14 (11)
Future uncertainty 091 11 (8)
School/leisure conflict 0.92 15 (11)
Financial pressure 0.90 8(9)
Emerging adult responsibility 0.92 7(8)
Total for general stress - 134 (66)

1—non—parametric distribution confirmed by Kolmogorov-Smirnov test with Lilliefors correction; IQR—

Interquartile range.

Table 3. Emotional eating scores of the Polish female adolescents in the PLACE-19 Study (n = 816),
assessed with the Emotional Eating Subscale (EE-3) of the Three-Factor Eating Questionnaire (TFEQ).

Emotional Eating Stimuli Within EE-3 Median ! (IQR)

Anxiety 33.3 (50.0)
Depression 33.3 (66.7)
Loneliness 33.3 (66.7)
Total for general emotional eating 33.3 (55.6)

I —non-parametric distribution confirmed by Kolmogorov-Smirnov test with Lilliefors correction; IQR— In-

terquartile range.

Table 4. Associations between stress continuous variable scores, assessed with the Adolescent Stress
Questionnaire (ASQ), and body mass categories of the Polish female adolescents in the PLACE-19
Study (n = 816).

Body Mass Sub-Groups

Stress Component Scales of the ASQ . Underweight Normal Body Excessive Body P
Details (n = 28) Weight (= 619)  Weight (1 = 169)
Home life Median (IQR)  20.5' (19.5) 232 (17) 252 (18) 0.2650
Mean + SD 217 £81 - -

School performance Median (IQR) i 202 (13) 222 (14) 0.2369
School attendance Median (IQR) 61 (5) 62 (4) 62 (5) 0.7659
Romantic relationships Median (IQR) 91(9) 82 (8) 82 (8) 0.2212
Peer pressure Median (IQR) 131 (13)2b 142 (12)@ 192 (14) b 0.0011
Teacher interaction Median (IQR) 141 (12) 132 (11) 142 (10) 0.6303
Future uncertainty Median (IQR) 111 (8.5) 102 (8) 112 (7) 0.8270
School/leisure conflict Median (IQR) 151 (11) 142 (11) 16 2 (11) 0.3433
Financial pressure Median (IQR) 6.5 (6.5) 82(8)2 102 (9)® 0.0319
Emerging adult responsibility Median (IQR) 6.51(6.5) 72(8) 72(8) 0.8812
Total for general stress Median (IQR)  126.5! (70.5) 131 2 (65) 142 2 (72) 0.1549

1__non-parametric distribution confirmed by the Shapiro-Wilk test; >—non-parametric distribution confirmed by

Kolmogorov-Smirnov test with Lilliefors correction; ab__(different letters in rows indicate statistically significant
differences; SD—standard deviation; IQR—Interquartile range.

Associations between emotional eating continuous variable scores and body mass
categories of the Polish female adolescents in the PLACE-19 Study are presented in Table 5.
Significant differences between weight groups were found for all emotional eating stimuli
and for the total emotional eating score (p < 0.05). Adolescents with excessive body weight
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reported higher emotional eating scores than those with normal weight or underweight.
These findings highlight a consistent relationship between excessive body mass and the
tendency to eat in response to negative emotional states.

Table 5. Associations between emotional eating continuous variable scores, assessed with the
Emotional Eating Subscale (EE-3) of the Three-Factor Eating Questionnaire (TFEQ), and body mass
categories of the Polish female adolescents in the PLACE-19 Study (n = 816).

Body Mass Sub-Groups

Emotional Eating Stimuli Within EE-3 Details Underweight Normal Body Excessive Body P
(n=28"1 Weight (n=619)2  Weight (1 = 169) 2

Anxiety Median (IQR) 0(16.7)2 33.3(33.3)b 33.3 (66.7) P 0.0008

Depression Median (IQR) 0(33.3)2 33.3(66.7) 2 33.3 (66.7) P 0.0006

Loneliness Median (IQR) 0(66.7) @ 33.3 (66.7) @ 33.3 (66.7) P 0.0199

Total for general emotional eating Median (IQR) 0(44.4)2 33.3(55.6) 2 444 (55.6) P 0.0004

1__non-parametric distribution confirmed by the Shapiro-Wilk test; >—non-parametric distribution confirmed by

Kolmogorov-Smirnov test with Lilliefors correction; ab__different letters in rows indicate statistically significant
differences; IQR—Interquartile range.

Associations between stress categories and body mass categories of the Polish female
adolescents in the PLACE-19 Study are presented in Table 6. For the majority of subscales,
the proportions of adolescents classified into low, medium, and high stress categories
did not differ between body weight groups. The only exception was the peer pressure
category (p = 0.0016), where individuals with excessive body weight were more frequently
represented in the highest stress category than their normal-weight and underweight coun-
terparts. This pattern underscores the importance of peer-related stress in understanding
weight-related psychological vulnerabilities in this population.

Table 6. Associations between stress categories, assessed with the Adolescent Stress Questionnaire
(ASQ), and body mass categories of the Polish female adolescents in the PLACE-19 Study (n = 816).

Body Mass Sub-Groups

Stress Component Underweight (n = 28) Normal Body Weight (1 = 619) Excessive Body Weight (1 = 169) p
Scales of the ASQ Lowest Medium Highest Lowest Medium Highest Lowest Medium Highest
SL SL SL SL SL SL SL SL SL

Home life 12(429%)  8(28.6%)  8(28.6%)  147(23.7%) 296 (47.8%)  176(284%) 37(21.9%)  80(47.3%)  52(30.8%)  0.1447
School performance 5(17.9%)  12(429%)  11(39.3%)  143(23.1%)  314(50.7%)  162(262%) 30(17.8%)  81(47.9%)  58(343%)  0.1472
School attendance 8(28.6%)  11(39.3%)  9(321%)  139(225%) 331(53.5%) 149 (24.1%) 40(23.7%)  78(46.2%)  51(30.2%)  0.2750
Romantic relationships ~ 5(17.9%)  13(46.4%)  10(35.7%)  188(30.4%) 269 (43.5%)  162(262%) 52(30.8%)  74(43.8%)  43(254%)  0.6475
Peer pressure 4(14.3%) 14(50%)  10(35.7%)  129(20.8%)  328(53%)  162(262%) 32(189%)  66(39.1%)  71(42%)  0.0016
Teacher interaction 5(17.9%)  15(53.6%)  8(28.6%)  145(23.4%)  306(49.4%)  168(27.1%) 29(172%)  88(52.1%)  52(30.8%)  0.4812
Future uncertainty 9(32.1%)  10(35.7%)  9(32.1%)  141(22.8%) 302(488%)  176(284%) 38(225%)  79(46.7%)  52(30.8%)  0.6608
School/leisure conflict ~ 5(17.9%)  15(53.6%)  8(28.6%)  133(21.5%)  325(525%)  161(26%)  33(19.5%)  81(47.9%)  55(32.5%)  0.5553
Financial pressure 9(32.1%) 14 (50%) 5(17.9%)  161(26%) 287 (464%) 171(27.6%)  32(189%)  81(47.9%)  56(33.1%)  0.1881
fg;‘;éi‘sri‘giif;“ 7 (25%) 15(53.6%)  6(21.4%)  148(23.9%)  300(48.5%)  171(27.6%)  41(243%)  76(45%)  52(30.8%) 0.8314
Total for general stress 7 (25%) 11(39.3%)  10(35.7%)  126(204%)  321(51.9%)  172(27.8%) 29(172%)  83(49.1%)  57(33.7%)  0.4001

SL—stress level—the lowest stress level (first quartile), the medium stress level (the second and third quartiles
merged), and the highest stress level (fourth quartile).

Associations between emotional eating categories and body mass categories of the
Polish female adolescents in the PLACE-19 Study are presented in Table 7. For the majority
of emotional eating stimuli, the proportions of adolescents classified as presenting or not
presenting emotional eating did not differ between body weight groups. A significant
relationship was found only for anxiety (p = 0.0345), with adolescents with excessive
body weight more likely to be classified as emotional eaters than their normal-weight and
underweight counterparts.
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Table 7. Associations between emotional eating categories, assessed with the Emotional Eating
Subscale (EE-3) of the Three-Factor Eating Questionnaire (TFEQ), and body mass categories of the
Polish female adolescents in the PLACE-19 Study (n = 816).

Emotional Eating Stimuli Within EE-3

Body Mass Sub-Groups

Underweight (n = 28) Normal Body Weight (n = 619) Excessive Body Weight (1 = 169)

Emotional No Emotional Emotional No Emotional Emotional No Emotional

Eating Eating Eating Eating Eating Eating

Anxiety
Depression
Loneliness

4(14.3%) 24 (85.7%) 146 (23.6%) 473 (76.4%) 54 (32%) 115 (68%)
6 (21.4%) 22 (78.6%) 198 (32%) 421 (68%) 64 (37.9%) 105 (62.1%)
8 (28.6%) 20 (71.4%) 253 (40.9%) 366 (59.1%) 78 (46.2%) 91 (53.8%)

Total for general emotional eating 6(21.4%) 22 (78.6%) 189 (30.5%) 430 (69.5%) 65 (38.5%) 104 (61.5%)

0.0345
0.1499
0.1708
0.0707

The linear regression analysis to predict body mass of the Polish female adolescents
in the PLACE-19 Study, based on stress and emotional eating, is presented in Table 8.
Regression analysis showed that stress and emotional eating are positive predictors of body
mass, and the model explained 17% of the body mass variance (R2 =0.028; F (2,768) = 11.1;
p < 0.001).

Table 8. Linear regression analysis to predict body mass of the Polish female adolescents in the
PLACE-19 Study based on the stress and emotional eating (1 = 771).

Variable

95% CI Collinearity Statistics

B SEB B t 14
LL UL Tolerance

VIF

(Intercept)
Stress

424608  3.4525 1230  <0.001
0.0566  0.0240  0.0851 2.36 0.019 0.0142 0.156 1.03

Emotional eating  0.1237  0.0343  0.1304 3.61 <0.001  0.0595 0.201 1.03

0.971
0.971

SE—standard error; CI—confidence interval; LL—lower level; UL—upper level; VIF—variance inflation factor.

The mediation analysis for emotional eating and the association between stress and
body mass of the Polish minor female adolescents in the PLACE-19 Study is presented in
Table 9 and Figure 1. Stress was found to be a significant positive predictor of emotional
eating, and emotional eating was a significant positive predictor of body mass. The total
direct and indirect effects were significant, which indicated that emotional eating partially
mediates the relationship between stress and body mass among Polish female adolescents,
while the direct influence explained 79% of the influence of stress on body mass, and the
indirect influence, mediated by emotional eating, explained 21% of the influence of stress
on body mass.

Table 9. The mediation analysis for the emotional eating and the association between stress and body
mass of the Polish minor female adolescents in the PLACE-19 Study (n = 771).

Type

95% CI

z
Effect b SE L UL B

Indirect
Component

Direct
Total

Stress = Emotional eating = Body mass  0.0147 0.00510 0.00471 0.0247 0.0221 2.88
Stress = Emotional eating 0.1189 0.02487 0.0701  0.1676 0.1696 4.78
Emotional eating = Body mass 0.1237 0.03418 0.0567  0.1907 0.1304 3.62
Stress = Body mass 0.0566 0.02396 0.0096  0.1035 0.0851 2.36

Stress = Body mass 0.0713 0.02382 0.0246  0.1180 0.1072 2.99

0.004
<0.001
<0.001

0.018

0.003

SE—standard error; CI—confidence interval; LL—lower level; UL—upper level.
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Figure 1. Path model of the mediation analysis for emotional eating and the association between
stress and body mass of the Polish minor female adolescents in the PLACE-19 Study. Paths 2 and b
represent the standardized regression coefficients for the indirect effect of stress on body mass via
emotional eating. Path ¢ and ¢” are the standardized regression coefficients for the total effect and
direct effect, respectively. * p < 0.05; ** p < 0.001.

4. Discussion

The results of this study indicate that, while most adolescents presented a normal body
weight, psychological factors, particularly emotional eating, were strongly associated with
excessive body mass. Emotional eating emerged as a mediating factor for the association
between stress and body mass, in spite of the fact that the direct influence of stress explained
79% of its influence on body mass, and for the indirect influence, mediated by emotional
eating, the 21% of the influence of stress on body mass was indicated. These findings
suggest that affect-driven eating behaviors, even if they are not the most important, may
play a role in shaping weight status among Polish female adolescents.

In their review of emotional eating and weight in adults, Frayn & Knduper [56]
emphasized that emotional eating has a significant negative association with weight loss
and should not be ignored when developing weight loss programs for adults. However,
adolescence is a critical developmental period marked by increased vulnerability to stress
and the maturation of neural systems involved in stress processing [57], meaning that
analyses in this age group may yield different results. Indeed, the systematic review by
Limbers & Summers [58], which included 13 eligible studies on emotional eating and
weight among adolescents, concluded that the available evidence does not consistently
support an association between emotional eating and excessive body weight or reduced
weight-loss success in this age group. On the other hand, the more recent systematic
review and meta-analysis by Demir & Bektas [59], based on 16 eligible studies, found that
emotional eating in adolescents had a positive and medium-sized effect and a significant
impact on obesity risk. These findings align with the results obtained in the present study,
indicating the most prominent role of stress, but also the mediating role of emotional eating.

This is confirmed by the results of other authors, focusing on stress as a factor con-
tributing to excessive body mass in adolescents, but with improper nutritional habits
exacerbating the problem [60]. Moreover, the studies conducted for adolescent girls indi-
cated that the role of stress is observed not only for the body mass during this period, but
also 12 months later, which indicates that it is a serious factor potentially associated with
early cardiometabolic risk [61].
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However, emotional eating behavior, as a moderating factor, must be indicated, as
it may contribute to the development of overweightness or obesity, which is emphasized
particularly in adolescents [59]. However, in adults, it can be observed not only among
individuals with overweight or obesity but also among those with normal body weight
or who are underweight [62]. Although emotional eating is most commonly defined as
a coping mechanism associated with consumption in response to negative emotions [13],
some researchers suggest that emotional eating may also be triggered by positive emotions.
For example, underweight adults have been shown to eat less during negative emotional
states but more during positive emotional states [62].

Emotional eating, defined as eating in response to emotions rather than hunger, is
often associated with higher levels of perceived stress. This was confirmed in the study by
Bell et al. [24], who found that emotional eating partially mediated the relationship between
perceived stress and eating behavior in adolescents. However, not all adolescents respond
to stress with changes in eating behavior. In the study by Sato et al. [63], the authors found
that neither chronic stress nor subjective or objective stress reactivity was associated with
emotional eating following stress induction. Moreover, it is worth emphasizing that specific
stressors, such as peer pressure, appearance concerns, and social relationships, may trigger
various eating-related behaviors. The study by Cohrdes et al. [64] revealed that weight-
and appearance-related discrimination was associated with a higher risk of eating disorder
symptoms in adolescents, whereas interpersonal pressure to be thin and criticism about
appearance were associated with increases in disordered eating over time [65].

Moreover, the emotional coping strategies of adolescent girls are still underdeveloped,
potentially leading to compensatory eating behaviors. As demonstrated by Lu et al. [66],
higher levels of emotional suppression may increase the risk of emotional eating. In girls,
higher suppression or a lack of cognitive reappraisal was independently associated with
greater consumption of energy-dense foods, which may predispose them to weight gain.

This study has several strengths, including a well-defined population of Polish female
adolescents and the use of validated questionnaires to assess stress and emotional eating.
However, it also has some limitations. First, its cross-sectional design does not allow
for conclusions about direct causality between experienced stress, emotional eating, and
body mass. Second, both stress and emotional eating were assessed using self-reported
questionnaires, which may be associated with subjective responses, and the instruments
were not fully validated in the study population. Third, no data were collected on physical
activity or diet quality, both of which could influence body mass and eating behaviors;
additionally, body mass and height were assessed based on the self-reported data. Finally,
these findings highlight the need for longitudinal studies to better understand the dynamics
and causal relationships between stress, emotional eating, and body weight.

5. Conclusions

Adolescents with excessive body weight are more prone to stress and emotional
eating. The stress itself affects body weight not only directly, but also by affecting emotional
eating; therefore, adolescent girls should be taught how to cope with negative emotions
using strategies other than increasing food consumption in response to negative emotions.
Further studies should assess the mediating role of emotional eating among adolescent
girls and evaluate the impact of stress management interventions on body weight.

Author Contributions: D.G. (Dominika Gtabska), D.S. and D.G. (Dominika Guzek) made the study
conception and design; D.G. (Dominika Gtabska), D.S. and D.G. (Dominika Guzek) performed
the research; D.G. (Dominika Giabska), D.S. and D.G. (Dominika Guzek) analyzed the data; D.G.
(Dominika Gtabska), D.S. and D.G. (Dominika Guzek) interpreted the data; D.G. (Dominika Glabska),

https://doi.org/10.3390/nu18010085
16



Nutrients 2026, 18, 85

D.S. and D.G. (Dominika Guzek) wrote this paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Institute of Human Nutrition Sciences, Warsaw Uni-
versity of Life Sciences (WULS) with funds from the Polish Ministry of Education and Science, for
scientific research.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Central Clinical Hospital of the Ministry of
Interior and Administration in Warsaw (No. 2/2021, approval date: 20 January 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: Data are provided on request. The data are not publicly available due
to ethical restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ASQ Adolescent Stress Questionnaire
BMI Body Mass Index

CI Confidence Interval

EE-3  Emotional Eating Subscale

IOR Interquartile range

LL Lower Level

SE Standard Error

SD Standard Deviation

TFEQ  Three-Factor Eating Questionnaire
UL Upper Level

VIF Variance Inflation Factor

WHO  World Health Organization

References

1. World Health Organization. Stress. Available online: https://www.who.int/news-room/questions-and-answers/item/stress
(accessed on 6 December 2025).

2. Fink, G. Stress, Definitions, Mechanisms, and Effects Outlined: Lessons from Anxiety. In Stress: Concepts, Cognition, Emotion, and
Behavior; Fink, G., Ed.; Elsevier Inc.: San Diego, CA, USA, 2016; Volume 1, pp. 3-11.

3. Premji, S.S.; Yim, I.S.; Dosani Mawji, A.; Kanji, Z.; Sulaiman, S.; Musana, ].W.; Samia, P.; Shaikh, K.; Letourneau, N.; MiGHT
Group. Psychobiobehavioral Model for Preterm Birth in Pregnant Women in Low- and Middle-Income Countries. Biomed. Res.
Int. 2015, 2015, 450309. [CrossRef]

4. Manchia, M.; Gathier, A.W.; Yapici-Eser, H.; Schmidt, M.V.; de Quervain, D.; van Amelsvoort, T.; Bisson, ].I.; Cryan, ].F; Howes,
O.D.; Pinto, L.; et al. The impact of the prolonged COVID-19 pandemic on stress resilience and mental health: A critical review
across waves. Eur. Neuropsychopharmacol. 2022, 55, 22-83. [CrossRef]

5. Amini-Rarani, M.; Rezaei, S.; Azami-Aghdash, S.; Bashzar, S.; Allahverdi, S.; Mohseni, M. The prevalence of stress during the
COVID-19 pandemic: An umbrella review. BMC Public Health 2025, 25, 4022. [CrossRef]

6. Romeo, R.D. The Teenage Brain: The Stress Response and the Adolescent Brain. Curr. Dir. Psychol. Sci. 2013, 22, 140-145.
[CrossRef] [PubMed]

7. Purvis, RS.; Ayers, B.L.; Rowland, B.; Moore, R.; Hallgren, E.; McElfish, P.A. “Life is hard”: How the COVID-19 pandemic
affected daily stressors of women. Dialogues Health 2022, 1, 100018. [CrossRef]

8.  Maggi, G.; Baldassarre, I.; Barbaro, A.; Cavallo, N.D.; Cropano, M.; Nappo, R.; Santangelo, G. Age- and gender-related differences
in the evolution of psychological and cognitive status after the lockdown for the COVID-19 outbreak: A follow-up study. Neurol.
Sci. 2022, 43, 1521-1532. [CrossRef]

9.  Beydoun, M.A. The interplay of gender, mood, and stress hormones in the association between emotional eating and dietary

behavior. . Nutr. 2014, 144, 1139-1141. [CrossRef]

https://doi.org/10.3390/nu18010085
17



Nutrients 2026, 18, 85

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Carpio-Arias, T.V.; Solis Manzano, A.M.; Sandoval, V.; Vinueza-Veloz, A.F; Rodriguez Betancourt, A.; Betancourt Ortiz, S.L.;
Vinueza-Veloz, M.F. Relationship between perceived stress and emotional eating. A cross sectional study. Clin. Nutr. ESPEN 2022,
49, 314-318. [CrossRef]| [PubMed]

Herhaus, B.; Bastianon, C.; Ghassabei, S.; Petrowski, K. Fight or flight: The effect of heart rate reactivity on acute stress-induced
food intake. Physiol. Behav. 2022, 246, 113704. [CrossRef]

Chao, A.M.; Jastreboff, A.M.; White, M.A.; Grilo, C.M.; Sinha, R. Stress, cortisol, and other appetite-related hormones: Prospective
prediction of 6-month changes in food cravings and weight. Obesity 2017, 25, 713-720. [CrossRef] [PubMed]

Smith, J.; Ang, X.Q.; Giles, E.L.; Traviss-Turner, G. Emotional Eating Interventions for Adults Living with Overweight or Obesity:
A Systematic Review and Meta-Analysis. Int. |. Environ. Res. Public Health 2023, 20, 2722. [CrossRef]

Elran Barak, R.; Shuval, K.; Li, Q.; Oetjen, R.; Drope, J.; Yaroch, A.L.; Fennis, B.M.; Harding, M. Emotional Eating in Adults: The
Role of Sociodemographics, Lifestyle Behaviors, and Self-Regulation-Findings from a U.S. National Study. Int. ]. Environ. Res.
Public Health 2021, 18, 1744. [CrossRef] [PubMed]

Nguyen-Rodriguez, S.T.; Unger, ].B.; Spruijt-Metz, D. Psychological determinants of emotional eating in adolescence. Eat. Disord.
2009, 17,211-224. [CrossRef]

Webb, H.J.; Kerin, J.L.; Zimmer-Gembeck, M.]. Increases in Emotional Eating During Early Adolescence and Associations With
Appearance Teasing by Parents and Peers, Rejection, Victimization, Depression, and Social Anxiety. J. Early Adolesc. 2020, 41,
754-777. [CrossRef]

Samuel, L.; Cohen, M. Expressive suppression and emotional eating in older and younger adults: An exploratory study. Arch.
Gerontol. Geriatr. 2018, 78, 127-131. [CrossRef]

Jadskeldinen, A.; Nevanperd, N.; Remes, J.; Rahkonen, F; Jarvelin, M.R.; Laitinen, J. Stress-related eating, obesity and associated
behavioural traits in adolescents: A prospective population-based cohort study. BMC Public Health 2014, 14, 321. [CrossRef]
[PubMed]

Haidar, S.A.; de Vries, N.K.; Karavetian, M.; El-Rassi, R. Stress, Anxiety, and Weight Gain among University and College Students:
A Systematic Review. . Acad. Nutr. Diet. 2018, 118, 261-274. [CrossRef] [PubMed]

Kivimé&ki, M.; Head, J.; Ferrie, J.E.; Shipley, M.].; Brunner, E.; Vahtera, J.; Marmot, M.G. Work stress, weight gain and weight
loss: Evidence for bidirectional effects of job strain on body mass index in the Whitehall II study. Int. J. Obes. 2006, 30, 982-987.
[CrossRef]

Hunot-Alexander, C.; Arellano-Gémez, L.P.; Smith, A.D.; Kaufer-Horwitz, M.; Vasquez-Garibay, E.M.; Romero-Velarde, E.;
Fildes, A.; Croker, H.; Llewellyn, C.H.; Beeken, R.J. Examining the validity and consistency of the Adult Eating Behaviour
Questionnaire-Espafnol (AEBQ-Esp) and its relationship to BMI in a Mexican population. Eat. Weight Disord. 2022, 27, 651-663.
[CrossRef]

Konttinen, H.; Van Strien, T.; Mannisto, S.; Jousilahti, P.; Haukkala, A. Depression, emotional eating and long-term weight
changes: A population-based prospective study. Int. J. Behav. Nutr. Phys. Act. 2019, 16, 28. [CrossRef]

Ohrt, TK,; Perez, M.; Liew, ].; Herndndez, ].C.; Yu, K\Y. The influence of temperament on stress-induced emotional eating in
children. Obes. Sci. Pract. 2020, 6, 524-534. [CrossRef]

Bell, B.M.; Spruijt-Metz, D.; Naya, C.H.; Lane, C.J.; Wen, C.K.E; Davis, ].N.; Weigensberg, M.]. The mediating role of emotional
eating in the relationship between perceived stress and dietary intake quality in Hispanic/Latino adolescents. Eat. Behav. 2021,
42,101537. [CrossRef]

Lazarevich, I.; Irigoyen Camacho, M.E.; Velazquez-Alva, M.D.C.; Zepeda, M.Z. Relationship among obesity, depression, and
emotional eating in young adults. Appetite 2016, 107, 639-644. [CrossRef]

Barcin-Gtizeldere, H.K.; Devrim-Lanpir, A. The Association Between Body Mass Index, Emotional Eating and Perceived Stress
during COVID-19 Partial Quarantine in Healthy Adults. Public Health Nutr. 2022, 25, 43-50. [CrossRef]

van Strien, T.; Konttinen, H.; Homberg, J.R.; Engels, R.C.; Winkens, L.H. Emotional eating as a mediator between depression and
weight gain. Appetite 2016, 100, 216-224. [CrossRef] [PubMed]

Evers, C.; Dingemans, A.; Junghans, A.F,; Boevé, A. Feeling bad or feeling good, does emotion affect your consumption of food?
A meta-analysis of the experimental evidence. Neurosci. Biobehav. Rev. 2018, 92, 195-208. [CrossRef]

Godet, A.; Fortier, A.; Bannier, E.; Coquery, N.; Val-Laillet, D. Interactions between emotions and eating behaviors: Main issues,
neuroimaging contributions, and innovative preventive or corrective strategies. Rev. Endocr. Metab. Disord. 2022, 23, 807-831.
[CrossRef]

Dakanalis, A.; Mentzelou, M.; Papadopoulou, S.K.; Papandreou, D.; Spanoudaki, M.; Vasios, G.K.; Pavlidou, E.; Mantzorou, M.;
Giaginis, C. The Association of Emotional Eating with Overweight/Obesity, Depression, Anxiety/Stress, and Dietary Patterns: A
Review of the Current Clinical Evidence. Nutrients 2023, 15, 1173. [CrossRef] [PubMed]

Guzek, D.; Skolmowska, D.; Glabska, D. Analysis of Self-Regulation of Eating Behaviors within Polish Adolescents” COVID-19
Experience (PLACE-19) Study. Nutrients 2022, 14, 1679. [CrossRef]

https://doi.org/10.3390/nu18010085
18



Nutrients 2026, 18, 85

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Skolmowska, D.; Gtabska, D.; Guzek, D. Body Mass and Emotional Eating: Emotional Eater Questionnaire (EEQ) in the Polish
Adolescents” COVID-19 Experience (PLACE-19) Study. Nutrients 2022, 14, 828. [CrossRef]

Glabska, D.; Skolmowska, D.; Guzek, D. Emotional Overeating during the COVID-19 Pandemic: Polish Adolescents” COVID-19
Experience (PLACE-19) Study. Nutrients 2023, 15, 3818. [CrossRef]

Skolmowska, D.; Glabska, D.; Guzek, D. Stress during the COVID-19 Pandemic and Emotional Eating Scale Adapted for Children
and Adolescents (EES-C) Results in Girls: Polish Adolescents” COVID-19 Experience (PLACE-19) Study. Nutrients 2023, 15, 4197.
[CrossRef]

The Central Statistical Office in Poland December 2019. Available online: https://bdlstat.gov.pl/BDL/dane/podgrup/temat
(accessed on 15 June 2020).

Byrne, D.G.; Davenport, S.C.; Mazanov, ]. Profiles of adolescent stress: The development of the adolescent stress questionnaire.
(ASQ). J. Adolesc. 2007, 30, 393-416. [CrossRef] [PubMed]

Karlsson, J.; Persson, L.O.; Sjostrom, L.; Sullivan, M. Psychometric properties and factor structure of the Three-Factor Eating
Questionnaire (TFEQ) in obese men and women. Results from the Swedish Obese Subjects (SOS) study. Int. J. Obes. 2000, 24,
1715-1725. [CrossRef] [PubMed]

Stunkard, A.J.; Messick, S. The three-factor eating questionnaire to measure dietary restraint, disinhibition and hunger. J.
Psychosom. Res. 1985, 29, 71-83. [CrossRef] [PubMed]

De Vriendt, T.; Clays, E.; Moreno, L.A.; Bergman, P; Vicente-Rodriguez, G.; Nagy, E.; Dietrich, S.; Manios, Y.; De Henauw, S.;
HELENA Study Group. Reliability and validity of the Adolescent Stress Questionnaire in a sample of European adolescents--the
HELENA study. BMC Public Health 2011, 11, 717. [CrossRef]

Kallianta, M.K.; Katsira, X.E.; Tsitsika, A.K.; Vlachakis, D.; Chrousos, G.; Darviri, C.; Bacopoulou, F. Stress management
intervention to enhance adolescent resilience: A randomized controlled trial. EMBnet ]. 2021, 26, €967. [CrossRef]

Efthymiou, V.; Kotsikogianni, D.; Tsitsika, A.K.; Vlachakis, D.; Chrousos, G.P.; Charmandari, E.; Bacopoulou, E. Validation of the
Greek version of the Adolescent Sleep Hygiene Scale (ASHS). EMBnet |. 2021, 26, €979. [CrossRef]

McKay, M.; Andretta, J.; Perry, ]. The shortened version of the Adolescent Stress Questionnaire (ASQ-S.; Sweden): A validation
study in United Kingdom adolescents. Scand. J. Child Adolesc. Psychiatr. Psychol. 2019, 7, 81-87. [CrossRef]

Kokka, I.; Chrousos, G.P.; Darviri, C.; Bacopoulou, F. Measuring Adolescent Chronic Stress: A Review of Established Biomarkers
and Psychometric Instruments. Horm. Res. Paediatr. 2023, 96, 74-82. [CrossRef]

Swartz, M.C.; Basen-Engquist, K.M.; Markham, C.; Lyons, E.].; Cox, M.; Chandra, ].; Ater, J.L.; Askins, M.A.; Scheurer, M.E.; Lupo,
PJ.; et al. Psychometric Analysis of the Three-Factor Eating Questionnaire-R18V2 in Adolescent and Young Adult-Aged Central
Nervous System Tumor Survivors. J. Adolesc. Young Adult Oncol. 2016, 5, 278-285. [CrossRef]

Alhebshi, S.; Hilary, S.; Safi, S K.H.; Ali, H.I.; Cheikh Ismail, L.; Al Dhaheri, A.; Stojanovska, L. Validity and Reliability of the
Arabic Version of the Three-Factor Eating Questionnaire-R18. Heliyon 2023, 9, e17623. [CrossRef] [PubMed]

Martins, B.G.; da Silva, W.R.; Maroco, J.; Campos, ].A.D.B. Psychometric characteristics of the Three-Factor Eating Questionnaire-
18 and eating behavior in undergraduate students. Eat. Weight Disord. 2021, 26, 525-536. [CrossRef] [PubMed]

Dzielska, A.; Mazur, J.; Matkowska-Szkutnik, A.; Natecz, H. Adaptation of the Three-Factor Eating Questionnaire (TFEQ-13) for
school-aged adolescents in a population study [Adaptacja polskiej wersji kwestionariusza Three-Factor Eating Questionnaire
(TFEQ-13) wsréd mlodziezy szkolnej w badaniach populacyjnych]. Probl. Hig. Epidemiol. 2009, 90, 362-369.

de Lauzon, B.; Romon, M.; Deschamps, V.; Lafay, L.; Borys, ].M.; Karlsson, ]J.; Ducimetiere, P.; Charles, M.A.; Fleurbaix Laventie
Ville Sante Study Group. The Three-Factor Eating Questionnaire-R18 is able to distinguish among different eating patterns in a
general population. . Nutr. 2004, 134, 2372-2380. [CrossRef]

World Health Organization (WHO). Process of Translation and Adaptation of Instruments.  Available online:
https:/ /www.coursehero.com/file /30372721 / WHO-Process-of-translation-and-adaptation-of-instrumentspdf/  (accessed
on 4 August 2023).

World Health Organization (WHO). Obesity and Overweight. Available online: https://www.who.int/news-room/fact-
sheets/detail / obesity-and-overweight (accessed on 22 December 2025).

World Health Organization (WHO). Body Mass Index—BMI. Available online: https:/ /www.who.int/data/gho/data/themes/t
opics/topic-details/GHO/body-mass-index (accessed on 4 August 2023).

Kulaga, Z.; Litwin, M.; Tkaczyk, M.; Rézdzynska, A.; Barwicka, K.; Grajda, A.; Swiader, A.; Gurzkowska, B.; Napieralska, E.;
Pan, H. The height-, weight-, and BMI-for-age of Polish school-aged children and adolescents relative to international and local
growth references. BMC Public Health 2010, 10, 109. [CrossRef]

OLAF. Calculator from OLAF Study. Available online: https://www.surf.nl/en/online-laboratory-calculus-with-
automaticinstant-feedback-olaf (accessed on 4 August 2023).

De Onis, M.; Onyango, A.W.; Borghi, E.; Siyam, A.; Nishida, C.; Siekmann, J. Development of a WHO growth reference for
school-aged children and adolescents. Bull. World Health Organ. 2007, 85, 660-667. [CrossRef] [PubMed]

Nunnally, ].C.; Bernstein, I.H. Psychometric Theory; McGraw-Hill: New York, NY, USA, 1994.

https://doi.org/10.3390/nu18010085
19



Nutrients 2026, 18, 85

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Frayn, M.; Knduper, B. Emotional Eating and Weight in Adults: A Review. Curr. Psychol. 2018, 37, 924-933. [CrossRef]

Sisk, L.M.; Gee, D.G. Stress and adolescence: Vulnerability and opportunity during a sensitive window of development. Curr.
Opin. Psychol. 2022, 44, 286-292. [CrossRef]

Limbers, C.A.; Summers, E. Emotional Eating and Weight Status in Adolescents: A Systematic Review. Int. ]. Environ. Res. Public
Health 2021, 18, 991. [CrossRef]

Demir Kosem, D.; Bektas, M. The effect of emotional eating in adolescents on obesity: A systematic review and meta-analysis
study. J. Pediatr. Nurs. 2025, 81, e39—e46. [CrossRef] [PubMed]

Tajik, E.; Zulkefli, N.A.; Baharom, A.; Minhat, H.S.; Latiff, L.A. Contributing factors of obesity among stressed adolescents.
Electron. Physician 2014, 6, 771-778. [CrossRef]

Lee, S.Y.; Jao, N.C.; Gaffey, A.E.; Reid, B.M.; Vergara-Lopez, C.; Bublitz, M.H.; Stroud, L.R. Female adolescents’ early life stress
and body mass index: Differential effects of anger and anxiety in response to rejection. J. Adolesc. 2024, 96, 830-840. [CrossRef]
Geliebter, A.; Aversa, A. Emotional eating in overweight, normal weight, and underweight individuals. Eat. Behav. 2003, 3,
341-347. [CrossRef]

Sato, A.F.; Darling, K.E.; Ruzicka, E.B.; Fahrenkamp, A.J.; Shields, C.V.; West, C.E.; Schuler, S.M. A biobehavioral examination of
emotional eating in adolescents: Evaluating the role of acute cortisol stress reactivity in the context of a multi-method assessment
of eating in response to stress. Appetite 2023, 184, 106486. [CrossRef]

Cohrdes, C.; Santos-Hovener, C.; Kajikhina, K.; Holling, H. The role of weight- and appearance-related discrimination on eating
disorder symptoms among adolescents and emerging adults. BMC Public Health 2021, 21, 1751. [CrossRef] [PubMed]
Shomaker, L.B.; Furman, W. Interpersonal influences on late adolescent girls’ and boys’ disordered eating. Eat. Behav. 2009,
10, 97-106. [CrossRef]

Lu, Q.; Tao, F; Hou, F; Zhang, Z.; Ren, L.L. Emotion regulation, emotional eating and the energy-rich dietary pattern. A
population-based study in Chinese adolescents. Appetite 2016, 99, 149-156. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nu18010085
20



S

-‘zv & ’/‘
i /utrients ﬂw\p\py

Article
Relationship Between Nutritional Status and Systemic
Immune-Inflammation Indices Across BMI Categories

Hafize Uzun '*, Aysen Kutan Fenercioglu >*, Abdulhalim Senyigit * and Gunay Can *

Department of Medical Biochemistry, Faculty of Medicine, Istanbul Atlas University, 34403 Istanbul, Turkey;
huzun59@hotmail.com

Department of Family Medicine, Cerrahpasa Medical Faculty, Istanbul University-Cerrahpasa,

34098 Istanbul, Turkey

Department of Internal Medicine, Faculty of Medicine, Istanbul Atlas University, 34403 Istanbul, Turkey;
abdulhalim.senyigit@atlas.edu.tr

Department of Public Health, Cerrahpasa Medical Faculty, Istanbul University-Cerrahpasa,

34098 Istanbul, Turkey; gunaycan09@yahoo.fr

*  Correspondence: aysen.fenercioglu@iuc.edu.tr or aysenfenerci@hotmail.com

These authors contributed equally to this work.

Abstract

Background: This study aimed to determine the relationship between nutritional status
and systemic inflammation using four validated nutrition indices—Hemoglobin, Albumin,
Lymphocyte, and Platelet (HALP) score, Prognostic Nutritional Index (PNI), Controlling
Nutritional Status (CONUT) score, and Nutritional Risk Index (NRI)—and three immune—
inflammation biomarkers—Systemic Immune-Inflammation Index (SII), neutrophil-to-
lymphocyte ratio (NLR), and platelet-to-lymphocyte ratio (PLR)—in healthy adults with
varying body mass index (BMI) levels. Methods: This retrospective study included
290 clinically healthy adults aged 18-60 years, categorized by BMI. Individuals with chronic
diseases, medication use, or morbid obesity (BMI > 40 kg/m?) were excluded. Nutrition
scores (HALP, PNI, NRI, CONUT) and systemic immune-inflammation indices (SII, NLR,
PLR) were calculated from laboratory data. For the comparisons of SII, PLR, NLR, PNI,
HALP, NRI, and CONUT values between groups, age was adjusted for, and an ANCOVA
test was performed. Results: Among the systemic immune-inflammation indices, SII and
NLR were significantly higher in both the overweight and obesity groups. The CONUT
score, a negative indicator of nutritional status, demonstrated positive correlations with
SII, NLR, and PLR in the overweight group, and with PLR in the obesity group. Although
PNI showed significant inverse correlations with SII, PLR, and NLR in both groups, the
mean PNI values remained above 50, indicating overall normal nutritional status in the
study population. HALP was inversely correlated with SII, PLR, and NLR in both groups.
Conclusions: The HALP score appears to be the most reliable marker, as it reflects the in-
verse relationship between nutritional status and systemic immune-inflammation indices.

Keywords: BMI; HALP score; PNI; NRI; CONUT; SII; NLR; PLR

1. Introduction

Maintaining a healthy body mass index (BMI) is crucial for preventing premature
death from high blood pressure, cardiovascular disorders, cerebrovascular diseases, and
certain cancers. Overweight individuals or those with obesity are also at an increased risk
of other chronic diseases such as type 2 diabetes, psychiatric disorders, respiratory diseases,
and skeletal disorders [1-3]. A high BMl is associated with chronic low-grade inflammation.
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Excess adipose tissue promotes the secretion of pro-inflammatory cytokines, including
tumor necrosis factor-o (TNF-«) and interleukin-6 (IL-6). This leads to macrophage infiltra-
tion into adipose tissue and decreases adiponectin synthesis, creating a proinflammatory
environment and oxidative stress. These inflammatory factors can trigger a systemic
inflammatory response, leading to diseases associated with obesity [1,3].

A complete blood count (CBC) is an affordable and easily accessible blood test.
Biomarkers like the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio
(PLR), and Systemic Immune-Inflammation Index (SII) are derived from CBC and have
been shown to help in the diagnosis, monitoring, and assessment of various systemic
inflammatory conditions [1-5]. Neutrophils and lymphocytes are key players in inflamma-
tion. A lower NLR is linked to better outcomes in different cancer types and coronary artery
disease [4-8]. In a Spanish study, an inflammatory state measured by NLR was positively
associated with abdominal obesity and negatively associated with diet quality [9]. Another
study conducted in adolescents with obesity found that NLR and C-reactive protein (CRP)
levels were significantly higher in the obesity group compared to healthy controls [10].
Blood platelets also considerably contribute to the immune response in chronic inflam-
mation caused by obesity [11]. The SII measures the relationship between platelet count,
neutrophil count, and lymphocyte count and is considered the most effective tool to reflect
the balance between inflammatory factors and immune responses in the body [1-5]. Studies
have demonstrated a significant positive correlation between SII and obesity [1,2].

Malnutrition is often perceived to affect only underweight individuals. In fact, there
is a large burden of malnutrition in the overweight and individuals with obesity due to
inadequate micronutrient consumption and poor food quality [12]. Another reason for
malnutrition in obesity is the inability to preserve body composition and performance
due to sarcopenia [13]. The quality of diet affects systemic inflammation status in obe-
sity [9]. Therefore, beyond BMI alone, routine nutritional screening is recommended for
the management of most acute and chronic conditions, particularly in hospitalized pa-
tients. A validated and widely utilized nutritional screening tool includes the Controlling
Nutritional Status (CONUT) score, the Nutritional Risk Index (NRI), and the Prognostic
Nutritional Index (PNI). This is a nutritional assessment tool based on easily accessible
laboratory indicators. Its superior prognostic value has been demonstrated [14]. Another
scoring system for assessing a patient’s nutritional status and prognosis is the Hemoglobin,
Albumin, Lymphocyte, and Platelet (HALP) score. The HALP score has recently emerged
as a novel biomarker that reflects both nutritional reserves and immune-inflammatory
activity [15,16].

The present study aimed to investigate the association between nutritional status
and systemic inflammation according to BMI categories in a healthy population. For this
purpose, individuals with normal and high BMI were evaluated for their nutritional status
using HALP, PNI, CONUT, and NRI scores. The relationship between these nutritional
indices and systemic immune—-inflammation markers (SII, NLR, PLR) was then examined
separately in normal- and high-BMI groups.

2. Materials and Methods
2.1. Ethical Approval

This study was conducted as a retrospective case—control study at the Department
of Internal Medicine, Istanbul Atlas University Medical Faculty Hospital. The study was
designed in accordance with the Declaration of Helsinki and good clinical practice guidelines.

It was approved by Istanbul Atlas University Non-Interventional Scientific Research Ethics
Committee (Approval number: E-22686390-050.99-61546, date: 17 February 2025). The Ethics
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Committee waived the requirement for written informed consent due to the retrospective
design of the study.

2.2. Study Design

This retrospective study included individuals who attended the Internal Medicine
Outpatient Clinic of Istanbul Atlas University for their annual health check-up between
March and July 2024. During this period, a total of 290 healthy individuals were evaluated,
of whom 156 had a normal body mass index, 71 were classified as overweight, and 63 were
classified as individuals with obesity. Individuals with morbid obesity (BMI > 40.0 kg/m?)
were excluded from the study, as systemic inflammation is commonly present in this
population and could confound the results. According to the WHO classification, indi-
viduals were categorized as normal weight with a BMI of 18.5-24.9 kg/m?, overweight
with a BMI of 25.0-29.9 kg/ m?, and obesity with a BMI > 30.0 kg/ m?2. Individuals with a
BMI > 40.0 kg/m? were classified as morbid obesity, corresponding to WHO Obesity
Class III [17]. Individuals with normal BMI constituted the control group, while individu-
als who were overweight or with obesity constituted the study group.

The study included individuals between the ages of 18-60 who are completely healthy,
do not use any medication that could affect inflammation, and do not smoke or consume
alcohol. The sociodemographic characteristics of the participants, as well as their height,
weight, waist circumference, physical examination findings, and laboratory test results,
were obtained retrospectively from their medical records.

2.2.1. Inclusion Criteria

Individuals aged 18 to 60 years who did not have a known chronic illness, did not use
any medication that could affect inflammation, did not smoke, or consume alcohol were
included in the study. Only those with a BMI between 18.5 and 39.99 kg/m? were included
in the study.

2.2.2. Exclusion Criteria

Individuals with any chronic illness, such as diabetes, chronic renal insufficiency,
thyroid dysfunction, hepatic dysfunction, metabolic syndrome, autoimmune disease, ma-
lignancy, active infection, or a recent history of trauma or surgery, were excluded from the
study. Additional exclusion criteria included the use of steroids, anti-inflammatory drugs,
antiepileptic medications, antioxidant supplements, or vitamin preparations; smoking or
alcohol consumption; and pregnancy. Furthermore, individuals over the age of 60 and with
a BMI > 40.0 kg/m? were excluded, as systemic inflammation is commonly present in this
population and could confound the results.

2.3. Assessments

Comprehensive medical histories—including information on smoking and alcohol
use, physical examination findings such as weight, height, and waist circumference, and
laboratory test results—were obtained from the medical records of the subjects. Waist
circumference was measured with the participant standing upright, feet shoulder-width
apart, arms relaxed at the sides, and breathing normally. A non-stretchable, flexible
measuring tape was used to measure the waist circumference at the midpoint between
the lower margin of the last palpable rib and the top of the iliac crest. Body weight was
measured with a margin of error of 0.1 kg using an electronic scale (Seca digital scale,
0.1 precision, Hamburg, Germany), allowing only underwear to remain. Height was
measured with a Harpenden stadiometer (Seca mod. 240 ce 0123, made in Hamburg,
Germany) with an error margin of 0.1 cm. Height measurements were performed in the
vertical position with bare feet, feet together and parallel, and the shoulder and gluteal
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region in contact with the wall. BMI was calculated by dividing weight (kg) by height
squared (m?).

Fasting venous blood samples were drawn between 8 and 10 a.m. after the subjects
fasted overnight (10-12 h). Blood samples were drawn from the brachial veins in the
brachial fossa and placed into plain tubes and anticoagulant-free tubes. The samples
were centrifuged for 10 min at 4000x g rpm at 4 °C. Biochemical tests were performed
immediately. The result of CBC was recorded with an automatic hematology analyzer
(Sysmex, Sysmex XN-1000, Norderstedt, Germany).

Biochemical parameters such as fasting blood glucose (FBG), low-density lipopro-
tein cholesterol (LDL-C), very-low-density lipoprotein cholesterol (VLDL-C), high-density
lipoprotein cholesterol (HDL-C), triglyceride, total cholesterol, total protein, albumin,
uric acid, and creatinine were determined using enzymatic methods (Architect 12000,
Abbott Park, IL, USA). Insulin levels were measured by the electrochemiluminescence
immunoassay (ECLIA) method on Roche-Hitachi E170 (Roche/Hitachi MODULAR An-
alytics Combination Systems, Roche Diagnostics, Indianapolis, IN, USA). Hemoglobin
Alc (HbAlc) determination was based on High-Performance Liquid Chromatography
(HPLC) (Variant Turbo II, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Homeostasis
model assessment for insulin resistance (HOMA-IR) was calculated by using the following
formula:

HOMA-IR = Fasting glucose (mg/dL) x Fasting insulin (mU/L)/405

Nutrition Scores

Nutritional indices, including the PNI score, CONUT score, and NRI score, and sys-
temic immune-inflammation indices were calculated and interpreted based on established
formulas from the literature [14-20].

The PNI score was calculated using the following formula:

PNI = (10 x serum albumin [g/dL]) + (0.005 x peripheral lymphocyte count [/mm?])

The Prognostic Nutritional Index (PNI) is a clinical tool originally developed to assess
nutritional and immunological status, particularly in patients undergoing surgery or
with chronic illnesses such as cancer, cardiovascular disease, and chronic inflammatory
conditions. Lower PNI scores indicate a higher risk of malnutrition. A PNI score > 50
indicates normal nutritional and immune status, whereas scores between 45 and 50 suggest
a mild risk of malnutrition, 40—45 indicate moderate risk, and scores < 40 reflect severe
malnutrition or a high nutritional risk [18].

The CONUT score was determined using serum albumin level, total lymphocyte count,
and total cholesterol level. The scoring system ranges from 0 to 12, with higher scores
indicating worse nutritional status. The point allocation for each parameter is as follows:

Serum albumin (g/dL):

>3.5 = 0 points; 3.0-3.49 = 2 points; 2.5-2.99 = 4 points; <2.5 = 6 points.

Lymphocyte count (/pL):

>1600 = 0 points; 1200-1599 = 1 point; 800-1199 = 2 points; <800 = 3 points.

Total cholesterol (mg/dL):

>180 = 0 points; 140-179 = 1 point; 100-139 = 2 points; <100 = 3 points.

Higher CONUT scores indicate nutritional deficiency and immunosuppression. The
total CONUT score ranges from 0 to 12 and is interpreted as follows: 0-1 point: normal
nutritional status, 2—4 points: mild risk of malnutrition, 5-8 points: moderate malnutrition,
9-12 points: severe malnutrition [19].

The NRI score was calculated using the formula:
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NRI = (1.519 x serum albumin [g/dL]) + (41.7 x actual body weight [kg]/ideal body weight [kg])

Lower NRI scores indicate a higher risk of malnutrition. An NRI score of 100 or higher
is considered indicative of the absence of nutritional risk. An NRI score between 97.5 and
99.9 suggests mild risk, 83.5 to 97.4 suggests moderate risk, and below 83.5 indicates severe
risk of malnutrition [20].

The HALP score was calculated using the following formula:

HALP = [hemoglobin (g/L) x albumin (g/L) x lymphocyte count (/L)]/platelet count (/L)

This composite index reflects the interplay between nutritional and inflammatory
status [15,16]. There is no universally accepted cut-off, as HALP values may vary by
population and disease context. However, lower HALP scores suggest malnutrition, in-
flammation, or poor prognosis

Systemic Immune-Inflammation Indices:

SIlis a new and integrated inflammatory biomarker derived from CBC parameters
that reflects the balance between the host’s immune and inflammatory status. SII was
calculated using the formula [1]:

SII = (platelet count [/L] x neutrophil count [/L])/lymphocyte count [/L]

The SII index reflects both innate (neutrophils, platelets) and adaptive (lymphocytes)
immune responses.

In addition to SII, NLR and PLR were also calculated for each subject using their
respective neutrophil, lymphocyte, and platelet counts obtained from the CBC.

Neutrophil-to-Lymphocyte Ratio (NLR) and Platelet-to-Lymphocyte Ratio (PLR) are
calculated using the following formulas [9,11]:

NLR = absolute neutrophil count [/L])/absolute lymphocyte count [/L]
PLR = platelet count [/L]/absolute lymphocyte count [/L]

2.4. Statistical Analysis

The statistical analyses were performed using SPSS version 27 (Statistical Package for
the Social Sciences, IBM Corp., Armonk, NY, USA). Quantitative variables were presented
as mean, standard deviation, median, minimum, and maximum values, while qualitative
variables were expressed as frequency and percentage. The normality of data distribution was
assessed using the Shapiro-Wilk test, skewness and kurtosis values, and Box Plot graphics.

For the comparison of more than two normally distributed quantitative variables, the
One-Way ANOVA test was applied, and the Bonferroni test was used for post hoc pairwise
comparisons. For non-normally distributed variables, the Kruskal-Wallis test was used,
and the Dunn test was applied to identify the source of the difference (Table 1).

For the comparisons of SII, PLR, NLR, PNI, HALP, NRI, and CONUT values be-
tween groups, age-adjusted ANCOVA analyses were conducted. Bonferroni post hoc tests
were subsequently applied to identify the specific groups contributing to the observed
differences (Table 2).

To evaluate the relationships between variables, partial correlation analyses were
performed for SII, PLR, NLR, PNI, HALP, NRI, and CONUT values, while adjusting for the
effect of age (Tables 3 and 4).
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Table 1. The comparison of baseline characteristics and laboratory findings of the study population
by BMI.
Normal (n = 156) Overweight (n = 71) Obesity (n = 63)
Median Median Median p-Value
Mean £ SD (Min-Max) Mean £ SD (Min-Max) Mean £ SD (Min-Max)
Age (years) 39.91 £ 10.45 40 (21-65) 42.51 £ 10.72 43 (17-59) 45.56 + 9.63 47 (26-69) 20.001 **
Waist circumference (cm) 8351 £ 9.89 84 (60-101) 92.73 £ 10.38 92 (72-119) 106.81 + 9.60 107 (86-128) 20.001 **
7000 6800 7500 a
WBC (/uL) 710833162943 3100 15 300) 696423 157445 3700 1 400) 752254162682 (3500 10 900) 0.114
CRP (mg/L) 1.98 £ 1.56 1.8 (0.1-7) 3.14 +4.03 2(0.3-27) 419 +3.26 2.9 (0.4-16) ® 0.001 **
FBG (mg/dL) 86.58 +9.88 85.7 (60-119) 89.23 £ 15.46 85 (64-130) 95.06 + 16.89 93 (64-158) b 0.001 **
HbA1c (%) 5.524+0.38 5.6 (4.6-6.3) 5.59 +0.40 5.6 (4.6-6.4) 5.83 +0.45 5.9 (4.6-6.5) 20.001 **
Insulin (mU/L) 8.10 +3.72 7.1(2.5-28) 13.61 + 6.82 12.5 (2-50) 18.92 + 11.98 17 (5.1-67) ® 0.001 **
HOMA-IR 172 £0.78 1.6 (0.5-5.6) 3.02 +1.50 2.8 (0.4-8.1) 4.39 + 246 43 (1-12.4) ® 0.001 **
Creatinine (mg/dL) 0.75 4 0.46 0.7 (0.4-6) 0.75 +0.15 0.7 (0.5-1.1) 0734015 0.7 (0.5-1.1) > 0.628
Urea (mg/dL) 18.48 4 7.93 17 (5.5-39) 26.63 £ 6.72 25 (16-44) 25.61 +7.18 24 (13-44) 20.001 **
Uric acid (mg/dL) 462 +£1.25 4.6 (1.9-7.7) 4.68 +1.16 45(2.7-8.2) 5.38 +1.29 5.4 (2.2-8.2) 20.001 **
Total Protein (g/dL) 7.17 +0.38 7.2 (6.3-8.2) 8.24 +8.53 7.3 (6-79) 7.26 043 7.2 (6-8.4) ©0.148
Albumin (g/dL) 4.59 +0.33 4.6 (4-5.5) 4.58 4+ 0.32 4.6 (3.8-5.3) 4.49 £+ 0.37 4.6 (3.5-5.1) 20.127
Total Cholesterol (mg/dL) 18533 + 31.69 181 (84.8-310) 205.12 + 34.9 (21026286_288 6 213.76 =+ 34.81 214 (138.8-302.6)  * 0.001 **
Triglyceride (mg/dL) 105.10 £106.53 93 (11-1290) 124.92 + 77.46 108 (38-535) 17354 £109.47 153 (11-628) ® 0.001 **
VLDL-C (mg/dL) 21.02 £ 21.31 18.6 (2.2-258) 24.98 + 15.49 21.6 (7.6-107) 34.71 £ 21.89 30.6 (2.2-125.6) © 0.001 **
HDL-C (mg/dL) 54.31 £ 13.99 50.2 (15-106) 54.22 £ 16.55 51 (29-106) 4629 +9.30 45 (32-68) 20.001 **
LDL-C (mg/dL) 106.79 + 28.95 101.8 (0-236) 125.92 + 27.61 130 (69-189) 132.76 + 25.76 138 (77-188) 20.001 **

CRP: C-reactive Protein, FBG: Fasting Blood Glucose, HbAlc: Hemoglobin Ale, HDL-C: High-Density Lipoprotein
Cholesterol, HOMA-IR: Homeostasis model assessment for insulin resistance, LDL-C: Low-Density Lipoprotein
Cholesterol, VLDL-C: Very-Low-Density Lipoprotein Cholesterol, WBC: White Blood Cells.  One-Way Anova
Test and Bonferroni Test, P Kruskal-Wallis Test and Dunn Bonferroni Test; ** p < 0.01. Bolded values denote
statistically significant results.

Table 2. The association of BMI with nutrition scores and systemic immune—-inflammatory indices.

Normal (n = 156) Overweight (n = 71) Obesity (n = 63)
Median Median Median p-Value
Mean + SD (Min-Max) Mean + SD (Min-Max) Mean + SD (Min-Max)
PNI 58.18 £ 0.69 58 (6.5-74.2) 56.33 £ 0.90 57 (46.5-73) 56.48 4+ 1.00 58 (45.5-65.5) €0.18
114.33 134.49 . e
NRI 114.05 & 0.50 (104.48-128.12) 123.17 £ 0.74 123.21(111.64-137.82) 135.04 £ 0.79 (107.66-155.62) 0.001
CONUT 0.63 =+ 0.05 1(0-3) 0.48 =+ 0.08 0(0-3) 0.32 % 0.90 0 (0-4) ©0.01*
SII (x100) 441.33 +24.48 420.8 (44.1-1820.2) 617.82 + 36.28 503.9 (157.6-2356) 569.59 £ 38.52 526.2 (189.3-1663.2) € 0.001 **
PLR 126.05 +3.97 122.9 (17.6-388.1) 139.21 £+ 5.89 124.1 (64.2-380) 126.47 £ 6.26 119.5 (59.2-308) €0.16
NLR 1.55 £0.07 1.4 (0.2-5.6) 2134+ 0.11 1.7 (0.8-7) 2.01 £ 0.11 1.8 (0.7-5.4) €0.001 **
HALP 55.15 £+ 4.46 50.21 (13.22-370.01) ~ 67.24 £ 6.55 50.71 (19.99-628.33) 54.17 £ 6.95 49.39 (17.92-112.56) € 0.261
CONUT: Controlling Nutritional Status. HALP: Hemoglobin. Albumin. Lymphocyte. And Platelet Score. NLR:
Neutrophil Lymphocyte Ratio. NRI: Nutritional Risk Index. PLR: Platelet Lymphocyte Ratio. PNI: Prognostic
Nutritional Index. SII: Systemic Immune-Inflammation Index. * ANCOVA Test and Bonferroni Test; ** p < 0.01,
*p < 0.05. Bolded values denote statistically significant results.
Table 3. The correlation of nutrition status with systemic immune-inflammatory indices in over-
weight participants.
SII PLR NLR PNI HALP NRI
r 4 r 4 r P r P r 4 r 4
PLR 0.837 <0.001 *** - -
NLR 0.844 <0.001 ***  0.589 <0.001 ** -
PNI —0.295  0.013* —0.392  0.001 ** —0462  <0.001 *** - -
HALP -0.23 0.046 * —0.307  0.01* —0.170  0.160 0.342 0.004 ** -
NRI —0.101  0.403 0.069 0.571 —0.149 0219 —0.144  0.235 —0.226  0.06 - -
CONUT 0.307 0.01* 0.302 0.011 * 0.449 <0.001 *** —0.292  0.014* —-0.112 0355  —0.096 0.432

CONUT: Controlling Nutritional Status, HALP: Hemoglobin, Albumin, Lymphocyte, and Platelet Score,
NLR: Neutrophil Lymphocyte Ratio, NRI: Nutritional Risk Index, PLR: Platelet Lymphocyte Ratio, PNI: Prognostic
Nutritional Index, SII: Systemic Immune-Inflammation Index, Partial Correlation test; *** p < 0.001, ** p < 0.01,
and * p < 0.05. Bolded values denote statistically significant results.
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Table 4. The correlation of nutrition status with systemic immune-inflammatory indices in partici-

pants with obesity.
SII PLR NLR PNI HALP NRI

r p r [ r % r P r p r %
PLR 0.6 <0.001 %%+ - -
NLR 0887  <0.001** 0371  0003* - ;
PNI 0337 0.007** 0363  0.004* 0498  <0.001*** - -
HALP 0522  <0.001** 0809 0001 358 004 0601  <0.001%* - -
NRI 0162 0.209 0183 0.55 0299 0.018* 0062 0632 0256 0.045* - -
CONUT 0014 0912 0378  0.002** 0048 0713 _0.166  0.198 0236 0064 0057 0658

CONUT: Controlling Nutritional Status. HALP: Hemoglobin. Albumin. Lymphocyte and Platelet Score.
NLR: Neutrophil Lymphocyte Ratio. NRI: Nutritional Risk Index. PLR: Platelet Lymphocyte Ratio.
PNI: Prognostic Nutritional Index. SII: Systemic Immune-Inflammation Index. Partial Correlation test;
***p <0.001, ** p <0.01, and * p < 0.05. Bolded values denote statistically significant results.

3. Results

The study population was divided into three groups based on BMI: normal weight
(n = 156), overweight (n = 71), and obesity (n = 63). A statistically significant difference
in mean age was observed across the groups, with individuals in the obesity group being
older on average (p = 0.001). Although these differences were statistically significant, the
observed age ranges suggest that they are unlikely to be clinically meaningful. Moreover,
age-adjusted covariance analyses for the relevant parameters did not alter the level of
statistical significance, indicating that age did not materially influence the results. As
expected, waist circumference increased progressively with BMI and was significantly
higher among participants with obesity (p = 0.001) (Table 1).

3.1. Comparison of Metabolic Parameters Across BMI Categories

Among the inflammatory and metabolic parameters, CRP, FBG, HbAlc, insulin, HOMA-
IR, urea, uric acid, total cholesterol, triglyceride, VLDL-C, HDL-C, and LDL-C levels showed
significant differences across BMI groups. In particular, differences in CRP, insulin, and
HOMA-IR levels were significantly elevated in the obesity group, indicating a potential
increase in systemic inflammation and insulin resistance (p = 0.001) (Table 1). No significant
differences were observed for white blood cell (WBC) or creatinine levels (Table 1).

3.2. Relationship Between Nutrition Scores and Systemic Immune—Inflammatory Indices Across
BMI Categories

Table 2 shows the association of BMI with nutrition scores and systemic immune—
inflammatory indices. Although the NRI increased significantly with BMI (p = 0.001), it
remained above 100 in all BMI categories, indicating no apparent nutritional risk across
groups. No significant differences were found in PNI scores among the groups (p = 0.18).
The mean CONUT scores in all BMI groups were <1, indicating a normal nutritional status
across the study population. Similarly, the PNI scores were >50 in all groups, indicating a
normal nutritional status across the study population (Table 2). There were no statistically
significant differences in HALP scores among the BMI groups (p = 0.261). Regarding
systemic immune—inflammatory indices, SII and NLR were significantly higher in the
obesity and overweight groups compared to normal-weight individuals (p = 0.001 for
both), suggesting heightened inflammatory activity. There were no statistically significant
differences observed in PLR (p = 0.16) (Table 2). Figure 1 demonstrates the distribution of
SII and NLR across BMI categories.
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Figure 1. SII and NLR across BMI Categories.

3.3. Correlation of Nutrition Scores with Systemic Immune—Inflammatory Indices in High
BMI Groups

In overweight individuals, significant positive correlations were observed among the
systemic inflammatory indices. Strong positive correlations were found between SII and
PLR (r = 0.837; p < 0.001) and between SII and NLR (r = 0.844; p < 0.001). SII showed
significant negative correlations with PNI (r = —0.295; p = 0.013) and the HALP score
(r=—0.23; p = 0.046). Additionally, SII demonstrated a significant positive correlation with
CONUT, a negative indicator of nutritional status (r = 0.307; p = 0.01) (Table 3).

Strong negative correlations were found between PLR and PNI (r = —0.392; p = 0.001)
and between PLR and HALP (r = —0.307; p = 0.01). No significant correlation was observed
between PLR and NRI. PLR showed a statistically significant positive correlation with
CONUT (r = 0.302; p = 0.011) (Table 3).

No significant correlations were observed between NLR and HALP or NRI. A statisti-
cally significant positive correlation was observed between NLR and CONUT (r = 0.449;
p < 0.001), and a strong negative correlation was observed between NLR and PNI (r = 0.462;
p < 0.001) (Table 3).

Among the nutritional indices, PNI showed a positive correlation with HALP
(r=0.342, p = 0.004). A statistically significant negative correlation was found between PNI
and CONUT (r = —0.292; p = 0.014) (Table 3).

In participants with obesity, strong positive correlations were observed among sys-
temic inflammatory indices. SII showed strong positive correlations with PLR (r = 0.6,
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p < 0.001) and NLR (r = 0.887, p < 0.001). PLR was also positively correlated with NLR
(r =0.371, p = 0.003). SII correlated negatively with HALP (r = —0.522, p < 0.001). No
significant correlations were observed between SII and NRI or CONUT (Table 4).

A strong positive correlation was observed between PLR and NLR (r = 0.371;
p = 0.003). PLR also showed significant negative correlations with PNI (r = —0.363,
p = 0.004) and HALP (r = —0.809, p < 0.001). No statistically significant correlation was
observed between PLR and NRI, while a strong positive correlation was found between
PLR and the CONUT score (r = 0.378; p = 0.002) (Table 3).

NLR was inversely correlated with PNI (r = —0.498, p < 0.001) and HALP (r = —0.358,
p = 0.004). No statistically significant correlation was found between NLR and the
CONUT score, while a significant negative correlation was observed between NLR and NRI
(r=—0.299; p = 0.018) (Table 4).

Among the nutritional indices, PNI demonstrated a strong positive correlation with
HALP (r = 0.601, p < 0.001). No statistically significant correlation was found between PNI
and NRI or CONUT. A significant negative correlation was observed between HALP and
NRI (r = —0.256; p = 0.045). The CONUT score did not show significant correlations with
any of the inflammatory or nutritional indices (all p > 0.05) (Table 4).

These findings indicate that higher inflammatory burden (particularly SII, PLR, and
NLR) is generally associated with poorer nutritional indices, whereas better nutritional
status tends to accompany reduced systemic inflammation.

4. Discussion

This study examined the relationship between nutritional status and systemic immune—
inflammatory indices across BMI categories in an adult population without any chronic
diseases. Our findings show that as BMI increases, there is a corresponding rise in
inflammation-related biomarkers (e.g., CRP, SII, NLR) (Tables 1 and 2). Regarding nu-
tritional scores, although the NRI score increased significantly with BMI (p = 0.001), it
remained >100 across all BMI categories, indicating no apparent nutritional risk in any
group. No significant differences were found in PNI or HALP scores among the groups
(Table 2). The mean CONUT scores in all BMI groups were <1, indicating a normal nutri-
tional status across the study population. Similarly, the PNI scores were >50 in all groups,
indicating a normal nutritional status across the study population (Table 2). However,
correlational analysis provided additional insights. In overweight participants, the CONUT
score—a negative indicator of nutritional status—showed significant positive correlations
with SII, PLR, and NLR, whereas PNI and HALP scores demonstrated significant inverse
correlations with SII, PLR, and NLR. In the obesity group, the CONUT positively corre-
lated with PLR, while PNI and HALP scores inversely correlated with SII, PLR, and NLR
(Tables 3 and 4) (Figures 2 and 3).

These results support the growing body of evidence suggesting that adiposity con-
tributes to a persistent low-grade inflammatory state [1,2]. Adipose tissue functions
not only as a reservoir for energy storage but also as an immune-active organ, secret-
ing a range of pro-inflammatory mediators collectively referred to as adipokines, in-
cluding adiponectin, leptin, tumor necrosis factor-alpha (TNF-«), interleukin (IL)-1f3,
and IL-6 [21]. Dysregulation of adipokine production contributes to the establishment
of a chronic inflammatory milieu within adipose tissue. As adipocytes undergo hy-
pertrophy and lipid accumulation increases, immune cell infiltration—particularly by
macrophages—intensifies, thereby amplifying both local and systemic inflammatory re-
sponses. In addition to macrophages, other immune and hematologic cells—including
neutrophils, platelets, and lymphocytes—contribute significantly to the chronic low-grade
inflammation associated with obesity [22,23]. Neutrophils are among the earliest immune
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cells to infiltrate adipose tissue in early obesity, releasing inflammatory mediators that
amplify macrophage recruitment and maintain a chronic inflammatory state, thereby con-
tributing to increased NLR and SII levels [24]. Neutrophils exacerbate both local and
systemic inflammation by releasing pro-inflammatory mediators such as TNF-oc and IL-
1. Platelets facilitate immune cell recruitment by secreting a variety of cytokines and
chemokines. thereby amplifying the inflammatory response. Meanwhile. adaptive im-
munity is also altered: obesity induces a decline in regulatory T-cells and an increase in
effector T-cell activity, shifting the balance toward pro-inflammatory T-cell subsets and
further amplifying chronic low-grade inflammation—all of which may be captured by
markers like PLR [25].

|
| r |
CONUT 1T PNI HALP |

PR R R

EIN @ EN
o EE

Figure 2. Associations of Nutritional Indices with Systemic Immune-Inflammatory Markers in the
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Figure 3. Associations of Nutritional Indices with Systemic Immune-Inflammatory Markers in the
Obesity Group. 1 = increase, | = decrease.

Zhang et al. demonstrated a U-shaped relationship between the systemic immune-
inflammation index (SII) and adolescent obesity, suggesting that both low and high SII levels
may be associated with an increased risk of obesity in the population [1]. In contrast, Yu et al.
reported a significant positive correlation between SII and body mass index (BMI), particularly
among adults under 60 years of age who did not have hypertension or diabetes [2]. Similarly,
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in our study population, which included individuals aged 18-60 years without any chronic
disease, SII was found to increase significantly with rising BMI (p = 0.001).

Consistent with previous research, individuals with obesity in our study exhibited
significantly higher levels of CRP, insulin, and triglycerides (Table 1), all of which are es-
tablished markers of metabolic dysfunction and inflammation [9,22]. Although BMI is the
conventional metric for classifying obesity, waist circumference also increases significantly
with BMI and may provide additional insight into visceral adiposity and cardiometabolic
risk [4,9]. In our study, waist circumference was significantly elevated in both the over-
weight and obesity groups (p = 0.001). Rodriguez-Rodriguez et al. reported that abdominal
obesity was associated with a heightened inflammatory state, as indicated by NLR, in a
Spanish population over 50 years of age. Furthermore, the study reported that better diet
quality, assessed using the Spanish Healthy Eating Score, was significantly associated with
reduced systemic inflammation [9]. Aydin et al. revealed that NLR and CRP levels were
higher in children with obesity compared to healthy controls, whereas PLR levels were
not significantly different between these two groups [10]. Similarly, in our study. NLR
was significantly higher in the obesity and overweight groups compared to normal weight
individuals (p = 0.001), while PLR did not show a statistically significant difference across
BMI categories.

The NRI is a widely used tool for assessing nutritional status, particularly in clinical
settings, and is calculated using serum albumin levels. Since albumin is a negative acute-
phase reactant. Its synthesis is influenced not only by nutritional status but also by systemic
inflammation. In individuals with obesity, despite a high BMI, protein—energy malnutrition
may still occur—a condition referred to as “sarcopenic obesity” [26]. In patients with
sarcopenic obesity, inadequate protein and calorie intake, together with chronic low-grade
inflammation, may jointly contribute to reduced albumin levels despite excess body weight.
While BMI tends to correlate positively with systemic inflammatory markers, NRI may
correlate inversely, largely due to the inflammatory suppression of albumin synthesis and
alterations in body composition [27]. Therefore, NRI may provide complementary insights
to BMI in evaluating the complex relationship between nutritional status and inflammation
in populations with obesity. In our study, although the NRI score increased significantly
with BMI (p < 0.001), it remained >100 across all BMI categories, indicating no apparent
nutritional risk in any group (Table 2). In addition, no significant correlations were found
between NRI and systemic inflammation markers in the overweight group (Table 3), which
may be consistent with the possibility of sarcopenic obesity. In individuals with sarcopenia,
NRI may provide a falsely reassuring assessment of nutritional status, particularly in cases
of sarcopenic obesity, where reduced muscle mass coexists with increased fat mass [28].

The HALP and PNI scores did not differ significantly across BMI groups, and CONUT
scores were <1 in all BMI groups, indicating a normal nutritional status across the study
population. These findings highlight that higher weight may not equate to better nutritional
quality [12,13]. However, correlation analysis provided additional insights into the present
study. In both overweight individuals and those with obesity, HALP scores showed
inverse correlations with SII, NLR, and PLR, suggesting that reduced nutritional status
is associated with increased inflammation (Tables 3 and 4). Among the markers, HALP
stood out as a particularly consistent and sensitive integrative index, inversely associated
with inflammation and positively with PNI, similar to findings in previous cancer and
cardiovascular studies [14,15].

Initially proposed in oncology settings, the HALP score has shown prognostic value
in several malignancies, including gastric, colorectal, and hepatocellular carcinomas [15,16].
More recently, its utility has been explored in non-cancer populations, such as patients
with cardiovascular disease and chronic kidney disease [29,30]. Its simplicity—requiring
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only routinely available blood parameters—makes it particularly attractive for widespread
clinical use. Despite growing interest, data on the HALP score in healthy individuals
and its variation across BMI categories are limited. Given that obesity is characterized
by a state of chronic low-grade inflammation and altered hematologic and nutritional
parameters, evaluating HALP in relation to BMI may provide novel insights into the
subclinical inflammatory—nutritional burden of excess weight. The HALP score may reflect
the imbalance between nutritional status and inflammation in individuals with obesity. A
low HALP score can serve as a significant indicator of underlying complications such as
metabolic syndrome, insulin resistance, or sarcopenic obesity. Given its integrative nature,
HALP may provide valuable insights into the interplay between nutritional deficiencies
and chronic low-grade inflammation in the context of obesity.

Strengths and Limitations of the Study

Our study makes a unique contribution in several ways. First, to our knowledge,
it is among the few to examine the relationship between multiple composite nutritional
indices (HALP, PNI, CONUT, NRI) and systemic immune-inflammatory markers (SII,
NLR, PLR) in an adult population stratified by BMI. Unlike many prior studies that fo-
cused on hospitalized or chronically ill patients, our inclusion of individuals without
known chronic diseases allows for a clearer evaluation of subclinical inflammatory and
nutritional dynamics related to adiposity. Second, the use of a wide array of validated
indices—both nutritional and inflammatory—provides a comprehensive and multidimen-
sional assessment of immune—nutritional interactions in the context of increasing BMI.
We believe that these contributions broaden the existing knowledge and lay an essen-
tial groundwork for future prospective studies involving individuals without known
chronic diseases.

This study has several limitations. One limitation of our study is that a priori sample
size estimation was not performed, as the retrospective design required the inclusion
of all eligible patients within a specific time frame. The absence of formal sample size
calculation may have limited the statistical power and the generalizability of subgroup
findings—particularly in the obesity category where greater heterogeneity exists (e.g.,
sarcopenic obesity). In addition, the retrospective nature and relatively limited sample size
precluded subgroup analyses with additional variables or the calculation of sample size
estimates for each subgroup, which may have restricted the ability to detect more nuanced
associations. Nevertheless, a post hoc power analysis for the SII values—representing
the parameter with the lowest level of statistical significance—demonstrated a power of
81.7%. Thus, the current sample size is considered sufficient for the present stage. Future
prospective studies with larger cohorts and predefined subgroup stratifications are needed
to validate and expand upon our results.

The retrospective and cross-sectional design of this study precludes causal inferences.
While exclusion criteria aimed to remove confounders such as chronic disease and medica-
tion use, subclinical inflammation or undiagnosed conditions may still have influenced
the biomarker profiles. Although we included only individuals without known chronic
diseases, the BMI interval of 18.5-39.99 kg/m? covers distinct categories—normal weight,
overweight, and obesity—with different health implications. According to WHO defini-
tions, overweight and obesity do not represent a healthy weight status. Therefore, even
though the participants were free of chronic disease, the inclusion of individuals with
overweight and obesity may inherently reflect varying metabolic and inflammatory pro-
files. In addition, smoking status and alcohol consumption were obtained from medical
records, which may be subject to reporting inaccuracies and potential misclassification.
These factors should be considered when interpreting our findings.
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Another limitation of our study is that BMI does not differentiate between visceral
and non-visceral adiposity or account for variations in muscle mass. Body composition
parameters such as fat mass, muscle mass, or waist-to-hip ratio were not directly measured.
This limits the ability to distinguish between visceral adiposity and sarcopenia, both of
which influence inflammation and nutritional markers independently of BMI. Dietary
intake, physical activity, and socioeconomic status—potential confounders affecting both
inflammation and nutritional status—were not assessed.

Finally, the retrospective design of our study may compromise internal validity, as
data collection relied on existing records rather than standardized prospective assessments.
Furthermore, the lack of subgroup analyses and the absence of certain variables, such as
measures of visceral adiposity, muscle mass, and detailed lifestyle factors, may limit the
external validity and generalizability of our findings.

5. Conclusions

In conclusion, our study demonstrates that higher BMI, even among individuals
without known chronic diseases, is associated with increased levels of systemic immune-
inflammatory markers. Among the nutritional indices examined, the HALP score appears
to reflect the inverse relationship between nutrition and inflammation most effectively.
This index may be useful for early identification of subclinical inflammation in overweight
and/or obesity populations. Routine use of simple blood-based scores like HALP in
clinical settings could support preventive strategies by identifying individuals at risk for
inflammation-related complications before overt disease manifests in individuals with
high BML

We recommend that future cohort studies incorporate body composition measure-
ments and detailed assessments of dietary intake and physical activity, and be conducted
with larger sample sizes with predefined subgroup analysis. Investigating the association
between nutritional scores and systemic immune—-inflammatory indices in obesity remains
a promising area for further research.
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ECLIA Electrochemiluminescence Immunoassay

FBG Fasting Blood Glucose

HALP Hemoglobin, Albumin, Lymphocyte and Platelet
HbAlc Hemoglobin Alc (HbAlc)

HDL Low-Density Lipoprotein Cholesterol

HOMA-IR Homeostasis Model Assessment for Insulin Resistance
HPLC High-Performance Liquid Chromatography

IL-6 Interleukin-6

LDL-C Low-Density Lipoprotein Cholesterol

NLR Neutrophil-Lymphocyte Ratio

NRI Nutritional Risk Index

PLR Platelet-Lymphocyte Ratio

PNI Prognostic Nutritional Index

SII Systemic Immune-Inflammation Index

TNF-« Tumor Necrosis Factor-«

VLDL-C Very-Low-Density Lipoprotein Cholesterol

WBCs White Blood Cells
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Abstract

Background/Objectives: The prevalence of obesity globally has increased steadily in the
past decades. Obesity, sarcopenic obesity (SO) and nonalcoholic fatty liver disease (NAFLD)
commonly coexist. Ursolic acid (UA), a natural pentacyclic triterpenoid, has demonstrated
potential anti-obesity properties. This study was designed to evaluate the anti-obesity
efficacy of UA in a mouse model of high-fat diet (HFD)-induced obesity, with a particular
focus on its impact on muscle function and NAFLD. Methods: Male C57BL/6] mice
(6 weeks old) were randomly assigned to three groups (1 = 20 per group): a control group
(CON) fed a normal chow diet, a high-fat diet group (HFD), and a UA treatment group (UA).
The HFD and UA groups received a high-fat diet for 10 weeks to induce obesity. Thereafter,
mice in the UA group were administered UA orally once daily for 6 weeks. Results: In
HFD-induced obese mice, UA administration significantly reduced body weight (BW),
abdominal fat weight and liver weight; improved grip strength and muscle weight; and
enhanced lipid profiles, including triglycerides, total cholesterol, low-density lipoprotein
cholesterol and free fatty acid levels in serum. UA also improved histological changes in the
liver and abdominal adipose tissues, regulated serum GH, IGF-1, T3, T4 and leptin levels
and downregulated the inflammation-associated gene expression of TNF-« and IL-1f in
abdominal adipose tissue. Conclusions: UA could enhance muscle strength, improve lipid
metabolism and hepatic steatosis and might be considered a potential therapeutic agent for
managing obesity and related metabolic diseases.

Keywords: ursolic acid; obesity; grip strength; lipid metabolism; hormone; mice

1. Introduction

Obesity is a major health problem worldwide. It is defined as abnormal or excessive fat
accumulation with health risk by the World Health Organization (WHO) [1] and increases
the risk of numerous diseases, including cardiovascular disease, type 2 diabetes, hyperlipi-
demia, fatty liver disease, cognitive impairments and various cancers [2-4]. The prevalence
of obesity is dramatically increasing, and 20% of the world’s population will obese by 2030,
according to projections [5]. Long-term over-nutrition, lack of exercise and an imbalance
between energy intake and energy expenditure are factors that lead to obesity [6]. Obesity
is also influenced by genetic factors [7]. Sarcopenia is defined as low muscle strength
with the loss of skeletal muscle mass and function [8]. Meta-analyses have shown that
sarcopenia and NAFLD have a positive association [9], and the cross-talk of cytokines
produced by inflammatory reactions in skeletal muscle, liver and adipose tissue might
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form a triangle of harmful events that trigger the development and progression of obesity,
sarcopenia and NAFLD [10]. Although sarcopenia is commonly associated with the elderly,
recent research has shown that children may also develop the condition [11]. Sarcopenic
obesity (SO), the coexistence of obesity and sarcopenia, is defined as obesity with low
skeletal muscle mass and function [12]. Both obesity and sarcopenia synergistically exert
an additional hazardous impact on metabolic disease or amplify the health risks [13,14]. In
line with sarcopenia, SO is linked not only to the elderly population, but also the pediatric
population and possess negative health outcomes in children and adolescents [15-17].

Skeletal muscle, constituting approximately 40% of total body mass, is a critical
tissue responsible for a range of key physiological functions, including energy metabolism,
thermogenesis and joint locomotion [18,19]. Skeletal muscle is also endocrine tissue and
participates in body weight regulation by different signaling pathways [20-22]. Existing
studies have shown a strong association between muscle strength, adipose tissue and
nonalcoholic fatty liver disease [23]. The complex network relationships among them
might be constructed by myokines, adipokines and hormones [24]. Skeletal muscle mass
is decreased with weight loss, implying that loss of muscle mass and function should
be minimized during the management of weight reduction. Grip strength is often used
to measure muscular strength and muscle mass [25]. A recent study revealed a close
correlation between grip strength and NAFLD risk [26]. Grip strength has been proposed
as a tool for identifying metabolic syndrome and sarcopenia in the elderly [26,27]. Therefore,
understanding the relationship between obesity and muscular strength is important.

To improve obesity, available treatment approaches for obesity or overweight include
lifestyle corrections and the use of medications. Additionally, currently, limited scientific
evidence, the lack of standardization and the paucity of clinical studies contribute to the
challenges in formulating definitive WHO general recommendations for the use of natural
products in this clinical field, which necessitates the design and development of natural
products as potential anti-obesity agents for the therapeutic management of obesity [28-30].

Ursolic acid (UA), a natural pentacyclic triterpenoid, is widely present in a variety
of medicinal plants, fruits and herbs [31], such as ginseng, pear apples, olives, plums,
cranberries, rosemary, oregano and eucalyptus, calendula rosemarie [32,33]. So, UA is
considered a component of the standard human diet. UA has gained significant atten-
tion in recent years due to its diverse biological functions and multiple pharmacological
characteristics, such as anti-inflammation, anti-oxidation and anticancer effects [34-36].
Kunkel and colleagues highlighted that UA increases skeletal muscle mass in a mouse
model of diet-induced obesity, identifying that the Akt molecular pathway is involved in
muscle growth [37]. Sun and colleagues found that UA treatment significantly reduced the
weight of the gastrocnemius muscle and lipid droplets in the same muscle by increasing
the secretion of irisin and the expression of genes involved in adipocyte differentiation
and lipogenesis [38]. Several studies have also shown that UA improved adipose tissue
insulin resistance in aged rats and ameliorated HFD-induced hepatic steatosis and liver
injury [39,40]. These results indicate that UA possesses anti-obesity and anti-inflammatory
effects. However, UA’s mechanism of action has not been fully elucidated, and the effect of
UA on muscle strength and NAFLD requires further verification during anti-obesity treat-
ment. In addition, hormones play pivotal roles in maintaining skeletal muscle homeostasis,
and further research is needed to confirm the regulatory effects of UA on hormones.

This study aimed to investigate anti-obesity effect of UA in HFD-induced obese mice
with a specific dose for six weeks. In addition, this study aimed to examine the influence
of UA on muscle performance and NAFLD. These data will provide evidence for the
use of UA as a dietary supplement in preventing and treating obesity and its related
metabolic syndrome.
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2. Materials and Methods
2.1. Chemicals

Ursolic acid (UA, purity > 90.0%) was obtained from Sigma-Aldrich (Shanghai, China)
Trading Co., Ltd. The dose of UA (40 mg/kg body weight) was selected based on previous
literature [41,42].

2.2. Animal Experiments

All animal experiments received approval from the Institutional Animal Care and
Use Committee of Henan University of Science and Technology (Approval No: 202403017;
Date: 8 March 2024) and were performed in accordance with the Guide for the Care and
Use of Laboratory Animals: Eighth Edition [43].

2.3. Study Design

Male specific pathogen free C57BL/6] (6 weeks old) mice were selected from Si Pei Fu
(Beijing) Biotechnology Co., Ltd. (Beijing, China). All animals were housed in cages, and
they were acclimated to the environment with automatic temperature, light and humidity
control for 1 week. The room temperature was maintained at 24 °C and the humidity was
controlled at 55%, with a 12-h light/dark cycle.

A total of 60 mice were randomly assigned to three experimental groups (1 = 20 per group):
(1) control (CON), (2) high-fat diet (HFD) and (3) UA treatment (UA). The CON group
received a standard chow diet (LAD3001M, Trophic Animal Feed High-Tech Co., Ltd.,
Nantong, China), with a nutritional composition of 67% carbohydrate, 18% protein and
5% fat, providing 7% of calories from fat. The HFD and UA groups were fed a high-fat
diet (TP23400, Trophic Animal Feed High-Tech Co., Ltd, Nanning, China.) containing
23% protein, 32% carbohydrate, 31.5% fat (27.5% lard + 4.0% soybean oil), 6.8% fiber,
1.5% choline chloride, 4.0% mineral mix and 1.2% vitamin mix, with 60% of calories derived
from fat. The mice were housed with five replicate cages per group (four mice per cage)
and were allowed ad libitum access to food and tap water. After 10 weeks, the UA group
was administered ursolic acid (40 mg/kg body weight) once daily via oral gavage, whereas
the CON and HFD groups received an equivalent volume of saline for a duration of
6 weeks. Body weight and food intake were recorded weekly. The experimental timeline is
summarized in Figure 1.

adaptation modeling period UA treatment Sample collection
A A

(—A—\ Ve ~/ N\

W-1 W0 WI W2 W3 W4 W5 W6 W7 W8 W9 WI0O WII WI2 WI3 WI4 WIS W6

(6 weeks old) Beginning End
Figure 1. The time schedule of the procedures in this study.

2.4. Grip Strength Test

Prior to the endpoint of this study, forelimb grip strength was evaluated in all mice
using a specialized grip strength meter (RWD Life Science Co., Ltd., Shenzhen, China).
During testing, each mouse was allowed to grasp a metal grip with both forepaws, after
which the tail was gently pulled backward horizontally until the animal released its grip.
The maximum force exerted immediately before release was recorded. Each mouse under-
went three consecutive trials separated by one-minute intervals, and the average of these
measurements was calculated to represent grip strength.
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2.5. Sample Collections

At the end of the experiment (after UA treatment for 6 weeks), the mice were anaes-
thetized with pentobarbital sodium after 12 h of overnight fasting. Blood from the hearts
was collected using vacutainer tubes, and serum samples were obtained from the collected
blood samples through 10 min of centrifugation (3500 g, 4 °C). Then, the triceps, gastroc-
nemius, quadriceps and soleus muscles, abdominal adipose tissues and liver tissues were
removed, weighed and processed for subsequent analyses. In addition, the liver index was
calculated as follows:

Liver index = liver weight/body weight

2.6. Measurement of Serum Lipids

The levels of total cholesterol (TC), triglyceride (TG), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and free fatty acid (FFA) in
serum were determined using commercial assay ELISA kits, according to the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).

2.7. Observation and Analysis of Histopathology

Liver and abdominal subcutaneous adipose tissue samples were collected and fixed
in 10% neutral buffered formalin. After 48 h of fixation, the tissues were dehydrated,
embedded in paraffin and sectioned at a thickness of 5 um. Following deparaffinization
in xylene and rehydration, the sections were stained with hematoxylin and eosin (H&E).
Liver histopathology was examined using light microscopy, with hepatic steatosis defined
as the presence of lipid droplets in 5% or more of hepatocytes [44]. In brief, steatosis
was assayed in three zones of the classic lobules of liver in each field: zone I (port area),
zone II (intermediate area) and zone III (central vein area). When the total steatosis area
in the three zones was > 5%, it was recorded. For adipose tissue, images of the slides
were captured, twenty cells were randomly selected from each slide and the diameter
was measured. Image] software (1.49v) was used for the analysis of steatosis area and the
diameters of adipocytes.

2.8. Measurement of Serum Hormones

Serum levels of thyroxine (TH, T3, T4), leptin, growth hormone (GH) and insulin-like
growth factor-1 (IGF-1) were measured using corresponding commercial ELISA kits from
Nanjing Jiancheng Bioengineering Institute.

2.9. Real-Time PCR

Total RNA was extracted from abdominal adipose tissue using TRIzol reagent (TaKaRa
Bio Inc, Otsu City, Japan), following the manufacturer’s instructions. Subsequent cDNA
synthesis was carried out with oligo-dT primers and PrimeScript RT enzyme (TaKaRa).
Quantitative real-time PCR was performed on a Bio-Rad iQ5 detection system using SYBR
Premix ExTaq II (TaKaRa) to evaluate the expression of inflammatory cytokines. All
reactions were conducted in triplicate and normalized to the endogenous control, 3-actin.
The primer sequences utilized are listed in Table 1, and relative gene expression levels were
calculated using the 224t method [45].
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Table 1. Primer sequences for quantitative real-time PCR.

Gene Forward Primer (5'—3) Reverse Primer (5’ —3')
IL-1p3 TGCCACCTTTTGACAGTGATG TTCTTGTGACCCTGAGCGAC
TNF-o TCTTTCGGAGAAGGTTGCCC AGAAGTCCTGCCACTTCACG

[-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

IL-1p3: Interleukin-1{3. TNF-«: Tumor necrosis factor-c.

2.10. Statistical Analysis

All data were assessed for normality using the Kolmogorov-Smirnov test and are
presented as mean =+ standard deviation (SD). Statistical comparisons were performed
using one-way ANOVA with Tukey’s post hoc test for multiple comparisons, using SPSS
22.0 software. Differences were considered statistically significant at p < 0.05.

3. Results
3.1. The Effect of Ursolic Acid on Body Weight and Feed Intake

At the beginning of the experiment (week 0), no significant differences in body weight
were observed among the different groups (p > 0.05). However, following 10 weeks of
dietary intervention, mice fed a high-fat diet exhibited a significant increase in body weight
compared to those maintained on a standard chow diet (Figure 2A). After treatment with
UA for 6 weeks (Week 16), mice in the HFD group had higher body weight than mice in
the CON group. However, the body weight of mice in the UA group was lower than that of
mice in the HFD group (Figure 2B). No significant differences for feed intake were observed
among the three experiment groups (Figure 2C).
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Figure 2. Changes in body weight and feed intake. (A): Representative images of C57BL/6] mice
fed a standard chow diet and a high-fat diet for 10 weeks. (B): Body weight changes during the
6 weeks of UA administration. (C): Food intake during the 6 weeks of UA administration. Data are
expressed as mean + SD. Values with different capital letters are significant at the 0.01 level. Values
with different lowercase letters are significant at the 0.05 level.

3.2. The Effect of Ursolic Acid on Abdominal Fat and Liver Weight

At the end of the experiment, the abdominal subcutaneous adipose tissue weight,
liver weight and live index value of the mice in the HFD group were higher liver than
those in the CON group. In contrast, the mice administered 40 mg/kg/day UA had lower
liver weight, abdominal fat weight and liver index values than those in the HFD group
(Figure 3C-E).
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Figure 3. Changes in abdominal fat and liver weight. (A): Representative gross images of liver.
(B): Representative gross images of abdominal subcutaneous adipose tissue. (C): Liver weight.
(D): Abdominal fat weight. (E): Liver index. Data are expressed as mean =+ SD. Different letters
represent significant differences at the 0.05 level.

3.3. The Effect of Ursolic Acid on Grip Strength and Muscle Weight

At the end of the experiment, grip strength and muscle weights were measured in
this study. The grip strength of mice in the HFD group was significantly lower than that
in the CON group, and UA administration led to a significant increase compared with
the HFD group (p < 0.05). Lower weights of the triceps, quadriceps and gastrocnemius,
but not soleus, were observed in the HFD group compared with the CON group. UA
administration significantly increased the weights of these muscles compared with those in
the HFD group. These results are presented in Table 2.

Table 2. The effect of ursolic acid on grip strength and various muscle weights.

Groups
CON HFD UA
Grip strength (g force (gf)) 118.34 +13.24 2 99.68 4 14.71 P 112.86 + 11.522
Triceps (mg) 23477 £ 25.142 198.64 + 17.75b 242.54 + 15.68 2
Quadriceps (mg) 415.31 + 39.03 2 369.61 + 38.73 P 364.00 & 27.38 b

Soleus (mg)

Gastrocnemius (mg)

288.61 +21.892
14.26 £ 1.06

271.64 + 17.43b
16.58 + 0.95

290.29 +21.822
1514 +£1.32

Data are expressed as mean =+ SD. Different letters represent significant differences at the 0.05 level.

3.4. The Effect of Ursolic Acid on Serum Lipids

We analyzed serum TG, TC, HDL-C, LDL-C and FFA levels. As shown in Table 3,
these parameters in the HFD group showed significant increases compared with those in
the CON group (p < 0.05). Treatment with UA significantly decreased TG, TC, LDL-C and
FFA levels (p < 0.05), but not HDL-C.
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Table 3. The effect of ursolic acid on plasma lipids.

Groups
CON HFD UA
TG (mmol/L) 0.64 £0.042 1.18 £ 0.07P 0.86 £0.05°
TC (mmol/L) 253 +£0.28° 4.69+0.23P 3.07£0312
HDL-C (mmol/L) 234+0.14° 3.64 +0.17° 3.244+025°
LDL-C (mmol/L) 0.21 +£0.032 0.42 +0.05° 0.26 £0.08 2
FFA (mmol/L) 0.37 £0.04° 0.78 +0.11° 0.44 +£0.062

Data are expressed as mean =+ SD. Different letters represent significant differences at the 0.05 level.

3.5. The Effect of Ursolic Acid on Histological Changes in Liver and Abdominal Adipose Tissues

Histopathological assessment of liver tissues indicated that mice in the HFD group
developed severe hepatic steatosis, exhibiting significantly larger steatotic areas (p < 0.01),
along with substantial lipid droplet accumulation and hepatocellular swelling relative
to the CON group (Figure 4A). In contrast, UA treatment effectively ameliorated these
pathological changes, resulting in a noticeable reduction in both the number and size of
intra-cellular lipid vacuoles. The steatotic area was markedly decreased from 53% in the
HEFD group to 22% in the UA-treated group (Figure 4B).
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Figure 4. Histopathological changes in liver and abdominal adipose tissues. (A): Representative
liver histology by H&E staining. (B): Steatosis area of the liver. (C): Representative adipose tis-
sues. (D): Average diameter of adipocytes. Values with different capital letters are significant at the
0.01 level. Values with different lowercase letters are significant at the 0.05 level.

Morphometric analysis of abdominal adipose tissue further revealed adipocyte hyper-
trophy in the HFD group compared with the CON group. UA intervention significantly
attenuated this increase in adipocyte size, as demonstrated by a clear reduction in the
cross-sectional area of adipocytes in the UA group relative to the HFD group (Figure 4C,D).

3.6. The Effect of Ursolic Acid on Serum Hormones

To investigate the potential involvement of endocrine factors in obesity development,
serum levels of leptin, T3, T4, GH and IGF-1 were measured. As shown in Figure 5, the
HFD group exhibited notably reduced concentrations of GH, IGF-1 and T3 compared with
the CON group (p < 0.05). In contrast, leptin levels were significantly elevated in HFD-fed
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GH levels (ng/mL)

Leptin levels (ng/mL)

mice relative to the control group (p < 0.05). After UA treatment, GH, IGF-1 and T3 levels
were increased, and leptin levels were decreased (p < 0.05). Additionally, no significant
difference was observed for T4 levels between the CON group and he HFD group, but the
UA group showed a notable increase.
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Figure 5. The effect of ursolic acid on serum hormone levels. (A) Serum GH levels. (B): Serum IGF-1
levels. (C): Serum leptin levels. (D): Serum T3 levels. (E): Serum T4 levels. Different letters represent
significant differences at the 0.05 level.

3.7. The Effect of Ursolic Acid on the Expression of Inflammation-Associated Genes in Abdominal
Adipose Tissue

We analyzed the expression of inflammation-associated genes TNF-« and IL-1f3. The
expression of TNF-a and IL-13 was significantly higher in the HFD group than in the CON
group. UA administration significantly reduced their mRNA expression compared with
the HFD group. The results are presented in Figure 6.
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Figure 6. Changes in the expression of inflammation-associated genes. (A): TNF-« mRNA. (B): IL-13
mRNA. Values with different capital letters are significant at the 0.01 level. Values with different
lowercase letters are significant at the 0.05 level.
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4. Discussion

Obesity represents a significant public health concern affecting elderly populations,
children, and adolescents globally. Although body weight reduction is beneficial for man-
aging obesity and mitigating associated metabolic disorders, it is frequently accompanied
by a decline in skeletal muscle mass [46]. Skeletal muscle mass is closely related to function
and metabolic capacity of the muscle [47], and skeletal muscle atrophy and dysfunction can
further impair whole-body metabolism [48]. The desired outcomes for the management of
people living with obesity are the maintenance or increase of muscle mass and function
when body weight (fat mass) is reduced. Hand grip strength is a well-established indicator
of muscle strength and is often used to assess muscle condition [49,50]. In the present study,
the assessment of grip strength revealed a significant reduction in the HFD group. Notably,
UA supplementation effectively restored grip strength and concurrently increased muscle
mass in HFD-induced obese mice. Results regarding muscle strength and muscle mass
are in line with human clinical studies, in which muscle strength was positively correlated
with muscle mass [51-53].

Obesity is defined as a condition of excessive adipose tissue accumulation, charac-
terized by adipose tissue expansion through adipocyte hypertrophy (increase in cell size)
and/or hyperplasia (increase in cell number) [54,55]. The current study found that mice fed
a HFD gained more body weight, abdominal fat mass and higher liver index values than
those who received a control diet, and UA supplementation reduced body weight, abdomi-
nal fat mass and liver index values in HFD-fed mice. We also found that the adipocyte size
in abdominal adipose tissue was decreased by UA, indicating that adipose tissue loss may
have led to weight loss and that UA may regulate lipid metabolism in peripheral adipose
tissues. The lipid abnormalities usually observed in obese patients are high levels of serum
TG, TC, FFA and LDL-C [56,57]. Serum lipids were tested in the current study and our
results demonstrated that UA effectively decreased TG, TC, LDL-C and FFA in serum in
HFD-fed mice after 6 weeks of administration. This suggests that UA might be useful for
treating and preventing hyperlipidemia.

Given the role of leptin and TH in the regulation of energy expenditure and lipid
homeostasis, circulating leptin and TH levels were determined. Leptin is produced in
adipose tissue and can regulate energy balance by inhibiting hunger and increasing energy
expenditure in the body [58,59]. However, leptin levels seem to be increased in obese
patients [60]. We also found that serum leptin levels are higher in HDF-fed mice. It is
possible that high leptin levels lead to leptin resistance and blunt its positive effects [61,62].
TH was secreted by the thyroid gland. T3 is the most metabolically active form of TH, and
T4 is considered a prohormone and constitutes a large reserve of T3. The regulation of
energy expenditure is a critical role of TH [63]. Shao et al. reported that high-fat diets could
induce hypothyroidism in mice by increasing thyrotropin and decreasing T3 and T4 levels,
likely related to increased leptin signaling [64]. Consistent Shao et al.’s research, we found
that T3 levels were lower in HDF-fed mice. UA treatment increased T3 and T4 levels. These
data indicated that UA played a key role in energy homeostasis by regulating circulating
hormone levels.

Both GH and IGF-1 are anabolic hormones related to skeletal muscle function and
mass. Early and recent studies have shown that GH strongly affected skeletal muscle
mass and performance [65,66]. GH can stimulate skeletal muscle protein synthesis and
skeletal muscle growth in human and animals [67,68]. IGF-1 primarily regulates muscle
mass through both the activation of protein synthesis and the inhibition of protein break-
down [69], and IGF-1 mediates the primary anabolic action of GH in skeletal muscle [70].
The reduction of GH/IGF-1 is markedly associated with a decrease in muscle growth and
function in people with obesity [71]. In the present study, UA administration significantly

44



Nutrients 2025, 17, 3158

elevated serum GH and IGF-1 levels compared with the HFD group, suggesting a plausible
role of UA in enhancing muscle mass and function. Further investigation is warranted to
elucidate the underlying mechanisms involved.

Obesity is a chronic metabolic disease accompanying low-grade inflammatory re-
sponses [72]. Excessive fat leads to the expansion of adipose tissue. Under these conditions,
macrophage infiltration is triggered and levels of inflammatory cytokines (e.g., TNF-& and
IL-1p) produced by activated macrophages are increased [73]. It has been demonstrated
that TNF-oc and IL-1p are two important pro-inflammatory biomarkers involved in the
development of obesity [74-76]. Previous research has shown that TNF-« possesses higher
expression levels in adipose tissue in obese and diabetic rodents [77], and increased TNF-
o production in human adipose tissue is positively correlated with obesity [78]. IL-13
participates in the inflammatory process of obesity and obesity-related diseases [79] and
contributes to the development of insulin resistance [80]. Our findings were consistent with
previous research. Here, the HFD group showed a higher expression of TNF-o« and IL-13
mRNA, whereas UA treatment down-regulated their mRNA levels. This demonstrates that
UA possesses anti-inflammatory effects.

Nonalcoholic fatty liver disease (NAFLD) is closely associated with obesity [81]. When
adipose tissue storage capacity becomes limited, ectopic fat deposition occurs in organs
such as the liver, which may contribute to the onset and progression of NAFLD [82]. Duan
et al. showed that HFD induced rapid weight gain and obesity and expanded areas of liver
steatosis in mice [83]. Similarly to their study, the current study indicated that the mice
fed a HFD had higher body weight and liver weight and bigger areas of liver steatosis. To
test the ability of UA to limit liver steatosis, we evaluated the histological appearance of
this organ in mice. The results showed that UA reduced liver weight and improved the
histological appearance of the liver, indicating that UA reduced liver steatosis.

This study has potential limitations. Muscle strength was assessed at only a single
terminal point; data from both baseline and the end of the experiment should be included.
Although a dose of 40 mg/kg body weight is effective under the conditions of this study,
this cannot be directly translated to dietary intake in humans; more clinical studies are
needed in the future. In addition, doses of UA should be tested in order to establish
dose-response effects. Energy expenditure could not be tested due to limitations of the
experimental conditions, which limits further understanding of the management of obesity
with UA treatment. The mass and functions of brown adipose tissues were not evaluated
in this study, so further examination of brown adipose tissue might provide a stronger
scientific basis for the application of UA. In addition, the mechanism of action of UA on
different target organs also needs to be clarified.

5. Conclusions

In this study, we showed that UA enhanced grip strength and improved body weight
and hepatic steatosis by altering muscle mass, fat mass, hormone and inflammatory cy-
tokines in HFD-induced obese mice, demonstrating its efficacy against obesity and improv-
ing muscle function and the metabolic environment.

These findings confirmed that UA administration enhanced muscle strength and
improved lipid metabolism and hepatic steatosis induced by HFD. These data also show
that UA acts on multiple target organs and could be considered a potential therapeutic
agent for managing obesity, sarcopenia and other metabolic diseases, or might serve as
a functional ingredient in the development of health-promoting foods. Based on these
findings, future studies are required to understand the underlying mechanisms.
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Abbreviations

The following abbreviations are used in this manuscript:

SO Sarcopenic obesity

NAFLD  Nonalcoholic fatty liver disease
UA Ursolic acid

HFD High-fat diet

TC Total cholesterol

TG Triglyceride

HDL-C  High-density lipoprotein cholesterol
LDL-C  Low-density lipoprotein cholesterol
TH Thyroxine

GH Growth hormone

IGF-1 Insulin-like growth factor-1

IL-1B3 Interleukin-13

TNF- Tumor necrosis factor-o

FFA Free fatty acid
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Abstract: Introduction: Excessive body weight, particularly the abdominal distribution of adipose
tissue, has remained an important public health concern for years. Objectives: The study aimed to
assess the prevalence of general overweight status and obesity, as well as abdominal overweight
status and obesity in the adult Polish population. Material and methods: The results are based on
the analysis of anthropometric data of 3735 people aged 19 and over who were surveyed under
the 20162020 National Health Program. Results: Excessive body weight (BMI > 25 kg/m?) was
reported in 56.6% of the respondents. Abdominal overweight was found in 20.8% of respondents and
abdominal obesity in 31.7% of the respondents. Abdominal obesity was more common in women
than in men (44.3% vs. 18.0%, p < 0.001). Over half of women over 55 (approx. 60%) had abdominal
obesity. The odds of becoming overweight/obese as measured by the BMI depended on the age
and sex of the respondents. It was confirmed that men were over 28% more likely to develop such a
condition than women (OR = 1.288, p < 0.001). The odds increased with age (OR = 1.029, p < 0.001).
The type of person with obesity /found to be overweight in Polish population was most often a rural
resident, aged 65.0-74.9, assessing their financial situation as average, being married/in a partnership,
and not declaring the occurrence of cardiovascular diseases. The person with an overweight status
had secondary education, and the person with obesity had primary/lower secondary/vocational
education. Conclusions: Being overweight and having obesity, both general and abdominal, are
still a major epidemiological problem in Poland. The results obtained in this study suggest that the
prevalence of being overweight and having obesity has decreased over the last 10 years, though
this assumption requires further investigation. Rural residents with lower education should be
covered by educational activities adapted to their needs and possibilities, considering that obesity
in young women, especially when having abdominal obesity, may be associated with an increased
risk of infertility caused by ovulation disorders. Further research and educational activities are
necessary. Excessive body weight affected almost 42% of the women from the youngest age group,
and abdominal obesity was found in 21% of them.
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1. Introduction

Excessive body weight, especially obesity, exerts an enormous negative effect on the
lives of people affected by the pathology, both in the social and health aspects. Obesity is
a severe metabolic disease that may lead to disability and premature death by increasing
the risk of developing numerous other serious diseases, including cardiovascular diseases,
type 2 diabetes, hypertension, dyslipidemia, and some cancers [1-4]. Obesity is associated
with a host of physical health issues [5]. Moreover, individuals living with obesity often
face social exclusion and loneliness, which may contribute to mental health issues such as
depression, although the two can co-occur [6]. The discussion about the excessive spread
of being overweight and being obese in the world has been going on for many years [7].
According to the data published so far, the prevalence of being overweight and being obese
has also increased in Poland. At the end of the 20th century, excessive body weight affected
more than half of the adult population of Poland (men at 56.7% vs. women at 48.6%) [8]. In
2005, the values increased and amounted to 60.2% in men and 50% in women. A decade
later, an increase in the number of overweight and people with obesity was noted again, i.e.,
in 2013-2014, 67.3% of men and 52.9% of women were affected, including obesity measured
in 24.4% of men and 25.0% of women [9].

In the second decade of the twenty-first century, two large educational projects were
carried out in Poland, the aim of which was to prevent becoming overweight and the spread
of obesity in the adult Polish population: (Pol-Health) [10] and Keep the Balance [11].
It is difficult to determine to what extent these projects and many other smaller ones
implemented in Poland have had in terms of impact on the current frequency of the
discussed phenomenon in Poland. However, our research, being a part of the 2016-2019
NPZ project, indicates that the prevalence of being overweight and having obesity in
the 19-64 age group is currently 51%. Although we confirmed that this phenomenon
is still more common in the group of men than women (55 vs. 47%), it may suggest
a decrease in the overall prevalence of excess body weight among adult residents of
Poland [12]. The results of these recent studies prompted us to conduct an in-depth
analysis of anthropometric data in the population of Polish adults aged 19 and over. The
study aimed to assess the prevalence of general overweight and obesity diagnoses, as well
as abdominal overweight and obesity diagnoses in the adult Polish population.

2. Material and Methods
2.1. Study Design and Patients Selection

The data analyzed in the present study were obtained from two representative cross-
sectional studies of the dietary habits and nutritional status reports of the adult Polish
population conducted in the years 2017-2020 within the National Health Program (NPZ 01
and NPZ 02) financed by the Ministry of Health. The NPZ 02 program included 2000 people
aged 19-65, and the NPZ program 01 included 1735 people aged over 65. All analyses
of anthropometric data concerned 3735 people. Age-standardized prevalence rates were
calculated with the direct method using weights assessed for the population of Poland
based on the data of Statistics Poland as of 31 December 2022 [13]. The weighted size of
the study group was 2061, including 985 men aged 19+. Prior to the COVID-19 pandemic
(October 2017-March 2020), all data were collected using the Computer-Assisted Personal
Interviews (CAPIs) method. In the period from June to December 2020, the telephone
interview method (CATI) was used. The number of respondents who completed the study
prior to the COVID-19 pandemic was 90% of individuals.
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2.2. Data Collection and Instruments

Anthropometric indicators were calculated on the basis of data obtained from mea-
surements taken by interviewers, i.e., body weight, height, and waist circumference (WC).
The measurements were performed according to established standards. Portable Omron
electronic scales (HBF-212 model) were used to measure body weight (with an accuracy of
0.1 kg). Body height measurements (with an accuracy of 0.1 cm) were performed using a
graduated anthropometric tape for linear tests and a set square. The same anthropometric
tape was used to measure waist circumference. General overweight definition was defined
as a BMI value from 25 to 29.9 kg/m?, and general obesity as a BMI of 30 kg/m? or higher.
In addition, for respondents aged 65 and older, the Lipschitz criteria were used, according
to which excessive body weight in seniors is diagnosed with the BMI of >27 kg/m? [14].
According to European guidelines, waist circumference of 94 to 101.9 cm in men and of 80
to 87.9 cm in women was classified as abdominal overweight and that of 102 cm or higher
in men and 88 cm or higher in women as abdominal obesity [15]. The crude prevalence rate
of general and abdominal obesity and overweight status with 95% confidence interval (CI)
was calculated for the following age groups: 19-34.9, 35-44.9, 45.0-54.9, 55-64.9, 65.0-74.9,
and 75 years and older in men and women.

During the pandemic, when direct contact with the respondents was impossible, the
necessary anthropometric data were obtained based on the respondents” declarations. A
detailed description of the anthropometric measurements performed is provided in another
publication [16].

2.3. Statistical Analysis

In this study, BMI and WC indices were analyzed using comprehensive descriptive
statistical methods. The BMI data were articulated in terms of the mean, accompanied by a
95% confidence interval (CI) and standard deviation (SD), with stratification across sex and
age groups. Additionally, specific percentile values were calculated. Frequency distribu-
tions for the BMI and WC categories were reported in numbers (1) and percentages (%),
employing bootstrapping (10.000 iterations) for determining the 95% CI for each frequency.

The application of weights that corresponded to the actual frequencies of characteris-
tics such as the sex, age, place of residence, and educational level in the Polish population
was a crucial aspect of the analysis. These weights were adapted based on the data from the
latest 2021 National Population and Housing Census conducted by the Statistics Poland [13],
ensuring the representativeness of the sample.

For inferential statistical analysis, a null hypothesis testing approach was adopted. The
comparison of mean BMI values across different groups was conducted using the Analysis
of Variance (ANOVA) with the Games-Howell post hoc test. The Mann-Whitney U test
with tie correction was utilized to examine differences in the frequency across various BMI
or WC categories, with the eta-squared (n?) measure providing the effect size.

Logistic regression modeling was applied to estimate the probability of developing
excess weight or obesity, including abdominal obesity. The model parameters were esti-
mated using the maximum likelihood method, providing ORs and 95% ClIs for sex and age
as independent variables. Furthermore, an adjusted OR was calculated in a multivariate
regression model, considering additional variables like the place of residence, education,
financial status, marital status, professional situation, and the presence of cardiovascu-
lar diseases. Predictors were selected for inclusion in the model based on their clinical
relevance and prior evidence of association with being overweight and having obesity
from the literature. All selected variables were entered into the logistic regression model
simultaneously using the enter method (forced entry). To ensure the model’s validity,
we assessed multicollinearity among the independent variables using Variance Inflation
Factors (VIFs). All VIF values were below 5, indicating no significant multicollinearity
issues. The goodness-of-fit of the model was evaluated using the Akaike Information
Criterion (AIC). Detailed diagnostic results are provided in the Supplementary Materials.
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Data completeness was ensured in this study, as the target sample size (n = 3735)
was achieved with complete responses to all questionnaire items from all participants.
Therefore, there were no missing or erroneous data to handle in the analysis.

All statistical analyses were carried out using STATISTICA™ version 13.3 (TIBCO®
Software Inc., Palo Alto, CA, USA). A 5% level of significance was set for rejecting the null
hypothesis in all statistical tests.

2.4. Ethical Considerations

This study was approved by the Ethical Review Board at the Medical University of
Warsaw (approval No. AKBE/163/17 and AKBE/164/17). The study was conducted in
accordance with the General Data Protection Regulation [17].

3. Results

Sociodemographic sample characteristics by sex in Poland (2017-2020) are presented
in Table 1. The respondents differed significantly in terms of sex depending on their place
of residence, level of education, current financial situation of the family, marital status,
selected professional situations, and the occurrence of cardiovascular diseases.

Table 1. Sociodemographic sample characteristics by sex in Poland (2017-2020) [n = 3735].

Women Men Total
Variable x> p-Value ?
n % n % n
Age group
19.0-34.9 241 224 245 249 486 14.830 0.011
35.0-44.9 204 19.0 231 23.5 435
45.0-54.9 199 18.5 164 16.7 363
55.0-64.9 131 12.2 107 10.9 238
65.0-74.9 235 21.8 202 20.5 437
>75.0 66 6.1 36 3.7 102
Place of residence
Village 319 29.7 347 35.2 666 22914 0.003
Towns to 10,000 89 8.3 76 7.7 165
Towns 10-19 thousand 76 7.1 60 6.1 136
Towns 20-49 thousand 130 12.1 112 11.4 242
Towns 50-99 thousand 93 8.6 99 10.1 192
Cities 100-199 thousand 93 8.6 68 6.9 161
Cities 200499 thousand 90 8.4 91 9.2 181
Cities 500 thousand-1 million 95 8.8 89 9.0 184
City > 1 million 91 8.5 43 44 134
Education
Primary /junior high 342 318 424 31 766 43337 <0.001
school/vocational
Secondary 518 48.1 450 45.7 968
Tertiary 216 20.1 111 11.3 327
Financial situation
Good 205 19.1 292 29.6 497 32.631 <0.001
Average 763 70.9 619 62.8 1382
Poor 108 10.0 74 7.5 182
Marital status
Unmarried 136 12.6 226 229 362 85.213 <0.001
Married/a cohabitation relationship 742 69.0 685 69.5 1427
Divorced/separated 68 6.3 41 4.2 109
Widow (er) 130 12.1 33 3.4 163
Professional situation
Retired/disability pensioner 379 35.2 279 28.3 658 11.259 0.001
Parental leave, unemployed, 86 8.0 27 27 113 27.366 <0.001
runs the house
Casual employment 47 44 49 5.0 96 0.426 0.514
Permanent employment 551 51.2 620 62.9 1171 28.868 <0.001
Studies 27 2.5 22 2.2 49 0.169 0.681
Cardiovascular diseases P
No 927 86.2 882 89.5 1809 5.509 0.019
Yes 149 13.9 103 10.5 252

2 chi-squared test, ® hypertension, a history of stroke, a history of myocardial infarction, coronary heart disease,
heart failure, atherosclerosis of lower extremity arteries, lipid disorders.
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There were no statistically significant differences between the mean BMI values in
the group of men and women (M: 26.40 (£5.17) vs. F: 26.26 (£3.71), t = 0.804, p = 0.421)
(Table 2). An increase in the average BMI value was observed in both the men and
women groups (Table 3), but in the women’s group, it was stronger ((F: 5.664), t = 7.110,
p <0.001) (Figure 1).

Table 2. BMI depending on the age and gender.

Females (n = 1076) Males (n = 985)
M SD M SD t p-Value® (E;;jncsl;j
(95% CI) (95% CI) ’
26.56 26.40 0.034
BMI (26.26; 26.86) 371 (26.18; 26.62) 517 0.804 0.421 (—0.048; 0.115)
BMI—body mass index; Cl—confidence interval; M—mean; SD—standard deviation. # Student’s t-test.
Table 3. BMI depending on the age and gender.
Females (n = 1076) Males (1 = 985)
Cat]:N([)Iries % %o z p-Value 2 n?
& " (95% CI) " (95% CI)
2.8 0.1
<18.5 30 (1.8;3.8) 1 (0.0;0.3) 1.866 0.062 0.001
43.5 39.9
18.5-24.9 468 (40.5; 46.5) 393 (36.8; 43.0)
33.7 47.6
25.0-29.9 363 (30.9; 36.5) 469 (44.5; 50.7)
20.0 124
2300 215 (17.6;22.4) 122 (10.3; 14.5)
Cl—confidence interval; n>—eta squared for effect size @ Mann-Whitney U test with tie correction.
34
32
30
28
=
@
24
22
20 Two-way ANOVA: F ¢ 5040, = 6.672, p<0.001
19.0-34.9 35.0-44.9 45.0-54.9 55.0-64.9 65.0-74.9 7o+ E Females
Age group —f— Males

Figure 1. Sex- and age-related differences in mean body mass index (BMI) among a sample of Polish
adults. The midpoints represent the mean BMI values for each age group, and the vertical lines
indicate the 95% confidence intervals.

The healthy weight range was recorded in 41.8% of the study population. The over-
weight and obesity (BMI > 25 kg/m?) ranges were found in 56.6% of respondents, while

55



Nutrients 2024, 16, 4248

1.63% had too-low body weight. In the group of men overall, a higher percentage of people
with excessive body weight was recorded than in the group of women (60.0 vs. 53.7%).
The analysis of the prevalence of being overweight and being obese measured by BMI
categories in age groups showed that the prevalence of excess body weight increased with
the age of the respondents until the age of 64.9, when it reached the value of 73.1% and
decreased slightly in senior age. In all age groups, men were more likely than women to be
overweight. However, women with obesity were significantly more likely than men (except
for people aged 35.0-44.9 years) when the difference did not show statistical significance
(Table 4). Analyzing the prevalence of excess body weight in seniors based on the Lipschitz
criteria, the percentage of people with BMI > 27 kg/m? exceeded 50%, except for the oldest
men, in whom excess body weight occurred less frequently and affected 44.4% of people.

Table 4. BMI categories by sex and age in Poland for 2017-2020.

Women Men Total
Age Group C BMI A % A z p-Value ? n?
ategory n n n
95% CI) (95% CI) (95% CI)
6.2 0.0 31
<185 15 (32,9.3) 0 (0.0; 1.5) 15 (1.4; 4.8)
63.1 53.9 58.4
18.5-24.9 152 (57.0; 69.2) 132 (47.7: 60.1) 284 (540,62.8)
19.0-34.9 3746 <0.001 0.014
25.0-29.9 53 22.0 98 40.0 151 311
(16.8;27.2) (33.9;46.2) (27.0;35.2)
8.7 6.1 74
230.0 21 (5.1,12.3) 15 (3.0;9.2) 36 (5.2;9.6)
34 0.0 16
<185 7 0.5:6.3) 0 (0.0; 1.6) 7 (0.5:3.7)
505 45.0 476
18.5-24.9 103 (43.9; 57.1) 104 (38.6; 51.4) 207 (429;523) o
35.0-44.9 1. 0.204 0.003
32.8 411 372
25.0-29.9 67 (26.6; 39.0) % (34.8; 47.4) 162 (326, 41.8)
132 139 136
230.0 27 (8.5;17.9) 82 (9.6;18.2) 59 (104;16.8
15 0.0 08
<185 3 (0.0;3.2) 0 0.0; 2.3) 3 0.1;2.5)
462 36.6 419
18.5-24.9 92 (39.3; 53.1) 60 (29.5; 43.7) 152 (36.9,469) -
45.0-54.9 2. 0.020 0.009
382 50.6 438
25.0-29.9 76 (31.5;44.9) 83 (43.2;58.0) 159 (38.8;48.8)
14.1 128 135
>30.0 28 (9.5, 18.7) 21 (7.8;17.8) 49 (10.2;16.8)
23 0.0 13
<185 3 (0.0;5.4) 0 (0.0; 3.4) 3 (0.0;3.1)
21 299 256
18.5-249 29 (15.0; 29.2) 32 (212;38.6) 61 (20.1;31.1)
55.0-64.9 2014 0.044 0.010
25.0-29.9 52 39.7 59 551 111 466
(31.4; 48.0) (45.7; 64.5) (40.2; 53.0)
35.9 15.0 265
2300 47 (27.7,44.1) 16 (8.4;21.6) 63 (21.0; 32.0)
0.9 05 0.7
<185 2 0.0;2.7) 1 (0.0; 2.6) 3 (0.0; 1.8)
306 272 291
18.5-249 72 (24.7; 36.5) 5 (212;33.2) 127 (2438;33.4)
2.209 0.027 0.004
396 55.5 46.9
25.0-29.9 23 (33.6; 45.6) 12 (48.6; 62.4) 205 (423,515
289 16.8 233
65.0-74.9 2300 68 (232;34.6) 34 (11.7;21.9) 102 (193,273)
77 45 6.2
<220 18 (4.5;10.9) 9 (1.7:7.3) 27 (4.0; 8.4)
404 45.1 26
22.0-27.0 95 (312 466) 91 (383, 519) 186 gorarn 8% 0.371 0.001
519 505 513
>27.0 122 (45.6;58.2) 102 (43.6; 57.4) 24 (467.55.9)
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Table 4. Cont.

Women Men Total
Age Group ca’fi‘gf,ry % % % z p-Value ? n?
" (95% CI) " (95% CI) " (95% CI)
0.0 0.0 0.0
<185 0 (0.0; 5.5) 0 (0.0;9.7) 0 (0.0; 3.6)
303 278 294
18.5-24.9 20 (19.0; 41.6) 10 (133; 42.3) 30 (20.4; 38.4)
3.258 0.001 0.014
25.0-29.9 2 33.3 2 61.1 44 431
(217; 44.9) (45.5;76.7) (33.5; 52.7)
36.4 1.1 275
2750 =30.0 2 (24.6; 48.2) 4 (1.0;21.2) 28 (18.6; 36.4)
3.0 28 29
<220 2 (0.0; 8.8) 1 (0.0; 8.2) 3 (0.0:7.0)
04 52.8 161
22.0-27.0 28 (08514 19 (B60069.) Y seemse 1712 0.087 0.004
546 444 51.0
>27.0 36 (42.2; 67.0) 16 (28.3; 60.5) 52 (413; 60.7)
28 0.1 15
<185 30 (1.8:3.8) 1 (0.0; 0.4) 31 (1.0, 2.0)
35 399 4138
18.5-24.9 468 (40.5; 46.5) 393 (36.9; 42.9) 861 (397.43.9)
1.866 0.062 0.001
25.0-29.9 363 337 469 47.6 832 404
(30.9; 36.5) (44.6; 50.6) (38.3; 42.5)
20.0 124 16.4
Total =300 215 (17.6; 22.4) 122 (10.4; 14.4) 337 (14.8,18.0)
6.6 42 56
<220 20 (4.0;9.2) 10 (1.7, 6.7) 30 (3.7,7.5)
409 462 432
22.0-27.0 123 (355, 465) 110 w0 23 g4 1780 0.075 0.002
525 496 512
>27.0 158 (46.8;58.2) 118 (43.4; 55.8) 276 (47.0;55.4)

CI—confidence interval; n>—eta squared for the effect size; * Mann-Whitney U test with tie correction.

Figure 2 presents the prevalence of being overweight and being obese in age groups.
The data clearly show how the prevalence of being overweight and being obese in Poland
changes with age depending on gender. The percentage of women with excessive body
weight in the youngest analyzed age group was just over 30%; at the same age, the
percentage of men with excessive body weight reached 46.1%, of which obesity occurred in
8.7% of women and 6.1% of men, respectively. In respondents 10 years and older (aged
35-44.9), the prevalence of obesity reached nearly 14% in men and 13.2% in women.

The percentage of adults with obesity in Poland up to 55 years of age in the analyzed
age groups was at a maximum of 14.1% in the group of women aged 45-54.9 years and
13.9% in the group of men aged 35-44.9 years. In the following decades of life, in the group
of men, the prevalence of obesity increased to 16.8% (age 65.0-74.9 years) and decreased to
11.1% in the oldest seniors. Women aged 55 and older struggled with obesity much more
often than men; this was especially true for women aged 55-64.9 and seniors aged >75,
where obesity exceeded 36%. Th overweight status, in turn, dominated in the group of men.
The highest percentage of overweight men (61.1%) was recorded in the group of the oldest
seniors. In the group of women, the most overweight people (39.7%) were aged 55.0-64.9.

The analysis of the prevalence of abdominal overweight and abdominal obesity mea-
sured by waist circumference showed that they concerned 20.8% and 31.7% of the re-
spondents, respectively. In the group of women, a significantly higher percentage of
individuals with abdominal obesity was noted compared to the group of men (44.3% vs.
18.0%, p < 0.001). The percentages of women with abdominal overweight were similar
across all age groups and ranged from 18.3% to 24.2%. An exception was noted in the
group of women aged 45-54.9 years, in whom the prevalence of abdominal overweight
cases was 29.7%. In the case of men, the lowest percentage of individuals with abdominal
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overweight was found in the group over 75 years of age (13.9%), and the highest was found
among men aged 55-64.9 years (24.3%).
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Figure 2. Prevalence of being overweight (A) and being obese (B) in the study group depending on

age and gender.

The highest percentage of people with abdominal obesity was found in women over
55 years of age (approx. 60%). In this age group, abdominal obesity was significantly less
common among men (20-30%) (Table 5).

Table 5. The prevalence of abdominal overweight status and abdominal obesity by sex and age in
Poland, 2017-2020.

Wwe Women Men Total
Age Group o, o o z p-Value ? n2
C t () () ()
ategory n (95% CI) n (95% CI) n (95% CI)
W <800 60.6 747 67.7
M < 94.0 146 (54.4; 66.8) 183 (69.1; 80.3) 329 (63.5;71.9)
W 80-87.9 183 16.7 175
19.0-34.9 A 44 13.4552) 4 1213 85 14030  619% <0001 0035
W > 88.0 5 212 ” 8.6 . 148
M > 102.0 (16.0; 26.4) (5.2;12.0) (11.5;18.1)
W <800 392 675 543
M < 94.0 80 (32.6; 45.8) 156 (61.4; 73.6) 236 (49.5; 59.1)
W 80-87.9 19.1 204 19.8
35.0-44.9 M 94-101.9 3 (13.6; 24.6) 47 (15.1;25.7) 86 (161,235 o180 <0001 0103
W > 88.0 417 121 26.0
M > 102.0 85 (35.0; 48.4) 28 (7.8, 16.4) 113 (22.0; 30.0)

58



Nutrients 2024, 16, 4248

Table 5. Cont.

Women Men Total
Age Group Cazgg?ory Y % Y % Y % z p-Value ? n?

(95% CI) (95% CI) 95% CI)
M <520 64 (25.%,%'5’28.6) 93 (49%?'674.4) 157 (38.%?28.4)

45.0-54.9 M 94 1019 59 (2331?.376‘0) 33 (13.%?'216.3) 92 (20.28?5’9.8) 5712 <0001 0.057
v 22 1050 76 (31.3%1,-3424.9) 38 (16.%5?%9.9) 114 (26%}?6.0)
M <920 17 (7.21;31'%.8) 59 (45.?1?'614.8) 76 (25.35}'3?7.9)

55.0-64.9 M 94 1010 31 (16.%3'371.0) 26 (16.21%'3?2.5) 57 (18.26%39.4) 7500 <0001  0.141
v 22 a0 83 (55.%?%.8) 22 (12.29(;)'268.3) 105 (37.3?'510.3)
M <920 38 (11}5?'220.9) 110 (47.57%21.3) 148 (29.%?'398.3)

65.0-74.9 ML 1010 54 (17.27?98.3) 33 (11.13(;)31.3) 87 (16.12?'293.6) 15331 <0001 0173
M 22 0 143 (54.%?27.0) 59 (22.29?'3%5.5) 202 (41.%?'520.9)
YD nn (8.21,-62';2) 22 (44.%}’%7.7) 33 (23.%?211.6)

2750 M 9L 1010 16 (14.%)%4.4) 5 (1.§;3296.0) 21 (12.%?'268.4) 8966 <0001 0.097

W > 88.0 29 59.1 9 25.0 18 47.0

M > 102.0 47.0,712) (105, 39.5) (37.3; 56.9)
M <940 356 (30.%?'315‘9) 623 (60.62?'626.4) 79 (45.%1?29.6)

Total: 1\",}] AR 243 (20'21?265.1) 185 a 655‘1'2) 428 (19.21‘3'5‘2'5) 23071  <0.001 0.115
M 22 Tt 477 (41.%27.3) 177 (15.16§go.4) 654 (29.%33?3.6)

Abdominal overweight: Man WC 94-101.9 cm; Woman WC 80-87.9 cm. Abdominal obesity: Man WC > 102;
Woman WC > 88 cm. Cl—confidence interval, n’—eta squared for effect size. * Mann-Whitney U test with
tie correction.

Chances of Developing Overweight or Obesity

Analysis with the logistic regression model indicated that the odds of developing
excess weight/obesity measured by the BMI index were dependent on the age and sex of
the respondents. It was confirmed that men were over 28% more likely to develop such a
condition than women (OR = 1.288, p < 0.001). In addition, the odds also increased with
age (OR =1.029, p < 0.001) (Table 6).

Table 6. Odds of becoming overweight/obesity (BMI > 25.00 [19-64 yo] or BMI > 27.00 [65+ yo]) in
Poland, 2017-2020.

OR —95% CI +95% CI Wald Stat. p-Value
0.263 0.209 0.332 127.175 <0.001
Sex (W vs. M) 1.288 1.126 1.473 13.620 <0.001
Age 1.029 1.025 1.033 228.830 <0.001
OR? —95% CI +95% CI Wald stat. p-value
0.166 0.077 0.358 20.988 0.000
Sex (W vs. M) 1.278 1.101 1.484 10.341 0.001
Age 1.020 1.011 1.028 21.407 0.000

Cl—confidence interval; OR—odds ratio; # adjusted odds ratio: region, place of residence, education, economic
situation, marital status of respondents, professional situation, and the presence of cardiovascular disease.
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The analysis of the prevalence of being overweight comprising sociodemographic
variables showed that an overweight person was most often a rural resident, aged 65.0-74.9,
with secondary education, assessing their financial situation as average, remaining in a
marriage/partnership, and not declaring the occurrence of cardiovascular diseases (Table 7).
The analysis of obesity prevalence comprising sociodemographic variables revealed that
a person with obesity was most often a person living in rural areas, aged 65.0-74.9, with
primary/lower secondary/vocational education, assessing their financial situation as
average, being married/in a partnership, and not declaring the occurrence of cardiovascular
diseases (Table 7).

Table 7. Profile of an overweight woman/man and a woman/man with obesity.

Profile of an Overweight Woman/Man: BMI 25.00-29.90 [n = 863, 41.9% of the Population]

bl Women Men Total ) Value @
i -Value
Variable n % n % n X p
Place of residence
Village 99 27.1 176 35.4 275 37.428 <0.001
Towns to 10,000 20 55 25 5.0 45
Towns 10-19 thousand 29 79 32 6.4 61
Towns 20-49 thousand 48 13.1 50 10.1 98
Towns 50-99 thousand 25 6.8 57 11.5 82
Cities 100-199 thousand 42 11.5 22 44 64
Cities 200-499 thousand 29 7.9 48 9.7 77
Cities 500 thousand-1 million 33 9.0 60 12.1 93
City > 1 million 41 11.2 27 54 68
Age group
19.0-34.9 53 14.5 107 21.5 160 9.082 0.106
35.0-44.9 67 18.3 100 20.1 167
45.0-54.9 77 21.0 85 171 162
55.0-64.9 53 14.5 66 13.3 119
65.0-74.9 94 25.7 115 23.1 209
>75.0 22 6.0 24 4.8 46
Education
Primary /junior high school/vocational 126 34.4 213 429 339 20.593 <0.001
Secondary 164 44.8 234 47.1 398
Tertiary 76 20.8 50 10.1 126
Financial situation
Good 60 16.4 153 30.8 213 26.232 <0.001
Average 263 719 310 62.4 573
Poor 43 11.8 34 6.8 77
Marital status
Unmarried 32 8.7 89 17.9 121 32.003 <0.001
Married/a cohabitation relationship 263 719 365 734 628
Divorced/separated 25 6.8 19 3.8 44
Widow(er) 46 12.6 24 48 70
Professional situation
Retired /disability pensioner 147 40.2 165 33.2 312 4.429 0.035
Parental leave, unemployed, runs the house 22 6.0 10 2.0 32 9.440 0.002
Casual employment 14 3.8 13 2.6 27 1.017 0.313
Permanent employment 183 50.0 308 62.0 491 12.318 <0.001
Studies 4 1.1 5 1.0 9 0.015 0.901
Cardiovascular diseases ?
No 308 84.2 436 87.7 744 2.264 0.132
Yes 58 15.9 61 12.3 119
Profile of a woman/man with obesity bmi >30 [# = 350, 17.0% of the population]
. Women Men Total ) Value?
Variable . % " % n X p-value
Place of residence
Village 62 28.31 43 32.8 105 17.799 0.023
Towns to 10,000 16 7.31 11 8.4 27
Towns 10-19 thousand 13 5.94 3 2.3 16
Towns 20-49 thousand 17 7.76 12 9.2 29
Towns 50-99 thousand 23 10.50 13 9.9 36
Cities 100-199 thousand 20 9.13 9 6.9 29
Cities 200-499 thousand 16 7.31 17 13.0 33
Cities 500 thousand-1 million 27 12.33 21 16.0 48
City > 1 million 25 11.42 2 1.5 27
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Table 7. Cont.

Profile of a woman/man with obesity bmi >30 [# = 350, 17.0% of the population]

. Women Men Total ) a
Variable . % . % " X p-Value
Age group
19.0-34.9 21 9.59 17 13.0 38 20.046 0.001
35.0-44.9 27 12.33 34 26.0 61
45.0-54.9 31 14.16 23 17.6 54
55.0-64.9 48 21.92 18 13.7 66
65.0-74.9 68 31.05 35 26.7 103
>75.0 24 10.96 4 3.1 28
Education
Primary /junior high school/vocational 104 47.49 63 48.1 167 2.112 0.348
Secondary 92 42.01 48 36.6 140
Tertiary 23 10.50 20 15.3 43
Financial situation
Good 28 12.79 42 32.1 70 19.447 <0.001
Average 164 74.89 79 60.3 243
Poor 27 12.33 10 7.6 37
Marital status
Unmarried 12 5.48 22 16.8 34 27.385 <0.001
Married/a cohabitation relationship 144 65.75 96 73.3 240
Divorced/separated 16 7.31 7 5.3 23
Widow (er) 47 21.46 6 4.6 53
Professional situation
Retired /disability pensioner 122 55.71 43 32.8 165 17.225 <0.001
Parental leave, unemployed, runs the house 19 8.68 5 3.8 24 3.030 0.082
Casual employment 7 3.20 4 3.1 11 0.005 0.941
Permanent employment 72 32.88 82 62.6 154 29.381 <0.001
Studies 1 0.46 0 0.0 1 0.600 0.439
Cardiovascular diseases P
No 163 74.43 100 76.3 263 0.160 0.690
Yes 56 25.57 31 23.7 87

2 chi-squared test. b hypertension, a history of stroke, a history of myocardial infarction, coronary heart disease,
heart failure, atherosclerosis of lower extremity arteries, lipid disorders.

4. Discussion

Overweight conditions and obesity still remain a serious problem in Poland. Our
research showed that excessive body weight affected 56.8% of people aged 19 and over,
including obesity in 16.4%. Excessive body weight was more prevalent in men than in
women (60.2 vs. 53.1%), while obesity was much more common in women (20% vs. 12.4%).
The percentage of individuals with excessive body weight exceeded the average for the
European Union countries, which was 52.7% in 2019 [18] and lower than the value (58%)
provided in the quoted Eurostat report. The neighboring countries also struggle with a high
prevalence of overweight diagnoses and obesity. In the Czech Republic, this phenomenon
affects 60% of the population: 59% in Slovakia, 54% in Germany, and 57% in Lithuania. The
percentage of people who are overweight and people suffering from obesity was below 50%
in Italy (46%) and France (47%). The analysis of research conducted worldwide indicates
that being overweight and being obese still remain an important public health problem in
the United States (70%) [19], Australia (67%) [20], and Canada (65%) [21]. Chinese research
published in 2023 indicated that almost half of adult residents (48.9%) were characterized
by excessive body weight [22]. Despite the high prevalence of overweight cases and obesity
cases in the contemporary world, this does not mean that it cannot be otherwise. This was
highlighted by Japanese data, according to which excessive body weight occurred in 24%
of the population, including obesity in 4% [23].

In Poland, in the years 2003-2014, the indices of excessive body weight increased.
In 2003-2005, obesity was noted in 20.8% of men and 22.4% of women [24], and several
years later (2013-2014), it was reported in 23.2% of men and 23.1% of women [9]. Excessive
body weight in 2013-2014 occurred in 67.6% of men and 55.5% of women. Seemingly, the
lower increase in the prevalence of overweight cases and obesity nowadays may be due
to the growing interest in a healthy lifestyle, being a result of the educational programs
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mentioned earlier, as well as the improvement of the financial situation of the inhabitants
of Poland [25]. However, it is too early to talk about a downward trend, although even
stopping the increase in this phenomenon should be considered beneficial. As regards
further preventive measures, attention should be paid to the problem of the increase in
the frequency of excessive body weight with age. The lowest percentage of overweight
and people with obesity (38.5%) occurred in the group of respondents aged 19-34.9 years,
and the highest percentage (73.1%) in those aged 55-64.9 years. It decreased only slightly
until late old age (70.6% of people had a BMI > 25 kg/m?). Data on the body mass index
in the oldest respondents were also analyzed in relation to the Lipschitz classification [14],
according to which BMI ranging from 22.0 to 27.0 kg/m? in senior age is considered
normal. Values above 27.0 kg/m? indicate excessive body weight. In the study group,
51.3% of people aged 65.0-74.9 and 51.0% of people aged > 75 years met the criteria of
excessive body weight according to the Lipschitz classification. Research showed that the
low body weight of seniors was related to the occurrence of frailty syndrome, and a high
BMI would be unfavorable due to the increased risk of functional disability and coexisting
factors of weakness [26]. The comparison of the frequency of underweight cases in seniors
according to the WHO and Lipschitz criteria indicates slight differences, i.e., in people
aged 65-74.9 years, it was 0.7% and 6.2%, and in people > 75 years, it was 0.0% and 2.9%,
respectively, which clearly indicates that excessive body weight is a more common problem
among Polish seniors. However, it does not exclude the problem of frailty syndrome,
because a significant percentage of older people have sarcopenic obesity. Depending on
the diagnostic criteria, the prevalence, of sarcopenia in people over 60 years of age was
10-27% [27], and for sarcopenic obesity, it was 11% [28].

Research showed that the prevalence of excessive body weight varied according to sex.
In Poland, being overweight is more common in men, while obesity dominates in women,
and the differences increase with age. In the youngest age group, obesity affected 8.7% of
women and 6.1% of men, and at the age of 55.0-64.9, the difference was already marked
(35.9% vs. 15.0%). The occurrence of differences in excessive body weight depending on
sex and age was confirmed with logistic regression analysis. Men were found to have
28% higher odds of becoming overweight than women. Regarding age as a differentiating
criterion, it was shown that the OR (odds ratio) was 1.029. The prevalence of excessive
body weight in Poland also depends on sociodemographic variables. Further analysis is
required according to the type of work performed by the respondents and the physical
activity undertaken, which may affect the body weight of the respondents, especially since
low physical activity and a sedentary lifestyle resulting from professional activity are the
risk factors for the development of obesity [29]. Simultaneously, being overweight and
having obesity were found in nearly one in three rural residents, while the activity rate in
rural and urban areas in Poland was 58.5% in 2022 [30]. The present study also showed
that almost every second overweight person had secondary education, which might be
considered in relation to the percentage of the professionally active population of Poland.
In 2022, the group of people with secondary education included 55% of professionally
active people, while the group with tertiary education included 81% of professionally active
individuals [30]. At the same time, the results obtained in our study are consistent with
the conceptual model of the “obesity transition” by Jaacks LM, et al. (2020). According to
the concept, European countries are at “Stage 3” of the model that assumes that obesity is
more common in people with lower socioeconomic status, e.g., they are more often in the
group with a lower level of education compared to people with higher education [31]. Our
study revealed a very high percentage of overweight people or people with obesity in the
group declaring an average financial situation, which was also confirmed by the results by
Stival Ch, et al. (2022). They demonstrated that the prevalence of obesity was associated
with a lower level of education and socioeconomic status in European countries [32].

When discussing the issue of excessive body weight, it is worth noting the distribution
of body fat. It is known that the accumulation of fat within the abdominal cavity is accom-
panied by an increased secretion of inflammatory cytokines by macrophages infiltrating the
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adipose tissue. It leads to the development of chronic low-grade inflammatory state in the
body. Moreover, this type of obesity contributes to the reduction in tissue insulin sensitivity,
the development of insulin resistance, and the risk of developing type 2 diabetes [33-35].
The obtained results indicated that every fifth adult resident of Poland had abdominal
overweight, and nearly every third had abdominal obesity. The excessive accumulation of
the adipose tissue in the visceral region is significantly more common in women. Based
on the measurement of waist circumference, 22.6% of them had visceral overweight, and
44.3% had visceral obesity. Visceral overweight affected 18.8% of men and visceral obesity
affected 18.0%.

It is worth paying attention to the incidence of abdominal obesity in women of
menopausal age, which usually occurs between 45-55 years of age [36]. In this age range,
over 38% of Polish women have been characterized by abdominal obesity, and the percent-
age of women with this disorder has been found to increase until the age of 75. It should
be emphasized that excess visceral adipose tissue was found to have a stronger adverse
effect on cardiovascular risk in women than in men [37]. Therefore, the high prevalence
of the visceral distribution of the adipose tissue that we observed in women is a reason
for concern.

The accumulation of the adipose tissue in the visceral area changes with the age of the
respondents. It occurred in 32.5% of the respondents in the youngest group (19-34.9 years),
and in the group of people aged 55-64.9 years, it was reported in 68.1% of the respondents.
As regards the oldest age groups, waist circumference values were still too high in about
67% of people. In the years of 2013-2014, the prevalence of the excessive accumulation
of the adipose tissue in the visceral region was higher than at present. At the beginning
of the previous decade, abdominal overweight occurred in 21.7% of women and 27.2%
of men, and abdominal obesity occurred in 48.7% of women and 32.2% of men. More-
over, waist circumference was too high in 91.8% of women (>80 cm) and 77.2% of men
(>94 cm) at the age of 65-74.9. The excessive accumulation of the adipose tissue in the
visceral region was reported even in the youngest age group (20-34.9 years), with 41.9%
of women being affected. It is worth emphasizing that obesity in young women was
associated with an increased risk of infertility caused by ovulation disorders [38], and the
abdominal distribution of the adipose tissue was found to be linked with polycystic ovary
syndrome [39—41]. Therefore, it may be assumed that obesity, especially abdominal, is at
least partly responsible for such widespread fertility disorders in women nowadays. The
problem of excessive body weight also affects a large percentage of young men. In our
study, it occurred in 46.1% of men in the youngest age group and in 55% of those aged
35-45. Notably, it is also an important risk factor for infertility in the male population [42].
Thus, overweight/obesity in the partner should also be taken into account in the prevention
and treatment of infertility in couples.

The results of the study suggest a reduction in the prevalence of general and abdominal
obesity in the Polish population compared to research from 2013, which may indicate the
effectiveness of population-scale preventive efforts. However, this observation needs to be
confirmed through performing an additional analysis consisting in the standardization of
the obtained results by age according to the demographic structure of the Polish population
from 2013. Further analysis is required in terms of the diet and other lifestyle elements
such as physical activity and length and quality of sleep, as these may help explain this
beneficial change.

Our study also has some limitations. One of them was related to the change in the
methods of collecting nutritional data—from the direct (in person) to the remote method
(via telephone). During the pandemic period, the current anthropometric measurements
were declared by the respondents (10% study group). However, the respondents were not
asked about the exact measurement time. The rates of medical conditions were based on
respondent declarations. The shift from in-person to telephone interviews might introduce
inconsistencies in data quality. In addition, the respondents” place of residence (city, village,
etc.) and their financial situation require more detailed analyses.
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5. Conclusions

Overweight cases and obesity, both general and abdominal, are still a major epidemio-
logical problem in Poland.

The person with obesity/excess weight in the Polish population was most often a
rural resident, aged 65.0-74.9, assessing their financial situation as average, being mar-
ried/in a partnership, and not declaring the occurrence of cardiovascular diseases. The
person with excess weight had asecondary education, and the person with obesity had
primary/lower secondary/vocational education. The obtained results indicate that rural
residents with lower education should be covered by educational activities adapted to their
needs and possibilities.

Excessive body weight affected almost 42% of the examined women from the youngest
age group, and abdominal obesity was found in 21% of women of this age. Further research
and educational activities are necessary within the aspect of fertility, considering that
obesity in young women, especially abdominal obesity, may be associated with an increased
risk of infertility caused by ovulation disorders.

The results obtained in this study, when compared to previously published ones,
suggest that the prevalence of being overweight and being obese has decreased over the
last 10 years. However, this assumption requires further investigation.
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Abstract: This research re-evaluates the prevalence of obesity in a cohort of 432 Slovenian adults
two years after an initial population-based cross-sectional examination, utilizing the World Health
Organization’s body mass index (BMI) and total body fat percentage (FAT%) classifications. Herein, a
medically approved electrical bioimpedance monitor was used to analyse body composition, and the
results revealed a significant increase in the percentage of individuals classified as having overweight
or obesity on the basis of BMI, from 40.7% initially to 45.2% at follow-up (FU); however, these
percentages were notably higher in males than in females. The increases in body mass, BMI, fat
mass, and FAT% were observed mainly in adult females, whereas in adult males, the increases
in BM and BMI were attributed to fat-free mass (FFM) rather than fat mass. In this study, BMI
was also compared with the FAT% obesity classification, and the BMI classification was shown to
result in significantly fewer participants with obesity in both measures. However, the proportion
of participants with obesity based on the two classifications did not differ substantially between
the initial and FU measurements. In this study, mixed linear models were used to analyse overall
trends and subgroup variations and highlight the importance of considering sex, age, and time of
measurement when assessing body composition metrics. These findings emphasize the need for
personalized health assessments and the importance of measuring body composition to evaluate
adult obesity more accurately for both clinical assessments and public health policies. The state, in
collaboration with social initiatives and industrial stakeholders, should prioritize these data and
advance public health through innovative educational and awareness initiatives that are founded on
robust scientific principles and that empower and promote the adoption of a healthy, active lifestyle.

Keywords: adults; population-based; body mass index; body composition; body fat; fat-free mass;
obesity classification; follow-up

1. Introduction

Obesity is a major public health challenge, and its global incidence has been increasing
for decades [1,2]. This increase has been driven by urbanization, sedentary lifestyles, inade-
quate sleep, and high-calorie processed foods [3]. Overweight and obesity are associated
with numerous chronic diseases. In the next 30 years, individuals with overweight are ex-
pected to account for 60% of patients newly diagnosed with diabetes, 18% of patients with
cardiovascular disease, 11% of patients with dementia, and 8% of patients with cancer [4,5].
Among individuals aged 30-70 years, overweight is predicted to cause approximately
3 million premature deaths annually [6]. Obesity also leads to significant healthcare costs
and a loss of productivity [7,8]. Compared with individuals who are overweight, individ-
uals with obesity have 32% higher healthcare expenses and 68% higher indirect costs [7].
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Preventable chronic diseases related to obesity are predicted to impose a global financial
burden of 44 trillion euros as of 2023 [9].

According to the World Health Organization (WHO), approximately 59% of adults in
Europe are classified as having overweight or obesity, highlighting a concerning trend [10].
If current trends continue, it is projected that by 2025, 33 of 52 Organization for Economic
Cooperation and Development (OECD) countries will have an obesity prevalence of 20% or
more [6]. Importantly, Slovenia has the highest prevalence of adult obesity (20.8%) among
20 European countries [10]. The Slovenian National Dietary Survey (SL.Menu) was conducted
from 2017 to 2018 and included a sample size of 780; the results revealed that 59% of adults
and 74% of elderly individuals had overweight or obesity [5]. Additionally, the initial study
revealed that 42% of adults and 64% of elderly individuals had overweight or obesity [11].
Accordingly, between 1989 and the late 2000s, the percentage of Slovene children classified as
having obesity tripled for both sexes, whereas the percentage of children with overweight
doubled. Additionally, between 1989 and 2019, subcutaneous fat (rather than muscle mass)
increased in children of all ages and sexes [12,13]. These high prevalence rates of overweight
and obesity likely occur because fewer than 5% of adult Slovenes are healthy [14], and only
approximately 10% of adult and adolescent Slovenes maintain a recommended diet with
respect to the intake of fibre, vitamin D, and folate [15-17], as well as various plant-based
food groups, such as vegetables, whole grains, potatoes, legumes, nuts, and seeds [18]. These
statistics underscore the urgent need for effective interventions against obesity [19,20].

Body mass index (BMI) categorizes individuals on the basis of body height (BH) and
body mass (BM), but BMI is not a reliable measure of total body fat percentage (FAT%). In
addition, BMI does not distinguish between lean body mass (LBM) and fat mass (FATM),
thus leading to possible inaccuracies [11,21-23]. Since BMI does not account for the FATM
distribution [23], health authorities advise against its use alone for assessing overweight or
obesity [24,25]. The use of BMI as a measure for estimating the prevalence of obesity may
also be inaccurate, thereby hindering prevention and control efforts [26]. BMI should not
be the only factor considered when assessing eligibility for bariatric surgery or semaglutide
use [27]. Low muscle mass may present a greater health risk than high FATM [28]. Research
in the U.S. has shown that BMI is not a dependable predictor of cardiometabolic disease
and that it leads to the misclassification of approximately 30% of adults [29]. Thus, focusing
only on BMI and BM reduction might not provide substantial health benefits and could
contribute to weight-related discrimination and other harms [28].

Given the limitations of BMI, integrating BMI with body composition measurements
is valuable, especially for studies that are smaller and/or focus on populations with a
higher prevalence of sarcopenic obesity [21,30]. In our initial analysis of data used in
this study, with a sample size of 844, proportions of obesity were also compared via BMI
and FAT%, revealing that BMI underestimated the prevalence of obesity in females (13%)
compared with the use of FAT% (17%) [11]. The secondary analysis explored leg FAT% and
its relationship with FAT% and trunk FAT% according to the WHO classification’s BMI
obesity cut-off values (Table 1), sex, and age. Additionally, linear regression revealed that
variations in FAT%, sex, and age explained 82.5% of the variation in leg FAT% [31].

Table 1. Obesity classification according to BMI and FAT% [32,33].

BMI Categories FAT% Categories
Status BMI (kg/m?) Status FAT%

Underweight <185 Female—normal <35

Normal body mass 18.5-24.9 Female—obesity >35

Pre-obesity /overweight 25.0-29.9 Male—normal <25

Obesity class I 30.0-34.9 Male—obesity >25

Obesity class II 35.0-39.9

Obesity class IIT Above > 40

BMI = body mass index and FAT% = total body fat percentage.
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More than thirty years ago, the U.S. National Institutes of Health classified males with
a BMI of 27.8 kg/m? and females with a BMI of 27.3 kg /m? as overweight. Individuals with
BMISs below these values were considered ‘normal’ on the basis of an 85% cut-off from the
National Health and Nutrition Examination Study II. In 1997, the International Obesity Task
Force introduced “pre-obesity’ and a detailed BMI system: class I obesity (30-34.9 kg/m?),
class II obesity (35-39.9 kg/m?), and class III obesity (>40 kg/m?) [23]. In 1998, the U.S.
Obesity Task Force set the normal-overweight BMI threshold to 25 kg/m? and eliminated
obesity subdivisions [34]. Importantly, different ethnic groups, such as Asians, may have
lower BMI cut-off values. Furthermore, various guidelines caution against the universal
application of BMI as a metric [27]. Therefore, some scholars have proposed focusing on
fat-free mass (FFM) and body composition, asserting that the sole use of BMI and FAT% is
insufficient to assess obesity-related health risks [28].

The primary objective of this two-year follow-up (FU) study was to assess trends in
BM/BMI, body composition, and obesity prevalence on the basis of the WHO’s BMI and
FAT% classifications among participants from the initial study [11]. The hypothesis that
rates of overweight and obesity increase, particularly among adult females, was tested. As
a secondary objective, obesity prevalence was compared between the initial and FU studies
via BMI and FAT% cut-off values, and linear mixed models were employed to account for
trends and subgroup variations.

2. Materials and Methods
2.1. Study Design and Eligibility

This cross-sectional study was approved by the Slovenian Ethical Committee in the
Field of Sports on 26 June 2022 (approval no. 033—41/2022-5), and it was registered on
30 June 2022 at https:/ /clinicaltrials.gov (document no. NCT05438966) [35]. To initially
recruit participants, representatives from hotels, local governmental agencies, and fire
stations that facilitate events on a national scale (such as conferences and meetings) were
contacted. Additionally, social media platforms were utilized to ascertain the locations,
dates, and types of complementary public programs (including seminars, workshops,
training sessions, lectures, and courses) that did not require registration fees. In exchange
for the collection and analysis of anonymized data from these measurements, organizers
were provided with a complimentary body composition analysis, including interpreta-
tion and electronic printouts distributed to participants via email. Initial measurements
occurred from 1 July to 31 August 2022 [11,35], with FU measurements taken in June 2024.
Feedback on body composition was emailed as PDF printouts during the initial study, and
completed questionnaires pertaining to dietary habits were collected [11]. The participants
received email invitations for the FU and completed a brief demographic and lifestyle
questionnaire via email. The FU initially included randomly recruited participants. No
monetary incentives were offered in exchange for participation. The study was conducted
in Slovenia, which has a population of 2.1 million. All participants were thoroughly briefed
and asked to provide renewed consent.

2.2. Subjects

Healthy adults were invited to participate. There were no restrictions regarding the
BMI of the participants. However, athletes, pregnant or lactating females, individuals with
active chronic diseases, and individuals taking medication for chronic conditions (such
as hypertension, hyperlipidaemia, diabetes, and thyroid disorders) were excluded. Those
who recently changed their physical activity and diet were not excluded from the FU, as
was the case during the initial study, aiming to minimize baseline measurement variability.
Two pregnant females, two lactating females, and seven males who recently began taking
hypertension and hyperlipidaemia medication were excluded from the FU study, which
was conducted in six Slovenian cities/towns: Kranjska Gora, Kranj, Ljubljana, Novo Mesto,
Maribor, and Sentilj. Therefore, the FU study included 432 adult Slovenes, accounting for
51% of the original participants (n = 844) [11].
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2.3. Outcomes
2.3.1. Body Mass Index and Body Composition Status

This study aimed to compare adult Slovene participants’ BM/BMI and body com-
position at two time points and aimed primarily to identify any significant demographic
changes [11]. A calibrated 8-electrode bioelectrical impedance analysis (BIA) monitor
(Tanita 780 S MA, Tokyo, Japan) [36] was used for all the measurements. Body height
(BH) was measured with a floor scale (Kern, MPE 250K100HM, Kern & Sohn, Balingen,
Germany) only during the initial study. Body mass index was calculated by dividing the
BM by the square of the BH in metres. The body composition monitoring data included BM,
BMI, FAT%, FATM, FATM per unit area of BH (FATM/BH) in kg/ cm?, FEM in percentage
and kg, FFM per unit area of BH (FFM/BH) in kg/cm?, total body water (TBW), and phase
angle (PhA).

Body composition indices were compared with the WHO’s BMI and FAT% obesity
targets. Obesity rates were examined on the basis of BMI (>30 kg/ m?) and FAT% (>35%
for females, >25% for males) criteria [32,33]. The data were compared with the initial study
results [11].

The findings were also delineated on the basis of age categories. The definition of
‘adult’ differs across sources and is frequently subject to inconsistent discourse [37-39].
In this analysis, the categorization of age was undertaken by delineating three distinct
cohorts: (1) young adults, comprising individuals aged 18-39 years; (2) middle-aged adults,
consisting of those aged 40-64 years; and (3) older adults, including persons aged 65 years
and above.

In addition, linear mixed models were used to capture overall trends and subgroup
variations, which are useful for data collected in hierarchical or nested structures, such
as repeated measurements from the same participants. Due to the limited sample size of
older adults, the focus of the study was predominantly on reporting findings for an ‘adult’
cohort (encompassing the young and middle-aged adult cohorts in our analysis). Neverthe-
less, the Supplemental Tables and Charts present comprehensive data encompassing the
entire sample, including data from older adults. Additionally, analyses of BMI and body
composition changes were stratified into age and sex categories on the basis of the ‘adult’
and ‘older adult’ cohorts and age and sex categories, incorporating further distinctions on
the basis of age classifications relevant to the discourse on ‘normal BMI".

2.3.2. Participant Characteristics

A concise sociodemographic and lifestyle questionnaire devised by the authors was
used to gather essential participant data, including date of birth, residential region, edu-
cation level (ranging from elementary to postgraduate), smoking status (categorized as
current, never, or former), and frequency of physical activity (classified as fewer than three
times per week or three or more times per week). Due to constraints in terms of human
resources and time, it was not feasible to associate the basic demographic questionnaire
directly with individual participants. Consequently, the data were automatically exported
from the BIA via the manufacturer’s software. This limitation precludes the determination
of whether increased physical activity correlates with improvements in body composition,
thereby obstructing the establishment of meaningful correlations and comprehension of
the impact of physical activity on health outcomes.

2.4. Statistical Analysis

Data preparation: All the statistical analyses were conducted via R version 4.3.1 and
RStudio version 2024.04.1 Build 748. RStudio, an integrated development environment
for R, provides a comprehensive suite of tools and packages for robust and efficient data
handling and analysis, thereby enhancing the analysis. The tidyverse package [40] was
utilized for data manipulation and visualization, as it has a cohesive framework for an
efficient workflow. The janitor package [41] facilitates data cleaning, generating tidy
datasets that are ready for analysis.
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Descriptive statistics: The Arsenal package was used for detailed key study variable
summaries and statistics [42]. The data were comprehensively described with means,
medians, standard deviations, and ClIs for continuous variables and with percentages
and Cls for categorical variables. Additionally, the ggstatsplot package [43] was used to
perform statistical analyses, such as the Mann-Whitney U and Kruskal-Wallis tests.

Analysis of differences in obesity: To assess differences in obesity proportions between
BMI and FAT%, a two-sample test with continuity correction was used for large sample
sizes. The p values were adjusted with the Benjamini-Hochberg method to control the false
discovery rate and reduce type I errors.

Parametric and nonparametric tests: Continuous data normality was assessed via
the Shapiro-Wilk test. If the data followed a normal distribution, paired ¢ tests were used
to compare means. For non-normal data, nonparametric methods such as the Wilcoxon
signed-rank test for paired samples and the Mann-Whitney U test for independent samples
were used. The Kruskal-Wallis test was applied for data involving more than two groups.
This approach ensures the use of suitable statistical tests on the basis of data distribution.

Hierarchical models: For hierarchical data, the Ime4 package [44] was employed
to generate linear mixed models, accounting for both fixed and random effects. This
approach enabled us to account for the hierarchical structure of the data and mitigate the
influence of potential confounding variables, thereby yielding results that are more precise
and generalizable.

Presentation of results: The data are summarized as the means and standard deviations
for continuous variables and as percentages for categorical variables. Statistical significance
was set at p < 0.05, with all analyses conducted without missing data.

3. Results
3.1. Demographic Characteristics and Lifestyle

This study examined the body composition of a cohort of 432 Slovenian adults, of
whom 287 were females (66%) and 145 were males (34%). Measurements were administered
twice over the course of two years, culminating in a FU investigation comprising 389 adult
participants, including 43 older adults. Within the female subgroup, 255 were categorized
as adult females, and 32 were categorized as older adult females. In the male subgroup,
133 were designated young or middle-aged adult males, and 11 were categorized as older
adult males. The geographical distribution of the participants was as follows: 26% from
the capital city Ljubljana (including its environs), 25% from Upper Carniola, 17% from
Styria, 16% from Lower Carniola, 9% from Inner Carinthia, and 3% each from Prekmurje
and the Littoral Region (Figure 1). Furthermore, the education levels of the participants
were categorized as follows: four years of secondary school (39%), higher education
(24%), vocational education (16%), higher education professional (Bologna level 1) (12%),
university programs (Bologna level 1) (7%), professional master’s degrees (Bologna level 2),
doctorate degrees (Bologna level 3) (1%), and primary school (1%). With respect to smoking
status, 16% were current smokers, 53% were ex-smokers, and 31% were nonsmokers. More
than half (51%) of the participants engaged in physical activity at least three times per
week, with a significantly greater proportion of males than females (p < 0.001).
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Capital city Ljubljana (including surrounding area) 26.23
Upper Carniola 2459
Styria 17.49
Lower Carniola 16.39
Inner Carniola 8.74
Prekmurje 3.28
Littoral Region 3.28

0 10 20
% by region

Figure 1. Regional distribution of participants.

3.2. Body Mass Index and Body Composition Status by Sex and Age

The mean BH values of the females and males were 1659 cm + 6.5cm and 1792 cm £+ 7.5 cm
(p < 0.001), respectively. Both adult females and males were taller than older adults were
(1663 cm 4+ 6.4 cm vs. 162.6 cm + 7.0 cm and 1794 cm + 7.7 cm vs. 177.2 cm £ 4.8 cm,
respectively; p < 0.001). Adult females had higher BM, BMI, FAT%, and FATM values and
lower FEM% due to increased FATM. In addition, adult males had higher BM and BMI values,
primarily due to higher FFM rather than FATM. The details are presented in Table 2.

3.3. Body Mass Index and FAT% Status According to BMI and FAT % Obesity Classification

Initially, 40.7% of individuals were classified as having overweight or obesity by BMI,
increasing to 45.2% at the FU (p < 0.001). Notably, the percentage was significantly greater
in males than in females (58.9% vs. 31.7% and 61.6% vs. 36.9%, respectively; both p < 0.001).
The BMI classification revealed significantly fewer participants with obesity than the FAT%
did (p = 0.013). Body mass index classification initially identified 13.4% of the participants
as having obesity, increasing to 16% at the FU (p = 0.333), whereas FAT% initially identified
20%, increasing to 21.6% at the FU (p = 0.612). The BMI and FAT% status data for both
classifications (initial vs. FU) for the entire sample (adults and older adults), including 95%
confidence intervals, are presented in Table S1.

Among adults, 38.2% were in the overweight or obese classifications by BMI initially,
increasing to 42.4% at FU (p < 0.001), with higher rates in males than in females (55.7%
vs. 29.2% and 59.0% vs. 33.9%, respectively; p < 0.001). Initially, 11.6% were classified as
having obesity according to BMI, increasing to 14.2% at the FU (p = 0.007); FAT% classified
17.6% as having obesity initially, increasing to 19.5% at the FU (p < 0.810). The initial vs. FU
BMI and FAT% data are shown in Table 3.
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Table 3. Body mass index and FAT% status of adults according to BMI and FAT% obesity classification.

Initial (z = 389) FU (n = 389)
Parameter All Females Males All Females Males
__ _ According to BMI classification (%) *
Normal (BMI 18.5-24.9 kg/m?) 61.8 70.9 442 57.6 66.1 41.1
Overweight (BMI 25-29.9 kg/m?) 26.6 19.9 39.5 28.2 23.1 38.0
Obesity 1 class (BMI 30-34.9 kg/m?) 8.7 7.2 11.6 11.1 8.0 171
Obesity 2 class (BMI 35-39.9 kg/mz) 1.6 1.2 2.3 1.8 2.0 1.6
Obesity 3 class (BMI >40 kg/m?) 1.3 0.8 2.3 1.3 0.8 2.3
p value <0.001 <0.001
_ According to BMI obesity classification (%) *
Normal 88.4 90.8 83.7 85.8 89.2 79.1
With obesity 11.6 9.2 16.3 14.2 10.8 20.9
p value 0.040 0.009
_ According to FAT% obesity classification (%)*
<35% 841 809
Females (normal)
0 19.1
>35% 15.9
(obesity) ’
<25%
79.1 79.8
Males (normal)
>25%
(obesity) 20.9 20.2
All Normal 824 80.5
Obesity 17.6 19.5
p value 0.226 0.891

Statistically significant values are shown in bold. ¥ Body mass index (BMI) and FAT% obesity classifications by
the WHO [33,45]. BMI = body mass index and FAT% = total body fat percentage.

In the older adult cohort, 62.2% were initially in the overweight or obese classifications
according to BMI, increasing to 68.4% at FU (p < 0.001), and this was higher in males
(91.7%) than in females (51.5% or 60.5%). At FU, the rate of obesity according to BMI
was 36.4% in females and 16.7% in males, although nonsignificantly different, and that of
obesity according to FAT% was 39.4% in females and 41.7% in males, also nonsignificantly
different.

Notably, 23% of females, 38% of males, and 28% of the adult cohorts were in the
overweight category, whereas 24% of females, 75% of males, and 40% of older adults were
in the overweight category.

3.4. Body Mass Index and FAT % According to Age

The age structure report illustrates a progressive distribution of BMI and FAT%,
manifesting a notable increase in each age group. Specifically, young adults presented
a lower BMI and FAT%. However, within each category, males had a higher BMI but a
lower FAT% (Table 4). The median BMI and FAT% according to age, sex, and time of
measurement (initial and FU assessments) are presented in Figure S1.
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Table 4. Body mass index and FAT% according to age structure.

Initial Follow-Up

Females
Age category 18-39 40-64 >65 ! 18-39 40-64 >65
(years) (1 =99) (n = 156) (n = 32) pvatue (n = 99) (n = 156) (n=32)
BMI (kg/m2) 230+£40 245+45 269+44 234+41 249-+44  272+42 <0.001
FAT% 244+75 285+71 339+55 <0.001 246+75 292+68 339454

p value

Males
Age category 18-39 40-64 >65 value 18-39 40-64 >65
(years) (n =56) n=78) (n=11) b (n =56) (n=178) n=11)
BMI (kg/mz) 253 +4.7 271 +4.8 27.6 £2.2 0.001 25.6 £4.7 274 + 4.8 28.0 £2.3
FAT% 175+ 6.7 21.0 £ 6.5 232 +5.5 <b 179 + 6.7 21.0+6.5 23.7 £5.5

p value

0.002

BMI = body mass index and FAT% = total body fat percentage.

3.5. Trends and Variations Within Groups for Adults

Using linear mixed models, the study included 389 adults with 778 observations. Ageing
led to a 0.21-unit annual weight gain; males weighed 18.83 units more than females did. The time
of measurement increased the BM by 1.14 units. The random effects model showed a residual
variance of 6.28 and an intercept variance of 188.70, with a 0.97 intraclass correlation. Fixed
factors (age, sex, and time of measurement) explained 30.4% of the weight variability, whereas
combined fixed and random effects explained 97.8%, highlighting individual differences. Each
year of age increased BMI by 0.09 units, with the BMI of males being 2.46 units higher than
that of females. The time of measurement increased BMI by 0.36 units, with 97% variance
due to individual differences. Fixed factors accounted for 10.8% of BMI variability, with fixed
and random effects accounting for 97.0%. Age increased the FAT% by 0.20% annually; males
had a 7.41% lower FAT% than females did. The time of measurement increased the FAT% by
0.38%. Interindividual differences accounted for 93% of the FAT% variability, and fixed factors
accounted for 27.7%, with both effects explaining 95%. Age did not significantly affect FFM;
males had 19.88 units more FFM than females did, and each year of age increased FEM by 0.60.
Interindividual differences explained 95% of the FFM variability, and fixed factors explained
65.5%, with both effects combined accounting for 98.1%. Each year of age, PhA decreased
by 0.01 degrees; the PhA of males was 0.88 degrees higher than that of females. The time of
measurement did not significantly affect PhA. Individual differences accounted for 83% of the
PhA variance, and fixed factors accounted for 31.8%, with both accounting for 89.6%. The trends
for the adults and the older adults are shown in Table 5 and Table S2, respectively. The BMI,
FAT%, FEM, and PhA distributions are shown in Figure S2.

Table 5. Trends and variations within groups for adults.

BM BMI FAT% FFM PhA

Predictors Estimates p Value Estimates p Value Estimates p Value Estimates p Value Estimates p Value

Intercept 55.83 <0.001 19.81 <0.001 18.07 <0.001 46.30 <0.001 6.18 <0.001

Age 0.21 <0.001 0.09 <0.001 0.20 <0.001 0.02 0.593 —0.01 <0.001

Sex (male) 18.83 <0.001 2.46 <0.001 —7.41 <0.001 19.88 <0.001 0.88 <0.001
Time of measurement 1.14 <0.001 0.36 <0.001 0.38 0.004 0.60 <0.001 0.01 0.450

Statistically significant values are indicated in bold. BM = body mass, BMI = body mass index, FAT% = total body
fat percentage, FFM = fat-free mass, and PhA = whole-body phase angle.

4. Discussion
4.1. Main Findings

In this cohort study, trends in BMI and body composition among adult Slovenes
were examined over a two-year period. The initial findings revealed that 40.7% of the
participants were classified as having either overweight or obesity according to their BMI,
and this percentage increased to 45.2% at the FU assessment. A comparable pattern was
observed exclusively among adults. Importantly, this percentage was markedly greater in
males than in females. The BMI classification estimated fewer participants with obesity than
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did the FAT%; however, the proportion of participants with obesity in both classifications
remained similar between the initial and FU measurements. The hypothesis suggested
an overall increase in overweight and obesity rates on the basis of both BMI and FAT%
classifications, with the most significant increase observed among adult females. In contrast,
adult males presented an increase in BM at the expense of FFM rather than FATM. Older
adult females and males did not experience any major adverse changes. The linear mixed
models highlighted the influence of sex, age, and time of measurement, emphasizing sex
differences, the effects of ageing, and the importance of personalized health assessments.

4.2. Obesity Rates and BMI

Global obesity has overtaken underweight in the past four decades, shifting the
overall health status of the human population [46]. The incidence of obesity in most
European countries is increasing, being near 20% or higher, and healthcare costs and
economic burdens are increasing [47,48]. Slovenia has the highest obesity rate among the
20 European countries studied recently, according to BMI classification (20.8%) [49].

Initially, 40.7% of the participants (adults and older adults) were in the overweight
or obesity classifications on the basis of BMI; the prevalence rate significantly increased to
45.2% at the FU, with 61.6% for males and 36.9% for females. At the initial BMI measure-
ments, 13.4% of the participants were in the obesity ranges; this prevalence rate increased
nonsignificantly to 16% at the FU. Initially, 20.0% of the participants were categorized as in
the obesity ranges according to the FAT%, increasing to 21.6% at the FU. Among adults,
38.2% were within overweight or obese categories according to BMI, increasing to 42.4%
at FU, with 59.0% for males and 33.9% for females. Initially, 11.6% of the participants had
obesity according to BMI, which increased to 14.2% at the FU. FAT% initially classified
17.6% as having obesity, increasing to 19.5% at the FU.

The results revealed a significant decline in adult females within two years of the initial
measurement. Notably, 54% were aged 40 to 64 years. This review highlights how menopause
affects body composition and fat distribution. Research shows that the menopausal transition
impacts BMI and fat distribution, particularly during the perimenopausal and postmenopausal
stages [50,51]. It is possible that increased health metrics result in part from midlife hormonal
changes, such as fluctuating hormones and lower oestrogen levels in females. However, body
composition data alone cannot provide definitive conclusions.

A previous study involving 151 individuals who switched to a plant-based diet yielded
initial results similar to those of the current study. Specifically, 50% of the participants had
overweight or obesity before adopting a plant-based diet [52]. Like the FU cohort study,
the plant-based study sample included individuals from all Slovenian regions, with more
females than males and more adults than older adults. However, these estimates regarding
overweight or obesity rates slightly differ from the data gathered by the Slovenian national
dietary survey (SI.Menu 2017/2018) on 780 adults and older adults, where 67% of the
respondents were within the overweight or obesity ranges, with 59% being adults (68%
males and 50% females) and 74% being older adults (79% males and 73% females) [17,53].
In Serbia, 2013 data showed that 60.5% of adults had overweight or obesity [54], aligning
with the SLMenu survey’s results [17,53]. A 2010 pan-European survey across 16 countries,
including Croatia, Italy, Austria, and Hungary, revealed that 47.6% of European adults had
overweight or obesity, with rates of 58.2% in Croatia, 38.5% in Italy, 44.5% in Austria, and
65.4% in Hungary [54]. These data, which are nearly 15 years old, are based on self-reported
height and weight. Both the SI.Menu and pan-European surveys use BMI classification
instead of direct FAT% measurements to calculate obesity rates.

4.3. Body Composition Assessment

Nutritional epidemiology faces challenges in the role of BMI in initial assessments,
such as eligibility for various treatment modalities, e.g., bariatric surgery or semaglutide.
Further evidence-based consensus is needed for guidelines and thresholds for different
populations [27]. As the understanding of health and body composition evolves, the
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limitations of BMI for assessing health risks become more evident [55]. The calculation of
BMI involves a quick assessment of height and weight but does not distinguish between
FATM and FFM/LBM,, risking health misclassification, particularly for individuals with
high muscle mass or low muscle density [27,56]. The validity of BMI data is challenging,
particularly in large samples, when height and weight are self-reported [54,57]. Relying
solely on BMI and weight loss may offer limited health benefits and promote weight-
related discrimination [28]. A U.S. study suggested that BMI may inaccurately reflect
cardiometabolic disease, misclassifying approximately 75 million adults [29].

Dual-energy X-ray absorptiometry (DXA) is the gold standard for determining body
composition because of its accuracy in differentiating bone mineral content, LBM, and
FATM, outperforming BIA. However, the high cost, limited portability, and use of radiation
of DXA limit its use. BIA is more practical, portable, cost-effective, and radiation-free,
with good reproducibility and a reasonable correlation with DXA for overall FAT and
FFM/LBM [58,59]. BIA accuracy can be affected by hydration and disease, leading to
potential misestimation in different BMI groups [60-63]. A study of 35,000 UK Biobank par-
ticipants revealed a strong correlation between BIA and DXA. BIA slightly underestimates
the FATM and overestimates the FFM, with individual disparities linked to anthropometric
measures [60]. Advancements in imaging have enhanced body fat measurements, includ-
ing visceral adipose tissue (VAT) and ectopic fat in the heart and liver. DXA is practical,
but MRI is the gold standard for precise VAT assessment, although it is more expensive
and time-consuming [64,65]. Compared with BMI, advanced technologies such as BIA and
DXA provide better insights into FAT distribution and composition.

4.4. Age and "Normal BM’

In this analysis, adults were compared, and older adults were highlighted despite
the limited sample size. Overweight was more common in older adults than in non-older
adults (40% vs. 28%). This was observed mostly among males, with 75% of older adult
males and 38% of adult males having overweight. This is due to the age distribution; most
females aged 40-64 years were below the overweight threshold (24.9 kg/m?), whereas
most males of the same age were within the overweight range (27.4 kg/m?).

Research indicates that a slightly elevated BMI may provide protective benefits for
older adults. The “obesity paradox” suggests that individuals with an overweight BMI
might have lower mortality risks and better functional and cognitive health than indi-
viduals with a lower BMI, especially those with an underweight BMI [66]. Older adults
with a higher BMI often show better cognitive ability, physical independence, fewer de-
pressive symptoms, and improved survival rates, although this does not always apply
to individuals with obesity. Age-related factors such as obesity degree, muscle mass loss,
fat distribution changes, and comorbidities can influence this pattern, making a slightly
higher BMI potentially more beneficial than a normal BMI [66-68]. Lifestyle choices and
pre-existing health conditions significantly impact outcomes in older adults, emphasizing
the need for age-specific BMI criteria. Therefore, analyses of BMI in older adults should
focus mainly on trends rather than health risks or benefits. Current BMI thresholds may not
accurately reflect the health risks of excess fat in older adults, necessitating revised cut-off
values. The inclusion of body composition metrics could improve health risk assessments
for obesity in older age groups [66,69,70].

4.5. Linear Mixed Models

The general conclusions from the linear mixed models are as follows: (i) males tended
to have higher BMI, FFM, and PhA but lower FAT%; (ii) in general, BMI and FAT% were
higher in older adults, and PhA was lower, with no significant age effect on BM or FFM; and
(iif) over a two-year period, BM, FFM, and FAT% decreased, but PhA remained unchanged.
Overall, weight, BMI, FAT%, and FEM slightly increased with age and time of measurement,
and PhA slightly decreased with age. The high intraclass correlation coefficient (ICC) values
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suggest that variability is due mainly to interindividual differences, indicating consistency
within individuals.

The models emphasize the need for sex-specific health and fitness assessments, the
varying impacts of ageing on body composition, and the necessity for regular monitoring.
Individual variability underscores the importance of personalized health programs. In the
cohort study, obesity was more prevalent in males than in females, which contrasts with
global trends [2,71] and that reported in the SI.Menu study [53]. Interestingly, in the FU
cohort and SI.Menu study, a higher proportion of adult males were classified as having
overweight. Additionally, in the SI.Menu study, older adults typically had higher BMIs [53],
which aligns with the findings of the present study. BMI increases with age due to changes
in body composition, necessitating various health approaches [72,73].

4.6. Physical Activity and the BM

The initial study began shortly after the COVID-19 pandemic, during which lockdowns
were implemented. The responses varied, with Slovenia expanding from regional to
municipal partial lockdowns and advising low to moderate physical activity without
specifying types. While the gyms were closed for several months, people’s activity levels
fluctuated due to anxiety and uncertainty. Two years later, FU measurements revealed
that BMI and body composition declined, raising questions about current activity levels as
people returned to their routines. Half of the participants reported exercising at least three
times weekly in the previous two months, but self-reported data are limited with regard to
the definitive conclusions that can be drawn about overall activity trends.

A spring 2021 online survey in Slovenia with 1161 participants revealed that 80% of the
participants maintained or increased their physical activity, mainly in natural settings [74].
It is likely that the physical activity was mainly low to moderate intensity instead of
vigorous exercise, which is crucial for stimulating skeletal muscle. Additionally, in a recent
review of 40 studies from 22 countries, excluding Slovenia but including Italy, physical
inactivity, sedentary lifestyle, and poor eating habits were identified as common risk factors
for obesity during the COVID-19 pandemic [75].

The degree of physical inactivity is increasing globally [76]. Managing obesity and
improving body composition require a holistic approach that combines dietary changes
with resistance and endurance exercises [77-81]. Choosing healthier foods can increase
physical activity, and regular exercise can lead to better eating habits [82,83]. The synergy
between physical activity and nutrition enhances a healthy lifestyle.

4.7. Possible Public Health Strategies

The FU study of Slovene adults revealed an imbalanced diet with low intake of
complex carbohydrates and high consumption of ultra-processed foods. The intake of
essential macronutrients such as carbohydrates and dietary fibre is insufficient, whereas
the intake of total fat and saturated fatty acid is excessive. Micronutrient deficiencies
were found for vitamins C, D, and E and calcium, and the sodium levels were above the
recommended guidelines [11]. A national SL.Menu highlighted poor dietary quality with
deficiencies in vitamin D, dietary fibre, and folate. Notably, 32% of adults and 46% of
older adults, especially females aged 18 to 50 years, lack sufficient iron and vitamin B12
intake [15-17,84].

In terms of consumption according to food group, assessments indicate that the Slove-
nian diet is unbalanced, with excessive intake of meat, sugar, fat, and salt and insufficient
intake of fruits, vegetables, and dairy products [85]. Research indicates that Slovenian
meat consumption is approximately four times greater than the recommended level and six
times greater than the Planetary Health Diet standard [85-87]. While some young adults
are interested in reducing meat consumption, many of them continue to follow meat-heavy
diets due to societal norms. This high meat intake, along with an overall unbalanced diet,
poses serious health risks. Additionally, many young adults are unaware of the health
and environmental impacts of excessive meat consumption, reducing their motivation to
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change their diets [88]. Research shows that individuals often lack sustainable dietary
habits and are concerned with health, environmental issues, animal welfare, and dietary
diversity [89]. Older adults are more proactive than younger individuals in reducing meat
consumption [90]. Comprehensive strategies with cross-departmental collaboration and
public engagement are urgently needed to address these dietary challenges.

In the FU study, 51% of the participants exercised at least three times weekly. In 2016,
56% of Slovenians met the WHO's physical activity guidelines, with higher rates in males
(59%) than in females (52%). Higher education correlated slightly with increased physical
activity [91]. In terms of smoking status, 16% were current smokers, 53% were former
smokers, and 31% were nonsmokers. In the national SI.Menu study, 55% of adults were
nonsmokers [92]. These insights, along with poor dietary habits, highlight the urgent need
for better lifestyle choices.

The widespread availability and marketing of a wide variety of inexpensive, conve-
nient, energy-dense ultra-processed foods whose portion sizes are large and are high in
fat, salt, and sugar and low in protein and fibre are major dietary drivers of increased
obesity and common chronic diseases [93-95]. Additionally, low or irregular physical
activity exacerbates hedonic behaviours and promotes overconsumption [93,96], and a firm
government policy is essential to establish a healthy, profitable, fair, and sustainable food
system that benefits everyone [19,20,97]. Nearly 1.8 billion adults worldwide are at risk
of various diseases due to insufficient physical activity [76]. Engaging in regular physical
activity and maintaining a healthy diet are typical methods to reduce excess BM/FATM
and maintain FFM during BM loss [79,98-100], but this was not observed in the cohort of
the present study.

The Slovenian Strategic Council for Nutrition has set 2023 /24 activities to improve
health and promote sustainable food. The government is encouraging healthier diets to
benefit public health and the environment. A 2023-2025 action plan is being created to
support national nutrition and physical activity programs, which are aligned with the
Council’s initiatives and open for public review. The Council endorses the “Planetary
Health Diet”, which consists mainly of plant-based products but includes some animal
products and is linked to lower risks of diabetes, cardiovascular disease, cancer, and
mortality, as shown by a recent systematic review [19,87,101].

4.8. Strengths and Limitations

This FU cohort study was the first to investigate body composition trends in the
same group of Slovenian adults (two years after the COVID-19 pandemic). It extends
the initial research, which was the only study on this topic at the population level in
Slovenia. The measurements were consistent, taken within a month and at the same time
of year as the initial study, thus minimizing seasonal influence. The initial sample was
randomly selected, ensuring regional representation. The limitations of this study were the
reduced FU adult sample (n = 432; 51%) compared with the initial large sample (n = 844)
of the Slovene population (2,100,000 citizens in total). This sample included fewer older
adults; therefore, despite random assignment and FU completion, the findings should be
generalized with caution. BIA was used in this study; it is a cost-effective, radiation-free
and portable method that is ideal for large ethnic groups [58,59] and is widely used in
Slovenia at universities, medical institutions, rehabilitation centres, sports clubs and fitness
centres [102] to assess body composition. In addition, compared with DXA, the 8-electrode
BIA device offers accurate FAT% measurements [60,103,104], even when habitual physical
activity is considered [105,106]. However, in the present study, a validity study of the
specific BIA model versus DXA in various BMI categories is lacking [107,108]. While
initial BIA measurements were used, gathering individuals for the same DXA device
measurements was impractical and incomparable. Dietary intake was assessed in the initial
study [11] but not during the FU, representing a limitation for interpretation and requiring
reliance on speculation and literature. Although random sampling was used and all regions
of Slovenia were covered, uneven representation limits the generalizability of the findings.
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5. Conclusions

This is the first nationwide study on adult body composition in Slovenia. This represen-
tative cohort study revealed that from the initial study to the two-year FU, the proportion
of adults with overweight and obesity increased from 40.7% to 45.2%, notably among
females. Other groups, such as older females and males, presented no significant changes.
Interestingly, the BM among adult males increased primarily because of FFM, not FAT. The
study also revealed that BMI classification resulted in fewer participants with obesity than
FAT% classification did, indicating the need for body composition analysis to determine
obesity. The study highlighted the influence of sex, age, and time of measurement when
assessing body composition, emphasizing the importance of personalized health assess-
ments. This study highlights the need for joint efforts by governments, social organizations,
and the food industry to encourage lifestyle changes through education and a supportive
environment for healthy living.
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Abstract: Background: Children with spina bifida (SB) face an elevated risk of obesity, which
necessitates precise methods for assessing body composition to ensure effective weight management.
Conventional measures like BMI are inadequate for this population because of variations in growth
patterns and skeletal structure. Bioelectrical impedance analysis (BIA) is a method that offers a
clearer picture of body composition, yet its use in children with SB remains underexplored. Methods:
Conducted on 57 children with SB and 28 healthy controls, with a median age of 11 years, this
study evaluated anthropometrics, including BMI and BIA-derived metrics. The Hoffer’s scale to
assess physical activity was applied in SB children. Results: Results showed that while 32% of SB
patients were classified as overweight or obese based on BMI, 62% exhibited high body fat percentage
via BIA. Fat-free mass, muscle and fat mass, and fat-to-muscle ratio (FMR) differed significantly
compared to the reference group. Non-ambulators showed a higher median body fat mass percentage
(25.9% vs. 17.8%, p = 0.01) and FMR (0.92 vs. 0.44, p = 0.003) in comparison to the community
walkers. Conclusions: In SB children, BIA-measured fat mass is a better obesity indicator than BMI.
Non-ambulatory, SB patients with obesity had the highest FMR values, indicating a higher risk for
metabolic syndrome.

Keywords: weight management; spina bifida; body mass index; bioelectrical impedance analysis

1. Introduction

Congenital spina bifida (SB) is a neural tube defect that arises when the spine and
spinal cord fail to develop properly during the early stages of pregnancy. This condition
can lead to varying degrees of physical and neurological impairments, affecting mobility.
Beyond these motor function impairments, children with SB are prone to various health
problems affecting their neurological and musculoskeletal systems [1]. Accurate evalua-
tion of body composition parameters is crucial for monitoring children with SB, as body
composition changes may further complicate their health, increasing the risk of obesity,
cardiovascular diseases, and metabolic disorders [2].

Common anthropometric measurements, such as body mass index (BMI) or weight-
for-height ratios, are frequently utilized to estimate body fat and nutritional status in
pediatrics. Due to altered growth patterns and body posture in children with SB, these
metrics are poor predictors of body fat and have limited utility in guiding nutritional
interventions. The presence of scoliosis or joint contractures often complicates obtaining
precise height measurements, thereby diminishing the accuracy of BMI. Moreover, BMI
fails to distinguish between lean and fat mass, further limiting its effectiveness [3]. While
all methods for assessing body composition have inherent limitations, dual-energy X-ray
absorptiometry (DXA) is widely regarded as the gold standard for body composition
measurement. However, DXA has its own constraints, including its lack of portability, high
cost, and the low-level radiation exposure involved. In contrast, bioelectrical impedance
analysis (BIA) is relatively simple, fast, and non-invasive, and unlike DXA, it involves no
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radiation exposure. This makes BIA particularly suitable for repeated measurements over
time when tracking changes in body composition is required. It has been widely used in
various clinical fields, offering high accuracy and efficiency at a relatively low cost [4-6].
Studies have shown that BIA is particularly useful in assessing body composition in infants
and young children, providing important insights into early childhood development
and growth. In pediatric populations with specific health concerns, such as obesity, BIA
helps clinicians better understand fat distribution and muscle mass, offering more detailed
information than BMI alone. This has led to a more refined approach in managing childhood
obesity, especially in cases where traditional methods may overlook nuances like hydration
status, as noted in recent findings [7,8]. BIA devices measure the resistance of body tissues
to a small, safe electrical signal, allowing for the estimation of, for example, fat-free mass,
body fat, and muscle mass. Despite widespread use of BIA, changes in body composition
in children with SB are not well characterized. This gap in knowledge highlights the need
for further research.

This study aims to investigate body composition in pediatric patients with SB, with
a focus on the limitations of traditional BMI measurements and the potential benefits of
alternative method: BIA. The specific objectives are to

1. Assess the prevalence of obesity in children with SB using both BMI and BIA.

2. Explore the limitations of BMI in accurately reflecting the total body mass of SB patients.

3.  Evaluate the effectiveness of BIA as a more accurate, non-invasive method for assess-
ing body composition in children with SB.

4. Compare the body composition of pediatric patients with SB to the reference group.

2. Materials and Methods
2.1. Patients

Cross-sectional data from a prospective cohort study were analyzed. This study in-
volved 85 participants: 57 children diagnosed with congenital SB and 28 healthy volunteers
who visited a pediatrician for balance tests aged 1-18 years and were without any known
chronic health conditions. We measured body composition using two indirect methods,
anthropometry and BIA, correlating these measurements with BMI to evaluate the con-
cordance between BMI and fat mass in children with SB. The lesion level of SB patients
was reported intraoperatively and radiologically and scored from 1 to 3 (1—thoracolumbar,
2—lumbosacral, and 3—sacral lesion). The ambulatory function of the SB patients was clas-
sified using the Hoffer’s scale (HS) into the categories of non-ambulators, exercise walkers,
household walkers, and community walkers [9]. Exercise walkers, who walked only during
therapy, and household walkers, who used braces or crutches for indoors and wheelchair
outdoors, were grouped with non-ambulators, who were entirely wheelchair-dependent,
due to their similarly low physical activity in daily life.

2.2. Anthropometrics

The weight and height of each participant were recorded. For participants with SB
who depended on a wheelchair, weight was measured using an electronic scale. The
participant, seated in the wheelchair, was wheeled onto the scale, and the weight of the
wheelchair was subtracted from the total to determine the individual’s weight. Height for
these participants was measured in a lying-down position. Body surface area (BSA) was
calculated with the Dubois formula: BSA = height®”?® x weight’4?> x 0.007184.

BMI was calculated using the standard formula: the body mass divided by the square
of the body height, expressed in kg/m?. The corresponding BMI-for-age percentiles based
on Centers for Disease Control and Prevention growth charts for children ages 2-19 years
were obtained [10]. BMI percentile categories were as follows: underweight < 5th percentile,
normal weight from 5th-85th percentiles, overweight from 85th-95th percentiles, and
obesity equal to or greater than the 95th percentile. Additionally, we converted BMI to BMI
standard deviation scores (Z-BMI) and classified the results according to the World Health
Organization age- and gender-specific growth standards [11]. Underweight was defined as
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a BMI z-score < —2 standard deviations (SD), normal weight as a z-score between —2 SD
and +1 SD, overweight as a z-score > +1 SD, and obesity as a z-score > +2 SD.

2.3. BIA

Whole-body BIA measurements were performed using the BioScan 916S device (Mal-
tron International, Essex, UK) according to the manufacturer’s instructions. This device
delivers a current of 0.7 mA with an impedance of 100 to 1000 (), precision of £3 (), and a
frequency of 50 Khz. The measurement was applied on the right side of the body with the
participant lying supine. Body composition measurements of fat-free mass (FFM, kg and
%) consisted of body cell mass (kg) and extracellular solids (kg); the fat mass (kg and %),
muscle mass (kg and %), total body water (TBW, It and %) intracellular water (ICW, It and
%), extracellular water (ECW It and %), protein mass (kg), mineral mass (kg), total body
calcium (g), and total body potassium (g) were obtained from BIA data, resistance, and
reactance. The BIA-derived body fat percentage was applied to body fat percentile reference
curves for children aged 3 to 16 years [12]. Due to these age limitations, the reference curves
did not encompass the entire study sample, resulting in the absence of fat mass percentiles
for 4 children younger than 3 years of age. For participants older than 16 years of age,
we used the adults’ cut-offs for high body fat percentage proposed by Macek et al. [13],
established as 25.8% for men and 37.1% for women. We used 3 body fat mass categories,
as follows: low < 10th percentile, normal between 10th-90th, and overweight and obese
above 90th and 97th body fat percentiles, respectively. The fat-to-muscle ratio (FMR) was
determined by dividing body fat mass (kg) by muscle mass (kg) [14].

2.4. Statistics

The data were collected in a Microsoft Excel database. Statistical analysis was per-
formed using Statistica 13.0. (StatSoft Inc., Tulsa, OK, USA). Continuous variables were
expressed as the median and range, unless stated otherwise. All studied parameters
were analyzed using nonparametric tests: Mann-Whitney, Kruskal-Wallis, and Chi2
analysis. Correlations were assessed with the Spearman test. Values of p < 0.05 were
considered significant.

2.5. Ethical Issues

This study was approved by the Ethics Committee of the Medical University of
Bialystok, which complies with the World Medical Association Declaration of Helsinki re-
garding the ethical conduct of research involving human subjects and/or animals. Patients
and their caregivers were enrolled into the study after obtaining informed consent.

3. Results

The cohort consisted of 47/85 (55%) girls and 38/85 (45%) boys, with a median
age of 11 years (2-18 years). There was no statistically significant difference between SB
children and healthy control groups as regards to age, gender, body weight, BMI, and
BSA except height measurements. This was due to the shorter vertebral dimension and
malformations of the bone structure due to SB [15]. In the SB patient group, FFM, muscle
mass, percentage of fat mass, FMR, TBW, ICW, protein, and mineral mass, including total
body potassium, had significant changes when compared to the control group (p < 0.05).
Statistically significant positive correlations were recorded between mineral mass and
BMI (r = 0.571), fat mass in kg (r = 0.509), muscle mass in kg (r = 0.89) and % (r = 0.62),
and total body calcium (r = 0.861). Table 1 shows the anthropometric and bioimpedance
characteristics of both studied groups.
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Table 1. Anthropometric and bioimpedance traits for participants.

SB Patients

Reference Group

Variables =57 n=28 p Value
Anthropometric parameters (median, min.—max.)
Height (cm) 132 (70-174) 154 (108-181) 0.02 *
Weight (kg) 33 (8.5-95) 42.6 (17.5-77.5) 0.19
BMI (kg/m?) 17.8 (10.4-35.3) 17.9 (13.1-23.6) 0.68
BMI (centiles) 52.6 (0-100) 52.7 (1.6-76.7) 0.79
Z-BMI 0.06 (-8-3.5) 0.06 (-2.1-0.7) 0.85
BSA (m?) 1.1 (0.3-2) 1.36 (0.72-2) 0.1
BIA and body composition (median, min.—max.)

FFM (kg) 22.3 (6.7-50.7) 35.6 (14.2-64.8) 0.03 *
(a) body cell mass (kg) 11.4 (2.6-32.5) 18.4 (6.5-33.7) 0.04 %
(b) extracellular solids (kg) 10.3 (4.1-25.9) 15.7 (7.5-31.1) <0.001 *
FEM (%) 76.7 (47.6-96.9) 80.9 (69-95.9) 0.01*
Fat mass (kg) 8 (0.69-45.6) 5.9 (1.4-17.6) 0.65
Fat mass (%) 23.7 (3-52.4) 19.1 (4-30.9) <0.001 *
Fat mass (percentiles) 50 (3-97) 25 (3-75) <0.001 *
Muscle mass (kg) 8.8 (1.9-25.4) 15.1 (4.8-32.3) 0.04 %
Muscle mass (%) 29.2 (21.2-42) 32.5(27-41.7) <0.001 *
FMR 0.81 (0.1-2.4) 0.55 (0.1-1.03) 0.002 *
TBW (lt) 17.9 (5.3-42.6) 25.6 (10.9-52.2) 0.04 *
(a) ICW (1t) 9.4 (2.1-28.9) 15.1 (5.9-27.3) 0.02 *
(b) ECW (It) 7.4 (3.2-18.4) 10.2 (4.7-24.8) 0.12
TBW (%) 57.3(39.1-79.7) 59.7 (48-82) 0.22
(a) ICW (%) 55.7 (21.3-69.5) 57.9 (52.4-66.4) 0.07
(b) ECW (%) 44.5 (30.5-78.7) 42.1 (33.6-47.6) 0.06
Protein mass (kg) 3.2(0.91-13.5) 6.2 (2.3-16.6) <0.001 *
Mineral mass (kg) 1.2 (0.31-4.7) 2.4 (0.9-5.8) <0.001 *
Total body calcium (g) 363 (107-1116) 598 (231-1220) 0.06
Total body potassium (g) 54.3 (12.5-154.4) 85 (30.6-160.7) 0.04 %

SB, spina bifida; BMI, body mass index; Z-BMI, body mass index z-score; BSA, body surface area; FFM, fat-free
mass; FMR, fat-to-muscle ratio, TBW, total body water; ICW, intracellular body water; ECW, extracellular body

water; * p < 0.05.

3.1. The Agreement between BMI and Body Fat Percentage

The median BMI was similar in both groups (17.8 kg/m? in SB vs. 17.9 kg/m? in the
reference group), but the median body fat mass percentage differed significantly (23.7% in
SB vs. 19.1% in the reference group, p < 0.001). According to BMI measurements, 29 out of
53 (55%) of the children with SB were categorized as “unhealthy”, having either excessively
high or low BMI. When evaluated by fat mass percentage, 41 out of 53 (77%) were found
to have abnormal fat mass percentages, either excessively high or low. Although 18 out
of 57 (32%) SB patients were classified as overweight or obese based on traditional BMI
criteria, 30 out of 53 (62%) exhibited body fat percentages, measured via BIA, exceeding
the 90th percentile. Table 2 illustrates the concordance between BMI categories and body
fat percentage categories in both studied groups, detailing the number and percentage of

children falling into each BMI and fat mass category.
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Table 2. Agreement between BMI and fat mass categories in both studied groups.

Body Fat Mass Category
" (%) Aope 1050 pe 90 pe Total
SB patients
BMI category
underweight < 5 pc 3(6) 5(9) 3 (6) 11 (21)
normal weight 5-85 pc 7 (13) 5(9) 12 (23) 24 (45)
overweight and obese > 85 pc 1(2) 2(4) 15 (28) 18 (34)
Total 11 (21) 12 (23) 30 (56) 53 (100)
Reference group
BMI category
underweight < 5 pc 0 2 (7) 0 2 (7)
normal weight 5-85 pc 8 (29) 18 (64) 0 26 (93)
overweight and obese > 85 pc 0 0 0 0
Total 8(29) 20 (71) 0 28 (100)

The body fat mass in SB patients exhibited significant variability, even among children
with comparable BMIs, demonstrating considerable inter-individual differences. There
was a significant positive correlation between BMI percentiles and fat mass in kg and %
(r=0.625, r = 0.584; respectively) in the SB group.

3.2. Body Composition and Daily Physical Activity in SB Children

The majority of SB patients, 34/57 (60%), had lumbosacral spinal lesions, 14/57 (25%)
thoracolumbar, and 9/57 (15%) sacral lesions. Among all the study subjects, 28/57 (49%)
were classified as non-ambulators, 5/57 (9%) as exercise walkers, 11/57 (19%) as household
walkers, and 13/57 (23%) as community walkers. When comparing anthropometric pa-
rameters between non-ambulatory and ambulatory SB children, no differences were found
concerning age, heigh, weight, and BMI (p = 0.96, p = 0.49, p = 0.89, p = 0.21 respectively,
p < 0.05), but they significantly differed with BIA parameters. Non-ambulators showed a
higher median body fat mass percentage in body composition in comparison to the commu-
nity walkers (25.9% vs. 17.8%, p = 0.01). Consequently, they had statistically significantly
higher median values of FMR (0.92 vs. 0.44, p = 0.003). Regarding constituents of FFM,
differences were observed in the percentage of muscle mass and TBW. As expected, non-
ambulators had a lower median muscle mass (8.6 kg vs. 12.4 kg, p = 0.57) and percentage
(28.2% vs. 32%, p < 0.001), as well as lower TBW in It and % (17.4 1t vs. 22.7 It, p = 0.64; 56%
vs. 60%, p = 0.03), than the community walkers. More details are presented in Figure 1.
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Figure 1. Box -whisker bars show (a) FEM (kg), (b) FFM (%), (c) fat mass (kg), and (d) fat mass (%) in
SB patients divided into 2 groups: 1—low physical activity, 2—community walkers. * p < 0.05.

4. Discussion

The global rise in childhood obesity has been described as a pandemic and is con-
sidered one of the most pressing health issues of the twenty-first century. Focusing on
children and adolescents is crucial, because those who become overweight or obese early
in life are about five times more likely to remain so into adulthood [16]. Children with
disabilities, including SB, are in a high-risk group, being two to three times more likely to
become overweight or obese than their typically developing peers [17]. Hence, effective
weight management is essential for providing high-quality health care to SB children.

Several studies have attempted to determine the obesity rates among children with SB,
finding that its prevalence ranges from 18% to 50% [18-20]. A major concern is that these
studies define obesity in children based on a certain BMI percentile for age and gender.
However, using BMI in this patient population is controversial and there is currently no
accepted standard to identify obesity [21]. First, height measurements in children with
SB differ significantly from those in non-disabled children, which makes the use of BMI
problematic. Factors such as lower limb and trunk hypoplasia, vertebral anomalies, and
paralytic musculoskeletal deformities cause short stature, which was also observed in our
study sample. Secondly, BMI does not directly measure body fat and its regional body
distribution [3,22]. In our study, both cohorts exhibited median BMI percentiles within
the normal range. However, traditional BMI criteria classified one-third of SB patients
as overweight or obese. This proportion nearly doubled when body fat mass, assessed
through BIA, was applied. Such discrepancies were not present in the reference group,
where a strong concordance between BMI and fat mass categories was observed. The study
by Liu J.S. et al. [23] expands the debate on the problems related to BMI as a marker of
excess adiposity in SB. The investigation was conducted in small cohort of SB patients,
including 18 adults, who underwent obesity classification using BMI by length and arm
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span, abdominal girth, and percent trunk fat on DXA. Using BMI categories, 43.8% of
subjects were classified as obese. However, alternative measures, such as anthropometric
assessments focusing on body composition and fat distribution, revealed a higher obesity
rate. Trunk fat percentage by DXA categorized 83.3% of subjects as obese. In our study,
we utilized different method to assess body composition, BIA, yet the conclusion remains
unchanged. Employing methods that more accurately evaluate true body composition in
the SB population raises the number of individuals classified as obese. This suggests that a
significant portion of subjects deemed to have a normal BMI by conventional standards
may, in fact, be obese.

The life expectancy of individuals with SB has significantly improved, rendering it
a life-long condition. From a clinical perspective, it is crucial for healthcare providers to
monitor and manage long-term complications. Obesity has been identified as a primary
factor contributing to the onset of metabolic syndrome. In a study analyzing 34 adolescents
with SB, the prevalence of metabolic syndrome was found to be 32.4%, with a higher
incidence observed among obese individuals [24]. In this paper, we applied the FMR,
an alternative approach for assessing metabolic syndrome, which has been validated in
adults. The higher the FMR levels, the greater risk of developing conditions like type 2
diabetes, cardiovascular diseases, and increased mortality. The recent study by Zhang JX
et al. [25] showed a positive correlation between dyslipidemia and high FMR values in
transitional-age youth. Our findings indicated that children with SB had higher FMRs than
the reference group. Those who were non-ambulatory and obese had the highest FMR
values. This suggests that these specific subgroups of SB patients are at a heightened risk for
metabolic syndrome and its long-term health implications. While little is currently known
about FMRs in children, our study aims to explore its potential use, though additional
studies are needed to confirm our findings.

Both obesity and osteoporosis are complications associated with SB, putting these
patients at risk of bone disease [26]. Our study found that children with SB had significantly
lower mineral mass compared to healthy controls. Interestingly, we observed a positive
correlation between mineral mass and BMI, fat mass, and muscle mass, suggesting that
obesity might have a protective effect on mineral mass. This finding aligns with a study
by Trinh A. et al. [27], which reported a positive correlation between fat mass and bone
mineral density obtained by DXA in adult SB patients. They concluded that higher bone
mineral density in those with a higher BMI could be due to increased lean tissue or fat
mass. The main takeaway is that adults with SB are at high risk for both low bone density
and obesity, along with related comorbidities. Our findings suggest that this process may
begin as early as childhood.

The present study has several limitations. First, the sample size of 57 children with
SB may be considered relatively small. However, it is important to acknowledge that SB
is a rare congenital condition, and there is a global trend toward pregnancy termination
following prenatal diagnosis, further reducing the available population for study. Multi-
center collaborations would help mitigate that issue, enabling researchers to pool data
from different regions. Second, as the data were obtained from a single, large tertiary
referral center, the findings may not be fully generalizable and require external validation.
Additionally, body composition was assessed using two indirect methods: anthropometry
and BIA. While these methods are widely used, more direct methods, such as DXA and
magnetic resonance imaging (MRI), exist. DXA is regarded as the gold standard for
detailed body composition assessment; however, its high cost, limited availability, and
exposure to radiation limit its practicality. MRI provides detailed imaging of soft tissues,
including fat and muscle, but it also has limitations, especially in pediatric populations.
MRI is expensive, time-consuming, and often restricted to specialized clinical or research
environments, making it less feasible for use in large-scale studies. Moreover, younger
children may struggle to remain still during the scan, leading to motion artifacts that
compromise the accuracy of the measurements.
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Future research could incorporate direct techniques to offer a more comprehensive
understanding of body composition in children with SB. Emerging imaging technologies
or novel non-invasive methods that address the drawbacks of DXA and MRI could also be
explored. Despite being less precise, BIA is more practical for regular monitoring due to
its simplicity and non-invasiveness, though its accuracy can be affected by factors such as
hydration status and body composition. A key limitation of BIA is its tendency to overesti-
mate body fat in obese individuals due to the reliance on electrical conductivity, as fat tissue
has higher resistance to electrical currents. This can result in inflated body fat estimates
in individuals with greater fat mass, though it tends to provide more reliable estimates in
lean populations, such as the children studied in our research. BIA was selected for this
study based on its practicality. Regular monitoring of body composition in conjunction
with functional and metabolic outcomes may offer deeper insights into the unique growth
patterns in children with SB, aiding in personalized clinical care and interventions.

5. Conclusions

In conclusion, this study emphasizes several key findings related to obesity and body
composition in children with SB:

(i) Childhood obesity is a significant global concern, and children with SB are at an even
higher risk due to altered body composition and physical limitations.

(ii) Traditional BMI measurements may underestimate obesity in SB patients, as they do
not account for the unique body composition seen in this population, particularly the
imbalance between muscle mass and fat tissue.

(iii) BIA offers a non-invasive and more accurate method for assessing body composition
in SB patients, revealing higher obesity rates compared to BMI alone.

(iv) Obesity in SB patients is associated with an increased risk of metabolic syndrome
and bone disease, emphasizing the need for early intervention and the use of precise
assessment methods to manage these risks effectively.
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Abstract: Obesity has been associated with a chronic increase in sympathetic nerve activity, which
can lead to hypertension and other cardiovascular diseases. Preliminary studies from our lab found
that oxidative stress and neuroinflammation in the brainstem contribute to sympathetic overactivity
in high-fat-diet-induced obese mice. However, with glial cells emerging as significant contributors
to various physiological processes, their role in causing these changes in obesity remains unknown.
In this study, we wanted to determine the role of palmitic acid, a major form of saturated fatty acid
in the high-fat diet, in regulating sympathetic outflow. Human brainstem astrocytes (HBAs) were
used as a cell culture model since astrocytes are the most abundant glial cells and are more closely
associated with the regulation of neurons and, hence, sympathetic nerve activity. In the current study,
we hypothesized that palmitic acid-mediated oxidative stress induces senescence and downregulates
glutamate reuptake transporters in HBAs. HBAs were treated with palmitic acid (25 uM for 24 h) in
three separate experiments. After the treatment period, the cells were collected for gene expression
and protein analysis. Our results showed that palmitic acid treatment led to a significant increase
in the mRNA expression of oxidative stress markers (NQO1, SOD2, and CAT), cellular senescence
markers (p21 and p53), SASP factors (TNF«, IL-6, MCP-1, and CXCL10), and a downregulation in the
expression of glutamate reuptake transporters (EAAT1 and EAAT?2) in the HBAs. Protein levels of
Gamma H2AX, p16, and p21 were also significantly upregulated in the treatment group compared to
the control. Our results showed that palmitic acid increased oxidative stress, DNA damage, cellular
senescence, and SASP factors, and downregulated the expression of glutamate reuptake transporters
in HBAs. These findings suggest the possibility of excitotoxicity in the neurons of the brainstem,
sympathoexcitation, and increased risk for cardiovascular diseases in obesity.

Keywords: glial cells; oxidative stress; senescence; EAAT2; p21/p53; obesity

1. Introduction

Metabolic syndrome is a conglomeration of conditions that can increase the risk of stroke,
heart conditions, and diabetes. Obesity, a serious public health issue, plays an important
role in the development of metabolic syndrome. Key conditions associated with metabolic
syndrome include increased body fat around the waist, high blood pressure, high cholesterol
levels, insulin resistance, dyslipidemia, and high blood sugar, all commonly observed in
obesity [1]. The prevalence of obesity almost tripled in the world between 1975 and 2016.
According to the World Health Organization (WHO), around 2 billion people are overweight,
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of which 33% are considered obese. Middle-aged adults in low-income countries and people
of all ages and both sexes in high-income countries are affected by obesity [2].

In obesity, excess free fatty acids (FFAs) are released into circulation. Studies have
shown that increased FFAs can activate proinflammatory pathways, leading to the increased
production of cytokines and chemokines [3,4]. Obesity maintains the body in a state of low-
grade chronic inflammation through the production of these proinflammatory molecules.
The relationship between obesity and inflammation is a vicious cycle, where more weight
gain causes more inflammation and vice versa [5]. Chronic inflammation in obesity can
lead to neuroinflammation because of the disruption of the blood-brain barrier, allowing
peripheral inflammatory molecules to enter the brain and interact with glial cells, such as
astrocytes and microglia. The increased activation and proliferation of these glial cells have
been reported in models of obesity [6].

Proinflammatory molecules induce oxidative stress, contributing to neuroinflammation
in the brain. Oxidative stress is caused by an increase in reactive oxygen species (ROS) and a
decrease in antioxidants, damaging cells at the molecular level and affecting lipids, proteins,
and DNA. DNA damage can trigger cellular senescence, an irreversible cell cycle arrest [7-9].
Senescent cells produce proinflammatory molecules known as senescence-associated secre-
tory phenotype (SASP) factors, which perpetuate neuroinflammation and create a feedback
loop of inflammation and senescence [9,10]. In previous studies from our lab, we found that
high-fat-diet (HFD)-induced obese mice produced oxidative stress and cellular senescence
in a key brainstem region called the rostral ventrolateral medulla [7,8]. The neurons in this
brainstem region are important for the regulation of blood pressure by modulating sympa-
thetic nerve activity (SNA). However, little is known about the contribution of astrocytes in
modulating sympathetic overactivity as observed with HFD-induced obesity [7,8].

Astrocytes are the most abundant glial cells and play an important role in neuronal
regulation and sympathetic nerve activity. Astrocytes have glutamate reuptake trans-
porters known as Excitatory Amino Acid Transporters (EAATs), which reuptake excess
glutamate in the synapse and then convert it into glutamine via glutamine synthetase. This
glutamine reenters neurons, is converted back into glutamate, and facilitates excitatory
neurotransmission, known as the glutamate-glutamine cycle [11,12]. The downregulation
of these transporters could lead to the excess accumulation of glutamate in the synapse and
cause excitotoxicity, which in turn could be a contributing factor for sympathoexcitation
observed in HFD-induced obesity. Palmitic acid (PA) is a major saturated free fatty acid
found in the HFD. Numerous studies have suggested its role in promoting oxidative stress,
inflammation, and metabolic dysfunction. Elevated levels of PA are also observed in the
plasma of obese individuals. Furthermore, it is well-documented to induce lipotoxic effects
in various cell types, including glial cells [3,4,7]. However, whether astrocytes play a role
in mediating PA-induced neuroinflammation and the molecular mechanisms that could be
involved is undocumented. To answer these questions, we investigated the effect of PA on
human brainstem astrocytes.

2. Materials and Methods
2.1. Cell Culture and Treatments

Human brainstem astrocytes (HBAs) purchased from ScienCell Research Laborato-
ries were used in all the experiments. HBAs were isolated from the human brainstem.
These cells were cryopreserved at passage one (P1) and delivered frozen. Each vial had
>5 x 10° cells in 1 mL volume. After receiving the cells, they were stored in liquid nitrogen
container until they were used. The cells were grown in T-75 flasks with astrocyte media
supplied by ScienCell™ and supplemented with Dulbecco’s Phosphate-Buffered Saline
(PBS), Fetal Bovine Serum (FBS), Astrocyte Growth Supplement, as well as penicillin and
streptomycin. The cultured cells were placed in a 37 °C incubator with 5% CO, until
they reached approximately 75-80% confluency. After that, the cells were subcultured in
different plates depending on the procedure for which the cells were cultured. Typically,
we used passage 3 (P3) for all of our experiments.
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2.2. Preparation of BSA-Conjugated Palmitic Acid (PA)

Palmitic acid (500 mM) with >99% purity was purchased from Sigma-Aldrich and
melted in 1 mL of 100% ethanol at 70 °C. Then, 10% Fraction V fatty acid-free bovine serum
albumin (FFA-free BSA) was dissolved in cell culture media, sterile filtered, and incubated at
37 °C. FFA-free BSA obtained from Sigma-Aldrich ass used in the experiment as fatty acids
are insoluble in aqueous solutions and can damage the cells. Then, 10 pL of dissolved PA
in ethanol was added to 990 uL of 10% FFA-free BSA and vortexed. After vortexing, the
conjugate was incubated at 55 °C in a water bath for 15 min. Then, the PA-BSA conjugate
was vortexed and kept in the water bath again for 15 min. Then, 10 uL of 100% ethanol with
990 uL of 10% FFA-free BSA was used as a control. The molar ratio of PA-BSA is 3.3:1 [13,14].

2.3. PA Treatment

After reaching 75-80% confluency, the cells from the T-75 flasks were subcultured
in 6-well plates at a seeding density of 15 x 10* for the experiments. Cultured human
brainstem astrocytes were treated with palmitic acid at a dose rate of 25 uM for 24 h. The
dosage of PA treatment was fixed based on the preliminary experiments from our lab. After
the treatment period, the cells were collected in Trizol reagent and processed for real-time
PCR analysis.

2.4. Oil Red O Staining

Oil Red O staining was performed to stain lipid droplets inside the cells. The Oil Red
O stock solution was prepared by dissolving 60 mg of Oil Red O (ORO) in 20 mL of 100%
isopropanol and allowed to sit for 20 min. In the meantime, the cell culture media were
removed from all the wells and washed twice gently with 1X PBS. After that, the cells were
fixed with 10% formalin and incubated for 30 min. The formalin was removed and washed
gently with distilled water twice. After that, 60% isopropanol was added to each well and
incubated for 5 min. Then the ORO working solution was prepared by adding 3 parts
isopropanol to 2 parts of water and added to each well and incubated for 10-20 min. ORO
solution is removed after the staining period and washed with distilled water as needed.
Then each well was imaged under a light microscope where, in the positive cells, lipid
droplets appear red, and nuclei appear blue.

2.5. Dihydroethidium Staining

The dihydroethidium staining was performed in 24 well plates with cells growing on
the coverslips. After the treatment period, the culture media were removed, and the plates
were rinsed once with 1X PBS. The cells were then incubated with five pM dihydroethidium
(DHE; Thermo Fisher Scientific, Waltham, MA, USA) diluted with DMSO and PBS in a
light-protected humidified chamber for 30 min at 37 °C. After the incubation period, each
well was washed thrice with 1X PBS. Then, the coverslips were inverted onto a slide with
prolonged diamond antifade mountant and allowed to rest for 24 h. After that, the slides
were imaged under a Biotek Cytation 5 multimode imager for the fluorescent identification
of DHE-stained cells.

2.6. RNA Extraction and Real-Time PCR Analysis

Human brainstem astrocytes from 6-well plates were collected and lysed in 300 nL
Trizol reagent. The Direct-zol RNA Miniprep kit (Zymo Research, Irvine, CA, USA) was
used to extract the RNA from the cell culture samples according to the manufacturer’s
instructions. Reverse transcription of equal amounts of RNA was performed using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA)
to obtain cDNA. We used 10 ng of cDNA per reaction, and real-time PCR analysis was
carried out with iTaq Universal SYBR Green mix (BioRad, Hercules, CA, USA).

The human primers for p16, p21, p53, IL-1«, IL-13, IL6, IL8, TNF-&, MMP3, MMP13,
MCP-1, CXCL1, CXCL10, NQO1, SOD2, CAT, EAAT1, EAAT2, Lamin B1, Plinl, Plin2,
and the housekeeping gene GAPDH were designed using Primer3-Blast software and
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synthesized by Integrated DNA Technologies (primer sequences are listed in Table 1).
Real-time PCR data were analyzed using the 2-24¢T method.

Table 1. Primer genes and their gene accession numbers for real-time PCR analysis.

Human Gene

Forward Primer

Reverse Primer

Gene Accession No.

pl6 GATCCAGGTGGGTAGAGGGTC CCCCTGCAAACTTCGTCCT NM_058197.5
p21 TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC NM_001374511.1
p53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC NM_001407269.1
IL1x CGCCAATGACTCAGAGGAAGA AGGGCGTCATTCAGGATGAA NM_000575.5
IL1B AATCTGTACCTGTCCTGCGTGTT TGGGTAATTTTTGGGATCTACACTCT NM_000576.3
IL6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT NM_000600.5
IL8 CTTGGCAGCCTTCCTGATTT TTCTTTAGCACTCCTTGGCAAAA NM_001354840.3
TNF-a CCCAGGGACCTCTCTCTAATCA AGCTGCCCCTCAGCTTGAG NM_000594.4
MMP3 GACACCAGCATGAACCTTGTT GGAACCGAGTCAGGTCTGTG NM_002422.5
MMP13 GGCTCCGAGAAATGCAGTCTTTICTT ATCAAATGGGTAGAAGTCGCCATGC NM_002427 .4
MCP-1 AATCAATGCCCCAGTCACCT CTTCTTTGGGACACTTGCTGC NM_002982.4
CXCL1 GAAAGCTTGCCTCAATCCTG CACCAGTGAGCTTCCTCCTC NM_001511.4
CXCL10 AACCTCCAGTCTCAGCACCATGAA AGGTACAGCGTAAGGTTCTAGAGAG NM_001565.4
NQO1 ACTGATCGTACTGGCTCACTC AGTTCATGGCATAGAGGTCCG NM_001025434.2
50D2 GTTGGGGTTGGCTTGGTTTC GTTCCTTGCAGTGGATCCTGA NM_001322819.2
CAT CTTTCTGTTGAAGATGCGGCG AGTCCAGGAGGGGTACTTTCC NM_001752.4
EAAT1 TGCCCTGGGTCTAGTTGTCT CCAGTCTCATGATGGCTTCGT NM_004172.5
EAAT? CTTGGCATCTCCCATCCACC GCTGGAGATGATTAGAGGGAGAA NM_001252652.2
Lamin B1 AAGGCGAAGAAGAGAGGTTGAAG GCGGAATGAGAGATGCTAACACT NM_001198557.2
Plinl CAGAAACAGCATCAGCGTTCC CAGCAAATTCCGCAGTGTCTC NM_001145311.2
Plin2 TCACAGGGGTGATGGACAAG TTTCTACGCCACTGCTCACG NM_001122.4
GAPDH GCCGTCTAGAAAAACCTGCC ACCACCTGGTGCTCAGTGTA NM_001357943.2

2.7.

Immunofluorescence Staining

Immunofluorescence staining was performed for the DNA damage marker yYH2AX

and the senescent markers p16 and p21 to determine the presence of senescence in PA-
treated cells. For this, we used a 24-well plate with coverslips, and the cells were seeded
on top of the coverslips. After the seeding and PA treatment period, the culture media
were removed and gently washed with 1X PBS at room temperature (RT). Then, the
cells were fixed with 4% paraformaldehyde in PBS at RT for 5 min., after which the
coverslips were washed in 1X PBS for 5 min. After that, the permeabilization step was
performed with 0.5% Triton X-100 in PBS at RT for 5 min and washed once with 1X PBS
for 5 min. Then, the coverslips with cells were blocked with 1% BSA in PBS for 1 h,
after which the primary antibody solution (Rabbit polyclonal Gamma H2AX, Catalog No.
ab11174, 1:500 dilution; Rabbit polyclonal p16™NK4a, Catalog No. A0262, 1:100 dilution;
and Rabbit polyclonal p21CIP1, Catalog No. A1483, 1:100 dilution) was added to the
cells and incubated overnight at 4 °C. The next day, the primary antibody solution was
removed, and the coverslips were washed three times in 1X PBS for 5 min each. Then, an
appropriate fluorochrome-conjugated secondary antibody (Goat Anti-Rabbit IgG Alexa
Fluor 594, Catalog No. ab150080, 1:500 dilution; and Goat Anti-Rabbit IgG Alexa Fluor
488, Catalog No. ab150077, 1:500 dilution) in 1% BSA was added to the cells for 1 h at RT
in a dark environment. After that, the cells were gently washed with 1X PBS thrice for
5 min each. After the washing, the coverslips were stained with the nuclear stain DAPI

97



Nutrients 2024, 16, 2852

(1:500 dilution in water) for 5 min and washed with 1X PBS twice. Then, the coverslips
were mounted on a slide with a drop of prolonged antifade diamond mounting media and
allowed to cure overnight. The next day, the slides were imaged using a Biotek Cytation 5
multimodal imager for fluorescent imaging. Finally, the fluorescent intensity of the images
was quantified using Image]J Version 1.54, and the graphs were plotted.

2.8. Statistical Analysis

Data were analyzed by Student’s t-test and expressed as mean &= SEM. A p-value of
<0.05 was considered statistically significant.

3. Results
3.1. Validation of Palmitic Acid (PA) Treatment in the HBAs

First, we wanted to test if the palmitic acid treatment was successful in the HBAs. To
achieve this, we performed gene expression analysis of the lipid-droplet-associated proteins,
perilipin (PLIN) 1 and 2. Perilipins coat the lipid droplets, and increased concentrations of
fatty acids will induce lipid droplet accumulation [15]. We found that the mRNA expression
of perilipin 1 and 2 was significantly higher in the PA-treated group than in the control
groups (Figure 1A, B). Then, we also performed Oil Red O staining to stain the lipid droplets
and found that PA-treated cells had a higher number of positive cells, indicating that the
palmitic acid treatment was successful and was able to mimic the obese environment in the
HBAs (Figure 1C).
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Figure 1. Validation of PA treatment and effects of PA treatment on oxidative stress markers in the
HBAs. (A,B): changes in mRNA levels of lipid droplet associated genes, namely, Plin1 and Plin2 in
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the human brainstem astrocytes between control and PA-treated group. (C): Oil Red-O staining of
the control and PA-treated cells at 20X. Scale bar indicates 100 um. Data are means + SEM (n = 4-6
replicates per group). * significant difference (p < 0.05) between the groups.

3.2. PA Induces Oxidative Stress in the HBAs

Studies have shown that PA can enhance the production of reactive oxygen species
(ROS) and can cause oxidative stress. PA causes mitochondrial dysfunction and oxidative
stress through the NOX pathway. We found that the PA treatment significantly increased the
gene expression levels of oxidative stress markers NQO1, SOD2, and catalase (Figure 2A,C).
Additionally, we found that the DHE staining of the PA-treated cells indicated that the PA-
treated group had significantly higher fluorescence, indicating that PA induces oxidative
stress in human brainstem astrocytes (Figure 2D).
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Figure 2. Effects of PA treatment on oxidative stress markers in HBAs. (A-C): changes in mRNA
levels of oxidative stress markers NQO1, SOD2, and CAT in human brainstem between control and
PA-treated groups. (D): dihydroethidium staining of the control and PA-treated group with bar
graphs for fluorescence intensity. Data are means &+ SEM (n = 3-6 replicates per group). Scale bar
indicates 100 um. * significant difference (p < 0.05) between groups.

3.3. PA Induces DNA Damage in the HBAs

After we found that PA treatment induced oxidative stress in the HBAs, we next
wanted to see if excess oxidative stress leads to DNA damage. So, we performed im-
munofluorescence for the DNA damage marker, Gamma H2AX (y-H2AX), and found that
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(A)

Control

PA Treatment

the y-H2AX fluorescence intensity was significantly upregulated in the PA-treated cells,
indicating that the PA treatment induced DNA damage in the HBAs (Figure 3).

DAPI v-H2AX

Merged

Figure 3. Immunofluorescence staining of Gamma H2AX (y-H2AX) in the HBAs. (A): immunofluo-
rescence staining for the DNA damage marker y-H2AX in the human brainstem astrocytes between
control and PA-treated groups. (B): bar graphs showing fluorescence intensity of y-H2AX between
the control and PA-treated groups. Data are means + SEM (n = 4 replicates per group). Scale bar
indicates 100 pm. * significant difference (p < 0.05) between groups.

3.4. PA Causes Cellular Senescence and SASP in the HBAs

PA treatment has been shown to induce cellular senescence, a state of irreversible cell
cycle arrest, through oxidative stress and the resulting DNA damage. Consistent with this
earlier finding, we observed that PA treatment in the HBAs significantly increased the gene
expression levels of senescence markers p21 and p53 (Figure 4A,C), along with elevated
expression of oxidative stress and DNA damage markers. However, we did not observe a
significant difference in p16 mRNA expression between the groups. In addition, Lamin B1,
a component of the nuclear envelope, was significantly downregulated in the PA treatment
group consistent with the senescence (Figure 4D).
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Figure 4. PA-induced oxidative stress causes cellular senescence in the HBAs. (A-D): Changes in the
mRNA levels of senescence markers p16, p21, p53 and the nuclear envelope gene Lamin B1 in the
human brainstem astrocytes between control and PA-treated groups. Data are means 4+ SEM (n = 5-6

replicates per group). * Significant difference (p < 0.05) between the groups.
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By immunofluorescence staining of the PA-treated cells with p16 and p21 antibodies,
we found that the PA-treated cells have significantly higher p16 and p21 levels, further
confirming that PA treatment causes cellular senescence (Figures 5 and 6).
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Figure 5. Inmunofluorescence staining of p16INK4a in the HBAs. (A): immunofluorescence staining

for the senescence marker p16/NK42

in the human brainstem astrocytes between control and PA-
treated groups. (B): bar graphs showing fluorescence intensity of pl6INK4“ between the control and

PA-treated groups. Data are means £ SEM (n = 4 replicates per group). Scale bar indicates 100 um.

* significant difference (p < 0.05) between the groups.
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Figure 6. Inmunofluorescence staining of p21CIP1 in the HBAs. (A): immunofluorescence staining
for the senescence marker p21CIP1 in the human brainstem astrocytes between control and PA-
treated groups. (B): bar graphs showing fluorescence intensity of p21CIP1 between the control and
PA-treated groups. Data are means = SEM (n = 4 replicates per group). Scale bar indicates 100 pum.
* significant difference (p < 0.05) between the groups.

Senescent cells, in addition to arresting growth, also secrete various proinflammatory
factors, known as SASP factors, which can affect neighboring cells in a paracrine fashion.
We found that there is a significant increase in the gene expression levels of SASP factors
IL1x, TNF«, IL6, MCP1, and CXCL10 (Figure 7), indicating that SASP factors, which are a
potential source of neuroinflammation, are produced with PA treatment.
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Figure 7. PA-induced senescence causes SASP factor production in the HBAs. (A-J): changes in the
mRNA levels of various proinflammatory SASP factors in the human brainstem astrocytes between
control and PA-treated groups. Data are means = SEM (n = 5-6 replicates per group). * significant
difference (p < 0.05) between the groups.

3.5. PA Downregulates Glutamate Reuptake Transporter Expression in the HBAs

The downregulation of glutamate reuptake transporters can cause excitotoxicity due
to excess glutamate in the synapse, which in turn can increase sympathetic nerve activity to
the end organs and damage them. We wanted to test if PA treatment downregulates these
glutamate transporters. We found that the mRNA expression levels of EAAT 1 and EAAT
2 were significantly downregulated in the PA-treated group compared with the controls,
indicating that PA downregulates glutamate reuptake transporter expression (Figure 8).
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Figure 8. PA treatment downregulates glutamate reuptake transporter expression in the HBAs.
(A,B): changes in the mRNA levels glutamate re-uptake transporters, EAAT1 and EAAT?2 in the
human brainstem astrocytes between control and PA-treated groups. Data are means 4= SEM (n = 4-6
replicates per group). * significant difference (p < 0.05) between the groups.

4. Discussion

The major findings of this study include: (i) palmitic acid treatment increased the
expression of oxidative stress and DNA damage markers in human brainstem astrocytes;
(i) palmitic acid elevated the mRNA and protein expression of cellular senescence markers;
(iii) palmitic acid upregulated the mRNA expression of SASP factors; and (iv) palmitic acid
treatment induced the downregulation of glutamate reuptake transporters, EAAT1 and
EAAT2.

It is widely known that elevated free fatty acids, such as palmitic acid (PA), in circula-
tion can contribute to increased oxidative stress in an obese environment [3,4]. Our findings
align with these studies, demonstrating that PA treatment significantly increased oxidative
stress markers such as NQO1, SOD2, and CAT. Similar to the work by Ogrodnik et al.
(2019), which showed that obesity leads to DNA damage and accumulation of senescent
glial cells, we found that PA-induced oxidative stress in the HBAs also resulted in DNA
damage, as determined by YH2AX staining. Our study further extends these findings by
showing that DNA damage occurring in the HBAs due to oxidative stress can stimulate a
DNA damage response (DDR), which, when sustained, can cause them to enter a state of
cellular senescence [16,17].

Cellular senescence is a complex biological process characterized by irreversible
growth arrest, involving cell cycle inhibitors (p16, p21, and p53) and a proinflammatory
state (SASP factors) [18]. With PA treatment, we found that senescence markers p21 and p53
were increased in the HBAs. We further explored the cell cycle inhibitors at the protein level
and confirmed that both p16 and p21 were significantly upregulated with PA treatment,
similar to other obese animal studies [19]. To examine whether senescent glial cells created
a proinflammatory state [20,21], we measured the levels of SASP factors such as TNF«, IL6,
MCP1, and CXCL10 and found them to be upregulated after PA treatment. Other studies
have shown that chronic exposure to SASP factors could cause damage to healthy cells in a
paracrine manner and could be responsible for tissue dysfunction in obesity and aging [22].

One significant finding from our current study is the observation that PA treatment
leads to the downregulation of glutamate reuptake transporters (EAAT1 and EAAT?2).
The importance of glutamate reuptake transporters has been described in various studies,
and the dysregulation of glutamate homeostasis is a key pathological feature, even in the
development of neurodegenerative diseases [23,24]. The astrocytes closely associated with
the synapse are responsible for the synthesis of glutamine, which eventually produces
glutamate. Under normal circumstances, excess glutamate is taken up by astrocytes
using the reuptake transporters [25]. However, the reduced reuptake transporters after
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PA treatment suggests that there would be an excess accumulation of glutamate at the
synapse, which could be responsible for chronic sympathoexcitation as seen in high-fat
diet-induced obesity [7,26,27]. To summarize, this study provides evidence that palmitic
acid treatment increased the oxidative stress, cellular senescence, and downregulation of
glutamate reuptake transporters in HBAs.

One of the main limitations of this present study is that the effects observed are
only in the HBAs in isolation, without exploring interactions with neurons and microglia.
To overcome this limitation, our future studies will employ co-culture and/or animal
experiments to investigate glia—neuron crosstalk and glia—glia interaction. The second
limitation is that we only used palmitic acid in our experiments and didn’t compare it with
any other fatty acids, such as oleic acid, or other stressors like glucose, insulin, and H202.
These will be explored in our future studies.

5. Conclusions

Our findings demonstrate that elevated PA in obesity can impair astrocyte function,
leading to oxidative stress, DNA damage, cellular senescence, and downregulation of
glutamate reuptake transporters. These changes can potentially disrupt glutamate home-
ostasis, contributing to excitotoxicity and neurodegeneration. Therefore, modulating these
transporters could be a novel therapeutic approach to reduce obesity-related sympathetic
overactivity and its associated cardiovascular complications. However, future studies in
animals would be required to reaffirm these preliminary in vitro findings.
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Abstract: A high-fat diet leads to metabolic disturbances, which are important factors in the
development of obesity. Gut microbial composition and diversity are altered by a high-fat
diet. In general, a high-fat diet resulted in increased Firmicutes abundance and decreased
alpha diversity. Bile acids (BAs) are involved in the digestion and absorption of fats in
the small intestine and are also the metabolic substrates of microorganisms with bile salt
hydrolase (BSH) activity. High-fat diets (HFDs) have been shown to alter gut microbiota
composition and BA profiles in murine models. Similarly, probiotic supplementation
reverses HFD-induced adverse effects. This review focuses on the energy composition char-
acteristics of a high-fat diet and its effects on body weight, plasma lipid-related biochemical
markers, changes in gut microbiome characteristics, and the important role of BAs. The
regular mechanism by which a high-fat diet affects the intestinal microenvironment was
attempted to be found.

Keywords: high-fat diet; obesity; intestinal; microbes

1. Introduction

Obesity is a recognized global public health problem and is influenced by many factors
such as age, gender, genetics, diet, geographic location, etc. [1-3]. A strong link between
diet and obesity has been observed by changing dietary patterns [4,5]. Dietary patterns
can generally be divided into three types: 1. Healthy diet, 2. Western diet, 3. Mixed
diet [6]. A healthy diet is high in vegetables, fruits, and whole legumes. The Western diet is
characterized by refined grains, solid fats, and snacks. A mixed diet is somewhere be-tween
a healthy diet and a Western diet. It is well known that the Western diet is the main dietary
pattern that contributes to obesity. Therefore, the simple summary is a high-fat diet.

The digestion and absorption of nutrients in the gut is a dynamic process in which
microorganisms play an important role. The gut microbiota is an important environmental
factor that affects the host’s energy acquisition and storage from the diet and can induce
de novo synthesis of fat in the liver by promoting the absorption of monosaccharides in

Nutrients 2025, 17, 1402 https:/ /doi.org/10.3390/nul7091402
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the gut [7]. There were differences in the number of microorganisms in different intestinal
segments. An amount of 10*~108 microorganisms per mL were present in the contents of
the small intestine, and microbial colonization was limited due to the short residence time

of the chyme. The microbial density of the large intestine can reach 10'°

per mL, which is
the intestinal segment with the highest intestinal microbial density [8]. Microbiome study
is popular all over the world, and the rapid development of high-throughput sequencing
technology makes it possible to observe the gut microbial environment [9]. About 90% of
the microorganisms in the large intestine belong to the phyla Bacteroidetes and Firmicutes
and also include Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia [10].
A translational perspective is established through systematic analysis of high-fat
diet-induced physiological and microbial alterations, focusing on three critical aspects:
(1) the operational definition of high-fat diets, (2) identification of diet-associated gut
microbiota signatures, and (3) evaluation of therapeutic potential from microbial supple-

mentation strategies.

2. Nutrient Characteristics of a High-Fat Diet
2.1. High-Fat Diet Induces Fat Deposition

High-fat diets are characterized by low carbohydrate levels and relatively unchanged
protein levels, with a fat composition of more than 30% of total dietary energy (Table 1).
Body weight and adipose tissue weight increased significantly, and plasma cholesterol
concentrations increased. Dietary fats are emulsified by bile salts in the small intestine, and
then pancreatic juice secreted by the pancreas begins to digest the lipids. The free fatty
acids produced by lipolysis are absorbed by the small intestine, resynthesize triglycerides
(TGs), and enter the blood circulation in the form of chylomicrons. The TGs released in
the liver are combined with apolipoproteins and transported to extrahepatic tissues for
utilization [11]. At the same time, a high-fat diet also caused significant upregulation of
the lipase genes adipose triglyceride lipase (ATGL), hormone-sensitive triglyceride lipase
(HSL), and fatty acid synthase gene FASN in the liver of mice, indicating that the lipid
metabolism activity of mice fed a high-fat diet was more rigorous than that of the mice fed
a low-fat diet [12].

A short-term (within 2 weeks) high-fat diet has no significant effect on the body weight
of mice, and the deposition of fat in the body takes a period of time. When dietary fat
was increased to 50% for one week, there were no significant differences in body weight,
body fat, and fat mass compared with a diet containing 30% fat [13]. Diets containing
30% vegetable oil significantly increased body weight compared with 20% [14]. A 4-week
high-fat diet experiment, designed to have significantly higher cholesterol levels than the
control group, then measured weekly body weights in Sprague-Dawley rats, which were
nearly the same weight as the control group in the first and second weeks and began
to rise slowly after the second week [15]. The feeding efficiency of C57BL/6 mice fed a
high-fat diet increased, but the body mass was almost no different from the control group
at 0-15 days, and the increase was less than 1 g at 15-20 days [16].
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Feeding a high-fat diet for more than 8 weeks resulted in obesity in mice, regardless
of whether the dietary fat source was lard, vegetable oil, peanut oil, corn oil, or soybean
oil. High fat led to lower food intake but higher body weight and total fat pad weight [19].
Normal obesity on a high-fat diet in childhood may develop into overweight obesity in
adulthood [23].

2.2. Changes in Serum Lipid Indexes

TG molecules represent the major storage and transport form of fatty acids within cells
and in plasma. The liver is the central organ of fatty acid metabolism. Dietary fat is mainly
hydrolyzed by pancreatic lipase and then emulsified by bile acid (BA), and the resulting
lipid molecules are absorbed to synthesize TG [28]. Up to 70% of dietary fat is ingested
by the body, and plasma TG levels are elevated during exercise [18]. The diet containing
60% fat was fed to mice for 56 days, and the mice developed hypertriglyceridemia [20].
However, one study showed that 45.2% dietary fat did not affect the plasma levels of
total cholesterol (TC), TG, low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) in male Wistar rats [24].

The type of lipids in the diet affects the levels of plasma lipid profiles. A total of 21%
lard in the diet induced a significant increase in body weight gain in Wistar rats and a
significant increase in TG content in the plasma lipid profile, while other parameters were
not affected [29]. C57BL/6 mice were fed diets containing lard, sunflower oil, soybean oil,
lard mixed with sunflower oil, and lard mixed with soybean oil for 12 weeks and found
that the lard diet resulted in increased TG levels, although the vegetable oil diet did not
cause obesity but will cause cholesterol metabolism disorder [30]. Oils rich in unsaturated
fatty acids, such as safflower oil, sunflower oil, and rapeseed, are more effective at lowering
LDL-C than foods rich in saturated fatty acids, such as butter or lard [31].

Nonalcoholic fatty liver disease (NAFLD) is caused by excessive fat deposition in liver
cells caused by a high-fat diet. A mixed diet of lard and soybean oil attenuated low-fat-high-
carbohydrate diet-induced NAFLD by modulating genes and BA profiles in C57BL/6 mice.
A lard-soybean oil mixture alleviates NAFLD by down-regulating fatty acid binding
protein 2 (FABP2), fatty acid synthase (FAS), tumor necrosis factor receptor-associated
factor 2 (TRAF2), activator protein-1 (AP-1), mitochondrially encoded cytochrome b (MT-
Cytb), interleukin 6 (IL-6), and interleukin 1 (IL-1) genes; upregulating protein kinase
AMP-activated catalytic subunit alpha 2 (AMPKa2) and HSL genes and promoting the
binding of BAs and BAs signaling receptor takeda G protein-coupled receptor 5 (TGR5)
protein [31].

3. High-Fat Diet Alters Host Gut Microbiota Abundance and Diversity
3.1. High-Fat Diet Affects Gut Microbiome Composition

A high-fat diet will affect the composition and abundance of intestinal microbiota.
The digested chyme stays in the large intestine for a long time. Therefore, more articles
are studying the microbes of the large intestine and feces. Microbial composition in mouse
and rat large intestines and feces was analyzed using 16S rRNA sequencing technology.
When the taxonomic level is phylum, Firmicutes, Bacteroidetes, and Proteobacteria account
for more than 90%. At the genus level, Parabacteroides, Lachnoclostridium, Oscillibacter,
Lactobacillus, Akkermansia, Bacteroides, and Alistipes appeared more frequently (Table 2).
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The ratio of F/B (Firmicutes/Bacteroidetes) is generally considered to be associated
with obesity [51]. Some studies suggest that F/B is elevated in obese individuals, while
others show no significant change in F/B [52]. This suggests that elevated F/B in obese indi-
viduals is not inevitable. If we focus solely on the changes in both phyla, the level of dietary
fat content will have an impact on composition. Notably, gut microbiota composition in
high-fat diet-induced obese mice exhibited distinct shifts in phylum-level dominance, with
Firmicutes and Bacteroidetes showing differential responsiveness to dietary fat content.
While Firmicutes prevalence was generally amplified in mice consuming elevated dietary
fat levels, Bacteroidetes abundance displayed an inverse correlation pattern under equiva-
lent conditions. However, the results in some studies demonstrated outcomes contrary to
the predominant trend described above.

A high-fat diet caused increased body weight, body composition, serum TGs, and
cholesterol levels in mice. The gut microenvironment is influenced by diet, and microbial
composition and diversity are altered to varying degrees. Therefore, there may be a link
between changes in the microbiome and body weight and serum markers. A high-fat diet
can affect the composition and abundance of the gut microbiota, triggering disturbances
in the gut microbiota, which may cause a range of health problems. Christensenellaceae,
Porphyromonadaceae, Rikenellaceae, Ruminococcaceae UCG 014, and Ruminococcaceae UCG
005 were negatively associated with obesity [50].

3.2. Alterations in Alpha Diversity May Be Related to Lipid Types

A considerable number of studies have shown that a high-fat diet can lead to a
decrease in the Simpson, Shannon, and Chao index of gut microbes [35,37,39,41,43,47,53].
The decrease in gut microbial alpha diversity may not only be due to the effect of a high-fat
diet but may also be related to interactions between lipid metabolism, inter-microbial,
and microbial metabolites. Contrary to the popular belief that a high-fat diet reduces
gut microbial diversity, it was elevated in a high-fat diet with lard as the main fat source
compared with a low-fat diet, and linear discriminant analysis effect size (LEfSe) results
indicated that the taxa features that best characterize the differences between the high-fat
diet and low-fat diet groups were mainly those of the Rikenellaceae, Deferribacteraceae,
Streptococcaceae, Christensenellaceae, and Peptococcaceae families [12].

High-fat diets typically use corn oil, peanut oil, soybean oil, and lard as the main
fat sources. However, the fat source of the diet inducing obesity in mice was mainly
lard. Different fat treatments affected the community composition of gut microbiota;
for example, the abundance of Proteobacteria showed a decreasing trend in the lard,
walnut, and peanut oil intervention groups, while flaxseed oil, olive oil, and canola oil
showed a downward trend or increasing trend [54]. Lard has a synergistic effect with
Coriobacteriaceae_UCG-002 in the cecum of Kunming mice (half male and female), and
vegetable oil has a synergistic effect with Akkermansia, Roseburia, and Enteractinococcus.
Among them, Coriobacteriaceae_UCG-002 showed a significant negative correlation with
Glycolysis/Gluconeogenesis. Roseburia was most strongly associated with starch and
sucrose metabolism [55].

4, Bile Acid—Fat Metabolism and Microbial Action

By binding to glycine (human) or taurine (rodent), BAs help limit passive reabsorption,
promote micelle formation, and facilitate digestion and absorption of fats in the small
intestine [56]. Bile acidolysis conjugation is carried out by bacteria with bile salt hydrolase
(BSH) activity, such as Lactobacillus, Bifidobacterium, Clostridium, and Bacteroidetes with this
functional BSH, resulting in a small amount of BA not being reabsorbed by the intestine
back to the liver [57]. Another microbial metabolic pathway for BAs is catalyzed by bacteria
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with hydroxysteroid dehydrogenases found in Actinobacteria, Proteobacteria, Firmicutes,
and Bacteroidetes [58].

In general, impaired gut microbial diversity affected by a high-fat diet was char-
acterized by the highest abundance of Firmicutes, but elevated microbial diversity was
characterized by the highest abundance of Bacteroidetes (Table 2). Lactobacillus is a member
of the Firmicutes phylum. Lactobacillus abundance was positively correlated with the con-
centration of free BAs, which inhibit gut bacteria and modulate gut microflora [59]. Parabac-
teroides distasonis alleviates obesity-related metabolic dysregulation by producing succinate,
which directly activates intestinal gluconeogenesis via fructose-1,6-bisphosphatase binding,
paired with BA-mediated farnesoid X receptor (FXR) signaling to synergistically improve
glucose and lipid homeostasis [60].

There is an interaction between microorganisms and BAs, and BAs inhibit the growth
of BA-sensitive bacteria by promoting the growth of BA-metabolizing bacteria. BAs exert
direct antibacterial effects through bacterial membrane damage, a mechanism demonstrable
both in vitro and in vivo within the gut, and indirectly by activating ileal epithelial FXR
signaling, which induces antimicrobial peptide expression in vivo [61,62]. This is one of
the reasons for the altered diversity of the microbiota. In addition, a study suggests that BA
metabolites produced by colonic microbes build a proinflammatory gut microenvironment
that may further develop into various types of intestinal inflammation [63]. The enrichment
of intestinal Clostridia causes an increase in the free BA content in the intestine, which
stimulates the gastrointestinal tract and causes diarrhea [64].

5. Beneficial Effects of Probiotics on Mice Fed with High-Fat Diet

HFD has been shown to alter gut microbiota composition and BA profiles in murine
models. Similarly, probiotic supplementation reverses HFD-induced adverse effects. The
advent of high-throughput sequencing technologies has facilitated a surge in gut micro-
biome studies. Recognized as the “second genome” of animals, gut microbiota regulates
a spectrum of physiological and biochemical processes. However, given the intricate
regulatory networks among microbial communities, research focusing on strain-specific
interventions to counteract HFD-associated dysbiosis has gained significant attention.

5.1. Lactobacillus

Certain strains within the Lactobacillus (specific strains to be subsequently described)
have been identified as probiotics and have attracted considerable attention due to their
ability to alleviate obesity and adipose tissue accumulation. Different strains have differ-
ent effects on high-fat diet mice (Supplementary Table S1). Lactiplantibacillus plantarum
FZU3013 reduced body weight and serum TG, TC, and LDL-c and increased the mRNA
levels of liver cholesterol 7«-hydroxylase (CYP7A1) and bile salt export pump (BSEP),
indicating that BA synthesis was enhanced and the excretion of BA through feces was
promoted [65]. Lactiplantibacillus plantarum NKK20 reduced TC and TG concentrations,
increased the abundance of colonic Akkermansia and the concentration of short-chain fatty
acids (SCFAs), and regulated BA anabolism [66]. Lactiplantibacillus plantarum strain CNCM
1-4459 reduced LDL-c concentrations and downregulated liver FAS, perilipin (PLIN), and
carnitine palmitoyltransferase-I-alpha (CPTIx) genes [67]. Lactiplantibacillus plantarum
FRT10 reduced body weight, fat weight, and liver TG concentration; upregulated the
mRNA expression levels of liver peroxisome proliferator-activated receptor alpha (PPAR«)
and carnitine palmitoyltransferase-1 alpha (CPT1«); and downregulated the mRNA expres-
sion levels of liver sterol regulatory element-binding protein 1 (SREBP-1) and diacylglycerol
acyltransferase 1 (DGAT1) [68]. Lactiplantibacillus plantarum NCHBL-004 induced glucagon-
like peptide 1 (GLP-1) production and increased fecal SCFA levels [69]. Lactiplantibacillus
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plantarum CQPCO1 inhibited the increase in adipocyte volume, increased IL-4 and IL-10 con-
tent, downregulated the expression of CCAAT /enhancer binding protein alpha (C/EBP-«)
and peroxisome proliferator-activated receptor gamma (PPARy) mRNA, and upregulated
the expression of CYP7A1, CPT1, lipoprotein lipase (LPL), catalase (CAT), superoxide
dismutase 1 (SOD1), and SOD2 [70]. Lactiplantibacillus plantarum SKO-001 promoted the
increase in serum adiponectin, decreased the levels of leptin, insulin, TC, LDL-c, free fatty
acid (FFA), and TG, and decreased the mRNA levels of SREBP-1c¢ and PPAR+y [71]. The
extract of Lactiplantibacillus plantarum LMT1-48 reduced liver weight and TG levels and
downregulated the lipogenic genes PPARy, HSL, stearoyl-CoA desaturase-1 (SCD-1), and
fatty acid translocase (FAT or CD36) in the liver, leading to a reduction in body weight and
fat volume [72]. Lactiplantibacillus plantarum CQPCO3 alleviated inflammation by increasing
the levels of IL-4 and IL-10 and reducing the levels of proinflammatory factors, includ-
ing IL-6, IL-1f3, tumor necrosis factor-alpha (TNF-c), and interferon-gamma (IFN-vy) [73].
Lactiplantibacillus plantarum Shinshu N-07 reduces epididymal adipose tissue weight and
adipocyte area and inhibits hepatic steatosis [74]. Lactiplantibacillus plantarum Y44 inhibited
the expression of FAS and acetyl CoA carboxylases (ACC) in the liver of obese mice, up-
regulated the expression of colonic tight junction proteins such as claudin-1 and occludin,
reduced serum IL-8 and TNF-« levels, and increased the content of SCFA in feces [75].
Lactiplantibacillus plantarum HF02 inhibited pancreatic lipase activity in small intestinal
contents, increased fecal TG levels, and reduced serum lipopolysaccharide (LPS), IL-13,
and TNF-« levels [76]. Lactiplantibacillus plantarum E2_MCCKT leads to upregulation of
PPAR-o mRNA, downregulation of adipogenesis and fatty acid synthesis genes (SREBP-1c,
ACC, and FAS), and downregulation of proinflammatory cytokine (IL-1Ra and TNF-«) ex-
pression [77]. Lactiplantibacillus plantarum KAD 8 restores metabolic health by normalizing
glycemia, lipidomics, liver parameters, oxidative stress, and inflammatory parameters [78].
Lactiplantibacillus plantarum BXM2 reversed intestinal dysbiosis by increasing the ratio of
villus height to crypt depth and the number of intestinal goblet cells and normalizing the
mRNA expression of TNF-oc and IL-6 [79]. Lactiplantibacillus plantarum DSR330 reduced the
expression of SREBP-1c, ACC1, FAS, 1-aminocyclopropane-1-carboxylicacid oxidase (ACO),
PPARe«, and CPT-1 in hepatocytes [80]. Lactiplantibacillus plantarum A29 downregulated
the expression of lipogenic genes (PPAR-y, C/EBP-«, and C/EBP-) in adipocytes and
alleviated the development of obesity by increasing phosphorylation and activation of p38
mitogen-activated protein kinase (MAPK), p44/42, and AMPK-« [81]. Lactiplantibacillus
plantarum dfal reduced inflammatory cytokines in blood and colon tissue and decreased the
relative abundance of Proteobacteria [82]. Lactiplantibacillus plantarum strain Ln4 reduced
body weight and epididymal fat mass and decreased the protein levels of C-reactive protein
(CRP), insulin-like growth factor binding protein-3 (IGFBP-3), and monocyte chemoattrac-
tant protein-1 (MCP-1) in white adipose tissue [83]. Lactiplantibacillus plantarum DSM20174
improved glucose and lipid homeostasis and reduced white adipose inflammation [84].
Lactiplantibacillus plantarum KC28 significantly upregulated PPAR-gamma co-activator-1
alpha (PGC1-o) and CPT1-« in the liver and downregulated ACOX-1, PPAR~y, and FAS
expression in mesenteric adipose tissue [85].

Lacticaseibacillus paracasei S0940 and Streptococcus thermophilus ldbm1 reduced serum
and liver TC and TG levels in high-fat-fed mice [86]. Bifidobacterium longum BORI reduced
the body weight of mice, Lactobacillus acidophilus AD031 and Bifidobacterium bifidum BGN4
reduced the TG level in the liver of mice, while Bifidobacterium longum BORI reduced the TC
level in the liver [87]. Lacticaseibacillus paracasei 24 reduced body weight and fat deposition,
decreased the ratio of Firmicutes/Bacteroidetes, and increased the abundance of Akkerman-
sia [88]. Lacticaseibacillus paracasei K56 reduced the expression of FAS and PPAR-y in the
liver [89]. Lacticaseibacillus paracasei N1115 reduced visceral fat, liver weight, serum insulin,
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and leptin levels; altered intestinal microbiota; and increased SCFA content [90]. Lactica-
seibacillus paracasei X-1, Lacticaseibacillus paracasei X-17, and Limosilactobacillus fermentum
BM-325 inhibited the growth of adipocyte volume and stabilized fasting blood glucose [91].
Lacticaseibacillus paracasei BEPC22 and Lactiplantibacillus plantarum BELP53 reduced white
adipose tissue volume and adipocyte size, reduced the expression of PPARY in the liver,
and increased the expression of PPAR« in white adipose tissue [92]. Lacticaseibacillus
paracasei FZU103 reduced epididymal adipocyte hypertrophy, promoted fecal excretion of
BAs, and increased the relative abundance of Ruminococcus, Alistipes, Pseudoflavonifractor
and Helicobacter [93]. Lacticaseibacillus paracasei AO356 alters the relative abundance of
microorganisms involved in lipid metabolism pathways and obesity-related markers, such
as Lactobacillus, Bacteroides, and Oscillospira [94]. Lactobacillus casei CRL 431 exerts beneficial
effects by reducing the proinflammatory cytokines IL-6, IL-17, and TNF-« [95].

Lactobacillus sakei MJM60958 reduced the expression of FAS, ACC, and SREBP-1 in
the liver; upregulated the expression of PPARx and CPT1A; and affected the regulation
of intestinal flora by increasing the production of acetate [96]. Latilactobacillus sakei QC9
increased the abundance of butyrate-producing bacteria and the content of SCFA to medi-
ate the microbiota-gut-liver axis, affecting the phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway in the liver and alleviating the development of T2DM [97]. Latilacto-
bacillus sakei WIKIM31 reduced body weight gain, epididymal fat mass, TG, and TC levels;
significantly decreased the expression of lipogenesis-related genes in epididymal adipose
tissue and liver; and promoted the production of intestinal short-chain fatty acids (such
as butyrate and propionate) [98]. Lactobacillus sakei OK67 reduced LPS levels in blood and
colon contents, colonic TNF-oc and IL-1§3 expression, and nuclear factor-kappaB (NF-«B) ac-
tivation; increased IL-10 and tight junction protein expression; and downregulated PPARYy,
FAS, and TNF-« expression in adipose tissue [99,100]. Lactobacillus sakei ADM14 reduced
body weight gain and blood glucose levels, decreased the expression of lipid-related genes
in the epididymal fat pad, decreased the ratio of Firmicutes to Bacteroidetes, and increased
the relative abundance of Bacteroides faecichinchillae and Alistipes [40]. Lactobacillus sakei
CJLS03 reduced the average size of adipocytes, decreased the gene expression of SREBP-1c,
FAS, and SCD1 in epididymal adipose tissue, and increased the levels of SCFA in serum
and feces [101].

Lactobacillus acidophilus reduces body weight, fat mass, inflammation, and insulin
resistance and inhibits the toll-like receptor 4 (TLR4)/NF-«kB signaling pathway [102]. Lacto-
bacillus acidophilus NX2-6 activated the insulin signaling pathway; promoted glucose uptake,
glycolysis, and intestinal gluconeogenesis; inhibited hepatic gluconeogenesis; effectively
lowered blood glucose levels and improved glucose tolerance; and improved liver energy
metabolism through the fibroblast growth factor 21 (FGF21)/ AMPKoa/PGC-10/ nuclear
respiratory factor 1 (NRF1) pathway [103]. Lactobacillus acidophilus NS1 increased the expres-
sion of SREBP2 and low-density lipoprotein receptor (LDLR) in the liver [104]. Lactobacillus
acidophilus LA5 reduced obesity, intestinal permeability defect, endotoxemia, and serum
cytokines in mice and increased the relative abundance of Akkermansia muciniphila [105].
Lactobacillus acidophilus GOLDGUT-LA100 has high BSH activity, good gastric acid and bile
salt tolerance, and alleviates the pathophysiological symptoms of high-fat diet-induced
obese mice [106].
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Lactobacillus fermentum CECT5716 increased the relative abundance of Akkermansia sp.
and the proportion of Bacteroidetes [107]. Limosilactobacillus fermentum HNU312 reduced
body weight, serum TG, TC, and LDL-c levels, significantly reduced fat accumulation in the
liver and adipose tissue, and increased SCFA production [108]. Limosilactobacillus fermentum
MG4231 reduced the expression of PPARy, C/EBP«, FAS, PLIN2, and LPL in epididymal
tissue and reduced SREBP1-c and FAS in liver tissue [109]. Limosilactobacillus fermentum
MG4294 and Lactiplantibacillus plantarum MG5289 reduced the levels of proinflammatory
cytokines TNF-«, IL-1f3, and IL-6 in intestinal tissues [110]. Lactobacillus fermentum LM1016
improved glucose clearance and fatty liver and reduced inflammation in gonadal white
adipose tissue in mice fed a high-fat diet [111]. Lactobacillus fermentum CKCC1858, Lac-
tobacillus fermentum CKCC1369, Lactiplantibacillus plantarum CKCC1312, and Lactobacillus
gasseri CKCC1913 alleviated liver and pancreatic damage, reduced blood lipids and the se-
cretion of proinflammatory cytokines, increased liver antioxidant enzymes, and improved
hyperlipidemia, inflammation, and oxidative stress [112].

Lactobacillus rhamnosus reduced serum IL-6 levels [113]. Lactobacillus rhamnosus TR08
promoted the increase in the relative abundance of Bifidobacteria and Bacteroidetes, thereby
reshaping the intestinal flora, reducing the abundance of pathogenic bacteria Enterococci,
and increasing the content of SCFAs [114]. Lactobacillus rhamnosus strain LRH05 modu-
lated white adipose tissue monoacylglycerol O-acyltransferase 1 (MOGAT1), insulin-like
growth factor-1 (IGF-1), MCP-1, and F4/80 mRNA expression and increased butyrate- and
propionate-producing bacteria (Lachnoclostridium, Romboutsia, and Fusobacterium) [115]. Lac-
tobacillus rhamnosus LA68 significantly reduced TC and HDL levels, while Lactiplantibacillus
plantarum WCFS1 was more effective in reducing TG and LDL levels [116]. Lactobacillus
rhamnosus GG restored exogenous leptin responsiveness, increased the ratio of villus height
to crypt depth, and reduced the proportion of Proteobacteria in the fecal microbiota [117].
Lactobacillus rhamnosus LRa05 reduced body weight, blood lipid levels, and lipid accu-
mulation in hepatocytes and epididymal adipose tissue; reduced the abundance of the
pathogen-promoting bacterium Streptococcus; and inhibited blood and liver glucose con-
tent [118]. Lactobacillus rhamnosus GR-1 reduced the development of oxidative stress and
chronic inflammation in a dose-dependent manner [119].

Lactobacillus gasseri SBT2055 reduced the number of macrophages in adipose tissue,
the ratio of M1 macrophages to total macrophages was significantly reduced, and the
expression of C-C motif ligand 2 (CCL2), C-C chemokine receptor 2 (CCR2), and leptin
(LEP) was downregulated [120]. Lactobacillus paragasseri SBT2055 increased small intestinal
lipid excretion into feces by reducing the mRNA levels of FABP1, FABP2, fatty-acid transport
protein 4 (FATP4), CD36, and apolipoprotein B48 (APOB48) [121].

Lactobacillus johnsonni 3121 and Lactobacillus rhamnosus 86 downregulated the expres-
sion of genes related to adipogenesis and normalized the obesity-associated intestinal
microbiota [122]. Lactobacillus johnsonii JNU3402 reduced the expression of hepatic SREBP-
1c, FAS, and ACC; inhibited SREBP-1c transcriptional activity by enhancing protein kinase
A (PKA)-mediated phosphorylation; and reduced the expression of its lipogenic target
genes in alpha mouse liver 12 (AML12) and HepG2 cells, thereby attenuating hepatic lipid
accumulation [123].

Lactobacillus curvatus HY7601 and Lactiplantibacillus plantarum KY1032 upregulate
the expression of cholesterol transport genes in the liver and jejunum, including liver
X receptors alpha (LXR«x), ATP-binding cassette transporters G (ABCG) 5 and ABCGS,
and CYP7A1 [124]. Lactobacillus curvatus HY7601 and Lactiplantibacillus plantarum KY1032
upregulate the expression of fatty acid oxidation-related genes (PGClx, CPT1, CPT2, and
ACOX]1) in the liver and reduce the expression of proinflammatory genes (TNF«, IL6, IL1(3,
and MCP1) in adipose tissue [125].
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Lactobacillus reuteri FN04 reduces hepatic FAS overexpression, increases SREBP1c
expression, improves intestinal epithelial barrier function, and induces the intestinal mi-
crobiota to produce SCFAs [126]. Limosilactobacillus reuteri BIO7251 reduced subcutaneous
adipose tissue mass, glucose absorption, and food intake [127]. Lactobacillus rhammnosus
FJSYC4-1 and Lactobacillus reuteri FGSZY33L6 alleviated weight gain, blood sugar, and lipid
disorders; regulated intestinal flora; and produced SCFA [128].

Lactobacillus amylovorus KU4 increased the expression of uncoupling protein 1 (UCP1),
PPARYy, and PGC-1« in subcutaneous inguinal white adipose tissue, reduced receptor-
interacting protein 140 (RIP140) expression, and released RIP140 to stimulate UCP1 expres-
sion, thereby increasing the interaction between PPARYy and PGC-1«, thereby promoting
the browning of white adipocytes [129]. Ligilactobacillus Salivarius LCK11 inhibited food
intake by significantly increasing the transcription and translation levels of peptide tyrosine
tyrosine (PYY) and, ultimately, the serum PYY level, which is attributed to the activation
of the TLR2/NF-«B signaling pathway in enteroendocrine L cells by the peptidoglycan
of LCK11 [130]. Lactobacillus kefiri DH5 upregulated the expression of PPAR-«, FABP4
and CPT1 in epididymal adipose tissue, stimulated fatty acid oxidation, and reduced
obesity [131]. Lactobacillus pentosus S-PT84 improved intestinal integrity by maintaining
tight junction protein expression to inhibit LPS from entering the blood and reduced the
secretion of TNF-& and MCP-1 to inhibit systemic inflammatory response [132]. Lactobacil-
lus delbrueckii subsp. lactis CKDB001 reduced liver TG and TC levels without significantly
affecting the expression of genes related to lipid metabolism [133]. Lactobacillus coryniformis
supsp. torquens T3 inhibits liver inflammation and oxidative stress damage by regulat-
ing the LPS inflammatory pathway in the liver, enhances the mechanical function of the
intestinal barrier, and increases the content of short-chain fatty acids [134].

5.2. Bifidobacterium (Supplementary Table S2)

Bifidobacterium longum subsp. infantis YB0411 reduced body weight and fat weight [135].
Bifidobacterium longum subsp. infantis FB3-14 reduced the Firmicutes/Bacteroidetes ratio
and increased the abundance of Akkermansia muciniphila, unclassified_Muribaculaceae,
Lachnospiraceae_NK4A136_group, and Bifidobacterim [136]. Lactiplantibacillus plantarum LC27
and Bifidobacterium longum LC67 increased the expression of claudin-1 and occludin in
the colon and reduced the level of Firmicutes and Proteobacteria and fecal LPS [137].
Bifidobacterium longum subsp. longum BL21 reduced serum TC, TG, and LDL-c levels, im-
proved fat vacuolization in hepatocytes and epididymal fat accumulation, and reduced the
Firmicutes/Bacteroidetes ratio [138].

Bifidobacterium adolescentis IM38 increased colonic IL-10 and tight junction protein
expression, downregulated NF-«B activation and TNF expression, and reduced blood and
colonic content LPS levels, as well as the ratio of Proteobacteria to Bacteroidetes [139].
Bifidobacterium adolescentis (BA3, BA5, Z25) and Lactobacillus rhamnosus (LGG, L7-1, L10-1)
increased the concentration of SCFA in the intestine of mice, among which Lactobacillus
rhamnosus LGG regulated energy metabolism and lipid metabolism, and Lactobacillus
rhamnosus 1.10-1 reduced liver inflammation [140].

Bifidobacterium animalis subsp. lactis lkm512 improved hepatic lipid accumulation and
intestinal barrier function [141]. Bifidobacterium animalis subsp. lactis MN-Gup significantly
reduced fasting blood glucose levels, increased SCFA levels, increased the relative abun-
dance of Bifidobacterium, and reduced the relative abundance of Escherichia-Shigella and
Staphylococcus [142].

Bifidobacterium lactis IDCC 4301 reduced body weight and adipose tissue weight,
increased blood lipid levels, and downregulated mRNA expression of adipogenesis-related
genes [143]. Bifidobacterium breve strain B-3 dose-dependently inhibited body weight and
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epididymal fat accumulation, increased serum TC, fasting blood glucose, and insulin levels,
and significantly increased intestinal bifidobacterium counts [144]. Bifidobacterium CECT 7765
reduced serum levels of leptin, IL-6, and monocyte chemotactic protein-1 while increasing
IL-4 levels [145]. Bifidobacterium bifidum DS0908 reduced body weight and epididymal fat
accumulation and serum TG, LDL-c, and TC levels [146].

5.3. Other Probiotics (Supplementary Table S3)

Bacillus coagulans BC69 reduced body weight and increased acetate and butyrate con-
centrations in feces [147]. A probiotic mixture consisting of five different Bacillus species
(sonorensis JJY12-3, paralicheniformis JJY12-8, sonorensis JJY13-1, sonorensis JJY 13-3, and
sonorensis J]Y 13-8) increased the hepatic expression of lipid oxidation genes, downregu-
lated the expression of genes for lipid uptake and lipogenesis, and reduced lipid accumula-
tion in subcutaneous and mesenteric adipose tissue [148]. Bacillus amyloliquefaciens SC06
improved the antioxidant capacity of mice through the Nrf2/Keapl signaling pathway
and reduced the ratio of Firmicutes/Bacteroidetes [149]. Bacillus coagulans T4 inhibits the
accumulation of macrophages in white adipose tissue, converts M1 macrophages into M2
macrophages, reduces TLR4 gene mRNA expression, increases the number of Lactobacillus
and Faecalibacterium, and increases propionate and acetate levels [150]. Bacillus licheniformis
reduces body weight, serum and liver TG, and epididymal fat weight; reduces liver fat
deposition; and significantly changes the colonic bacterial community of obese mice [151].

Bacteroides vulgatus leads to reduced 5-hydroxytryptamine (5-HT) synthesis in jejunal
enterochromaffin cells and reduced chylomicron uptake in the jejunal mesentery after HFD
in Tph1AIEC, thereby alleviating HFD-induced obesity and metabolic dysfunction [152].
Bacteroides thetaiotaomicron increases the proportion of polyunsaturated fatty acids in the
liver and prevents hepatic steatohepatitis and liver damage [153]. Bacteroides ovatus reduces
serum LPS, CD163, IL-13, and TNF-« levels and downregulates genes for de novo lipogen-
esis in the liver (SREBF1, ACC, SCD1, and FAS), accompanied by upregulation of genes
related to fatty acid oxidation (PPAR«x) [154].

Pediococcus pentosaceus PP04 reduces serum TC, TG, LDL-C, FFA, leptin, LPS, and
TNF-« levels; downregulates liver SREBP-1c, FAS, and SCD1 to inhibit lipogenesis; and
significantly increases the expression of tight junction proteins such as occludin, claudin-1
and zonula occludens-1 (ZO-1) to improve the abnormal increase in intestinal perme-
ability, thereby reducing liver LPS concentration and alleviating intestinal inflammation
caused by a high-fat diet through the NF-«B/Nrf2 signaling pathway [155,156]. Clostridium
cochlearium reduces body weight, fat mass, fasting blood glucose, and SCFA levels [157].
Clostridium tyrobutyricum reduces liver PPARy expression, upregulates AMPK, PPAR«,
ATGL, and HSL expression, reduces the expression of TNF-«, IL-6, and IL-1§ in the colon,
and upregulates the expression of tight junction proteins [158].

Enterococcus faecium SF68 improves intestinal barrier integrity and function in obese
mice by increasing the expression of tight junction proteins and intestinal butyrate trans-
porter [159]. Blautia producta can inhibit cellular lipid accumulation and improve hyper-
lipidemia [160]. Leuconostoc mesenteroides subsp. mesenteroides SD23 reduces the height of
intestinal villi, reduces the expression of TNF-« in the liver, and increases the expression of
IL-10 [161]. Roseburia hominis inhibits the expansion of white adipose tissue in mice fed a
high-fat diet, which is partly attributed to the production of nicotinamide riboside and the
upregulation of the Sirtuinl/mTOR signaling pathway [162]. Coprococcus can effectively
reverse HFD-induced hepatic lipid accumulation, inflammation, and fibrosis in mice [163].
Akkermansia muciniphila alleviated high-fat diet-induced weight gain, hepatic steatosis,
and liver damage; decreased Alistipes, Lactobacilli, Tyzzerella, Butyricimonas, and Blautia;
and increased Clostridium, Osclibacter, Allobaculum, Anaeroplasma, and Rikenella. Akkerman-
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sia muciniphila regulated the intestinal FXR-FGF15 axis and remodeled BA construction,
reducing secondary BAs in the cecum and liver, including deoxycholic acid (DCA) and
lithocholic acid (LCA) [164].

6. Summary

A high-fat diet is the main cause of obesity. Containing more than 30% dietary fat
can be called a high-fat diet. Short-term high-fat diets of less than 2 weeks resulted in
almost no weight gain, while more than 8 weeks resulted in a significant increase in fat
deposition. Dietary fat is digested and absorbed into the blood in the small intestine, and
when it reaches a certain amount, it will cause an increase in TC, TG, LDL-C, and HDL-C
in plasma, which is related to many metabolic diseases.

High-fat diets lead to altered gut microbiome profiles. Firmicutes and Bacteroidetes
usually account for more than 90%. The F/B ratio in obese mice is generally thought to be
elevated, but there are exceptions. Gut microbiota composition in high-fat diet-induced
obese mice exhibited distinct shifts in phylum-level dominance, with Firmicutes and Bac-
teroidetes showing differential responsiveness to dietary fat content. A high-fat diet leads
to a decrease in the alpha diversity of gut microbes, and different lipid types may influ-
ence changes in microbial abundance. Family-level microorganisms such as Rikenellaceae,
Deferribacteraceae, Streptococcaceae, Christensenellaceae, and Peptococcaceae may be
important biomarkers that differentiate high-fat diets from normal diets.

BAs are key to the emulsification of fats in the small intestine. Small amounts of BAs
are conjugated by BSH-active microorganisms in the gut, including Lactobacillus, Bifidobac-
terium, Clostridium, and Bacteroides, thereby preventing their entry into the enterohepatic
circulation. Decreased gut microbial alpha diversity related to the levels of BAs. Adequate
BA levels are beneficial for maintaining gut health and weight management. Supplement-
ing probiotics can reverse the negative effects of obesity caused by a high-fat diet in mice,
including weight gain, increased serum TG, TC, and LDL contents, increased adipocyte
area, increased gene expression of lipogenic genes in the liver and adipose tissue, and a
damaged intestinal barrier.

The murine model of HFD is widely used in obesity-related research. HFD-induced
metabolic disorders and inflammatory processes exhibit bidirectional interplay with the gut
microbiota (Figure 1). The advancement of high-throughput technologies has led to a growing
number of studies investigating microbial strains that mitigate the adverse effects of HFD,
although most of these strains belong to the Lactobacillus. However, research on strains from
genera identified by 16S rRNA sequencing and metagenomic analyses as taxa potentially
linked to probiotic properties, such as Bifidobacterium, Akkermansia, Prevotella, and Osclibacter,
remains limited, as these techniques primarily reveal taxonomic associations rather than direct
evidence of probiotic functions. Future studies should prioritize mechanistic investigations of
strains within these genera to evaluate their probiotic potential.
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Figure 1. A HFD induces dysregulation of lipid metabolism and immune responses in mice, and
probiotic supplementation effectively reverses these detrimental effects. The image material in
Figure 1 comes from www.biorender.com.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu17091402 /51, Table S1: Effects of oral administration of a strain
(belonging to the Lactobacillus) on mice fed a high-fat diet; Table S2: Effects of oral administration
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of a strain (belonging to the Bifidobacterium) on mice fed a high-fat diet; Table S3: Effects of oral
administration of a strain (other probiotics/potential probiotic) on mice fed a high-fat diet.
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The following abbreviations are used in this manuscript.

5-HT 5-hydroxytryptamine

ABCG ATP-binding cassette transporters G
ACC acetyl CoA carboxylases

ACO 1-aminocyclopropane-1-carboxylicacid oxidase
AML12 alpha mouse liver 12

AMPK«2 kinase AMP-activated catalytic subunit alpha 2
AP-1 activator protein-1

APOB48 apolipoprotein B48

ATGL adipose triglyceride lipase

BA bile acid

BSEP bile salt export pump

BSH bile salt hydrolase

C/EBP-x CCAAT/enhancer binding protein alpha
CAT catalase

CCL2 C-C motif ligand 2

CCR2 C-C chemokine receptor 2

CPT1x carnitine palmitoyltransferase-1 alpha
CPTIe carnitine palmitoyltransferase-I-alpha
CRP C-reactive protein

CYP7A1 cholesterol 7o-hydroxylase

DCA deoxycholic acid

DGAT1 diacylglycerol acyltransferase 1

F/B Firmicutes/Bacteroidetes

FABP2 fatty acid binding protein 2

FAS fatty acid synthase

FAT/CD36 fatty acid translocase

FATP4 fatty-acid transport protein 4

FFA free fatty acid

FGF21 fibroblast growth factor 21

FXR farnesoid X receptor

GLP-1 glucagon-like peptide 1

HDL-C high-density lipoprotein cholesterol
HFD high fat diet

HSL hormone-sensitive triglyceride lipase
IFN-y interferon-gamma
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IGF-1 insulin-like growth factor-1

IGFBP-3 insulin-like growth factor binding protein-3
IL-1 interleukin 1

IL-6 interleukin 6

LCA lithocholic acid

LDL-C low-density lipoprotein cholesterol
LDLR low-density lipoprotein receptor
LEfSe linear discriminant analysis effect size
LEP leptin

LPL lipoprotein lipase

LPS lipopolysaccharide

LXRx liver X receptors alpha

MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1

MOGAT1 monoacylglycerol O-acyltransferase 1
MT-Cytb mitochondrially encoded cytochrome b

NAFLD nonalcoholic fatty liver disease
NF-«B nuclear factor-kappaB
NRF1 nuclear respiratory factor 1
PGC1-o PPAR-gamma co-activator-1 alpha
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PLIN perilipin
PPARx peroxisome proliferator-activated receptor alpha
PPARYy peroxisome proliferator-activated receptor gamma
PYY peptide tyrosine tyrosine
RIP140 receptor-interacting protein 140
SCD-1 stearoyl-CoA desaturase-1
SCFAs short-chain fatty acids
SNS sympathetic nervous system
SOD1 superoxide dismutase 1
SREBP-1 sterol regulatory element-binding protein 1
TC total cholesterol
TG triglyceride
TGR5 takeda G protein-coupled receptor 5
TLR4 toll-like receptor 4
TNF-o tumor necrosis factor-alpha
TRAF2 tumor necrosis factor receptor-associated factor 2
UCP1 uncoupling protein 1
Z0-1 zonula occludens-1
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