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Preface

Obesity is a major global health concern, contributing to the rising incidence of metabolic
disorders such as type 2 diabetes, cardiovascular diseases, and chronic inflammation. Despite
significant advancements in obesity research, many underlying molecular mechanisms still need to
be fully elucidated. This Special Issue compiles original research articles and reviews that provide
novel insights into the molecular pathways regulating adipose tissue function, energy metabolism,
and systemic inflammation.

This Reprint will highlight the complex interplay between genetic predisposition, metabolic
regulation, and environmental factors in the development of obesity. By presenting cutting-edge
findings, we will advance understanding of obesity-related pathophysiology and pave the way for
innovative therapeutic approaches.

We extend our sincere gratitude to all the authors for their valuable contributions, as well as to
the reviewers for their insightful feedback. We also acknowledge the support of the editorial team
in bringing this Reprint to completion. We hope that this collection will serve as a valuable resource
for researchers, clinicians, and professionals dedicated to addressing the challenges of obesity and its

related comorbidities.

Zaida Abad-Jiménez and Teresa Vezza
Guest Editors
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Obesity has become one of the most critical health crises of the modern era, affecting
millions of individuals worldwide. In 2021, the World Health Organization (WHO) esti-
mated that over 1 billion individuals were living with obesity, including approximately
650 million adults, 340 million adolescents, and 39 million children [1]. This complex,
chronic disease has reached epidemic proportions, significantly contributing to the growing
burden of non-communicable diseases. Far from being merely a condition of excess weight,
obesity is a central driver of numerous severe health complications, including cardiovas-
cular diseases, type 2 diabetes (T2D), hyperlipidemia, and an elevated risk of premature
mortality [2].

The etiology of obesity is multifactorial, involving a dynamic interplay of genetic
predispositions, environmental influences, and behavioral factors. Sedentary lifestyles,
high-calorie diets, socioeconomic disparities, and urbanization have further exacerbated its
prevalence. Equally pivotal are genetic factors, which determine individual susceptibility to
obesity and its associated metabolic consequences [3]. These genetic variations help explain
why some individuals develop obesity in obesogenic environments, while others remain
unaffected [4]. Thus, understanding these factors is critical for advancing personalized
preventive and therapeutic strategies. Moreover, disparities in obesity prevalence and its
associated risks across demographic groups underscore the need for targeted interventions.
For example, non-Hispanic White individuals and Black individuals display varying
susceptibilities to obesity and related complications, such as T2D, highlighting the intricate
interplay between genetic predispositions and social determinants of health [5,6].

Recent findings published in the Special Issue entitled “Molecular Research in Obesity”
of Biomedicines provide crucial insights into the multifaceted nature of obesity. Highlights
include the identification of specific genetic variants associated with increased risk, as
well as novel biomarkers that could serve as targets for early intervention. Moreover, new
research underscores the significant role of adipose tissue dysfunction in driving chronic
inflammation and metabolic disturbances, offering potential therapeutic pathways for
restoring energy homeostasis and reducing the burden of obesity-related comorbidities.

In addition, recent studies in this Special Issue also underscore the intricate relationship
between the gut microbiota and obesity. A particularly intriguing study published shows
that obesity can be linked to decreased levels of vitamin B12 [7], a micronutrient primarily
synthesized by gut microbes. The researchers found that obese mice had significantly fewer
enzymes involved in the biosynthesis of vitamin B12 compared to non-obese control. This
enzyme reduction was even more pronounced in genetically obese mice, suggesting that
the composition of the microbiome plays a key role in regulating vitamin B12 synthesis. As
the researchers concluded, “the degree of obesity and the composition of the microbiota
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are the main factors influencing the expression of genes and pathways for vitamin B12
biosynthesis in the gut”, emphasizing the potential for microbiome-based approaches to
address nutrient deficiencies associated with obesity [7].

In a complementary approach, other studies in this Special Issue have examined
the effects of postbiotics derived from Lacticaseibacillus paracasei strains on adipocyte
metabolism [8]. These strains, isolated from Formica rufa anthills, demonstrated promis-
ing results in improving glucose uptake and enhancing lipid turnover in mature 3T3-L1
adipocytes without promoting excessive lipid accumulation. Among them, the P4 strain
proved particularly effective in increasing the expression of key enzymes involved in
beta-oxidation and adiponectin production, such as adipose triglyceride lipase and peroxi-
somal beta-oxidation enzymes, suggesting its potential to improve metabolic function in
individuals with obesity.

Additionally, the role of inflammation in obesity-related metabolic disorders has been
extensively studied and is widely recognized as a central factor driving the progression of
these conditions. Chronic low-grade inflammation is a hallmark of obesity, contributing to
the development of metabolic diseases such as type 2 diabetes, cardiovascular disease, and
insulin resistance [9]. The increased fat mass in obesity triggers an inflammatory response
that involves immune cells infiltrating adipose tissue, which in turn leads to the release of
pro-inflammatory cytokines and adipokines. These molecules disrupt normal metabolic
processes, further exacerbating obesity and its associated complications [10].

Several articles in this Special Issue provide novel insights into the molecular mecha-
nisms underlying this inflammatory response, advancing our understanding of how obesity
leads to systemic inflammation and metabolic dysfunction. One study in particular sheds
light on the predictive role of certain fatty acids in modulating the leptin/adiponectin ratio,
a key marker of adipose tissue dysfunction and metabolic imbalance [11]. The researchers
identified that the 22:6n3 fatty acid, also known as docosahexaenoic acid (DHA), was
strongly correlated with an improved adiponectin/leptin ratio in individuals with severe
obesity. This finding is of particular interest because the leptin/adiponectin ratio is an
important biomarker for evaluating adipose tissue function and metabolic health. Leptin, a
hormone primarily produced by adipocytes, plays a crucial role in regulating energy bal-
ance [12], while adiponectin, another adipocyte-derived hormone, has anti-inflammatory
and insulin-sensitizing effects [13]. In obese individuals, the elevated levels of leptin and
reduced levels of adiponectin contribute to inflammation and insulin resistance [11].

The strong correlation between DHA and the adiponectin/leptin ratio suggests that
DHA could serve as a potential predictive marker for inflammation in severe obesity. As an
omega-3 polyunsaturated fatty acid, DHA has well-documented anti-inflammatory proper-
ties, and its role in modulating the inflammatory response in obesity may help prevent or
reduce the metabolic disturbances associated with excessive adiposity [14]. Furthermore,
this research paves the way for the development of targeted nutritional interventions that
could enhance the intake of DHA or similar fatty acids to improve adipose tissue func-
tion and reduce inflammation, ultimately leading to better metabolic outcomes in obese
individuals. Supporting this concept, previous studies have highlighted DHA as a poten-
tial biomarker for chronic inflammation in obesity. One such study compared eutrophic
individuals with those suffering from obesity, revealing that DHA levels in PBMCs were
inversely associated with markers of inflammation in obese individuals [15]. These findings
reinforce the idea that DHA not only plays a critical role in modulating inflammation but
may also serve as a key factor in improving metabolic health in obese individuals.

Another study underscores the intricate connection between obesity-induced inflam-
mation and hypothalamic dysfunction, with a particular focus on the neuropeptide neu-
rosecretory protein GM (NPGM) [16]. This research provides valuable insights into how
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NPGM-expressing neurons in the hypothalamus play a critical role in regulating lipid
metabolism and inflammatory responses, which are key processes in maintaining glucose
homeostasis. The hypothalamus, a central brain region that controls energy balance, is
increasingly recognized as an important mediator of the systemic metabolic disruptions
observed in obesity [17]. In this context, the study suggests that NPGM neurons not only
contribute to the regulation of lipid storage but also influence inflammation within the
central nervous system, linking metabolic dysfunction with immune responses. The find-
ings indicate that NPGM may act as a key mediator in the communication between the
brain and peripheral tissues, modulating both lipid metabolism and the inflammatory state
characteristic of obesity. By influencing these processes, NPGM has the potential to play a
significant role in the dysregulation of energy homeostasis, contributing to the development
of obesity-related metabolic disorders such as insulin resistance and type 2 diabetes [16].
This emerging understanding of NPGM'’s involvement in central regulation presents an
exciting opportunity for developing new therapeutic strategies aimed at targeting NPGM
pathways to control lipid storage and inflammation in the hypothalamus.

In addition to the well-documented roles of hypothalamic dysfunction, alterations
in microbiota composition, and systemic inflammation, microRNAs have emerged as key
regulators of metabolic health in obesity. MicroRNAs (miRNAs) are small non-coding
RNA molecules that modulate gene expression and play a crucial role in various cellular
processes, including lipid metabolism, insulin sensitivity, and inflammation [18]. One
study in this Special Issue examines the circulating levels of miR-33a [19], a microRNA
that is strongly associated with lipid metabolism and is thought to play a role in regulating
cholesterol homeostasis and fat storage. The study found that miR-33a was significantly
elevated in obese adolescents compared to their non-obese counterparts, suggesting that
this microRNA may serve as a biomarker for obesity-related metabolic dysfunction. Fur-
thermore, the study revealed that miR-33a levels correlated with key metabolic parameters,
such as insulin resistance and cholesterol levels, further supporting the idea of miR-33a as
a predictor of metabolic disturbances in obesity. Interestingly, although exosomal miR-33a
expression was lower in obese individuals, it did not show any significant correlation with
metabolic measures. This contrasts with the findings for circulating miR-33a, which appear
to have stronger links to metabolic dysfunction.

These results highlight the potential of circulating miR-33a as an early indicator
of metabolic dysfunction in obese adolescents, potentially identifying those at higher
cardiometabolic risk. Thus, these insights enable possibilities for miRNA-based therapeutic
strategies that could target specific miRNAs to correct metabolic imbalances in obesity and
improve insulin sensitivity while reducing the risk of associated comorbidities.

In a related area of research, recent studies in this Special Issue examine the effects
of bariatric surgery on mitochondrial DNA (mtDNA) levels and insulin sensitivity [20].
Bariatric surgery, a procedure aimed at promoting weight loss, has been shown to signifi-
cantly improve various metabolic parameters, including insulin sensitivity, weight loss, and
reductions in comorbidities like T2D and hypertension. However, the precise molecular
mechanisms driving these improvements are still not fully understood. The study found
that while no significant changes in circulating mitochondrial DNA (cf-mtDNA) levels
were observed post-surgery, there were notable improvements in insulin sensitivity and
other key metabolic parameters. This suggests that the benefits of bariatric surgery may
not be directly related to changes in mitochondrial DNA, but rather to other factors such as
alterations in adipose tissue, gut hormones, or the composition of the gut microbiome. In
this sense, the gut microbiome plays a crucial role in digestion and metabolic processes,
and shifts in its composition after bariatric surgery may influence metabolic health. Inter-
estingly, these findings align with a recent study of healthy adolescents, which found that
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circulating cf-DNA was more strongly associated with the risk of metabolic syndrome than
obesity itself [21].

The authors propose that bariatric surgery may improve metabolic health through
mechanisms that do not necessarily involve significant changes in mitochondrial function
or mtDNA levels. This perspective challenges the traditional view that mitochondrial dys-
function plays a central role in the pathophysiology of obesity-related metabolic disorders.
Instead, the study encourages further exploration into how other molecular pathways, such
as those involved in energy regulation, inflammation, and hormonal signaling, contribute
to the metabolic improvements observed after bariatric procedures. These findings pro-
vide valuable insights into the complex interactions between mitochondria, obesity, and
metabolic health, and offer new avenues for research into novel therapeutic approaches for
obesity and its associated metabolic disorders.

Lastly, obesity is a significant risk factor for cardiovascular diseases (CVDs), and
identifying early biomarkers to predict CVD risk is crucial for improving clinical outcomes
and preventing complications. A study featured in this Special Issue suggests that HOMA-
IR, a widely used index for assessing insulin resistance, could serve as an effective predictor
of plasminogen activator inhibitor-1 (PAI-1) levels, a cytokine strongly associated with both
obesity and CVDs [22]. In the study, women with severe obesity displayed altered glycemic
parameters, including elevated insulin resistance, which correlated with higher PAI-1
levels. These findings indicate that HOMA-IR could be a valuable marker for identifying
individuals at higher cardiovascular risk, especially in the context of obesity. By monitoring
insulin resistance and its relationship with PAI-1, clinicians may gain critical insights
into metabolic dysfunction and improve early intervention strategies for CVD prevention.
Moreover, data from this study revealed a positive correlation between the Atherogenic
Index of Plasma (AIP) and Alanine Aminotransferase (ALT), which is consistent with
findings from a large-scale study in China involving 7838 participants [23]. The study
demonstrated that AIP could serve as an independent predictor for the presence of fatty
liver disease. AIP is a ratio calculated from the levels of triglycerides and high-density
lipoprotein cholesterol (HDL-C) in the plasma, reflecting the balance between “good” and
“bad” cholesterol, which is an important indicator of cardiovascular risk. A higher AIP is
often associated with a greater risk of developing heart disease and metabolic disorders.
Alanine Aminotransferase (ALT) is an enzyme primarily found in the liver, and elevated
levels of ALT typically indicate liver injury or dysfunction. Since ALT is a sensitive marker
of liver damage, its levels are often used to assess liver health, including the presence of liver
diseases like non-alcoholic fatty liver disease (NAFLD). The positive correlation between
AIP and ALT in this study suggests that AIP may not only be a marker for cardiovascular
risk but also for liver health, particularly in individuals with obesity. This connection
points to AIP as a potentially valuable marker for assessing the risk of NAFLD, which is
commonly seen in obese individuals.

The research presented in this Special Issue emphasizes the multifaceted nature of
obesity and its complex molecular mechanisms. The studies highlight the promising
potential of microbial, inflammatory, and metabolic interventions to address the obesity
epidemic. Specifically, they focus on modulating the gut microbiome, targeting therapies
for lipid metabolism, and identifying early biomarkers for metabolic dysfunction. However,
much remains to be understood about the precise molecular pathways involved in obesity
and its related comorbidities.

Looking forward, future research should continue to explore personalized treatment
strategies, integrating microbiome analysis, inflammatory markers, and metabolic indica-
tors to create more effective interventions for obesity. The potential of emerging therapeutic
approaches, such as targeting neuropeptides like NPGM or enhancing adipose tissue activ-
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ity, offers exciting possibilities for the management of obesity and its associated disorders.
Continued collaboration across disciplines—ranging from microbiology and endocrinology
to molecular biology and clinical medicine—will be crucial in unraveling the complexities
of obesity and developing novel therapies for this growing public health challenge.

As the Guest Editors of this Special Issue, we are deeply grateful to all the contributors
for providing their views of the current developments and future directions in the field of
obesity research at the molecular level. These original research articles and reviews span
a broad spectrum of topics, from the genetic architecture of obesity to the intricacies of
metabolic dysregulation. These contributions not only enhance our understanding of the
disease but also inform evidence-based interventions tailored to reduce the global burden
of obesity and its related health challenges.

Funding: T. Vezza is the recipient of a Miguel Servet contract (CP22/00153) from the Carlos III
Health Institute.

Data Availability Statement: Data sharing is not applicable to this article because no data sets were
generated or analyzed during the present study.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Currently, obesity is a critical global public health burden. Numerous studies have demon-
strated the regulation of the pathogenesis of obesity and metabolic abnormalities by the gut microbiota
and microbial factors; however, their involvement in the various degrees of obesity is not yet well
understood. Previously, obesity has been shown to be associated with decreased levels of vitamin
B12. Considering exclusive microbial production of vitamin B12, we hypothesized that a decrease in
cobalamin levels in obese individuals may be at least partially caused by its depleted production in
the intestinal tract by the commensal microbiota. In the present study, our aim was to estimate the
abundance of enzymes and metabolic pathways for vitamin B12 synthesis in the gut microbiota of
mouse models of alimentary and genetically determined obesity, to evaluate the contribution of the
obesogenic microbiome to vitamin B12 synthesis in the gut. We have defined a significantly lower
predicted abundance of enzymes and metabolic pathways for vitamin B12 biosynthesis in obese
mice compared to non-obese mice, wherein enzyme depletion was more pronounced in lepr(—/—)
(db/db) mice, which developed severe obesity. The predicted abundance of enzymes involved in
cobalamin synthesis is strongly correlated with the representation of several microbes in high-fat
diet-fed mice, while there were almost no correlations in db/db mice. Therefore, the degree of obesity
and the composition of the correspondent microbiota are the main contributors to the representation
of genes and pathways for cobalamin biosynthesis in the mouse gut.

Keywords: gut microbiota; obesity; cobalamin; vitamin b12; db/db mice

1. Introduction

The last few decades have been marked by extensive research on the metabolic ac-
tivity of the intestinal microbiota and its impact on host health [1]. The concept of an
obesogenic microbiome, which is characterized by compositional and metabolic changes
in the gut microbiota that are detrimental to the host, has been formed [2]. Although the
characteristics of such an obesogenic microbiome may vary significantly, which is con-
firmed by contradictory results of microbiota analysis in different studies, some common
trends have been described. Enrichment by enzymes for improved energy extraction from
nutrients, decreased production of short chain fatty acids, and increased production of
lipopolysaccharides stimulating proinflammatory response by the host immune system
are some common signs of obesogenic microbiota [3]. Furthermore, it has been observed
that the obese state of the host is associated with a decrease in the level of vitamin B12 in
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the blood, although the underlying mechanisms are unclear [4-6]. As shown in previous
studies, vitamin B12 is a critical micronutrient associated with the foetal programming of
obesity. Researchers from India and UK have revealed that low vitamin B12 status in the
gestation period is associated with increased obesity and insulin resistance of the mother
and birth weight and risk of insulin resistance and obesity in the offspring. In the study of
obese adolescents, it was found that obesity has a 1.6-fold decreasing effect on vitamin B12
levels [7].

In preclinical studies, it was demonstrated that low levels of vitamin B12 could increase
lipid accumulation in adipocytes and trigger dyslipidaemia in mice, suggesting that low
levels of B12 and dyslipidaemia could be causally related [8]. A low serum B12 level has
also been shown in people with nonalcoholic fatty liver disease, especially with grade 2
and 3 steatosis [9]. In the study of Boachie et al. [10], it was shown that low B12 in HepG2
cells increased the gene expression of lipogenesis and decreased lipid oxidation, resulting
in increased intracellular triglycerides and the accumulation of lipid droplets.

It has been suggested that the primary cause of B12 malabsorption in certain human
diseases is the gut microbiota’s depletion of vitamin B12 [11]. Cobalamin (vitamin B12)
production is restricted to microorganisms, specifically anaerobes, and cannot be achieved
by plants, animals, or fungi [12]. Although it is still not known whether the host uses
microbially produced B12 in the gut [13], it was shown that human commensal gut microbes
can produce extracellular vesicles containing multiple high-affinity vitamin B12 binding
proteins, suggesting that the vesicles play a role in the elimination of micronutrients and
their transfer to bacterial and host cells [14]. Many commensal gut bacteria have been
indicated as vitamin B12 producers [15]. Vitamin B12 synthesis is a complex multistep
process and requires a lot of enzymes (Figure 1).
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Figure 1. The scheme of vitamin B12 synthesis in bacteria. The predicted abundance of all enzymes,
except EC 1.16.1.4, 1.16.1.6, [2.1.1.272] (red font), was investigated in the present study.
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We hypothesized that the decrease in cobalamin level in obese individuals may be
at least partially caused by its depleted production by the commensal microbiota in the
intestine. In our study, our aim was to estimate the abundance of enzymes and metabolic
pathways for vitamin B12 synthesis in the gut microbiota of mouse models of alimentary
and genetically determined obesity, to evaluate the contribution of the obesogenic micro-
biome to vitamin B12 synthesis in the gut. To this end, we performed a high-throughput
metagenome sequencing analysis followed by a reconstruction of gut microbiota metabolic
activity for high-fat diet-fed C57BL/6SPF mice (which are used as a model of alimentary
obesity), standard diet-fed db/db mice (leptin receptor-deficient mice) (which are used as a
model of genetically determined obesity), and standard diet-fed C57BL/6SPF mice (which
are used as a control group).

2. Materials and Methods
2.1. Experimental Animals

C57BL/6SPF mice (n = 20, males) (bred at the Nursery of Laboratory Animals in
Puschino, Puschino, Russia) and db/db (n = 10, males) mice (bred at JAX-East and JAX-West
Nurseries of Laboratory Animals, Sacramento, CA, USA) were acclimated to housing
conditions (22 °C, 55% humidity, 12 h:12 h light: dark cycle) in an SPF level animal center
of .M. Sechenov First Moscow State Medical University (Moscow, Russia) with ad libitum
access to sterile food (Altromin 1324, Lage, Germany. The food includes 4.1% crude fat,
19.2% crude protein, 6.1% crude fiber, 5.9% crude ash, 53.4% nitrogen-free extractives,
and 11.3% moisture) and water for 1 week prior to formal study. Following the adaption
phase, the mice were split into groups based on genotype, with each group consisting of
ten individual animals. The mice were 8 weeks old and weighed 19 £ 2 g on average
at the start of the experiment. Laboratory animals were fed a high-fat diet enriched
with triglycerides derived from animals, up to 30% of total calories (Altromin C 1090-30,
Lage, Germany. The food includes 13.3% crude fat, 21.1% crude protein, 5.1% crude fiber,
3.9% crude ash, 50.8% nitrogen-free extractives, and 5.8% moisture), beginning at 8 weeks
of age and continuing for 90 days until the end of the experiment. This allowed for the
replication of the alimentary obesity model.

For the duration of the experiment, the mice in the db/db group and the animals in the
control group (C57BL/6SPF) were fed a standard chow diet (Altromin 1324 FORTI, Lage,
Germany). Mice were anesthetized with isofurane and euthanized after 90 days of feeding
(RWD Life Science, Chenzhen, Guangdong, China). Sterile colon tissues were obtained.
The tissue samples were immediately frozen in liquid nitrogen and stored at —80 °C until
analysis. The colon samples were sent for high-throughput sequencing analysis after
being divided into 1 cm sections under sterile conditions, deposited into different sterile
Eppendorf tubes, and maintained on dry ice (10 samples for each group) (Figure 2).

All animal experiments were approved by the Ethics Committee for Animal Research,
L.M. Sechenov First Moscow State Medical University, Russia (protocol number 96 from 2
September 2021).
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Figure 2. Experimental design showing the distribution of mice into study groups. SD, standard diet;
HFD, high-fat diet.

2.2. Measurement of Serum Insulin, Leptin, and Adiponectin Levels

The mice fasted for 8 h. Blood samples were collected after fasting from anaesthetized
mice using the eyeball enucleation method. Blood was collected in sterile collection tubes
immediately. Serum was spun down at 8000 g for 8 min at 4 °C to remove remaining
cellular debris. Insulin concentration was measured using the Mouse Insulin ELISA Kit
(Abcam, ab277390), leptin concentration was measured using Duo Set ELISA Development
system Mouse Leptin (R&DSystem, DY495-05), and adiponectin concentration was mea-
sured using Adiponectin/Acrp30 DuoSet ELISA (R&DSystem, DY1119) according to the
manufacturer’s instructions.

2.3. Measurement of Fasting Blood Glucose Level and HOMA-IR

Fasting levels of glucose were measured every 7 days for every group of mice; mouse
tail snip blood samples were used for the analysis. Blood glucose was measured using an
ACCU-CHEK Aviva glucometer (Roche, Switzerland). The animals fasted for 5 h with free
access to water before a fasting blood glucose test. The HOMA-IR (homeostasis model
assessment of insulin resistance) index was calculated as [fasting serum glucose x fasting
serum insulin/22.5] to assess insulin resistance.
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2.4. Histopathology of Mouse Liver, Pancreas, Skeletal Muscle, and Adipose Tissues

Organ fixation after collection was carried out for at least 72 h. After fixation, the
organs were dehydrated, soaked in paraffin, and cut into 4-5-micron-thick sections. Sections
were stained with hematoxylin-eosin and examined by light microscopy (magnification
%10, x40). The research was carried out using Leica (Germany) histological equipment.

2.5. High-Throughput Sequencing Analysis and Reconstruction of Intestinal Microbiota
Metabolic Activity

The scientific research laboratory «Multiomics technologies of living systems» (Kazan,
Russia) performed the microbiota analysis. Mouse stool samples were treated with the
FastDNATM Spin Kit for Faeces (MP Biomedicals, Santa Ana, CA, USA) to extract genomic
DNA. The bacterial 165 rRNA gene’s V3-V4 region was amplified using specific primers
(see Supplementary Table S1). The PCR product purification process using AMPure XP
Beads (Beckman Coulter, Brea, CA, USA, CB55766755) to barcode each sample was fol-
lowed by secondary-round PCR amplification utilizing index primers. Using a Qubit 2.0
Fluorometer and the Qubit dsDNA High Sensitivity Assay Kit (Invitrogen, Carlsbad, CA,
USA), the concentration of amplicons was determined. Prior to sequencing, the samples
were mixed in an identical mole ratio to complete the sample preparation.

The libraries were then high-throughput sequenced (2 x 300 bp reads) (Illumina
Miseq, [llumina, CA, USA). The raw reads were processed using QIIME2 v2023.7.0 [16] and
PICRUSt2 v2.5.2 software [17] (accessed on 12 September 2023). According to the results
of data sequencing using PICRUSt2 v2.5.2 software, the microbial metabolic pathways
encoded by the detected bacterial genomes were scored, and the most abundant pathways
were detected by multiple -test analysis.

2.6. Statistical Data Analysis

Statistical processing of the data was carried out using the method of nonparametric
statistics using the GraphPad Prism 10 v10.0.2 (171) statistical software package. The
mean and standard deviation were used to present all data. All in vivo experimental data
were analyzed using Welch’s one-way analysis of variance (ANOVA) or multiple Mann-
Whitney tests using the two-stage step-up method (Benjamini, Krieger, and Yekutieli) (false
discovery rate Q = 5%). p-values less than 0.05 were considered statistically significant
(*p <0.05, ** p <0.01, ** p <0.001). A correlation analysis was performed according to
Spearman with an assessment of the statistical significance of the correlation coefficient.

3. Results
3.1. Body Weight and Hormonal Status

Three groups of mice (males, n = 10 for each group) were fed a standard or high-fat
diet for 90 days. The dynamics of weight gain is shown in Figure 3a. At the end of the
experiment, the final weights of the mice were compared (Figure 3b). Mice in both obesity
models showed significantly higher body weight compared to the control group. The mean
weight of the mice in control group was 28.5 &+ 2.5 g; in the high-fat diet-fed mice, the
mean weight was 34.7 & 1.4 g (weight gain is 17.9% compared to the control group); and
in db/db mice, the mean weight was 59.2 + 4.1 g (weight gain is 51.9% compared to the
control group).

Although there are no strict criteria for the development of alimentary obesity in mice,
it is generally accepted that 20-30% weight gain points to reaching the obesity state [18]. In
our experiment, weight gain in a high-fat diet mouse model group was 17.9% higher than
in the control group, which was not enough to develop complications of severe obesity.
However, such weight gain corresponds to stage 1 of obesity and, most importantly, these
mice demonstrated dysmetabolic characteristics associated with obesity, as shown below.
On the contrary, db/db mice gained 51.9% more weight compared to the control group,
which indicates the development of severe obesity.

11
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Figure 3. Changes in mouse body weight during the course of the experiment: (a)—mouse BW dy-
namics during the 90-day feeding experiment in different study groups; (b)—ANOVA of mouse BW in
different experimental groups did not reveal any differences after 90 days of feeding (**** p < 0.0001).
BL/SD, C57Bl6/spf mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD,
db/db mice fed a standard diet.

To confirm the genetically determined character of obesity, we compared insulin,
leptin, and adiponectin levels in the blood serum of mice in all experimental groups. We
established that insulin (Figure 4a) and leptin (Figure 4b) levels were significantly higher in
db/db mice compared to C57Bl6 mice (15-times higher for insulin and 21-times higher for
leptin), while the level of adiponectin decreased in mice fed a high-fat diet but not in db/db
mice (Figure 4c). Furthermore, the level of leptin in high-fat diet-fed mice also increased
compared to the control group, but this was not as crucial as in db/db mice. Significantly
increased levels of insulin and leptin in db/db mice confirmed strong insulin resistance,
which was developed due to leptin receptor deficiency. The increased concentration of
leptin and decreased concentration of adiponectin in high-fat diet-fed mice also evidences
the dysmetabolic state of the animals.
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Figure 4. Results of serum insulin (a), leptin (b) and adiponectin (c) levels in different groups of
mice at the end of the experiment. Comparisons were carried out using one-way analysis of variance
followed by Tukey’s multiple comparison test (*** p < 0.001, **** p < 0.0001). BL/SD, C57Bl6/spf
mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD, db/db mice fed a
standard diet.

To investigate insulin resistance in mice, we conducted glucose dynamic observation
and evaluated HOMA-IR indexes in all experimental groups. Glucose levels and HOMA-IR
were significantly higher in db/db mice compared to the control group but did not change
in HFD-fed mice (Figure 5a,b).

We also investigated the morphological state of the livers of all experimental mice. All
mice in the HFD-fed group (Figure 6e-h) and db/db group developed liver steatosis (fatty
liver) (Figure 6i-l), in contrast to SD-fed C57Bl6 mice, which demonstrated normal liver
morphology without fat and inflammatory infiltration (Figure 6a—d). As expected, fat infil-
tration of the liver in db/db mice was significantly more profound than in HFD-fed mice.
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Figure 5. Serum glucose dynamics (a) and comparative analysis of HOMA-IR indexes (b) observed
in different groups of experimental mice (**** p < 0.0001). BL/SD, C57Bl16/spf mice fed a standard
diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD, db/db mice fed a standard diet.

Figure 6. Liver sections of the control group of mice (a-d), C57Bl6/spf mice fed a high-fat diet (e-h),
db/db mice fed a standard diet (i-1). The portal vein surrounded by hepatocytes in liver lobe is
presented in every microphotograph. Fat infiltration is detected as empty vacuoles situated between
hepatocytes. BL/SD, C57Bl6/spf mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat
diet; DB/SD, db/db mice fed a standard diet.

Therefore, significant differences in body weight, leptin and adiponectin levels and
hepatosteatosis developed in the HFD-fed and db/db groups of mice can approve the pres-
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ence of metabolic changes associated with diet or genetic background, although insulin
resistance, as expected, was developed in the group of db/db mice only. Thus, we can
consider the HFD-fed group of mice as an overweight group with slight metabolic compli-
cations, while db/db mice simulated severe obesity with strong metabolic disturbances.

3.2. Microbiota Analysis
3.2.1. Taxonomy Composition and Alpha Diversity

To characterize the composition of the mouse gut microbiota, we performed a high-
throughput metagenome sequencing analysis of 30 microbiota samples taken from all
experimental animals. After OTU annotation, we compared the differences in alpha
diversity and microbial community structures. We established that the alpha diversity
indexes (observed OTUs, PD whole tree, Chaol, Simpson, and Shannon) were significantly
lower (p < 0.05) in db/db mice compared to the control group (Figure 7a—e), indicating a
decrease in the richness and diversity of microbial species in severely obese mice. The
microbiota of mice fed a high-fat diet also showed a decrease in alpha diversity; however,
only PD whole-tree and Shannon indexes were lower in the BL/HFD group compared to
the control group (Figure 7b,e).
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Figure 7. Results of one-way ANOVA followed by Tukey’s multiple comparison test for alpha
diversity indices ((a)—for observed OTUs, (b)—for PD whole tree, (c¢)—for Chaol, (d)—for Simpson,
(e)—for Shannon), in different groups of mice. * p < 0.05, ** p <0.01, **** p < 0.0001. BL/SD, C57Bl6/spf
mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD, db/db mice fed a
standard diet.

We also investigated the taxonomic structure of bacterial communities (Figures 8a and 9a—).
At the phylum level, we observed a significant decrease in the representation of Verrucomi-
crobia and Actinobacteria in db/db mice compared with HFD- and SD-fed mice (Figure 8b,c).
Furthermore, the representation of Bacillota in db/db mice was higher than in the HFD
feeding group (Figure 8b).
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Figure 8. Taxonomy structure of mouse gut microbial communities at the phylum level: (a)—
diagrams of comparative phyla representation in three groups of mice; (b)—volcano plot demonstrat-
ing differences in the representation of bacterial phyla in C57Bl6 mice fed a standard or a high-fat diet;
(c)—volcano plot demonstrating differences in the representation of bacterial phyla in C57B16 and
db/db mice fed a standard diet; (d)—volcano plot demonstrating differences in the representation of
bacterial phyla in C57B16 mice fed a high-fat diet and in db/db mice fed a standard diet. The Q value
reflects a false discovery rate of 5%. The mean rank difference values reflect the direction of changes
in the abundance of bacterial phyla (values less than zero indicate an increased representation of
phyla, while values greater than zero indicate a decreased representation of phyla in the microbiota of
db/db mice (b,c) or HFD-fed mice (d). Statistically significant values (p < 0.01) are indicated. BL/SD,
C57Bl6/spf mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD, db/db
mice fed a standard diet.

At the family level, we observed a significant increase in the representation of Pre-
votellaceae with a simultaneous decrease in the representation of Verrucomicrobiaceae in
the microbiota of db/db mice compared to HFD-fed mice (Figure 9a—c). These changes
are known to be associated with an obese phenotype [19], although the representation of
Verrucomicrobiaceae increased in HFD-fed mice compared to SD-fed mice.
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Figure 9. Taxonomy structure of mouse gut microbial communities at family level: (a)—diagram of
families” representation in C57Bl6 mice fed a standard diet; (b)—diagram of families” representation
in C57BI6 mice fed a high-fat diet; (c)—diagram of families” representation in db/db mice fed a
standard diet. BL/SD, C57Bl6/spf mice fed a standard diet; BL/HFD, C57B16/spf mice fed a high-fat
diet; DB/SD, db/db mice fed a standard diet.

At the species level, we found an increase in Bacteroides acidifaciens in db/db mice
compared to BL/SD and BL/HFD mice, while the representation of bacteria beneficial
for host health (Bifidobacterium pseudolongum, Akkermansia muciniphila, Adlercreutzia sp.)
decreased in db/db mice compared only to HFD-fed mice, not SD-fed mice (Table 1).
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Table 1. Differentially represented bacterial species in different groups of mice according to multiple
Mann-Whitney tests with the two-stage step-up method (Benjamini, Krieger, and Yekutieli) (false
discovery rate Q = 5%). p values less than 0.05 were considered to indicate statistical significance.
a. Comparison in BL/HFD and DB/SD groups; arrows show increased or decreased microbe
representation in db/db mice; b. Comparison in BL/SD and DB/SD groups; arrows show increased
or decreased microbe representation in db/db mice; c. Comparison in BL/SD and BL/HFD groups;
arrows show increased or decreased microbe representation in HFD-fed mice. BL/SD, C57Bl6/spf
mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD, db/db mice fed a
standard diet.

a. BL/HFD vs. DB/SD b. BL/SD vs. DB/SD c. BL/SD vs. BL/HFD
N
Bifidobacterium Bifidobacterium
pseudolongum J pseudolongum
N
Bacteroides sp. Bacteroides sp.
A 4
N
Parabacteroides distasonis Parabacteroides distasonis Parabacteroides distasonis
A 4
N
Allobaculum sp. Allobaculum sp.
A 4
N
Akkermansia muciniphila Akkermansia muciniphila
A 4
Streptococcus sp. Streptococcus sp. l
A 4
Adlercreutzia sp.
A 4
Clostridium sp. Clostridium sp. l Clostridium sp. l
A 4
Ureaplasma sp.
A 4
N
Anaeroplasma sp. Anaeroplasma sp.
N
Bacteroides acidifaciens Bacteroides acidifaciens
N
Anaerotruncus sp.
N
Ruminococcus sp. Ruminococcus sp.
N
Prevotella sp.

17



Biomedicines 2024, 12, 1280

Table 1. Cont.

a. BL/HFD vs. DB/SD b. BL/SD vs. DB/SD c. BL/SD vs. BL/HFD
Rikenella sp. T Rikenella sp.
A 4
AF12 sp. AF12 sp.
A 4 A 4
Coprobacillus sp. Coprobacillus sp.
A 4 A 4
Dorea sp. Dorea sp.
A 4 A 4
Sutterella sp. Sutterella sp.
A 4 A 4
Odoribacter sp. Odoribacter sp.
A 4 A 4
[Ruminococcus] gnavus
A 4

Enterococcus sp.

Coprococcus sp.

Parabacteroides sp.

All these findings confirm the existence of specific obesogenic changes in the gut
microbiota communities of mice, which is more pronounced in db/db mice than in HFD-fed
mice, which is in concordance with the higher body weight and hormonal disturbances of
db/db mice.

3.2.2. Reconstruction of the Metabolic Activity of the Mouse Gut Microbiota and
Representation of the Pathways Responsible for Vitamin B12 Biosynthesis

To establish whether enzymes and metabolic pathways for B12 synthesis are less abun-
dant in obese mice compared to mice fed a standard diet, we carried out a reconstruction of
microbiota metabolic activity by using a PICRUSt2 analytic tool based on metagenome se-
quencing data analysis, which allowed us to estimate the predicted abundance of bacterial
genes in mouse gut microbial communities.

According to the results of PICRUSt2, among the 423 metabolic pathways analyzed,
we revealed some differences in the abundance of the cobalamin synthesis pathways of
mice fed db/db and an HFD compared to C57Bl6 mice fed an SD. Namely, the representation
of six pathways for vitamin B12 synthesis in db/db mice and four pathways in C57BI6 mice
fed an HFD was decreased (Table 2).
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Table 2. Differentially represented metabolic pathways involved in vitamin B12 synthesis according
to the results of multiple Mann—-Whitney tests with the two-stage step-up method (Benjamini, Krieger,
and Yekutieli) (false discovery rate Q = 5%). p-values less than 0.05 were considered to indicate
statistical significance.

Pathways with Decreased Representation in db/db Mice Fed
a Standard Chow Diet Compared to a Control Group (p <

Pathways with Decreased Representation in C57B16/spf Mice
Fed a High-Fat Diet Compared to a Control Group (p < 0.001,

2'216.01) q < 0.001)
e cob(Il)yrinate a,c-diamide biosynthesis I (early
cobalt insertion)
* adenosylcobalamin biosynthesis I (early cobalt insertion)
e adenosylcobalamin biosynthesis II (late ¢ adenosylcobalamin biosynthesis II (late
cobalt incorporation) cobalt incorporation)
e adenosylcobalamin salvage from cobinamide I e adenosylcobalamin salvage from cobinamide I
e adenosylcobalamin biosynthesis from cobyrinate ¢ adenosylcobalamin biosynthesis from cobyrinate

a,c-diamide I

a,c-diamide I

adenosylcobalamin salvage from cobinamide II e adenosylcobalamin salvage from cobinamide II

3.2.3. Abundance of Enzymes for Vitamin B12 Synthesis in Gut Bacteria According to the
Results of the Metagenome Sequencing

PICRUSt2 analysis was also used to estimate the abundance of enzymes involved in
cobalamin synthesis. To this aim, we chose 37 enzymes required for cobalamine synthesis
(Figure 1) among more than 8000 enzymes represented in investigated microbiomes. Only
three enzymes (EC 1.16.1.4, EC 1.16.1.6, [EC 2.1.2.272]) were not presented in our data and
were not investigated.

We found that the representation of almost all enzymes (except for adenosylcobalamine
hydrolase and vitamin B12-transporting ATPase) needed for vitamin B12 synthesis was
decreased in db/db mice compared to C57Bl6 mice fed an SD (Table 3), while there was no
difference in enzyme representation in other comparisons.
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Table 3. Differentially represented enzymes involved in vitamin B12 synthesis in different groups of
mice according to the results of multiple Mann—-Whitney tests with the two-stage step-up method
(Benjamini, Krieger and Yekutieli) (false discovery rate Q = 5%). p values less than 0.05 were
considered to indicate statistical significance. a. Comparison in BL/SD and BL/HFD groups; red
cells indicate decreased enzyme representation in HFD-fed mice; b. Comparison in BL/SD and
DB/SD groups; red cells indicate decreased enzyme representation in db/db mice; c. Comparison
in BL/HFD and DB/SD groups; red cells indicate decreased enzyme representation in db/db mice.
BL/SD, C57Bl6/spf mice fed a standard diet; BL/HFD, C57Bl6/spf mice fed a high-fat diet; DB/SD,
db/db mice fed a standard diet.

Enzymes a. SD vs. HFD b. SD vs. DB c. HFD vs. DB

Precorrin-3B synthase

Aquacobalamin reductase

Cob(II)yrinic acid a,c-diamide reductase

Cobalt-precorrin-6A reductase

Precorrin-6A reductase

Precorr in-2 dehydrogenase

Uroporphyrinogen-III C-methyltransferase

Precorrin-2 C(20)-methyltransferase

Precorrin-3B C(17)-methyltransferase

Precorrin-6B C(5,15)-methyltransferase (decarboxylating)

Precorrin-4 C(11)-methyltransferase
Cobalt-factor II C(20)-methyltransferase
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Table 3. Cont.

Enzymes

a. SD vs. HFD b. SD vs. DB c¢. HFD vs. DB

Precorrin-6A synthase (deacetylating)

Cobalt-precorrin-5B (C(1))-methyltransferase

Cobalt-precorrin-6B (C(15))-methyltransferase (decarboxylating)

Cobalt-precorrin-4 methyltransferase

Cobalt-precorrin-7 (C(5))-methyltransferase

Nicotinate-nucleotide--dimethylbenzimidazole
phosphoribosyltransferase

Cob(I)yrinic acid a,c-diamide adenosyltransferase

Adenosylcobinamide kinase

L-threonine kinase

Adenosylcobinamide-phosphate guanylyltransferase

Adenosylcobinamide-GDP ribazoletransferase

Adenosylcobalamin/alpha-ribazole phosphatase

Adenosylcobinamide hydrolase

Vitamin B12-transporting ATPase

Cobalt-precorrin 5A hydrolase

Threonine-phosphate decarboxylase

Sirohydrochlorin cobaltochelatase

Sirohydrochlorin ferrochelatase

Cobalt-precorrin-8 methylmutase

Precorrin-8X methylmutase

Adenosylcobinamide-phosphate synthase

Adenosylcobyric acid synthase (glutamine-hydrolyzing)

Cobyrinate a,c-diamide synthase (glutamine-hydrolyzing)

Hydrogenobyrinic acid a,c-diamide synthase
(glutamine-hydrolyzing)

Cobaltochelatase

‘IIIIIII“I II“IIII“II

These observations may point to depletion of vitamin B12 synthesis in the gut of obese
mice, mainly in db/db mice.

3.3. Correlation Analysis

To establish the role of individual species in cobalamin synthesis, we conducted
Spearman correlation analysis, which revealed some important trends. We noticed that
the abundance of enzymes involved in cobalamin biosynthesis is strongly correlated in
a positive and negative way with the representation of several species in the microbiota
of C57Bl6 mice fed a high-fat diet (Table 4). For example, we observed strong negative
correlations between the representation of Akkermansia sp. and strong positive correlations
between the representation of Lachnospiraceae bacteria and most of the enzymes issued.
According to our results, bacteria of Verrucomicrobia phyla were represented significantly
more in the microbiota of HFD-fed mice but not in SD-fed mice. Furthermore, it has
previously been shown that in obese people, dietary vitamin B12 intake was inversely
correlated with Akkermansia muciniphila species and species of the Verrucomicrobia phylum,
while it was positively correlated with Bacteroides species [20].
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At the same time, we observed almost a complete loss of correlations in the microbiota
of db/db mice, except for positive correlations for species of the Lachnospiraceae family
(Table 5). This fact is apparently caused by a significant decrease in the alpha diversity of
microbiota communities and a loss of microbes involved in cobalamine synthesis.

Table 5. Spearman correlations evaluated for the representation of bacteria species in the microbiota
of db/db mice and enzymes for cobalamin biosynthesis according to the data from metagenome
sequencing. Green font shows positive correlations (p < 0.05), red font shows negative correlations
(p < 0.05), black font shows nonsignificant correlations (p > 0.05).
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| | | 5TE Y
®» @ ® u-1| 5 =]
Cobalt-precorrin-6A reductase —0.43 0.65 0.33 0.84 0.75
Precorrin-6A reductase —0.43 0.65 0.33 0.84 0.75
Precorrin-2 dehydrogenase —0.77 0.88 0.11 0.23 0.79
Uroporphyrinogen-III C-methyltransferase -0.77 0.88 0.11 0.23 0.79
Precorrin-2 C(20)-methyltransferase —0.58 0.74 0.54 0.78 0.79
Precorrin-3B C(17)-methyltransferase —0.52 0.74 0.71 0.84 0.61
Precorrin-6B (;(5,15)—methyltransferase 067 0.74 071 0.74 0.64
(decarboxylating)
Precorrin-4 C(11)-methyltransferase —0.52 0.74 0.71 0.84 0.61
Cobalt-factor II C(20)-methyltransferase —0.58 0.74 0.54 0.78 0.79
Precorrin-6A synthase (deacetylating) —0.21 0.12 —0.93 —0.35 0.20
Cobalt-precorrin-5B (C(1))-methyltransferase —0.67 0.74 0.65 0.74 0.61
Cobalt-precorrin-4 methyltransferase —0.52 0.74 0.71 0.84 0.61
N1c0tlnat?-nucleotlde--dlmethylben21m1dazole —0.86 0.77 037 0.63 0.50
phosphoribosyltransferase
Cob(I)yrinic acid a,c-diamide adenosyltransferase -0.73 0.88 0.07 0.51 0.64
Adenosylcobinamide kinase —0.82 0.77 0.31 0.56 0.54
Adenosylcobinamide-phosphate guanylyltransferase —0.82 0.77 0.31 0.56 0.54
Adenosylcobinamide-GDP ribazoletransferase —0.86 0.77 0.37 0.63 0.50
Cobalt-precorrin 5A hydrolase —0.52 0.74 0.77 0.84 0.64
Threonine-phosphate decarboxylase —0.67 0.74 0.65 0.74 0.61
Sirohydrochlorin cobaltochelatase —0.52 0.74 0.71 0.84 0.61
Sirohydrochlorin ferrochelatase —0.77 0.88 0.17 0.23 0.82
Cobalt-precorrin-8 methylmutase —0.52 0.74 0.71 0.84 0.61
Precorrin-8X methylmutase —0.52 0.74 0.71 0.84 0.61
Adenosylcobinamide-phosphate synthase —0.67 0.74 0.65 0.74 0.61
Adenosylcobyric acid synthase (glutamine-hydrolyzing) —0.67 0.74 0.65 0.74 0.61
Cobyrm'ate a,c-chaml'de synthase 052 0.74 071 0.84 0.61
(glutamine-hydrolyzing)
Hydroggnobyrmlc aC.1d a,c-diamide synthase 052 0.74 071 0.84 061
(glutamine-hydrolyzing)
Cobaltochelatase 0.09 0.12 —0.85 —0.20 —0.07

4. Discussion

Vitamin B12 is an essential component for pro- and eucaryotic living organisms [21].
Because it is synthesized exclusively in bacterial cells, it can be accumulated in animals that
receive it with food [22]. Many species of commensal bacteria inhabiting the mammalian
gut are capable of synthesizing vitamin B12; however, it is not reliably known whether
this microbiota-derived vitamin can be effectively absorbed into the host’s circulation and
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contribute to the systemic level of cobalamin [23]. In mammalian cells, vitamin B12 is used
for the methionine synthase reaction and for the metabolism of amino and fatty acids [24].
Vitamin B12 deficiency is associated with the development of megaloblastic anemia and
neurological complications [23]. Furthermore, an obese state and other dysmetabolic
conditions have been found to be associated with decreased levels of vitamin B12 [6]. The
fact that obesity is coupled with disturbances in intestinal microbiota composition, and
metabolic activity also points to possible disturbances in cobalamin synthesis by commensal
microbes in obesity. Interestingly, there may be a reciprocal relationship between the gut
microbiota and vitamin B12 levels [15]. Vitamin B12 deficiency can alter the balance and
functional interaction of the gut microbial community [25]. Therefore, by changing the
microbial composition of the gut, interactions between vitamin B12 and the gut microbiota
can prevent the development of obesity [26]. Thus, there may be a relationship between
obesity, intestinal flora, and vitamin B12 levels [24].

To our knowledge, there are few studies investigating the ability of the intestinal
microbiota to synthesize vitamin B12 in association with obesity.

Mice deficient in the leptin receptor (db/db) develop severe obesity with corresponding
hormonal changes, such as hyperinsulinemia and hyperleptinemia, and they are widely
used as a model of hyperphagia, obesity, and type 2 diabetes mellitus [27]. Furthermore,
as we have shown in the present investigation, the gut microbiota of db/db mice differ
significantly compared to the microbiota of C57Bl6 mice. That is, we observed a dramatic
decrease in alpha diversity and the representation of ‘obesoprotective’ microbes, such as
Akkermansia miciniphila and Bifidobacterium pseudolongum, along with an increase in the
abundance of ‘obesogenic’ Prevotella in db/db mice, in contrast to C57Bl6 mice fed a high-fat
diet. Mice that received an HFD showed an increased representation of Verrucomicrobia
and Actinobacteria phyla, which may be associated with increased fuel sources for bacterial
growth. However, the alpha diversity of the gut microbiota community of HFD-fed mice
decreased as well, as is confirmed by the Shannon and PD whole-tree indexes.

For the first time, we have shown that severe obesity with corresponding metabolic
disturbances, which are developed in db/db mice, is associated with a decrease in the
representation of enzymes and metabolic pathways for the synthesis of cobalamin. How-
ever, C57Bl6 mice were fed a high-fat diet and also developed obesity, and although they
gained less weight than db/db mice, they showed no differences in enzyme abundance
and fewer pathways of vitamin B12 synthesis. Furthermore, strong associations between
the representation of gut microbes and an abundance of cobalamin biosynthetic enzymes
were described for HFD-fed mice. For example, we have seen strong negative correlations
for the genera Colidextribacter, Akkermansia, Bacteroides, and Faecalibacterium, while
the genera Muribaculaceae, Enterococcus, Butyricoccus and the uncultured genus of the
Lachnospiraceae family were negatively associated with enzyme abundance. On the other
hand, in db/bd mice, only positive correlations were observed with the uncultured genus
of the Lachnospiraceae family, whereas other microbes showed no or unitary correlations
with enzyme abundance.

Therefore, the degree of obesity and the composition of the correspondent microbiota
are the main contributors to the predicted abundance of genes and pathways for cobalamin
biosynthesis in the gut of mice. It can be proposed that the ‘obesogenic’ microbiota commu-
nity is dwindling with vitamin B12 microbe producers, which can lead to the formation of a
more aberrant microbial community and lower levels of vitamin B12 in the host. However,
this hypothesis should be confirmed by studying serum levels of cobalamin in association
with the degree of obesity and intestinal microbiota composition, as well as the direct
contribution of separate microbes in cobalamin synthesis.

5. Conclusions

In this study, we performed a high-throughput metagenome sequencing analysis fol-
lowed by a reconstruction of the metabolic activity of the gut microbiota for a high-fat diet-
fed C57BL/6SPF mice, standard diet-fed db/db mice, and standard diet-fed C57BL/6SPF
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mice. We observed a specific obesogenic shift in mouse gut microbiota communities,
which was more pronounced in db/db mice than in HFD-fed mice and was consistent
with higher body weight and hormonal disturbances of db/db mice. We have defined a
significantly lower predicted abundance of enzymes and metabolic pathways for vitamin
B12 biosynthesis in obese mice compared to non-obese mice, where enzyme depletion
was more pronounced in db/db mice, which developed severe obesity. The abundance of
enzymes involved in cobalamin synthesis is strongly correlated with the representation
of several microbes in HFD-fed mice, whereas there were almost no correlations in db/db
mice. Therefore, the obesogenic gut microbiota can be implicated in decreased vitamin
B12 synthesis in the gut, which, in turn, can influence host levels of cobalamin and make
obese mice more prone to the development of cobalamin deficiency. However, because
these findings are based on bioinformatic analysis, more direct molecular experiments are
needed that confirm the involvement of the gut microbiota in vitamin B12 synthesis in
connection with host vitamin B12 status and obesity development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomedicines12061280/s1, Table S1: Primers used to amplify the
V3-V4 region of bacterial 16S rRNA gene.
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Abstract: Background: Lacticaseibacillus paracasei (L. paracasei) strains and their postbiotics show
potential for managing metabolic disorders such as diabetes and obesity. Two newly isolated
L. paracasei strains, M2.1 and P4, were yielded from Formica rufa anthills in Sinite Kamani National
Park, Bulgaria. Their metabolic effects on mature 3T3-L1 adipocytes were investigated. Methods:
Mature 3T3-L1 adipocytes were treated for 24 h with 10% (v/v) cell-free supernatants (CFSs) of
M2.1 or P4. Two experimental (M2.1, P4) and two control groups (mature, untreated adipocytes
and mature adipocytes, treated with 10% (v/v) MRS broth) were analyzed for intracellular lipid
accumulation, glucose uptake, and the mRNA expression of lipid metabolism and beta-oxidation-
related genes. Fold changes in gene expression were assessed using RT-qPCR. Results: Both M2.1
and P4 CFSs enhanced glucose uptake by over 30% compared to the control. P4 demonstrated a more
favorable effect by significantly upregulating adipose triglyceride lipase—patatin-like phospholipase
domain containing 2, adiponectin, and peroxisomal beta-oxidation enzymes—acyl-coenzyme A
oxidase 1, palmitoyl. Intracellular lipid accumulation increased only with M2.1, while P4 supported
improved lipid turnover without promoting excessive lipid storage or lipolysis. Conclusions: P4 CFS
exhibits the potential to improve adipocyte metabolism by enhancing glucose uptake, promoting
beta-oxidation, and increasing adiponectin expression, offering a promising strategy for managing
metabolic dysfunctions.

Keywords: Lacticaseibacillus paracasei P4 and M2.1 strains; postbiotics; adipocyte metabolism; glucose
uptake; beta-oxidation; adiponectin

1. Introduction

Probiotics are unique microorganisms that confer health benefits to the host when
administrated in appropriate amounts. Lactobacilli, Bifidobacteria, and specific yeast species
rank among the microbes with the most robust probiotic characteristics [1,2]. The proper
selection and regular consumption of probiotics help balance gut microbiota, enhance
gut barrier function, stimulate the immune response, reduce inflammation caused by
pathogens, improve digestion, and optimize nutrient absorption [1]. In addition to the
well-documented local benefits, there is growing attention to their systemic effects on the
host [3,4]. Probiotics are known to improve the lipid profile and insulin sensitivity, reducing
inflammation, and the risk of cardiovascular and liver diseases [3-8]. These effects are
primarily determined by the resorbed metabolic products released during the probiotic’s
life cycle, such as short-chain fatty acids, peptides, enzymes, vitamins, and others, collec-
tively known as postbiotics [9,10]. Therefore, a contemporary trend in nutrigenomics is
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the direct intake of postbiotics, specifically targeted at particular physiological pathways
rather than probiotic intake per se [11,12]. The advantages of this approach include greater
stability of postbiotics during storage and transport compared to live microorganisms,
significantly faster impact, easier and more precise dosing, and strictly specific targeting of
a certain health issue, with their effectiveness not dependent on the potential for microbial
colonization—a limiting factor for probiotics [9,12,13]. Postbiotics are the preferred choice
for people with compromised immune systems or those undergoing severe medical inter-
ventions due to the existing risk of bacteremia and other infectious complications [14,15].

Research into the direct effects of postbiotics remains limited. However, evidence
suggests that certain probiotic strains exhibit significant antiadipogenic and anti-obesity po-
tential, highlighting their role in modulating body weight and metabolic functions [8,16,17].
These systemic health benefits are mainly based on modulating the physiological state of
adipose tissue and the overall level of body inflammation. Besides its well-documented
function as an energy storage depot, adipose tissue is a highly metabolic endocrine organ
that significantly influences systematic metabolism by producing hundreds of adipokines
and biologically active substances [18,19]. Adiponectin, for instance, is known for enhanc-
ing insulin sensitivity, inflammation, and the lipid profile and has a significant role in cancer
prevention [19,20]. Leptin is well known for regulating appetite and energy homeostasis
but also profoundly affects immune system modulations. Thus, the expression levels of
adiponectin and leptin influence not only the physiological state of adipocytes but also
extend to the overall health of the entire body [19,20]. To improve health outcomes for
individuals with obesity, scientists are focusing on dietary supplements that increase the
production of beneficial adipokines and enhance beta-oxidation, avoiding the stimulation
of lipolysis [21-23]. Such targets for developing nutritional strategies extend beyond tradi-
tional views of diet and disease, focusing on metabolic modulation at the cellular level for
broader systemic health benefits.

It should be noted that different strains, even those closely related, produce distinct,
postbiotics and thereby modulate physiological processes in the microorganism in a highly
specific manner [24-26]. Exploring new sources and strains and deepening our under-
standing of postbiotic mediators suggests a path for developing dietary supplements for
personalized pharmacological strategies that meet the body’s unique needs. There are
many beneficial effects described in the literature concerning Lacticaseibacillus paracasei
(L. paracasei) strains [27-29]. They comprise antimicrobial, anti-inflammatory, antioxidant,
anti-obesity, and lipid metabolism improvement; hypocholesterolemic and stress modula-
tor effects; immune system stimulation; intestinal bacterial microbiota enhancement; and
many others.

This study aimed to evaluate the effects of potential postbiotics derived from newly
isolated L. paracasei strains M2.1 and P4 on adipocyte differentiation, lipid metabolism,
and the expression of key genes involved in beta-oxidation. Additionally, the impact on
adiponectin, a major health-promoting adipokine, was investigated.

2. Materials and Methods
2.1. Materials and Chemical Reagents

The current study employed supernatants from newly isolated Bulgarian L. paracasei
strains M2.1 and P4, as well as 3T3-L1 mouse embryonic fibroblasts (ATCC® CRL-3242™™)
from the American Type Culture Collection (ATCC, Washington, DC, USA). The reagents
used in the current investigation were Dulbecco’s Modified Eagle’s Medium (DMEM) with
high glucose content (4500 mg/L), fetal bovine serum (FBS), L-glutamine, an antibiotic
solution (Penicillin G, Streptomycin, Amphotericin B), indomethacin, dexamethasone,
phosphate-buffered saline (PBS), 100% isopropanol, sodium chloride (HCL), Oil Red O
powder, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) powder,
a trypsin solution, dimethyl sulfoxide (DMSO), and adipolysis assay kit MAK313—all
suitable for cell cultures and purchased from Sigma-Aldrich, Chemie, GmbH (Merk KGaA,
Darmstadt, Germany). Insulin (cell application, San Diego, CA, USA) and 3-isobutyl-1-
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methylxanthine IBMX (Cayman Chemical, Ann Arbor, MI, USA) were also used. The
investigated microorganisms were pre-cultured in de Man, Rogosa, and Sharpe (MRS)
broth, which was supplied by Oxoid, UK. A Glucose GOD-PAD reagent was purchased
from Biolabo SAS (Maizy, France). The plates and pipettes used were sterile and single-use,
produced by Corning Incorporated, Costar, Washington, DC, USA. For gene expression
analyses, we used the RNeasy Mini Lipid Tissue Kit (QIAGEN Sciences, Inc.; Germantown,
MD, USA), the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA, USA), and the KAPA SYBR® fast qPCR Master Mix kit (QIAGEN Sciences, Inc,;
Germantown, MD, USA).

2.2. Preparation of Microbial Supernatants

L. paracasei strains (M2.1 and P4) were isolated from Formica rufa anthills in Sinite
Kamani National Park, Bulgaria, and identified and cultivated in MRS at 37 °C for 24 h,
as previously described [26]. Supernatants from both microorganisms, M2.1 and P4, were
filtered through a sterile syringe filter with a pore size of 20 pm (Corning, New York, NY,
USA) after centrifugation at 9000 rpm for ten minutes. The obtained supernatants were
adjusted to pH 7 with 0.1 N NaOH and then ex tempore included in the freshly prepared
adipocyte maintenance culture media (AMM) at a 10% v/v concentration.

2.3. Cultivation and Adipogenesis of 3T3-L1 Cells

3T3-L1 preadipocytes were propagated in basal media (BM) consisting of DMEM, 10%
(v/v) FBS, and 1% antibiotic solution in T75 flasks. They were then seeded in 12- and 24-well
plates at 10% cells/mL concentrations and cultured at 37 °C in a humidified atmosphere of
95% air and 5% CO,. Upon reaching 100% confluence, the cells underwent a 24 h growth
arrest followed by adipogenic differentiation. They were cultured for 48 h in adipogenic
induction media (AIM) containing DMEM, 10% (v/v) FBS, 2% L-glutamine, 0.1 mM IBMX,
0.05 mM indomethacin, 1 uM dexamethasone, 10 pg/mL insulin, and 1% antibiotic solution.
In order to achieve full maturation by day 8, the cells were maintained in AMM composed
of DMEM, 10% (v/v) FBS, 2% L-glutamine, 10 pug/mL insulin, and 1% antibiotic solution.

On day 9, the mature adipocytes were divided into two experimental and two control
groups. The experimental groups, M2.1 and P4, were treated for 24 h with 10% v/v
L. paracasei M2.1 or P4 CFS in AMM. As a positive control group, mature, untreated cells
(IC) were cultured, serving as a baseline for successful adipogenesis. As a Supplementary
Material Figure S1 comparison of intracellular neutral lipid accumulation between IC and
non-differentiated, untreated (NC) groups at day 8 was provided (Supplementary Materials
(Figure S1)). However, an additional control group of mature adipocytes supplemented
with 10% (v/v) (MRS) was included to evaluate the possible metabolic influence of the pure
MRS for the same duration.

Three parallel replicates were conducted concurrently for each group (n = 6): Replicate
1 (24-well plates) involved cell viability assessment using the MTT assay; Replicate 2
(12-well plates) included the evaluation of neutral lipid accumulation microscopically and
spectrophotometrically by adding Oil Red O staining; and Replicate 3 (12-well plates) was
used for measuring glucose and glycerol concentrations in cell supernatants and isolating
mRNA from the same 3T3-L1 adipocytes for an RT-PCR gene expression analysis.

2.4. Cell Viability Assay

The cell viability of 3T3-L1 upon 24 h treatment with 10% supernatants was determined
using the MTT assay. This colorimetric method exploits the reduction in MTT by NAD(P)H-
dependent cellular oxidoreductase enzymes, producing an insoluble purple formazan
product, as detailed by Yang et al. [30]. In this procedure, cells were incubated with the
MTT solution (5 mg/mL) at 37 °C for 80 min. Following incubation, the formazan product
was solubilized using an isopropanol solution containing 0.04 N HCI. Absorbance was
measured at 570 nm (a reference wavelength of 630 nm) using a Synergy TM Lee Multi-
Mode Microplate Reader from BioTek Instruments, Inc., Santa Clara, CA, USA. The results

31



Biomedicines 2024, 12, 2785

were expressed as a percentage of the control (NC), in line with the approach described by
Park et al. [31].

2.5. Oil Red O Staining and Intracellular Lipid Accumulation Assessment

At the end of the experiment, differentiated adipocytes were fixed with 10% formalin,
dried with 60% isopropanol, and then colored with Oil Red O for 30 min. To quantify
neutral lipid accumulation, the stain was extracted from the lipid droplets with 100%
isopropanol, and the dye absorbance was measured at 490 nm [32].

2.6. Glycerol Concentration Measurement and Lipolysis Rate Estimation

We quantified the glycerol released into the supernatants to evaluate lipolysis in
mature adipocytes treated with 10% L. paracasei CFS. This analysis used the adipolysis
assay kit specifically designed for cell culture supernatants. Each sample was measured
twice, at a 570 nm wavelength with a reference correction at 630 nm, to ensure accuracy.
Glycerol concentrations were then calculated based on a pre-established concentration
curve, following the protocol provided by the manufacturer, and expressed relative to the
MRS group as a percent.

2.7. Glucose Concentration in Cell Supernatants

After the mature adipocytes were exposed for 24 h to L. paracasei M2.1 or P4 CFS, or
a 10% solution of MRS broth, we assessed the glucose levels in cell supernatants. This
measurement was performed using the Mindrey BS-120 automatic biochemical analyzer
manufactured in Guangzhou, China. For the glucose assay, we used the Glucose GOD-PAD
reagent. The procedure was carried out according to the manufacturers’ guidelines. To
determine the glucose level taken from the treated cells in each group, we subtracted each
value (experimental glucose concentration (EG)) from the corresponding amount estab-
lished in the freshly prepared media just before application (initial glucose concentration
(IG)) based on the equation provided by Diaz et al. [33].

Glucose uptake UG (mg/L) = IG — EG
Finally, the data were presented as a percentage of the control group (MRS).

2.8. Real-Time PCR

The RNeasy Mini Lipid Tissue Kit was used for total mRNA isolation from pre-lysed
mature adipocytes. The quality and quantity of the obtained mRNA were evaluated
spectrophotometrically, ensuring that only high-quality mRNA (with absorbance ratios of
approximately 2 at 260/280 nm) was used for subsequent analyses. The reverse transcrip-
tion of equal amounts of mRNA from each sample was performed using the RevertAid First
Strand cDNA Synthesis Kit. RT-qPCR was conducted using the KAPA SYBR Green Master
Mix, employing self-designed primers as previously described by Grigorova et al. [26]. The
RT-PCR data were analyzed using the modified AACt method, which incorporates normal-
ization based on multiple housekeeping genes. Six housekeeping genes were analyzed:
Hypoxanthine Phosphoribosyltransferase (Hprt), 18S ribosomal RNA (18S), Beta-actin
(Actb), Ribosomal Protein L19 (Rpl19, also known as 36B4), Glyceraldehyde 3-Phosphate
Dehydrogenase (Gapdh), and Hydroxymethylbilane Synthase (Hmbs). The identification of
the least variable gene or combination of genes was performed by the web-based software
RefFinder (http:/ /blooge.cn/ /RefFinder/) accessed on 15 October 2024 [34]. In the final
analysis, a combination of Hprt and Actb was utilized. The sequences of the employed
housekeeping and target genes are presented in Table 1.
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2.9. Statistical Analyses

We utilized Statistica version 10 (StatSoft Inc., 2011, Tulsa, OK, USA) to analyze the
obtained data. Initially, descriptive statistics were conducted to calculate the mean and
standard error of the mean, which are represented in the figures with values and error
bars. The statistical significance of differences was assessed using the non-parametric
Mann-Whitney U test.

3. Results
3.1. Results from MTT Cell Viability Assay

On day 8 following adipogenic induction, mature 3T3-L1 cells were treated with
10% cell-free supernatants (CFSs) from L. paracasei M2.1 and P4 for 24 h. Subsequently,
an MTT assay was performed to assess any cytotoxic effects of the applied supernatant
concentration. As illustrated in Figure 1, no cell-damaging impacts were observed. In fact,
cell viability was notably increased by 18% in the samples treated with M2.1 supernatants
compared to the control (MRS) (p < 0.001).

160 - Cell viability (MTT assay)
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120 |
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1%}
o
s
5 80
=
40
0 al
Ic MRS M2.1 P4

Figure 1. Assessment of cell viability in mature 3T3-L1 cells, treated with 10% cell-free supernatants
(CFSs) from L. paracasei M2.1 or P4 strains, using the MTT assay: Abbreviations. IC—mature,
untreated adipocytes; MRS—mature adipocytes treated with 10% (v/v) MRS broth (control); M2.1
and P4—experimental groups of mature adipocytes exposed to 10% (v/v) M2.1 or P4 CFSs. The
statistical significance of differences between each experimental group (M2.1 or P4) and the control
(MRS) group was evaluated using the non-parametric Mann-Whitney U test. The “asterisk” symbol
shows the degree of significance in the figure as follows: *** for p < 0.001.

3.2. Intracellular Lipid Accumulation

Neutral lipid deposition in already differentiated 3T3-L1 adipocytes exposed to 10%
cell supernatants from L. paracasei M2.1 or P4 was observed microscopically (Figure 2a) and
then quantified spectrophotometrically following isopropanol extraction (Figure 2b). Data
showed a 19% increase in the intracellular lipid accumulation in adipocytes treated with
M2.1 supernatants compared to MRS (p < 0.01), with no change observed in the P4 group.

3.3. Glucose Uptake and Lipolysis Rate

At the end of the experiment, the glucose concentration and glycerol release in the cell
supernatants from all groups were measured. Based on these results, the glucose uptake
and lipolysis rate in adipocytes were evaluated (Figure 3). The treated cells demonstrated a
significant increase of over 30% in glucose uptake compared to the MRS group (p < 0.001).
Concurrently, a 28% reduction in the lipolysis rate in the M2.1 group (p < 0.001) and no
significant change in lipolysis in the P4 group were observed.
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Figure 2. The effect of L. paracasei M2.1 and P4 cell-free supernatants (CFSs) on the intracellular
neutral lipid accumulation in mature 3T3-L1 cells. (a) Microscopic images, stained with Oil Red O
(magnification 40, bars: 50 um); (b) intracellular lipid accumulation after the isopropanol extraction
of Oil Red O. Abbreviations: IC—mature, untreated adipocytes; MRS—mature adipocytes treated
with 10% (v/v) MRS broth (control); M2.1 and P4—experimental groups of mature adipocytes
exposed to 10% (v/v) M2.1 or P4 CFSs. The statistical significance of differences between each
experimental group (M2.1 or P4) and the control (MRS) group was evaluated using the non-parametric
Mann-Whitney U test. The “asterisk” symbol shows the degree of significance in the figure as follows:
** for p < 0.01.
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Figure 3. Assessment of the glucose uptake and lipolysis rate after 24 h of treatment of mature 3T3-L1
adipocytes with 10% cell-free supernatants (CFSs) from L. paracasei M2.1 or P4 strains. Abbreviations:
IC—mature, untreated adipocytes; MRS—mature adipocytes treated with 10% (v/v) MRS broth
(control); M2.1 and P4—experimental groups of mature adipocytes exposed to 10% (v/v) M2.1 or P4
CFSs. The statistical significance of differences between each experimental group (M2.1 or P4) and
the control (MRS) group was evaluated using the non-parametric Mann-Whitney U test. The asterisk
symbol shows the degree of significance in the figures as follows: *** for p < 0.001.

3.4. Relative Gene Expression

The expression of genes related to mitochondrial and peroxisomal beta-oxidation in
adipocytes was analyzed, as illustrated in Figure 4a—c.
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Figure 4. The effect of L. paracasei M2.1 and P4 cell-free supernatants (CFSs) on the relative fold change
in the gene expression of (a) carnitine palmitoyltransferase 1a (Cpt1); (b) carnitine palmitoyltransferase
2 (Cpt2); (c) acyl-coenzyme A oxidase 1, palmitoyl (Acox1); (d) acetyl-CoA carboxylase (Acaca);
(e) fatty acid synthase (Fasn); (f) perilipin 1 (Plin1); (g) patatin-like phospholipase domain containing
2 (Pnpla2); (h) fatty acid-binding protein 4 (Fabp4); and (i) adiponectin. Abbreviations: IC—mature,
untreated adipocytes; MRS—mature adipocytes treated with 10% (v/v) MRS broth (control); M2.1
and P4—experimental groups of mature adipocytes exposed to 10% (v/v) M2.1 or P4 cell-free
supernatants (CFSs). The statistical significance of differences between each experimental group
(M2.1 or P4) and the control (MRS) group was evaluated using the non-parametric Mann-Whitney U
test. The “asterisk” symbol shows the degree of significance in the figures as follows: * for p < 0.05,
** for p < 0.01, and *** for p < 0.001.

A statistically significant upregulation, exceeding 10%, was observed exclusively in
the acyl-coenzyme A oxidase 1, palmitoyl (AcoxI) gene in both treated adipocyte groups
compared to the control (p < 0.05). Perilipin 1 (Plin1) and fatty acid-binding protein 4 (Fabp4)
were also significantly upregulated in the M2.1 (p < 0.05) and P4 (p < 0.001) compared to the
MRS group. Interestingly, the patatin-like phospholipase domain containing 2 (Pnpla2) and
adiponectin (Adipog) showed significantly higher expression only in the P4 group (p < 0.01
and p < 0.05, respectively).

4. Discussion

In Bulgaria, several region-specific microorganisms have been identified for their an-
tiadipogenic, anticancer, and longevity-enhancing properties, such as Lactobacillus bulgaricus,
Lactobacillus delbrueckii subsp.  bulgaricus, Lactobacillus helveticus, Lactobacillus brevis,
Lactobacillus plantarum, etc. [35,36]. Therefore, endemic areas in the country have been
studied extensively for probiotic microorganisms with unique health benefits [37-41]. One
such area is Sinite Kamani National Park, where we previously obtained four indigenous
L. paracasei strains (M2.1, C8, C15, and P4) exhibiting significant antidiabetic potential.
Among these potentially beneficial strains, we highlighted P4 for its ability to enhance
insulin sensitivity and M2.1 for promoting the healthy expansion of mature adipocytes by
significantly suppressing their lipolysis. In this context, we recommended a further investi-
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gation of their beta-oxidation activity to better understand the mechanism of intracellular
action [23].

The results of the present study confirm that 10% CFSs of L. paracasei M2.1 and
P4, applied in mature 3T3-L1 cells for 24 h, increase glucose uptake by over 30% under
simulated high-carbohydrate cell feeding without intensifying lipolysis or exhibiting any
noticeable antiadipogenic effects.

The analyzed CFSs appear to regulate the metabolism of mature adipocytes finely,
thereby preventing “lipid overload”— a condition associated with sharply reduced adipocyte
metabolism, disrupted insulin signaling, induced oxidative stress, and increased inflamma-
tory response [42—44]. The data again draw our attention to the possible enhancement of
fatty acid beta-oxidation.

Beta-oxidation in mature adipocytes occurs mainly in peroxisomes and mitochondria,
with the latter being the primary pathway. This process reduces intracellular lipid accu-
mulation by converting fatty acids into acetyl-CoA and other metabolites. The transport
of fatty acids into mitochondria, a critical step in beta-oxidation, is regulated by the en-
zymes Cptl and Cpt2 on the outer and inner mitochondrial membranes, respectively. Cptl
converts long-chain fatty acyl-CoA into acyl-carnitine, while Cpt2 converts acyl-carnitine
back to fatty acyl-CoA in the mitochondrial matrix. The initiation of mitochondrial beta-
oxidation is highly dependent on acetyl-CoA carboxylase, which transforms acetyl-CoA
to malonyl-CoA, subsequently inhibiting Cptl and preventing fatty acid transport into
mitochondria [45].

Our study did not establish significant changes in the Cpt1, Cpt2, and Acaca gene
expression among the groups, despite the observed trend of increased Cpt2 gene expres-
sion in P4. Therefore, we cannot conclude that the suspected enhanced beta-oxidation
occurred in adipocyte mitochondria. Both supernatants, M2.1 and P4, upregulated the
expression of the AcoxI gene, which encodes the first enzyme in the peroxisomal fatty
acid beta-oxidation pathway. Its upregulation in adipocytes signifies an increase in the
cellular capacity to process fatty acids, thus promoting their utilization for energy, rather
than storage [46,47]. Peroxisomal beta-oxidation serves as an additional mechanism for
regulating fatty acid balance within the cell, primarily handling medium- and long-chain
fatty acids [48,49]. Under certain conditions, such as dietary supplements, fasting, or mito-
chondrial overload, the peroxisomal beta-oxidation rate can increase significantly, reducing
intracellular lipid accumulation in adipocytes. This activation is crucial for maintaining
normal metabolic activity and insulin sensitivity in mature adipocytes subject to substantial
energy supply [47,50]. The increased breakdown of long-chain fatty acids in peroxisomes
carries a risk of intracellular oxidative stress due to the generation of hydrogen peroxide
(H,O,) as a byproduct. However, catalase within peroxisomes rapidly converts H,O, into
water and oxygen, thereby mitigating the risk of oxidative damage [51].

As mentioned above, peroxisomal beta-oxidation primarily handles medium- and
long-chain fatty acids. In our experiment, the source of these fatty acids in both treated
groups was questionable. All cells were provided with identical nutrient media, and the
groups differed only when the MRS broth in the experimental groups was subjected to
microbial fermentation by either M2.1 or P4 for 24 h prior to treatment.

The strains under investigation belong to the L. paracasei group [52], known for prefer-
entially fermenting environmental sugars. As a result of their metabolic activity, predomi-
nantly short-chain fatty acids, especially lactic acid and acetate, are produced [53,54]. These
further influence the expression of specific membrane receptors such as G-protein-coupled
receptors 43 and 41, enhancing insulin sensitivity and carbohydrate metabolism rather than
beta-oxidation [55]. Nevertheless, they are recognized to affect intracellular fat metabolism
positively [45].

Digging deeper, the results outlined the notable discrepancy between the increased
gene expression of Prpla2 in P4 and the absence of a corresponding rise in lipolysis levels
measured in the cell supernatants. Adipose triglyceride lipase (ATGL) (encoded by the
Pnpla2 gene) plays a pivotal role in breaking down triglycerides into free fatty acids, and
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its upregulation is typically associated with a higher rate of lipolysis [56,57]. Depending
on the energy needs, the released fatty acids can also be redirected toward energy pro-
duction pathways [47]. Our results suggest that these fatty acids probably remain in the
cell, serving as substrates for peroxisomal beta-oxidation. Moreover, the upregulation of
Pnpla2 was combined with increased Plinl and Fabp4 gene expressions, which indicate
enhanced intracellular lipid mobilization instead of increased lipolysis. The expression of
Plin1 directly influences the accessibility of ATGL to lipid droplets. Plinl protects lipid
droplets from premature or uncontrolled lipolysis and regulates the access of lipases, par-
ticularly in adipocytes with increased insulin sensitivity [58,59]. The phosphatidylinositol
3-kinase and cAMP pathway activation reduces protein kinase A activity, decreases Plin1
phosphorylation, and inhibits lipolysis by restricting ATGL access to lipid droplets [60].
However, under certain metabolic conditions, including nutritional stimuli, Plin1 under-
goes post-translational modifications such as phosphorylation and facilitates controlled
lipolysis, enabling ATGL and other lipases to access and hydrolyze triglycerides [56,61].
This fine regulation of Plinl activity is part of a dynamic mechanism regulating fat storage
and mobilization in adipocytes. The dual function of fat protection and release facilitation
is not contradictory, but rather componential within the complex regulation of adipocyte
metabolic processes, balancing lipid homeostasis. Therefore, in humans with insulin
resistance and obesity, an enhanced, as well as highly suppressed, lipolysis has been re-
ported [62]. The cells treated with P4 and M2.1 CFSs established a notable increase in Fabp4
gene expression. Fabp4 is a protein with a critical role in the intracellular transport of fatty
acids, whose protein expression is often upregulated due to lipolytic stimulation [63]. Its
elevated expression enhances the movement of fatty acids, particularly long chains, into
various cellular compartments [64]. Thus, in our investigation, the simultaneous upregula-
tion of Fabp4, Pnpla2, and Acox1 in white adipocytes from the P4 group suggests that the
fatty acids released from intracellular lipid droplets are likely redirected to peroxisomes,
where they undergo partial oxidation for energy production.

These interactions contribute to a fine adjustment of the metabolic profile, enhancing
the management of the entire cellular machinery within the mature adipocyte. Improved
adipocyte metabolism features enhance glucose utilization, established herein, and boost
the production of so-called “good adipokines” rather than “bad” ones. Adiponectin is of
significant importance to the health status of the entire organism, especially in obesity. It
plays a critical role in energy homeostasis, promotes healthy weight maintenance, and
prevents obesity-related complications. We established that P4 CFS supplementation to
mature adipocytes increases adiponectin gene expression. Adiponectin’s beneficial effects
are strongly linked to enhanced fatty acid oxidation, improved lipid metabolism, and
increased glucose uptake by adipocytes, all of which are consistent with the findings of
this study. Its increased expression is associated with enhanced insulin sensitivity—a fact
established in our previous study, where 3T3-L1 cells were treated with the same dose of
P4 CFS [26]. Therefore, the upregulation of adiponectin expression along with enhanced
beta-oxidation, established in the P4 group, could offer a protective effect against various
obesity-related comorbidities.

As a preliminary study investigating potential improvements in mature adipocyte
metabolism following supplementation with L. paracasei M2.1 and P4 CFSs, it has several
limitations. We used gene expression as a proxy for metabolic changes, which may not
always reflect functional activity. This approach provides valuable insights but should be
further expanded with protein-level validation. Moreover, the obtained results are based
on in vitro experiments. Future studies should involve human or animal models to validate
our findings and further explore the mechanisms underlying the metabolic improvements
observed. Despite these limitations, the current research establishes a strong foundation for
future investigations into the metabolic potential of these unique L. paracasei strains.
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5. Conclusions

The study demonstrates that both L. paracasei M2.1 and P4 strains increased glucose
uptake in mature 3T3-L1 adipocytes without affecting lipolysis or showing antiadipogenic
effects. Both strains regulate adipocyte metabolism to prevent “lipid overload”, a condition
that disrupts insulin signaling and increases oxidative stress. Notably, P4 CFS upregulated
the gene expression of Acoxl, encoding a key enzyme in peroxisomal beta-oxidation,
suggesting enhanced fatty acid processing. This process could reduce lipid accumulation
and improve insulin sensitivity. Despite some changes in gene expression, including the
upregulation of Pnpla2, Fabp4, and Plin1, lipolysis was not significantly increased, indicating
that fatty acids were likely redirected to peroxisomes for partial oxidation. Additionally,
P4 CFS increased adiponectin expression, enhancing insulin sensitivity, glucose uptake,
and fatty acid oxidation, which could protect against obesity-related complications. These
findings highlight the potential of L. paracasei strains in improving metabolic health.
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Abstract: Background: Inflammation plays a central role in many chronic diseases that characterize
modern society. Leptin/adiponectin and adiponectin/leptin ratios have been recognized as notable
markers of dysfunctional adipose tissue and, consequently, an inflammatory state. Methods: Blood
samples were collected from 41 adult volunteers (40.2 + 8.3 years) diagnosed with severe obesity (BMI
46.99; 42.98-51.91 kg/m?). The adipokines were quantified using an enzyme-linked immunosorbent
assay, while the serum fatty acid analysis was conducted using chromatography. Results: The results
unveiled a positive correlation between the leptin/adiponectin ratio and the 20:3n6 fatty acid (r = 0.52,
p = 0.001), as well as a similar positive correlation between the adiponectin/leptin ratio and the
22:6n3 fatty acid (r = 0.74, p = 0.001). In the regression analysis, the 22:6n3 fatty acid predicted the
adiponectin/leptin ratio (§ = 0.76, p < 0.001), whereas C20:3 n-6 was a predictor for inflammatory
markers (3 =4.84, p < 0.001). Conclusions: In conclusion, the 22:6n3 fatty acid was demonstrated to
be a predictive factor for the adiponectin/leptin ratio and C20:3 n-6 was a predictor for inflammatory
markers. This discovery, novel within this population, can help develop new intervention strategies
aimed at controlling the inflammatory status in individuals classified as having severe obesity.

Keywords: leptin; adiponectin; omega-3 fatty acid; omega-6 fatty acid; inflammation

1. Introduction

Obesity is a growing global public health concern, characterized by the excessive ex-
pansion of adipose tissue, which contributes to a pro-inflammatory state [1,2]. Individuals
with obesity often exhibit high leptin concentrations and adipokines with pro-inflammatory
properties. In fact, studies have demonstrated that high leptin levels are related to car-
diometabolic dysfunction [3,4] in both the adult and pediatric populations [5-7], high-
lighting the importance of this marker in obesity and its related diseases. Conversely,
adiponectin is reduced in individuals with obesity, playing an anti-inflammatory, anti-
diabetic, and cardioprotective role, underscoring the clinical relevance of hypoadiponectine-
mia in this population [2,8-11]. Considering that leptin and adiponectin interact with each
other in the modulation of cardiometabolic risk, recent studies have suggested that the lep-
tin/adiponectin (lep/adipo) and adiponectin/leptin (adipo/lep) ratios may serve as more
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precise markers of pro- and anti-inflammatory states, respectively, compared to individual
adipokines [12-16].

It has been demonstrated, in both human and experimental studies, that fatty acids
might play a role in the pathogenesis of obesity, inflammation, and cardiometabolic disease.

In fact, omega-3 fatty acids have been described as attenuating low-grade inflamma-
tion in the adipose tissue of obese individuals [2]. On the other hand, studies suggest that
the excessive consumption of trans-saturated fatty acids and omega-6 fatty acids is associ-
ated with a pronounced inflammatory state [17,18]. Despite the recognized link between
inflammation and fatty acids [19], no study has explored this correlation, particularly in
the population with severe obesity, which poses considerably heightened risks.

Considering the increasing prevalence of obesity, the significance of inflammation in
disease outcomes, and the potential role of fatty acids in the inflammatory process, there
is a gap in the literature regarding this triad. Given the significantly increased risks of
severe obesity for cardiometabolic health, especially in women, a better understanding of
the relationship between inflammation markers and fatty acids may be crucial for effective
obesity management. Therefore, this study aims to assess the association between the
adipo/lep and lep/adipo ratios and serum fatty acids in women with severe obesity.

2. Materials and Methods
2.1. Design and Participants

This is a cross-sectional observational study approved by the Research Ethics Com-
mittee of the Federal University of Goias and the Dr. Alberto Rassi State Hospital —HGG
(protocol number 961/19). The sample consisted of women from the public health system
awaiting bariatric surgery, who were recruited from July to December 2019 (the vast major-
ity of patients undergoing bariatric surgery at HGG are women). All eligible volunteers
provided informed consent and signed a form in duplicate before participating in the study.
The inclusion criteria were women with severe obesity (BMI > 40 kg/m?) aged between
18 and 59 years. The exclusion criteria included acute inflammatory diseases, infectious
diseases, neoplastic diseases, or genetic syndromes; alcohol consumption (>30 g/day); or
the use of illicit drugs.

2.2. Anthropometric Assessment

We conducted the measurements encompassing the height, body mass, and waist and
hip circumferences. The body mass was determined using a Tanita-UM 080 digital scale
with a maximum capacity of 150 kg. The height was measured using an inextensible metric,
and the volunteers were asked to stand in an upright position. The waist circumference
was measured at the midpoint between the last rib and the iliac crest, following a deep
breath, with the volunteers standing. The hip circumference was measured at its maximum
identified diameter, with the volunteers instructed to maintain their feet together during
the assessment. All measurements were taken in duplicate by the same researcher staff
using an inelastic tape. The BMI was calculated and classified according to the World
Health Organization, dividing the body mass weight by the square of the height [20].

2.3. Analysis of Adipokines

The blood collection took place following a 12 h overnight fast. In triplicate, the
serum samples were collected into vacuum tubes (Labor Import, Osasco, Brazil) after
centrifugation (Eppendorf 5702R centrifuge, Hamburg, Germany) at 4000 RPM for 10 min at
10 °C and stored at —80 °C for subsequent analysis. ELISA kits (R&D Systems, Minneapolis,
MN, USA) were employed for the quantification of leptin and adiponectin, following the
manufacturer’s instructions.

2.4. Analysis of Free Fatty Acid Profile in Serum

The analysis of free fatty acid composition in serum was determined using gas chro-
matography with a Varian 3900 gas chromatograph (Walnut Creek, CA, USA) coupled
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with flame ionization detection (FID) and an automatic sampler CP-8410. The methylation
of each fraction was performed using acetyl chloride (5% HCl and methanol), and the
fatty acid composition was determined with methyl esters. Fatty acids were identified
by comparing retention times using a known standard of fatty acid methyl ester (FAME).
FAMESs were utilized on a capillary column (CP Wax 52 CB, Varian, Lake Forests, CA,
USA) with a thickness of 0.25 pm, an inner diameter of 0.25 mm, and a length of 30 m.
Hydrogen was used as the carrier gas at a linear velocity of 22 cm/s. The temperature was
programmed to 170 °C for 1 min, followed by increments of 2.5 °C/min until 240 °C, with
a final hold time of 5 min. The injector temperature was set at 250 °C, and the FID was set
at 260 °C. FAMEs were identified by comparing the retention times of the samples with
known standards (Supelco, 37 components; Sigma-Aldrich, St. Louis, MO, USA; Mixture,
Me93, Larodan, and Qualmix, PUFA Fish M, Menhaden Qil, Larodan, Solna, Sweden).
Percentages of total fatty acids were used to express the values of fatty acid composition.

2.5. Statistical Analysis

The statistical analysis was performed using the R Studio program, version 4.3.3. The
normality of the variables was assessed using the Shapiro-Wilk test, and the data are pre-
sented as mean and standard deviation or median and quartile range, according to normal-
ity. To investigate the association between the leptin/adiponectin and adiponectin/leptin
ratios and serum fatty acids, and also between C-reactive proteins (CRPs) and omega-3
and -6 fatty acids, Pearson or Spearman correlation analyses were performed based on
data normality. A generalized linear regression model (GLM) was performed using the
Stepwise strategy, with age, BMI, waist circumference, hip circumference, and neck circum-
ference in the model. The covariates were chosen according to similar models found in the
literature [21-23].

3. Results

Forty-nine patients were enrolled in the study; however, one person withdrew and
seven were excluded due to a lack of data, such as the waist and hip circumferences (three
volunteers) and adipokines measurements (four volunteers). Thus, the analyses were
performed with 41 participants. The volunteers had a mean age of 40.2 + 8.3 years and a
BMI of 46.99 (42.97-51.90) kg/m?. A total of twenty-one plasma fatty acids, including four
saturated (56.2% by area), five monounsaturated (17.2% by area), and twelve polyunsatu-
rated fatty acids (26.6% by area), were identified. Regarding the adipokines, 60% of the
sample presented hyperleptinemia and 41% presented hypoadiponectinemia. Data from
the descriptive analysis of the sample are presented in Table 1.

Table 1. Descriptive analysis of anthropometric data, serum fatty acids, and adipokines from women
with severe obesity (n = 41).

Mean/Median SD/Quartile Range
Characteristics and Anthropometric Data
Age (y) 40.22 +8.3
Height (m) 1.59 +0.05
Body mass (kg) 118.80 111.95-129.10
BMI (kg/m?) 46.99 42.97-51.90
Waist circumference (cm) 131.46 +12.52
Hip circumference (cm) 142.50 136.1-152.25
_ Ratio Waist 0.90 +0.07
circumference/Hip
Fatty Acids (% by area)
Saturated (SFA)
TOTAL 56.19 +5.63
C14:0 4.26 +1.45
C16:0 15.61 +4.75
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Table 1. Cont.

Mean/Median SD/Quartile Range
C20:0 0.55 +0.14
C22:0 0.20 0-0.25
Monounsaturated (MUFA)
TOTAL 17.15 +2.99
C14:1C 3.17 +1.01
C16:1n7 0.82 0.72-1.08
C18:1n9 11.23 +3.92
C18:1n7 1.11 +0.35
C20:1n9 0.75 +0.22
TOTAL 17.15 +2.99
Polyunsaturated (PUFA)
TOTAL 26.64 +4.04
Omega-6
TOTAL 21.68 +4.41
C18:2n6 14.47 +5.16
C18:3n6 3.45 +1.05
C20:2n6 1.73 +0.69
C20:3n6 0.32 +0.99
C20:4n6 0.23 0-0.30
C22:2n6 1.15 0.87-1.44
Omega-3
TOTAL 493 3.35-6.80
C18:3n3 2.53 1.82-3.46
C18:4n3 0.46 0.36-0.57
C20:3n3 0.48 0.37-0.78
C20:4n3 0.29 0.23-0.35
C20:5n3 0.08 +0.32
C22:6n3 0.45 0.29-0.56
Ratio SFA /PUFA 2.02 1.80-2.41
Ratio SFA/MUFA 3.41 +0.89
Ratio n3/n6 0.18 0.13-0.33
Ratio n6/n3 5.39 3.02-7.38
Inflammatory Markers
CRP 0.95 0.42-1.44
Adiponectin (ug/dL) 7.67 5.76-11.42
Leptin (ng/dL) 32.23 28-44.71
Ratio Adiponectin/Leptin 0.21 0.14-0.29
Ratio Leptin/Adiponectin 4.78 3.41-6.92

BMI: Body mass index; Waist circumference (<80 cm); Ratio circumference Waist/Hip (<0.8); CRP: C-reactive
protein (<1 mg/dL); Adiponectin (>7 ug/dL); Leptin (31.7 ng/dL).

The correlation analyses showed a positive correlation between the Lep/ Adipo ratio
and Di-homo-y-linolenic acid (DGLA 20:3n6, r = 0.52, p = 0.00, Table S1), as well as between
the Adipo/Lep ratio and Docosahexaenoic Acid—DHA (22:6n3, r = 0.74, p = 0.00, Table S2).
Moreover, a positive correlation was found between CRP and 18:3n6 (p = 0.01), 20:4n3
(p = 0.00), and 18:3n-3 (p = 0.01) (Table S3).

The multiple linear regression between C22:6n3 fatty acid and the Adipo/Lep ratio
explains 63% of the variability of the ratio. And the regression between C20:3n6 and the
Lep/Adipo ratio was adjusted for neck circumference and explains 30% of the variability
of this ratio. The results showed C22:6n3 as a predictor of the Adipo/Lep ratio (p < 0.000)
(Table 2). In addition, C20:3n6 is a predictor factor for the Lep/Adipo ratio (p < 0.000)
(Table 3).
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Table 2. Multiple linear regression model for Adipo/Lep ratio in women with severe obesity.

B p-Value OR (95% IC)
Step 1 Age 0.021 0.010 1.021 (0.02-3.27)
BMI —0.010 0.609 0.989 (0.95-1.03)
WC 0.001 0.837 1(0.988-1.01)
HC 0.005 0.569 1 (0.98-1.02)
NC —0.005 0.781 0.994 (0.95-1.03)
C22:6n3 0.755 0.000 2.129 (1.740-2.604)
Step 2 Age 0.022 0.006 1 (1.007-1.037)
BMI —0.009 0.633 0.991 (0.954-1.028)
HC 0.005 0.545 1(0.987-1.024)
NC —0.005 0.793 0.994 (0.956-1.034)
C22:6n3 0.754 0.000 2.127 (1.744-2.594)
Step 3 Age 0.022 0.004 1 (1.007-1.037)
BMI ~0.010 0.551 0.989 (0.955-1.024)
HC 0.006 0.517 1(0.988-1.024)
C22:6n3 0.755 0.000 2.129 (1.750-2.589)
Step 4 Age 0.021 0.004 1 (1.007-1.036)
HC 0.001 0.790 1(0.992-1.010)
C22:6n3 0.761 0.000 2.142 (1.766-2.598)
Step 5 Age 0.020 0.003 1.020 (1.007-1.034)
C22:6n3 0.760 0.000 2.139 (1.768-2.588)

BMI: Body mass index; WC: Waist circumference; HC: Hip circumference; NC: Neck circumference.

Table 3. Multiple linear regression model for Lep/Adipo ratio in women with severe obesity.

B p-Value OR (95% IC)
Step 1 Age —0.166 0.328 0.847 (0.698-1.176)
BMI —0.116 0.786 0.890 (0.384-2.058)
WC 0.043 0.777 1 (0.774-1.408)
HC —0.052 0.795 0.949 (0.641-1.405)
NC 0.700 0.120 2 (0.850-4.774)
C20:3n6 5.215 0.000 184.053 (113.090-298.966)
Step 2 Age —0.149 0.335 0.861 (0.630-1.162)
BMI —0.201 0.469 0.817 (0.476-1.402)
WC 0.716 0.104 1 (0.775-1.393)
NC 0.038 0.796 2 (0.881-4.756)
C20:3n6 5,232 0.000 187.243 (120.015-292.130)
Step 3 Age —0.143 0.343 0.866 (0.646-1.160)
BMI —0.157 0.465 0.854 (0.563-1.297)
NC 0.735 0.087 2(0.918-4.736)
C20:3n6 5.364 0.000 213.575 (170.462-267.592)
Step 4 Age —0.122 0.343 0.885 (0.665-1.177)
NC 0.592 0.087 1.809 (0.877-3.728)
C20:3n6 5.021 0.000 151.640 (145.542-157.994)
Step 5 NC 0.648 0.081 1.911 (0.941-3.883)
C20:3n6 4.848 0.000 127.495 (12.791-1270.826)

BMI: Body mass index; WC: Waist circumference; HC: Hip circumference; NC: Neck circumference.

4. Discussion

The pro-inflammatory state in individuals with obesity is one of the main factors
associated with the development of comorbidities and can be influenced by the circu-
lation of fatty acids. It is already established in the literature that the analysis of the
leptin/adiponectin and adiponectin/leptin ratios is a better indicator of inflammation than
adipokines alone [12,14,15]. Considering the important role of inflammation in cardiovascu-
lar disorders, a more profound understanding of the relationship between these ratios and
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fatty acids can be of great value for the management of obesity and its comorbidities. For
the first time, the present study demonstrated that the C22:6n3 fatty acid was a predictive
factor for the increase in the Adipo/Lep ratio (3 = 0.760, p < 0.000) in women with severe
obesity. The regression model explains that 63% of the variability in the Adipo/Lep ratio is
due to C22:6n3.

A previous study, comparing eutrophic individuals and individuals with obesity, iden-
tified DHA as a potential biomarker for chronic inflammation in obesity [24], corroborating
our findings. Additionally, in a study with post-pubertal adolescents with obesity, it was
observed that polyunsaturated fatty acids (PUFA) and, specifically, the n-3/n-6 ratio were
positively correlated with adiponectin levels [19]. Finally, both experimental and clinical
studies demonstrated a significant increase in adiponectin concentrations after n-3 fatty
acid supplementation, reinforcing the positive influence of this type of fatty acid on the
concentration of this adipokine [25].

The proposed mechanism for the influence of DHA on adiponectin concentration
is related to its ability to act as a ligand for peroxisome proliferator-activated receptors
(PPARs), which induces the expression of several genes involved in the metabolism of
lipids, glucose, and anti-inflammatory cytokines. In fact, many studies suggest that PPARy
plays a key role in the ability of n-3 PUFA, specifically DHA, to reduce inflammation [25-27].
Additionally, an experimental study raised the hypothesis that n-3 fatty acids stimulate the
secretion of adiponectin in epididymal fat in a PPARy-dependent and PPAR«-independent
way [9]. Consequently, it is believed that part of the anti-inflammatory association observed
for n-3 fatty acid in our study is mediated by these mechanisms.

Furthermore, DHA can reduce the production of eicosanoids derived from arachidonic
acid (AA) by competing with it to be incorporated into the phospholipids of the cell
membrane, reducing inflammation [28]. Finally, it can act directly on inflammatory cells
through membrane receptors, such as GPR120 (G-protein coupled receptor 120), reducing
the expression of nuclear factor kappa B (NF-kB) in macrophages and, consequently, the
production of inflammatory cytokines, such as tumor necrosis factor alpha (TNF-o) and
Toll-like receptors (TRLs) [2,29]. This molecular mechanism is complementary to the PPARs
pathway to explain the association between n-3 and the Adipo/Lep ratio.

The findings of the present study reinforce n-3 fatty acid as an inflammation modulator
agent and highlight the importance of its consumption in reducing inflammation, including
in severe obesity. Several studies show that the Westernized diet, characteristic of the
current diet patterns, represents an increase in the consumption of calories in saturated fat
and n-6 fatty acids, with a reduction in the intake of n-3 fatty acids. The general population
has a low intake of n-3 fatty acids and is unable to reach the recommended levels of
n6/n3 [30,31]. Thus, public policies that favor the consumption of foods that are sources of
n-3 [29,32], especially in countries where the consumption of these foods is low, can help
control inflammation and minimize unfavorable clinical outcomes resulting from obesity.

On the other hand, the regression analyses demonstrated C20:3 n-6 fatty acid as a
predictor factor for the Lep/Adipo ratio, revealing the relationship of this type of fatty acid
in the pro-inflammatory process. Linoleic fatty acid is a precursor for arachidonic acid
(AA), leading to the formation of eicosanoids. These eicosanoids subsequently give rise
to series 2 prostaglandins, series 4 leukotrienes, and related metabolites that collectively
regulate pro-inflammatory activities, including the production of pro-inflammatory cy-
tokines [32,33]. Considering that, in high concentrations, leptin is also a pro-inflammatory
mediator, DGLA corroborates to a more pronounced state of inflammation in obesity [34].

In fact, our study observed a positive correlation between CRP and 18:3 n-6 (p = 0.01),
a precursor of AA. Positive correlations between CRP and 20:4 n-3 and 18:3 n-3 were also
observed in our study, which are two fatty acids that can be converted in n-6 fatty acids
depending on the desaturase’s concentration [35].

It appears that the increased intake of precursors, such as AA, increases their content
in the cell membrane, which may lead to the increased production of pro-inflammatory
eicosanoids. Although dietary intake was not assessed in this study, it is known that a
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Westernized diet [36] can contribute to an increase in AA precursor consumption. This can
be found in vegetable oils and derived products, such as margarine [37]. Older studies
demonstrated that high levels of AA have a strong association with the formation of
substances that aggregate platelets, such as thromboxanes [37,38]. In any case, investigating
the consumption of foods that can increase arachidonic acid levels is important for the
management of obesity, mainly from the perspective of inflammation [33].

In the present study, 21 fatty acids were identified in the volunteers’ plasma, including
AGS, AGMI, and PUFA (Table 1), similarly to a previous study on the topic. Although we
do not have a control group, it has been previously demonstrated by Bermudez-Cardona
and Velasquez-Rodriguez (2016) that only the DHA fatty acid differed between women
with obesity and normal weight, and others reinforce that DHA might play an important
role in obesity and cardiovascular disease [38,39]. Thus, n-3 supplementation can be an
ally in controlling chronic low-grade inflammation in this population, either by promoting
the anti-inflammatory or reducing the pro-inflammatory pathways, or both [2]. Albracht-
Schulte et al. [2] suggest that omega-3 fatty acid can be an adjuvant in the treatment of
obesity and metabolic syndrome, along with lifestyle modifications and pharmacotherapy.
However, genetic and epigenetic factors require further studies, as they may interfere with
the outcomes of greater n-3 consumption [33].

Even with the limitations of the study, such as the small sample size, the lack of a
control group, and the lack of information about the volunteers’ food consumption, it was
possible to observe the association between unsaturated fatty acids and the inflammatory
profile. No saturated fatty acids were correlated with pro- and anti-inflammatory markers,
which suggests that the strategy should be focused on unsaturated fatty acids. Furthermore,
this is the first study carried out only with women with severe obesity, a condition that is
increasing in our society. More studies are needed with a larger sample, evaluating dietary
intake, to better understand the influence of food on circulating fatty acids.

5. Conclusions

The fatty acid DHA was shown to be a positive predictor for the anti-inflammatory
adipo/lep ratio, whereas C20:3 n-6 was a predictor for inflammatory markers in women
with severe obesity. The data suggest an intrinsic relationship between polyunsaturated
fatty acids and inflammation in obesity, emphasizing the importance of public strategies to
encourage the greater consumption of series n-3 fatty acids and to reduce the consumption
of series n-6 fatty acids in individuals with severe obesity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biomedicines12102248 /s1, Table S1. Correlations between fatty
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acid profile and Adipo/Lep ratios in women with severe obesity. Table S3. Correlations between
omega 3 and 6 fatty acids and CRP.
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Abstract: Obesity induces inflammation in the hypothalamus and adipose tissue, resulting in
metabolic disorders. A novel hypothalamic neuropeptide, neurosecretory protein GM (NPGM),
was previously identified in the hypothalamus of vertebrates. While NPGM plays an important
role in lipid metabolism in chicks, its metabolic regulatory effects in mammals remain unclear. In
this study, a novel Cre driver line, NPGM-Cre, was generated for cell-specific manipulation. Cre-
dependent overexpression of Npgm led to fat accumulation without increased food consumption in
male NPGM-Cre mice. Chemogenetic activation of NPGM neurons in the hypothalamus acutely
promoted feeding behavior and chronically resulted in a transient increase in body mass gain. Fur-
thermore, the ablated NPGM neurons exhibited a tendency to be glucose intolerant, with infiltration
of proinflammatory macrophages into the adipose tissue. These results suggest that NPGM neurons
may regulate lipid storage and inflammatory responses, thereby maintaining glucose homeostasis.

Keywords: neurosecretory protein GM; hypothalamus; neuropeptide; obesity; chronic inflamma-
tion; chemogenetics

1. Introduction

Obesity is recognized as one of the risk factors associated with metabolic abnor-
malities, including type 2 diabetes, hypertension, hyperlipidemia, and cardiovascular
disease [1-4]. Recent studies have highlighted the important role of chronic inflammation
in adipose tissue in the development of metabolic abnormalities [5-8]. Several reports have
demonstrated the involvement of neuropeptides and their producing neurons within the
hypothalamus in feeding behavior, obesity, chronic inflammation, and related diseases.
There is accumulating evidence regarding the arcuate nucleus (Arc). Neuropeptide Y (NPY)
and agouti-related protein (AgRP) exhibit potent orexigenic effects [9]. The intracerebroven-
tricular (i.c.v.) injection of AgRP has been shown to upregulate the mRNA expressions of
tumor necrosis factor-o (TNF-«), a proinflammatory cytokine, in epididymal white adipose
tissue (eWAT) via the sympathetic nervous system (SNS) [10]. AgRP-expressing neurons
are also involved in energy homeostasis [11,12]. Conversely, x-melanocyte-stimulating
hormone («-MSH), derived from proopiomelanocortin (POMC), contributes to anorexi-
genic behavior in rodents through melanocortin receptor type 4 (MC4R) [13,14]. Chronic
inhibition of the POMC- and MC4R-expressing neurons results in profound obesity [15].
In addition to the Arc, steroidogenic factor 1 (SF1) neurons, which are vital in regulating
energy homeostasis in the ventromedial hypothalamus (VMH), have been found to inhibit
inflammatory responses in the inguinal WAT (iWAT) of mice fed a high-fat diet (HFD) [16].
Furthermore, the activation of corticotropin-releasing hormone (CRH)-expressing neurons
in the paraventricular nucleus of the hypothalamus (PVH) shifts the preference from a
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carbohydrate-rich diet to an HFD, and these neurons are involved in the development of
HFD-induced obesity [17,18]. Despite accumulating evidence on the hypothalamic regu-
lation of energy homeostasis as described above, the complete picture remains complex
and elusive.

Two novel genes, Fam237a/Gm39653 and Fam237b/Gm8773, encoding precursor pro-
teins have been identified in the hypothalamus of chickens, rats, mice, and humans [19-22].
Owing to their distinct C-terminal amino acids, mature proteins derived from these pre-
cursor proteins are termed neurosecretory protein GL (NPGL) and neurosecretory protein
GM [19]. To date, the essential role of NPGL in energy metabolism has been revealed.
NPGL-expressing cells are localized in the lateroposterior part of the Arc (ArcLP) [21].
An acute i.c.v. injection of NPGL has been shown to stimulate feeding behavior [21]. Hy-
pothalamic overexpression of Npgl leads to obesity in mice fed normal chow (NC) and
high-calorie diets [23]. As for NPGM, we have reported that NPGM and NPGL are co-
localized in the medial mammillary nucleus within the hypothalamic infundibulum of
chicken [24]. We also found that NPGM accelerated lipid deposition without overeating
in chicks [25]. A recent report showed that NPGM-enriched neurons are GABAergic and
represent a subpopulation of AgRP-expressing neurons in mice [26]. Furthermore, recent
findings revealed that an acute i.c.v. injection of NPGM stimulated feeding behavior in
mice [27]. These data indicate that NPGM and/or NPGM-expressing neurons are key
hypothalamic regulators of energy metabolism in addition to NPGL. Nevertheless, little
is known about the effects of NPGM and NPGM neurons on energy metabolism, primar-
ily due to the yet-to-be-elucidated intramolecular disulfide bond pattern of mammalian
endogenous NPGM.

In this study, new Cre-driver mice were generated that bicistronically express NPGM
and Cre recombinase, and neuron-specific analyses were conducted to provide further
insight into the hypothalamic regulation of energy metabolism by NPGM. The present
study analyzes the Cre-dependent overexpression of the precursor gene, chemogenetic
manipulation, and neural ablation of NPGM neurons, with a focus on the effects of NPGM
neurons on feeding behavior, fat accumulation, and chronic inflammation in the WAT.

2. Materials and Methods
2.1. Animals

NPGM-Cre mice were generated using the CRISPR-Cas9 system (Cyagen Biosciences,
Inc., Santa Clara, CA, USA). The gRNAs designed for the CRISPR target sequence (Forward: 5'-
AATGGCAGGACGTGATCTGAAGG-3/, Reverse: 5'-CACGTCCTGCCATTTTCTGTGGG-3)
and the donor vector for integration of the P2A (a self-cleaving peptide)-Cre sequence, along
with Cas9 mRNA, were co-injected into fertilized mouse eggs to generate targeted knock-in
offspring. Additionally, a synonymous mutation, S124 (TCC to AGT), was introduced to
prevent sequence binding and recutting by gRNA after homology-directed repair. The
desired mutation in the FO founder mice was identified through PCR, followed by sequence
analysis. Germline transmission and generation of F1 mice were confirmed through
breeding with wild-type animals. The tail tips of weanlings (4 weeks old) were cut to obtain
genomic DNA using the HotSHOT method [28]. PCR amplifications were performed
using Quick Taq HS DyeMix (TOYOBO, Osaka, Japan) with the following conditions:
94 °C for 2 min, followed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 68 °C for 30 s.
Heterozygous mice were used in all experiments.

Male NPGM-Cre mice (8 weeks old) were housed individually under standard condi-
tions (25 = 1 °C under a 12 h light/12 h dark cycle) with ad libitum access to water and
either NC (CE-2; CLEA Japan, Tokyo, Japan) or HFD (60% of calories from fat, 7.1% of
calories from sucrose; D12492, Research Diets, New Brunswick, NJ, USA).

2.2. Production of Plasmid Enabling Cre-Dependent Overexpression of Npgm

The artificial sequence (Npgm-P2A-eGFP) designed for the Cre-dependent overex-
pression of Npgm in NPGM-Cre mice was generated using Eurofins Genomics (Tokyo,
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Japan). To generate pAAV-hSyn-DIO-Npgm-P2A-eGFP, pAAV-hSyn-DIO-hM3Dg-mCherry
(#44361, Addgene, Watertown, MA, USA) was modified, replacing the coding sequence of
hM3Dg-mCherry with the artificial sequence.

2.3. Preparation of AAV-Based Vectors

AAV-based vectors were prepared following previous reports [23,29,30] using pAAV-
hSyn-DIO-Npgm-P2A-eGFP, pA AV-hSyn-DIO-hM3Dg-mCherry, pAAV-EF1 o-DIO-mCherry
(#50462, addgene), and pAAV-flex-taCasp3-TEVp (#45580, addgene). The AAV-based vec-
tors were stored at —80 °C until use.

2.4. Stereotaxic Surgery

AAV injection was performed as described in previous methods [23,29,30]. NPGM-
Cre mice were anesthetized using isoflurane. AAVs were bilaterally delivered into the
mediobasal hypothalamic region 2.2 mm caudal to the bregma, 0.25 mm lateral to the mid-
line, and 5.8 mm ventral to the skull surface, using a Neuros Syringe (7001 KH; Hamilton,
Reno, NV, USA). Next, 0.5 pL of AAV-EF1o-DIO-mCherry (3.2 X 10° genome copies/pL)
was delivered into the target regions of NPGM-Cre mice to confirm the neural-specific gene
expression. For Cre-dependent overexpression of Npgm, 0.5 uL of AAV-hSyn-DIO-Npgm-
P2A-eGFP (1.8 x 10° genome copies/ L) was injected into the target regions of NPGM-Cre
mice. As a control, the same volume of AAV-hSyn-DIO-P2A-eGFP (1.2 x 10° genome
copies/uL) was delivered into the target regions of NPGM-Cre mice. Then, 0.5 uL of AAV-
hSyn-DIO-hM3Dg-mCherry (7.2 x 108 genome copies/uL) was used for acute/chronic
stimulation of NPGM neurons. For the ablation of NPGM-neurons, 0.5 uL. of AAV-flex-
taCasp3-TEVp (2.2 x 10'° genome copies/uL) or AAV-EF1a-DIO-mCherry, as a control,
was injected into the target regions of NPGM-Cre mice.

2.5. Cre-Dependent Querexpression of Npgm

After AAV injection, NPGM-Cre mice were fed the NC for 28 days. Food intake and
body mass were measured at the beginning of the light period (9:00). At the end of this
study, mice were decapitated between 13:00 and 15:00. The mediobasal hypothalamus,
adipose tissue, and the liver were collected, weighed, and frozen in liquid nitrogen. Blood
was simultaneously collected and centrifuged for 15 min at 3000 x g at 4 °C after incubation
for 30 min at 25 &= 1 °C. Plasma was stored at —80 °C. After removing lymph nodes in
the iWAT, over 80% of the entire iWAT and eWAT were collected as digestion solutions
containing Collagenase I (250 U, Worthington, Lakewood, NJ, USA), DNase I (21.6 U,
Worthington), and PBS for flow cytometry.

2.6. Stimulation of NPGM Neurons in the Hypothalamus

One week after viral injection, NPGM-Cre mice were fed an HFD for 1 week. Food
deprivation was induced at 17:00 in the measurement day. Immediately before the dark
period, saline or clozapine-N-oxide (CNO) (1 mg/kg) (Tocris Bioscience, Minneapolis, MN,
USA) was injected intraperitoneally into NPGM-Cre mice. Simultaneously, re-feeding of an
HFD was initiated. Food intake was measured at 1, 2, 4, 6, and 12 h after intraperitoneal (i.p.)
injection. The following day, a crossover study was conducted on these mice. Activation
of hM3Dg-expressing neurons in these mice was confirmed using immunohistochemistry
after an additional CNO injection.

For chronic stimulation of NPGM neurons, NPGM-Cre mice were allowed to recover
for 2 weeks with ad libitum access to the NC after stereotaxic surgery. They were then
provided drinking water containing CNO (5 mg/kg) to stimulate NPGM neurons via
hM3Dq for 2 weeks. Water without CNO was used as the control. Food intake and body
mass were measured during the initial 3 days of CNO consumption.
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2.7. Ablation of NPGM Neurons

Before AAV injection, NPGM-Cre mice were fed an HFD for 8 weeks. The mice were
fed HFDs for 56 days after stereotaxic surgery. An oral glucose tolerance test (OGTT) and
an insulin tolerance test (ITT) were conducted 42 and 49 days later, respectively. Moreover,
56 days after stereotaxic surgery, each tissue sample was collected as the same procedure in
Section 2.5.

2.8. Quantitative Reverse Transcriptase PCR (qRT-PCR)

RNA isolation and qRT-PCR were performed as previously reported [23,30,31]. Total
RNA was isolated using the TRIzol reagent (Life Technologies, Carlsbad, CA, USA). First-
strand cDNA was reverse-transcribed using the PrimeScript RT Reagent Kit with a gDNA
Eraser (TAKARA, Shiga, Japan). qRT-PCR was performed with a THUNDERBIRD SYBR
gqPCR Mix (TOYOBO) under the following conditions: 95 °C for 20 s, followed by 40 cycles
of 95 °C for 3 s and 60 °C for 30 s. Data were analyzed using the 27 *4Ct method with
B-actin (Actb) [32]. The primer sequences used in this study are listed in Table 1.

Table 1. Sequences of oligonucleotide primers for qRT-PCR.

Gene Sense Primer (5’ to 3') Antisense Primer (5’ to 3')
Npgm CTCTCTGACGCTGATAGACC AGATACTGTAATGCCCAGGA
Actb GGCACCACACCTTCTACAAT AGGTCTCAAACATGATCTGG

Genotyping 1 CGTTCTGCTGTTCAGTCTCACTG GATTCCATTCTTCTATGCAACCCAT
Genotyping 2 GCTGATGATCCGAATAACTACCTG GATTCCATTCTTCTATGCAACCCAT

2.9. Flow Cytometry

The iWAT and the eWAT were minced and shaken at 37 °C for 30 min in a diges-
tion solution. The digested samples were filtered through 300 (pluriSelect Life Science,
Leipzig, Germany), 70 (Funakoshi, Tokyo, Japan), and 40 um (Funakoshi) cell strainers
with cation/phenol red-free Hank’s balanced salt solution (HBSS, Thermo Fisher Scientific,
Waltham, MA, USA) buffer containing 2% bovine serum albumin (BSA, Sigma-Aldrich,
St. Louis, MO, USA), 1 mM EDTA, and 25 mM HEPES (Thermo Fisher Scientific). After
centrifugation at 400 x ¢ for 3 min at 4 °C, red blood cells were lysed with a lysis buffer
(Abcam, Cambridge, UK) for 5 min and resuspended in HBSS buffer.

Harvested cells in the stromal vascular fractions were blocked with anti-mouse
CD16/CD32 antibodies against Fc receptors (BD Biosciences, San Jose, CA, USA) for 10 min
on ice. These cells were incubated for 30 min in an HBSS buffer with BV510 mouse anti-
F4/80 (Biolegend, San Diego, CA, USA) or FITC mouse anti-F4/80 (Biolegend), PE mouse
anti-CD11c (Biolegend) or FITC mouse anti-CD11c (Biolegend), APC mouse anti-CD206
(Biolegend) or PE-Cy7 mouse anti-CD206 (Biolegend), PerCP/Cy5.5 mouse anti-CD3 (Bi-
olegend) or FITC mouse anti-CD3 (Biolegend), PE-Cy7 mouse anti-CD45 (Biolegend) or
PE mouse anti-CD45 (Biolegend), BV421 mouse anti-CD19 (Biolegend) or PE-Cy7 mouse
anti-CD19 (Biolegend) on ice. The dead cells were stained with propidium iodide. The
stained cells were analyzed using a CytoFLEX S (Beckman Coulter, Brea, CA, USA) or a Cell
Sorter MA900 (SONY, Tokyo, Japan). The macrophages were identified as F4/80" cells. The
M1 macrophages were identified as F4/80%, CD11c*, and CD206~. The M2 macrophages
were identified as F4/80%, CD11c—, and CD206*. The T cells were identified as CD45"
and CD3" cells. The B cells were identified as CD45" and CD19* cells. To compare with a
negative control, unstained cells were also analyzed for comparison.

2.10. Immunohistochemistry

After fixation in 4% paraformaldehyde, cryoprotection, and freezing, the brain tissues
were sectioned at a thickness of 20 um with a cryostat at —20 °C. Immunohistochemistry
of free-floating sections was performed as previously described [20,21,23]. The sections
were incubated in a blocking buffer (1% BSA, 1% normal donkey serum, and 0.3% Triton
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X-100 in 10 mM PBS) for 1 h at 25 £ 1 °C before incubation with primary antibodies,
including guinea pig anti-NPGM (1:100 or 1:200 dilution), rat anti-GFP (1:50,000 dilution,
GFO090R; Nacalai Tesque, Kyoto, Japan), goat anti-mCherry (1:500 dilution, AB0040-200;
Origene), and rabbit anti-c-fos (1:1000 dilution, sc-52; Santa Cruz Biotechnology, Dallas,
TX, USA) overnight at 4 °C. After undergoing three washes with 10 mM PBS, the floating
sections were incubated for 1 h at 25 & 1 °C with secondary antibodies, including Alexa
Fluor 488-labeled donkey antibody to rabbit anti-IgG (1:400 or 1:600 dilution, 711-545-152;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA), Alexa Fluor 488-labeled
donkey antibody to rat anti-IgG (1:500 dilution, 712-545-150; Jackson ImmunoResearch
Laboratories), Cy3-labeled donkey antibody to guinea pig anti-IgG (1:400 dilution, 706-165-
148; Jackson ImmunoResearch Laboratories), and Alexa Fluor 568-labeled donkey antibody
to goat anti-IgG (1:400 dilution, ab175474; Abcam). The immunoreactive labeling was
observed using a microscope (Eclipse E600; Nikon, Tokyo, Japan).

2.11. Plasma and Hepatic Biochemical Analysis

A GLUCOCARD G+ meter (Arkray, Kyoto, Japan) was used to measure the glucose
content of the plasma. The NEFA C-test (Wako Pure Chemical Industries, Osaka, Japan)
was used to measure the free fatty acid levels. Finally, the Triglyceride E-Test (Wako Pure
Chemical Industries) was used to measure triglyceride levels.

To extract triglycerides from the liver, a previously reported protocol [33] was followed.
The livers were homogenized in PBS, and a chloroform—methanol solution (2:1) was added
to the homogenates. The samples were centrifuged at 18,000 x g for 5 min at 4 °C, and the
lower layer was collected and evaporated. The extracted lipids were dissolved in 100%
isopropanol and hepatic triglyceride levels were measured using the Triglyceride E-Test
(Wako Pure Chemical Industries).

2.12. OGTT and ITT

The OGTT and the ITT were conducted as previously reported [16,30,34-36], 42 and
49 days after stereotaxic surgery, respectively, to induce the ablation of NPGM neurons.
Briefly, NPGM-Cre mice were fasted for 16 h for the OGTT or 4 h for the ITT. Using a
GLUCOCARD G+ blood glucose meter, blood glucose levels were measured at 0, 15, 30,
60, and 120 min after oral glucose administration for the OGTT (1 g/kg weight) and i.p.
injection of insulin for the ITT (0.75 units/kg). A 35 puL blood sample was collected from
the tail vein using a heparinized plastic hematocrit tube (Drummond Scientific Company,
Broomall, PA, USA), and the plasma was separated through centrifugation at 3000 x g for
15 min. After centrifugation, the plasma was stored at —80 °C for insulin measurement.
The LBIS Insulin-Mouse-U ELISA kit (Shibayagi, Gunma, Japan) was used to measure the
insulin levels. The area under the curve (AUC) and inverse AUC for blood glucose were
calculated using the linear trapezoidal method for both OGTT and ITT.

2.13. Statistical Analysis

A Student’s t-test was performed to assess differences between the 2 groups (control
and treated mice). To assess the main effects of groups (between control and treated)
and time, a two-way, repeated-measures ANOVA was conducted, followed by Sidak’s
test for multiple comparisons. Differences at p values < 0.05 were considered statistically
significant. All results are presented as the mean =+ standard error of the mean (SEM).

3. Results
3.1. Generation of NPGM-Cre Mice

To enable a neuron-specific approach to NPGM-expressing cells, we created Cre
driver mice using the CRISPR-Cas9 system. The construction of the targeted allele is
shown in Figure 1A. The TGA stop codon in exon 2 of Npgm was replaced with a 2A
self-cleaving peptide and Cre recombinase. To confirm Cre-dependent gene expression
in the created mice, we stereotaxically injected AAV-EF1«-DIO-mCherry into the ArcLP.
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Immunohistochemistry following stereotaxic injection of AAV-EF1a-DIO-mCherry into
the ArcLP confirmed the co-localization of NPGM-immunoreactive cells and AAV-derived
mCherry (Figure 1B). These results indicate Cre-dependent gene expression in the generated
mice, which were named “NPGM-Cre.”

P2A

NPGM

Figure 1. Generation and verification of NPGM-Cre mice. (A) Targeted alleles in the NPGM-Cre
mice. (B) Representative micrographs of the mediobasal hypothalamus at 4 weeks after injection with
AAV-EF1x-DIO-mCherry. The arrowheads indicate NPGM-immunoreactive mCherry-expressing
neurons. NPGM: neurosecretory protein GM. Scale bars = 100 um.

3.2. Cre-Dependent Overexpression of Npgm

To examine neuron-specific overexpression of Npgm, Cre-dependent overexpression
of Npgm in NPGM-Cre mice was performed via stereotaxic delivery of AAV-hSyn-DIO-
Npgm-P2A-eGFP (Figure 2A,B). Npgm overexpression was confirmed in the ArcLP using
qRT-PCR (Student’s t-test, df = 8, t = 7.430, p < 0.005, n = 5) and immunohistochemistry
(Figure 2C,D). Notably, Npgm overexpression had limited effects on cumulative food intake
or body mass gain (Figure 2E,F). While the mass of the iWAT was increased due to the
overexpression of Npgm (Student’s t-test, df = 8, t = 2.620, p < 0.05, n = 5), other adipose
tissues remained unchanged (Figure 2G,H). In addition to the adipose tissues, apart from
the iWAT, the liver mass and the hepatic triglyceride content were unaffected (Figure 21]).

Fat accumulation contributes to hyperglycemia and hyperlipidemia with chronic
inflammation [37,38]. To confirm the effects of Cre-dependent Npgm overexpression on
blood parameters, the blood glucose, triglyceride, and free fatty acids levels were eval-
uated. Importantly, the blood parameters were not altered due to Npgm overexpression
(Figure 3A—C). Subsequent examination of immune cell percentages in the iWAT and eWAT
revealed no changes (Figure 3D-O). These results suggest that Cre-dependent overexpres-
sion of Npgm induces fat accumulation without substantial effects on feeding behavior,
body mass, blood parameters, or chronic inflammation in adipose tissue.
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Figure 2. Cre-dependent overexpression of Npgm in the hypothalamus of NPGM-Cre mice.
(A) Experimental procedure. (B) Construction of AAV-based vector. (C) mRNA expression level
of Npgm in the mediobasal hypothalamus at the end of Npgm overexpression. (D) Representative
micrograph of the mediobasal hypothalamus at 20 days after injection of AAV-CTL or AAV-NPGM.
The arrowheads indicate NPGM-immunoreactive GFP-expressing neurons. (E) Cumulative food
intake. (F) Body mass gain. (G) Mass of the inguinal, epididymal, retroperitoneal, and perirenal WAT.
(H) Mass of the interscapular BAT. (I) Mass of the liver. (J) Content of hepatic triglycerides. Each value
represents the mean &+ SEM (n = 5). Asterisks indicate statistically significant differences (* p < 0.05,
*** p < 0.005). Differences between groups were assessed using Student’s t-test or two-way ANOVA
with repeated measures followed by Sidak’s test for multiple comparisons. NPGM: neurosecretory
protein GM; AAV-CTL: AAV-based control vector; AAV-NPGM: AAV-based NPGM-precursor gene
vector; WAT: white adipose tissue; BAT: brown adipose tissue. Scale bars = 100 pum.
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3.3. Acute and Chronic Activation of NPGM Neurons in the Hypothalamus

Considering the established role of hypothalamic neuropeptide-expressing neurons in
energy metabolism [11,15,16], NPGM neurons may also be involved in feeding behavior
and body mass changes. Acute chemogenetic activation of NPGM neurons was then
employed through the bilateral delivery of AAV-hSyn-DIO-hM3Dg-mCherry into the
ArcLP (Figure 4A,B). After the i.p. injection of CNO, a ligand specific to hM3Dq, an
increase in the number of c-fos/mCherry-double-positive cells was observed through
immunostaining (Figure 4C). The CNO-injected mice exhibited an increase in food intake
1 h after injection (paired t-test, df = 12, t = 2.213, p < 0.05, n = 13) (Figure 4D). To determine
the effect of chronic stimulation of NPGM neurons on body mass changes, testing was then
conducted (Figure 4E). CNO was provided in the drinking water. Chronic administration
of CNO slightly increased the cumulative food intake (Figure 4F). While body mass gain
transiently increased 1 d after CNO administration (two-way, repeated ANOVA, time:
F1.639,8.193 = 5.496, p < 0.05, group: F15 = 10.46, p < 0.05, interaction: F3 15 = 3.162, p = 0.056;
1 d: Sidak, p < 0.01, n = 3-4), the effect diminished over time (Figure 4G).
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Figure 3. Effects of Cre-dependent overexpression of Npgm on blood parameters (A-C) and the
population of immune cells in the iWAT (D-I) and eWAT (J-O). Plasma levels of (A) glucose,
(B) triglyceride, and (C) free fatty acids. Populations of (D) macrophages, (E) M1 macrophages,
(F) M2 macrophages, (G) M1/M2, (H) T cells, and (I) B cells in the iWAT. Populations of
(J) macrophages, (K) M1 macrophages, (L) M2 macrophages, (M) M1/M2, (N) T cells, and (O) B cells
in the eWAT. Each value represents the mean + SEM (n = 4-5). Differences between groups were
assessed using Student’s t-test. NPGM: neurosecretory protein GM; AAV-CTL: AAV-based control
vector; AAV-NPGM: AAV-based NPGM-precursor gene vector; iWAT: inguinal white adipose tissue;
eWAT: epididymal white adipose tissue; M1 macrophages: classically activated macrophages; M2
macrophages: alternatively activated macrophages.
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Figure 4. Acute (B-D) and chronic activation (E-G) of NPGM neurons in the hypothalamus.
(A) Construction of AAV-based vector. (B) Experimental procedure to acutely activate NPGM neurons
in the hypothalamus. Diagonal lines show food deprivation, and the gray zones indicate activation
of NPGM neurons. (C) Representative micrographs of the mediobasal hypothalamus 90 min after
injection of CNO in NPGM-Cre mice expressing hM3Dq. Arrowheads indicate c-fos-immunoreactive
mCherry-expressing neurons. (D) Cumulative food intake after CNO injection. (E) Experimental
procedure to chronically activate NPGM neurons in the hypothalamus. The gray zone indicates the
activation of NPGM neurons. (F) Cumulative food intake after drinking CNO. (G) Body mass gain
after drinking CNO. Each value represents the mean + SEM (n = 3-13). Asterisks indicate statistically
significant differences (* p < 0.05, ** p < 0.01). Differences between groups were assessed using the
Student’s t-test or two-way ANOVA with repeated measures followed by Sidak’s test for multiple
comparisons. NPGM: neurosecretory protein GM; CNO: clozapine-N-oxide. Scale bars = 100 um.

3.4. Ablation of NPGM Neurons

To further evaluate the role of NPGM neurons in energy metabolism, NPGM neu-
rons were ablated in HFD-induced obese NPGM-Cre mice using modified caspase 3
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(Figure 5A,B). The AAV induces apoptosis in a Cre-dependent manner [39]. Confirmation
revealed that fewer NPGM-immunoreactive cells were present than those in control mice
(Figure 5C). Unexpectedly, the cumulative food intake and body mass gain were not af-
fected by the disruption in NPGM neurons (Figure 5D,E). In addition to the change in body
mass, the mass of the adipose tissues and the liver and the hepatic triglyceride content
remained at control levels (Figure 5F-I).
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Figure 5. Ablation of NPGM neurons in the hypothalamus of NPGM-Cre mice. (A) Experimental pro-
cedure of the ablation of NPGM neurons in the hypothalamus. (B) Construction of AAV-based vector.
(C) Representative micrograph of the mediobasal hypothalamus at 4 weeks after injection of AAVs
for the control and ablation groups, respectively. The arrowheads indicate NPGM-immunoreactive
neurons. (D) Cumulative food intake. (E) Body mass gain. (F) Mass of the inguinal, epididy-
mal, retroperitoneal, and perirenal WAT. (G) Mass of the interscapular BAT. (H) Mass of the liver.
(I) Content of hepatic triglyceride. Each value represents the mean + SEM (n = 5-6). Differences
between groups were assessed using Student’s ¢-test or two-way ANOVA with repeated measures
followed by Sidak’s test for multiple comparisons. NPGM: neurosecretory protein GM; WAT: white
adipose tissue; BAT: brown adipose tissue. Scale bars = 100 pm.
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Subsequently, the effects of NPGM neuron ablation on the glucose/lipid metabolism were
confirmed. Blood parameters were unchanged after NPGM neuronal ablation (Figure 6A-C).
The OGTT showed a slight tendency toward increased blood glucose levels after glucose
injection (not significant, 15 min: Student’s t-test, df = 9, t = 1.516, p = 0.164, n = 5-6),
independent of insulin secretion (Figure 6D-F). In contrast, elevated blood glucose levels
were not observed during the ITT in NPGM-neuron-ablated mice (Figure 6G,H). These
results suggest that the ablation of NPGM neurons may exacerbate glucose tolerance.
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Figure 6. Effects of ablation of NPGM neurons on blood parameters (A—C) and glucose metabolism
(D-H). Plasma levels of (A) glucose, (B) triglyceride, and (C) free fatty acids. (D) Blood level of
glucose, (E) AUC for blood level of glucose, and (F) plasma level of insulin after oral injection of
glucose. (G) Blood level of glucose and (H) AUC for blood level of glucose after i.p. injection
of insulin. Each value represents the mean + SEM (n = 5-6). Differences between groups were
assessed using Student’s t-test. NPGM: neurosecretory protein GM; AUC: area under the curve;
i.p.: intraperitoneal.

Glucose intolerance is attributed to chronic inflammation in the adipose tissue [40]. The
percentage of immune cells in the iWAT and eWAT was explored. In the iWAT of NPGM-
neuron-ablated mice, the percentages of macrophages and M1 macrophages increased
(macrophage: Student’s t-test, df =9, t = 3.036, p < 0.05, n = 5-6, M1 macrophage: Student’s
t-test, df =9, t = 2.813, p < 0.05, n = 5-6) (Figure 7A,B). Aside from these populations, the
percentage of immune cells did not change (Figure 7C-L). The data suggest that NPGM
neurons may worsen glucose metabolism by exacerbating inflammatory responses in
the iWAT.
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Figure 7. Effects of ablation of NPGM neurons on the population of immune cells in the iWAT (A-F)
and eWAT (G-L). Populations of (A) macrophages, (B) M1 macrophages, (C) M2 macrophages,
(D)M1/M2, (E) T cells, and (F) B cells in the iWAT. Populations of (G) macrophages, (H) M1
macrophages, (I) M2 macrophages, (J) M1/M2, (K) T cells, and (L) B cells in the eWAT. Each value
represents the mean & SEM (n = 5-6). Asterisks indicate statistically significant differences (* p < 0.05).
Differences between groups were assessed using Student’s t-test. NPGM: neurosecretory protein
GM; iWAT: inguinal white adipose tissue; eWAT: epididymal white adipose tissue; M1 macrophages:
classically activated macrophages; M2 macrophages: alternatively activated macrophages.

4. Discussion

The novel hypothalamic small protein NPGL is known to lead to overeating and fat
accumulation, resulting in obesity [19-21,23]. Compared to the analysis of NPGL, the
effects of the paralogous gene NPGM and its expressing neurons on energy metabolism
have remained relatively unexplored in mice. In this study, a new Cre driver mouse,
NPGM-Cre, was generated, and a neuron-specific approach to NPGM-expressing cells was
employed to investigate the relationship between NPGM neurons and energy metabolism.
Cre-dependent overexpression of Npgm resulted in fat accumulation in the iWAT without
an increase in feeding behavior. The activation of NPGM neurons transiently stimulated
feeding behavior and body mass gain. Moreover, the ablation of NPGM neurons slightly
induced glucose intolerance with the progression of chronic inflammation in the iWAT.
In summary, these results suggest that NPGM neurons maintain glucose homeostasis by
regulating lipid storage and anti-inflammatory responses.

Although Cre-dependent overexpression of Npgm expanded fat depots in the iWAT,
the food intake and mRINA expression levels of lipid-metabolism-related factors in the
iWAT were equivalent to those in the control. The Arc, in which NPGM neurons are
localized, is known to regulate lipid metabolism in the WAT under the regulation of the
SNS [41]. Norepinephrine (NE) released from the axon terminus stimulates increased
cAMP production via the 3-adrenergic receptor [42]. cAMP triggers the phosphorylation
of adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), perilipin, and lipoly-
tic enzymes via activation of protein kinase A, resulting in lipolysis [42]. Furthermore,
retrograde transsynaptic tracing from the iWAT revealed relatively more labeling in the
suprachiasmatic nucleus (SCN), dorsomedial hypothalamus (DMH), and Arc than from
the eWAT [41]. Consequently, fat accumulation independent of hyperphagia due to Cre-
dependent Npgm overexpression may be caused by the suppression of SNS. Owing to the
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three Cys residues in mammalian NPGM, three patterns are expected for potential disulfide
bonds [43]. However, the pattern of endogenous NPGM remains unknown. Given that the
translation of overexpressed Npgm and the processing of precursor proteins depend on the
endogenous regulatory system in NPGM neurons, the overexpressed NPGM in this study
can be an appropriate form as well as an intrinsic NPGM. Future studies are required to
unravel the intrinsic disulfide patterns and their effects on fat accumulation to further our
understanding of endogenous NPGM-related fat accumulation.

Chronic activation of NPGM neurons via hM3Dq transiently stimulated food intake
but subsequently abolished this effect. Chronic neural activation by the designer receptors
exclusively activated by designer drugs (DREADD) system has provided essential insights
into neuroscience [44—48]. However, a recent report has pointed out the possibility of
receptor desensitization [49]. Indeed, a previous study suggested receptor desensitization
during chronic treatment with ligands and recovery of receptor levels to pretreatment levels
during the washout period [49,50]. In addition, a study reported that chronic activation of
hM3Dgq is regulated by negative feedback from inhibitory presynaptic input [45]. Hence, the
transient effects on NPGM neurons may be explained by means of receptor desensitization
or negative feedback regulation. Meanwhile, previous research has shown that high-
dose CNO (10 mg/kg) was reversely metabolized to clozapine, a dopamine/serotonin
antagonist, in mice, and recommended the use of an appropriate control group [51,52].
Considering that the dose of CNO in this study was 5 mg/kg, the reverse metabolism of
CNO was not considered. Alternatively, recent studies have applied ion channels for the
chronic manipulation of neurons [12,15]. Novel approaches, such as the use of ion channels,
offer an elegant means of evaluating the role of NPGM neurons in energy metabolism.

The ablation of NPGM neurons using engineered caspase 3 slightly exacerbated glu-
cose tolerance and infiltrated proinflammatory M1 macrophages in the iWAT (subcutaneous
WAT) but not in the eWAT (visceral WAT). Low-grade chronic inflammation caused by
macrophages in the adipose tissue is well known to be a trigger of metabolic dysfunc-
tion including insulin resistance [5]. A previous study estimated that the percentage of
macrophages in the adipose tissues is over 50% in obese mice, although it is not even 10%
in lean mice [53]. Macrophages in the adipose tissues are classified as M1 macrophages and
M2 macrophages, at least [7]. M1 macrophages promote chronic inflammation through the
production of proinflammatory cytokines such as TNF-o and interleukin-6 (IL-6), whereas
M2 macrophages inhibit chronic inflammation through the secretion of anti-inflammatory
cytokines including interleukin-10 (IL-10) [54,55]. Furthermore, subcutaneous and visceral
WATSs greatly differ in their contributions to chronic inflammation and metabolic abnor-
malities [56]. Indeed, previous studies have reported the infiltration of macrophages in
the visceral rather than subcutaneous WATs of obese animals [57,58]. Given the possibility
of metabolic regulation of the iWAT by NPGM neurons via the SNS, it is reasonable to
assume that the lesions of NPGM neurons disrupted immune homeostasis in the iWAT
only, resulting in limited glucose intolerance.

Cre-dependent overexpression of Npgm evoked fat accumulation in the iWAT without
affecting the percentage of immune cells in the WAT. However, ablation of the NPGM
neurons maintained the WAT mass and led to the infiltration of M1 macrophages into the
iWAT. The phenotypes resulting from neuronal ablation are not necessarily identical to those
caused by the pharmacological effects of neuropeptides. Melanin-concentrating hormone
(MCH) has been shown to be an orexigenic neuropeptide through i.c.v. injection and
analysis in KO mice [59,60]. In contrast, MCH-neuron-ablated mice displayed equivalent
feeding behavior compared to the controls, suggesting that the orexigenic effects of MCH
were antagonized by the anorexigenic effects of nesfatin-1 and cocaine- and amphetamine-
regulated transcript (CART) that are co-expressed neuropeptides in MCH neurons [61-64].
Recent studies have demonstrated that NPGM is coexpressed with transcripts encoding
neuropeptides in the Arc [26,65]. Therefore, the discrepancies in phenotypes between Cre-
dependent overexpression of Npgm and the ablation of NPGM neurons may be accounted
for by complicated processes involving other neurotransmitters.
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This study has several limitations. Although Cre-dependent overexpression of Npgm
led to fat accumulation, we only checked the plasma levels of blood glucose, triglyceride,
and free fatty acids. Metabolic abnormalities are closely associated with dyslipidemia
including high levels of low-density lipoprotein cholesterol and low levels of high-density
lipoprotein cholesterol in obese subjects [66]. Additional measurements focused on serum
cholesterol levels are required to understand the effects of NPGM on dyslipidemia. In
addition, the present study employed only males. Given that the mRNA expression level
of NPGM in females of quail is comparable to that in males [67], the sex differences in the
contribution of NPGM to energy homeostasis might not be considerable. Further studies
using female mice will help us to fully understand the sex differences in the effects of NPGM
on energy homeostasis. Moreover, although all experiments in this study were employed
using adult mice, the mRNA expression of NPGM gradually decreased with development
in chicks [24]. Therefore, it is possible that manipulation and ablation of NPGM neurons
showed minimal effects on energy homeostasis. Elucidation of the expression of Npgm
and of the activity of NPGM neurons along with developmental stages in NPGM-Cre mice
could lead to an understanding of the physiological function of NPGM and NPGM neurons.
Finally, the fasting time before the OGTT and ITT was 16 h and 4 h in the present study,
respectively, although a recent study revealed that a long time of food deprivation may
lead to gluconeogenesis [68]. On the other hand, given that several recent studies still
adopted a long time for fasting [34,36], we consider that the fasting time in these tests is
controversial. Further experiments are required to reveal the effects of NPGM and NPGM
neurons on gluconeogenesis.

In conclusion, NPGM neurons participate in lipid metabolism and inflammatory
responses in the WAT. Whilst the relationship between the hypothalamus and adipose
tissue has been widely investigated [16,69], this report will provide a stepping stone for
understanding the mechanisms underlying fat accumulation and inflammatory responses
in the brain. Future studies, including the chronic activation of NPGM neurons over
extended periods, hold the potential to substantially advance our understanding of the
intricate mechanisms underlying lipid metabolism and inflammatory response within
NPGM neurons.
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Abstract: Background: MicroRNA-33 may control a wide range of different metabolic functions.
Methods: This study aims to assess the miR-33a circulating profile in normal-weight (N = 20) and
obese (O = 30) adolescents and to correlate its expression levels to their metabolic parameters. In
a subset of subjects, we compared circulating miR-33a with exosomal miR-33a. Results: Metabolic
parameters were altered in O, with initial hyperinsulinemia. Circulating miR-33a was significantly
higher in O than in N (p = 0.0002). Significant correlations between miR-33a and auxological and
metabolic indices (Insulin p = 0.01; Cholesterol p = 0.01; LDL p = 0.01; HbAlc p = 0.01) were found.
Splitting our population (O + N) into two groups, according to the median value of mRNA expression
miR-33a levels (0.701), irrespective of the presence or absence of obesity, we observed that those
having a higher expression of miR-33a were more frequently obese (87.5% vs. 12.5%; p < 0.0001) and
had significantly increased values of auxological and metabolic parameters. Exosomes extracted from
plasma of N and O carried miR-33a, and its expression was lower in O (p = 0.026). No correlations
with metabolic parameters were observed. Conclusion: While exosome miR-33a does not provide
any advantage, circulating miR-33a can provide important indications in an initial phase of metabolic
dysfunction, stratifying obese adolescents at higher cardiometabolic risk.

Keywords: microRNA-33; obesity; childhood; Real-Time PCR

1. Introduction

Metabolic syndrome (MetS), a condition strongly related to a greater risk of developing
cardiovascular disease and type 2 diabetes mellitus [1], is characterized by the clustering
of clinical conditions including central obesity, dyslipidemia, hypertension, and insulin
resistance [1]. MetS is considered a major health problem, and recently, it has become
increasingly relevant due to the exponential worldwide increase of obesity and the linked
important therapeutic challenges [1,2]. Lifestyle variation, a healthy diet, and pharmacolog-
ical treatment are suggested for managing this syndrome [3]; nevertheless, the mechanisms
participating in metabolic dysregulation remain unclear and are intensively examined to
find new therapeutic avenues.

Many studies have focused their attention on the roles of metabolic enzymes; hor-
mones; signaling molecules; and regulatory proteins, such as transcription factors and
co-factors, in metabolic diseases. Recently, an important role as modulators of metabolic
homeostasis has been attributed to RNAs, i.e., microRNAs (miRNAs) [4,5]. MicroRNAs are
a cluster of short, non-coding RNAs able to influence gene expression by suppressing their
translation or by promoting the degradation of mRNAs [6]. MicroRNAs are among the
most plentiful gene regulators in humans and have now been linked to many physiological
and pathological processes, including obesity and diabetes [7-9].
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The increasing information about miRNAs and their molecular actions enabled innova-
tive engineering and applications of these biomarkers, particularly in medical therapy [10].
The use of miRNAs in medicine as new biomarkers could be facilitated by the fact that they
may be carried by exosomes, which are small membrane vesicles of 40-100 nm in size [10].

The most plentiful miRNA in lipoprotein particles, generally suggested as an impor-
tant regulator of lipid metabolism, is miR-33 [7,11,12]. The family of miR-33 consists of
miR-33a and miR-33b, which are located in intron 16 of human SREBP-2 and SREBP-1 genes
(master regulators of genes involved in cholesterol/lipid biosynthesis and trafficking), re-
spectively [13]. MiR-33a directly targets the cholesterol transporters Abcal and Abcgl,
which are responsible for the efflux of cholesterol from the cell, underling the importance of
this miRNA in cholesterol metabolism. MiR-33b is also implicated in fatty acid 3-oxidation,
as carnitine palmitoyltransferase (Cptla) [14]. It seems that metabolic regulation by miR-33
is more complex than previously known. Many studies reported an increase in Abcal
expression and plasma HDL levels [11,14-16].

A possible deleterious metabolic consequence of antagonizing miR-33 was shown
by some studies in knockout mice [17,18]. Their results suggested that these metabolic
abnormalities might be due to elevated SREBP-1 protein in the liver (SREBP-1 was shown
to be a target of miR-33); in agreement, it was also reported that expression of SREBP-1
lipogenic target genes, such as FASN and ACCl1, is elevated in the liver of mice treated
regularly with miR-33-targeting antisense oligonucleotides [19]. In addition, it was found
that loss of miR-33 leads to reduced insulin sensitivity in the liver, white adipose tissue,
and skeletal muscle, even in mice fed on a chow diet [18]. Hyperinsulinemic-euglycemic
clamp studies discovered that miR-33 knockout mice exhibited reduced glucose uptake
in white adipose tissue and skeletal muscle, reduced suppression of endogenous glucose
production in the liver, and reduced capacity to suppress the release of non-esterified
fatty acids from white adipose tissue [18]. In miR-33 null mice fed on a high-fat diet,
it was observed an increased infiltration of inflammatory cells in white adipose tissue,
suggesting that complete miR-33 loss, especially in the context of a high-fat diet, may
have significant harmful metabolic consequences that are comparable to obesity-associated
insulin resistance, type 2 diabetes, and white adipose tissue inflammation in humans.

Thus, the loss of miR-33 promotes insulin resistance in key metabolic tissues [18].
MiR-33, in fact, targets genes involved in many important metabolic functions, including
fatty acid and lipid metabolism, insulin signaling, and mitochondrial function [20-24]. The
potential of miR-33 to control many different metabolic functions hints at its involvement
in regulating diverse metabolic functions in many tissues. This is especially interesting if
one considers that miR-33 is encoded within intronic regions of the SREBP-2 and SREBP-1
genes, which are among the most important regulators of cellular cholesterol and fatty
acid metabolism, and that it has been demonstrated to be differentially regulated in many
different metabolic tissues under conditions of obesity and insulin resistance [25]. Taken
together, these studies clearly indicated that miR-33 is a central player in the regulation
of liver metabolism, suggesting that it might have a potential role in the treatment of
metabolic diseases. Since being obese in childhood increases the risk of being obese as an
adult [26,27], evaluating the expression levels of miR-33 in obese children could provide
important indications in those at higher risk of developing metabolic complications, such
as dyslipidemia, hypertension, and impaired glucose metabolism, later in life [28]. So, the
primary aim of the present investigation was to evaluate the miR-33 circulating profile in
normal-weight (N) and obese (O) adolescents and to correlate its expression levels with
metabolic parameters to confirm its involvement in metabolic complications. In addition,
bearing in mind the possible use of miRNA in medical therapy, together with exosomes as
miRNA carriers [10], we reasoned that the evaluation of miRNA-33 expression in exosomes
could be helpful in the screening and surveillance of metabolic complications in obese
adolescents, allowing earlier and more efficient prevention, diagnosis, and treatment. Con-
sidering this and our recent observation of the presence of miRNA-33a in the exosomes of
obese adolescents [29], we established, as a secondary aim of the present study, comparing
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the expression levels of circulating miRNA-33a with those found in exosomal vesicles in a
subset of our cohort, looking at possible correlations between miRNA-33a expression in
exosomes and some metabolic indices.

2. Materials and Methods
2.1. Subjects and Plasma Collection

We enrolled 50 adolescents, 30 obese (O) and 20 age- and sex-matched normal-weight
(N) subjects, as a control group. Table 1 summarizes the clinical characteristics and body
composition of the population participating in the study. Obese adolescents were referred as
outpatients to the Unit of Pediatric Endocrinology and Diabetes, Department of Clinical and
Experimental Medicine, University of Pisa, Italy. They had primary obesity, not induced by
drug or diseases, and they were not affected by diabetes or cardiac dysfunction. Obesity
was defined according to the criteria of the International Task Force on Obesity in childhood,
using population reference data specific for age and sex for body mass index (BMI) [30].
As also reported in our previous papers [29,31-36], the normal-weight adolescents were
healthy subjects, who repeated a blood examination after an intervening disease. At the
time of blood sampling, they had not taken drugs for at least one week, and their blood
results, including indices of inflammation, were in the normal range. BMI was calculated
using the formula weight [(Kg) /height (m)?] [30]. We used the same National reference
data [30] to calculate the BMI z-score and Height z-score. Sexual development was assessed
according to Tanner’s stages [37,38]. Total body fat (%) was measured using the Tanita BC-
418 Segmental Body Composition Analyzer (Tanita Corporation, Tokyo, Japan) [39]. Blood
pressure was measured by trained investigators, according to a standardized protocol [40].

Table 1. Demography, clinical characteristics, and body composition of study population.

Normal-Weight

e Obese Subjects p

Age (years) 13.1 £0.16 12.2 £0.36 ns

Male:Female 9:11 18:12 ns
Pubertal Stage 3.1+0.18 3.6+ 0.143 0.0461

(Tanner score)

Height (cm) 157.4 £ 0.96 155.4 £2.34 ns
Height z-score 0.22 + 0.06 091+0.2 0.0086
Weight (Kg) 50.3 4 0.79 72.7 +3.1 <0.0001
BMI 20.24+0.20 29.8 +0.79 <0.0001
BMI z-score 0.68 & 0.08 291402 <0.0001
WC (cm) 843 +2.1 92.1+1.78 0.0093
Fat Mass (%) 19.7 £1.51 36.7 +1.78 <0.0001

SBP (mmHg) 1125+18 108.0 £2.2 ns

DBP (mmHg) 622+14 638+ 1.7 ns
HOMA-IR 0.95 % 0.09 2.5+0.24 <0.0001

Table Legend: All data are expressed as mean + SEM. BMI: Body Mass Index; WC: Waist Circumference; SBP:
Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HOMA-IR: HOmeostatic Model Assessment of Insulin
Resistance; ns: not significant.

We collected blood samples from all the subjects by venipuncture, performed in the
morning after overnight fasting. To evaluate the circulating levels of metabolic parameters,
blood samples were collected into ethylenediaminetetraacetic acid (EDTA) (1 mg/mL)
and lithium-heparin-containing vials [29,31-36]. They were measured by appropriate
commercial kits, as previously reported [29,31-36].

The investigation conforms to principles outlined in the Declaration of Helsinki [41].
The study was approved by the local Ethics Committee, and informed consent was obtained
from the parents of each subject.

71



Biomedicines 2023, 11, 2295

2.2. Circulating miRNA-33a Extraction and Reverse Transcription

As previously reported [31,32], the extraction of miRNAs was conducted by using the
miRNeasy Serum/Plasma Kit (Qiagen S.p.a., Milano, Italy). Briefly, 200 uL of plasma was
lysed in an adequate lysis reagent and applied to silica-membrane columns. To monitor
RNA recovery and reverse transcription efficiency, a Spike-In Control (C. elegans miR-39
miRNA mimic) was used as the internal control for plasma miRNA expression profiling.
High-quality RNA was then eluted in a small volume (14 uL) of RNase-free water; samples
were stored at —80 °C after integrity, purity, and concentration evaluation. The fraction of
mature miRNAs was reverse-transcribed using the miScript II RT kit (Qiagen S.p.a., Milano,
Italy), starting from a 1 pg/sample in 20 pL of final reaction volume (60 min at 37 °C, 5 min
at 95 °C, and 4 °C for ). cDNA samples were stored, as appropriate, and diluted at +4 °C.

2.3. Exosome Isolation and Characterization, Vesicular RNA Extraction and Reverse Transcription

In a subset of the study population (Ssp, n = 23), we carried out exosome isolation.
Table 2 summarizes the clinical characteristics of the subjects included in the subgroups.

Table 2. Demography, clinical characteristics, and body composition of Ssp.

Normal-Weight

Sl Obese Subjects 4
Age (years) 13.1+£0.2 12.7 £0.78 ns
Male:Female 8:8 5:2 ns
Pubertal Stage 3.09 + 021 3.15 + 0.42 ns
(Tanner score)
Height (cm) 157.5 £ 0.96 156.6 = 6.3 ns
Height z-score 0.24 £ 0.06 0.46 + 04 0.032
Weight (Kg) 50.3 £ 0.70 749 +£79 <0.0001
BMI 20.2 £0.20 30.2£20 <0.0001
BMI z-score 0.68 £ 0.09 2.8 +£0.23 <0.0001
WC (cm) 84.8 £2.3 89.8 £3.3 0.0085
Fat Mass (%) 19.3 £ 1.68 39.2 +£10.8 0.028
SBP (mmHg) 1139+ 1.6 108.0 £ 4.5 ns
DBP (mmHg) 62.6 £15 58.8 = 4.9 ns
HOMA-IR 0.95+ 0.1 2.18 £0.53 0.0036

Table Legend: BMI: Body Mass Index; WC: Waist Circumference; SBP: Systolic Blood Pressure; DBP: Diastolic
Blood Pressure; HOMA-IR: HOmeostatic Model Assessment of Insulin Resistance; ns: not significant.

As reported in a previous study of ours [29], exosomes were extracted from 600 pL of
plasma using a dedicated and innovative assay (exoRNeasy mini/midi kit, QITAGEN GmbH,
Hilden, Germany); before RNA extraction and in a random manner, we analyzed the
morphology of exosomes with Transmission Electron Microscopy (TEM). The presence of
specific exosomal proteins in our preparations was evaluated by Western blotting analysis.
In particular, we used primary antibodies to detect human CD9 (monoclonal antibody,
1:1000, #SA35-08, Novus Biological, San Diego, CO, USA), human TGS101 (polyclonal
antibody, 1:1000; #T5701, Sigma-Aldrich Chemical, St. Louis, MO, USA), and human
Alix (monoclonal antibody, 1:1000, #2171, Cell Signaling Technology, Boston, MA, USA)
as established exosomal markers, while human Calnexin (polyclonal antibody, 1:1000,
ab10286, Abcam, Cambridge, UK) was used as a negative exosomal marker. Densitometric
analysis of protein bands was carried out with Image J software 1.52t (National Institutes
of Health, Bethesda, MD, USA). Briefly, for exosome RNNA extraction, plasma samples
were prefiltered using syringe filters excluding particles larger than 0.8 pm (Millipore®
Membrane Filter, 0.8 um pore size, MILLEX-AA, Merck, D); then, exosomes were isolated,
adding in a 1:1 ratio of a 2x binding buffer (XBP). Next, samples were transferred into
the ExoEasy membrane affinity column, to bind the exosomes to the membrane, and then
centrifuged at 500x g for 2 min at RT. After discarding the flow-through, 3.5 mL of wash
buffer (XWP) was added to the column, according to the starting plasma quantity, and
centrifuged at 5000x ¢ for 5 min at RT. Vesicles were lysed by adding to the spin column a
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phenol/guanidine-based combined lysis reagent (QIAzol), and the lysate was collected by
serial centrifugations. After the lysis, elution step, and addition of chloroform, the resulting
samples were separated into aqueous and organic phases by centrifugation. Ethanol was
added to the aqueous phase, and samples were applied to the RNeasy MinElute spin
column, washed, centrifuged, and finally eluted in RNase-free water (16 pL). The samples
were then stored at —80 °C; RNA integrity, purity, and concentration were assessed by
measuring absorbance at 230, 260, and 280 nm (NanoDrop Thermofisher, Waltham, MA,
USA) and applying the Beer—Lambert law (expected values between 1.8 and 2.1, for protein
contamination). The exosomal miRNA reverse transcription was carried out with the same
procedure (miScript ® II RT kit, Qiagen, Hilden, Germany) used for circulating miRNA-33a
retro-transcription.

2.4. Real-Time PCR Analysis for Circulating and Exosomal miRNA-33a

Real-time PCR reactions were carried out in duplicate using a Bio-Rad C1000™ thermal
cycler system (CFX-96 Real-Time detection system, Bio-Rad). To monitor cDNA amplifica-
tion, a fluorogenic DNA binding dye, EvaGreen (SsoFAST EvaGreen Supermix, Bio-Rad
Laboratories Inc., Hercules, CA, USA), was used.

The miR-33a primer sequence was synthesized by Sigma Aldrich (Milan, Italy). In
particular, the GenBank accession number for hsa-miR-33a was NR_029507, and the forward
primer sequence (5'—3') was CAATGTTTCCACAGTGCATCAC. The Ce_miR-39 (miRNA
mimic Ce_miR-39_1 miScript Primer Assay) was employed to normalize miRNA data. All
experiments were carried out according to the MIQE (Minimum Information for publication
of Quantitative Real-Time PCR Experiments) guidelines [42].

2.5. Statistics

Statistical analysis was performed using Statview 5.0.1 Software for Windows (SAS
Institute, Inc., Cary, NC, USA). Relative quantification was performed by the AACt method
using Bio-Rad’s CFX96 manager software v.3.1 (CFX-96 Real-Time PCR detection systems,
Bio-Rad Laboratories Inc., Hercules, CA, USA). Skewed variables were log-transformed
before statistical analysis. Differences between more than two independent groups were an-
alyzed by Fisher’s test after ANOVA, and relations between variables were assessed by lin-
ear regression analysis. The results were expressed as mean £ S.E.M., and a p-value < 0.05
was considered significant.

3. Results
3.1. Clinical Characteristics

As reported in Table 1, obese subjects showed significant differences as regards weight,
BMI, BMI z-score, fat mass, HOMA-IR, and WC with respect to normal-weight subjects,
and we observed the same in the subset of adolescents in whom we analyzed isolated
exosomes (Table 2). Obese adolescents presented also a significantly slight increase in
pubertal development as a result of their nutritional excess. Systolic and diastolic blood
pressure results were similar in N and O. Moreover, as reported in Figure 1la—c, O showed
higher significant levels of cholesterol, LDL, and triglycerides, while HDL values were
similar between the two groups (Figure 1d).

We observed a significant reduction of glucose plasma levels in O with respect to N
in the presence of higher plasma levels of insulin and Hblac, confirming a condition of
hyperinsulinemia in obese subjects (Figure 2a—d).

We observed a similar behavior of the same parameters and analytes in the Ssp
population, as reported in Figures 3 and 4.
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Figure 1. Plasma levels of (a) cholesterol, (b) LDL, (c) triglycerides, and (d) HDL in obese (O) with
respect to normal-weight (N) adolescents.
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3.2. miRNA-33a Expression in Plasma and Exosome Samples

Plasma expression of miR-33a resulted in significantly higher expression in O than in
N (0.9 £ 0.08 vs. 0.5 = 0.07, respectively; p = 0.0002). It was interesting to note that miR-33a
was significantly related to both auxological parameters and metabolic indices, such as
cholesterol, LDL, insulin, and HbAlc (Figure 5a—d).
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Figure 5. Regression analysis between miR-33a and (a) total cholesterol, (b) LDL cholesterol,
(c) insulin, and (d) HbAlc.

After calculating the miR-33a expression levels in plasma samples in the entire popula-
tion (O + N) as the median value, we used it as the cut-off (0.701) to classify our population
into two groups of subjects, irrespective of the presence or absence of obesity: those having
lower miR-33a expression levels (Group 1: <median value) and those with higher miR-33a
expression levels (Group 2: > median value). Subsequently, comparing some clinical and
metabolic data between Group 1 (n = 23) and Group 2 (n = 24), we observed that those
having higher miR-33a expression levels (Group 2) were more frequently obese (Group 2 vs.
Group 1 =87.5% vs. 12.5%; p < 0.0001) and had an increased BMI z-score (Group 2 vs. Group
1=25+0.21vs. 1.5+ 0.2; p =0.0013) and fat mass (Group 2 vs. Group 1 =35.3 £ 1.9 vs.
21.5 £ 2.0%; p < 0.0001).

In comparison with Group 1, Group 2 had significantly higher levels of circulat-
ing insulin (Group 2 vs. Group 1 = 20.3 £ 2.5 vs. 104 + 1.7 uU/mL; p = 0.0005)
and HbAlc (Group 2 vs. Group 1 = 5.5 £ 0.057 vs. 5.2 £ 0.05%, p = 0.0004 corre-
sponding to 37.0 £ 0.61 vs. 33.7 & 0.64 mmol/mol, p = 0.0005). Also, plasma levels of
total cholesterol (Group 2 vs. Group 1 = 169.7 £ 6.6 vs. 152.8 £ 7.9 mg/dL), LDL
cholesterol (Group 2 vs. Group 1=105.9 4+ 6.3 vs. 90.7 £ 6.4 mg/dL), HDL cholesterol
(Group 2 vs. Group 1 =46.6 + 1.9 vs. 44.4 £ 2.1 mg/dL), and triglycerides (Group 2 vs.
Group 1 =955+ 124 vs. 87.6 = 17.3 mg/dL) resulted in being higher, even if not signif-
icantly, in Group 2 than in Group 1, while blood glucose showed an opposite behavior,
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being lower in Group 2 than in Group 1 (4.34 &+ 0.136 vs. 4.7 £ 1.33 mmol/L, p = 0.045
corresponding to 78.47 & 2.3 vs. 85.3 = 2.29 mg/dL, p = 0.044).

We performed the same evaluations in exosome samples obtained from the subjects of
the Ssp.

We previously reported that, following the MISEV 2018 guideline [43], TEM analysis
revealed that the exoRNeasy mini/midi kit procedure isolated round-shaped intact vesicles
from pre-filtered plasma samples and that Western blotting analysis, detecting proteins
specifically expressed in exosomes, confirmed TEM results [29].

Exosomes extracted from plasma of both normal-weight and obese subjects carried
miR-33a, but its expression levels were lower in exosomes obtained from O than from N
(0.58 £ 0.29 vs. 1.33 & 0.29, respectively; p = 0.026), confirming our previous results in obese
adolescents [29]. We also observed some significant correlations between the expression
of exosomal miR-33a and auxologic parameters (BML: r = 0.49, p = 0.01; fat mass: r = 0.48,
p = 0.04; HOMA: r = 0.42, p = 0.04), but not with metabolic indices. By dividing Ssp into two
groups, according to the median value of miR-33a expression levels (1.085), irrespective of
the presence or absence of obesity, we did not obtain any additional information.

Comparing the results obtained in plasma and in exosome samples (Figure 6a), we
observed that miR-33a showed higher expression levels in exosomes than in plasma samples
of normal-weight subjects (p = 0.0073), while in obese subjects, we noted the opposite, that
is, an increased expression in plasma samples rather than in exosomes (p = 0.001).
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Figure 6. Expression level of miR-33a obtained in (a) plasma and in exosome samples in normal-
weight (light-grey bar) and obese (black bar) subjects, respectively; (b) in plasma (light-grey bar)
and in exosome (black bar) samples considering the subjects as a whole (N + O); and (c) in plasma
(light-grey bar) and in exosome (black bar) samples considering the subjects of the Ssp as a whole
(N +O).

We also compared the expression levels of circulating miR-33a with that of exosomal
miR-33a observed in the whole population (O plus N subjects), and we found that the levels
were significantly higher in exosomes than in plasma samples (Figure 6b). Performing the
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same analysis in the subjects of the Ssp, we observed the same trend (Figure 6¢), even if the
differences were not significant, probably due to the smaller number of subjects analyzed,
confirming somehow a greater expression of miR-33a at the exosomal level.

Finally, we observed a significant negative correlation between circulating and exoso-
mal miR-33a expression levels (r = —0.65, p = 0.001).

4. Discussion

Our obese adolescents showed a metabolic disorder, including a certain degree of
hyperinsulinemia. Data from the literature reported that miR-33a has an important role in
obesity, diabetes, and metabolic syndrome [7-9,44—46]. In the present study, we analyzed
the circulating levels of this miRNA in a group of obese adolescents not having yet a
clear metabolic syndrome, but only some metabolic alterations of the syndrome. Inter-
estingly, they already showed a significant increase in the circulating expression levels of
miR-33a as compared to N. In particular, we observed the presence of a significant direct
correlation between the expression level of circulating miR-33a and total cholesterol, LDL
cholesterol, insulin, and HbAlc in our cohort, suggesting the role of this biomarker in lipid
regulation during adolescence. Thus, our results not only confirmed some observations
previously reported in animal and human studies [7-9,44—46], but also, they highlighted
the potential of the circulating expression of this miRNA as an early biomarker useful to
discriminate subjects at higher metabolic risk. The use of an early marker in childhood
could help in the early recognition of obese children/adolescents at higher risk of metabolic
alterations that may lead to cardiometabolic diseases in adult life as a result of obesity
in children/adolescents. Expression levels of circulating miR-33a correlated significantly
with metabolic parameters, in addition to the auxological ones, and this was also observed
after dividing the whole population (obese plus normal-weight subjects) into two groups,
according to the median value of miR-33a expression levels. Despite plasma miRNAs and
exosome miRNAs having been extensively studied as diagnostic or therapeutic biomarkers
in several disease-related research studies, few studies determined whether miRNA expres-
sion levels were different between plasma and plasma-derived exosomes. This was the
reason why we decided to compare the expression level of circulating miR-33a with that of
exosomal vesicles obtained from the same subjects (considering them as a whole, O + N),
and we found that miR-33a was mostly transported by exosomes (Figure 6b,c). Analyzing
the same results separately in normal-weight and in obese subjects, we observed the same
trend in N, while the opposite was seen in O, that is, miR-33a expression levels were higher
in plasma samples than in circulating exosomes (Figure 6a).

It is rather hard to explain why circulating and exosome miRNA behave so differently;
we found an inverse correlation between the expression levels of circulating and exosomal
miR-33a. However, some considerations can be drawn, as we recently reported in a paper
by our group [29]. It should be considered that the expression of circulating and exosome
miRNAs represents the result of their regulation in two diverse compartments: plasma and
cell-derived exosomes. The tendency of miRNA in plasma summarizes, in a nonspecific
manner, biological mechanisms originating from several districts (cells, tissues, etc.), while
the expression of miRNA in the exosome may mirror the result of a more sophisticated
regulation [47]. It is known the special role that exosomes and their cargo of non-coding
RNAs (primary miRNAs) play in intercellular communication [48]. Moreover, exosome
biogenesis and secretion are influenced by the metabolic status of the cell, which, in turn,
depends on factors such as ceramide metabolism, endoplasmic reticulum stress, autophagy,
and intracellular calcium [49]. After their release, exosomes interplay with their target cells
by transferring their bioactive cargo into them. As a result, this transfer triggers phenotypic
changes in the recipient cells [50]. Furthermore, since exosome-mediated intra-adipose and
inter-organ communication is of great significance for energy metabolism, one alternative
explanation could be that this special function of exosomes in adipose tissue biology may
be interrupted in obesity [50]. These reflections may help to explain, at least in part, the
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different results we found in examining the expression behavior of miR-33a in plasma and
in exosome samples.

In the literature are well-described changes of miRNA patterns in biofluids in some
diseases [51-53], including obesity, and our results on the expression of miR-33a in circu-
lating exosomal vesicles seem to show that this evaluation does not provide additional
indications on the cardiometabolic risk of our obese adolescents in adulthood.

The contribution of microRNA in glucose and lipid metabolism can provide solid indi-
cations in support of their role as key players in the regulation of complex metabolic pathways.

5. Conclusions

In adolescents, excessive intake of calories and following unbalanced diets too rich in
sugars and saturated fats, in combination with stress and low levels of physical activity,
can cause overweight, obesity, and metabolic alterations with a higher risk of developing
cardiometabolic diseases in adult life.

The availability of a circulating biomarker, such as miR-33a, for early identification
of obese adolescents at higher cardiometabolic risk provides an important tool for de-
signing interventions to correct unhealthy lifestyles when these metabolic alterations are
still reversible.

Finally, even if much remains to be understood about the role of miR-33 in conditions
such as obesity, it may represent an ideal target for future therapies.

Author Contributions: Conceptualization, data curation, formal analysis: S.D.R.; methodology:
S.D.R., M.C,, L.G. and V.C,; patient enrolment: E.R.; writing—original draft: S.D.R.; writing—
review and editing: M.C. and G.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (Comitato Etico Pediatrico
Sezione del Comitato Etico Regionale per la Sperimentazione Clinica ¢/o AOU Meyer, Viale Pieraccini
24, 50139 Firenze) (protocol code 3157, 23 September 2014).

Informed Consent Statement: Informed consent was obtained from the parents and from each
subject as appropriate.

Data Availability Statement: The data that support the findings of this study are available in IFC-CNR.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Rochlani, Y.; Pothineni, N.V.; Kovelamudi, S.; Mehta, J.L. Metabolic syndrome: Pathophysiology, management, and modulation
by natural compounds. Ther. Adv. Cardiovasc. Dis. 2017, 11, 215-225. [CrossRef] [PubMed]

2. Prasad, H.; Ryan, D.A.; Celzo, M.F,; Stapleton, D. Metabolic syndrome: Definition and therapeutic implications. Postgrad Med
2012, 124, 21-30. [CrossRef] [PubMed ]

3. Gharipour, M.; Kelishadi, R.; Khosravi, A.; Shirani, S.; Masjedi, M.; Sarrafzadegan, N. The impact of a community trial on the
pharmacological treatment in the individuals with the metabolic syndrome: Findings from the Isfahan Healthy Heart Program,
2001-2007. Arch. Med. Sci. 2012, 8, 1009-1017. [CrossRef]

4.  Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20-51. [CrossRef] [PubMed]

5. Rottiers, V.; Naar, A.M. MicroRNAs in metabolism and metabolic disorders. Nat. Rev. Mol. Cell Biol. 2012, 13, 239-250. [CrossRef]

6. Udali, S.; Guarini, P.; Moruzzi, S.; Choi, S.W.; Friso, S. Cardiovascular epigenetics: From DNA methylation to microRNAs. Mol.
Asp. Med. 2012, 34, 883-901. [CrossRef]

7. Alrob, O.A,; Khatib, S.; Naser, S.A. MicroRNAs 33, 122, and 208: A potential novel targets in the treatment of obesity, diabetes,
and heart-related diseases. J. Physiol. Biochem. 2017, 73, 307-314. [CrossRef]

8. Aryal, B.; Singh, A K,; Rotllan, N.; Price, N.; Fernandez-Hernando, C. MicroRNAs and lipid metabolism. Curr. Opin. Lipidol. 2017,
28,273-280. [CrossRef]

9. Vienberg, S.; Geiger, ].; Madsen, S.; Dalgaard, L.T. MicroRNAs in metabolism. Acta Physiol. 2017, 219, 346-361. [CrossRef]

79



Biomedicines 2023, 11, 2295

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hayes, J.; Peruzzi, P.P; Lawler, S. MicroRNAs in cancer: Biomarkers, functions and therapy. Trends Mol. Med. 2014, 20, 460-469.
[CrossRef]

Najafi-Shoushtari, S.H.; Kristo, F.; Li, Y.; Shioda, T.; Cohen, D.E.; Gerszten, R.E.; Naar, A.M. MicroRNA-33 and the SREBP host
genes cooperate to control cholesterol homeostasis. Science 2010, 328, 1566-1569. [CrossRef] [PubMed]

Yang, Z.; Cappello, T.; Wang, L. Emerging role of microRNAsin lipid metabolism. Acta Pharm. Sin. B 2015, 5, 145-150. [CrossRef]
[PubMed]

Goedeke, L.; Vales-Lara, FM.; Fenstermaker, M.; Cirera-Salinas, D.; Chamorro-Jorganes, A.; Ramirez, C.M.; Mattison, J.A.; de
Cabo, R;; Suarez, Y.; Fernandez-Hernando, C. A regulatory role for microRNA 33* in controlling lipid metabolism gene expression.
Mol. Cell Biol. 2013, 33, 2339-2352. [CrossRef] [PubMed]

Horie, T.; Ono, K.; Horiguchi, M.; Nishi, H.; Nakamura, T.; Nagao, K.; Kinoshita, M.; Kuwabara, Y.; Marusawa, H.;
Iwanaga, Y.; et al. MicroRNA-33 encoded by an intron of sterol regulatory element-binding protein 2 (Srebp?2) regulates HDL
in vivo. Proc. Natl. Acad. Sci. USA 2010, 107, 17321-17326. [CrossRef]

Marquart, T.].; Allen, RM.; Ory, D.S.; Baldan, A. miR-33 links SREBP-2 induction to repression of sterol transporters. Proc. Natl.
Acad. Sci. USA 2010, 107, 12228-12232. [CrossRef]

Rayner, K.J.; Suarez, Y.; Davalos, A.; Parathath, S.; Fitzgerald, M.L.; Tamehiro, N.; Fisher, E.A.; Moore, K.J.; Fernandez-Hernando,
C. MiR-33 contributes to the regulation of cholesterol homeostasis. Science 2010, 328, 1570-1573. [CrossRef]

Horie, T.; Nishino, T.; Baba, O.; Kuwabara, Y.; Nakao, T.; Nishiga, M.; Usami, S.; Izuhara, M.; Sowa, N.; Yahagi, N.; et al.
MicroRNA-33 regulates sterol regulatory element-binding protein 1 expression in mice. Nat. Commun. 2013, 4, 2883. [CrossRef]
Price, N.L.; Singh, A.K.; Rotllan, N.; Goedeke, L.; Wing, A.; Canfran-Duque, A.; Diaz-Ruiz, A.; Araldi, E.; Baldan, A
Camporez, ].P; et al. Genetic Ablation of miR-33 Increases Food Intake, Enhances Adipose Tissue Expansion, and Promotes
Obesity and Insulin Resistance. Cell. Rep. 2018, 22, 2133-2145. [CrossRef]

Goedeke, L.; Salerno, A.; Ramirez, C.M.; Guo, L.; Allen, RM.; Yin, X.; Langley, S.R.; Esau, C.; Wanschel, A.; Fisher, E.A_; et al.
Long-term therapeutic silencing of miR-33 increases circulating triglyceride levels and hepatic lipid accumulation in mice. EMBO
Mol. Med. 2014, 6, 1133-1141. [CrossRef]

Davalos, A.; Goedeke, L.; Smibert, P.; Ramirez, C.M.; Warrier, N.P.; Andreo, U.; Cirera-Salinas, D.; Rayner, K.; Suresh, U.;
Pastor-Pareja, ].C.; et al. miR-33a/b contributes to the regulation of fatty acid metabolism and insulin signaling. Proc. Natl. Acad.
Sci. USA 2011, 108, 9232-9237. [CrossRef]

Gerin, I.; Clerbaux, L.A.; Haumont, O.; Lanthier, N.; Das, A.K.; Burant, C.F,; Leclercq, I.A.; MacDougald, O.A.; Bommer, G.T.
Expression of miR-33 from an SREBP2 intron inhibits cholesterol export and fatty acid oxidation. J. Biol. Chem. 2010, 285,
33652-33661. [CrossRef] [PubMed]

Karunakaran, D.; Thrush, A.B.; Nguyen, M.A_; Richards, L.; Geoffrion, M.; Singaravelu, R.; Ramphos, E.; Shangari, P.; Ouimet,
M.; Pezacki, J.P; et al. Macrophage mitochondrial energy status regulates cholesterol efflux and is enhanced by anti-mir33 in
atherosclerosis. Circ. Res. 2015, 117, 266-278. [CrossRef] [PubMed]

Ouimet, M.; Ediriweera, H.; Gundra, U.M.; Sheedy, FJ.; Ramkhelawon, B.; Hutchison, S.B.; Rinehold, K.; van Solingen, C.;
Fullerton, M.D.; Cecchini, K.; et al. MicroRNA-33-dependent regulation of macrophage metabolism directs immune cell
polarization in atherosclerosis. . Clin. Investig. 2015, 125, 4334-4348. [CrossRef] [PubMed]

Ouimet, M.; Ediriweera, H.; Afonso, M.S.; Ramkhelawon, B.; Singaravelu, R.; Liao, X.; Bandler, R.C.; Rahman, K; Fisher, E.A;
Rayner, K.J.; et al. microRNA-33 regulates macrophage autophagy in atherosclerosis. Arter. Thromb. Vasc. Biol. 2017, 37, 1058-1067.
[CrossRef] [PubMed]

Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Activators of the complete program of cholesterol and fatty acid synthesis in
the liver. J. Clin. Investig. 2002, 109, 1125-1131. [CrossRef] [PubMed]

Raitakari, O.T.; Juonala, M.; Viikari, ].S. Obesity in childhood and vascular changes in adulthood: Insights into the Cardiovascular
Risk in Young Finns Study. Int. ]. Obes. 2005, 29, S101e4. [CrossRef]

Bastien, M.; Poirier, P.; Lemieux, I.; Després, ].P. Overview of epidemiology and contribution of obesity to cardiovascular disease.
Prog. Cardiovasc. Dis. 2014, 56, 369e81. [CrossRef]

Nathan, B.M.; Moraan, A. Metabolic complications of obesity in childhood and adolescence: More than just diabetes. Curr. Opin.
Endocrinol. Diabetes. Obes. 2008, 15, 21-29. [CrossRef]

Cabiati, M.; Randazzo, E.; Guiducci, L.; Falleni, A.; Cecchettini, A.; Casieri, V.; Federico, G.; Del Ry, S. Evaluation of exosomal
coding and non-coding RNA signature in obese adolescents. Int. J. Mol. Sci. 2022, 24, 139. [CrossRef]

Cole, T.].; Bellizzi, M.C.; Flegal, K.M.; Diettz, W.H. Establishing a standard definition for child overweight and obesity worldwide:
International survey. BMJ 2000, 320, 1240-1243. [CrossRef]

Cabiati, M.; Fontanini, M.; Giacomarra, M.; Politano, G.; Randazzo, E.; Peroni, D.; Federico, G.; Del Ry, S. Screening and
identification of putative Long Non-Coding RNA in childhood obesity: Evaluation of their transcriptional levels. Biomedicines
2022, 10, 529. [CrossRef] [PubMed]

Cabiati, M.; Randazzo, E.; Salvadori, C.; Peroni, D.; Federico, G.; Del Ry, S. Circulating microRNAs associated with C-type
natriuretic peptide in childhood obesity. Peptides 2020, 133, 170387. [CrossRef] [PubMed]

Del Ry, S.; Cabiati, M.; Bianchi, V.; Randazzo, E.; Peroni, D.; Clerico, A.; Federico, G. C-type natriuretic peptide plasma levels and
whole blood mRNA expression show different trends in adolescents with different degree of endothelial dysfunction. Peptides
2020, 124, 170218. [CrossRef] [PubMed]

80



Biomedicines 2023, 11, 2295

34.
35.
36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ry, S.D.; Cabiati, M.; Bianchi, V.; Caponi, L.; Maltinti, M.; Caselli, C.; Kozakova, M.; Palombo, C.; Morizzo, C.; Marchetti, S.; et al.
C-type natriuretic peptide is closely associated to obesity in Caucasian adolescents. Clin. Chim. Acta. 2016, 460, 172-177.

Ry, S.D.; Cabiati, M.; Bianchi, V.; Caponi, L.; Cecco, P.D.; Marchi, B.; Randazzo, E.; Caselli, C.; Prescimone, T.; Clerico, A.; et al.
Mid-regional-pro-adrenomedullin plasma levels are increased in obese adolescents. Eur. |. Nutr. 2016, 55, 1255-1260.

Ry, S.D.; Cabiati, M.; Bianchi, V.; Storti, S.; Caselli, C.; Prescimone, T.; Clerico, A.; Saggese, G.; Giannessi, D.; Federico, G. C-type
natriuretic peptide plasma levels are reduced in obese adolescents. Peptides 2013, 50, 50-54.

Marshall, W.A_; Tanner, ].M. Variations in pattern of pubertal changes in girls. Arch. Dis. Child. 1969, 44, 291-303. [CrossRef]
Marshall, W.A_; Tanner, ].M. Variations in the pattern of pubertal changes in boys. Arch. Dis. Child. 1970, 45, 13-23. [CrossRef]
McCarthy, H.D.; Cole, T.J.; Fry, T.; Jebb, S.A.; Prentice, A.M. Body fat reference curves for children. Int. J. Obes. 2006, 30, 598-602.
[CrossRef]

National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents. The
fourth report on the diagnosis, evaluation and treatment of high blood pressure in children and adolescents. Pediatrics 2004, 114,
555-576. [CrossRef]

Rickham, P.P. Human experimentation. Code of ethics of the world medical association. Declaration of Helsinki. Br. Med. |. 1964,
2,177. [PubMed]

Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55,
611-622. [CrossRef] [PubMed]

Théry, C.M.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, E;
Atkin-Smith, G.K; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

Zhang, X.; Zhao, H.; Sheng, Q.; Liu, X.; You, W,; Lin, H,; Liu, G. Regulation of microRNA-33, SREBP and ABCA1 genes in a
mouse model of high cholesterol. Arch. Anim. Breed. 2021, 64, 103-108. [CrossRef]

Gharipour, M.; Sadeghi, M. Pivotal role of microRNA-33 in metabolic syndrome: A systematic review. ARYA Atheroscler. 2013, 9,
372-376.

Ramirez, C.M.; Goedeke, L.; Fernandez-Hernando, C. Micromanaging metabolic syndrome. Cell Cycle 2011, 10, 3249-3252.
[CrossRef]

Endzeling, E.; Berger, A.; Melne, V.; Bajo-Santos, C.; Sobolevska, K.; Abols, A.; Rodriguez, M.; Santare, D.; Rudnickiha, A.;
Lietuvietis, V.; et al. Detection of circulating miRNAs: Comparative analysis of extracellular vesicle-incorporated miRNAs and
cell-free miRNAs in whole plasma of prostate cancer patients. BMC Cancer 2017, 17, 730. [CrossRef]

Raposo, G.; Stahl, P.D. Extracellular vesicles: A new communication paradigm? Nat. Rev. Mol. Cell Biol. 2019, 20, 509-510.
[CrossRef]

Kita, S.; Maeda, N.; Shimomura, I. Interorgan communication by exosomes, adipose tissue, and adiponectin in metabolic
syndrome. |. Clin. Investig. 2019, 129, 4041-4049. [CrossRef]

Maligianni, I.; Yapijakis, C.; Bacopoulou, F.; Chrousos, G. The potential role of exosomes in child and adolescent obesity. Children
2021, 3, 196. [CrossRef]

Mitchell, P.S.; Parkin, R.K.; Kroh, E.MM.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.;
O’Briant, K.C.; Allen, A_; et al. Circulating micro-RNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci.
USA 2008, 105, 10513-10518. [CrossRef] [PubMed]

Ortega, FJ.; Mercader, ].M.; Catalan, V.; Moreno-Navarrete, ].M.; Pueyo, N.; Sabater, M.; Gomez-Ambrosi, J.; Anglada, R.;
Fernandez-Formoso, J.A.; Ricart, W.; et al. Targeting the circulating microRNA signature of obesity. Clin. Chem. 2013, 59, 781-792.
[CrossRef] [PubMed]

Yang, Z.; Chen, H,; Si, H.; Li, X; Ding, X.; Sheng, Q.; Chen, P.; Zhang, H. Serum miR-23a, a potential biomarker for diagnosis of
pre-diabetes and type 2 diabetes. Acta Diabetol. 2014, 51, 823-831. [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.

81



S

omedicines

Article

Effect of Bariatric Surgery on Plasma Cell-Free Mitochondrial
DNA, Insulin Sensitivity and Metabolic Changes in

Obese Patients

Larysa V. Yuzefovych !, Viktor M. Pastukh !, Madhuri S. Mulekar 2, Kate Ledbetter 3, William O. Richards 3

and Lyudmila I. Rachek 1-*

Citation: Yuzefovych, L.V,; Pastukh,
V.M.; Mulekar, M.S.; Ledbetter, K.;
Richards, W.O.; Rachek, L.I. Effect of
Bariatric Surgery on Plasma Cell-Free
Mitochondrial DNA, Insulin
Sensitivity and Metabolic Changes in
Obese Patients. Biomedicines 2023, 11,
2514. https://doi.org/10.3390/
biomedicines11092514

Academic Editors: Teresa Vezza
and Zaida Abad-Jiménez

Received: 7 July 2023
Revised: 21 August 2023
Accepted: 23 August 2023
Published: 12 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Pharmacology, College of Medicine, University of South Alabama, Mobile, AL 36688, USA;

yuzefovych@southalabama.edu (L.V.Y.); vpastukh@southalabama.edu (V.M.P.)

Department of Mathematics and Statistics, College of Art and Science, University of South Alabama,

Mobile, AL 36688, USA; mmulekar@southalabama.edu

3 Department of Surgery, College of Medicine, University of South Alabama, Mobile, AL 36688, USA;
kledbetter@health.southalabama.edu (K.L.); brichards@health.southalabama.edu (W.O.R.)

*  Correspondence: Irachek@southalabama.edu; Tel.: +1-(251)-460-6960

Abstract: While improvement of mitochondrial function after bariatric surgery has been demon-
strated, there is limited evidence about the effects of bariatric surgery on circulatory cell-free (cf)
mitochondrial DNA (mtDNA) and intracellular mtDNA abundance. Plasma and peripheral blood
mononuclear (PBM) cells were isolated from healthy controls (HC) and bariatric surgery patients
before surgery and 2 weeks, 3 months, and 6 months after surgery. At baseline, the plasma level of
short cf-mtDNA (ND6, ~100 bp) fragments was significantly higher in obese patients compared to
HC. But there was no significant variation in mean ND6 values post-surgery. A significant positive
correlation was observed between preop plasma ND6 levels and HgbAlc, ND6 and HOMA-IR
2 weeks post-surgery, and mtDNA content 6 months post-surgery. Interestingly, plasma from both
HC and obese groups at all time points post-surgery contains long (~8 kb) cf-mtDNA fragments,
suggesting the presence of near-intact and/or whole mitochondrial genomes. No significant variation
was observed in mtDNA content post-surgery compared to baseline data in both PBM and skeletal
muscle samples. Overall, bariatric surgery improved insulin sensitivity and other metabolic parame-
ters without significant changes in plasma short cf-mtDNA levels or cellular mtDNA content. Our
study provides novel insights about possible molecular mechanisms underlying the metabolic effects
of bariatric surgery and suggests the development of new generalized approaches to characterize
cf-mtDNA.
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1. Introduction

Obesity is associated with insulin resistance (IR), and this represents a major risk
factor for metabolic syndrome (MetS), type 2 diabetes (I2D), and cardiovascular disorders
such as coronary artery disease and heart failure [1,2]. It has been demonstrated that
mitochondrial dysfunction contributes to obesity-related IR [3-5]. Previously, we and others
showed that bariatric surgery rapidly improves mitochondrial respiration in morbidly
obese patients [6,7]. Furthermore, even moderate weight loss and physical activity result
in improvements in mitochondrial function, which results in improvements in insulin
sensitivity [8]. With the increasing use of bariatric surgery for the treatment of severe
obesity, it is critical to understand the molecular mechanisms responsible for the notable
improvements seen after the procedure.

Overall, the publications regarding the effect of bariatric surgery and/or surgically-
induced weight loss on cf-mtDNA fragments or mtDNA integrity are scarce [9-13]. Con-
sidering the growing importance of mtDNA analysis in obesity and IR research, the goal of
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this study was to evaluate plasma levels of cf-mtDNA and intracellular mtDNA content
in relation to the metabolic changes before and after bariatric surgery in obese patients.
Additionally, since we previously demonstrated that increased levels of plasma cf-mtDNA
correlate with the degree of IR in obese T2D patients [14], in the current study we deter-
mined whether cf-mtDNA and intracellular mtDNA content vary when obese patients are
grouped by presence or absence of T2D or MetS and compared to healthy controls (HC).

2. Materials and Methods
2.1. Subjects

We recruited 13 morbidly obese patients with T2D (n = 7), MetS (n = 4), and without
T2D or MetS (n = 2) who fulfilled the National Institutes of Health criteria for bariatric
surgery (body mass index (BMI) > 35 kg/m?). Ten patients underwent laparoscopic sleeve
gastrectomy (LSG), and three patients underwent laparoscopic Roux-en-Y gastric bypass
(LRYGB). Eight volunteer HC (subjects without obesity (body mass index < 30 kg/ m?) were
recruited from the general community. The presence of T2D in patients was confirmed
based on a detailed clinical examination using the American Diabetes Association criteria
for T2D: fasting glucose >126 mg/dL, HgbAlc > 6.5%. The Adult Treatment Panel
(ATP III) diagnostic criteria were used to establish the presence of the MetS in patients as
described [15]. Post-bariatric surgery, patients were taken off medications.

All subjects were sedentary. All human studies were conducted in accordance with
NIH guidelines, complied with the Declaration of Helsinki, and were approved by the
Institutional Review Board of the University of South Alabama (protocol #1253267, “Effect
of bariatric surgery mtDNA DAMP’s, inflammation & diabetic outcome”). All human
subjects gave informed consent.

2.2. Metabolic Parameters and Muscle Biopsy

Each subject had a medical history, a physical examination, and blood sampling. From
each bariatric surgery patient, blood was collected before surgery (BS) and 2 weeks (2 W),
3 months (3 M), and 6 months (6 M) after bariatric surgery. Metabolic parameters were
measured using standard kits. Homeostasis model assessment for insulin resistance index
(HOMA-IR) was calculated using the formula: HOMA-IR = [glucose (mg/dL) x insulin
(nIU)/mL]/405, with fasting values. For most obese patients prior to surgery and at some
points after, samples of skeletal muscle (~100 mg) were obtained from the vastus lateralis
by percutaneous needle biopsy under sterile conditions with local anesthesia (lidocaine,
1%) and were snap frozen in liquid nitrogen for DNA and protein analysis.

2.3. Isolation of Plasma and PBM Cells

On the day of the blood sampling and/or muscle biopsy, subjects reported to the
laboratory after an overnight fast (12 h). Peripheral blood (16 mL) was collected into two
sterile density gradient tubes (Vacutainer with Ficoll-Hypaque solution, Becton Dickinson,
Franklin Lakes, NJ, USA). Blood was fractionated by centrifugation at 1500 g for 30 min
at 21 °C with a swinging bucket rotor, as previously described with modifications [14]. The
plasma (upper) fraction was separated from PBM cells, carefully transferred into a 15 mL
conical tube, and centrifuged a second time at 1800 g for 10 min to eliminate cell and large
debris contamination. Then, it was aliquoted and stored at —80 °C until analyzed. The
mononuclear-containing buffy coat fraction was suspended in 10 mL of phosphate-buffered
saline (PBS; pH 7.4, Thermo Fisher, Waltham, MA, USA) and collected by centrifugation
at 700x g for 10 min at ambient temperature as described previously [6]. This wash step
was repeated once, and the mononuclear-containing buffy coat fraction was suspended in
0.1 mL of PBS (pH 7.4) and frozen at —70 °C.

2.4. Isolation of Plasma cf-DNA

Plasma cf-DNA was isolated using a DNeasy Blood and Tissue kit (Qiagen, German-
town, MD, USA) from aliquots of plasma samples that had been frozen at —80 °C, as we
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described previously with some modifications [14]. Extraction was performed with 1 mL of
plasma sequentially loaded on a single column (200 pL 5 times), and the DNA was eluted
with 50 pL of deionized water. The cf-DNA was stored at —20 °C for further analysis.

2.5. Analysis of Plasma cf-mtDNA

First, we performed qRT-PCR as we described previously, with a slight modifica-
tion [16], using primers to amplify a 104 bp sequence within the mitochondrial ND6 gene.
To assess the concentration of mtDNA fragments (ng/mL) in plasma samples, we con-
structed a standard calibration curve using a PCR product from the whole ND6 region
using total DNA isolated from HUVEC cells. Equal amounts of eluant (5 uL) were used
for qRT-PCR (SsoAdvanced™ Universal SYBR® Green Supermix, #1725271, Hercules, CA,
USA), according to the manufacturer’s protocol. All primers were designed by Beacon
Designer 8.2 software (PREMIER Biosoft International, Palo Alto, CA, USA). Sequences of
primers are provided in Supplemental Table S1. For amplification of long PCR fragments,
Platinum™ SuperFi™ PCR Master (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) was used according to the manufacturer’s recommendations, with 1 uL of DNA
and two sets of overlapping mitochondrial primers, Mito 1 and Mito 2 (500 nM/each,
Supplemental Table S1). The thermal cycling conditions were as follows: (1) Mitol—
95 °C (2:00) + [95 °C (0:30) + 60 °C (0:30) + 68 °C (8:00)] x 30 cycles + 68 °C (5:00) + 4 °C
(00). (2) Mito2—95 °C (2:00) + [95 °C (0:30) + 55 °C (0:30) + 68 °C (8:00)] x 30 cycles + 68 °C
(5:00) + 4 °C (c0). Equal amounts of PCR products were loaded in the 0.8% agarose gel with
reference to the DNA standards: 1 Kb DNA ladder (Promega, Fitchburg, WI, USA) and
1 Kb DNA ladder (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). A total of
1 ng of DNA isolated from HUVEC cells was used as a positive control, and a sample
without DNA but containing water was used as a negative control. Positive and negative
controls were included in each run.

2.6. Analysis of mtDNA Content

Total DNA was isolated from PBM cells from HC and each obese patient at baseline
and 2 weeks, 3 months, and 6 months after bariatric surgery using the DNeasy Blood and
Tissue Kit (Qiagen, Germantown, MD, USA). Using the same kit, we isolated total DNA
from skeletal muscle samples obtained from obese patients. 20 ng of total DNA was used
for gqRT-PCR (Luna® Universal qPCR Master Mix, #M3003L, NEB, Ipswich, MA, USA)
according to the manufacturer’s protocol and PCR conditions as previously described [16].
The ratio of mtDNA to nDNA indicates the relative mtDNA content per cell in the tissue.
The mtDNA /nDNA ratio was assessed by the qRT-PCR method using primers specific for
the mitochondrial ND1 gene [16] and normalizing for the amount of nDNA used in each
reaction by using primers specific for 185 *RNA [14].

2.7. Statistical Analyses

All data collected were analyzed using JMP Pro 16.2.0 (a product of SAS Inc., Cary, NC,
USA). A significance level of 0.05 was used to determine the significance of the results. This
is an unbalanced block design because of missing data for different patients at different
times. Mean outcomes for four-time sets (BS, 2 W, 3 M, and 6 M) were compared using
the ANOVA technique with patient as a blocking factor, i.e., measurements over different
times were matched by patient. Statistically significant variation in measurements among
patients and data collected for the same patients over time justifies the use of patients as
a blocking factor. Post hoc comparisons for four-time sets were conducted using Tukey’s
HSD. Mean outcomes for T2D-Mets groups and IR were compared using ANOVA, and
post hoc comparisons with BS were conducted using Dunnett’s method. Mean outcomes
for two bariatric surgery procedure groups (LSG or LRYGB) were compared using a t-test
after accounting for differences in standard deviations, if any.
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3. Results
3.1. Metabolic Parameters

Initially, we recruited 14 morbidly obese patients but excluded patient number 13 for
not following instructions for postoperative blood draws. Patient number 13 ate prior to
the fasting blood draws, making the outcomes of the blood tests invalid. As a result, we
had 13 morbidly obese patients (9 females and 4 males) with T2D (n = 7), MetS (n = 4),
and without T2D or MetS (n = 2), and eight HC (6 females and 2 males) subjects without
obesity. The study has two groups for which separate statistical analysis was performed:
(1) HC-Obese patients, BS; and (2) Obese patients at all time points. Clinical and metabolic
characteristics of study groups are shown in Table 1 for Obese patients at all time points
and in Supplemental Table S2 for HC and Obese BS patients.

Table 1. Summary of clinical, metabolic, plasma cf-mtDNA data, and mtDNA content of obese
bariatric surgery patients before surgery and at all time points post-surgery.

Obese Only Time n Mean S:;:/ R? p (Patient) p (Time)
BMI BS 13 4990 791 0.88 <0.0001 <0.0001 A
2W 12 4449 7.59 B
3M 10 39.54 6.99 C
6M 10 36.61 6.62 C
Glucose BS 13 12531  43.64 078 <0.0001 0.1317

2W 12 11717 72.08
3M 10 89.30 9.68
6M 10 85.30 20.24

HgbAlc BS 13 704 173 089 00023 0.0151 A
2W 0
3M 8 539 031 B
6M 7 530 029 B
Insulin BS 12 5029 4257 056  0.3424 0.0034 A
2W 12 1635 10.14 B
3M 10 1058 424 B
6M 10 1440 1490 B
HOMA-IR BS 12 1866 2250 059 00780 0.0126 A
oW 12 45 307 B
3M 10 240 116 B
6M 10 358 501 A B
Triglycerides ~ BS 13 15085 7795 092  0.0002 0.0026 A
DW 0
3M 8 9950 1377 B
6M 7 9157 3197 B
Total
BS 13 16723 3193 075 00213 0.9287
Cholesterol
2W 0
3M 8 16813  27.53
6M 7 16900 2861
HDL BS 13 4008 691 091  0.0002 0.0113 B
2W 0
3M 8 4388 1170 B
6M 7 5157 1459 A
LDL BS 13 9508 2976 069 00773 0.8800
QW0
3M 8 10444  20.80
6M 7 9914 1262
Plasma ND6 BS 6 006 003 066 00443 0.8539
DWW 9 007 007
3M 7 008 006
6M 8 007 008
Skeletal
muscle BS 13 174 106 069 03104 0.0700
ND1/18SrRNA
2W 0
3M 9 114 042
6M 2 134 061
PBMNDI/ISS — po 43 97 028 039 03311 0.3759
FRNA
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Table 1. Cont.

Obese Only Time n Mean Ste(i R? p (Patient) p (Time)
2W 12 0.85 0.32
3M 10 0.87 0.46
6M 11 1.16 0.44

BS—before surgery. The # is variable because of missing data for different patients at different times. Levels not
connected by the same letter are significantly different.

On average, HC (47.50 £ 9.01 years) were slightly older than Obese, BS patients
(41.54 4+ 12.78 years), but the difference was not significant (p = 0.2266, Supplemental Table S2).
Obese, BS patients had significantly higher BMI (p < 0.0001), fasting plasma glucose
(p =0.0102), HgbAlc (p = 0.0023), insulin (p = 0.0052), HDL (p = 0.0036), and triglyceride
(p = 0.0023) levels compared to HC (Supplemental Table S2). Additionally, they were more
insulin-resistant, as shown by a significantly increased HOMA-IR (p = 0.0237) in the Obese
BS group. On average, total cholesterol and LDL for the two groups were not significantly
different (Supplemental Table S2).

As can be seen by the missed data in Table 1, some parameters were not measured in
the Obese group at all time points due to the missed patient visits, particularly at the time
of the COVID-19 pandemic. Some parameters (HgbAlc, triglycerides, HDL, and LDL) were
not measured at the 2 W time point, which is indicated as 7 = 0. Mean outcomes for clinical
and metabolic data over four time points (BS, 2 W, 3 M, and 6 M) were compared using
the ANOVA technique with patients as a blocking factor, i.e., measurements over different
times were matched by patient. Significant patient-to-patient variation was observed in
the following metabolic parameters, indicating blocking (or matching) by patient was
justified (Table 1): BMI (p < 0.0001), glucose (p < 0.0001), HgbAlc (p < 0.0023), triglycerides
(p = 0.0002), total cholesterol (p = 0.0213), HDL (p = 0.0002), and plasma ND6 (p = 0.0443).

Bariatric surgery, on average, reduced BMI over time (Table 1). Mean BMI differed
significantly at least two different times (p < 0.0001, power = 1.0). In fact, the mean BMI
decreased as time advanced. Post hoc analysis using Tukey’s test shows that mean BMI
dropped significantly from BS (49.90) to 2 W (44.49) and then to 3 M (39.54). Although,
the 6 M (36.61) mean BMI was lower than that for 3 M (39.54), the difference was not
statistically significant, but the 6 M BMI was significantly different from the BS and 2 W
BMIs. Although the mean glucose level decreased steadily from 125.31 at BS to 85.30 at
6 M, the difference was not statistically significant (p = 0.1317). Mean HgbAlc differed
significantly for at least two different times (p = 0.0151, power = 0.99); in fact, it decreased
over time. Post hoc analysis using Tukey’s test showed a significant drop from BS (7.04) to
3 M (5.39) and 6 M (5.30), but a decrease from 3 M (5.39) to 6 M (5.30) was not statistically
significant. Insulin levels did not differ significantly from patient to patient (p = 0.3424);
however, the mean insulin level differed significantly for at least two different times
(p = 0.0034, power = 0.751). In fact, it decreased over time from BS to 3 M (BS: 50.29,
2 W:16.35, and 3 M: 10.58) only to increase to 14.40 at 6 M. Post hoc analysis using Tukey’s
test showed a significant decrease in mean insulin level from BS to 2 W, 3 M, and 6 M;
however, the decrease from 2 W to 3 M was not significant, nor was the increase from
3 M to 6 M. HOMA-IR levels did not differ significantly from patient to patient (p = 0.0780),
but mean the HOMA-IR level differed significantly at least two different times (p = 0.0126,
power = 0.77). In fact, it decreased from BS (18.66) to 2 W (4.52). The drop from BS to
3 M (2.40) was also significant. But it then increased to 6 M (3.58), though not significantly.
Post hoc analysis using Tukey’s test showed a significant decrease in mean HOMA-IR level
from BS to 2 W; however, later changes in HOMA-IR level over time were not statistically
significant. HOMA-IR levels among patients at BS varied the most, decreasing with time
only to increase at 6 M.

Triglyceride levels varied significantly from patient to patient (p = 0.0002). Mean
triglyceride levels differed significantly at least two different times (p = 0.0026,
power = 1.0). In fact, mean triglyceride levels decreased as time advanced. Post hoc
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analysis using Tukey’s test shows that mean triglyceride levels at both 3 M (99.50) and
6 M (91.57) were significantly lower than BS (159.85); however, the decrease from 3 M to
6 M was not statistically significant. Total cholesterol levels differed significantly by patient
(p = 0.0213), but no significant differences in mean cholesterol levels were observed over
time (p = 0.9287, BS: 167.23, 3 M: 168.13, and 6 M: 169.00). Significant variation in HDL
levels was observed among patients (p = 0.0002). Mean HDL levels differed significantly
for at least two time periods (p = 0.0113, power = 1.0). A steady increase in HDL levels
with time was observed. Post hoc analysis using Tukey’s test indicates a slight but not
statistically significant increase in mean HDL level from BS (40.08) to 3 M (43.88). The
increase in mean HDL level from BS to 6 M (51.57) as well as from 3 M to 6 M is significant.
No significant variation in LDL levels was observed among patients (p = 0.0773) or at
three different times (p = 0.8800).

Comparison of clinical and metabolic parameters among types of bariatric surgery
(LSG or LRYGB groups) showed that the 3 M mean insulin level was significantly lower
among LRYGB patients than LSG patients (5.80 vs. 11.77, p = 0.0040, Supplemental Table
S3). Also, the 3 M mean HOMA-IR level was significantly lower among LRYGB patients
than LSG patients (1.18 vs. 2.71, p = 0.0066, Supplemental Table S3).

3.2. Effect of Obesity and Bariatric Surgery on Plasma cf~-mtDNA

First, we analyzed short cf-mtDNA fragments (104 bp) within the mitochondrial ND6
gene using qRT-PCR. Analysis of ND6 cf-mtDNA in plasma was performed separately
for two groups: (1) HC-Obese, BS group, and (2) Obese group, at all times (BS,2 W, 3 M,
and 6 M). Upon comparing the level of short cf-mtDNA in plasma from HC and Obese
BS patients, we found that the level of plasma cf-mtDNA ND6 fragments was five times
greater in Obese BS (0.05 & 0.03) compared to HC (0.01 £ 0.01, p = 0.0026, Figure 1A).
Additionally, when patients in the Obese BS group were classified as MetS, T2D, or none,
we found that mean plasma ND6 levels were significantly higher in samples of T2D than
HC (Dunnett’s method for comparison with HC, p = 0.0098, Figure 1B, Supplemental Table
S4). Similarly, a significantly higher mean plasma ND6 level was observed in the IR in
Obese BS patients compared to HC (Dunnett’s method for comparison with HC, p = 0.0119,
Figure 1C, Supplemental Table S5).

Comparison of plasma ND6 levels among HC/T2D/nonT2D groups resulted in
significant differences in the mean levels of at least two groups (Figure 1D, ANOVA,
p = 0.0085). Post hoc analysis using Dunnett’s method showed that mean plasma ND6
levels of T2D patients were significantly higher than HC (Figure 1D, p = 0.0048); however,
those of non-T2D patients were not significantly different than HC (Figure 1D, p = 0.1177).

A significant positive correlation was observed between HgbAlc and plasma ND6
(r =0.73, n = 18, p = 0.0006, Figure 2A). However, when HC and obese patient data
were separated, a negative correlation was observed for HC, which was not statistically
significant probably due to the small sample size (r = —0.55, n = 7, p = 0.1967, Supplemental
Figure S1), and a significant positive correlation was observed for Obese BS patients
(r=0.63,n =11, p =0.0362, Supplemental Figure S1).

Post-surgery analysis of plasma ND6 levels in obese patients showed that ND6 values
varied significantly among patients (p = 0.0443, Table 1). Although mean plasma cf-
mtDNA ND6 levels at three post-operative points were slightly higher compared to baseline,
the differences were not significant (p = 0.8539, Supplemental Figure S2). Interestingly,
comparison of the Obese MetS, T2D, and without MetS (designated as “none”) groups
showed that mean plasma ND6 levels were higher in T2D patients” samples at all time
points except at 3 M after bariatric surgery compared to those in the other two groups
(Supplemental Table S6).
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Figure 1. Effect of (A) obesity, (B) MetS, (C) IR, and (D) T2D on plasma ND6 level. The data are

presented as boxplots, with the mean marked by green lines.
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Figure 2. A significant positive correlation as measured by Pearson’s correlation coefficient was
observed between plasma levels of ND6 and (A) pre-surgery HgbAlc in the HC-Obese, BS group of
patients (n = 18); (B) HOMA-IR measured 2 W post-surgery (n = 9); and (C) PBMN mtDNA content
measured 6 M post-surgery (1 = 8). Red ellipse is the 95% bivariate normal ellipse.
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g marker 2

A significant positive correlation was observed between plasma levels of plasma ND6
and HOMA-IR, 2 W post-surgery (r = 0.68, p = 0.0458, Figure 2B), and PBMN ND1/18S
rRNA, 6 M post-surgery (r = 0.81, p = 0.0143, Figure 2C). No significant correlation was
observed between BMI and plasma ND6 for any of the 4 time periods.

Second, we analyzed the presence of long cf-mtDNA fragments using two pairs
of overlapping mitochondrial sequences covering the whole mtDNA genome for the
identification of long mtDNA fragments. The location of sequences and size of the amplified
fragments are shown on the scheme presented in Supplemental Figure S3. Long-range
PCR analysis of samples from the Obese group at all time points after BS revealed that
plasma from most samples contains long amplicons (~8 kb), suggesting the presence of
near intact and/or whole mitochondrial genomes (Figure 3A,B). Although the majority
of HC samples also showed long amplicons in their plasma, in some HC (#8 for Mitol
and #5 and 8 for Mito2), bands for long amplicons were not even observed, suggesting
either the absence or a very low quantity of the long fragments in their pool of plasma long
cf-mtDNA (Figure 3A,B). Although the inferences about differences between controls and
obese samples should be qualified by the limitation that the data for long PCR products is
not quantitative, the abundance of long PCR products was noticeably greater in samples
from obese patients (Figure 3A,B) compared to samples from the HC group, at least for the
Mitol primers dataset. Therefore, not only were the short ND6 fragments accumulated in
plasma from obese patients, but also the complete mitochondrial genome, as determined
by long-range PCR amplifications of 2 amplicons (~8 kb each, Figure 3A,B).

Mito 1 primers set

marker 2
marker 1
imarker 2

Mito 2 primers set
Obese

arker 1

Pt5 Pt6 Pt7
0 2 36 0 360 2 36

Figure 3. Representative gel electrophoresis of long-range PCR analysis. Using total DNA isolated
from plasma as a template showed that plasma from HC and obese patients (all time points) contained
(A) Mitol (~8.4 kb) or (B) Mito2 (~8 kb) long overlapping amplicons that covered the full length
mitochondrial genome. 1 ng of total DNA isolated from HUVEC cells was used as a positive control
(+¢), and a sample without DNA but containing water was used as a negative control (—c). No signal
was detected while using the negative control. To compare the level of amplicons between obese and
HC, a PCR sample from HC #5 was loaded on every gel analysis for long-range PCR with the Mito1
set of primers (indicated with an arrow above the gel). A sample from HC #3 was also loaded in
every gel for comparison while using the Mito2 primer set, which is indicated with an arrow above
the gel. Marker 1-1 Kb DNA ladder (Invitrogen) and Marker 2-1 Kb DNA ladder (Promega).

3.3. Effect of Obesity and Bariatric Surgery on mtDNA Content in PBM Cells and Skeletal Muscle

Next, we evaluated relative mtDNA content (mtDNA /nDNA ratio) using total DNA
isolated from PBM or skeletal muscle. First, we used total DNA isolated from PBM cells
from HC and each obese patient at baseline and at the time points indicated above after
bariatric surgery. Although not statistically significant, the ND1/18S rRNA ratio in PBM
cells on average was observed to be higher among Obese BS patients (1.0 &= 0.31) compared
to HC (0.76 £ 0.32) (p = 0.1013, Supplemental Figure S4A). When patients in the Obese
BS group were further classified as MetS (n = 4), T2D (n = 7), and none (n = 2), they
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all had a higher mean ND1/18S ¥RNA ratio in PBM cells than HC, but the differences
were not statistically significant, probably due to small sample sizes (Supplemental Figure
S4B, Supplemental Table S4). Interestingly, when Obese BS patients were classified as
IR vs. none, their mean PBM cell ND1/18S rRNA ratio, although not significant, was
higher compared to HC, with the “none” group having the highest mean (p = 0.0976,
ANOVA, Supplemental Figure S4C, Supplemental Table S5). It is important to note that
the “none” group had only two patients, and the IR group had two outliers on the higher
end. Comparison of mean PBM cell ND1/18S rRNA levels by HC/T2D/non T2D groups
resulted in no significant differences (p = 0.2021, ANOVA, Supplemental Figure S4D). Also,
note an outlier in the T2D group (Supplemental Figure S4D). The mean PBM cell ND1/18S
rRNA level was observed to be higher in obese non-T2D patients compared to HC, but the
difference was not significant (Supplemental Figure S4D).

Comparison of PBM ND1/18S rRNA levels in obese patients at BS and three different
post-surgery times showed no significant variation among patients (p = 0.3311) or over
the different times it was measured (p = 0.3759, Table 1 and Figure 4A). Additionally, we
analyzed total DNA isolated from skeletal muscle samples obtained from some obese
patients at various time points post-surgery. As shown in Figure 4B and Table 1, no
significant variation in the mean skeletal muscle ND1/18S rRNA ratio was observed among
patients (p = 0.3104) or among three different times (p = 0.07). Additionally, the 2 W
mean PBM ND1/18S rRNA level was significantly lower among LRYGB patients than LSG
patients (0.52 vs. 0.96, p = 0.0025, Supplemental Table S3).
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Figure 4. Effect of bariatric surgery on mtDNA abundance. (A)—mtDNA content in PBM prior to
and follow-up post-surgery (n = 10-13) and (B)—mtDNA content in skeletal muscle prior to surgery
and follow-up post-surgery (n = 2-13). The data are presented as boxplots, with the mean marked by
green lines.

4. Discussion

Our study demonstrated that while bariatric surgery reduced BMI, it did not significantly
change plasma short cf-mtDNA levels or mtDNA content in PBM cells or skeletal muscle.
Surprisingly, we found that plasma from both HC and obese patients contained long (~8 kb)
cf-mtDNA fragments, which cover near intact and/or whole mitochondrial genomes.

Metabolic improvement after bariatric surgery going beyond mere weight loss, and
given the increasing use of bariatric surgery, it is critical to understand the physiologic basis
of its metabolic benefits, including resolution of T2D. Bariatric surgery has variable effects
on mitochondria, reviewed in [17], including improvement in mitochondrial respiration in
PBM cells [6], liver [13], and skeletal muscle [6,7]. Additionally, bariatric surgery induced
alterations in skeletal muscle expression of genes involved in calcium/lipid metabolism
and mitochondrial function, which were associated with subsequent distinct methylation
patterns at 52 weeks after surgery [18]. Furthermore, a recent study demonstrated that
laparoscopic Roux-en-Y gastric bypass augmented autophagy/mitophagy markers and
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decreased mitochondrial membrane potential in leukocytes, improving mitochondrial
turnover as a consequence [19].

Despite the intensive studies on mitochondrial physiology, only a few studies have
examined circulatory or urine cf-mtDNA [9-11] and mtDNA /nDNA content [12,13] in
obese patients after bariatric surgery. Previously, it has been shown that bariatric surgery
after 6 months reduced urinary mtND1 and mtCOX3 copy numbers, as well as serum
mtCOX3 copy numbers, only in patients with obesity with T2D [10]. Additionally, the
same group demonstrated that bariatric surgery reduces the elevated urinary mtND1 copy
number in obese patients with an initial high baseline mtND1 copy number 6 months
after surgery [10]. Also, a study in obese Asian Indian patients with T2D demonstrated a
significant reduction in circulatory mtDNA copy number at 6 and 12 months post-bariatric
surgery [11]. In contrast with these previous reports, we did not observe a reduced level of
short cf-mtDNA post-surgery. Simultaneously, we observed a significant increase in short
plasma ND6 cf-mtDNA in obese patients compared to HC (Figure 1A). Additionally, we
found that the mean plasma ND6 level was significantly higher in samples of T2D than HC
(Figure 1B), which is consistent with our [14] and others previous reports for an increase in
cf-mtDNA in patients with T2D [20]. Similarly, we observed a significantly higher level of
plasma short cf-mtDNA in the IR in Obese BS compared to HC (Figure 1C). These findings
are in line with a recent study of healthy adolescents that showed that circulating cf-DNA
is associated with the risk of metabolic syndrome, not obesity per se [21]. Furthermore,
this study found an association between cf-mtDNA and one of the markers of oxidative
stress, advanced oxidation protein products [21]. Recently, the use of circulatory cf-DNA
and cf-mtDNA has received a lot of attention due to their attractive diagnostic, prognostic,
and risk assessment potential. In light of this, blood levels of cf-DNA have been found to
be correlated with IR and other obesity-related cardiometabolic risk factors in clinically
healthy individuals, leading to a proposal to use cf-DNA as an auxiliary risk marker for
cardiometabolic disease [22]. Nevertheless, studies to determine cf-mtDNA as a potential
biomarker for predicting the outcome of bariatric surgery are in the preliminary stages.

Analysis of plasma ND6 cf-mtDNA in obese patients after surgery did not show
significant changes over the time after surgery (Supplemental Figure S2), which was
different from the previous reports indicating a decrease in cf-mtDNA copy number post-
surgery [9-11]. The discrepancy between our results and results from previous studies
can be influenced by several potential factors, including source (serum, plasma, or urine)
and approaches for cf-DNA isolation, analysis, and interpretation of results. As opposed
to our study, in which we performed absolute quantification of cf-mtDNA in plasma, in
all previous related studies, the authors measured the relative cf-mtDNA amount, which
was calculated as a ratio of cf-mtDNA /cf-nDNA in either serum or urine. Because of the
relative nature of the analysis, we believe that the above-mentioned previous studies do
not support the selective release/accumulation of cf-mtDNA associated with obesity or
T2D and its selective decrease with weight loss after bariatric surgery. Additionally, we
believe that the initial and especially post-surgery BMI can be a contributing factor to the
discrepancy in the analysis as well. Also, it needs to be mentioned that even after profound
weight loss our patients were still severely obese, with a BMI ~36.6 at 6 M post-surgery. We
need to point out that both pre- and post-operative BMI for our patients were much greater
than in related publications [9-11], which most likely contributed to the outcomes of our
study. It must also be highlighted that gender differences could affect our findings. Indeed,
the above-mentioned related studies have had a higher male percentage: ~41% (9) and
~37% [10,11] vs. ~31% male in our study. Interestingly, similar to our study, the decrease
in body weight and fat percentage did not result in changes in cf-DNA levels six months
after bariatric surgery [23]. Additionally, we need to mention that some data for 3 M and
6 M post-surgery were missing for different patients at different times, partially due to the
COVID-19 pandemic-related missed visits (Table 1). This may also affect the outcomes
for the dynamic for plasma ND6 level. Regarding the association between cf-mtDNA
level and markers of T2D in HC and Obese patients, we observed a significant positive
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correlation between HgbAlc and plasma ND6 (Figure 2A). However, when HC and obese
patient data were separated, no correlation between ND6 and HgbA1lc was observed for
HC (Supplemental Figure S1), but we note that 100% of the HC had a normal HgbAlc and
ND6 level < 0.3 ng/mL, and all of the obese patients at baseline had a ND6 > 0.4 ng/mL
(Figure 2A). This suggests that plasma levels of ND6 above 0.4 ng/mL are pathologic and
associated with increasing levels of HgbAlc.

Analysis of long-range PCR showed that plasma from HC and Obese patients (at all
time points after bariatric surgery) contained long overlapping amplicons that covered the
full-length mitochondrial genome (Figure 3A,B). Therefore, not only were the short ND6
fragments accumulated in plasma from obese patients but also the complete mitochondrial
genome. The latter may be an adaptive mechanism to preserve mitochondrial function and
bioenergetics (i.e., via restoration of OXPHOS), since cells may share/transfer whole healthy
mitochondria and/or mtDNA to each other when they recover from the stress of obesity
and diabetes. Previous studies showed that isolated mitochondria can be transferred to
any cell type via simple coincubation or brief centrifugation in vitro [24,25], reviewed
in [26]. Furthermore, the injection of autologous or non-autologous mitochondria has been
effective in treating injury and various diseases [27,28], reviewed in [29]. In line with this, a
recent paper has shown that exogenous healthy mitochondria are preferentially trafficked
to cells and tissues in which mitochondria are damaged [30], which has implications for the
delivery of therapeutic agents to injured or diseased sites. Whether this process happened
after bariatric surgery needs further investigation. As we mentioned above, even after
6 M post-surgery, patients were still morbidly obese, although their metabolic parameters,
such as HOMA-IR and HgbAlc, improved significantly. While it needs to be interpreted
with limitations noted in the Results part, we can speculate that the observed increase in
long cf-mtDNA may represent an adaptive response in order to compensate for the cells’
bioenergetic needs that ultimately provide improvement in metabolic parameters and IR.
The main unanswered scientific question here is: does bariatric surgery stimulate adaptive
responses through mitochondria and/or mtDNA transfer? In this context, most likely, the
possibility of using quantitative analysis of cf-mtDNA as an indicator of bariatric surgery
results prognostic needs further investigation, with greater sample size and improvement
and standardization of methods of detection.

To the best of our knowledge, this is the first report in which the accumulation of
long plasma mtDNA fragments was analyzed in obesity and bariatric surgery research.
Numerous previous studies have demonstrated mitochondrial transfer [24,25], reviewed
in [26], between mammalian cells in culture and in vivo in its application as a therapeutic
tool for treating injury and various diseases [27,28], reviewed in [29]. The study by Dache
et al. reported that blood preparation with resting platelets contains respiratory-competent
cell-free mitochondria in their normal physiological state [31]. Additionally, the authors
showed that normal and tumor-cultured cells are able to secrete their mitochondria [31].
Furthermore, a few studies demonstrated a horizontal transfer of mtDNA [32,33]. Sansone
et al. demonstrated that the horizontal transfer of mtDNA from extracellular vesicles
acts as an oncogenic signal, promoting an exit from dormancy in hormonal therapy-
resistant breast cancer [32]. A more recent study demonstrated that chimeras composed
of cells with wild-type and mutant mtDNA exhibited increased trafficking of wild-type
mtDNA to mutant cells, suggesting that horizontal mtDNA transfer may be a compensatory
mechanism to restore compromised mitochondrial function [33]. A recent review discussed
that circulating cf-mtDNA in its physiological forms in human blood is unlikely to be
pro-inflammatory [34], and its relevance and physiological role remain to be established.
Likewise, the origin and specificity of our findings of plasma long cf-mtDNA fragments for
bariatric surgery-related improvement in metabolic parameters and IR are unknown and
will require further testing.

Interestingly, mtDINA content tended to be slightly increased in PBM cells (Figure 4A),
but decreased in skeletal muscle at 6 M after surgery compared to BS (Figure 4B), suggesting
a tissue-specific effect of bariatric surgery on mtDNA content. Our finding is in line with
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a recent study showing that obesity has an opposing association with mitochondrial
respiration in adipose and liver tissue with no overall association with NAFLD severity;
however, bariatric surgery increased hepatic mtDNA /nDNA content 12 months after
bariatric surgery, which appeared to be driven primarily by a substantial increase in
mitochondrial biogenesis [13]. Additionally, it was reported that the copy number of
mtDNA in various fat stores was higher in obese patients with T2D than in obese patients
without diabetes or in control subjects [35]. This finding [35] was different from our study
since mtDNA content in PBM cells was slightly increased in non-diabetics compared to
both HC and T2D patients, although the difference was not significant (Supplemental
Figure 54D). When compared to HC, mtDNA content in PBM cells was also slightly greater,
regardless of the patient’s T2D or MetS status (Supplemental Figure S4B). A significant
positive correlation was observed between plasma levels of plasma ND6 and mtDNA
content in PBM cells 6 M post-surgery (Figure 2C).

A limitation of this study was the relatively small sample size, the missing data for
different patients at different times, and the short time of follow-up post-surgery. Future
studies with a larger sample size and designed to address limits and methodological
issues related to the isolation and analysis of cf-mtDNA are needed to generalize these
results. Regarding technical limitations, we need to highlight that the current methods of
cf-mtDNA quantitation in plasma are time-consuming, lack reproducibility, and do not
indicate selective release and /or accumulation of cf-mtDNA in plasma. Variations in DNA
isolation methods, normalization of cf-mtDNA to cf-nDNA, or generation of a standard
curve altogether limit the reproducibility or clinical utility of mtDNA analysis in previous
reports. In this context, a recent report using droplet digital PCR provides absolute DNA
quantification without the need for a standard curve. Importantly, this method is more
sensitive than conventional qRT-PCR at low concentrations of cf-mtDNA, making it feasible
to analyze DNA in plasma directly without a DNA isolation step [36].

In conclusion, we found that bariatric surgery decreased weight and improved insulin
sensitivity and other metabolic parameters in obese patients without significant changes
in plasma short cf-mtDNA levels or cellular mtDNA content. However, a significant cor-
relation between preop ND6 levels and HgbAlc and ND6 levels and insulin resistance
(HOMA-IR) at 2 weeks post-op suggests that one of the potential drivers of insulin resis-
tance may be short cf-mtDNA fragments such as ND6. These findings, along with the
presence of long cf-mtDNA fragments, may underlie the clinical importance of cf-mtDNA
as a mechanism explaining the effects of bariatric surgery on the improvement of insulin
sensitivity. Further studies need to test the structure, potential characteristics, determinants,
and origin of cf-mtDNA associated with metabolic improvements following surgery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11092514 /s1, Figure S1: Correlation between HgbAlc
and plasma ND6 levels prior to surgery with patients separated as HC and Obese, BS (n =7, HC;
n =11, Obese, BS); Figure S2: Effect of bariatric surgery on plasma cf-mtDNA. ND6 level in obese
patients prior to surgery and at the indicated time points follow up post-surgery. Data are presented
as boxplots with mean marked by green lines, n = 6-9; Figure S3: Schematic of location of primers
and long overlapping mtDNA sequences (Mitol and Mito2) amplified whole mitochondrial genome
during long-range PCR; Figure S4: Effect of obesity, MetS and T2D on the mtDNA abundance in PBM
cells. Data are presented as boxplots with mean marked by green lines. (A) mtDNA content in PBM
cells from Obese patients and HC (n = 8-13). (B-D) mtDNA abundance in PBM cells demonstrated
by group (B) data in Obese, BS group were plotted according to the MetS, T2D or none (n = 2-8);
(C) data in Obese, BS group were plotted according to the IR or none (no IR); n = 2-8 subjects
per group; (D) data in Obese, BS group were plotted according to the T2D or non-T2D (n = 6-8);
Table S1: Primers for mtDNA and nDNA; Table S2: Summary of clinical, metabolic, cf-mtDNA
data, and mtDNA content of patients, HC-Obese, BS group; Table S3: Comparison of clinical and
metabolic parameters, plasma cf-mtDNA data, and mtDNA content among type of bariatric surgery;
Table S4: Comparison of ND6 and PBM ND1/185rRNA in HC and Obese, BS by factor: MetS, T2D
or none; Table S5: Comparison of ND6 and PBM ND1/185rRNA in HC and Obese, BS group where
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Obese group is classified as IR or none; Table S6: Comparison of plasma ND6 in Obese group by
MetS, T2D, or none.
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Abstract: Background: Obesity is a chronic inflammatory disorder that increases the risk of car-
diovascular diseases (CVDs). Given the high CVD mortality rate among individuals with obesity,
early screening should be considered. Plasminogen activator inhibitor (PAI-1), a cytokine that links
obesity and CVDs, represents a promising biomarker. However, PAI-1 is not part of the clinical
routine due to its high cost. Therefore, it is necessary to find good predictors that would allow an
indirect assessment of PAI-1. Methods: This study enrolled 47 women with severe obesity (SO). The
obtained anthropometric measurements included weight, height, neck (NC), waist (WC), and hip
circumference (HC). Blood samples were collected to analyse glucose and lipid profiles, C-reactive
protein, liver markers, adiponectin, and PAI-1 (determined by ELISA immunoassay). Homeostasis
model assessment-adiponectin (HOMA-AD), homeostasis model assessment of insulin resistance
(HOMA-IR), quantitative insulin sensitivity check index (QUICKI), triglyceride—glucose index (TyG),
and atherogenic index of plasma (AIP) were calculated. The women were grouped according to PAI-1
levels. The data were analysed using IBM SPSS Statistics, version 21. The significance level for the
analysis was set at 5%. Results: Women with SO who have higher levels of PAI-1 have lower values
of high-density lipoprotein cholesterol (HDL) (p = 0.037) and QUICKI (0.020) and higher values of
HOMA-AD (0.046) and HOMA-IR (0.037). HOMA-IR was demonstrated to be a good predictor of
PAI-1 in this sample (B = 0.2791; p = 0.017). Conclusions: HOMA-IR could be used as a predictor
of PAI-1 levels, pointing out the relevance of assessing glycaemic parameters for the prevention of
CVDs in women with SO.

Keywords: PAI-1; cardiovascular disease; inflammation; severe obesity; HOMA-IR

1. Introduction

Obesity, a health-threatening condition characterised by an excessive accumulation of
body fat [1], is increasing in prevalence worldwide across all ages, genders, nationalities,
and socioeconomic status [2]. Obesity is associated with an increase in cardiometabolic
risk through effects on cardiovascular structure, the promotion of a pro-inflammatory
state with alterations in cytokine secretion patterns, and the emergence of other metabolic

Biomedicines 2024, 12, 1222. https:/ /doi.org/10.3390 /biomedicines12061222

https:/ /www.mdpi.com/journal /biomedicines



Biomedicines 2024, 12, 1222

disorders [3]. More precisely, obesity is associated with a worse lipid panel, increased
blood pressure, impaired plasma glucose levels, type 2 diabetes mellitus (T2DM), liver
dysfunction, and low levels of cardiorespiratory fitness parameters, factors that contribute
to cardiovascular diseases (CVDs) [4].

One of the cytokines whose expression is elevated in obesity and increases the risk of
CVDs is the plasminogen activator inhibitor (PAI-1), a regulator of fibrinolysis that acts
on thrombogenic pathways [5]. The main activity of PAI-1 is to inhibit both the tissue and
urokinase plasminogen activators, which are responsible for the cleavage of plasminogen
to plasmin [6]. The processes of fibrinogenesis and fibrinolysis are important in both
intravascular and extravascular physiology and the pathology of CVDs [7]. However,
the role of PAI-1 is not limited to the control of fibrinolysis, as it is also involved in
the control of tissue remodelling, angiogenesis, inflammation, and extracellular matrix
degradation [6]. By controlling this plethora of mechanisms, PAI-1 has previously been
reported to participate in the pathophysiology of several metabolic syndromes, including
obesity and insulin resistance.

The interplay between PAI-1 and glycaemic control appears to be related to hyperin-
sulinemia promoting PAI-1 expression as well as reducing the rate of mRNA degradation
of PAI-1, supporting protein production [8,9]. Furthermore, it has been hypothesised that
insulin resistance decreases the activity of the PI3-K/Akt pathway while upregulating
the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
pathway, favouring the release of inflammatory markers, among them PAI-1 [10]. Also,
given that individuals with atherosclerotic plaque have increased PAI-1 expression [11]
and that PAI-1 concentrations are associated with the severity of subclinical atherosclerosis
in patients with obesity, PAI-1 quantification may be an additional tool to identify patients
with obesity at higher risk of developing CVDs [11].

However, despite PAI-1 being a good predictor, the high cost of measuring this
adipokine prevents its use in routine clinical practice. Therefore, it is important to explore
other parameters that can be predictors of PAI-1. The atherogenic index of plasma (AIP) is
independently correlated with a higher incidence of coronary heart disease [12] and appears
to be associated with PAI-1 levels in individuals with severe obesity; however, further
studies are needed to confirm this possible relationship [11]. The triglyceride (TG)-high-
density lipoprotein cholesterol (HDL-c) ratio, which is a component of the AIP equation,
could be a parameter for the identification of individuals with severe obesity at risk of
developing metabolic syndrome (MS) [13]. Furthermore, although the triglyceride-glucose
index (TyG) is also used as a cardiometabolic risk marker and may be used as a marker of
atherosclerosis [14], no studies have evaluated its correlation with PAI-1 levels. In addition,
the homeostasis model assessment of insulin resistance (HOMA-IR) and quantitative insulin
sensitivity check index (QUICKI) are usually performed to determine insulin resistance as
a TyG, but little is known about the relationship between those markers and PAI-1 values
as well. Thus, this study aimed to verify the correlation of PAI-1 with cardiometabolic risk
markers in women with severe obesity, seeking to evaluate predictors of PAI-1 levels. Thus,
the hypothesis of this study is that some of those indexes can predict PAI-1 in order to
better screen patients with higher cardiovascular risk.

2. Material and Methods
2.1. Participants

The study population consisted of 47 women with a body mass index (BMI) above
40 kg/m? (severe obesity) who were hospitalised for bariatric surgery at the Hospital Es-
tadual Geral de Goiania Dr Alberto Rassi (HGG), Goiania, GO, Brazil. BMI was calculated
by dividing the person’s weight by the square of their height (in metres) [15]. The research
team obtained a list of patients eligible for bariatric surgery from the Obesity Surgery Con-
trol Program (PCCO). During the first outpatient consultation at the HGG, the researcher
explained the aim of the project to patients who met the inclusion criteria, and informed
consent forms were signed in duplicate. Data collected for this study included age, date of
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birth, medication use, the presence of comorbidities such as T2DM, hypertension, thyroid
dysfunction, and anthropometric measurements. In addition, blood samples were collected
from all participants.

Non-inclusion criteria were participants younger than 20 years or older than 59 years
with acute inflammatory, infectious, or neoplastic diseases, genetic syndromes, rheumatic
and autoimmune diseases, fibromyalgia, chronic alcohol consumption (>30 g/d), or abuse
of illicit/psychotropic drugs.

This study was carried out according to the principles of the Declaration of Helsinki
and was approved by the Ethics Committees of the Universidade Federal de Goias and the
hospital (3,251,178 and 961/19, respectively).

2.2. Anthropometric Measurements

The anthropometric assessment was given by the mean value of two measurements
of weight, height, hip, waist, and neck circumference. Weight was measured using the
Lider scale with a maximum capacity of 200 kg, with the volunteer standing in the centre
of the scale wearing light clothes and no shoes. Height was measured with the patient in
an upright position, barefoot, looking forward, and with arms outstretched at the sides,
using a Fillizola scale available at the hospital. BMI was calculated by dividing the person’s
weight by the square of their height (in metres), and obesity was classified as grade I
(30 to 34.99 kg/m?), grade II (35 to 39.99 kg/m?), and grade III (>40 kg/m?). The waist
circumference was measured at the level of the umbilical line while the volunteer was
standing. The neck circumference was measured below the level of the cricoid cartilage.
All measurements were taken by a trained researcher.

2.3. Blood Analysis

Blood sampling was performed by peripheral vein puncture of the forearm by trained
nurses after a 12 h overnight fast. The collection was carried out in the laboratory of
Atalaia Medicina Diagnostica, Goiania—GO. Biochemical analysis was performed with
a colorimetric enzymatic method, specific for each dose (insulin, blood glucose, glycated
haemoglobin Alc (HbAlc), lipid profile, and ultra-high sensitive C-reactive protein (hs-
CRP), according to the laboratory). For additional analysis, EDTA tubes containing samples
from each participant were transported in a thermal box to the Clinical Nutrition Research
Laboratory and Sports (LABINCE), located at the Faculty of Nutrition (FANUT) of the
Federal University of Goids (UFG). After centrifugation, the serum was stored at —80 °C
until use. PAI-1 and adiponectin levels were determined by enzyme-linked immunosorbent
assay (ELISA) using a commercial kit (R&D Systems, Minnesota, EUA) according to the
manufacturer’s instructions performed at the Laboratory of Nutrition Physiology of the
Federal University of Sao Paulo (UNIFESP).

2.4. Index Calculation

The AIP was calculated from the logarithm of the triglyceride-high-density lipopro-
tein cholesterol ratio (TG/HDL-c ratio) [12]. The HOMA-IR was obtained with the for-
mula: fasting insulin (WUI/L) x blood glucose (mg/dL)/22.5 [16]. The homeostasis model
assessment-beta (HOMA-beta) and QUICKI were calculated from blood glucose and insulin
values as reported in the literature [16,17]. The homeostasis model assessment-adiponectin
(HOMA-AD) was calculated as the product of fasting insulin (tUI/L) and blood glucose
(mg/dL), divided by adiponectin (mg/mL) [18]. TyG was calculated by Ln (fasting triglyc-
erides (mg/dL) x fasting blood glucose (mg/dL)/2) [19]. As there is no reference value for
PAI-1 in severe obesity in the literature, the median value of PAI-1 in our cohort (21 ng/mL)
was used for study purposes. Values less than 4 ug/mL for adiponectin were considered
hypoadiponectinemia [20].
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2.5. Statistical Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS), version 24.0. The data were first assessed for normality using the Shapiro-Wilk
test. Non-normally distributed variables were standardised using the Z-score and are
presented as the mean + standard deviation. Volunteers were grouped according to the
median PAI-1 value, as is usually performed when there is a lack of a cut-off literature
value for the marker of interest [21,22]. Pearson’s or Spearman’s correlation analysis was
performed to assess correlations between the studied variables, as appropriate. To compare
the difference in means, the t-test for independent samples was used. The chi-square test
was performed to compare the frequencies of pathologies in the groups. A bivariate logistic
regression model was performed after the comparison of averages. The calculation of post
hoc sample power was performed using GPower (version 3.0) to determine the effect size.
We considered a binomial distribution, an odds ratio of 1.32; Pr(Y = 1) HO: 0.05; « err prob:
0.05; R2 other X: 0.232; X parm 7t of 0.5; and a total sample of 47 individuals, obtaining a
sample power of 5.26%. A p value < 0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the Population

Forty-seven women were enrolled in this study. At baseline, the mean age was
40 £ 8.3 years old, and all volunteers had a BMI compatible with severe obesity. Neck
and abdominal circumferences were higher than recommended, indicating a high cardio-
vascular risk. Moreover, the mean blood pressure classifies this sample as hypertension
stage 1 [23]. Mean blood glucose values, insulin, HOMA-IR, HOMA-beta, and HbA1lc also
indicate the presence of cardiometabolic risk and insulin resistance. The mean AIP was
0.47 £ 0.21. The baseline characteristics of the patients are presented in Table 1.

Table 1. Descriptive analyses of women with severe obesity.

The group with Lower The Group with
Variable Total Sample Levels of PAI-1 Higher Levels of PAI-1 p-Value
(<21 ng/mL) (>21 ng/mL)
Age (years) 40.08 &= 8.30 41.64 +8.27 38.46 4= 8.31 0.186
Height (m) 1.59 £ 0.06 1.58 £ 0.06 1.60 £ 0.06 0.276
Weight (kg) 122.68 + 18.86 123.84 +14.98 121.57 £22.23 0.486
BMI (kg/mz) 48.23 £ 6.77 49.34 +£5.87 47.16 £7.51 0.172
NC (cm) 41.58 +3.18 41.68 = 3.28 41.88 £ 0.16 0.832
WC (cm) 130.77 = 12.38 132.41 £ 10.46 129.17 £ 14.02 0.376
HC (cm) 144.09 £ 13.22 145.00 £ 11.64 143.20 £ 14.77 0.480
Fasting Glucose (mg/dL) 117.72 £ 50.57 110.39 + 37.42 126.15 £ 62.38 0.312
Insulin (pUI/mL) 26.36 = 12.76 23.33 £10.76 29.70 £+ 14.17 0.107
HOMA-IR 7.37 £3.90 6.19 £3.51 8.65 £ 4.06 0.037 *
HOMA-beta 262.18 £ 182.90 240.36 = 132.3 286.18 &= 184.5 0.697
QUICKI 0.295 £ 0.022 0.303 £ 0.023 0.287 £ 0.019 0.020 *
HOMA-AD 472.21 £ 368.02 362.07 £+ 274 587.87 £ 422.6 0.046 *
TG (mg/dL) 145.34 + 67.14 140.75 £ 49.8 150.85 £ 84.5 0.482
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Table 1. Cont.

The group with Lower The Group with
Variable Total Sample Levels of PAI-1 Higher Levels of PAI-1 p-Value
(<21 ng/mL) (>21 ng/mL)

TC (mg/dL) 176.14 + 31.28 179.42 £+ 31.5 172.20 £+ 49, 31.2 0.453
HDL-c (mg/dL) 45.86 £9.78 48.58 +9.87 42.60 £8.82 0.042 *
LDL-c (mg/dL) 105.01+ 28.65 105.90 £ 31.9 103.95 £ 24.9 0.811

VLDL-c (mg/dL) 25.26 + 8.80 24.79 £ 6.51 25.80 = 11.02 0.568

ALT (U/L) 18.12 £ 8.23 15.86 £ 5.80 20.60 + 9.83 0.062

AST (U/L) 17.43 +7.03 15.77 + 4.09 19.25 +9.02 0.108

hsCRP (mg/dL) 1.28 +1.05 1.34 +£0.95 1.20 £1.16 0.653

HbA1lc (%) 6.37 +1.37 6.26 + 1.30 6.49 +1.47 0.627

EAG (mg/dL) 136.09 £ 39.40 133.18 £ 37.35 139.30 £ 42.27 0.621

Adiponectin (ug/mL) 7.84 £5.25 8.60 % 6.69 7.05 £ 3.10 0.245
PAI-1 (ng/mL) 22.95 + 12.09 15.58 + 4.44 27.24 +5.36 <0.0001 *

AIP 0.47 £0.21 0.44 +0.19 0.50 +0.23 0.389

TyG 416 +£0.24 414 £0.20 419 £0.27 0.547

Systolic Blood Pressure 140.46 £ 155 139.42 £+ 16.14 1415+ 15.3 0.731

Diastolic Blood Pressure 87.67 £ 9.55 87.42+9.12 87.9+10.3 0.931

Pathology (%) 72.3 76 68.2 0.550

Hypertension (%) 55.4 56 54.5 0.920

T2DM (%) 23.4 16 31.8 0.201

Thyroidopathy (%) 12.8 84 90.9 0.479

Insulin Resistance (%) 78.7 76 81.8 0.368

AIP: atherogenic index of plasma (<0.21); ALT: alanine aminotransferase (<33 U/L); AST: aspartate amino-
transferase (< 32 U/L); BMI: body mass index; EAG: estimated average glucose; adiponectin (>4 ug/mL);
HbAlc: glycated haemoglobin (>5.7%); HC: hip circumference; glucose (between 70 and 99 mg/dL); HDL-c:
high-density lipoprotein (>40 mg/dL); HOMA-AD: homeostasis model assessment-adiponectin (>0.504); HOMA-
beta: homeostasis model assessment of B-cell function (154 + 73); HOMA-IR: homeostasis model assessment
of insulin resistance (<2.71); hs-CRP: ultra-high sensitive C-reactive protein (<1 mg/dL); insulin (between 2.6
and 24.9 uIU/mL); LDL-c: low-density lipoprotein (<130 mg/dL); NC: neck circumference (<34 cm); PAI-1:
plasminogen activator inhibitor-1; QUICKI: quantitative insulin sensitivity check index (>0.321); T2DM: type 2
diabetes mellitus; TC: total cholesterol (<190 mg/dL); TG: triglycerides (<150 mg/dL); TyG: triglyceride-glucose
index (<4.55); VLDL-c: very-low-density lipoprotein; WC: waist circumference (<80 cm). * p < 0.05.

The cytokine PAI-1 did not correlate with any variable in the overall sample. AIP
correlated with TG (r = 0.904, p < 0.0001), HDL-c (r = —0.494, p = 0.001), very-low-density
lipoprotein (VLDL) (r = 0.900, p < 0.0001), alanine aminotransferase (ALT) (r = 0.522,
p <0.0001), adiponectin (r = —0.352, p = 0.019), and TyG (r = 0.792, p < 0.0001) (Table 2).

Table 2. Correlations between AIP and metabolic variables in the total sample.

TG HDL-c VLDL ALT Adiponectin TyG
AIP r 0.904 —0.494 0.900 0.522 —0.352 0.792
p <0.0001 * 0.001* <0.0001 * <0.0001 * 0.019* <0.0001 *

AIP: atherogenic index of plasma (<0.21); ALT: alanine aminotransferase; HDL-c: high-density lipoprotein; TG:
triglycerides; TyG: triglyceride-glucose index (<4.55); VLDL-c: very-low-density lipoprotein. * p < 0.05.

Furthermore, TyG correlated with blood glucose (r = 0.547, p < 0.0001), HOMA-beta

(r=—0.461, p = 0.002), TG (r = 0.833, p < 0.0001), ALT (r = 0.522, p < 0.0001), HbA1c
(r=0.352, p = 0.019), estimated average glucose (EAG) (r = 0.446, p = 0.003), adiponectin
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(r=—0.431, p = 0.004), QUICKI (r = —0.384, p = 0.012), and HOMA-AD (r = 0.363, p = 0.020)
(Table 3).

Table 3. Correlations between TyG and metabolic variables in the total sample.

Glycaemia HOMA- TG ALT HbA1lc EAG Adiponectin HOMA- QUICKI
beta AD
TyG 0.547 —0.461 0.833 0.522 0.352 0.446 —0.431 0.363 —0.384
<0.0001 * 0.002*  <0.0001* <0.0001*  0.019* 0.003 * 0.004 * 0.020 * 0.012 %

ALT: alanine aminotransferase; EAG: estimated average glucose; HbAlc: glycated haemoglobin; HOMA-AD:
homeostasis model assessment-adiponectin; HOMA-beta: homeostasis model assessment of 3-cell function;
QUICKI: quantitative insulin sensitivity check index; TG: triglycerides; TyG: triglyceride—glucose index (<4.55).
*

p < 0.05.

When stratifying individuals based on median PAI-1 concentration (21 ng/mL), patients
with higher PAI-1 values had significantly higher HOMA-IR (p= 0.037, Cohen’s d = —0.67)
and HOMA-AD (p = 0.046, Cohen’s d = —0.65) levels compared to the individuals with
lower PAI-1 blood concentration, while the QUICKI (p= 0.022, Cohen’s d = 0.75) and
HDL-c (Cohen’s d = 0.64) were significantly lower in the same group, indicating worse
cardiometabolic and insulin features, as shown on Table 1.

There was no difference between the groups for the incidence of hypertension, T2DM,
hypercholesterolemia, thyroidopathy, insulin resistance, and hypoadiponectinemia. When
comparing groups based on the use of hypoglycaemic and antihypertensive drugs, we did
not observe any difference between the groups in terms of PAI-1 levels (Table S1).

In the group with a higher PAI-1 value, there was a positive correlation between PAI-1
and hs-CRP (r = 0.674, p = 0.002) (Table 4). In this group, AIP remained correlated only
with ALT (r = 0.517, p = 0.020).

Table 4. Significant correlations in the group with higher levels of PAI-1.

hs-CRP ALT HOMA-beta HOMA-AD
PAI-1 r 0.674 —0.216 —0.087 —0.063
p 0.002 * 0.360 0.072 0.797
AIP r —0.337 0.517 —0.316 0.330
p 0.147 0.020 * 0.188 0.155
TyG r 0.054 0.531 0.659 0.470
p 0.820 0.016 * 0.002 * 0.036 *

AIP: atherogenic index of plasma (<0.21); hs-CRP: ultra-high sensitive C-reactive protein; ALT: alanine amino-
transferase; HOMA-beta: homeostasis model assessment of 3-cell function; HOMA-AD: homeostasis model
assessment-adiponectin; TyG: triglyceride—glucose index (<4.55). * p < 0.05.

It was possible to observe a negative correlation between TyG and QUICKI only in the
group with lower PAI-1 values (r = —0.459, p = 0.032) (Table 5).

Table 5. Significant correlations in the group with lower levels of PAI-1.

QUICKI Hs-CRP HOMA-beta HOMA-AD
TyG r —0.459 —0.145 -0.152 0.251
p 0.032 * 0.519 0.500 0.271

HOMA-AD: homeostasis model assessment-adiponectin; HOMA-beta: homeostasis model assessment of 3-cell
function; hs-CRP: ultra-high sensitive C-reactive protein; QUICKI: quantitative insulin sensitivity check index;
TyG: triglyceride-glucose index. * p < 0.05.

3.2. PAI-1 Predictors

In the regression analysis, it was found that there is an additional risk of 32.1% of
belonging to the group with higher cardiovascular risk (higher PAI-1) with an increase in
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one unit in HOMA-IR. The results showed HOMA-IR as a predictor of PAI-1 (p = 0.017)
(Table 6).

Table 6. Bivariate logistic regression model for PAI-1 in women with severe obesity.

B p-Value OR (95% for Exp (B))
Step 1 HDL-c —0.052 0.256 0.95 (0.87-1.04)
HOMA-AD 0.000 0.862 1 (0.996-1.004)
QUICKI —9.030 0.835 0.000 (0.000-1.03)
HOMA-IR 0.247 0.431 1.280 (0.692-2.367)
Constant 3.321 0.815 27.677
Step 2 HDL-c —0.053 0.232 0.948 (0.869-1.035)
QUICKI —-9.117 0.834 0.000 (0.00-9.15)
HOMA-IR 0.217 0.404 1.243 (0.746-2.070)
Constant 3.471 0.807 32.158
Step 3 HDL-c —0.055 0.203 0.946 (0.869-1.030)
HOMA-IR 0.266 0.027 * 1.305 (1.030-1.654)
Constant 0.525 0.806 1.690
Step 4 HOMA-IR 0.279 0.017 * 1.321 (1.052-1.659)
Constant —2.069 0.018 0.126

HDL-c: high-density lipoprotein; HOMA-AD: homeostasis model assessment-adiponectin; HOMA-IR: homeosta-
sis model assessment of insulin resistance; QUICKI: quantitative insulin sensitivity check index; Binomial logistic
regression, * p < 0.05.

4. Discussion

It is beyond doubt that inflammation plays a pivotal role in the onset of obesity and
the development of cardiovascular diseases. The role of PAI-1 in inflammation and CVDs
is well established; however, it is important to note that the analysis of PAI-1 levels can be
challenging and expensive, which further contributes to the limited use of this important
marker in clinical practice. For the first time, we were able to show HOMA-IR, a very
common biochemical marker, as a predictor of PAI-1 in women with severe obesity. A
previous study by Basurto et al. [24], which included individuals with normal weight,
overweight, and subjects with obesity, observed the influence of HOMA-IR on PAI-1
concentration; however, the study did not include individuals with a BMI > 40 kg/m.

In addition to the hypothesis that higher PAI-1 values are promoted by hyperinsu-
linemia and insulin resistance [8-10], the relationship between PAI-1 and glycaemia is also
demonstrated by the effects of common hypoglycaemic drugs such as pioglitazone, troglita-
zone, and metformin, which reduce serum levels of PAI-1 [25-27] as well as its activity [28].
We did not find a statistically significant effect of glucose-lowering drugs on PAI-1 levels in
our cohort. Nevertheless, controlling PAI-1 levels through pharmacological intervention
could have multifactorial beneficial effects for patients with obesity-related T2DM.

In fact, the present study demonstrated that women with severe obesity and higher
levels of PAI-1 presented lower values of QUICKI and higher levels of HOMA-AD and
HOMA-IR, reinforcing the relationship between PAI-1 and glycaemic traits and empha-
sising its importance in clinical practice. Corroborating with our data, previous studies
have demonstrated the relationship between PAI-1 and glycaemic metabolic parame-
ters [24,29,30], showing that metabolically unhealthy individuals have higher levels of
PAI-1 independently of BMI [24]. Mendivil et al. [29] observed a positive correlation be-
tween PAI-1 levels and insulin resistance parameters in subjects at high risk of developing
T2DM. In addition, a study of 295 individuals aged between 18 and 45 years, including
eutrophic, overweight, and patients with obesity (without a diagnosis of T2DM or hyper-
tension), found that PAI-1 was a negative predictor of QUICKI [30]. The exact mechanisms
that precisely define PAI-1 involvement in glycaemic control are not clear yet [31]. Some
hypotheses postulate that PAI-1 has deleterious effects on some proteins, such as the insulin
receptor, transforming growth factor beta, and peroxisome proliferator-activated recep-
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tor gamma vy, promoting insulin resistance [32]. Therefore, more studies are needed to
elucidate the underlying mechanisms.

Although we did not observe significant differences in adiponectin levels between the
groups stratified according to low and high PAI-1 levels, we did observe that patients with
higher PAI-1 presented higher HOMA-AD, an important index combining insulin resistance
and adiponectin. A study including individuals with T2DM and MS observed that PAI-1
mediates the downregulation of adiponectin [33]. Changes in adiponectin levels can alter
the insulin signalling cascade, as adiponectin binds to leucine zipper 1 (APPL1) [34].

It is important to note that PAI-1 can also contribute to CVDs by altering cholesterol
homeostasis [35]. In fact, our study showed that individuals with higher PAI-1 values had
lower HDL-c levels, a lipoprotein with cardioprotective effects. Corroboratingly, Basurto
et al. evaluated individuals based on metabolic assessment and observed a negative corre-
lation of PAI-1 with HDL-c in women with normal weight, overweight, and obesity [24]. In
addition, a systematic review and meta-analysis also suggested a causal effect of PAI-1 on
HDL-c [36]. Together, our data support the importance of PAI-1 in cardiovascular health by
influencing both the glycaemic and lipid markers related to endothelial dysfunction.

Moreover, it is well established that high levels of PAI-1 and hs-CRP are associated
with insulin resistance and microvascular dysfunction and may contribute to CVDs [30].
Our data pointed out that in the group of patients with a higher PAI-1 value, there is a
strong and positive correlation between PAI-1 and hs-CRP. A correlation between PAI-1 and
CRP has previously been observed in individuals with DM, demonstrating the association
between these markers in individuals with DM and carriers of the 4G polymorphism in the
PAI-1 gene [37].

Regarding other cardiometabolic indexes, high mean AIP values (0.47 &+ 0.21) were
observed in our cohort, which also supports the increased cardiovascular risk being defined
as AIP > 0.21 by Holmes et al. [38]. However, we did not find any associations between
PAI-1 and AIP and TyG, which could be explained by the small sample size, as we expected
given the data from a study of individuals with severe obesity that demonstrated an
association between PAI-1 and AIP [11].

Concerning the association between the TyG and PAI-1, to our knowledge, there are
no studies investigating the topic, although the association between PAI-1 concentrations
and high concentrations of glucose and triglycerides (parameters of the index) has been
demonstrated [24]. Nevertheless, we were able to show a positive correlation between
TyG and HOMA-AD, and this correlation remained significant only in the group with
higher values of PAI-1. We also observed a negative correlation between TyG and QUICKI,
parameters that evaluate insulin resistance and sensibility, respectively, in the group with
lower levels of PAI-1, reinforcing PAI-1 as a factor influencing glycaemic parameters. In
addition, we demonstrated the correlations between AIP and TyG, which represent a
cardiovascular risk factor.

Finally, our data showed a positive correlation between AIP and ALT. This finding is
consistent with a large-scale study conducted in China with 7838 participants that showed
AIP to be an independent risk predictor for fatty liver [39]. PAI-1 expression is known to be
significantly higher in patients with non-alcoholic fatty liver disease (NAFLD), suggesting
that NAFLD independently contributes to PAI-1 secretion [40]. Furthermore, an association
has been found between plasma levels of PAI-1 and the ALT/aspartate aminotransferase
(AST) ratio in individuals with severe obesity [41]. Corroboratingly, our study showed
a correlation of AIP with ALT only in the group with high PAI-1 values, suggesting that
clinicians should recognise the increased risk of CVDs in NAFLD patients.

This is the first study comparing women with severe obesity based on PAI-1 levels.
It is important to note that there is a lack of PAI-1 cut-off value in the literature, which
led us to group the patients according to the median values, as previously performed
when no cut-off value had been established. Taking together our findings, we suggest
that in a homogeneous sample (no differences in anthropometric assessments), individuals
with higher levels of PAI-1 had a worse cardiometabolic profile, and HOMA-IR might be
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a useful tool to screen patients with higher PAI-1. The limitations of this study are the
cross-sectional design, small sample size, and absence of a control group. Further studies
with a larger sample size, especially in severe obesity, are needed to confirm these results
and set up a cut-off value for this important cytokine.

5. Conclusions

Women with severe obesity and higher PAI-1 levels have an increased cardiometabolic
risk, as indicated by higher HOMA-IR and HOMA-AD values, lower QUICKI, and lower
HDL-c concentrations. Finally, HOMA-IR could be used as a predictor of PAI-1 levels,
highlighting the importance of assessing glycaemic parameters in the prevention of CVDs
in women with severe obesity.
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Abstract: Methylglyoxal (MGO) is a highly reactive x-dicarbonyl compound formed endogenously
from 3-carbon glycolytic intermediates. Methylglyoxal accumulated in plasma and urine of hyper-
glycemic and diabetic individuals acts as a potent peptide glycation molecule, giving rise to advanced
glycation end products (AGEs) like arginine-derived hydroimidazolone (MG-H1) and carboxyethyl-
lysine (CEL). Methylglyoxal-derived AGEs exert their effects mostly via activation of RAGE, a cell
surface receptor that initiates multiple intracellular signaling pathways, favoring a pro-oxidant
environment through NADPH oxidase activation and generation of high levels of reactive oxygen
species (ROS). Diabetic bladder dysfunction is a bothersome urological complication in patients with
poorly controlled diabetes mellitus and may comprise overactive bladder, urge incontinence, poor
emptying, dribbling, incomplete emptying of the bladder, and urinary retention. Preclinical models
of type 1 and type 2 diabetes have further confirmed the relationship between diabetes and voiding
dysfunction. Interestingly, healthy mice supplemented with MGO for prolonged periods exhibit
in vivo and in vitro bladder dysfunction, which is accompanied by increased AGE formation and
RAGE expression, as well as by ROS overproduction in bladder tissues. Drugs reported to scavenge
MGO and to inactivate AGEs like metformin, polyphenols, and alagebrium (ALT-711) have shown
favorable outcomes on bladder dysfunction in diabetic obese leptin-deficient and MGO-exposed
mice. Therefore, MGO, AGEs, and RAGE levels may be critically involved in the pathogenesis of
bladder dysfunction in diabetic individuals. However, there are no clinical trials designed to test
drugs that selectively inhibit the MGO-AGEs-RAGE signaling, aiming to reduce the manifestations
of diabetes-associated bladder dysfunction. This review summarizes the current literature on the
role of MGO-AGEs-RAGE-ROS axis in diabetes-associated bladder dysfunction. Drugs that directly
inactivate MGO and ameliorate bladder dysfunction are also reviewed here.

Keywords: dicarbonyl stress; RAGE; oxidative stress; polyphenols; metformin; alagebrium

1. Introduction

Methylglyoxal (MGO) is a highly reactive ax-dicarbonyl compound endogenously
generated during the glycolytic pathway [1]. Hyperglycemia in diabetic and obese patients
markedly elevates the plasma and urine levels of MGO as a consequence of the glycolytic
overload [2]. The abnormal accumulation of MGO has been referred to as dicarbonyl stress,
which may be implicated in many diseases [3]. Methylglyoxal promotes post-translational
modification of peptides or proteins, ultimately leading to the formation of advanced
glycation end products (AGEs), the most studied of which include arginine-derived hy-
droimidazolone (MG-H1) and carboxyethyl-lysine (CEL) [1]. MGO also covalently modifies
DNA, leading to nucleic acid AGE formation, consisting mainly of guanine adducts. AGEs
bind their cell membrane-anchored ligand receptor, termed RAGE [4], triggering multiple
intracellular signaling pathways, including the activation of NADPH oxidase that leads
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to increased production of reactive oxygen species (ROS), thus contributing to generate
a pro-oxidant environment. Diabetic bladder dysfunction (DBD) is a highly prevalent
condition that may affect the detrusor, nerve fiber terminals, urothelium, and urethra, and
manifests as storage problems such as OAB and urge incontinence, and voiding problems
such as decreased sensation and increased capacity [5,6]. DBD may progress from detrusor
overactivity at initial stages to detrusor underactivity at advanced stages of this disease, a
condition defined by the International Continence Society (ICS) as contraction of reduced
strength and/or duration, resulting in prolonged bladder emptying and/or a failure to
achieve complete bladder emptying within a normal timespan [5,7-9]. The underactive
bladder comprises mostly voiding phase symptoms such as slow stream, intermittency,
hesitancy, feeling of incomplete emptying of the bladder, and urinary retention [10]. In-
creased capacity and decreased sensation, together with recurrent urinary tract infections,
may also be present in DBD [11,12]. Preclinical models of type 1 (streptozotocin, Akita
mice) and type 2 diabetes (high-fat diets, ob/ob and db/db mice) have provided further ev-
idence confirming the relationship between diabetes and obesity with voiding dysfunction.
However, little is known about the importance of MGO generation and, hence, AGEs—
RAGE activation in the pathophysiology of diabetic-associated bladder dysfunction [13].
Interestingly, in mice treated orally with MGO for prolonged periods, voiding spot assays
in conscious mice and urodynamic evaluation in anesthetized mice revealed significant
increases in total void volume, volume per void, micturition frequency, and nonvoiding
contractions number, along with enhanced in vitro bladder contractility [14]. In addition,
elevated levels of MGO, AGEs, RAGE, and ROS were found in bladder tissues from mice
chronically treated with MGO, pointing out that they could be important markers of DBD
pathophysiology [15]. Similar data were obtained in bladder tissues of diabetic obese ob/ob
mice [16]. The antihyperglycemic drug metformin [17-19] and polyphenols like resveratrol
and epigallocatechin-3-gallate [20] can directly scavenge MGO, explaining, at least in part,
their capacity to ameliorate diabetes-associated bladder dysfunction. However, no clinical
trials exist aiming to test inhibitors of the MGO-AGEs-RAGE signaling as potential drugs
to prevent and treat manifestations of diabetes-associated bladder dysfunction. Therefore,
the design and development of new drugs that inhibit the MGO-AGEs-RAGE axis may
become an interesting approach for the prevention and treatment of bladder dysfunction in
diabetic conditions. The present review aimed to provide an updated overview on bladder
dysfunction in diabetic and obesity conditions in animals and humans, emphasizing the
MGO-AGEs-RAGE signaling pathway as a potential mechanism implicated in the patho-
physiology of this disorder, focusing on bladder overactivity. Drugs that inactivate MGO
or inhibit AGEs formation in parallel to reducing diabetic-associated bladder dysfunction
are also reviewed here.

2. Lower Urinary Tract Symptoms (LUTS) and Overactive Bladder (OAB) Syndrome

Urinary bladder function is regulated by a complex interaction of efferent and afferent
fibers from the autonomic nervous system and somatic innervation [21]. An imbalance
between these systems leads to lower urinary tract symptoms (LUTS), which comprise
storage, voiding, and post-micturition symptoms [5]. Storage symptoms consist of al-
tered bladder sensation, increased daytime frequency, nocturia, and urgency incontinence,
whereas voiding symptoms consists of hesitancy, intermittency, weak or irregular stream,
straining, and terminal dribble. Post-micturition symptoms include dribbling and sensa-
tion of incomplete voiding. The storage symptoms are generally more bothersome than
voiding or post-micturition symptoms, as observed in both men and women. Overactive
bladder (OAB) syndrome is a subgroup of storage symptoms consisting mainly of urinary
urgency. In men, LUTS typically occur in association with bladder outlet obstruction (BOO)
secondary to benign prostatic hyperplasia (BPH), despite that it may occur independently
of BOO or prostatic diseases, whereas in women, the most frequent LUTS is stress urinary
incontinence [22]. Epidemiological studies have shown OAB to be a widely prevalent con-
dition in men and women [5,23], with an incidence of 16.6% in a sample from Europe [24],
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16.9% in women and 16.0% in men in a sample from the USA [25], and an overall prevalence
of OAB of 18.9% in a South American population [26,27]. Epidemiological studies applying
the ICS definition of OAB across multiple countries found a prevalence of 11-13% [5]. LUTS
negatively impacts the social quality of life and sexual health of patients [28,29].

3. Association of Metabolic Syndrome and Diabetes with Urinary Bladder
Dysfunction

Metabolic syndrome, the medical term for a combination of cardiometabolic risk
factors such as central obesity, hyperglycemia, hypertension, and dyslipidemia, is critically
involved in the onset of many cardiovascular diseases, being the leading cause of death
worldwide [30]. Outside the cardiovascular system, metabolic syndrome associated with
increased body mass index (BMI) represents an important risk factor for LUTS/OAB
and urinary incontinence [31-44], despite some studies showing no positive association
between metabolic syndrome and LUTS in men and women [45,46]. An association between
metabolic syndrome and interstitial cystitis/bladder pain syndrome (IC/BPS) has been
reported in women [47]. Elevated body mass index and diabetes also increase the risk of
urinary tract infections and pyelonephritis [48,49]. Metabolic syndrome is also associated
with LUTS secondary to benign prostatic hyperplasia [50-52]. Surgical and nonsurgical
weight loss leads to improvements in stress urinary incontinence [53], even though a
definite conclusion has not been achieved [54].

4. Bladder Dysfunction in Type 1 and Type 2 Diabetes in Patients and Animals

Diabetes mellitus is a chronic metabolic disease characterized by high blood sugar
levels (hyperglycemia) as a result of abnormal insulin production and/or insulin func-
tion. The most common and bothersome urological complication of diabetes mellitus
is DBD (or diabetic cystopathy), which affects more than 80% of individuals diagnosed
with diabetes [55-59]. The pathophysiology of DBD is multifactorial and may involve
alterations at all levels of the urinary tract, including the detrusor, urethra, urothelium, and
innervation [60]. Clinical DBD manifestations consist of storage bladder problems such as
OAB and urge incontinence, and voiding problems like poor emptying with resultant ele-
vated post-void residual urine [7,12]. Increased capacity and decreased sensation together
with recurrent urinary tract infections may also be present in DBD [11]. Preclinical models
of type 1 (T1DM) and type 2 diabetes (T2DM) have provided further evidence confirming
the relationship between metabolic diseases and bladder dysfunction [61-67].

T1DM can be mimicked by injection of streptozotocin (STZ) in rodents, a cytotoxic
glucose analogue that destroys pancreatic 3-cells due to its high affinity for glucose trans-
porter 2 (GLUT2) [68,69]. Analysis of bladders from STZ-induced diabetes in male and
female rodents (rats and mice) revealed increased bladder mass [70-75], which is suggested
to represent a physical adaptation to increased urine production [76-78]. Despite that high
glucose levels and diabetic polyuria have been proposed as pathophysiological mechanisms
explaining bladder enlargement in the STZ model [79], a recent study comprising different
models of diabetes in rodents, including T1DM, did not confirm such a proposition [80].
Insulin administration can prevent, or even reverse, most of the morphological, functional,
and molecular bladder alterations in the STZ model [79,81-83]. Moreover, increases in both
volume and frequency of micturition [70,73], as well as in urinary frequency, capacity, and
number of nonvoiding contraction (NVCs) [66,84], have been reported in STZ-induced
diabetes, as revealed by urodynamic studies. Spontaneous voiding spot assays [85,86]
also revealed significant increases in voiding frequency, total voided volume, and mean
volume per micturition in STZ-injected mice [87], which are paralleled by in vitro detru-
sor overactivity [66,88]. However, after prolonged hyperglycemia and insulin resistance
in response to STZ, bladders may progress to an underactive detrusor and an inability
to produce an effective voiding [64] through mechanisms mediated by the activation of
NLRP-3 inflammasome [89]. Therefore, in STZ-induced diabetes, a temporal effect of
diabetes on bladder activity has been established, that is, an early phase of compensatory
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followed by a later phase of decompensated bladder function [7,63,77,78]. In female Akita
mice (T1IDM model), diabetic bladder dysfunction also progresses from overactivity to
underactivity [90]. At the molecular level, the impairment of the nitric oxide—soluble
guanylate cyclase (sGC)—cyclic GMP signaling [82,91] and NLRP3 inflammasome activa-
tion in urothelial cells [89] have been proposed as a critical mechanism contributing to
bladder dysfunction. Nevertheless, conflicting data on different parameters of bladder
activity in animal models of STZ-induced diabetes models have been obtained, which
may possibly rely on both animal species and strain used, in addition to the disease time
course [77,78,92,93]. Experimental T1DM in rats and rabbits can also be induced using
alloxan, a hydrophilic unstable compound that shares a structure similar to glucose [94]. In-
creases in bladder weight, detrusor smooth muscle cells, capacity, and urinary output, along
with irregular bladder contractions, were observed in alloxan-induced diabetic rats [95-98].
In rabbits made diabetic by alloxan, an increase in bladder weight [99] and a reduction in
the vitro bladder contractions to carbachol were reported [100].

The main T2DM models that result in hyperinsulinemia and insulin resistance rely on
allowing animals free access to diets highly enriched in fats [101,102]. In addition to pro-
ducing the classical obesity-associated vascular dysfunction, male mice fed high-fat diets
progress to an overactive bladder phenotype, as evidenced mainly by filling cystometry
in anesthetized and awake rats and mice [103-105]. The resulting increased body weight,
hyperglycemia, and insulin resistance by prolonged high-fat diet intake in mice is also
accompanied by in vitro bladder overactivity as a consequence of high extracellular calcium
influx through L-type voltage-operated calcium [106-109]. The importance of calcium chan-
nels to bladder dysfunction has also been confirmed in diabetic db/db mice [110]. High-fat
diet-fed obese mice also display impaired urethral smooth muscle relaxations [111,112] and
prostate hypercontractility [105,113], which are suggested to contribute to the resulting
bladder overactivity. Impaired striated urethral muscle contractions were reported in
Zucker obese rats [114]. Contrasting to these studies, no evidence of bladder dysfunction
was observed in obese mice fed a high-fat diet for 16 weeks, as assessed by void spot
assays [115]. The temporal effects (up to 42 weeks) of different diets consisting of fructose,
cholesterol, and lard, at varying proportions and combinations, on 24 h urinary behavior
and conscious cystometry were investigated in rats [116]. Compared with the control
group, the total voided volume was lower in all experimental diets, and animals receiving
32.5% lard diet alone exhibited decreases in bladder capacity, mean voided volume, and
inter-micturition intervals that were indicative of an overactive bladder phenotype [116].

Leptin is a satiety hormone that is synthesized by adipocytes, the levels of which
increase with the adipose tissue mass [117]. Mice genetically deficient in leptin (ob/ob) or in
the leptin receptor (db/db) are hyperphagic, obese, hyperinsulinemic, and hyperglycemic,
and have been widely used as a T2DM model [118]. Similarly, in the STZ- or diet-induced
obesity models, ob/ob male mice exhibit bladder dysfunction characterized by increases in
urine volume and in vitro bladder smooth muscle contractions [119]. Increases in total void
volume and volume per void with no alterations of spot number were observed in five-
week-old male and female ob/ob mice, as evaluated by void spot assays [16]. Four- and
six-month-old ob/ob mice exhibited some degree of bladder dysfunction such as increases
in total urine volume and number of primary void spots, although that depended on
animal sex and animal age [115]. In male db/db mice, increases in bladder weight, voiding
frequency, and capacity together with elevated in vitro contractions were described [110].
Increases in detrusor smooth muscle area, urothelium area, and collagen content were also
reported in male and female db/db mice at 12, 24, or 52 weeks of age, which was suggested
to reflect a compensatory response to the increased urine output [120]. Double-knockout
hepatic-specific insulin receptor substrate 1 and 2 (IRS1 and IRS2) female mice that develop
T2DM exhibit bladder overactivity, high frequency of nonvoiding contractions, decreased
voided volume, and dispersed urine spot patterns [121].
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5. Methylglyoxal-Advanced Glycation End Products (AGEs)-RAGE Signaling
Pathway

The abnormal accumulation of highly reactive dicarbonyl compounds as a conse-
quence of glycolytic overload has been referred to as dicarbonyl stress [1,3]. 1,2-Dicarbonyl
compounds include glucosone, 3-deoxyglucosone, methylglyoxal (MGO), and glyoxal, but
MGO is one of the most studied, given that it exerts a critical role in diabetes-associated car-
diovascular complications, such as diabetic nephropathy, endothelial dysfunction, postin-
farct remodeling, and impairment of insulin signaling [122-126]. Methylglyoxal, chemi-
cally referred as acetylformaldehyde, 2-ketopropionaldehyde, pyruvaldehyde, or 2-oxo-
propanal, is a highly reactive dicarbonyl compound formed endogenously from 3-carbon
glycolytic intermediates of glycolysis (dihydroxyacetone phosphate and glyceraldehyde-
3-phosphate), although it can also be generated as a byproduct of protein, lipid, and
ketones [127,128]. In addition to the endogenous production in mammalian cells, MGO
may be present at marked levels in many food products and beverages, as well as in
microorganisms [129]. In healthy conditions, glyoxalases (Glo) are the most important
enzymatic detoxification system that converts MGO into its end-product D-lactate [1].
Glyoxalases comprise two major enzymes, namely, Glo1 (lactoylglutathione methylglyoxal
lyase) and Glo2 (hydroxyacylglutathione hydrolase), with Glo1 described as a rate-limiting
enzyme [130-132]. Interestingly, the increased levels of glucose and MGO are normalized in
Glo-1 transgenic rats after induction of diabetes by intravenous injection of STZ [123,133].

The endogenous process by which endogenous MGO promotes post-translational
modification of peptides or proteins, ultimately leading to generation of AGEs, is referred
to as glycation [2]. The main MGO-derived AGEs in mammalian metabolism are arginine-
derived hydroimidazolone (MG-H1) and carboxyethyl-lysine (CEL) [134], but other AGEs
may be generated depending on the dicarbonyl species formed [135]. The mechanism
of MG-H1 generation involves the replacement of the hydrophilic positively charged
arginine residue by an uncharged, hydrophobic MG-H1 residue, producing misfolding
and activation of the unfolded protein response [1,136]. Incubation of human plasma from
heathy donors with different concentrations of MGO (10 and 100 pM) for 24 h induced a
time- and dose-dependent increase in MG-H1 levels, as detected within the first 6 h [137].

Once generated, AGEs bind their cell membrane-anchored ligand receptor (termed
RAGE), which is a member of the immunoglobulin superfamily of cell surface receptors
able to recognize endogenous ligands [4]. Structurally, RAGE consists of three immunoglob-
ulin domains, that is, (i) an extracellular part consisting of one V type and two C types (C1
and C2), (ii) a transmembrane spanning helix, and (iii) a short, highly charged intracellular
cytoplasmic “C” terminal tail that is primarily associated with the downstream signaling
pathways [138]. The extracellular domain devoid of cytoplasmic and transmembrane
domains is called soluble RAGE (sRAGE), which comprise two forms, namely, cleaved
RAGE (cRAGE) and endogenous secretory RAGE (esRAGE or RAGEv1) [139]. cRAGE is
generated at the cell surface by the proteolytic cleavage of RAGE at the boundary between
its extracellular and transmembrane portions, whereas esRAGE results from alternative
splicing of RAGE pre-mRNA. In advanced chronic kidney disease (CKD) patients, an
inverse association between risk of mortality and cRAGE/esRAGE ratio was reported [140].
RAGE plays an important role in the innate immune response and as a mediator of proin-
flammatory processes, triggering multiple intracellular signaling pathways, including the
generation of proinflammatory mediators such as IL-1p3, VCAM-1, and TNF-« via the
transcription factor NF-kB [138] and phosphorylation of JNK and p38MAPK [141]. Fur-
thermore, many of the RAGE actions have been attributed to the activation of NADPH
oxidase [142], which leads to excess formation of ROS, thus contributing to generate a
pro-oxidant environment [143-145]. Figure 1 illustrates the MGO-AGEs-RAGE signaling
and glyoxalase system (Glo1 and Glo2 enzymes).
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Figure 1. Methylglyoxal (MGO) is a highly reactive a-dicarbonyl compound generated endoge-
nously during the glycolytic pathway. Hyperglycemia in type 1 (T1DM) and type 2 diabetic (T2DM)
individuals markedly elevates plasma and urinary levels of MGO as a consequence of glycolytic
overload. The abnormal accumulation of MGO (dicarbonyl stress) has been implicated in many
diseases. Methylglyoxal promotes post-translational modification of peptides or proteins, leading
to the formation of advanced glycation end products (AGEs), including hydroimidazolone derived
from arginine (MG-H1) and carboxyethyl-lysine (CEL). AGEs bind to their receptor ligand (termed
RAGE) anchored in cell membranes, triggering multiple intracellular signaling pathways, leading to
increased reactive oxygen species (ROS) production. Under healthy conditions, glyoxalases (Glo)
are the most important enzymatic detoxification system converting MGO into its final product D-
lactate. Glyoxalases comprise two main enzymes, namely, Glo1 (lactoylglutathione methylglyoxal
lyase) and Glo2 (hydroxyacylglutathione hydrolase), with Glo1 described as a rate-limiting enzyme
in detoxification. This image was produced with the assistance of Servier Medical Art (Servier;
https:/ /smart.servier.com/ accessed on 18 March 2024), licensed under a Creative Commons Attri-
bution 4.0 Unported License.

Plasma levels of MGO are markedly elevated in conditions of hyperglycemia associated
with diabetes mellitus in men and women, as usually detected by liquid chromatography-mass
spectrometry, enzyme-linked immunosorbent, or electrochemical biosensor assays [146-153].
The patients included in these studies comprised men and women aged 5461 years old,
insulin- and noninsulin users, with accompanying diseases such as chronic renal failure, diabetic
nephropathy, and coronary heart disease. Obese patients also have increased MGO levels in
plasma, which can be even higher if the obese patients have diabetes [125,154]. The urine levels
of MGO in diabetic patients are also higher than those in nondiabetic individuals [155]. In
addition, in healthy volunteers, a rapid increase (49 min) in plasma levels of MGO was observed
after oral glucose tolerance test (OGTT) [152]. Likewise, fasted healthy mice intraperitoneally
injected with a glucose solution displayed a rapid elevation in plasma levels of MGO, as detected
at 30 min after glucose administration [137]. Interestingly, lower levels of Glo1 activity in red
blood cells paralleled the increased plasma MGO levels in T2DM patients displaying acute
coronary syndrome [156].
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6. MGO-AGEs-RAGE Axis as a Key Player of Bladder Dysfunction in Animals
and Humans

There is a large amount of data on MGO in different organs at physiological and
pathological conditions [2], but surprisingly few studies have explored the role of the MGO-
AGEs-RAGE signaling pathway in the pathophysiology of the lower urinary tract system.
The existing literature in this field has been restricted to bladder pain via the release of high
mobility group box 1 protein (HMGB1) [157,158] and bladder cancer [159,160], which are
not the focus of the present review.

In T2DM patients diagnosed with moderate/severe LUTS, serum levels of AGEs are
positively correlated with symptoms and overactive bladder, suggesting that levels of
AGEs may be early markers of diabetes-associated LUTS [13]. In addition, an immunohis-
tochemical study in human bladders showed positive sites for carboxymethyl-lysine and
pentosidine in the connective tissue between muscle bundles and muscle fibers, suggesting
that extracellular matrix is the main site of action for AGE accumulation [161]. The MG-H1
free adduct has been described as the most responsive AGE associated with chronic kidney
disease status, with higher levels in diabetic compared with nondiabetic individuals [162].
The MG-H1 residue contents of plasma protein are also elevated in male spontaneously
diabetic Torii (SDT) rats at the age of 16 weeks [163].

The model of chronic overload intake of MGO at doses of 50 to 75 mg/kg for 6 to 12 weeks,
as supplemented in the drinking water of the animals or injected intraperitoneally in rats and
mice, has been shown to mimic some cardiovascular complications of diabetes in the absence of
hyperglycemia such as endothelial dysfunction, microvascular damage, atherogenesis [164-167],
cardiac dysfunction [168,169], and renal damage [170-172] (Table 1). However, the direct contri-
bution of MGO to bladder dysfunction remains poorly investigated. This model of exogenous
animal supplementation with MGO clearly differs from the classical diabetic animals in that
MGO is not generated from the endogenous glucose metabolism, and, consequently, does
not itself affect the glucose levels and insulin sensitivity [164,173-175]. Intake of MGO to
healthy mice for 7 days (500 to 2000 mg/kg) significantly increased the urine levels of this
dicarbonyl molecule [176]. Serum levels achieved by a 12-week intake of 0.5% MGO to healthy
mice [174,175,177] reached comparable levels to those found in plasma of diabetic/obese indi-
viduals [125,154]. Levels of MGO levels were also increased in both plasma and urine after a
6-month MGO administration to mice at the doses of 200 mg/kg [176] and 500 mg/kg [178].
Likewise, in high-fat fed mice, levels of plasma and urine levels of MGO were significantly
higher than animals kept on low-fat diet [179]. Diabetic obese ob/ob mice also displayed
elevated serum MGO compared with normoglycemic animals [16] (Table 1).

Table 1. Main findings produced by methylglyoxal (MGO) treatment in rodents.

Reference

Route of

Number Dose Administration Animal and Strain Sex Treatment with MGO
. . Microvascular damage
[164] 50-75 mg/kg Intraperitoneal Wistar rat Male Microvessel degeneration
[165] 50-75 mg/Kg Drinking water Sponta?ce;(l)(t;sjgftjlabetlc Male Endothelial dysfunction
[166] 50 mmol/L Drinking water C57Bl6 ApoE'/ - Male Atherosclerosis
Goto-Kakizaki (GK),
[170] 50-75 mg/kg Drinking water nonobese type 2 diabetic ND Renal disease
rats
[171] 17.25mg/kg Intraperitoneal Sprague Dawley (SD) rats ND Renal disease
[172] 600mg/kg/day Oral NMRI mice Male Diabetic nephropathy
[176] 500-2000 mg/kg Drinking water RAGE—/Glol ++ mice Flg/[nilaie Renal dysfunction
Male Increased airway
[178] 500 mg/kg Drinking water RAGE-KO mice resistance/decreased
Female . N
maximal inspiratory flow
Aggravation of allergic
[173,175] 0.5% Drinking water C57BL/6Junib mice Male airway disease and acute

lung injury

ND, nondetermined; T2DM, type 2 diabetes mellitus; KO, knockout.
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Bladders from male mice treated orally with MGO for 4 weeks revealed tissue dis-
organization, partial loss of the urothelium, and mucosal edema along with marked cell
infiltration [14]. Urodynamic evaluation (cystometric assays) in these male animals showed
marked increases in micturition frequency and number of nonvoiding contractions (NVCs)
with no alterations in bladder capacity [14]. Cystometric assays in male mice treated orally
with MGO for an extended period (12 weeks) showed significant increases in the frequency
of NVCs, bladder capacity, inter-micturition pressure, and residual volume [177]. In female
mice treated with MGO for 12 weeks, cystometric assays confirmed urodynamic alterations
such as increases in NVCs frequency, bladder capacity, inter-micturition pressure, and
residual volume [15]. Using the model of spontaneous void spot assay (VSA) on filter
paper, male mice treated with MGO for 12 weeks revealed an increased volume per void
with no changes in the spot number as compared with the untreated group. In the female
group, this treatment increased the spot number (mainly the number of microvolume
spots) but, rather, reduced the volume per void [177,180]. During the MGO treatment, no
alterations in the water consumption are observed in any group [177]. In this VSA assay, the
term thigmotaxis refers to the wall-seeking behavior, that is, the tendency of mice to urinate
next to the walls of the cage, which is interpreted as a rational response related to the fear
of predation [181,182]. In healthy conditions, mice of both sexes will urinate at the corner
of the filter paper, and when the animal loses this outlet control, urinating in the center of
the filter, this may indicate bladder dysfunction. In the 12-week MGO treatment, whist
the male mice had 95% of the voided spots in the corners of the filter paper, the voided
spots in the female group were also detected in the center of the filter, indicating an altered
outlet behavior in favor of an overactive bladder phenotype. The in vitro contractions
to electrical-field stimulation (EFS; neurogenic contractions) as well as those induced by
selective muscarinic and purinergic P2X1 receptor activation (using carbachol and o, 3-
methylene ATP as receptor agonists, respectively) were also evaluated in bladders of male
and female mice treated with MGO for 12 weeks (Table 2). In intact bladder preparations of
male mice, higher contractions to EFS, carbachol, and o, 3-methylene ATP were observed
after MGO treatment [177]. In the female group, higher contractile responses to EFS and
o, 3-methylene ATP (but not to carbachol) were also observed in intact bladder preparations
from animals treated with MGO for 12 weeks [15]. An increased carbachol-induce response
by MGO treatment in the female mice is solely observed when the urothelium is removed
from the preparations. Moreover, the higher EFS-induced contractions in the MGO group
were normalized by prior tissue incubation with the selective TRPA1 blocker HC-030031,
suggesting that MGO exposure via TRPA1 activation leads to enhancement of purinergic
over cholinergic neurotransmission in the bladder [180] (Figure 2). Table 2 summarizes
the main in vivo and in vitro bladder alterations observed in male and female mice treated
with MGO for 12 weeks.

Table 2. In vivo and in vitro bladder alterations in male and female mice treated with methylglyoxal
(MGO) 12 weeks [15,177,180].

Parameter Male Female
Number of nonvoiding contractions (NVCs) f _—
Urodynamic evaluation Frequency of voiding

Bladder capacity

Bladder smooth Muscle contractility

in vitro

(presence of urothelium)

»> | «| >

Neurogenic contractions (electrical-Field Stimulation, EFS)

Muscarinic-mediated contractions (carbachol)

> | > > > «

Purinergic-mediated contractions (x,3-methylene ATP)
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Table 2. Cont.

Parameter Male Female
Total void volume 4 —_
Volume per void 4 v
Void spot analysis Urine spot number —_ 4
Urine spot in center —_— 4
Urine spot in corner —_— —_
Histology Collagen content 4 4

Arrows indicate * increased; v decreased or — unaltered parameters.

Urothelium

Damage urothelium
Tissue disorganization
TRPA1 activation

_{,\&é;fM

Lamina propria

s Bpereonnteliy o ensiltion
3] | Increased collagen

@® eposi

ACh ATP L ° tmii

MGO-AGEs-RAGE:
Non-voiding contractions
Frequency
Bladder capacity
Inter-micturition pressure
Residual volume

Figure 2. Bladder alterations at the level of urothelium, lamina propria, and detrusor smooth muscle
in mice treated with methylglyoxal (MGO) for 4 and 12 weeks. Activation of the MGO-AGEs-RAGE
axis leads to urothelial damage, tissue disorganization, edema, and inflammatory cellular infiltration,
along with sensitivity alterations due to TRPA1 channel activation. The in vitro detrusor contractile
responses to electrical-field stimulation (EFS), o, 3-methylene ATP (purinergic P2X1 receptor agonist),
and carbachol (nonselective muscarinic agonist) due to increased Ca?* sensitization machinery are
higher in MGO-treated mice. Higher collagen deposition is seen in bladders of MGO-treated mice.
Urodynamic changes, including increases in nonvoiding contractions (NVCs), frequency, bladder
capacity, inter-micturition pressure, and residual volume, may also be observed in MGO groups.
Drugs capable of scavenging MGO and protecting bladder cells from oxidative insult, such as the
polyphenols resveratrol and epigallocatechin-3-gallate, and the antihyperglycemic metformin exert
reduce AGEs levels and oxidative stress in bladder tissues. This image was produced with the
assistance of Servier Medical Art (Servier; https://smart.servier.com/ accessed on 18 March 2024),
licensed under a Creative Commons Attribution 4.0 Unported License.
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In MGO-treated mice, elevated levels of AGEs and RAGE in bladder tissues were also
observed [15,177]. Likewise, hyperglycemic diabetic leptin-deficient male and female mice
(ob/ob) exhibit bladder dysfunction, as evidenced by the increases in total void volume and
volume per void (void spot assay) in addition to high collagen content in the bladders [16].
These bladder alterations were associated with high levels of total AGEs, MG-H1 and
RAGE found in bladder tissues, which is consistent with the findings that the AGE breaker
alagebrium (ALT-711) at 1 mg/kg during 8 weeks in the drinking water nearly reversed all
the molecular and functional alterations in ob/ob mice [16] (Table 3).

Table 3. Protective effects of alagebrium (ALT-711) on the levels of total AGEs, MG-H1, RAGE and
collagen in bladder tissues of obese diabetic ob/ob mice [16].

Parameter ob/ob ob/ob + ALT-711

Blood glucose f _—

AGEs in bladder

MG-H1 content in bladder

RAGE content in bladder

Collagen content in the bladders

Volume per void

Number of voids

> €« > > >| > >
“ | > | ¢ ¢ « «

Void size

Arrows indicate * increased; v decreased or == unaltered parameters.

7. Drugs Presenting Potential to Downregulate AGEs Formation and Oxidative Stress
in Bladder Tissues

It is well established that NADPH oxidase and increased levels of superoxide anion (O, ™)
and hydrogen peroxide (H,O,) play a critical role in diabetic complications [55,183-192]. Ox-
idative stress at excessive levels also plays an important role in pathophysiology of bladder
outlet obstruction [193], cyclophosphamide-induced cystitis [194], benign prostatic hyperpla-
sia [195] and STZ-induced bladder dysfunction [196]. Hydrogen peroxide (H,O5) is reported
to activate bladder afferent signaling inducing detrusor overactivity [197]. In human and
dog bladders in vitro, HyO; itself produced contractions and potentiated the contractions
induced by electrical-field stimulation, an effect attenuated by the natural NADPH oxidase
inhibitor apocynin [198]. Given obesity-associated bladder dysfunction correlates with in-
creased oxidative stress and that MGO treatment leads to excess ROS production, it is plausible
that drugs that inactivate MGO [20,199] or that protect bladder cells from the oxidative in-
sult [200,201] offer an interesting approach to reduce the deleterious effects of AGEs in the
bladder (Figure 3). Therefore, we summarized below some drugs reported to ameliorate
bladder dysfunction in animals including some polyphenols and metformin whose protective
mechanisms may be related to their ability to downregulate AGEs formation and oxidative
stress in bladder tissues.
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Figure 3. The abnormal accumulation of methylglyoxal (MGO) enhances the dicarbonyl stress leading
to protein glycation and excessive RAGE-mediated ROS production in the urinary bladder. This
image was produced with the assistance of Servier Medical Art (Servier; https:/ /smart.servier.com/
accessed on 18 March 2024), licensed under a Creative Commons Attribution 4.0 Unported License.

7.1. Polyphenols: Resveratrol and Epigallocatechin-3-Gallate

Resveratrol is a polyphenol present in numerous plant-based foods that increases
lipolysis and reduces lipogenesis in adipocytes, being suggested as a therapeutic alter-
native to treat obesity-related diseases [202,203]. Two-week therapy with resveratrol
(100 mg/kg/day, given by gavage) in high-fat-diet-fed obese mice reduced the in vivo
urodynamic changes, the in vitro bladder overactivity, and the ROS production in bladder
tissues [104]. Resveratrol treatment also increased the nitric oxide levels and restored the
impaired urethral relaxations in obese mice, an effect mimicked by the antioxidant enzyme
SOD [112]. Likewise, the in vitro urethral hyperactivity was restored by resveratrol in obese
mice [112]. In the bladders of STZ-induced diabetic rats, daily oral treatment with resvera-
trol (10 mg/kg) reduced the histological abnormalities and inhibited the expression and
localization of markers of oxidative stress and DNA oxidative damage [204]. Intragastric
administration of resveratrol (20 mg/kg/day) reduced bladder hypertrophy, tissue dam-
age, inflammatory cell infiltration, and levels of inflammatory cytokines in the bladders of
STZ-induced diabetic rats [205]. In the chronic prostatitis model in rats, oral administration
of resveratrol (10 mg/kg) for 10 days reduced the resulting overactive bladder and fibrosis
by reducing the protein expressions SCF, c-Kit, and p-AKT [206,207]. At the molecular
level, resveratrol exhibited a high inhibition rate on the fluorescent formation of AGEs
mainly due to scavenging free radicals and capturing MGO [20]. Epigallocatechin-3-gallate
is another polyphenol compound present in green tea that has also favorable effects on
bladder overactivity, as evidenced in ovariectomized rats fed standard chow [201] and
high-fat, high-sugar diet [208]. Treatment with epigallocatechin-3-gallate reduced the
expressions of transforming growth factor- (TGF-f3) and type I collagen, as well as the
apoptosis and oxidative stress in the bladders [208,209]. In a bladder outlet obstruction
(BOO) model in rats, intraperitoneal injection of epigallocatechin-3-gallate (4.5 mg/kg/day)
reduced the histologic changes and submucosal endoplasmic reticulum (ER) stress-related
apoptosis, recovering the bladder compliance and inter-contractile intervals [210]. At 6 mM,
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epigallocatechin-3-gallate was also shown to exert anti-AGEs activity through its capacity
to strongly trap and inactivate MGO [211]. In diabetic db/db mice, 16-week oral adminis-
tration of (+)-catechin (15, 30, and 60 mg/kg) directly trapped MGO, hence downregulating
the downstream signal transduction and inflammatory response induced by AGE-RAGE
interaction in the kidney [212]. Therefore, although the mechanisms behind the uropro-
tective actions of polyphenols on diabetes-associated bladder dysfunction deserve further
investigation, they could involve the capacity of these molecules to directly trap MGO,
further inhibiting MGO-induced glycation, AGEs formation, and RAGE activation.

7.2. Metformin

Metformin is a first-line pharmacological treatment for T2DM patients as monotherapy
or in combination with sulfonylureas or dipeptidyl peptidase 4 inhibitors [213]. The orally
administered doses of metformin (as immediate-release or extended-release formulations)
usually vary from 0.5 to 2.5¢g daily, being safety and effective for long-term glycemic
control. Metformin is associated with low risk of hypoglycemia and documented cardio-
vascular benefits [214]. Metformin increases tissue sensitivity to insulin and decreases
the levels of glycated hemoglobin by mechanisms involving the activation of adenosine
monophosphate-activated protein kinase (AMPK) and non-AMPK pathways [215], but
its exact mechanism of action remains largely incomplete [213]. Recently, metformin was
shown to increase intestinal glucose uptake, influencing hepatic glucose production through
a gut-liver crosstalk [216]. Metformin is among the molecules reported to strongly react
with MGO [17], forming an imidazolinone metabolite [19]. In addition, in the plasma of
T2DM patients, metformin, through its guanidine group, was shown to bind to MGO, reduc-
ing this dicarbonyl concentration [18], hence reducing AGEs formation, which paralleled a
significant increase in Glo1 activity [217]. A two-week treatment of high-fat-diet-fed mice
with metformin (300 mg/kg) reversed the bladder overactivity, as evidenced by in vivo and
in vitro studies [106]. Metformin also normalized the enhanced serum levels of MGO and
fluorescent AGEs in mice treated chronically with MGO [177]. In bladders of MGO-treated
mice, metformin treatment reduced Glo1 expression and activity, urothelium thickness,
and collagen content, as well as the in vitro and in vivo micturition dysfunction [177]. It s,
therefore, plausible to suggest that the beneficial effects of metformin in obesity-associated
bladder dysfunction rely at least in part on its MGO capturing property. Of interest, oral
administration of metformin (150 mg/kg, gavage) reduced both bladder remodeling and
dysfunction in models of partial bladder outlet obstruction in rats [218], erectile dysfunction
in obese mice [219], and diabetic nephropathy in STZ-induced diabetes [220].

8. Concluding Remarks and Future Therapeutics

Diabetic bladder dysfunction is a highly prevalent condition manifesting as storage
(such as OAB and urge incontinence) and voiding problems (poor emptying with resultant
elevated capacity). Increased capacity and decreased sensation together with recurrent uri-
nary tract infections may also be present in DBD. Preclinical models of T1IDM and T2DM in
rodents have provided further evidence confirming the relationship between diabetes and
bladder dysfunction. Hyperglycemia in diabetic/obese patients significantly elevates the
levels of x-dicarbonyl compounds, including MGO, in plasma and urine as a consequence
of the glycolytic overload. MGO promotes post-translational modification of peptides and
proteins, ultimately leading to the formation of AGEs such as MG-H1. AGEs bind their
cell membrane-anchored ligand receptor RAGE, triggering multiple intracellular signaling
pathways, among which ROS production at excessive levels plays a critical role. However,
little is known about the importance of MGO generation and AGEs-RAGE activation in
the pathophysiology of diabetic-associated bladder dysfunction. Voiding spot assays and
cystometrical evaluation in mice treated chronically with MGO have revealed significant
increases in total void volume, volume per void, micturition frequency, and nonvoiding
contractions number, along with enhanced in vitro bladder contractility. Moreover, levels
of MGO, AGEs, RAGE, and ROS are all elevated in the bladder tissues obtained from
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MGO-treated animals and diabetic ob/ob mice. The antihyperglycemic drug metformin
and the polyphenols resveratrol and epigallocatechin-3-gallate can directly scavenger MGO,
exerting uroprotective actions. Therefore, we propose here that evaluation of MGO, AGEs,
and RAGE levels may constitute important biomarkers of DBD pathophysiology. The
design and development of new drugs that inhibit the MGO-AGEs-RAGE axis may be-
come an interesting approach for the prevention and treatment of bladder dysfunction in
diabetic conditions.
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Abstract: Obesity is a complex medical condition caused by a positive imbalance between calorie
intake and calorie consumption. Brown adipose tissue (BAT), along with the newly discovered
“brown-like” adipocytes (called beige cells), functions as a promising therapeutic tool to ameliorate
obesity and metabolic disorders by burning out extra nutrients in the form of heat. Many studies
in animal models and humans have proved the feasibility of this concept. In this review, we aim
to summarize the endeavors over the last decade to achieve a higher number/activity of these
heat-generating adipocytes. In particular, pharmacological compounds, especially agonists to the 33
adrenergic receptor (33-AR), are reviewed in terms of their feasibility and efficacy in elevating BAT
function and improving metabolic parameters in human subjects. Alternatively, allograft transplan-
tation of BAT and the transplantation of functional brown or beige adipocytes from mesenchymal
stromal cells or human induced pluripotent stem cells (hiPSCs) make it possible to increase the
number of these beneficial adipocytes in patients. However, practical and ethical issues still need
to be considered before the therapy can eventually be applied in the clinical setting. This review
provides insights and guidance on brown- and beige-cell-based strategies for the management of
obesity and its associated metabolic comorbidities.

Keywords: brown adipose tissue; beige adipocyte; 33 adrenergic receptor; brown adipose tissue
transplantation; human induced pluripotent stem cell; obesity

1. Introduction

Obesity has reached epidemic levels worldwide and has approximately tripled since
1975 [1]. Itis estimated that nearly 40% of adults are overweight or obese, and this incidence
will increase in the coming decades [1]. In addition, the number of children with obesity is
steeply increasing, along with the fact that children of overweight and obese people have
a higher chance of remaining obese into adulthood and developing non-communicable
chronic diseases at a younger age, including diabetes and cardiovascular diseases [2].

Obesity is fundamentally caused by a positive energy balance, consequently leading
to excessive lipid storage in the adipose tissue [1]. Under obese conditions, the functions of
multiple organs are impaired, which results in disturbed whole-body energy homeostasis
and thus gives rise to a vicious cycle forming the relapsing character of the disease. There-
fore, obesity substantially increases the risk of numerous diseases, such as type 2 diabetes
mellitus (T2DM), hypertension, cardiovascular diseases, metabolic-associated fatty liver
disease (MAFLD), and certain types of cancer, all of which contribute to a decline in life
quality and expectancy [3,4].

Due to the multiple means of biological adaptations (e.g., hormones and neurochemical
defense adaptations), diet and exercise alone are often inefficient in maintaining long-term
weight loss [5]. Luckily, brown adipose tissue (BAT) and “brown-like” beige adipocytes,
which dissipate extra energy in the form of heat, have recently been detected in adult
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humans. The activation of these thermogenic fats has been suggested as an alternative
strategy for treating obesity, diabetes, and cardiovascular diseases, which has been com-
prehensively reviewed elsewhere [6]. This review summarizes and discusses the current
progress in applying thermogenic fat for therapeutic purposes, including the in vitro differ-
entiation/mobilization of the cells and transplantation therapy.

2. Brown/Beige Adipose Tissue Biology

Adipose tissue constitutes approximately 20-25% of the total body weight in healthy
subjects and is classified into three distinct types. White adipose tissue (WAT), which
predominates in the body, serves as the energy storage reservoir as well as a thermal
insulator and a cushion for internal organs. WAT is also an abundant source of hormones
and bioactive factors [7]. White adipocytes are characterized by the presence of a single lipid
droplet (unilocular) that pushes the nucleus and other organelles aside. WAT accumulates
in individuals who are overweight and obese, especially in the abdominal region, and the
amount of WAT is closely correlated with insulin resistance, diabetes, and other metabolic
diseases [8]. In particular, the location of WAT is also essential for metabolic health.
Epidemiological studies have shown that WAT in the visceral cavity is more harmful when
it is deposited in the lower trunk of the body.

In contrast to WAT, BAT can dissipate energy through non-shivering thermogenesis [9].
Compared to white adipocytes, brown adipocytes are smaller in size (15-50 pm in diameter).
Multiple lipid droplets (multilocular) and abundant mitochondria exist in each brown
adipocyte, and the iron-rich mitochondria give them a brownish color. In addition to the
morphological differences, brown adipocytes express a unique mitochondrial resident
protein called uncoupling protein-1 (UCP1). As a proton leakage channel, UCP1 uncouples
oxidative phosphorylation from ATP production, thus resulting in energy waste and heat
generation [9].

Interestingly, unlike the classical BAT found in babies, many of these glucose-responsive
adipocytes, which are called beige or brite (brown-in-white) cells, are inducible and con-
vertible within adult human WAT [7,10]. Upon specific stimuli (such as cold acclima-
tion), these otherwise quiescent beige cells are remodeled to demonstrate brown-like
characteristics [10-12]. Therefore, beige adipocytes possess the properties of both white
and brown adipocytes, acting as an energy reservoir in the quiescent condition while
dissipating energy upon activation.

Both classical brown adipocytes and beige adipocytes have multilocular lipid droplets
and a high mitochondria content. They are positive for UCP1 expression, giving them
the general term of thermogenic adipocytes. However, beige adipocytes are not simply
brown adipocytes in WAT [10,13]. Despite their similar features, classical brown and
beige adipocytes are developmentally derived from distinct precursors and mobilized by
both overlapping and different mechanisms [7]. Specifically, brown adipocytes originate
from a Myf5" myogenic precursor, a special progenitor for skeletal muscle [13,14]. In
contrast, beige adipocytes lack the historical expression of Myf5*. This suggests that brown
adipocytes behave in more myocytic ways. Additionally, the UCP1 of beige adipocytes is
only induced after appropriate stimuli; otherwise, the expression level is as low as that in
white adipocytes [10,15]. Finally, they differ in other gene expression patterns despite both
UCP1 and other thermogenic genes being exhibited. Specific markers, such as TMEM?26,
TBX1, and CD137, are unique to beige adipocytes. On the other hand, brown adipocytes
preferentially express ZIC1 and LHX8 [16]. Adipose tissue reservoirs in the supraclavicular
and paraspinal regions do not consist of “pure” classical brown adipocytes. Instead, the
brown-to-beige ratio is elevated when moving deeper. Despite the distinct developmental
lineages and mechanisms of activation, whether brown and beige adipocytes have different
functions remains unknown. Wu et al. suggested that fully stimulated brown and beige
adipocytes contain comparable levels of UCP1 [10]. However, it will be interesting to
investigate and compare the functions of these two adipocytes, such as their lipid-lowering,
glucose uptake, anti-inflammation, and cytokine secretion patterns.
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UCP1 plays a key role in adaptive thermogenesis through uncoupling the mitochon-
drial respiratory chain from ATP production. During a cold challenge, highly innervated
sympathetic neurons are evoked and release catecholamine, mainly norepinephrine (NE).
Followed by the provocation of 33-AR after NE binding, adenylyl cyclase (AC) is acti-
vated and converts ATP to cyclic adenosine monophosphate (CAMP). The downstream
protein kinase A (PKA) is evoked to phosphorylate triacylglycerol lipase, resulting in lipid
catabolism. Afterward, a large amount of free fatty acid is liberated and acts as a fuel to
induce UCP1 expression. UCP1 uncouples the mitochondrial respiratory chain, speeding
up the substrate oxidation rate to produce heat and lower ATP generation in brown fat [9].

However, UCP1 KO animal models still maintain cold resistance, indicating the pres-
ence of UCPl-independent thermogenesis. In beige adipocytes, specifically in UCP1 KO
mice, pathways related to Ca?* cycling were upregulated upon cold exposure, including
sarco/endoplasmic reticulum Ca?*-ATPase2b (SERCA2b) [17]. This Ca?* cycling uncou-
pled ATP production and resulted in heat production [17]. Furthermore, in thermogenic
adipocytes, the creatine phosphorylation and de-phosphorylation cycle stimulates mi-
tochondrial respiration, a process that occurs independently of UCP1 [18]. Josef et al.
identified a futile triglyceride/fatty acid cycle as a novel mechanism in UCP1-independent
thermogenesis [19]. This cycle involves concurrent triglyceride lipolysis and fatty acid
re-esterification within the lipid droplets of brown adipocytes, thus accelerating ATP con-
sumption and heat generation through the interaction with the mitochondrial electron
transport chain (ETC) [19].

BAT was previously thought to be present only in human newborns. However,
in the past decade, [18F]-fluorodeoxyglucose positron emission tomography/computed
tomography (18F-PET/CT) unequivocally revealed the presence of functional BAT that
extends from the anterior neck to the thorax in healthy adults [20,21]. The amount of
BAT was inversely associated with age and BMI in either sex, although a higher mass and
activity of BAT were detected in women compared to men [20]. Furthermore, a large-scale
retrospective study recently revealed that the amount of BAT was closely correlated with
cardiometabolic health [22]. There is also evidence that activation of BAT antagonized
multiple types of cancer progression in preclinical animal models and in one lymphoma
patient [23].

The basal and maximum respiration of endogenous mature brown adipocytes were
approximately 5-10 times higher compared to the stromal vascular fraction (SVF) cells or
mature white adipocytes [24]. Therefore, these thermogenic adipocytes (beige and brown
adipocytes) are active combustors of glucose and lipid. It is noteworthy that brown and
beige cells also conferred a series of metabolic benefits beyond the direct glucose- and lipid-
lowering effects, including anti-inflammation, insulin-sensitization, and anti-atherosclerosis
(Figure 1) [25-27]. In line with these mechanistic studies, transplantation studies have
demonstrated the essential role of BAT in improving adiposity, glucose metabolism, and
insulin resistance in mice (reviewed in detail below). In clinical studies, the activation of
brown/beige adipocytes by cold stimulation ameliorated glucose metabolism and insulin
sensitivity in both healthy subjects and patients with T2DM (Figure 1) [28-30]. This
evidence collectively highlights the therapeutic potential of thermogenic adipocytes in
treating obesity and its related comorbidities.
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Metabolic benefits Metabolic consequences
Lipid-lowing Hyperlipidemia
Glucose-lowering Hyperglycemia
Anti-inflammation Meta-inflammation
Insulin-sensitization Insulin resistance
Cardiovascular protection Cardiovascular disease

Figure 1. Brown and beige fat cells hold therapeutic potential for treating obesity and metabolic
diseases. Brown and beige fat cells (adipocytes) generate heat to burn off extra amounts of glucose
and lipids. Activation of these thermogenic adipocytes also confers benefits beyond lowering glucose
and lipids. The activity of brown and beige adipose declines in obese and aging people.

3. Pharmaceutical Approaches for Activation of Brown and Beige Adipocytes

Recent research has provided insights into small molecules with the potential to ac-
tivate BAT or beige adipocytes. Dietary components, including capsaicin, resveratrol,
curcumin, green tea, menthol, and fish-derived omega-3 fatty acids, have shown signs
of stimulating BAT and beige adipocyte activities, which at least partially explains their
anti-obesity and anti-metabolic syndrome benefits. This information has been well sum-
marized [31-33]. Therefore, the current review will focus on compounds beyond these
categories that include either FDA-approved drugs or pharmaceutical reagents, for their ef-
fects on enhancing the thermogenic activity and energy expenditure rate in adipose tissues.

3.1. FDA-Approved Drugs Repurposed for Metabolic Diseases
3.1.1. 33 Adrenergic Receptor (33-AR) Agonist

(33 adrenergic receptor ($3-AR) is expressed in rodent brown adipocytes. It plays a
vital role in engaging lipolysis and thermogenesis [34]. In humans with type 2 diabetes,
short-term cold exposure activates brown/beige fat and improves insulin sensitivity [30].
However, cold exposure is clinically impractical owing to the inconvenience of the regimen,
the discomfort, and the complex and indirect pathways elicited by the cold. Cold mimetics,
i.e., nonspecific sympathomimetic drugs, also pose cardiovascular risks because of the
widespread expression of sympathetic receptors, which limits their clinical application [35].
By this logic, $3-AR is a superior target since its expression is restricted in adipocytes and
the urinary bladder. Although it is still under debate as to whether 33-AR is the predomi-
nant isoform expressed in human BAT [36], extensive efforts have been made to establish
33-AR agonism as a promising treatment regimen for metabolic disorders. Mirabegron is a
selective 33-AR agonist with satisfactory bioavailability [37,38]. Sold under the brand name
Myrbetriq®, it was initially approved by the U.S. Food and Drug Administration in 2012
for the treatment of overactive bladder (OBA) at daily doses of 25 or 50 mg. In recent years,
a number of clinical trials have been carried out to explore the repurposing of this drug for
treating obesity and metabolic diseases at a super-therapeutic dosage [11]. In particular,
one study that explored an effective and safe dosage for individual use revealed that a
100 mg daily intake increased the skin temperature and energy expenditure in participants
without any cardiovascular side effects, while increased blood pressure and heart rate were
observed at 150 and 200 mg doses, respectively [39]. However, the exact 3-AR isoforms
that predominate in human brown and beige adipocytes are under debate [36,40]. Different
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-AR isoforms may function in distinct brown and beige subtypes. Adipose-selective or
even subtype-specific delivery of agonists might be of interest in future studies.

3.1.2. Glucagon-like peptide-1 Receptor Agonists (GLP-1RA)

The glucagon-like peptide-1 receptor agonists (GLP-1RAs), including liraglutide and
semaglutide, were initially used to manage T2DM due to their ability to amplify glucose-
dependent insulin secretion [41,42]. They decrease plasma glucose concentrations, induce
weight loss, have cardioprotective effects, improve insulin sensitivity, and reduce low-grade
inflammation in humans [43]. In particular, a remarkable weight loss effect was observed
clinically [44-46]. GLP-1RA acts directly on the brain and gastrointestinal tract to suppress
appetite and delay gastric emptying. Whether GLP-1R is present in adipose tissue is less
clear. It has been reported that liraglutide stimulates BAT thermogenesis and browning
via hypothalamic AMP-activated protein kinase (AMPK) [47]. Liraglutide demonstrated a
therapeutic effect on mitochondrial dysfunction in human adipocytes in vitro, promoting
mitochondrial respiration and biogenesis [48]. Liraglutide also suppressed obesity and
induced a brown-fat-like phenotype via the soluble-guanylyl-cyclase-mediated pathway
in vivo and in vitro [49]. A recent study found that liraglutide promoted brown remodeling
of visceral WAT by regulating miRNAs [50]. More importantly, in a longitudinal study of
25 patients with obese T2DM who were treated with exenatide or liraglutide for 1 year,
both of these two GLP-1RAs elevated the energy expenditure rates of the subjects [47].
These observations suggest that long-acting GLP-1RAs control body weight at least partially
through increasing energy consumption, in addition to their effect on regulating food intake.
Repurposing the GLP-1RAs for obesity is quite popular in clinical scenarios. However,
there is an upper limitation on weight loss in obesity, even without considering relapse after
treatment cessation. Considerably obese patients also show resistance or poor response
to the drugs. Furthermore, there are contraindications, such as pancreatitis and thyroid
medulla carcinoma.

3.1.3. Thiazolidinediones (TZDs)

Thiazolidinediones (TZDs) are potent agonists for peroxisome proliferator-activated
receptor gamma (PPARY) and exert strong stimulatory effects on fatty acid storage via
adipogenesis and fatty acid flux into adipocytes in adipose tissue [51]. TZDs have shown
the potential to enhance the brown features within WAT, leading to a reduction in obesity-
related disorders [52,53]. In vivo or in vitro exposure of white adipocytes to TZDs acti-
vated the browning process, characterized by enhanced levels of mitochondrial biogenesis,
oxygen consumption, and lipid oxidation [52,54]. Meanwhile, TZDs and other PPARy
ligands led to the suppression of multiple “bad” adipokines, such as resistin, «1-acid
glycoprotein, and haptoglobin, which probably contributed to the anti-obesity effect of
these drugs [55-57]. Unfortunately, TZDs have largely been withdrawn from the market
due to their risks of inducing hepatotoxicity, myocardial infarction, bladder cancer, and
heart failure [58]. Therefore, next-generation PPARYy agonists are warranted and are being
tested for BAT and beige adipocyte activation.

3.1.4. Others

Thanks to the development of high-throughput screening platforms, a broader scope
of pharmacological reagents has been found with the potential for repurposing to treat
obesity and metabolic dysfunction. A group of medicines has been demonstrated to activate
UCP1 expression levels, including indirubin, rutin, and myricetin [47]. Indirubin is made
from indigo naturalis and has a long history in traditional Chinese medicine. It has been
mainly used for the prevention and treatment of cancers because of its suppressive effects
on oncogenic gene expression [59]. It is now known that indirubin improves body weight,
lipid accumulation, and glucose homeostasis in high-fat diet (HFD)-fed mice via enhancing
thermogenesis in BAT and WAT [60]. Melatonin is recognized as a hormone that regulates
sleep and circadian rhythms; it also shows a potential thermogenic effect. Oral melatonin-
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treated Zucker rats showed induced browning of inguinal WAT, with around double the
expression level of UCP1 and PGC-1« [61]. Meanwhile, melatonin increased the inguinal
temperature and made the rats more sensitive to acute cold exposure without physical
activity modification [61]. The cellular screen approach is an alternative system with a
directly visible fluorescence readout by which new candidates were identified. Sutent,
for example, was found to be capable of upregulating UCP1 in BAT and elevating calorie
consumption to protect against obesity [62].

In addition to unbiased screening-based studies, hypothesis-driven studies have also
revealed some promising candidates. UCP1 is mechanistically regulated by signaling
pathways such as Janus kinase (JAK) and PPAR«. Tofacitinib and R604, two JAK inhibitors,
induced brown-like metabolic properties, including elevated UCP1 expression and en-
hanced mitochondrial activity, in human adipocytes [63]. The activation of PPAR« by
fenofibrate, a PPAR«x agonist, triggered UCP1 and other thermogenic gene expressions
in BAT [64]. Along with insulin resistance, obesity and WAT dysfunction in obese mice
were reversed [64]. Bexarotene, sold under the brand Targretin, is an antineoplastic agent
used for the treatment of cutaneous T-cell lymphoma. A study showed that it enhanced the
conversion of myoblastoma to brown adipocytes and promoted thermogenesis [65].

However, it should be noted that except for Myrbetriq, the current pro-browning
evidence for the FDA-approved drugs mentioned earlier is based only on mouse or cell
line studies. Clinical studies are needed to prove the effect of these drugs in enhancing
energy expenditure and adipose tissue browning. In addition, repurposing raises concerns
about the possible side effects of these drugs on obese/diabetic patients, posing a major
obstacle. Table 1 summarizes the drugs examined in the studies described above.

Table 1. FDA-approved drugs showing the potential to promote adipose browning.

Name Original Purpose Reference
MIRABEGRON Overactive bladder [11,39]
GLP-1RA Type 2 diabetes [47-50]
TZDs Type 2 diabetes [52-54]
INDIRUBIN Chronic myeloid leukemia [60]
MELATONIN Insomnia [61]
SUTENT Gastrointestinal stromal tumors, renal cell carcinoma [62]
Rheumatoid arthritis, psoriatic arthritis, ankylosing

TOFACITINIB spondylitis, juvenile idiopathic arthritis, ulcerative colitis [63]
FENOFIBRATE Hypertriglyceridemia [64]
BEXAROTENE Cutaneous T-cell lymphoma [65]

3.2. Small-Molecule Compounds under Preclinical Trial Studies for Obesity and Metabolic Diseases
3.2.1. Five Catalogs under Preclinical Trial Studies

As mentioned, PPARY is a promising anti-obesity target, with multiple PPARy ago-
nists currently under development. Formononetin is a natural compound isolated from
Astragalus membranaceus that shows putative PPARy agonism activity. Formononetin
protected mice from diet-induced obesity and facilitated a higher level of energy expendi-
ture through increasing UCP1 following binding to PPARy [66]. Mu Q et al. treated 3T3-L1
mature adipocytes with ginsenoside, the major active pharmacological component of gin-
seng. They found that 10 uM of ginsenoside Rb1 elevated basal and insulin-stimulated
glucose uptake [67]. Moreover, ginsenoside Rb1 treatment also promoted adipocyte brown-
ing through the PPARY signaling pathway, and its effect was abolished by the PPARy
antagonist [67]. Physical activity increases human energy expenditure and lowers the risk
of obesity and T2DM [68]. 3-aminoisobutyric acid (BAIBA) is a small-molecule myokine
secreted from PGC-1a-expressing myocytes. In mice and humans, circulating BAIBA levels
rose following exercise, ameliorating thermogenesis in WAT via PPAR [69].

Retinoid X receptor (RXR) is the heterodimeric partner for PPARy. Both RXR and
retinoid acid receptor (RAR) are endogenously activated by retinoid acid (RA). In 1995,
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Alvarez and Puigserver demonstrated that RA serves as a transcriptional coactivator
contributing to UCP1 expression both in vitro and in vivo [70,71]. Fenretinide protected
against weight gain and insulin resistance in obese mice [72]. Inhibition of preadipocyte
differentiation was proposed as a possible mechanism [72]. However, fenretinide’s role as
a thermogenesis inducer has not been directly tested yet. Benzoic acid and methoprene,
working via RAR and RXR, respectively, significantly induced the mRNA expression of
UCP1 in BAT [73].

PR domain-containing 16 (PRDM16) is a 140 kDa zinc-finger PR (PRD1-BF1-RIZ1
homologous) domain-containing protein that was first identified by Nishikata et al. in
2003 [74]. Earlier studies found that PRDM16 was selectively expressed in brown adipocytes
and had the capability to drive the brown phenotype and induce mitochondrial respira-
tion [75]. It is also a coregulator of and interacts with PGC-1«/ or CtBPs to promote
brown adipocyte-specific genes while suppressing white adipocyte gene expression [76].
Recently, rutaecarpine was identified as inducing the browning process in WAT after
screening 500 natural compounds. With KEGG pathway analysis from RNA sequencing,
it was proposed that the AMPK signaling pathway played a vital role as the downstream
PRDM16 was activated [77]. Likewise, RGFP966, a selective class I histone deacetylase
(HDACS3) inhibitor, was found to potentially drive the thermogenic pattern in brown and
beige adipocytes in vitro, such as PGC-1«, UCP1, and FGF21 [78]. This impact of RGFP966
was proved to act through PRDM16 since PRDM16 knock-down blunted the effect. PRDM4
is another PRDM family member showing a positive function in stimulating browning in
white adipose tissue. Butein is a biologically active flavonoid with an anti-cancer effect. It
was identified as a potent means of inducing the expression of UCP1, increasing energy
expenditure, and stimulating the generation of thermogenic adipocytes, thus highlighting
a PRDM4-dependent pathway [79].

Bile acids (BAs) are natural products of the liver that participate in cholesterol
catabolism and lipid absorption to reverse diet-induced obesity. Recent studies have
shown that BAs are capable of enhancing energy expenditure in BAT and oxygen consump-
tion in brown adipocytes [80]. The rising level of cAMP directly regulates these impacts
after BAs bind to the G-protein-coupled receptor TGR5. Additionally, the genes involved in
energy metabolism and uncoupling, iodothyronine deiodinase type 2 (DIO2), peroxisome
proliferator-activated receptor y coactivator-1a (PGC-1«), and UCP1, were found to be
remarkably elevated with an increasing concentration of plasma BAs [81]. However, other
hormonal functions of BAs via the farnesoid X receptor might have been overlooked, which
makes them a less viable candidate.

During BA synthesis, liver X receptors (LXRs) are essential nuclear receptors with two
isoforms (LXRo and LXRf). New evidence has emerged that LXRs and PPARy work either
together to promote lipogenesis and differentiation in adipocytes or in an antagonistic
manner to induce insulin resistance and suppress adiponectin signaling [82-84]. Moreover,
LXR agonists, such as TO901317 and GW3965, inhibit adaptive thermogenesis via down-
regulating DIO2 and UCP1, respectively [85,86]. On the contrary, as a natural compound
derived from Rheum palmatum L., rhein evokes UCP1 expression by antagonizing LXRs in
BAT, thus maintaining the energy balance in mice [87]. Further clinical investigations are
necessary in light of its multi-target character [88].

3.2.2. Other Chemicals Showing Efficacy in BAT, Beige Adipocytes, or Both

Several other compound molecules acting through distinct mechanisms have been
observed to activate BAT in preclinical models and serve as candidates for the clinical
treatment of obesity and associated diseases. We now summarize these molecules according
to their reported target cells/organs.

WWL113 and capsiate are two molecules that mainly contribute to BAT activation.
WWL113 inhibits the lipolysis enzyme of mouse carboxylesterase 3 (Ces3) and the human
orthologue CES1 [89]. A recent study proved that CES] activity was doubled in obese T2DM
patients compared with lean individuals, and obese T2DM patients were noted to produce
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excessive fatty acids that were deposited in ectopic tissues [89]. WWL113 treatment resulted
in a predominant augmentation in mRNA levels of UCP1 and thermogenic-related genes,
including PGC-1a and DIO2, in BAT both in vivo and in vitro via the PPAR« signaling
pathway [90]. WWL113 exhibited a more robust response in the presence of adrenergic
stimulation in that it increased the energy expenditure of mice without affecting their
locomotor activity, food intake, or heart rate [90]. These data support the potential of
WWL113 in stimulating BAT activity. Similarly, capsiate, extracted from red peppers, is a
modified nonpungent capsaicin analog. After treatment with 10 mg/kg body weight for
2 weeks, mice exhibited elevated UCP1 levels in their BAT and raised oxygen consumption.
In another study, capsiate activated the sympathetic nervous system in mice by promoting
adrenaline secretion. These results suggest that capsiate is a promising means to achieve
BAT activation [91,92].

Other small molecules reportedly show selective effects on beige adipocyte induction,
including WIN18446, linifanib, KY19334, and TG003. Aldehyde dehydrogenase 1 family
member Al (ALDH1al) belongs to the aldehyde dehydrogenase family and is the second
enzyme in the oxidative pathway of alcohol metabolism. WIN18446 is an ALDH1al-specific
inhibitor. It has been demonstrated to suppress weight gain and decrease the amount of
visceral adipose tissue in obese mice [93]. Another independent study determined the pos-
sible underlying mechanism, indicating that ALDH1al ablation induced a BAT-remodeled
transcriptional process in WAT, which enhanced mitochondrial respiration and adaptive
browning via retinaldehyde and acetate [94,95]. In a study using a UCP1 reporter cell,
linifanib was found to increase the expression of UCP1 via inhibiting STAT3 phosphory-
lation [96]. The Wnt/b-catenin signaling pathway is a negative regulator in adipogenic
differentiation. In mice fed a high-fat diet, KY19334, a Wnt/b-catenin pathway activator via
CXXC5-disheveled interaction, repressed adipogenesis and ameliorated insulin resistance
and adipocyte hypertrophy, resulting in lower weight gain and potentiating browning [97].
PGC-1a is a substrate for Clk1 kinases, and inhibition of PGC-1« phosphorylation resulted
in adipocyte beiging, indicating that Clk1 suppression may stimulate beige-like adipocytes.
TGO003, a Clk1 inhibitor, increased the number of mitochondria and induced fewer and
smaller lipid droplets in adipocytes [98].

Considering the similar functions of brown and beige adipocytes, it is not surprising
that several molecules show efficacy in activating both BAT and beige adipocytes. Nuclear
factor kappa B (NF-«kB) activation drives the activation of noncanonical IkB kinases IKKe
and TANK-binding kinase 1 (TBK1) in adipose tissue and liver, subsequently counteracting
energy storage [99]. It is intriguing that amlexanox, an inhibitor of these two kinases,
increases thermogenesis and elevates energy expenditure; it has also been found to cause
weight loss and ameliorate insulin resistance in mice with obesity [99]. Furthermore, the
small-molecule compound BAY 41-8543 against soluble guanylyl cyclase (sGC) showed
efficacy in protecting against diet-induced weight gain as a result of enhancing whole-body
energy expenditure, enhancing the differentiation of brown adipocytes and inducing the
thermogenesis of white adipocytes [100]. BIBO3304 is a selective antagonist of peripheral
Y1R. It specifically induces thermogenesis in BAT and browning of WAT through the
UCP1-dependent pathway [101]. BIBO3304 improves glucose homeostasis by driving Akt
activity in BAT [101]. New data also provided the novel insight that a natural compound,
harmine, is a thermogenic activator in both white and brown adipocytes, mediated by
the RAC1/MEK/ERK pathway [102]. Studies have shown that berberine has a range of
metabolic benefits, such as improving insulin resistance and hyperlipidemia. Zhang et al.
found that in berberine-treated mice, fatty acids became the preferred fuel and generated
more heat during cold exposure. Consistent with these processes, berberine also induced a
thermogenic program in BAT and WAT via AMPK/PGC-1c [103]. However, the underlying
mechanisms regarding the toxicity and side effects of these compounds in humans await
further clarification.

Likewise, there is not enough current evidence to test these candidates on humans. The
pharmacodynamics, pharmacokinetics, and toxicity of these compound candidates must be
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comprehensively studied before they can be further translated into clinical trials. Further-
more, although UCP1 was deemed the exclusive effector for thermoregulation, it is now
clear that adipose thermogenesis is engaged by both UCP1-dependent and -independent
mechanisms [17,18,104-106]. It is expected that new classes of pharmacological molecules
targeting the non-canonical thermogenic pathways will be characterized and serve as novel
drug leads for obesity and metabolic diseases. Table 2 summarizes the small-molecule
compounds mentioned above.

Table 2. Small compounds showing browning potential.

Chemicals Receptors/Downstream Target  Target Models Reference
FORMONONETIN  PPARy Beige adipocyte 3T3-L1 [66]
GINSENOSIDE PPARx Beige adipocyte 3T3-L1 [67]
BAIBA PPARYy BAT; beige adipocyte Mouse; human [69]
RETINOID ACID RXR, RAR BAT Mouse [70,71]
FENRETINIDE RXR, RAR Adipocyte differentiation 3T3-L1 [72]
and hypertrophy
BENZOIC ACID RAR BAT Mouse [73]
METHOPRENE RXR BAT Mouse [73]
RUTAECARPINE PRDM16 Beige adipocyte Mouse [77]
RGFP966 HDAC3 BAT; beige adipocyte Mouse; human [78]
BUTEIN PPAR Beige adipocyte Mouse [79]
BILE ACID TGR5 BAT Mouse; human [80,81]
RHEIN LXRs BAT Mouse [87]
WWL113 CES1 BAT Mouse; human [90]
CAPSIATE Sympathetic nervous system BAT Mouse [91,92]
WIN18446 ALDHI1al Beige adipocyte Mouse [93]
LINIFANIB STAT3 Beige adipocyte Mouse [96]
KY19334 Wnt/b-catenin Beige adipocyte Mouse [97]
TG003 Clk1 Beige adipocyte 3T3-L1 [98]
AMLEXANOX TBK1 BAT; beige adipocyte Mouse [99]
BAY 41-8543 sGC BAT; beige adipocyte Mouse; human [100]
BIBO3304 Y1R BAT; beige adipocyte Mouse; human [101]
HARMINE (DNA binding protein 4) CHD4  BAT; beige adipocyte Mouse [102]
BERBERINE ERK/p38 MAPK BAT; beige adipocyte Human [103]

4. BAT Transplantation to Counteract Metabolic Disorders

Although activating brown and beige adipocytes is a feasible strategy for managing
metabolic diseases, one of the major clinical issues is that adult humans have only a limited
amount of BAT [107]. Additionally, BAT mass further declines in aging and diabetic
conditions [108], making the pharmaceutical method less feasible in older individuals
and diabetic patients. Furthermore, heterogeneity has been uncovered within BAT, where
distinct subtypes of brown adipocytes with different thermogenic activities are present [24].
Therefore, transplantation of BAT to increase its mass and activity is emerging as an
alternative approach to reduce the comorbidities associated with obesity (Figure 2).

4.1. BAT Transplantation: Proof-of-Concept Studies

The first attempt at BAT transplantation was carried out in 1960, predominantly aim-
ing to delineate the in vivo function of BAT in mice [109]. Since then, a series of studies
have been conducted to evaluate the metabolic outcomes of BAT transplantation. BAT
was collected and transplanted into the subcutaneous region, visceral cavity, or dorsal
inter-scapular region of HFD-induced obese mice [110-112]. In one of these studies, BAT
was subcutaneously transplanted into the dorsal inter-scapular region of recipient mice,
which then exhibited reduced weight gain, decreased liver mass, improved glucose uptake,
raised insulin responsiveness, and increased body temperature [110]. BAT transplantation
increased the level of circulating adiponectin, whereas it reduced the levels of circulating
free T3 and T4, which regulate thyroid hormone sensitivity in peripheral tissues. Higher
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expression levels of fatty acid oxidation genes and improved glucose uptake in primary
BAT were observed after BAT transplantation [113]. Gunawardana et al. investigated the
effect of BAT on glucose metabolism in a mouse model with type 1 diabetes [112]. Embry-
onic BAT was obtained and transplanted subcutaneously into streptozotocin (STZ)-treated
recipient mice. Mice with BAT transplantation exhibited normoglycemia, reduced tissue
inflammation, improved glucose tolerance, and reversed clinical diabetic symptoms such
as polyuria, polydipsia, and polyphagia [112]. Furthermore, elevated serum levels of leptin,
adiponectin, and insulin-like growth factor 1 (IGF-1) were observed after BAT transplanta-
tion. However, it remained unaddressed whether the increased levels of these adipokines
came directly from the transplanted BAT or via an indirect mechanism to improve the func-
tion of the endogenous adipose tissues. Since IGF-1 is one possible candidate for activating
the insulin receptor, the authors proposed that the insulin receptor was activated, leading to
an improvement in glucose homeostasis in their model. Indeed, the IGF-1 mechanism was
further investigated in a non-obese diabetic recipient [114]. The success rate was elevated to
57% in adult BAT transplantation with IGEF-1 supplementation [115]. It is also worth noting
that BAT transplantation was accompanied by a significant increase in the expression of
3-AR in WAT and mitochondrial-specific OXPHOS proteins in endogenous BAT [116],
suggesting that BAT transplantation increased whole-body thermogenesis and reduced
obesity and related diseases by activating endogenous BAT.
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Figure 2. BAT, or thermogenic adipocyte transplantation, represents an alternative approach to
counteract metabolic disorders. A proof-of-concept study demonstrates the therapeutic potential of
thermogenic adipocytes and adipose tissue in protection against obesity and metabolic diseases. In
the clinical setting, iPSCs or ADSCs are possible sources of precursors for brown and beige adipocytes.

4.2. Practicality and Ethical Concerns

Several concerns compromise the practicality of BAT transplantation from a human
donor as a therapy. As in other organ donation cases, the high cost, availability of organ
donors, and use of immunosuppressive medication are obstacles to be overcome before
BAT transplantation can be deemed as a possible therapy. Furthermore, it should be noted
that we currently lack unified standards for a “qualified BAT donor”. A comprehensive
and standardized guideline to quantitively evaluate the amount and activity of functional
and healthy BAT in adult humans across different sexes and ethnic groups is urgently
needed. Furthermore, unlike other solid organ transplantations, the anatomical location
of functional BAT in adult humans is heterogeneous and scattered throughout the body.
In most cases, BAT is combined with WAT. Therefore, further elucidation is necessary to
identify the location of the adipose tissue depot to be biopsied. Likewise, the location of
transplantation to the BAT donor in humans is not yet optimized.

What is equally important is evaluating the short- and long-term health and psycho-
logical risks of post-surgical procedures. Answers to these questions are key to addressing
the ethical considerations in BAT transplantation because BAT transplantation involves
the removal of a healthy organ from the donor. Therefore, whether the traditional first
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rule of medicine—primum non nocere (above all, do no harm)—will be violated needs to
be considered.

5. Brown and Beige Adipocyte Transplantations as Cell Therapies for
Metabolic Diseases

Owing to the limitations of BAT transplantation, therapies using the in vitro culture,
expansion, and differentiation of brown and beige progenitor cells to functional thermo-
genic adipocytes are emerging as alternative approaches and more feasible sources of cells
for transplantation (Figure 2). The transplanted adipocytes can be derived from human
adipose-derived mesenchymal stromal cells (ADSCs) or human induced pluripotent stem
cells (hiPSCs).

5.1. ADSCs for Brown and Beige Adipocyte Differentiation and Transplantation

Brown adipocytes were induced from ADSCs and then transplanted into HFD-fed
obese mice [117]. Very-low-density lipoprotein (VLDL) and low-density lipoprotein (LDL)
levels declined in the circulation of obese mice after transplantation, accompanied by an
increasing HDL level [117]. Additionally, the concentrations of proinflammatory cytokines,
including IL-6, tumor necrosis factor-alpha (TNF-«), and IL-13, were diminished by in-
hibition of the ITGAM/NF-kB-mediated proinflammatory responses and polarization of
M2 macrophages. This study indicated that the ADSC-derived brown adipocytes could
promote lipid catabolism and alternative polarization of M2 macrophages to ameliorate
adipose inflammation in obese animal models. Similarly, a human ADSC suspension,
conditioned medium, and cell lysate were intramuscularly injected into obese mice, re-
sulting in a remarkable improvement in insulin resistance accompanied by a decrease in
oxidized LDL and IL-6 [118]. In addition, mice receiving the human ADSC suspension
injection exhibited lower lipid content and macrophage infiltration in the liver and adipose
tissue, respectively; enhanced glucose tolerance; and pancreatic islet hypertrophy [118].
Recently, the generation of beige adipocytes from human ADSCs in a serum-free medium
was reported [119]. The derived beige adipocytes showed a similar molecular profile to pri-
mary beige adipocytes isolated from human tissue and exhibited uncoupled mitochondrial
respiration and cAMP-induced lipolytic activity. Transplantation of these beige adipocytes
increased whole-body energy expenditure and oxygen consumption, and reduced body
weight in recipient mice.

5.2. hiPSC-Derived Brown and Beige Adipocytes as Sources of Transplantation

hiPSCs were first generated in 2007 [120,121]. hiPSCs are generated from various
somatic cells and self-renew in vitro; therefore, they represent a more accessible and unlim-
ited source of brown and beige precursor cells. The differentiation ability of hiPSCs lays
the foundation for cell therapies and has the potential to counteract obesity and associated
comorbidities [120]. Significant advances have been made in the area of hiPSC-derived
brown and beige adipocytes, showing promise for obesity treatment.

With the aim of treating patients with lipodystrophy, Taura et al. were the first to
demonstrate the adipogenic potential of hiPSCs [122]. Approximately 15% of the induced
cells were lipid-containing. Key adipogenic markers were observed in the hiPSC-derived
adipocytes, including CEBPx, PPAR2, and fatty-acid-binding protein 4 (FABP4). However,
in this study, the phenotype of the generated adipocytes, i.e., whether they were white or
brown, was not examined. In another study, hiPSC-derived fibroblasts were selected and
induced into white adipocytes and brown adipocytes using the gene transfer method [123].
In this approach, the hiPSCs were driven into embryoid bodies, followed by generation
into mesenchymal progenitor cells (MPCs). The MPCs were then programmed to express
PPAR+y2 alone or combined with CEBP-B and/or PRDM16. After culturing in an adi-
pogenic cocktail (insulin, 3-isobutyl-1-methylxanthine, dexamethasone) and doxycycline
for 14-16 days and further maintenance without doxycycline until 21 days, these cells
differentiated into white or brown adipocytes with a high efficiency of 85-90% [123]. These
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adipocytes exhibited the properties of mature adipocytes, such as expression of the mature
adipogenic markers FABP4, PPAR2, and CEBPw«. They also showed adipocyte functions,
including lipid metabolism and glucose uptake. Notably, after these mature adipocytes
were engrafted into the recipient mice for 4-6 weeks, ectopic fat pads were observed with
the morphological and functional properties of white and brown adipose tissue. However,
no evidence has yet proven that these programmed cells expressing mature adipocyte
markers can mimic physiological adipogenesis in vivo.

Studies have reported the successful differentiation of brown adipocytes without
gene transfer [124-126]. Nishio and colleagues reported for the first time a highly effi-
cient (>90%) differentiation method to induce hiPSCs into functional brown adipocytes
via a specific hemopoietin cocktail without gene transfer [124]. On the other hand, hiP-
SCs were differentiated into white adipocytes without a hemopoietin cocktail [124]. The
resultant brown adipocytes were functional since they exhibited potent thermogenic ac-
tivation and mitochondrial respiratory response under (3-adrenergic receptor exposure,
accompanied by increased lipid and glucose tolerance. Moreover, the immune-competent
mice showed metabolic improvements after hiPSC-derived brown adipocyte transplan-
tation. Another method was described to achieve the direct differentiation of hiPSCs
into brown and white adipocyte progenitors without gene transfer [125]. Treatment with
the TGFp pathway inhibitor SB431542 and ascorbic acid and EGF promoted hiPSCs to
brown adipocyte differentiation, thus highlighting the critical role of the TGFfp pathway
in switching off hiPSC-brown adipogenesis [125]. Most recently, hiPSCs were selectively
induced into functional brown adipocytes via the paraxial mesoderm progenitor stage at
high efficiency, characterized by increased rates of uncoupled respiration, glycolysis, and
lipolysis [127]. Afterward, they were transplanted into the inter-scapular region of mice
and showed thermogenic activity. That is, the recipient mice had enhanced respiratory
exchange rates, metabolic activity, and whole-body energy consumption. Moreover, trans-
planted brown adipocytes decreased circulating glucose levels in STZ-induced diabetic
non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice.

Efforts are also underway to generate beige adipocytes from hiPSCs. Guenantin et al.
reported a straightforward and efficient procedure to derive functional beige adipocytes
from hiPSCs through the mesodermal and adipogenic progenitor state [128]. These hiPSC-
derived beige adipocytes expressed the beige-specific markers, displayed higher expression
of thermogenic genes (but not UCP1), increased mitochondrial content, and improved
oxygen consumption after cAMP analog stimulation. hiPSC-derived beige adipocytes
formed a well-organized and vascularized adipocyte tissue with a higher glucose uptake
rate after transplantation. In contrast, Aaron Brown’s team described the generation of
human beige adipocytes from hiPSCs in a stepwise manner via forkhead box F1 (FOXF1+)
splanchnic mesoderm, mural-like MSCs, and preadipocytes [129]. The mature hiPSC-
derived beige adipocytes showed upregulated UCP1 expression and uncoupled respiration.
Cytokines were also secreted from hiPSC-derived beige adipocytes to improve insulin
sensitivity and glucose uptake. At the molecular level, progenitors expressed beige /brite
markers such as CD137 and TMEM26 but not the brown-specific marker ZICI.

5.3. Practicality and Ethical Considerations for Brown and Beige Cell Therapies

Compared to BAT transplantation, the acquisition of brown and beige adipocytes
in vitro is a more feasible means of transplantation. ADSCs can be harvested from the
abdomen, thighs, flanks, and axilla using liposuction or direct excision techniques [130].
However, the in vitro expansion of ADSCs remains limited, making hiPSCs a superior
and unlimited cellular source for brown and beige adipocyte differentiation, considering
that hiPSCs can be derived from various skin, blood, and urine somatic cells [131-134].
However, knowledge about the developmental origins and pathways of human brown and
beige adipocytes is still limited, especially regarding how the precursor cells of brown and
beige adipocytes are developmentally derived. Consequently, compared to the in vitro dif-
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ferentiation from ADSCs, highly efficient differentiation protocols to generate authentic and
functional thermogenic adipocytes from hiPSCs are still lacking and need to be developed.

Apart from the in vitro acquisition of functional brown and beige adipocytes, ad-
ditional considerations and challenges remain. In particular, how long these cells stay
alive/functional in the human body, especially in the “pathological” micro-environment of
diabetic and aging patients, and how these transplanted cells react to endogenous stimuli
and cause unforeseeable consequences require further investigation. The reactions between
the physical body and differentiated cells determine how long the transplanted cells can
stay alive and functional within the human body, thus determining the frequency of trans-
plantation. If repeated transplantations are needed, additional financial considerations and
safety issues must be considered. Whether the differentiated cells should be transplanted by
local injection, intravenous infusion, or kept in macroencapsulation devices is another issue
for discussion. In the case of allogeneic transplantation, the use of immunosuppressive
medicine is critical to cell survival. Therefore, the appropriate immunosuppressive protocol
requires further investigation before clinical use.

Meanwhile, using either ADSCs or hiPSCs involves ethical issues, and the donation
should be governed by applicable laws and regulations to ensure the appropriate use of
the cells. Table 3 summarizes all the cell transplantation therapies mentioned above.

Table 3. Cell transplantation therapy for improvement of metabolism.

Source Recipient Effects Reference
Reduced weight gain;
Decreased liver mass;
MICE BAT HFD-fed obese mice Improved glucose uptake and insulin [110]
responsiveness;
Increased body temperature.
Normoglycemia;
. . Reduced tissue inflammation;
MICE EMBRYONIC BAT Type 1 diabetes mice [112]
Improved glucose tolerance;
Reversed clinical diabetic symptoms.
Ob/Ob mice Increased circulating adiponectin;
MICE BAT BAT-deficient obese mice Improved glucose uptake. [113]
MICE BAT Hyperglycemic non-obese Elevated serum level of IGF-1. [115]
diabetic mice
. Increased 33-AR expression in WAT;
MICE BAT Ob/Ob mice Activated endogenous BAT. [116]
MICE ADSC-DERIVED Decreased levels of VLDL and LDL;
BROWN ADIPOCYTES HFD-fed obese mouse Increased level of HDL. [117]
Improvement in insulin resistance;
HUMAN ADSCs HFD-fed obese mouse Decreased oxidized LDL and IL-6. [118]
HUMAN ADSC-DERIVED NOD/SCID mi Increased whole—ltolod}.f energy expenditure and 119]
BEIGE ADIPOCYTES fice OXygen consumphion;
Reduced body weight.
HIPSC-DERIVED BROWN ..
ADIPOCYTES Immune-competent mouse Metabolic improvements. [125]
HIPSC-DERIVED BROWN Mouse Enhanced respiratory exchange rates, metabolic [127]
ADIPOCYTES activity, and whole-body energy consumption.
HIPSC-DERIVED BROWN . .
ADIPOCYTES NOD/SCID mouse Decreased circulating glucose levels. [127]
HIPSC-DERIVED BEIGE Nu .. .
ADIPOCYTES FoxN1™" athymic mice Higher glucose uptake rate. [128]
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6. Conclusions

The discovery of brown and beige adipocytes in human adults has inspired substantial
efforts to develop new medicinal strategies targeting these thermogenic adipocytes. The
original idea that these energy-dissipating adipocytes reverse the positive energy balance
has been expanded in clinical and animal-based studies. Brown and beige fat has been
directly implicated in glucose and lipid metabolism, the suppression of chronic inflamma-
tion, and hormone production [17,27,135,136]. Therefore, regimens to trigger the activity
of brown and beige adipocytes are showing therapeutic potential beyond obesity and its
related comorbidities, such as atherosclerosis, arterial hypertension, and polycystic ovary
syndrome (PCOS). However, it should also be remembered that, currently, the downsides
of these adipocytes are less clear and must be comprehensively evaluated. A balance
between efficacy and safety must be reached. Hence, as illustrated above, brown and beige
adipocyte-based therapies are full of promise, challenges, and pitfalls. A deeper under-
standing of their mechanisms of action, biological functions, and biogenesis is a prerequisite
for eventually achieving effective and safe therapies for obesity, metabolic abnormalities,
and a wider range of other diseases. Finally, in addition to the above scientific perspectives,
safety and ethical issues should be considered and discussed carefully before brown and
beige adipocytes can be applied clinically. Applicable laws and regulations governing
related therapies will be warranted.
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Abstract: Uterine physiology encompasses the intricate processes governing the structure, function,
and regulation of the uterus, a pivotal organ within the female reproductive system. The escalating
prevalence of obesity has emerged as a significant global health issue, profoundly impacting various
facets of well-being, including female reproductive health. These effects extend to uterine structure
and function, influencing reproductive health outcomes in women. They encompass alterations in
uterine morphology, disruptions in hormonal signaling, and inflammatory processes. Insulin and
leptin, pivotal hormones regulating metabolism, energy balance, and reproductive function, play
crucial roles in this context. Insulin chiefly governs glucose metabolism and storage, while leptin
regulates appetite and energy expenditure. However, in obesity, resistance to both insulin and leptin
can develop, impacting uterine function. Inflammation and oxidative stress further exacerbate the
development of uterine dysfunction in obesity. Chronic low-grade inflammation and heightened
oxidative stress, characteristic of obesity, contribute to metabolic disruptions and tissue damage,
including within the uterus. Obesity significantly disrupts menstrual cycles, fertility, and pregnancy
outcomes in women. The accumulation of excess adipose tissue disrupts hormonal equilibrium,
disturbs ovarian function, and fosters metabolic irregularities, all of which detrimentally impact
reproductive health.

Keywords: uterus; obesity; insulin resistance; leptin resistance; female reproductive health; metabolic
syndrome; adipokines; endometrial function; fertility; therapeutic interventions

1. Introduction

The uterus is a dynamic and complex organ central to female reproductive health.
While its primary function is in reproduction, its roles extend beyond this, impacting
overall health and disease states related to endocrine [1,2], immune [3-5], cardiovascu-
lar [6-8], neurological [9-11], and metabolic systems [12,13]. Understanding these roles
is crucial for comprehensive women'’s health care, influencing treatment strategies and
improving quality of life. Further research into these non-reproductive roles will continue
to illuminate the uterus’s full impact on overall health. Obesity, defined by an excessive
accumulation of body fat, typically measured by a body mass index (BMI) of 30 or higher,
is a chronic complex disease and one of the major factors impairing health. According
to the WHO, in 2022, one in eight people in the world were living with obesity [14]. The
rising prevalence of obesity poses significant challenges to female reproductive health. It
impacts menstrual regularity, fertility, and pregnancy outcomes and increases the risk of
reproductive cancers [15,16].
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Pandey (2010) further emphasizes the association between obesity and gynecological
issues, such as polycystic ovary syndrome and endometrial polyps [17]. Brown (2010)
discusses the genetic contribution to obesity and its implications for reproduction. These
studies collectively underscore the urgent need for interventions to address the growing
burden of obesity on female reproductive health [18].

Insulin and leptin resistance are critical metabolic disturbances with profound impli-
cations for uterine function and female reproductive health. They contribute to a range
of reproductive disorders, from menstrual irregularities and infertility to pregnancy com-
plications [19,20] and increased cancer risk [21,22]. Addressing these resistances through
lifestyle interventions, medical treatment, and ongoing research is essential for improving
reproductive health outcomes. Understanding the mechanisms by which these resistances
affect the uterus can help in developing targeted therapies and preventive strategies for
women affected by these conditions.

The connection between obesity and uterine health is vital to understanding and
managing various reproductive health issues. Overall, the research in this area can lead
to better prevention, diagnosis, and treatment strategies, ultimately improving women’s
health and quality of life.

2. Impact of Obesity on Uterine Reproductive and Immune Functions
2.1. Effects of Obesity on Uterine Structure

The uterus, positioned within the pelvic cavity between the bladder and rectum, is
a hollow, muscular organ. Comprising three primary layers—the endometrium (inner
lining), myometrium (middle muscular layer), and perimetrium (outer layer)—it undergoes
shape variations throughout a woman’s life. These changes manifest during puberty,
menstruation, pregnancy, and menopause [23,24]. Obesity affects uterine structure and
function through a combination of hormonal imbalances [25], chronic inflammation [26],
and metabolic disturbances [27]. These effects can lead to a range of reproductive health
issues, including endometrial hyperplasia, irregular menstrual cycles [28], increased risk of
uterine fibroids [29], endometrial cancer [30], and pregnancy complications [31].

The relationship between estrogen and obesity is bidirectional. Increased adipose tis-
sue in obesity leads to higher levels of circulating estrogen synthesized and metabolized by
the cytochrome P450 (CYP) superfamily of enzymes, specifically aromatase CYP19A1. This
prolonged estrogen exposure, without the balancing effect of progesterone, can cause the
endometrial lining to thicken excessively, resulting in endometrial hyperplasia [24,32]. This
condition can lead to abnormal uterine bleeding and increase the risk of endometrial can-
cer [33]. Deficiency of estrogen leads to excessive fat accumulation and impairs adipocyte
function; on the other hand, adipose tissue of obese individuals is characterized by altered
expression of estrogen receptors and key enzymes involved in their synthesis [34]. Addi-
tionally, obesity is associated with increased androgen levels, likely mediated by insulin
resistance, which may also have implications for uterine health [35]. This relationship will
be further explored in Section 3.

Obesity-related hormonal imbalances, particularly elevated estrogen levels, are thought
to contribute to the development and growth of uterine fibroids (uterine leiomyomas).
These are benign tumor changes that originate from the smooth muscle layer of the uterus.
Leiomyoma growth is a consequence of hormonal action that acts through their estrogen
and progesterone receptors [36,37]. Fibroids can affect uterine structure and function by
causing abnormal uterine bleeding, pelvic pain, and infertility, depending on their size and
location [29].

2.2. Obesity and Uterine Reproductive Function

The uterus plays a crucial role in the menstrual cycle, as it is central to the prepa-
ration for a possible pregnancy each month. A complex interplay of hormones, mainly
estrogen and progesterone, produced by the ovaries, governs the menstrual cycle in all
phases—menstrual, follicular, ovulatory, and luteal. The uterus prepares for potential
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pregnancy by thickening the endometrial lining each month during the proliferative phase
of the menstrual (uterine) cycle in response to hormonal changes, mainly estrogen and
progesterone. If fertilization does not occur, the endometrial lining sheds, leading to
menstrual bleeding. The uterus contracts to expel this lining, which can cause cramping.
Chronic exposure to elevated levels of estrogen due to increased adipose tissue can lead
to endometrial hyperplasia, characterized by abnormal thickening of the endometrial lin-
ing [38—40]. Endometrial hyperplasia is a risk factor for endometrial cancer, particularly in
postmenopausal women [41,42]. Conditions such as polycystic ovary syndrome (PCOS),
characterized by irregular menstrual cycles, ovarian dysfunction, and hyperandrogenism,
are more prevalent in women with obesity and can further impair fertility [43—45]. Also,
evidence shows that excessive weight can negatively impact reproductive health by altering
endometrial gene expression and reducing endometrial receptivity [46]. The uterus must
be free of abnormalities, like scarring or fibroids, to support a full-term pregnancy. Obese
women more frequently experience prolonged pregnancies, and they have a higher chance
of needing interventions during labor and delivery, such as cesarean section, due to factors
such as macrosomia, labor dystocia, and inadequate uterine contractions [47-50]. Studies
on uterine contractility in obese women have shown mixed results. Some studies indicated
differences in contraction of myometrial strips from obese women, who contracted less
frequently and with less force than those from nonobese women [51], while other studies
reported no differences in contraction strength and frequency [52,53]. Also, the typically
higher cholesterol levels in obese women alter myometrial myocyte cell membranes, partic-
ularly the caveolae, which inhibits oxytocin receptor function and increases K+ channel
activity, resulting in preventing the uterus from contracting [54], while dysfunctional labor
patterns and increased oxytocin use in obese women may not be attributed to differences
in oxytocin expression [55]. A high-fat diet accumulates big fat droplets in the stromal
layers of the uterus, ovary, and oviducts, with the consequence of altering their histological
integrity, and in women, changes like hyperproliferative uterus, vacuolated ovarian tissue,
and thickened oviduct walls occur [56]. Maternal obesity in humans and in high-fat diet
(HFD) mice is associated with impaired uterine vascular remodeling at the maternal side
of the placental-uterine interface, characterized by the presence of smooth muscle layers
around arteries and narrower arterial conduits [57-60].

2.3. Obesity and Uterine Immune Function

Inflammation and oxidative stress play significant roles in uterine dysfunction as-
sociated with obesity by affecting endometrial health, reducing fertility, and increasing
the risk of pregnancy complications [61]. Obesity is characterized by chronic low-grade
inflammation, marked by elevated levels of inflammatory cytokines like TNF-«, IL-6, and
CRP [62]. Systemic inflammation in obesity can also affect the uterus through circulation, as
pro-inflammatory cytokines can cross the blood-uterine barrier and exert direct effects on
uterine tissue [63]. Inflammation alters the gene expression and cellular signaling within the
endometrium, impairing its ability to prepare for and support implantation [64]. Chronic
inflammation may also interfere with endometrial receptivity, crucial for successful embryo
implantation. Besides that, it is also linked to negatively impacting egg quality and embryo
implantation in the uterus, raising the risk of miscarriage [65]. Pro-inflammatory cytokines
can negatively alter the expression of adhesion molecules and cytokines involved in em-
bryo implantation, potentially leading to implantation failure and infertility [66]. Chronic
inflammation in the endometrium may also contribute to the development of endometrial
disorders such as endometriosis and endometrial hyperplasia, which are associated with
infertility and an increased risk of endometrial cancer [67]. Even excessive inflammation
can be detrimental; insufficient immune activity may also impair uterine function and
embryo invasion, underscoring the need for a delicate balance [68]. A controlled immune
response is critical for processes such as endometrial remodeling during the menstrual
cycle (especially during the proliferative phase of the uterine cycle) and supporting embryo
implantation [69]. Uterine natural killer (uNK) cells in the endometrium have a crucial role
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in implantation and healthy pregnancy by producing cytokines and growth factors that pro-
mote uterine blood vessel growth and support embryo development [70]. Oxidative stress
in the uterus can manipulate the immune system by both activating the inflammatory path-
ways and causing the immune cells, like macrophages, T cells, and natural killer (NK) cells,
to change their behavior [61,71]. Obesity often leads to an imbalance between the produc-
tion of ROS and the body’s antioxidant defenses, resulting in oxidative stress. High levels
of ROS can damage endometrial cells and impair uterine function [72]. Oxidative stress can
disrupt the delicate processes of ovulation, implantation, and early embryo development
by damaging the endometrial lining and cellular components, including lipids, proteins,
and DNA, leading to cellular dysfunction and tissue damage in the uterus by inhibition of
myometrial contraction, which contributes to dysfunctional labor [72,73]. Recent studies
indicate a possible association between obesity and the endometrial microbiome [74], which
is also part of the immune response. In obese mothers, myometrial arteries exhibit deficits
in endothelial cell calcium signaling, and the eNOS system is modified to both contractile
and relaxation responses [75].

3. Insulin Resistance and Uterine Health
3.1. Insulin Signaling in the Uterus

Insulin signaling within the uterus is one of the major factors controlling cellular
metabolism and development, as well as the processes of cellular growth. Insulin and
insulin-like growth factors 1 and 2 (IGF1 and IGF2) bind to their own receptors, resulting
in the activation of two important pathways, PI3K-Akt and Ras-MAPK, important in
regulating gene expression and the regulation of epithelial cell proliferation [76]. Insulin
receptors are expressed in the endometrium, and aberrant insulin signaling may disrupt
cellular proliferation, differentiation, and apoptosis processes [77]. Dysregulated insulin
signaling may lead to abnormal endometrial growth and remodeling, contributing to
conditions such as endometrial hyperplasia and dysfunctional uterine bleeding [78,79].
Endometrial proliferation and implantation in mice is regulated by insulin signaling, and
insulin receptor and IGFIR are important for embryo implantation, while uterine receptivity
is unaffected by insulin receptor ablation [76].

3.2. Mechanisms Linking Insulin Resistance and Uterine Dysfunction

Insulin resistance contributes to uterine dysfunction through several mechanisms:
hormonal imbalance (increased androgens), direct impairment of endometrial cell func-
tion, chronic inflammation, oxidative stress, and altered progesterone signaling. These
factors together disrupt the normal uterine environment, leading to menstrual irregularities,
impaired fertility, and an increased risk of pregnancy complications. Insulin resistance
can directly affect endometrial function by altering insulin signaling pathways in uterine
tissue. The processes of angiogenesis and endometrial repair are not only strongly estrogen-
and progesterone-dependent but also involve NO, platelets, immune cells, and numerous
growth factors [80,81]. IR occurs in decrease of NO production, which leads to increase in
the shear stress on endothelial cells because of diffuse vasoconstriction. Mutual action of
IR, decreased NO and hyperglycemia generate the release of inflammatory cytokines and
free radical formation, which leads to endothelial damage, surrounding tissue hypoxia,
and possible cellular apoptosis [82]. Elevated insulin levels in vivo modulate apoptosis
via the PI3K-Akt pathway, decrease receptors for bovine serum albumin 2 (BMP2), a key
decidual marker, impair estrogen and progesterone signaling, further damage endometrial
stromal cells, and enhance mitochondrial transmembrane potential, thereby disrupting
endometrial decidualization [83]. Resistance-induced hyperinsulinemia can also stimulate
the production of insulin-like growth factor 1 (IGF-1) [84], which may promote endome-
trial cell proliferation and increase the risk of endometrial cancer. Chronic inflammation
alters the expression of genes involved in uterine receptivity and cellular function [85],
further reducing the likelihood of successful implantation and increasing the risk of uterine
dysfunction. Mechanisms of oxidative stress affect endometrial cell health, causing DNA
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damage, cell death, and an impaired response to hormonal signals [86], all of which are
crucial for a functional and receptive endometrium. Inflammatory mediators, such as
TNF-« and IL-6, can disrupt normal endometrial function, impair embryo implantation,
and increase the risk of pregnancy complications [87]. The vascular changes allow different
factors to leave the blood and form plaques in the blood vessel tunica intima layer. This
thickening of the blood vessels leads to increased vascular resistance, together with chronic
low-grade inflammation, and leads to atherosclerosis [82,88,89]. Insulin resistance can also
affect how the uterus responds to progesterone, the hormone critical for maintaining a
healthy endometrial lining during the second half of the menstrual cycle [90]. This can
disrupt the menstrual cycle and lead to issues like endometrial hyperplasia or irregular
shedding of the uterine lining. A common feature of obesity and conditions like PCOS is
closely linked to uterine dysfunction [91]. Women with PCOS often experience insulin re-
sistance, which is strongly linked to anovulation and thickened, dysfunctional endometrial
lining, leading to fertility problems. Insulin-mediated glucose transporter factor-4 (GLUT4)
facilitates glucose transport to endometrial glandular tissue. Fornes et al. demonstrated
reduced levels of GLUT4, insulin pathway proteins, and their phosphorylation in the
endometrial tissues of PCOS patients, indicating the presence of localized insulin resistance
in the endometrium of these patients [92]. Reduced glucose transport function would cause
glucose deficiency in the endometrial cells, which would affect the normal growth of the
endometrial cells and lead to embryo implantation failure or increased risk of miscarriage.

Impaired endometrial receptivity in patients with PCOS in humans may be the reason
endometrial stromal cells and excess TNF-« negatively affect insulin sensitivity and lead
to abnormal energy metabolism by decreasing lipocalin signaling and blocking GLUT-4
membrane transport [93].

3.3. Role of Hyperinsulinemia in Uterine Pathology

In insulin resistance, the body compensates by producing more insulin, creating the
state of hyperinsulinemia. Hyperinsulinemia plays a central role in the development
of endometrial pathology and menstrual irregularities through its effects on estrogen
production, androgen levels, and insulin-like growth factors. Elevated insulin levels
stimulate the ovaries to produce excess androgens (male hormones like testosterone),
which can disrupt the normal hormonal balance needed for healthy reproductive function.
High androgen levels can alter the endometrial environment, leading to irregular menstrual
cycles, poor endometrial receptivity, and difficulty with embryo implantation [94], which
precedes the process of decidualization dependent on the steroid hormone progesterone
acting through the nuclear progesterone receptor (PR) that works through insulin receptor
substrate 2 (IRS2) expression [90]. Insulin acts as a growth factor in the endometrium,
stimulating the proliferation of endometrial cells [95]. Hyperinsulinemia, a common feature
of conditions such as PCOS and hyperinsulinemia type A, has been linked to endometrial
dysfunction (hyperplasia [96] and endometrial cancer), menstrual irregularities [92,93],
and infertility [97]. These findings suggest a potential role of hyperinsulinemia in the
pathophysiology of endometrial pathology and menstrual irregularities. Insulin influences
estrogen metabolism by increasing ovarian androgen production and decreasing the liver’s
production of sex hormone-binding globulin (SHBG) [98]. This results in higher circulating
levels of free estrogen. Since estrogen stimulates the growth of the endometrial lining,
chronic exposure to high estrogen levels without the counterbalance of progesterone
(which normally happens in anovulatory cycles) can lead to endometrial thickening and
hyperplasia. In addition to influencing estrogen, insulin itself acts as a growth-promoting
hormone. In the endometrium, this promotes cellular growth and increases the risk of
abnormal tissue development [99]. Combined with estrogen’s effects, hyperinsulinemia
accelerates endometrial growth, increasing the risk of abnormal pathology, including
hyperplasia and possibly even endometrial cancer.
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3.4. Pregnancy Complications and Fertility Treatments in Insulin-Resistant Individuals

Insulin resistance significantly impacts fertility and pregnancy outcomes. In individ-
uals with IR, metabolic, hormonal, and inflammatory disturbances can affect ovulation,
endometrial receptivity, and fetal development, leading to challenges in fertility treatments
and increased pregnancy complications. Wells (1960) noted that insulin administration in
pregnant diabetic rats improved fertility and maternal mortality, although fetal mortality
remained higher [100]. Seely (2003) suggested that insulin resistance may play a role in
pregnancy-induced hypertension, highlighting the need for interventions to reduce insulin
resistance and potentially mitigate these risks [101]. Women with IR may require ovulation
induction drugs like clomiphene citrate or letrozole to stimulate ovulation [102]. How-
ever, insulin resistance can make these treatments less effective, often requiring higher
doses or additional medications to achieve successful ovulation. Medications like met-
formin (an insulin-sensitizer) are frequently used in fertility treatments for women with IR.
Metformin helps reduce insulin levels, improve ovulation, and enhance the effectiveness
of ovulation induction therapies. In women with PCOS, metformin is often prescribed
to regulate cycles and improve pregnancy rates [103-105]. Despite ovulation induction,
many insulin-resistant individuals experience implantation failure due to the disrupted
uterine environment [106]. Insulin-sensitization treatments can improve outcomes, but this
remains a significant challenge for fertility treatments. Insulin resistance and associated
metabolic disturbances may impact the success rates of IVF treatments. Women with insulin
resistance may have lower ovarian reserve, reduced oocyte quality, and decreased embryo
implantation rates compared to non-insulin-resistant individuals. However, addressing
insulin resistance prior to IVF may improve outcomes [107]. During pregnancy, insulin
resistance increases the risk of complications such as miscarriage, gestational diabetes,
pre-eclampsia, fetal growth abnormalities, and preterm birth. Malaza et al. reported more
adverse pregnancy outcomes in women with pregestational diabetes compared to those
with gestational diabetes. These complications include cesarean section, preterm birth,
congenital anomalies, pre-eclampsia, neonatal hypoglycemia, macrosomia, neonatal in-
tensive care unit admission, stillbirth, low Apgar score, large for gestational age infants,
induction of labor, respiratory distress syndrome, and miscarriages [108]. This aligns
with findings from the International Prospective Hyperglycemia and Adverse Pregnancy
Outcomes (HAPO) study group [109]. Insulin, as an anabolic hormone, plays a key role
in regulating fetal growth. Maternal hyperglycemia leads to fetal hyperglycemia and hy-
perinsulinemia, which stimulates anabolism and the development of muscle, adipose, and
connective tissue. These processes contribute to increased storage of fetal fat and protein,
resulting in macrosomia [110]. Careful management and monitoring throughout fertility
treatments and pregnancy are essential to optimize outcomes for both the mother and
baby. Standard therapy for gestational diabetes requiring insulin therapy [111,112] has
shown better maternal and newborn outcomes compared to diet, oral anti-diabetic drugs,
or insulin analogues, with a lower incidence of macrosomia [113]. In the management of
diabetes during pregnancy, metformin monotherapy is effective in maintaining glycemic
control [114] and is specifically recommended for patients with prediabetes or a BMI of
35 kg/m? [115].

4. Leptin Resistance and Uterine Health

Leptin resistance is a condition in which the body becomes less responsive to the
hormone leptin, despite having elevated leptin levels. Leptin, primarily produced by fat
cells, plays a key role in regulating energy balance, appetite, and reproductive functions. In
the context of uterine function, leptin resistance has significant implications for reproductive
health, particularly in individuals with obesity or metabolic disorders.

4.1. Leptin Signaling in the Uterus

Leptin, a hormone secreted by adipose (fat) tissue, serves as a key regulator of energy
balance and reproduction, specifically by preparing the endometrium for implantation
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by influencing factors like angiogenesis (formation of new blood vessels) and cytokine
regulation [116]. Leptin affects the uterus through the leptin receptors (Ob-R), belonging to
the class I cytokine receptor family, that are expressed in the uterine epithelium, stroma,
myometrium, and endometrial glands [117]. The presence of leptin receptors suggests that
the uterus is responsive to leptin signaling, which can modulate various cellular processes
involved in uterine function. When leptin attaches to Ob-R, it activates the JAK-STAT
signaling pathway that promotes gene expression related to growth, differentiation, and
inflammatory processes required for the maintenance of the uterine lining and for the em-
bedding of the embryo [118]. Leptin signaling is essential for coordinating energy balance
with reproductive function, particularly in the uterus. It regulates the menstrual cycle,
enhances endometrial receptivity, supports implantation, and ensures proper pregnancy
maintenance. Leptin signaling can also activate the MAPK pathway, influencing cell growth
and survival in the uterine tissues. This pathway is important for controlling the structural
integrity of the endometrium during the menstrual cycle and early pregnancy [119]. An-
other significant pathway affected by leptin is the phosphatidylinositol-3-kinase PI3K-Akt
pathway, which is involved in cellular metabolism and survival [120] by regulating the
metabolic demands of uterine cells and ensuring proper nutrient supply during pregnancy.
Both mentioned pathways regulate the promotion of endometrial growth and regenera-
tion [21]. Leptin resistance reduces the ability of the endometrium to respond to these
signals, potentially leading to implantation failure and infertility [121]. Understanding
and managing leptin signaling pathways is crucial for improving reproductive health and
addressing fertility issues linked to metabolic imbalances.

4.2. Disruption of Leptin Signaling in Obesity and Uterine Health

In a healthy physiological state, leptin plays an essential role in regulating reproduc-
tive processes like regulation of the menstrual cycle and endometrial receptivity. Different
studies indicated significant variations in serum leptin during the female menstrual cy-
cle, but results are not uniform. Many previous studies have shown conflicting results
related to the leptin levels during the menstrual cycle. Some researchers noted that the
leptin concentration increases gradually from the first phase, reaching the highest con-
centration in the luteal phase [122,123], while others noted a highest concentration in the
pre-ovulatory phase [124]. The disruption in leptin signaling, particularly leptin resistance
seen in metabolic disorders like obesity, has profound consequences for uterine health and
overall reproductive function, leading to significant reproductive dysfunctions, including
infertility, poor pregnancy outcomes, and uterine pathologies [125]. Leptin is involved in
the regulation of the hypothalamic-pituitary-gonadal (HPG) axis, influencing the secretion
of hormones such as gonadotropin-releasing hormone (GnRH), luteinizing hormone (LH),
and follicle-stimulating hormone (FSH). These hormones are critical for ovulation and the
maintenance of a regular menstrual cycle. It also modulates the immune environment in
the uterus to support early pregnancy [126]. Leptin resistance reduces the ability of leptin
receptors (Ob-R) in the endometrium to respond to the hormone [116,127]. This impairs
the regulatory function of leptin on cellular proliferation, immune defense, and the devel-
opment of blood vessels within the uterine cavity structure, leading to a situation where
the endometrium does not adequately react to hormonal stimuli towards its readiness for
embryo attachment [64]. When this signaling is impaired, the uterine lining is less capable
of supporting the attachment and growth of an embryo, leading to implantation failure
and reduced fertility [128]. Leptin promotes the development of new blood vessels in the
endometrium through its regulation of vascular endothelial growth factor (VEGF) [129].
In obesity, disrupted leptin signaling compromises this process, leading to poor uterine
vascularization and a suboptimal environment for embryo implantation [130,131]. The
impaired leptin signaling in obesity disrupts normal ovarian function and further con-
tributes to infertility in PCOS patients [132]. Leptin resistance reduces the uterus’s ability
to support early pregnancy by compromising endometrial receptivity and placental devel-
opment [133]. As a result, women with obesity and leptin resistance face a higher risk of
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early pregnancy loss. Addressing leptin resistance through weight management, lifestyle
changes, and pharmacological interventions can help improve reproductive health and
enhance fertility in individuals with obesity.

4.3. Potential Therapeutic Targets to Restore Leptin Sensitivity in the Context of Obesity

Restoring leptin sensitivity in obesity is a complex challenge, as leptin resistance
often involves multiple pathways and factors. Correia (2007) and Santoro (2015) both
highlight the potential of restoring leptin sensitivity as a treatment target, with Santoro
emphasizing the need for new therapeutic tools [134,135]. GLP-1 receptors are widely
distributed throughout the reproductive system, and both preclinical models and some clin-
ical studies suggest that GLP-1 plays a key role in linking the reproductive and metabolic
systems. GLP-1 also appears to have anti-inflammatory and anti-fibrotic effects in the
gonads and endometrium, particularly in conditions like obesity, diabetes, and polycystic
ovary syndrome (PCOS) [136]. Sainz (2015) suggests that anti-inflammatory drugs or bioac-
tive food components could help overcome leptin resistance [137], while Salazar (2019)
underscores the importance of addressing leptin resistance in the context of type 2 dia-
betes [138]. These studies collectively underscore the need for further research to identify
and develop effective therapeutic targets for restoring leptin sensitivity in obesity. Based on
the in vitro studies, there are some potential therapeutic targets and strategies. Enhancing
leptin signaling through the JAK2/STAT3 pathway can potentially restore sensitivity. This
involves targeting molecules that modulate the Janus kinase 2 (JAK2) and signal transducer
and activator of transcription 3 (STAT3) proteins [139]. Also, suppressing Suppressor of
Cytokine Signaling (SOCS) proteins, especially SOCS3, which inhibit leptin signaling, could
help restore leptin sensitivity [140]. Targeting inflammatory cytokines (e.g., TNF-a, IL-6) or
signaling pathways (e.g., NF-«kB) could reduce leptin resistance [141]. Improving insulin
sensitivity can often help with leptin resistance. The gut microbiota plays a role in systemic
inflammation and metabolic processes. Probiotics or prebiotics might help in restoring
leptin sensitivity by influencing gut health [142]. Certain dietary components and bioactive
compounds have been shown to modulate leptin signaling and improve leptin sensitivity.
Omega-3 fatty acids, found in fish oil and certain plant sources, have anti-inflammatory
properties and may enhance leptin signaling [143]. Polyphenols, such as resveratrol found
in red grapes and berries, have been shown to enhance insulin sensitivity and modulate lep-
tin signaling pathways. They achieve this by suppressing leptin expression in adipocytes,
reducing hyperleptinemia, and alleviating leptin resistance [144]. Pharmacological leptin
sensitizers include small molecules that produce modest weight loss when used alone but
significantly amplify the anorectic effects of exogenous leptin. Examples include meta-
chlorophenylpiperazine, a serotonin receptor agonist and reuptake inhibitor; metformin,
a widely used anti-diabetic medication; and betulinic acid, which likely enhances leptin
sensitivity through PTP1B inhibition [145-147]. Each of these strategies has its own set
of challenges and potential benefits. Along with dietary manipulations to restore leptin
sensitivity, exercise also decreases body weight and leptinemia and improves leptin sensi-
tivity by activating leptin sensitive neurons in the VMH and increasing pSTAT3 in the VTA.
This effect seems to be independent of fat mass loss [148,149]. Research is ongoing to better
understand how these various factors interact and how best to target them therapeutically.

5. Future Directions and Conclusions

The relationship between uterine health and obesity is complex and deeply inter-
twined. Obesity influences uterine function through metabolic, hormonal, and inflam-
matory pathways. Obesity leads to insulin resistance and an imbalance in circulating
adipokines, characterized by increased levels of leptin and decreased levels of adiponectin.
Such changes can disrupt the normal physiological function of the uterus. In addition, such
changes create an environment for chronic inflammation that has been associated with
several conditions of the uterus, including endometrial hyperplasia, fibroids, and polycys-
tic ovary syndrome (PCOS). Additionally, obesity-induced hormonal imbalances, such as
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elevated estrogen levels, can affect the uterine lining, increasing the risk of conditions like
endometrial cancer.

The impact of obesity on uterine health is further compounded by alterations in the
uterine microbiome and epigenetic modifications that may influence long-term uterine
function and fertility. Obesity also affects uterine blood flow, contributing to pregnancy
complications such as preeclampsia. These factors together contribute not only to poor
fertility and pregnancy outcomes but also to the enhanced risk of reproductive disorders
and cancers.

This would be beneficial in targeted therapies and prevention strategies to improve
uterine health among obese individuals. As obesity is an important source of metabolic
and hormonal disruption, addressing these problems could have the potential to improve
reproductive health outcomes and reduce the burden of obesity-related uterine disorders.
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Abstract: Background/Objectives: Endocrine disruptors are substances capable of altering the
functions of the endocrine system. There is evidence that some pesticides can be endocrine disruptors
and, among some of their effects, we find alterations in pubertal development and in the function of
the thyroid gland, which could be related to a greater tendency of obesity. The aim was to evaluate the
evidence from clinical and preclinical studies on the association between pesticides used in agriculture
and found in plant-based foods with overweight/obesity. Methods: This is a systematic review of
articles on the impact of the use of endocrine disrupting pesticides on obesity, conducted according to
the PRISMA-2020 guidelines. Results: There was evidence that some pesticides, such as chlorpyrifos,
pyrethroids, and neonicotinoids, may promote obesity and other anthropometric changes by altering
lipid and glucose metabolism, modifying genes, or altering hormone levels such as leptin. Other
studies suggest that perinatal exposure to chlorpyrifos or pesticides such as vinclozolin may alter lipid
metabolism and promote weight gain in adulthood, whereas other pesticides such as boscalib, captan,
thiacloprid, and ziram were not associated with changes in weight. Exposure to pesticides such as
vinclozolin may be associated with a higher prevalence of overweight/obesity in later generations.
Conclusions: The few studies that do not show these associations have methodological limitations in
data collection with confounding variables. Further studies are needed to provide more and higher
quality evidence to determine the true effect of these substances on obesity.

Keywords: pesticide; endocrine disruptor; overweight; obesity

1. Introduction

Obesity is considered to be a worldwide pandemic that leads to an increase in medical
costs and thus becomes a public health problem [1]. Initially, obesity was considered as an
imbalance between energy intake and energy expenditure [2—4], sedentary lifestyle, and
genetics [4], although the heritability remains a mystery [5] and the origins are multifacto-
rial [6]. Currently, the obesity epidemic is also associated with the increased production
of environmental chemicals [7], also called environmental obesogens [8], used mainly in
agriculture, as disease vector control, helping to prevent harmful effects caused by fungi,
bacteria, or even pests, using pesticides, insecticides, and herbicides [9], or endocrine
disruptors (ED), which interfere in different processes.

An ED is an exogenous substance or mixture of substances that alters the functions of
the endocrine system and consequently causes adverse health effects in an intact organism
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or its progeny [10]. EDs include natural and synthetic substances that are widely present in
the environment (water, air, food, pesticides) [11]. These substances increase fat mass and
participate in adipogenesis, even leading to metabolic disorders. For this reason, they are
also called metabolic disruptors [12].

These chemicals that can act as EDs include polychlorinated biphenyls (PCBs), bisphenol
A (BPA), and hexachlorobenzene (HCB) found in some pesticides such as pentatrichloroni-
trobenzene and pentachlorophenol, triclosan, polybrominated diphenyl ethers (PBDEs),
dichlorodiphenyltrichloroethane (DDT), or chlordane. Dichlorodiphenyltrichloroethane, DDT
degradation (DDE), and hexachlorobenzene (B-HCH) increase the likelihood of metabolic
syndrome [13]. They also increase body mass index [14-16], total HDL and LDL cholesterol
levels [17], and even abdominal waist index [15,18,19]; the latter adverse effect may also
occur with excess malathion [20].

Not only agrochemicals can be obesogenic, but products such as fructose [21,22] and
some antidiabetic drugs can behave as such [21]; alcohol, chemotherapeutic drugs, dietary
fatty acids, and industrial chemicals are also metabolic chemical disruptors [22].

EDs have been implicated in a variety of adverse effects, including neurotoxicity [23],
autism spectrum disorder and developmental delays in children after prenatal expo-
sure [24], impaired behavior, learning, memory, attention, sensation and neurodevelop-
ment [25], depression and anxiety in children [26], reduced fertility in women due to
increased polycystic ovarian syndrome or premature ovarian failure, and even breast [27]
or vaginal cancer [11,28]. EDs can also affect fertility in men [29], especially in the case of
some pesticides [30]. They are also associated with endocrine disruption, causing thyroid
dysfunction [31], affecting both iodine uptake and thyroid hormone metabolism [32], and
interfering with insulin physiology [31], becoming a risk factor for the development of
diabetes [27]. They are also associated with the alteration of corticoid function; EDs can
act on glucocorticoid receptors, mineralocorticoids, and steroidogenic pathways. Finally,
they are associated with induction of oxidative stress, the alteration of arachidonic acid
metabolism, or porphyria [33].

Phytosanitary products are pesticides used to maintain the health of crops. This group
includes herbicides, fungicides, insecticides, acaricides, plant growth regulators, and re-
pellents [34]. According to the bibliography of the TEDX list (The Endocrine Disruption
Exchange), 512 pesticides may have the capacity to alter the endocrine system [35] and
finally, according to the European Commission, it is estimated that there are 162 phyto-
chemicals with endocrine disrupting activity [36]. Thus, the enormous presence of EDs in
agriculture and their potential health risk is evident.

Many regions of the planet are currently experiencing water scarcity. This is due to
both biophysical factors and factors that increase the demand for water, resulting in an
increase in water stress [37]. Wastewater has become an option as a non-conventional water
source to alleviate the water demands of the agricultural sector. However, the discharge
of untreated or inadequately treated wastewater could have harmful effects on human
health, the environment, and economic activity [38]. In rich countries, 70% of wastewater
is treated, while in upper-middle-income, lower-middle-income, and poor countries, this
figure drops to 38%, 28%, and 8%, respectively [38]. It is estimated that about 10% of the
world’s irrigated area uses untreated wastewater [37]. Improper treatment prior to use as
crop irrigation can introduce a range of contaminants, including EDs.

Pollution of irrigation water is not only caused by the reuse of wastewater, but also by
the agricultural activity itself. Chemigation is a technique for the application of phytosani-
tary products that consists of incorporating these products dissolved in the irrigation water
itself [38]. The problem arises when pesticides persist in crops and food and contaminate
the environment (rivers, lakes, groundwater, soil. . .). Therefore, the presence of these EDs
would indicate both the persistence of these substances and their current use despite their
prohibition [39].

Although there are countries where these substances have been banned, levels can
still be maintained both in the environment and in the body itself due to the excessively
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long half-life [40], and numerous efforts are being made to reduce the unhealthy effects of
the different types of agrochemicals by implementing product designs that do not present
high toxicity [9].

There is evidence that some pesticides have endocrine disrupting effects. These effects
include alterations in pubertal development and thyroid function [41], which may be
associated with increased susceptibility to obesity. If we add that there are reports of food
contamination with these substances due to their use in agriculture [42-45], it is pertinent to
know what effects their consumption could have on our health. Therefore, this systematic
review aims to identify those pesticides present in foods of plant origin that could have
obesogenic effects on the organism.

2. Materials and Methods

This systematic review was conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) criteria, which was registered in
the records of the Open Science Framework (https:/ /osf.io/hcpsg, accessed 26 October
2024). A literature search was conducted in the PubMed and Web of Science databases in
April 2024 using the following terms: pesticide, 2,4-dichlorophenoxyacetic acid, cyperme-
thrin, dithiocarbamate, malathion, bifenthrin, dimethoate, fipronil, lambda-cyhalothrin,
chlorpyrifos, imidacloprid, pyraclostrobin, DDT, overweight, and obesity. All pesticides
included in the search equation are considered endocrine disruptors as set out in the Euro-
pean Commission’s working document defining criteria for the identification of endocrine
disruptors in the context of the application of the Plant Protection Products Regulation and
the Biocidal Products Regulation [36]. An initial screening was performed by reading titles
and abstracts, followed by a review of the full text of eligible studies.

We selected experimental animal studies, in vitro studies, and human observational
studies published since 2000 that investigated environmental or prenatal, perinatal, or
postnatal dietary exposure to pesticides, in Spanish or English, and that examined the
association of such exposure with overweight or obesity and other anthropometric changes,
excluding non-original reports, review articles, conference abstracts, editorials, commen-
taries, and experimental or pilot studies.

The quality of evidence was assessed using the Agency for Healthcare Research
and Quality (ARRQ) scale for human studies, the Systematic Review Center for Labora-
tory animal Experimentation (SYRCLE) scale for animal studies, and the ToxRTool for
in vitro studies.

3. Results

As shown in the search diagram (Figure 1), 634 articles were retrieved: 196 from
PubMed and 438 from Web of Science. After removing duplicates, 527 articles remained.
There were 324 articles eliminated after title reading, leaving 203 for full text review. All
articles that did not meet the inclusion criteria were excluded. Finally, 36 articles were
included in this systematic review: 5 human cross-sectional studies, 24 animal studies, and
7 in vitro studies.

3.1. Human Studies

Table 1 shows the five studies selected for this review, all of which were cross-sectional.
According to the AHRQ quality rating scale, the quality of evidence of the selected studies
was moderate. The studies were conducted in the USA and Thailand. The pesticides
evaluated in these studies were 2,4,5-dichlorophenol (2,4-D and 2,5-D), neonicotinoids
(imidachlorid, acetamiprid, and clothianidin), glyphosate, diuron, chlorpyrifos, permethrin,
mancozeb, maneb, carbendazim, thiophanate, and benomyl.
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Identification of studies via databases and registers

Included

Studies included in review
(n=36)

c Records removed before
2 Records identified from: screening:
g PubMed (n = 196) > Duplicate records removed
g Web of Science (n = 438) (n=107)
Y
Records screened (n = 527) »| Records excluded (n = 324)
= \ 4
£ Reports sought for retrieval
= = : -
8 (n = 203) »| Reports not retrieved (n = 0)
7]
7]
v
Reports assessed for eligibility | Reports excluded:
(n =203) o Unrelated topic (n=84)
Reviews (n=48)
Non-journal articles (n=22)
Full text unavailable (n=9)
Lack of data (n=3)
Pilot study (n=1)

Figure 1. PRISMA flowchart of study selection process.

Table 1. Characteristics of the human studies included in the systematic review.

Author, Year, Agent/Source of Assessment . Quality
Country Type of Study  Age/Sex/Sample Exposure Parameters Main Results Score
. . Positive association between
Buser MC Cross-sectional 6-19 years/ 2,5—d.1chlorophenol, .ZBMI’ waist 2,5-D, 2,4-D with BMI, Hip ~ Moderate
etal. [46], 2014, 2,4-dichlorophenol/ circumference . .
study both/n = 1298 . . Circumference, and obesity (1I1)
USA environmental and obesity . .
in children and adolescents.
. Urinary concentrations of
2,5-dichlorophenol Urinary 2,5-D were associated with
Wei Y et al. [47], Cross-sectional 20-85 years/ 5 ’4_ dichlorophenol } pesticide é)besi tv. but there was no Moderate
2014, USA study Both/n = 2963 ’ . p concentrations, obesiy, L . (111)
environmental significant association with
BMI
2,4-D.
The prevalence of obesity
Twum C . 2,5-dichlorophenol, was significantly associated
etal. [48], 2011, Cross-sectional 6-19 years/ 2,4-dichlorophenol/ BMI with 2,5-D, but no such Moderate
study Both/n = 6770 . S (III)
USA environmental association was
demonstrated with 2,4-D.
Acetamiprid was associated
. . . o
Godbole AM ‘ Imldale)pI:ld, w1th dec.reased IMG, % fat,
et al. [49], 2022 Cross-sectional >19 years/ acetamiprid, BMI, % body fat Waist Hip Index, and BMI. ~ Moderate
‘US A/ 4 study Both/n = 1675 clothianidin/ ’ Imidacloprid was associated (111)
environmental with increased rates of
overweight/obesity.
Noppakun K Insecticides, herbicides, Of the 35 pesticides studied,
pp Cross-sectional >20 years/ fungicides, rodenticides, BMI, waist 22 were associated with Moderate
et al. [50] 2021 . . .
- study Both/n = 20,295 mollusci- circumference increased prevalence (III)
Thailand . . .
cides/environmental of obesity.
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3.1.1. 2,4-Dichlorophenol and 2,5-Dichlorophenol

The relationship between urinary concentrations of 2,4-D and 2,5-D and weight gain
and obesity was evaluated. These studies used data from participants in the National
Health and Nutrition Examination Survey (NHANES) [46-48]. Two studies evaluated
children and adolescents aged 6-19 years [46,48], while the other study evaluated the
possible association in adults aged 20-85 years [47]. Participants with obesity were found
to have higher urinary concentrations of 2,4-D and 2,5-D. Higher concentrations of these
pesticides were associated with increased BMI and waist circumference [46-48]. As in
children, the adult study showed a higher prevalence of obesity with higher urinary levels
of 2,4-D and 2,5-D [47]. However, the study by Noppakun et al. found no significant
association between this pesticide and obesity [50].

3.1.2. Neonicotinoids: Imidacloprid, Acetamiprid, and Clothianidin

An association was found between detectable levels of imidacloprid and an 11%
higher prevalence of overweight/obesity and a positive association with lean mass index.
However, the association was not statistically significant [49]. Similarly, another study did
not find a statistically significant association either [50]. However, an inverse association
was observed between acetamiprid and fat mass, fat percentage, waist circumference, and
BML. In addition, there was no association between clothianidin and an increase in any
measure of adiposity [49].

3.1.3. Other Pesticides

Glyphosate, diuron, permethrin, mancozeb, and maneb were not significantly associ-
ated with obesity prevalence. However, carbendazim, thiophanate, benomyl, metalaxyl,
propineb, and chlorpyrifos showed a statistically significant association with obesity preva-
lence [50].

3.2. Animal Studies

A total of 24 experimental animal studies were selected for this review (Table 2). All
articles were experimental studies evaluating different pesticides and their effects. Of these
24 studies, the following 17 used mice: 13 studies used C57BL/6 mice (7 with the C57BL/6]
substrain, 1 with the C5BL/6N substrain and 5 without specifying the substrain), 4 used
ICR mice, 1 study used TR apoE3 mice, and 1 used BALB/c mice. The following 7 studies
used rats: 3 with Wistar rats, 2 with Long-Evans rats, 1 with Sprague Dawley rats, and 1
did not specify the species.

Of the included studies, 13 used male animals, 4 used female animals, and 7 used
mixed populations. The sample sizes ranged from 4 to 133 animals. The studied pes-
ticides were deltamethrin, chlorothalonil, chlorpyrifos, vinclozolin, imidacloprid, bifen-
thrin, permethrin, lambda-cyhalothrin, malathion, difenoconazole, cyrochlorothalonil,
cyrochlorothalonil, vinclozolin, difenoconazole, cyromazine, pirimicarb, chemoclamine, thi-
ram, ziram, glyphosate, metolachlor, thiamethoxam, propamocarb, cypermethrin, boscalid,
captan, and thiacloprid. The routes of exposure to these pesticides were gastroesophageal,
perinatal, and subcutaneous. The most frequently investigated pesticide was the organophos-
phate pesticide chlorpyrifos (9 out of 24, 37.5%). For the remaining pesticides, only one
study was found, except for imidacloprid, which was found in two studies. In this way, it
was possible to observe whether there were changes in appetite, as this could contribute to
weight gain and thus to overweight and obesity.

Finally, to evaluate the effect of pesticides on obesity, BMI, waist circumference, weight
gain, and fat mass were the main measures used. In addition, several studies assessed bio-
chemical parameters such as insulin levels, blood glucose, serum leptin, thyroid hormones,
and lipid profile, as well as biomarkers and indicators of lipid metabolism. All studies were
of moderate- to low-quality.
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3.2.1. Organophosphates: Chlorpyrifos and Malathion

Chlorpyrifos exposure has been associated with increased body mass, adiposity, and
impaired glucose tolerance and insulin sensitivity in male C57BL/6 mice [53,65,67-69], CD-
1 mice [68], and rats [60] when combined with a high-fat diet. However, this effect was not
observed in Wistar rats [64,67]. In addition, a difference was observed between mice with
apoE2-TR, apoE3-TR, and apoE4-TR genotypes, with apoE3-TR [65] and apoE4-TR [69]
mice showing a greater effect after pesticide exposure. However, this CPF-associated
weight gain was not affected by diet type or was not significant [64,68].

Chlorpyrifos has been observed to alter the gut microbiota in C57BL/6 mice, CD-1
mice [68], and Wistar rats [64]. This altered microbiota could have a significant effect on
weight gain, serum free lipopolysaccharide concentrations, and fasting glucose. Further-
more, this alteration could promote body weight gain, insulin resistance, and glucose
intolerance. In addition, altered intestinal permeability and increased lipopolysaccharide
levels were observed, which could induce chronic inflammation and promote the develop-
ment of insulin resistance and obesity [68]. In addition, chlorpyrifos exposure may alter
leptin levels, which could be associated with increased fat deposition, and a strong correla-
tion was found between increased leptin levels and weight gain in CPF-exposed mice [65].
However, another study found that exposure reduced plasma leptin concentrations and
had no effect on ghrelin levels [64]. CPF reduced diet-induced thermogenesis and was also
observed to alter the synthesis of proteins related to lipid metabolism, with an increase in
fat deposition in brown adipose tissue [53].

Similarly, perinatal exposure (during pregnancy) was associated with lower birth
weight [66,67] and more rapid weight gain during puberty in males, and males had an
altered relationship between body weight and leptin levels in adulthood [58]. Perinatal
exposure increased gene expression of lipid metabolism regulatory proteins such as the
Srebfl/Srebplc gene (encoding a protein involved in the regulation of lipogenesis) and the
Pparg gene (encoding a protein related to lipid storage) [67]. Malathion exposure has been
shown to increase body weight and serum glucose levels in mice [59].

3.2.2. Pyrethroids: Bifenthrin, Permethrin, Lambda-Cyhalothrin, Deltamethrin,
and Cypermethrin

The effect of pyrethroids on body weight change has been studied in C57BL/6
mice [51,56,63,72] and in male ICR mice [70]. Deltamethrin was shown to have no sig-
nificant effect on body mass, adipose tissue (although it was associated with a reduction
in fat mass), or insulin tolerance [51]. In contrast, mice exposed to bifenthrin [56] and
permethrin [63] had significantly increased body weight, fat mass, and serum cholesterol
levels. In addition, permethrin reduced GLUT4 gene expression in muscle [52], whereas
the effects of bifenthrin were sex-specific [56].

Exposure to lambda-cyhalothrin [70] and cypermethrin [73] was associated with
increased plasma concentrations of free fatty acids, and increased cholesterol was also
associated with lambda-cyhalothrin, so it could induce overweight and hyperlipidemia.
At the hepatic level, an increase in hepatic lipid accumulation and an increase in PPARy
protein levels (which promote hepatic lipid synthesis) were observed after exposure to
lambda-cyhalothrin [70] and a decrease in PPAR« (regulators of fatty acid oxidation) after
treatment with permethrin [63]. Similarly, cypermethrin treatment was associated with
increased hepatic triglyceride levels [73].

3.2.3. Neonicotinoids: Imidacloprid and Thiamethoxam

Exposure to imidacloprid combined with a high-fat diet was observed to cause sig-
nificant increases in body weight and adipose tissue in male [71] and female [55] mice.
Increased epididymal and retroperitoneal adipose tissue in males [71], increased omental
adipose tissue in females [55], and increased adipocyte size were observed in both sexes
and in males exposed to thiamethoxam. In contrast, thiamethoxam had no significant effect
on body weight.
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With respect to serum markers, exposure to imidacloprid [71] and thiamethoxam [57]
increased levels of TG, free fatty acids, and cholesterol in male mice (in the case of thi-
amethoxam, there was only a significant change in LDL cholesterol). In females, there
were higher TG levels but no significant effects on free fatty acid levels [55]. Imidacloprid
exposure was associated with increased serum glucose levels in males and increased insulin
and leptin levels in both sexes.

In adipocytes, imidacloprid exposure increased fat accumulation and altered lipid
and glucose metabolism, suggesting that it may promote adipogenesis in both sexes. At
the hepatic level, thiamethoxam induced tissue damage, fat accumulation, and steatosis.
In turn, the effects of imidacloprid and thiamethoxam suggest that it may contribute to a
reduction in fatty acid oxidation in the liver [55].

3.2.4. Chlorothalonil

In C57BL/6 and ICR mice treated with low doses of chlorothalonil, there was a
significant increase in body weight and in the weight of liver tissue and white adipose
tissue. In terms of serum parameters, ICR mice showed an increase in glucose and insulin
levels and consequently in the insulin resistance index. In addition, an increase in hepatic
lipid accumulation was observed, which was associated with liver damage, and there was
an increase in adipocyte size in white adipose tissue [52].

Regarding the effects on the microbiota, an alteration in the intestinal microbiota, both
in structure and composition, was observed in mice exposed to the pesticide. This change
was associated with an alteration in bile acid metabolism. The study also shows how the
change in microbiota may be causally related to obesity in chlorothalonil-treated mice [52].

3.2.5. Vinclozolin

Fetal exposure to vinclozolin in mice was not associated with significant changes. In
the F4 litter of exposed mice (transgenerational exposure), a decrease in body weight and
a higher prevalence of obesity were observed. Thus, it is suggested that exposure to this
pesticide could promote transgenerational epigenetic management of various diseases
(including obesity) and sperm epimutations [55].

3.2.6. Difenoconazole

Body weight was significantly decreased in mice exposed to difenoconazole. However,
liver weight increased, and increased lipid deposition and hepatic TG levels were observed.
At the serum level and glucose and cholesterol levels, both HDL and LDL, were reduced.
Thus, it is suggested that it alters glucose and lipid metabolism. However, it is suggested
that although it alters metabolism, it does not have an effect that contributes to obesity [61].

3.2.7. Propamocarb

Male mice exposed to propamocarb showed no significant changes in body weight,
body weight gain, fat content, or changes in hepatic bile levels. In addition, it was ob-
served that hepatic TGs were reduced, which was associated with an alteration in hepatic
lipid metabolism due to propamocarb exposure. Exposure to high doses of propamocarb
was associated with metabolic changes related to altered gut microbiota and microbial
metabolites [72].

3.2.8. Effect of Pesticide Mixtures

Perinatal exposure to a combination of six pesticides (ziram, chlorpyrifos, thiacloprid,
boscalid, thiophanate, and captan) showed no significant differences in body weight and
glucose tolerance. An alteration in the activity of the gut microbiota was demonstrated,
but this did not show an alteration in body weight gain, subcutaneous adipose tissue,
cholesterol levels, or glucose tolerance [74]. The effect of perinatal exposure to a mixture of
six other pesticides (cyromazine, MCPB, pirimicarb, quinoclamine, thiram, and ziram) was
studied and the offspring showed lower birth weight and reduced insulin and glucagon
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production. However, in adulthood, these parameters were equal to those of the control
group, suggesting a possible capacity for recovery. Finally, an alteration in leptin levels was
observed in female rats [62].

3.3. In Vitro Studies

We found seven in vitro studies that evaluated the effects of pesticides on the anatomy
and physiology of hepatocytes and adipocytes and how such effects may contribute
to overweight and obesity (Table 3). The pesticides reviewed in these articles were (3-
cypermethrin, chlorpyrifos, endosulfan, cis-bifenthrin, fipronil, imidacloprid, quizalofop-p-
ethyl, glyphosate, 2,4-D, isoxaflutole, dicamba, quizalofop, and propaquizafop. Only one
article was found for each of the pesticides reviewed in the case of endosulfan, fipronil,
quizalofop-p-ethyl, dicamba, quizalofop, and propaquizafop. Therefore, the level of ev-
idence in these cases is very low. All articles were rated as reliable without restrictions
according to the ToxRTool scale.

Table 3. Characteristics of the in vitro studies included in the systematic review.

Author, Year, Compound/ Type of . . Quality
Country Concentration/Time Tissue Control Main Results Conclusions Index
. . Treatment with .
He B -cypermethrin/ ~ Treated with ; L B-cypermethrin
etal. [75], 25,50, and 100 uM/ b3l DMEM/10%  ypermethiin increased. promotes 16-CSR
2020 China 2,4 and 8 days pocy FBS > autophagy, adipogenesis.
adipogenesis.
. . . . . . Fipronil alters
Sun Q Fipronil/ . Fipronil was associated with . .
etal. [76], 0.1,1,and 10 M/ ST3-LL - Treated with "ol imulation in 3T3-L1  2dipogenesisand 5 ~gp
adipocytes DMSO . . : increases lipid
2016, USA 8 days adipocytes and lipogenesis. .
accumulation.
Park Y Imidacloprid/ ' Im1dac10pr1Fl treatment Irmdaclc?prld cou.ld
3T3-L1 Treated with enhanced adipocyte lipid alter adipogenesis
etal. [77], 10 and 20 uM/ . . . 15-CSR
adipocytes DMSO accumulation and and increase fat
2013, USA 8 days li . .
ipogenesis regulators. accumulation.
. . Quizalofop-p-ethyl, Only QpE showed a The
Biserni M glyphosate, 2,4-D, . - S . .
. . Treated with statistically significant TG lipid-accumulating
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improving their lipid
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of obesity.

3.3.1. Effect on Adipocytes

o (-Cypermethrin

It was observed that exposure of 3T3-L1 adipocytes to 3-CYP for 2—4 days had no sig-
nificant effect on these cells. However, cells exposed to 3-CYP exhibited 20% higher levels
of reactive oxygen species (ROS) and a reduction in mitochondrial membrane potential
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(MMP) levels in differentiated adipocytes. These data suggest that the pesticide induces
autophagy and adipogenesis by increasing oxidative stress [75].

e  Chlorpyrifos

It was observed that exposure of 3T3-L1 preadipocytes to CPF induced a significant
increase in the number of differentiated adipocytes and their internal lipid storage capacity.
In addition, there was an increase in the expression of PPARy and C/EBP« transcription
factors involved in the function of adipogenesis [81].

e  Fipronil

Treatment with the pesticide fipronil significantly increased triglyceride content in
adipocytes. It also affected differentiation and lipid metabolism in adipocytes. A significant
increase in proteins involved in lipid metabolism and storage was observed in the cytoplasm
of adipocytes, resulting in increased lipogenesis and lipid accumulation [76].

e Imidacloprid

Adipocytes treated with imidacloprid showed an increased number of fat droplets
compared to the control group. Triglyceride accumulation was increased by 91% and
116% at imidacloprid concentrations of 10 and 20 uM, respectively. Increases in molecular
markers related to adipocyte differentiation (CCAAT) and enzymes responsible for lipo-
genesis (acetyl-CoA carboxylase and fatty acid synthase) were also observed. However,
imidacloprid exposure did not affect lipid mobilization in 3T3-L1 adipocytes [77].

e  Quizalofop-p-ethyl, glyphosate, 2,4-D, isoxaflutole, dicamba, quizalofop, and
propaquizafop

Exposure to QpE for eight days promoted lipid accumulation in adipocytes. However,
exposure to QpE metabolites was not able to induce lipid accumulation. Considering that
QpE is rapidly metabolized after ingestion, this could indicate that they would not be able
to induce lipid accumulation after ingestion. However, in the same study, the commercial
formulation of QpE was found to be more potent than the active ingredient. Other pesticides
were evaluated in the same study. Treatment with glyphosate, propaquizafop, and 2,4-
D showed no effect on adipocytes, whereas dicamba and isoxaflutole increased lipid
accumulation [78].

e  Fenoxycarb and Pyriproxyfen

It was observed that exposure to fenoxycarb increased lipid accumulation during
3T3-L1 adipocyte differentiation. It also reduced adipocyte viability at high concentrations.
An increase in the expression of PPARy and FATP1, which are involved in fat transport
in adipocytes, was induced. In the same study, the effect of pyriproxyfen was evaluated
and it was observed that it also induced an increase in lipid deposition, although to a lesser
extent than fenoxycarb [79].

3.3.2. Effect on Hepatocytes
e  (Cis-Hifenthrin

HepG2 cells were exposed to cis-bifenthrin for 24 h and an increase in intracellular
triglyceride levels was observed in these cells. It has also been suggested that there may be
an alteration in lipid metabolism by cis-bifenthrin due to the increased activation of PXR
and PPARYy [80].

4. Discussion

In this systematic review on the obesogenic effects of agricultural pesticides, 36 articles
were collected, including observational studies in humans and experimental studies in
animals and in vitro. The collected articles evaluated changes and alterations in body
weight and other anthropometric parameters, as well as metabolic changes that promote
fat accumulation and adipogenesis.
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The results obtained show that some pesticides could promote the development of
obesity, the most studied being chlorpyrifos. However, contradictory results have been
obtained in some cases [50,72,74,75], suggesting the possibility of a potential obesogenic
effect of some pesticides, but without obtaining significant results.

In some animal studies, because of the methodology developed, the quality of the
evidence on the obesogenic potential of some pesticides is still too low to extrapolate the
risk to humans. Data have been obtained on the effect of these pesticides in promoting
obesity through exposure during pregnancy or following exposure of parents or other
progenitors, in addition to their own consumption [54,62,66,74].

Despite the great diversity of results, it is evident that some pesticides might promote
obesity by altering lipid and glucose metabolism, modifying genes, or altering hormone
levels such as leptin. Notably, some pesticides showed no effect or even a reduction in
weight gain and lipid levels, such as propamocarb [72] and difenoconazole [61].

The endocrine-disrupting effects of many pesticides, such as altering estrogenic, an-
drogenic, and thyroid functions, have been observed [4,12,28]. These alterations could
have significant metabolic effects, potentially leading to weight gain and early pubertal
development, which is associated with increased obesity risk in adulthood [82].

The review highlights several limitations, including the moderate to low level of evi-
dence, the predominance of animal and in vitro studies, and the reliance on cross-sectional
observational studies in humans. There are several important limitations to extrapolating
results from animal and laboratory studies to humans. These include biological differences,
the discrepancy between the controlled conditions of experiments, and the complexity of
human reality, genetic variability, and differences in dose and exposure. In addition, ethical
issues play a critical role. Although it is essential to complement animal and laboratory
studies with human clinical trials to validate the results and ensure their applicability and
safety, this is not feasible in this specific case, so human studies are mainly observational.
The diversity of samples studied also limits the ability to draw clear conclusions. Addition-
ally, most studies focus on individual pesticides, whereas the combined effects of multiple
pesticides, which are commonly found in food, remain under-researched [43,44].

In this review, only two studies have been found that study the effect on health of
a mixture of pesticides [62,74] and, in both, the data do not show an effect on obesity.
However, more research is needed in this aspect, since there is the possibility of an additive
or synergistic action of pesticides. This is also the point of the PAN report, which mentions
that the individual effect of pesticides or mixed with other pesticides is not considered [43].

The need for more research on endocrine disrupting pesticides is well documented.
The Endocrine Society and the International Pollutant Elimination Network (IPEN) [83]
have highlighted the profound threats to human health posed by endocrine disrupting
chemicals (EDCs), including pesticides, and have called for urgent action and further
research to understand their full impact. Various agencies such as the Environmental
Protection Agency (EPA) [84], which has re-established its Endocrine Disruptor Screening
Program, and the National Institutes of Health (NIH) [85] have actively discussed new
research focused on interventions to reduce exposure to endocrine disruptors, highlighting
the continued need for research and public input.

In addition, there is a growing call to address misleading claims about the safety of
endocrine disrupting pesticides, such as the European Food Safety Authority’s (EFSA)
guidance on the identification of endocrine disrupting substances in pesticides [86] or
Pesticide Facts’ claims that current scientific evidence shows that pesticides are not asso-
ciated with endocrine disruption at relevant levels of exposure [87]. The aforementioned
comprehensive report by The Endocrine Society and IPEN [83] calls for urgent action to ad-
dress these threats. The World Health Organization (WHO) has also recognized EDCs as a
public health priority, emphasizing the need for improved regulatory strategies and public
education to protect vulnerable populations. The Endocrine Society’s position statement
further emphasizes the importance of public disclosure to ensure that people can make
informed decisions and be protected from the adverse effects of EDCs [88].

176



Biomedicines 2024, 12, 2677

5. Conclusions

This systematic review shows the association between pesticide use and a greater
tendency to be overweight and obese. While some studies suggest this association, clear
and conclusive evidence is lacking. Pesticides such as chlorpyrifos, pyrethroids, and
neonicotinoids were associated with weight gain and other anthropometric changes, while
others such as boscalib and captan were not.

The findings underscore the urgent need for policy action, further research, and public
awareness. From a policy perspective, the findings underscore the need to review regula-
tions governing pesticide use and health effects. Government agencies and regulators need
to consider these findings to develop stronger regulations and promote good agricultural
practices that protect both the environment and human health.

From a research perspective, there is an urgent need for more studies to obtain reliable
results on the relationship between pesticide use and obesity. Long-term exposure effects
and the impact of lifestyle factors, such as high-fat diets, on the obesogenic potential of
pesticides need to be investigated.

Public awareness is essential to drive change. Educating the public about the potential
health risks associated with pesticide exposure can lead to more informed choices and
increased demand for safer agricultural practices. This awareness can also put pressure on
policymakers to implement stricter regulations and support further research.
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