NOVA

HOW BLACKBERRY SHAPES MITOCHONDRIAL
FUNCTION IN OBESITY?

MARIA INES ROCHA MOREIRA TEIXEIRA DUARTE
A dissertation submitted in partial fulfillment of the requirements for the Degree of
Masters in Biomedical Research (Specialization Area: Ageing and Chronic Diseases)

at Faculdade de Ciéncias Médicas | NOVA Medical School of NOVA University Lisbon

September, 2025



HOW BLACKBERRY SHAPES
MITOCHONDRIAL FUNCTION IN OBESITY?

Maria Inés Rocha Moreira Teixeira Duarte

Supervisor: Ana Faria, Associate Professor at NOVA Medical School

A dissertation submitted in partial fulfillment of the requirements for the
Degree of Masters in Biomedical Research (Specialization Area: Ageing and

Chronic Diseases)

September, 2025



o
;@v A
g 2
3} (4
R <

Aknowledgements

This dissertation is the result of the unwavering support | have received over the past two years from
many people. Without them, this work would not have been possible.

First and foremost, | would like to express my deepest gratitude to Professor Ana. From the very
beginning, she allowed me to shape a project tailored to my own interests, always made herself
available whenever | needed, and guided me through every single step. She ensured that | was never
alone and that | was constantly learning throughout the process. Professor Ana embodies what a true
supervisor and teacher should be, and | feel privileged to have had the opportunity to work so closely
and learn under her guidance.

I am also deeply grateful to Professor Jodo Araudjo, who, in the last months of my work, became an
essential part of my learning and supervision. With him, beyond learning Western Blot inside out, |
came to understand, most importantly, why lab work should never be done alone.

To all the members of the Metabolism and Nutrition Lab at NOVA Medical School, thank you for
creating, since day one, such a welcoming environment where everyone immediately feels part of the
group. In particular, | would like to sincerely thank Maria Jodao Almeida, Shamila Ismael, Catarina
Rodrigues, and Gilberto Maia Santos. Each of you supported me in valuable ways: from teaching me
methods, covering for me when | could not be present, or even simply sending me relevant
information for my project. These small but important gestures made my work possible, and | am
truly grateful for the support and team spirit that you brought into this journey.

To my family, the biggest thank you of all. To my mom, whose warm hugs and constant
encouragement remind me that family always comes first, and that with the support of our loved
ones we can achieve what we set out to do. To my father, who not only taught me the importance of
critical thinking but always reassure me that, as long as | keep learning, everything is fine. To Vasco,
my person, who is always there for me, who lifts me up when | fall and celebrates my successes as if
they were his own. And to my grandparents, who, between their quiet presence and the loud noise of
the television, create the home where | feel safest.

This work is the product of two very busy years, but also two of the most enriching years of my life. This
thesis may bear my name, but it stands as proof that no work is ever accomplished alone: it is only
possible thanks to the network of support that stands behind it.

Campo Madrtires da Pdtriag, 130
1169-056 Lisboa - Portugal



o
;@v A
g 2
3} (4
. <

Abstract

Background:

Obesity is closely associated with mitochondrial dysfunction in adipose tissue, leading to impaired
metabolism and increased risk of chronic disease. Blackberries (BB) are rich in anthocyanins,
particularly cyanidin-3-glucoside (C3C), which is metabolized by the gut microbiota into
protocatechuic acid (PCA) and promotes the growth of bacteria that produce indole-3-propionic acid
(IPA). C3G, PCA, and IPA are all believed to influence mitochondrial function.

Objective:

The objective of this study was to investigate the effects of BB, C3G, and associated compounds, PCA
and IPA, on mitochondrial features and dynamics in the context of obesity.

Material and Methods:

Two models were used: an in vivo model of mice with obesity induced by high-fat diet and fecal
microbiota transplantation and an in vitro model of insulin-resistant (IR) 3T3-L1 adipocytes. In mice,
visceral white adipose tissue was analyzed for mitochondrial content and for the expression of
metabolic and thermogenic markers. In adipocytes, cells were treated with BB and its related
compounds and evaluated for their effects on mitochondrial content, ATP levels, ROS production, and
the expression of genes and proteins relevant to mitochondrial activity, including those involved in
fusion, fission, and biogenesis.

Results:

BB supplementation in mice increased mtDNA copy number. In 3T3-L1 adipocytes, IR elevated ATP
levels, while all treatments reduced them, consistent with changes in mitochondrial coupling. IPA
restored mMtDNA levels under IR, whereas C3G reduced them. PCA restored both fusion (MFN2) and
fission (DRP1) markers, while PCA and C3G influenced biogenesis. UCP1 expression increased with IR
but was reduced by BB and PCA, and PGCla expression was differentially modulated by treatments.

Conclusion:

BB and its related compounds may be involved in the modulation of mitochondrial adaptations in
obesity, with distinct compound-specific effects. These findings suggest their potential as
interventions to target mitochondrial dysfunction in metabolic diseases, highlighting the importance
of whole-fruit consumption and the role of the host metabolism.

Keywords:

Adipocytes, adipose tissue, blackberry, cyanidin-3-glucoside, indole-3-propionic acid, mitochondria,
obesity, protocatechuic acid.
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Resumo

Introdugao:

A obesidade estad associada a disfuncao mitocondrial no tecido adiposo, conduzindo a alteracdes
metabdlicas e a um risco acrescido de doengas cronicas. As amoras (BB) sdo ricas em antocianinas,
nomeadamente cianidina-3-glicosideo (C3G), que é metabolizada pelo microbiota intestinal em acido
protocatecuico (PCA) e promove o crescimento de bactérias produtoras de acido indol-3-propiénico
(IPA). Considera-se que a C3G, o PCA e o IPA influenciem a fungdo mitocondrial.

Objetivo:

O objetivo deste estudo era investigar os efeitos da BB, da C3G e dos compostos associados, PCA e
IPA, nas caracteristicas e dindmica mitocondrial em contexto de obesidade.

Metodologia:

Foram utilizados dois modelos: um modelo in vivo de ratinhos com obesidade induzida por dieta rica
em gordura e por transplante de microbiota fecal, e um modelo in vitro de adipdcitos 3T3-L1
resistentes a insulina (IR). Nos ratinhos, o tecido adiposo branco visceral foi analisado quanto ao
conteudo mitocondrial e a expressao de marcadores metabdlicos e termogénicos. Nos adipdcitos, as
células foram tratadas com BB e os seus compostos associados e avaliadas quanto ao conteldo
mitocondrial, niveis de ATP, producao de espécies reativas de oxigénio (ROS) e expressao de genes e
proteinas relevantes para a atividade mitocondrial, incluindo os envolvidos em processos de fusao,
fissdo e biogénese.

Resultados:

A suplementagdo com BB em ratinhos aumentou o nimero de copias de mtDNA. Nos adipdcitos
3T3-L1, a resisténcia a insulina aumentou os niveis de ATP, engquanto todos os tratamentos os
reduziram, concordante com altera¢gdes no acoplamento mitocondrial. O IPA restaurou os niveis de
MtDNA sob IR, enquanto a C3G os reduziu. O PCA restaurou os marcadores de fusao (MFN2) e de
fissao (DRP1), enquanto o PCA e a C3G influenciaram a biogénese. A expressao de UCP1 aumentou
em condicdes de IR, mas foi reduzida pela BB e pelo PCA. A expressdo de PGCla foi diferencialmente
modulada pelos diferentes tratamentos.

Concluséo:

A BB e os seus compostos associados podem estar envolvidos na modulacdo das adaptacdes
mitocondriais em contexto de obesidade, apresentando efeitos distintos e especificos. Estes
resultados sugerem o seu potencial em intervencdes no combate a disfuncao mitocondrial em
doengas metabdlicas, destacando a relevancia do consumo da fruta inteira e o papel de cada
metabolismo em causa.

Palavras-chave:

Acido indol-3-propiénico, &cido protocatecuico, adipdcitos, amora, cianidina-3-glicosideo,
mitocondria, obesidade, tecido adiposo.
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Introduction
Obesity: A Global Health Challenge

Obesity is a chronic and multifactorial disease, characterized by increased adipose tissue (AT) mass
and significant repercussions across different organs and systems, that significantly contributes to
the global burden of non-communicable diseases (NCDs) (1, 2).

According to the World Health Organization (WHO), in 2022 2.5 billion adults (=18 years) were
overweight, and among them, 890 million were living with obesity (3).Based on the latest estimates
by the NCD Risk Factor Collaboration, if no significant interventions are implemented to alter current
trends, the global prevalence of overweight and obesity will continue torise. In fact, it is projected that
by 2030, 50% of adult men and women will be living with overweight, and 17% of men and 22% of
women will be living with obesity (1).

Considering the global challenges that this disease imposes, it is essential that all sectors of society
collaborate to develop solutions to address effectively this issue and create sustainable systems that
would endure over time.

Even though the research in obesity has been increasing in the last years, there are still many gaps to
understand this disease. In fact, in 2025, The Lancet Diabetes & Endocrinology Commission published
a new work on the definition and diagnostic criteria of clinical obesity, suggesting that a clear
consensus on the disease is still evolving. This reflects the ongoing need for studies that can deepen
our understanding of obesity and support the development of more effective treatment strategies
(4).

The Adipose Tissue and the Mechanisms Underlying Obesity

Obesity arises from a complex interplay of environmental, genetic, and physiological factors. In
modern societies, environments increasingly promote behaviours that favour energy imbalance (such
as high-calorie food consumption, sedentary lifestyles, and disrupted sleep patterns), which create
conditions that do not promote the maintenance of a healthy body weight. However, individual
susceptibility to these obesogenic conditions varies, in part due to genetic and metabolic differences.
The latter ones are tightly connected to the function of AT, a central organ in energy storage and
homeostasis (5).

AT is a specialized connective tissue that contains adipocytes and several other cell types, embedded
within capillary and innervation networks that function together as an integrated unit. Although lipid
storage, thermal activity, and mechanical insulation are well recognized classical functions of AT, it is
also considered a multifunctional, metabolically highly active, immune, and endocrine organ that
directly modulates many processes, including energy balance and metabolism. Different types of
adipocytes exist: white adipocytes are specialized in energy storage, brown and beige (brite)
adipocytes contribute to thermogenesis, and pink adipocytes, which appear during pregnancy, are
involved in milk production (2).

In obesity, white adipose tissue (WAT) expands to store excess energy, leading to metabolic and
physiological alterations. As adipocytes enlarge, they undergo functional changes, including altered
signalling to the brain and peripheral organs, increased secretion of proinflammatory cytokines that
contribute to insulin resistance (IR), and other metabolic changes. Organelles within AT, particularly
mitochondria, play a central role in these processes (5).

Mitochondrial Dysfunction in Obesity

Mitochondria are small intracellular organelles often referred to as the "powerhouse of the cell" due to
their central role in producing adenosine triphosphate (ATP), the cell's main energy source. They are
also an important source of reactive oxygen species (ROS) at physiological levels. Mitochondrial
dysfunction has been widely recognized as a commmon feature of several NCDs, including obesity, type
2 diabetes, hypertension, and dyslipidaemia (6).

Obesity is associated with changes in AT, especially WAT. White adipocytes store energy in large lipid

droplets and have relatively low mitochondrial density compared to other cell types. This feature has
resulted in them being relatively under-studied, despite their key role in energy storage (7). However,
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it has been described that mitochondrial copy number is significantly reduced in obesity, which is
linked to lower ATP production (8), and reduced expression of essential mitochondrial proteins (9).

The number and size of mitochondria are regulated by a dynamic balance between two opposing
processes: fusion (joining of mitochondria to share contents and maintain function) and fission
(division of mitochondria to allow turnover and quality control) (10, 11). Mitochondria are dynamic
organelles that continuously undergo these processes, both in dividing and non-dividing cells,
highlighting their role in maintaining cellular energy balance and homeostasis. In obesity, the balance
between mitochondrial fission and fusion is often disrupted, with tissue-specific effects. In AT, reduced
expression of the fission dynamin-related protein 1 (DRP1) impairs mitochondrial division, B-oxidation,
and lipid metabolism. In contrast, deletion of DRP1 triggers endoplasmic reticulum stress and raises
fibroblast growth factor 21 (FGF21), increasing energy expenditure and protecting against diet-
induced obesity. For fusion, lower levels of mitofusinTand 2 (MFNTand MFN2) in AT and hypothalamic
neurons disrupt mitochondrial networks, impair energy metabolism, and increase obesity risk (12).

Beyond dynamics, mitochondrial function also depends on the expression levels of oxidative
phosphorylation (OXPHOS) enzymes, which are often decreased in obesity, leading to impaired fatty
acid oxidation and lower ATP production. At the same time, excessive nutrient and lipid influx in
adipocytes can increase the substrate load on mitochondria, increasing the electron transport chain
activity in the remaining OXPHOS complexes and promoting electron leakage, which elevates ROS
production. Because mitochondrial DNA (mtDNA) lacks the repair mechanisms present in nuclear
DNA (nDNA), it is particularly vulnerable to oxidative damage, and accumulated mutations can
further impair OXPHOS function. Mitochondria-derived ROS also act as signaling molecules within
WAT, with their effects influenced by nutritional status, hormones, and oxygen availability. Chronic
oxidative stress contributes to adipocyte dysfunction by impairing insulin signaling and promoting
inflammation, which further compromises mitochondrial function in AT (8).

Figure 1 summarizes the mitochondrial alterations in WAT in the context of obesity.

Given these alterations, it is important to explore strategies to counteract mitochondrial dysfunction
in obesity, including the identification of compounds with properties that can directly affect it
positively and could be developed as preventive or therapeutic agents.

1. Mitochondrial Number and Function

¢« | miDNA copy number = | ATP production

¢ | Expression of essential mitochondrial
proteins

e | Expression levels of OXPHOS enzymes +
T Substrate overload — T ROS production via
electron leakage

2. Mitochondrial Dynamics (Fusion / Fission)

» | Expression of DRP1 (fission)

e | Expression of MFN1/MFN2 (fusion)

e Imbalance in fusion/fission — Mitochondrial
network disruption — Impaired energy
metabolism

3. Oxidative Stress and Mutations

e T Chronic ROS levels = T Inflammation and IR

¢ T mtDNA mutations — further OXPHOS
dysfunction

Figure 1. Summary of the mitochondrial alterations observed in white adipose tissue (WAT) in
the context of obesity. Image created with BioRender.com.
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Blackberry, its anthocyanins, and related metabolites

Anthocyanins are water-soluble pigments that belong to the flavonoid subgroup, responsible for the
reddish-orange to bluish-purple colour of many fruits and vegetables (13, 14). Recent epidemiological
studies have shown that anthocyanins exhibit antioxidant, anti-inflammatory, and anti-
atherosclerotic effects and may reduce the risk of obesity-related chronic co-morbidities (15). Among
these, cyanidin-3-O-glucoside (C3G) is one of the most abundant anthocyanins in nature and is
particularly prevalent in blackberries, accounting for 80% of total anthocyanins in different cultivars
(16,17). This makes C3G a highly relevant target for research.

Figure 2 shows a simplified representation of the metabolic pathway of C3G following blackberry (BB)
ingestion, as described below.

C3G undergoes extensive metabolism in the gastrointestinal tract, generating a variety of metabolites
that can have bioactive effects. Some of these metabolites are produced directly from C3G, such as
protocatechuic acid (PCA), while others arise indirectly through the modulation of the gut microbiota,
such as indole-3-propionic acid (IPA).

More precisely, after ingestion, C3G begins to be metabolized in the oral cavity, where mastication,
saliva, and enzymatic activity facilitate its release from the BB food matrix and initiate its degradation
(18).

In the stomach, C3GC is relatively stable due to the acidic conditions and can be absorbed by gastric
epithelial cells (1%-10% intact, 10%-20% as first-pass metabolites). Absorption occurs mainly via active
transporters, including bilitranslocase, SGLT1, GLUT1/3, and MCT1 (18).

In the small intestine, conditions are less favorable: the alkaline pH destabilizes C3G, leading to its
conversion into other structures, including colorless forms (19). Factors such as brush border
enzymatic activity, the ability of C3G to be released from the food matrix, and other transport
mechanisms reduce its bioavailability by 40-50% in the small intestine. However, a portion of C3G is
taken up into enterocytes via glucose transporters, primarily SGLT1T and GLUT2. Once inside the
enterocyte, C3G can be hydrolyzed to its aglycone, cyanidin, and further metabolized through phase
| (originating, for example, PCA) and phase Il reactions (methylation, glucuronidation, sulfation) (18).

Despite the above, up to 85% of anthocyanins may reach the distal intestine, indicating incomplete
uptake in the upper gastrointestinal tract (19). The main catabolism of C3G occurs in the distal small
intestine (ileum) and upper large intestine (colon), where the gut microbiota plays a central role.
Compounds that escape absorption in the small intestine reach the large intestine, where microbial
enzymes perform deglucosylation to remove the glycosidic residue and cleave the C-ring, producing
phenolic compounds through dehydroxylation or decarboxylation, such as PCA, which can then be
absorbed or excreted. (18).

Besides C3G metabolism, several studies have reported that its intake is associated with an increase
in beneficial gut bacteria, such as Bifidobacteria, Lactobacillus, and Actinobacillus. C3G contains a -
glucosidic bond linking it to a glucose moiety, which can be cleaved by B-glucosidase enzymes
produced by these bacteria. This enzymatic breakdown provides additional energy that supports
bacterial growth. Moreover, cleavage of the B-glucosidic bond releases the anthocyanidin backbone,
which is further metabolized into phenolic acids, such as PCA. These metabolites contribute to
lowering the intestinal pH, creating an acidic environment that further promotes the proliferation of
probiotic species (20).

Moreover, it appears that manipulation of gut microbiota by anthocyanins can influence the
metabolism of compounds such as tryptophan. In a study by Marques et al. (2018), rats fed a high-fat
diet and supplemented with a BB anthocyanin extract showed significant changes in their intestinal
microbiota composition. These microbial changes affected tryptophan metabolism, a precursor of
serotonin and the kynurenine pathway. Specifically, fecal tryptophan levels were reduced in the BB-
supplemented animals, suggesting an increased conversion of this amino acid into kynurenine
pathway metabolites. Furthermore, urinary levels of quinurenic acid, an end product of the
kynurenine pathway, were elevated in the high-fat diet rats supplemented with BB extract, indicating
activation of this metabolic pathway. Although IPA was not directly measured, these microbiota
alterations suggest that anthocyanin intake could potentially influence IPA production through
microbial tryptophan metabolism (21). Given that IPA is a microbial metabolite derived from
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tryptophan, it is plausible that microbiota shifts modulating tryptophan metabolism could also
influence IPA formation, similar to their effect on kynurenine pathway metabolites.

1. Oral Cavity
« Mastication, salivation, and
enzymatic activity
- Initiate BB degradation

2. Stomach
+ C3G is relatively stable
+ Absorption: 1%-10% intact,
10%-20% as first-pass
metabolites

3. Small Intestine
+ Alkaline pH — C3G unstable
+ Bioavailability: reduced
40-50%

4. Distal Intestine (lleum/Colon)
+ Main catabolism of C3G
+ PCA formation through the
action of microbiota
enzymes

Figure 2. Catabolic process of cyanidin-3-glucoside (C3G) in the body, from ingestion in a blackberry (BB), and its
main changes along the gastrointestinal tract (oral cavity, stomach, small intestine, large intestine), highlighting
the production of PCA and IPA from C3GC and tryptophan, and the role of gut microbiota (19, 22). Image created
with BioRender.com.

Blackberry role in Obesity-Related Mitochondrial Dysfunction

BB and their components, such as anthocyanins and fiber, have been increasingly investigated as
potential dietary interventions to counteract obesity-associated metabolic and mitochondrial
dysfunction. Clinical studies have begun to address these effects in humans. A recent intervention in
overweight and obese adults compared the impact of different berry components (anthocyanins vs
fiber) on cellular bioenergetics. Using high-resolution respirometry of peripheral blood mononuclear
cells, the study revealed that anthocyanins and fiber exerted differential effects on oxygen
consumption, depending on the metabolic state. These findings highlight that distinct constituents
of berries may differentially modulate mitochondrial function in humans (23).

Pre-clinical studies provide further mechanistic insight into how anthocyanins modulate the gut
microbiota. In a mouse model of high-fat diet-induced metabolic syndrome, consumption of
anthocyanins improved disease features, including inflammation, IR, hyperlipidaemia, and others, by
altering the composition of the gut microbiota and the metabolome. Specifically, using 165 rRNA
seguencing, short-chain fatty acid analysis, and fecal microbiota transplants, the study suggested that
Prevotella histicola and acetic acid may be key players in these effects. While these findings show a
clear link between anthocyanins, the microbiota, and improved metabolic health, the exact
mechanisms are still not fully understood (24).

Cellular studies have also looked at how anthocyanins directly affect mitochondria. In 3T3-L1
adipocytes, treatment with C3G or BB extract showed dose-dependent effects. High-dose C3G and
intermediate-dose BB extract lowered mitochondrial content but at the same time increased fatty
acid-based cellular respiration. This suggests that anthocyanins may increase mitochondria efficiency
in adipocytes, supporting their potential anti-obesity effects (25).
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Despite growing evidence from clinical, pre-clinical, and cellular studies, important knowledge gaps
remain. Many bioactive molecules, including polyphenols such as anthocyanins, have been
implicated in the prevention or treatment of obesity, neurodegenerative diseases and other NCDs.
However, further research is needed to delineate the precise molecular pathways underlying
mitochondrial dysfunction in obesity and to unravel the mechanisms by which anthocyanins exert
their beneficial effects (26). Addressing these gaps will be essential for developing novel nutritional
and pharmacological approaches targeting mitochondrial dysfunction in obesity and related

disorders.
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Aims

The main aim of this study is to investigate the effects of BB, C3G, and the associated metabolites PCA
and IPA on mitochondrial features and dynamics in AT in the context of obesity.

The specific aims of this study are:

1. Evaluate the impact of BB supplementation on mitochondrial content and gene expression
of key metabolic and thermogenic markers in visceral WAT from a mice model of obesity.

2. Assessthe effect of a BB extract, C3G, PCA and IPA on mitochondrial content, ATP production,
ROS levels and mitochondrial dynamics in insulin-resistant 3T3-L1 adipocytes.
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Materials and Methods
Visceral White Adipose Tissue from Mice

Visceral WAT from mice was obtained through a previously conducted study, as part of a pre-clinical
trial named "MONET - Unravelling Microbiota-Gut-Brain Axis Pathways in Obesity-Associated
Neuroinflammation: The Blackberry Signature Study.” The experimental protocol is described below
and represented in Figure 3. It was approved by the Portuguese Directorate-General for Food and
Veterinary Affairs, DCAV (Direcdo-Geral de Alimentacdo e Veterindria, approval n°® 0421/000/000/202)
and by the Animal Welfare Responsible Organ of NOVA Medical School - NOVA University of Lisbon,
NMS — UNL (approval n° 22_01_ORBEA). The fecal sample collection from human donors with obesity
for mice transplant was approved by the Ethical Committee of NMS - UNL (approval no.
114/2021/CEFCM) (Supplemental Materials — Appendix 1, Appendix 2, and Appendix 3).

Male C57BL/GJ Mice

Seventy-two male C57BL/6J specific pathogen-free mice (Mus musculus) were obtained with 4 weeks
of age and with an average weight of +20 grams from Charles River® (Spain). All animals were housed
in the NMS Bioterium and kept under controlled temperature conditions (22-24 °C), with 12 h/12 h
light/dark cycles, and had ad libitum access to standard diet and water for 1to 2 weeks as part of their
acclimatization period before the start of the protocol.

After that, the animals were divided into 2 groups (FMT and FMT+BB), with 36 animals each. All
animals had access to the same high-fat, high-sucrose diet, and underwent fecal microbiota
transplantation (FMT) to induce an obese phenotype.

Fecal Microbiota

To perform fecal microbiota transplant, all mice underwent treatment with an antibiotic cocktail
(ampicillin [10 mg/mL], neomycin [10 mg/mL], metronidazole [8 mg/mL], and vancomycin [5 mg/mL])
via orogastric gavage for 7 consecutive days (Day 1-7), with the aim of depleting the animals’ intestinal
microbiota. On the 8th day, fecal material (1 mg/mL in phosphate-buffered saline (PBS)) from 12
human donors with obesity began to be transplanted by orogastric gavage into all mice, once every
2 days over the course of a week (Day 8-14), for a total of 4 transplantations per mice.

Dietary Intervention and Supplementation

Throughout the acclimatization period until Day 14, mice were fed with a standard diet and water ad
libitum. After Day 14 and for 5 weeks, all mice were fed a high-fat, high-sucrose diet ad libitum
containing 45% kcal from lipids and 35% kcal from sucrose.

Additionally, each mice from the FMT+BB group was treated daily via orogastric gavage with 0.4g of
an agueous solution of BB extract, containing 0.011 mg of anthocyanins. This BB extract was obtained
through the dehydration of BB at 60°C for 36 hours. For the FMT group, distilled water was
administered instead of the extract.

Sample Collection

The animals were euthanized on Day 50 through cervical dislocation after anaesthesia with carbon
dioxide (CO,) inhalation. AT was collected for further analysis.

3T3-L1 Cell Culture as an Adipocyte Model

To study the mechanisms related to mitochondrial function and dynamics at the cellular level in the
context of obesity, the cell line of immortalized murine preadipocytes 3T3-L1 was selected, as this cell
line is, to date, one of the most widely used cellular models for evaluating processes related to AT and
its underlying molecular mechanisms (27, 28). For this purpose, the cells were cultured and then
differentiated into adipocytes before applying the treatments required for the different groups. The
entire process conducted in the 3T3-L1 cell line culture, from differentiation to treatment, is
summarized in Figure 4.
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Day -14 Day O Day 7 Day 14 Day 50
Acclimatization Period
(1-2 weeks)
Animals are randomly assigned to groups C

Standard diet and water provided ad
libitum

High-fat high-sucrose diet provided
ad libitum + daily blackberry extract
supplementation (0.011 mg
anthocyanins/animal/day)

High-fat high-sucrose diet provided
ad libitum + daily distilled water FMT group
administration (equivalent volume)

Euthanasia and organ collection Q

FMT+BB group

Figure 3. Schematic overview of the MONET study protocol, which includes the acclimatization period, assignment to the two groups (FMT and FMT+BB), treatment,
euthanasia and tissue collection.
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Proliferation Differentiation . Treatment
confluence Induction
Day -4
Seeding Day -2 Day O Day 2 Day 4 Day 6 Day 8 Day 10 Day 1 Day 12

Culture medium
DMEM
(10% FBS, 1% P-S)

DIM

DMEM (10% FBS, 1% P-S),
500 uM IBMX, 10 pg/mL
Insulin, 250 uM DXM

DPM
DMEM (10% FBS, 1% P-S),
10 pug/mL Insulin

PDM
DMEM (10% FBS, 1% P-S)

IR Inducer
DMEM (0% FBS, 1% P-S),
100 NM Insulin

Treatment conditions
DMEM (0% FBS, 1% P-S),
1 UM BB, Cy3g, IPA, PCA

Figure 4. 3T3-L1 protocol timeline. Four days after reaching full confluence (Day 0), 3T3-L1 preadipocytes were incubated with a differentiation induction medium (DIM),
consisting of Dulbecco’'s Modified Eagle’'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (P-S), 250 nM dexamethasone (DXM),
10 pg/mL insulin, and 500 UM 3-isobutyl-1-methylxanthine (IBMX). After 2 days (Day 2), DIM was replaced with a differentiation progression medium (DPM), composed of
DMEM supplemented (10% FBS, 1% P-S) with 10 pg/mL insulin. On Day 4, the DPM was removed, and cells were subsequently maintained in post-differentiation medium
(PDM), consisting of supplemented DMEM (10% FBS, 1% P/S) only. On Day 10, insulin resistance was induced in fully differentiated adipocytes by incubation in unsupplemented
DMEM (0% FBS, 1% P-S) containing 100 nM insulin for 24 hours. On Day 11, the medium was replaced with the corresponding treatment condition at 1 uM for 24 hours.
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Cell Line, Culture Medium Composition and Conditions for Growth and Subculturing

The murine 3T3-L1 preadipocyte cell line from the American Type Culture Collection (ATCC CL-173) was
obtained through LGC Promochem (Spain), and was used between passage numbers 6 and 32. Cells
were maintained as monolayers in Dulbecco's Modified Eagle’'s Medium (DMEM), which was
supplemented with 15 g/L of NaHCOs, 10% (volivol) fetal bovine serum (FBS) that had been heat-
inactivated at 56°C for 30 minutes, 100 U/mL of penicillin, and 100 U/mL of streptomycin (all reagents
from Sigma-Aldrich, Spain). Cultures were incubated at 37°C in a humidified atmosphere of 5% CO;
and 95% air. The culture medium was renewed every two to three days, and cells were subcultured
every three to four days.

For subculturing, cells at approximately 80-90% confluence (estimated visually) were detached using
a 0.25% trypsin-ethylenediaminetetraacetic acid solution (Sigma-Aldrich) for five minutes. They were
then split at a ratio of 1.3 or 1.5, depending on confluency, and seeded into plastic culture dishes
(surface area of 21 cm?, diameter of 52 mm; Orange Scientific, Belgium).

For the analysis of mitochondrial density, gene expression and protein quantification, cells were
seeded into six-well plastic cell culture plates (surface area of 9.6 cm?; diameter of 347 mm; Orange
Scientific) that had been previously coated with 0.2% gelatin (Darmstadt, Germany). To quantify ATP
synthesis and detect intracellular ROS, cells were seeded into twenty-four-well plastic plates (surface
area of 1.93 cm?; diameter of 16.2 mm: Orange Scientific), coated with gelatin.

Cell Differentiation

Four days after reaching full confluence (designated as Day 0), preadipocytes were exposed to a
differentiation initiation medium (DIM) consisting of DMEM as previously described, supplemented
with 250 nM dexamethasone (DXM), 10 ug/mL of insulin, and 500 uM 3-isobutyl-1-methylxanthine
(IBMX), all from Sigma-Aldrich. On Day 2, this medium was replaced with a differentiation progression
medium (DPM), composed of DMEM containing 10 pg/mL of insulin. On Day 4, this medium was
replaced with a post-differentiation medium (PDM), consisting solely of DMEM. Cells were used for
experiments on Day 10, when more than 80% had fully developed into adipocytes. This was confirmed
by microscope images, which showed the change from a fibroblast-like to a round shape and the
build-up of lipid droplets (Figure 5).

A B

Figure 5. Differentiation of 3T3-L1 preadipocytes into mature adipocytes. Optical microscopy
images (40x) were taken prior to media change on selected days. A. On Day 3 of
differentiation, 3T3-L1 preadipocytes with a fibroblast-like morphology begin to round up and
show shortening of their filaments. B: On Day 10 of differentiation, cells are fully differentiated
into mature adipocytes, showing enlarged lipid droplets.

Insulin Resistance Induction

Ten-day-old differentiated adipocytes were treated for 24 hours with 100 nM insulin (from Sigma-
Aldrich) in FBS-free medium to induce IR, as described elsewhere (29). Wells assigned to the negative
control group were maintained in DMEM (0% FBS, 1% P-S).
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Treatment Conditions

Following the purpose of this study, four different treatments were defined: blackberry extract (BB),
cyanidin-3-glucoside (C3G), indole-3-propionic acid (IPA) and protocatechuic acid (PCA), all used at a
final concentration of 1uM in DMEM (0% FBS, 1% P-S). Each treatment included 4 replicates (wells).

Stock solutions for all conditions were prepared at 1 mM using filtered DMSO as solvent.

On Day 12 (after 24 hours of insulin treatment to induce IR in differentiated 3T3-L1 adipocytes), cells
were treated for an additional 24 hours with one of the above compounds.

Both control (@) and IR groups were treated with 1 yM DMSO in DMEM (0% FBS, 1% P-S).

Sample Analysis
Cellular ATP Quantification

After 24 hours of treatment with the different compounds, 3T3-L1 adipocytes were subjected to a
luminescent cell viability assay based on the quantification of intracellular ATP. This assay relies on a
luciferase-catalyzed reaction, in which luciferin is oxidized in the presence of ATP, Mg?* and molecular
oxygen, resulting in cell lysis and the emission of a luminescent signal. The intensity of this signal is
directly proportional to the amount of ATP and, consequently, to the number of metabolically active
cells.

The kit used was the CellTiter-Glo® 2.0 Assay from Promega. Following the manufacturer's protocol,
the kit reagent (with thermostable Iuciferase and Mg?*) was added to the treated cells. The dilution
used in culture medium was 1:5, and it was chosen based on preliminary observations indicating that
various reagent-to-medium ratios have proportional luminescent signals across all conditions. More
precisely, 1.2 ratio generated signals beyond the calibration curve range, whereas the 1.5 ratio
remained within measurable limits.

After mixing for 2 minutes using an orbital shaker to ensure complete cell lysis, 100 yL from each well
was transferred to a black 96-well plate. The plate was then incubated at room temperature for 10
minutes to allow stabilization of the luminescent signal. Luminescence was recorded using a Tecan
Spark Multimode Microplate Reader, allowing quantification of ATP levels in the samples.

Intracellular ROS Detection

To assess intracellular levels of ROS, a fluorescence-based assay using the 2\7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) probe was performed, as described by Kim et al (30).
DCFH-DA is a non-fluorescent, cell-permeable compound that, upon entering the cell, is hydrolyzed
by intracellular esterases to 2'7'-dichlorodihydrofluorescein (DCFH). In the presence of ROS, DCFH is
oxidized to 2'7'-dichlorofluorescein (DCF), a fluorescent molecule that emits green light at 530 nm
when excited at 485 nm.

After the 24-hour treatment period, adherent 3T3-L1 cells were incubated with a DCFH-DA working
solution (prepared by diluting a 10 mM stock solution in pre-warmed DMEM without FBS) at 37 °C for
30 minutes. Following incubation, the DCFH-DA working solution was removed, cells were washed
once with PBS and lysed with 0.1% Triton X-100 in Tris buffer. After a 5-minute incubation at room
temperature, cell lysates were collected into 1.5 mL tubes and centrifuged at 21,130 x g for 5 minutes
at 4 °C. Afterwards, 100 uL of supernatant from each tube was transferred to a black 96-well plate, and
fluorescence intensity was measured using a Tecan Spark Multimode Microplate Reader under
predefined conditions (excitation 485 nm, emission 530 nm).

To normalize the obtained ROS fluorescence signals, total protein content in each sample was
determined using the EZQ® Protein Quantitation Kit (ThermoFisher). A standard curve of ovalbumin
was generated, allowing the calculation of each sample's total protein concentration based on its
fluorescence value. ROS levels, previously measured, were then normalized to the corresponding
protein content.

DNA Extraction

Genomic DNA was extracted from 50 mg of AT using the QlAamp Fast DNA Tissue Kit (QIAGEN),
following the manufacturer's instructions. Tissue samples were homogenized in Tissue Disruption
Tubes with a digestion buffer containing Proteinase K and RNase A and incubated at 56 °C for 1 hour
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with agitation. After lysis, Buffer MVL was added, and lysates were transferred to silica spin columns.
DNA was purified through successive washes with Buffers AW1and AW?2, and eluted in 50 uL of Buffer
ATE.

Genomic DNA was also isolated from 3T3-L1 cells using the NZV Tissue gDNA Isolation Kit (NZYtech,
MBI135), following the manufacturer's protocol. Cells were resuspended in Buffer NT1, to which
Proteinase K and Buffer NL were added. After a 10-15 min incubation at 56 °C, ethanol was added to
the lysate. The mixture was applied to a silica spin column and washed with Buffers NW1and NW2.
DNA was then eluted in 100 uL of Buffer NE at 70 °C.

Genomic DNA content of all samples was measured using the Nanodrop 200 and then stored at
-20°C.

Mitochondrial Density Analysis

The estimation of mMtDNA copy number was performed by quantitative real-time PCR (gPCR),
following the protocols established by Quiros et al. (31) and Guo et al (32). Both authors state that, in
the same way that cells contain two copies of each chromosome, NDNA to mtDNA ratios can also be
determined, allowing for the calculation of mMtDNA copy number.

For the genomic DNA extracted from AT, gPCR was performed using the following components: 2.5
UL of genomic DNA at a concentration of 40 ng/uL, 0.5 uL of each primer (forward and reverse), 5 UL
of SYBR Green Mix, and 1.5 pL of Milli-Q water, making a total of 10 L per well. For these samples, two
nuclear genes (Hexokinase 2 (HK2) and NDUFV1) and two mitochondrial genes (ND1 and cytochrome
c oxidase subunit | (COT1)) were assessed.

Table 1. Description of target genes and primer sequences used for gPCR analysis of mitochondrial density.

Gene Annealing
Gene name Gene function Primer sequence (5’ -> 3’) temperature
symbol <)
Key glycolytic enzyme; nuclear-
i i F: CCCCCTGCGTATTCTACGTT
HEK2 Hexokinase 2 encoded gene myo\ved in A 63
glucose metabolism and insulin . R: GGGAACACAAAAGACCTCTTCTGG
signaling
Core subunit of mitochondrial
NDUFVI Oxidoreduciacs  gene respondibe for siectron  FI CTTCCCCACTGOCCTCARG s
Core Subunit V1 transfer from NADH to ’
ubiquinone
Mitochondrially Subunit of mitochondrial
Encoded o Complex |; mltochono!ma\— F CTAGCAGAAACAAACCGGGC
NDI1 NADH:Ubiguinone encoded gene essential for ] 63
Oxidoreductase electron transport and proton R CCCGCTCCCTATTCTACGTT
Core Subunit1 pumping
Mitochondrially Cata\ytic subunit of
Encoded mitochondrial Complex IV, F: TGCTAGCCGCAGGCATTAC
COl mitochondrial-encoded gene 63

Cytochrome C
Oxidase Subunit 1

transferring electrons from
cytochrome c to oxygen

R: GGCTGCCCAAAGCAATCACAAC

For the genomic DNA extracted from 3T3-L1 cells, gPCR was performed using the following
components: 10 L of genomic DNA at a concentration of 5.5 ng/uL, 0.5 yL of each primer (forward
and reverse) and 9 uL of SYBR Green Mix, making a total of 20 uL per well. For these samples, one
nuclear gene (HK2) and one mitochondrial gene (NDI1) were assessed.

For all samples, the gPCR conditions were equal: (pre-amplification step) 95°C for 5 min, (amplification
step) 45 cycles of 95°C for 10 s, 63°C for 10 s and 72°C for 20 s. Finally, a melting curve was calculated to
confirm the presence of a single PCR product following these steps: 95°C for 1s, 70°C for 20 s and 95°C
for1s.
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The formulas used to calculate the number of mtDNA copies per sample are shown below:
(M) ACt = Ct(nDNA gene) - Ct(mtDNA gene)
(2) Copies of MtDNA =2 x 24¢t

RNA Extraction and cDNA Synthesis

Total RNA was extracted from approximately 50 mg of AT using NZYol reagent (NZYTech). Tissue
samples were homogenized in 600 uL of NZYol with ceramic beads by vortexing horizontally for 10
minutes. The lysates were transferred to clean 1.5 mL microtubes, including tissue debris when
present. Chloroform (200 pL per 1 mL of NZYol) was added, vortexed for 15 seconds, and incubated at
room temperature for 15 minutes. The tubes were then centrifuged at 12,000 x g for 15 minutes at 4 °C,
and the agueous (upper) phase was carefully transferred to a new tube, avoiding contamination from
the interphase. RNA was precipitated with isopropanol (500 plL per 1 mL of NZYol), incubated for 10
minutes at room temperature, and centrifuged at 12,000 x g for 10 minutes at 4 °C. The pellet was
washed with 75% ethanol (in DEPC-treated water), vortexed, and centrifuged at 7,500 x g for 5 minutes
at 4 °C. After discarding the supernatant, the RNA pellet was incubated at 60 °C until completely dry.
Finally, the RNA was resuspended in DEPC-treated water by pipetting up and down until fully
dissolved.

Total RNA was also extracted from cultured cells using NZYol reagent (NZYTech), following the
protocols described before.

RNA content of all samples was measured using the Nanodrop® 200.

cDNA was synthesized using a PCR Bio-Rad T100 Thermal Cycler and a mix of 8 uL of sample
containing 1ug of total RNA, 10 uL of NZYRT 2x Master Mix and 2 gL of NZYRT Enzyme Mix (NZY First-
Strand cDNA Synthesis Kit; NZYTech; Cat. No. MBI125). This mixture was incubated 10 minutes at 25 °C,
30 minutes at 50 °C and 5 minutes at 85 °C. Afterwords, 1L of NZYRNase H was added to each tube
and incubated by 20 minutes at 37 °C and 5 minutes at 85°C. To finalize, 21 uL of Milli-Q water was
added to each tube, resulting in a final concentration of 25 ng cDNA/UL.

Gene Expression Analysis

The analysis of the expression of important markers of mitochondrial function and activity was
conducted through the gPCR of the cDNA previously synthesized.

The genes assessed in the AT samples were CIDEA, PGCla, Dio2, PPARa, PPARy, TMEM26, and UCP1,
while those assessed in the 3T3-L1 samples were PGCla, PPARy, UCP1, MCP1, and AhR.

For all genes, gPCR was performed using the following components: 2.5 uL of cDNA at a concentration
of 25 ng/uL, 0.5 uL of each primer (forward and reverse), 5 uL of SYBR Green Mix, and 1.5 uL of Milli-Q
water, making a total volume of 10 yL per well. gPCR conditions were similar for all genes, with
variations only in the annealing and extension temperatures. The program was as follows: (pre-
amplification step) 95°C for 5 minutes; (amplification step) 45 cycles of 95°C for 10 seconds, annealing
temperature for 10 seconds, and 72°C for 20 seconds. Finally, a melting curve was generated to
confirm the presence of a single PCR product, with the following steps: 95°C for 1 second, 69-72°C for
20 seconds, and 95°C for 1 second. At the end, the expression of all genes was normalized to HPRT.
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Table 2. Description of target genes and primer sequences used for gPCR analysis of marker of mitochondrial

function.

Gene
symbol

Gene name

Gene function

Primer sequence
(5"->3)

Annealing
temperature
(°C)

HPRT

CIDEA

PGCla

Dio2

PPARa

PPARY

TMEM26

UCPI

Hypoxanthine
Phosphoribosyltransferase

Cell Death Inducing DFFA
Like Effector A

Peroxisome Proliferator-
Activated Receptor
Gamma Coactivator 1
Alpha

Type Il lodothyronine
Deiodinase

Peroxisome Proliferator-
Activated Receptor Alpha

Peroxisome Proliferator-
Activated Receptor
Gamma

Transmembrane Protein
26

Uncoupling Protein 1

Nuclear-encoded gene;
enzyme in purine salvage
pathway; widely used as a
housekeeping gene in
gPCR

Nuclear-encoded gene;
lipid droplet-associated
protein, promotes lipid
storage and regulates
thermogenesis in
brown/beige adipose
tissue

Nuclear-encoded gene;
master regulator of
mitochondrial biogenesis
and oxidative metabolism;
coactivates PPARs and
other transcription factors

Nuclear-encoded gene;
enzyme that converts
thyroxine (T4) into active
trilodothyronine (T3),
essential for thermogenic
activation of brown/beige
adipocytes
Nuclear-encoded gene;
nuclear receptor that
regulates fatty acid
oxidation and lipid
metabolism
Nuclear-encoded gene;
nuclear receptor critical
for adipocyte
differentiation, lipid
storage, and insulin
sensitivity
Nuclear-encoded gene;
surface marker of beige
adipocytes, associated
with thermogenic
capacity
Mitochondrial-encoded
gene; protein in the inner
mitochondrial membrane
that uncouples oxidative
phosphorylation,
generating heat (non-
shivering thermogenesis)

F: GCCCCAAAATGGTTAAGGTT
R: CAAGGGCATATCCAACAACA

F: GGCCGTGTTAAGGAATCTGC
R: GTATGTGCCCGCATAGACCA

F: TGGATGAAGACGGATTGCCC
R: AGAGCTTCTTAAGTAGAGCACGGC

F: CTTCTGAGCCGCTCCAAGCTC
R: CCCACGTTTAACCTGTTTGTAGGC

F: CCCTGAACATCGAGTGTCGAA
R: TTCGCCGAAAGAAGCCCTTA

F: GGTGTCATCTTAACTGCCGGA
R: GCCCAAACCTGATGGCATTG

F: GAAACCAGTATTGCAGCACCC
R: CCCATTCCATTGGTGGCTCT

F: ATACTGGCAGATGACGTCCC
R: GGTACGCTTGGGTACTGTCC

58

60

60

59

62

62

62

6l

Protein Collection

Proteins were extracted from 3T3-L1 cells using RIPA lysis buffer (Boster Biological Technology)
containing a protease inhibitor cocktail (Sigma, P8340; dilution 1:50). Cell monolayers were rinsed
three times with 1 mL of ice-cold PBS, and resuspended in 1 mL lysis buffer. The lysates were aliquoted
and stored at -80 °C until further analysis.

Mitochondrial Dynamics Assessment

To assess variations among the different groups of 3T3-L1 cells in key mitochondrial dynamics
processes, the levels of the following proteins were quantified by Western blot: Mitofusin-2
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(mitochondrial fusion), DRP1 (mitochondrial fission), PGCla (mitochondrial biogenesis) and Parkin
(mitophagy). Cell lysates were resuspended 1.2 (V) in a mixture of Laemmli sample buffer (Bio-Rad)
and beta-mercaptoethanol (Millipore-Sigma), and this mixture was heated at 100°C for 10 min to
denature proteins. Twenty to thirty micrograms of protein/sample were loaded onto 4-15% precast
polyacrylamide gels (Bio-Rad) and proteins were separated by electrophoresis and transferred to
nitrocellulose membranes (GE Healthcare-Amersham Biosciences, United Kingdom) using a wet
transfer method (Bio-Rad) for 95 minutes at 100V in a cold environment. Membranes were then
blocked for 1 hour at room temperature in PBS containing 0.1% (vA) Tween-20 (TPBS) and 5% (W)
skimmed milk powder (Molico, Nestlé, Switzerland). After blocking, membranes were incubated
overnight at 4 °C with the appropriate primary antibodies, following the supplier's instructions. After
incubation, memlbranes were washed three times for 10 minutes in TPBS, then incubated for 1 hour
with gentle shaking with the appropriate secondary antibody, again following supplier instructions.
Membranes were washed again (3 x 10 minutes) in TPBS. The proteins of interest were then visualized
by chemiluminescence using the ChemiDoc™ Touch Imaging System (Bio-Rad), after incubation
with SuperSignal™ West Pico PLUS substrate (Thermo Fisher Scientific, USA) for 3 — 3.5 minutes. The
relative band densities of each protein were quantified using Fiji software (version 2.9.0/1.53t) and
expressed as a ratio relative to GAPDH.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 10.0.0 (CGraphPad Software, USA).
Data are presented as mean * standard error of the mean (SEM). n represents the number of replicate
wells analysed per treatment. For comparisons between two groups, unpaired two-tailed Student’s t-
test was used. When more than two groups were analysed, one-way ANOVA was performed, followed
by Brown-Forsythe and Bartlett's tests to assess homogeneity of variances. Differences were
considered statistically significant when p < 0.05.
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Results

Blackberry Supplementation Increases Mitochondria Content in Mice Adipose Tissue

Mitochondrial DNA was evaluated in AT through gPCR. In Figure 6, a significant increase in mtDNA

copy number can be seenin the group supplemented with BB (FMT+BB) compared to the FMT group
(p <0.07).
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Figure 6. Mitochondrial DNA (mtDNA) copy number in adipose tissue under different treatment conditions.
Values represent the average of the ratio mtDNA/NDNA copy numbers calculated by NDI/HK2 (Figure 6A) and
CO1/NDUFV1 (Figure 6B) gene ratios. Experimental groups include mice subjected to a high-fat diet plus fecal
microbiota transplantation (FMT), and high-fat diet plus FMT and blackberry extract (FMT+BB). Each bar
represents the mean + SD (n=7-8). **p < 0.01.

Blackberry Supplementation Potentially Enhances Thermogenesis in Mice Adipose
Tissue

Through gPCR of cDNA extracted from visceral AT, it was possible to evaluate the expression of
relevant genes for the metabolic activity of adipocytes. Table 3 shows data indicating that there are
no significant differences between the groups (FMT vs. FMT+BB) for any of the genes analyzed
(MCIDEA, mMPGCla, mDio2, mPPARa, mMPPARy, mTMEM26, mUCP1). However, it is still interesting to
note an apparent trend related to thermogenesis genes, i.e. an increased expression of TMEM26, UCP],
and Dio2 in the in the FMT+BB compared with the FMT group.

Table 3. Relative gene expression of mCIDEA, mPGCla, mDio2, mPPARa, mMPPARy, MTMEM26, and mUCP1 in
subcutaneous adipose tissue, across the experimental groups: Fecal Microbiota Transplantation (FMT), and FMT
supplemented with blackberry extract (FMT+BB). Expression was normalized with HPRT expression. Data are
expressed as mean Cq (SD).

FMT FMT+BB
(n = 36) (n = 36) p Value
MCIDEA 0.007 (0.008) 0.008 (0.004) 0.841
MPGCla 0018 (0.018) 0.006 (0.002) 0157
mDio2 0.018 (0.026) 0,045 (0.088) 0.442
mPPARG 0.003 (0.003) 0.001 (0.002) 0418
mMPPARy 0149 (0.058) 0128 (0.074) 0623
MTMEM26 0.003 (0.006) 0.005 (0.007) 0673
mUCPT 0.003 (0.004) 0.010 (0.014) 0266
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BB, C3G, IPA, and PCA Treatments Reduce ATP Content in Insulin-Resistant 3T3-L1 Cells

Mitochondria in white adipocytes are the main source of ATP production, which is essential to sustain
the metabolic activity of cells and tissues (33). Based on this, it is reasonable to assume that a more
metabolically active cell would produce higher levels of ATP.

Insulin-resistant adipocyte cell model was treated with BB extract, the main anthocyanin present C3G,
IPA and PCA, which are microbiota’ and anthocyanin' metabolites respectively, and ATP production
was evaluated. In Figure 7 it is presented the average ATP concentration measured in each study
group. An increase in ATP concentration was observed in the group with IR alone, compared to the
control. Conversely, a decrease in ATP concentration was observed in the groups with IR treated with
BB, C3G, IPA and PCA.
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Figure 7. ATP concentration (uM) in 3T3-L1 adipocytes under different experimental conditions.
Groups include untreated control cells (@), insulin resistant (IR) cells, and IR cells treated with either
blackberry (BB), cyanidin-3-glucoside (C3G), indole-3-propionic acid (IPA), or protocatechuic acid
(PCA), all used at a final concentration of TuM in DMEM (0% FBS, 1% P-S). Each bar represents the
mean + SD (n=4). *p < 0.05 vs control (@); #p < 0.05 vs IR.

ROS Levels Are Not Altered in Insulin-Resistant 3T3-L1 Adipocytes After BB, C3G, IPA, or
PCA Treatment

It is known that obesity relates with oxidative stress in AT, including elevated ROS levels (34). In
Figure 8, it is possible to observe that ROS levels did not significantly differ across groups (@, IR, BB,
C3G, IPA, PCA), but there is a trend towards lower ROS production in IR adipocytes and a slight
increase upon treatment (BB, C3G, IPA, or PCA).
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Figure 8. Intracellular ROS levels normalized to total protein content (expressed as RFU
per mg protein) in 3T3-L1 adipocytes under different experimental conditions. Groups
include untreated control cells (@), insulin resistance (IR) cells, and IR cells treated with
either blackberry (BB), cyanidin-3-glucoside (C3G), indole-3-propionic acid (IPA), or
protocatechuic acid (PCA), all used at a final concentration of 1uM in DMEM (0% FBS, 1%
P-S). Data are presented as mean = SD (n=3-4).

Blackberry Anthocyanin Modulates Mitochondrial Content in 3T3-L1 cells
The mtDNA in 3T3-L1 cells was evaluated through gPCR. In Figure 9, the mtDNA copy number is

expressed as the gene ratio of ND1 to HK2. A reduction in mtDNA copy number induced by C3G
compared to control conditions was observed, as well as an increase induced by IPA compared to IR.

ND1/HK2
3000+

2000+

1000- [ 1

i E=Eai=
(%] IR BB C3G

Figure 9. mtDNA copy number in 3T3-L1 cell line under different experimental conditions.
Groups include untreated control cells (@), insulin resistance (IR) cells, and IR cells treated
with either blackberry (BB), cyanidin-3-glucoside (C3G), indole-3-propionic acid (IPA), or
protocatechuic acid (PCA), all used at a final concentration of 1uM in DMEM (0% FBS, 1%
P-S). Data are presented as mean = SD (n=2-4).
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Insulin Resistance Disrupts Mitochondrial Dynamics, While PCA Partially Restores
Fusion and Fission in 3T3-L1 Cells

Western blot analysis allowed us to assess differences in key mitochondrial dynamic processes within
the established groups (&, IR, BB, C3G, IPA, PCA), more precisely at the level of mitochondrial fusion
(via mitofusin-2), mitochondrial fission (DRP-1), mitochondrial biogenesis (PGCla) and mitophagy
(Parkin).

Figures 10A, 10BT1, 10C1, 10D1 and 10E1 show Western blot bands for the analyzed proteins across
experimental groups, while Figures 10B2, 10C2, 10D2 and 10E2 present the corresponding
guantification plots, illustrating variations in protein expression and related mitochondrial processes.

Figures 10B1 and 10B2 shows that mitofusin-2 expression was significantly reduced in IR cells
compared to control conditions, indicating impaired mitochondrial fusion in IR, while PCA treatment
partially reversed this effect.

Similarly, in Figures 10C1 and 10C2, we observed that DRP-1 protein levels were significantly increased
in the PCA group compared to the IR group.

In Figures 10D1 and 10D2, PGClq, a regulator of mitochondrial biogenesis, was significantly decreased
in the IR group compared to the control. This reduction was further observed in all treatments except
PCA, highlighting that both IR and bioactive compound supplementation can modulate
mitochondrial biogenesis.

Regarding Parkin protein levels (Figures 10ET and 10E2), they remained unchanged across all groups,
indicating that mitophagy may not be significantly affected under these conditions.

Altogether, these results suggest that IR disrupts mitochondrial fusion and biogenesis, while
treatments, particularly with PCA, appear to restore or modulate fusion and fission processes.
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Figure 10. Expression of key
proteins involved in
mitochondrial dynamics across
experimental groups.
(A, B1, C1, DI, El) Western blot
images for each group (three
replicates per group) and for
each protein analyzed (GAPDH,
MFN2, DRP1, PGCCla, Parkin).
(B2, C2, D2, E2) Quantification of
protein expression, calculated
as the ratio of target protein
band intensity to GAPDH, for:
(B2) Mitofusin-2 (fusion), (C2)

DRP-1 (fission), (D2) PGCla
(biogenesis), and (E2) Parkin
(mitophagy). Groups include
untreated control cells (&),

insulin resistance (IR) cells, and
IR cells treated with either

blackberry (BB), cyanidin-3-
glucoside (C3Q), indole-3-
propionic acid (IPA), or

protocatechuic acid (PCA), all
used at a final concentration of
TuM in DMEM (0% FBS, 1% P-S).
Data are expressed as mean =
SEM (n=3-4). *p value < 0.05, * p
value < 0.01, ** p value < 0.001, #
p value < 0.0001 vs. control
group (D).
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BB And PCA Modulate Thermogenesis and Mitochondrial Biogenesis in 3T3-L1 cells

Figure 11 presents the relative gene expression levels of selected target genes related to mitochondrial
function (MUCP1 and mPGCla) in differentiated 3T3-L1 adipocytes across experimental conditions.
Regarding the impact of IR, an increase in UCP1 expression is observed, which is counterbalanced by
the different treatments applied (BB and PCA). This contradictory effect between IR and a treatment
is also noticed for mMPGCla, but in this case only for C3GC and in an opposite way: a tendency for
decreased expression in IR compared to control conditions, but a significant increase in C3G vs. control
conditions.

The expression of the remaining genes studied (MPPARy, mMCP1, and AhR) did not show significant
differences between the control and any of the treatment groups (Table S1). In general, mPPARy and
MMCP1 expression levels remained stable across all comparisons, while AhR expression showed a
trend toward higher values in the BB and C3G groups.
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Figure11. Relative expression of genes related to mitochondrial function in differentiated 3T3-L1 adipocytes, across
experimental groups. A: mUCP1; B: mPGCla. Gene expression normalized with HPRT. Groups include untreated
control cells (@), insulin resistance (IR) cells, and IR cells treated with either blackberry (BB), cyanidin-3-glucoside
(C3Q), indole-3-propionic acid (IPA), or protocatechuic acid (PCA), all used at a final concentration of TuM in
DMEM (0% FBS, 1% P-S). Data are expressed as mean Cq (SD) (n=3-4). *p value < 0.05 vs @. ** p value < 0.005 vs @.
# pvalue <0.05vs IR.
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Discussion

Mitochondria are organelles found in eukaryotes that are essential for energy metabolism and cellular
homeostasis, and which dysfunction has been constantly linked to the pathogenesis of obesity (35).
Therefore, it is important to learn about this organelle under obesity conditions and explored them as
a target for novel therapeutic approaches.

Over the last years, polyphenols, and more importantly anthocyanins, have been recognized as
potential adipocyte metabolism and mitochondrial function regulators (36, 37, 38).

According to such context, the present work aimed to investigate the impact of BB supplementation
and its major anthocyanin component, C3G, and microbial metabolites, PCA and IPA, on
mitochondrial function in obesity. The approach used considered of two models: (i) in vivo, through
analysis of AT samples from the MONET pre-clinical trial, where the impact of BB supplementation
was tested using a diet-induced model of obesity in humanized mice through human FMT; and (ii) in
vitro, using 3T3-L1 adipocytes with IR, treated with BB extract or with isolated compounds.

Blackberry Supplementation in Mice Adipose Tissue

We observed that BB supplementation significantly altered mtDNA copy number in AT compared to
the control (unsupplemented) group. Since MtDNA copy number is generally accepted to be a
marker for mitochondrial content and biogenesis, the observation here shows that consumption of
blackberry increases mitochondrial content. This agrees with previous research demonstrating
anthocyanin-high diet increases markers of mitochondrial biogenesis, including PGCla (39).

To note that the mtDNA copy number increase was not coupled with statistically significant gene
expression modifications for biogenesis markers like PGCla. This apparent contradiction calls for some
some considerations. The mMtDNA content will not always be accompanied by transcriptional
regulation at the point of measurement. Biogenesis is a dynamic process and transcriptional
activators such as PGCla would be anticipated to produce transient peaks, not found at some arbitrary
time point (40). So, biogenesis could have occurred earlier with supplementation and the mtDNA
increase at the tissue level as a residual effect maintained after transcriptional upregulation.

No significant alterations on the expression of genes for thermogenesis were observed in control AT
samples, but a rising trend in TMEM26, UCP1, and Dio2 gene expression was noticed in the BB-
supplemented group. These genes are most often associated with white adipose browning, an
energy-enhancing process via activation of thermogenesis (41). Even transient stimulation of
thermogenic markers can improve energy balance, as demonstrated in models where activation of
Dio2 or UCP1 led to an increase in whole-body oxygen consumption (42, 43). Over the long term, such
increases in energy dissipation may shift the energy balance away from fat storage, thereby limiting
weight gain and improving metabolic outcomes (44). Thus, mild browning responses could be an
important mechanism to switch the trajectory of obesity.

Together, these findings support the idea that BB supplementation favours mitochondrial adaptation
of AT by increasing mitochondrial content. Although the exact mechanisms remain unclear, there
have been multiple plausible explanations that can be derived from the literature. Anthocyanins and
their metabolites have been reported to stimulate mitochondrial biogenesis and oxidative pathways
(45, 46), enable antioxidant protection against ROS accumulation, and modulate the gut microbiota,
whose metabolic products might also have a systemic impact. Therefore, studies have to target not
only BB supplementation per se, but also the anthocyanin constituents and their metabolites.

BB, C3G, PCA and IPA Supplementation on 3T3-L1 Adipocytes

To support the in vivo results, 3T3-L1 differentiated adipocytes were used as this is a model widely used
to study adipocytes biology (25, 27, 28, 29). IR was either induced or not, in order to mimic a metabolic
feature of obesity, and cells were subsequently treated with different compounds (BB, C3G, PCA, and
IPA). Based on the available literature, the following parameters were selected to have a
comprehensive view of mitochondrial function: ATP production, ROS levels, mitochondrial content,
and specific genes and protein expression related to mitochondrial function (6, 23, 42, 43, 44).
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ATP is the primary energy unit of the cell, essential to sustain most biological processes. Under
physiological conditions, ATP is predominantly produced in the mitochondria through oxidative
phosphorylation, making its quantification a relevant parameter to monitor mitochondrial function
(47).

It was expected to obtain a lower ATP concentration in the IR group, as it is a feature of obesity, and
an increased ATP concentration with treatments (33). However, our results showed increased ATP
production in the IR group, followed by a reduction with all treatment. This suggests that, despite the
unfavourable environment of IR, cells promote ATP production through alternative pathways. More
precisely, a plausible explanation is a metabolic switch from oxidative phosphorylation to
compensatory glycolysis, a mechanism similar to the Warburg effect of cancer cells (47). In Yang C et
al it was shown that insulin exposure (e.g., 100 nM for 48h) can induce mitochondrial uncoupling,
leading to increased oxygen consumption without losing the function of ATP production (48).
Consequently, ATP content increases in IR cells, not due to enhanced mitochondrial activity, but due
to glycolytic compensation. All treatment groups show decreased ATP levels, which can be due
improved mitochondrial coupling and suppression of this compensatory mechanism.

Considering that obesity is generally associated with increased oxidative stress (9, 10), it could be
expected that ROS levels would be elevated in the IR group and diminished in the treatment groups.
However, this was not observed. Although not statistically significant, our findings are consistent with
the ATP results, as IR cells showed a tendency toward reduced ROS levels compared with control,
while treatments resulted in higher ROS levels relative to IR. Reduced ROS in IR adipocytes could
reflect decreased electron flux through the electron transport chain, consistent with impaired
oxidative metabolism and reliance on glycolysis. Treatment with BB, C3G, PCA, and IPA slightly
increased ROS levels, which is indicative of reactivation of mitochondrial respiration. Thus, the ROS
pattern observed here supports the hypothesis that treatments re-adjust the energy metabolism in
the mitochondria, shifting cells away from glycolytic compensation.

When assessing mitochondrial content, we observed treatment-specific effects: IPA increased
MtDNA compared to IR cells, whereas C3G reduced it compared to control (@). PCA showed a slight,
upward trend, and whole BB had no effect. These contrasting outcomes highlight that anthocyanins
and their metabolites do not act on the same targets or by the same mechanisms.

The increase in mMtDNA with IPA points to a stimulation of mitochondrial biogenesis or protection of
MtDNA integrity. Previous work has shown IPA to be a strong antioxidant capable of upregulating
genes involved in mitochondrial maintenance, such as SIRT1 (49). Regarding C3G, it was not expected
to be reduced, since anthocyanins are usually thought to promote biogenesis. One possible
explanation is that, as mitochondrial efficiency improves, cells may not need as many mitochondria,
leading to a lower steady-state mMtDNA content. In the end, these opposite effects of C3G and IPA
illustrate the complexity of anthocyanin metabolism, where compounds and their metabolites can
act through very different mechanisms.

Gene and protein expression were evaluated by gPCR and Western blot, respectively, to search for
differences in key mitochondrial processes.

Western blotting revealed important data on mitochondrial fission/fusion dynamics. IR reduced
expression of MFN2, consistent with impaired fusion capacity. It has been reported that impaired
mitochondrial fusion is usually counterbalanced by the promotion of mitochondrial fission, and vice
versa (50). However, our model reveals another side of these processes: a clear decrease in fusion (as
observed in the IR group) can occur without a compensatory increase in fission. This suggests that IR
may reduce overall mitochondrial dynamics, rather than merely shifting the fission/fusion balance.

Additionally, PCA treatment increased significatively, with regards to IR group, MFN2 (fusion) and
DRPI1 (fission). As a balanced fission and fusion are central to maintaining mitochondrial quality, and
disruptions in this process are intimately linked to IR (51), having a metabolite (PCA) restoring it is an
important finding. The remaining treatments, even though without significative difference, follow the
same trend as PCA (increased expression of MFN2 and DRP1in comparison with IR).
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Regarding protein content, the expression of PGCla, involved in mitochondrial biogenesis, decreased
in all groups (IR, BB, C3G, IPA) compared with baseline, except PCA. Additionally, it is important to
remember that in IPA it was observed an increased in mitochondrial content. This apparent
discrepancy between decreased PGCla expression and increased mtDNA copy number in the IPA
group may be explained by the fact PGCla activity is also transient and dose-dependent, with early
peaks (2-8 h) that may not reflect total levels at 24-48h (52). Therefore, despite being unexpected,
MtDNA increase, as seen with IPA, can occur even if PGCla is reduced, reflecting complex
mitochondrial regulation.

Regarding PGCla gene expression, it was significantly different than what was observed in protein
content. More specifically, C3G treatment increased PGCla, gene expression, having C3G a reduced
protein content. This shows that transcriptional upregulation was not acutely matched to increased
mitochondrial content, either due to dose or timing limitations. As referred before, PGCla activity itself
is transient, peaking a few hours after stimulation (40).

Considering that both mRNA and protein levels were assessed for PCGCla, differences observed for the
same treatment likely reflect post-transcriptional regulation, timing, and translation efficiency. This
aligns with the view that mitochondrial function is modulated not only at the transcriptional level but
also through post-transcriptional mechanisms that adjust protein composition according to cellular
metabolic needs and environmental conditions (54).

Mitophagy, as assessed by Parkin protein expression, did not differ significantly between groups. This
may indicate that dynamic changes in Parkin recruitment occurred at earlier timepoints and may
have plateaued by 24 h (53).

For thermogenesis, UCP1 gene expression was increased in the IR group, suggesting there was heat
generated as a result of balancing the proton gradient that was not dissipated through ATP
production, due to mitochondrial uncoupling. Conversely, BB and PCA treatments reduce UCP],
indicating improved coupling and energy efficiency, consistent with ATP normalization.

Overall, the use of a cellular model in this study allowed us to shed light on the direct effects of BB
and its compounds and metabolites on adipocyte mitochondria, providing mechanistic insights that
complement the findings from animal studies.

Proposed Integrative Model of Blackberry, C3G, PCA and IPA Action in Obesity

Based on the present findings, a model integrating these mechanisms can be proposed (Figure 12).

In the context of obesity, IR disrupts mitochondrial coupling, reduces fusion, impairs mitochondria
biogenesis, and induces compensatory UCP1 expression as a means to dissipate excess proton
gradient. These maladaptive responses are accompanied by elevated ATP and reduced ROS,
consistent with a metabolic shift toward glycolytic compensation rather than efficient oxidative
phosphorylation.

BB-derived compounds appear to counteract these alterations through complementary, yet distinct,
mechanisms. In AT, BB supplementation increased mtDNA content. In 3T3-L1 adipocytes, IPA
increased MtDNA levels, consistent with stimulation of biogenesis or preservation of mMtDNA integrity.
PCA restored mitochondrial dynamics through increasing both MFN2 (fusion) and DRP1 (fission). C3G
upregulated PGCla gene expression but was associated with reduced protein levels and mtDNA
content, pointing to a transient or partial activation of the biogenesis pathway. Whole BB extract
decreased UCP1 expression and, together with PCA, promoted more efficient OXPHOS, which aligns
with the normalization of ATP and ROS levels observed across treatments.

This theoretical and integrative model highlights that no single compound fully restores
mitochondrial function. Instead, anthocyanins and their metabolites act through partially overlapping
and sometimes divergent pathways whose combined action has an important impact on
mitochondrial efficiency. Such complementarity means the effects cannot and should not be
attributed to a single compound or metabolite, but to the complex mixture of bioactive compounds
present after the consumption of anthocyanin-rich fruits. Notably, the profile and number of
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metabolites generated will be determined by host metabolism and gut microbiota composition,
which is, in turn, dependent on multiple host-related factors. This serves to highlight why whole-fruit

intake may provide benefits that cannot be reproduced by isolated compound supplementation.
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Figure 12. Proposed integrative model of blackberry (BB), cyanidin-3-glucoside (C3G), protocatechuic acid (PCA),
and indole-3-propionic acid (IPA) action in obesity. Representation of an insulin resistant adipocyte, characterized
by impaired fusion, reduced biogenesis, mitochondrial uncoupling with consequent UCP1 upregulation and heat
dissipation, decreased ROS generation, and a glycolytic shift leading to increased glycolysis and ATP production.
Treatments counteracted these impairments in specific ways: PCA restored mitochondrial dynamics by
increasing MFN2 and DRP1 expression; BB and IPA increased mtDNA content, while C3G upregulated PGCla
gene expression; BB and PCA improved coupling by reducing UCP1 expression and enhancing OXPHOS, leading

to lower ATP content and higher ROS generation. Image created with BioRender.com.
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Conclusion

In conclusion, this work shows that BB can modulate mitochondria dynamics, and that not only the
fruit itself but also its compounds and metabolites can modulate mitochondrial function in obesity
through compound-specific mechanisms. Using both animal and cellular models, we observed that
these compounds act on key mitochondrial processes, including biogenesis, coupling, and
thermogenesis, contributing to improved mitochondrial efficiency. While further studies are required
to confirm these findings in vivo and to establish their translational relevance, our results support the
potential of whole anthocyanin-rich berries as promising candidates to counteract mitochondrial
dysfunction and metabolic alterations associated with obesity.
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PARA REALIZACAO DE PROJETO DE EXPERIMENTACAO ANIMAL

Na sequéncia do pedido efetuado por V. Ex* no sentido de poder ser autorizada
a realizacdo do projeto experimental designado “MONET- O desafio do eixo
microbiota-intestino-cérebro na neuroinflamagdo associada d obesidade: o papel
do consumo de amora”, tendo como investigadora responsavel a Doutora Ana
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“protecdo dos animais utilizados para fins cientificos”. Sendo o resultado desta
avaliacdo favoravel, informa-se V. EX.* que o projeto em aprego foi autorizado
de acordo com o n.° 1, do Artigo 42° do mesmo diploma legislativo.
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que a aplicagdo dos limites criticos estabelecidos para cada um dos
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severidade nas categorias ligeira, moderada e severa, devera ser feita no sentido
de se atualizar a severidade efetiva a que os mesmos ficardo, na realidade,
sujeitos.
Finalmente, resta-me especificar, de acordo, com o discriminado no n° 2, do
Artigo 46°, do atras referido Decreto-Lei, o seguinte:
« O utilizador que realiza o projeto: Senhor Reitor da Universidade Nova
de Lisboa, Professor Doutor Jodo Saagua;
« A pessoa responsavel pela execucao global do projeto e pela sua
conformidade com a autorizagao do mesmo: Doutora Ana Faria
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Referéncia do projeto: 22_01_ORBEA

Investigador Responsavel: Professora Doutora Ana Isabel Gongalves Faria

Instituicdo: Faculdade de Ciéncias Médicas | NOVA Medical
School da Universidade NOVA de Lisboa

O Orgdo Responsavel pelo Bem-Estar dos Animais
(ORBEA) da Faculdade de Ciéncias Médicas | NOVA
Medical School da Universidade NOVA de Lisboa
procedeu a uma cuidada avaliagdo do projeto acima
indicado de acordo com os requisitos da legislagdo
portuguesa que se aplica a utilizagdo de animais para fins
cientificos.  Considera-se que estdo descritos
adequadamente os métodos e procedimentos propostos
e que estd assegurado o bem-estar dos animais a utilizar. O
responsavel pela utilizagdo de animais deste projeto é
detentor de uma licenga individual, bem como todos os
intervenientes no contacto com animais.

Assim, o parecer do ORBEA da Faculdade de Ciéncias
Médicas | NOVA Medical School da Universidade NOVA
de Lisboa é favoravel a realizacdo do projeto em
epigrafe. Qualquer alteragdo futura aos procedimentos
descritos que possam interferir com o bem-estar animal,
numero de animais ou os elementos da equipa, exige
uma reapresentagdo de pedido de apreciagdo a este
Orgdo.

Lisboa, 20 de dezembro de 2022

Prof.2 Doutora Ana Isabel Moura Santos
(Presidente do ORBEA)

45

33



NCVA ]

Appendix 3 - Approval by the Ethical Committee of NMS | UNL

NOVA (%)

Decisao final sobre o projeto

“MONET- QO desafic do eixoe microbiota-intestino-cérebro na
neuroinflamacgdo associada @ obesidade: o papel do consumo de amora”

A Comissdo de Etica da NMS|FCM-UNL (CEFCM) decidiu, aprovar por
unanimidade, do ponto de vista ético, o proje:o de investigacao intitulado
“MONET- O desafio do eixo microbiota-intestino-cérebro na
neuroinflamagdo associada a obesidade: o papel do consumo de amora”
(n° N4/2021/CEFCM), submetido pela Investigadora Principal, Profa. Doulora
Ana Isabel Concalves Faria.

Lisboa, 25 de novembro de 2021

O Presidente da Comissao de Etica,
s

outor Diogo Pais)

TO WHOM IT MAY CONCERN

The Ethics Research Committee of NMS|FCM-UNL (CEFCM) has unanimously
approved, the Project entitled “"MONET- O desafio do eixo microbiota-
intestino-cérebro na neuroinflamacdo associada & obesidade: o papel do
consumo de amora” (No. 114/2021/CEFCM) submitted by the Principal
Investigator, Ana Isabel Gongalves Faria, PhD.

Lisbon, November 25" 2021

The Chairman of the Ethics Research Committee,
’d

(D ais, MD, PhD)

Campo Martires da Pdtria, 130
1169-056 Lisboa - Portugal

34
Campo Martires da Patria, 130
1169-056 Lisboa - Portugal



9‘“@ mu.%

EH \3

q 4
.4

Appendix 4 - Expression of target genes related to mitochondrial function in
differentiated 3T3-L1 adipocytes

Table Sl. Expression of target genes related to mitochondrial function in differentiated 3T3-L1 adipocytes,
comparing control (@) and IR groups.

@ IR
p value
(n=4) (n=4)
mMPPARYy 0.00509 (1.5x10%) 0.00676 (2.3x10%) 02723
MMCP1 12.28 (1.4) 1118 (0.7) 0.2629
AhR 0.00072 (1.7x10°4) 0.00045 (2.0x104) 01548

Table S2. Expression of target genes related to mitochondrial function in differentiated 3T3-L1 adipocytes,
comparing control (@) and BB groups.

%) BB
p value
(n=4) (n=4)
mMPPARYy 0.00509 (1.5x107) 0.00546 (19x107) 0.7672
12.28 12.76
mMmMCPI (14) (31) 0.7862
AhR 0.00072 (1.7x10%) 0.00385 (2.1x1073) 0.0631

Table S3. Expression of target genes related to mitochondrial function in differentiated 3T3-L1 adipocytes,
comparing control (@) and Cy3g groups.

%) Cy3g
p value
(n=4) (n=4)
mPPARYy 0.00509 (1.5x107%) 0.00670 (19x10%) 0.2645
12.28 10.79
mMMCPI1 (14) (15) 01918
AhR 0.00072 (1.7x10°4) 0.00117 (1.8x10°4) 0.0696

Table S4. Expression of target genes related to mitochondrial function in differentiated 3T3-L1 adipocytes,
comparing control (@) and IPA groups.

@ IPA
p value
(n=4) (n=4)
MmPPARYy 0.00509 (1.5x10°%) 0.00456 (1.3x107) 0.6090
12.28 11.33
mMMCPI (14) (16) 0.3923
AhR 0.00072 (1.7x104) 0.00554 (5.7x109) 02110

Table S5. Expression of target genes related to mitochondrial function in differentiated 3T3-L1 adipocytes,
comparing control (@) and PCA groups.

@ PCA
p value

(n=4) (n=4)
mPPARYy 0.00509 (1.5x107%) 0.00582 (1.6x107) 0.5261
12.28 10.93 0.2269

mMCPI (1.4) (15)
AhR 0.00072 (1.7x10%) 0.00052 (2.4x10%) 0.3049
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