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Abstract: Obesogens, as environmental endocsine-disrupting chemicals, are supposed to have had an
impact on the poevalence of rising cbesity around the world over the last forty years. These chemicals
are probably able te contribute not only to the development of chesity and metabolic disturbances in
individuals, but also in their progeny, having the capability to epigenetically reprogram genetically
inherited set-up points for body weight and body composition control during eritical periods of
development, such as fetal, early life, and puberty. In individuals, they may act on oy fiads of newro-
endocrine-immune metabolic regulatory pathways, kading to pathophysiological consequences
in adipogenesis, lipogenesis, lipolysis, immunity, the influencing of central appetite and energy
expenditume fegulations, changes in gut microbiota—intestine funclioning, and many other processes.
Evidencebased medical data have recently brought souch more convincing data aboul associations
of particular chemicals and the probability of the raised risk of developing obesity Foods are the
main source of chesogens. Some obesogens occur naturally in food, but most are environmental
chemicals, entering food as a foreign substance, whether in the form of contaminants or additives,
and they ane used in a largge amount in highly processed food This feview article contributes to a
beter overview of obesogens, their cocurfence in foods, and their impact on the human onganism.

Keywords: obesity; obesogens; food; adipose tissue; metabolic disruptors; sy stematic low-grade
inflammation; metabolic sy ndrome

1 Introduction

The rapid and significant increase in the prevalence of obesity worldwide over the last
forty years is considered not to be attributed solely to genetic or life style risk factors, such
as energy-dense and nutritionally poor diets, sedentary lifestyle, or aging. New evidence
has shown that epigenetic, central regulatory pathways, and endocrine-disrupting changes
that are associated with human exposure to man-made chemicals might also contribute to
the obesity epidemic. So-called obesogens are xenobiotics directly or indirectly promoting
adipogenesis and obesity in animals and humans, influencing individuals or their progeny.
Many of these chemicals may also crossroad or medulate the effect of endogenous ligands
of nuclear or non-nuclear transcription factors, participating in differentiation, metabolism,
and the secretory function of adipocytes [1].

There are a number of examples in me dicine that synthetically produced chemicals
(drugs) may influence the development of adiposity. This usually adverse effect of phar-
maceuticals is evidenced in glucocorticoids, estrogens, some antidiabetics (such as insulin,
sulphonylumeas, thiazolidinediones, glitazones), thymeostatics, dopaminergic blockers, beta
sympathetic blockers, and, in some drugs, from the groups of trigyclic antidepressants,
selective serotonin re-uptake inhibitors, atypical antipsychotic medicines, antiepileptics,
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neuropeptides, and eutonics of the gastrointestinal tract [2-8]. However, not only medicines,
but many compounds introduced in mega doses to the emvironment over the last decades
by human production, were recognized to be able to act as obesogens. The main route of
human exposure is dietary ingestion through contaminated food [4-11]. Also in the last 40
years, the dramatically developing food industry, using new technologies in the production
of highly processed foods, can contribute to the development of obesity by changing the
quality of food and the increased content of certain nutrients or additives [4].

2 Materials

We followed the current methodological guidelines for systematic reviews to identify,
metrieve, and summarize the relevant epidemiological literature on the relation between obe-
sogens and overweightness/ obesity, Type 2 diabetes, metabolic syndrome, and atheroscle-
rotic cardiovascular disease [12,13]. Each eligible paper was summarized with respect to
the methods and results, with particular attention paid to the study design and exposumne
assessment All articles were searched using Medline and Web of Science; we focused on
the original articles and excluded doubled articles. We used the following search terms:
“obesogens, metabolic distuptors, obesogens in food, food, additives, contaminants, obesity,
adipose cells, adipose tissue, metabolic syndrome, systematic low-grade inflammation”.

3. Obesity

Pre-obesity (overweight) and obesity are medical conditions marked by an abnormal
and, or excessive accumulation of body fat that presents a risk to health (WHO 2019).
According to the last definition, adopted by the European Commission in 2021, obesity
is a chronic, relapsing disease, which in turn acts as a gateway to a range of other non-
communicable diseases, such as diabetes, cardiovascular diseases, and cancer.

The obesity prevalence has risen exponentially in the world's population over the last
40 years. While in 1975, 6.4% of women and 3.2% of men were obese, the prevalence by 2014
roughly tripled to 149 and 10.68%, respectively. According to a prediction, every fifth adult
will suffer from obesity in 2025. The global age-standardized mean body mass index (BMI)
of children and adolescents aged 5-19 years has also been increased during the evaluated
period from 1976 to 2016 in both genders, keading to virtually identical age-standardised
mean BMIs for both genders [14].

The obesity pandemic has been probably brought about by dramatic changes in
lifestyle during a relatively short period of human evolution. This maladaptation is the
result of complex interactions between biological, behavioral, social, and environmental
factors that are imrobved in the regulation of energy balance and fat stomes.

In addition to inceased mechanical load on the musouloske letal system and cardiomes-
piratory load, obesity is a metabolic disease that is associated with dysfunctional white
adipose tissue, affected by systematic low-grade inflammation. This leads to chronic sys-
temnic inflammation, ectopic fat accumulation in tissues and organs, a pro-coagulative state,
endothelial dysfunction, and impaired carbobydrate, lipid, protein, and purine metabolism.
It is linked to clinical conditions, such as hypertension, dyslipidemia, Type 2 diabetes
mellitus, cardiovascular, and tumor diseases.

The reported estimates for the population-attributable risks of obesity have been
shown to range from 5 to 15% for all-cause mortality, from (.2 to 8% for all-cancer inc-
dence, from 7 to 4% for cardiovascular disease incidence, and from 3 to 83% for Type 2
diabetes mellitus incidence [15]. Obesity is one of the leading causes of death and disability
worldwide and is the fourth highest independent cause or premature mortality.

The histopathological unit of dysfunctional adipose tissue is characterized by adipooyte
hypertrophy with infiltration of M1 macrophages, as well as impaired adipogenesis, angio-
genesis, lipolysis, and de novo lipogenesis in adipose tissue.
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4 Adipose Tissue

Adipose tissue is a complex, heterogeneous, and highly dynamic organ, executing
the storage of energy and contributing to the control of energy metabolism of the whole
organism. It consists of specific cells—maturate adipocytes that are differentiated under
endocrine stimuli from their mesenchymal stem cell precursors during adipogenesis.

Avccording to the morphology and function of the predominant maturated adipocytes
three types of adipose depots are recognized in humans: the white (WAT), the brown (BAT),
and the beige /brite/brown-like (BAT) adipose tissues. WAT contains adipocytes with a
single large unilocular lipid droplet filling most of the cytoplasm and pushing the nucleus
and organelles to the margins of the cells. BAT is characterized by smaller-sized adipocytes,
with an abundance of smaller lipid droplets and many mitechondria. The third type—
BAT—mepresents a combination of the attributes of previous two. Beige adipocytes are of
middle size, have more lipid droplets and fewer mitochondria than BAT. It is supposed
that WAT can be transformed into beige adipocytes under thermogenic stimuli [16].

Mature adipocytes are able under neurcendocrine control to store energy in lipid
droplets in the form of trighycerides, and release it in the chemical (WAT) or thermal form
(BAT) according to the body's requirements. The remaining cells are made up of stromal
vascular fraction and belong to the immune, epithelial, vascular, and stromal cells. Besides
storage and distribution of energy, adipose tissue contributes to the regulation of systemnic
energy metabolism by the secretion of adipokines that enables endocrine, paracrine, aw-
tocrine, and cross-talk communication with other organs. The physiclogical production of
adipokines requires intact cellular machinery of mature adipocytes, in particular mitochon-
drial respiration and balance between lipogenesis and lipolysis. As hormones regulate the
physiology of these systems, their action can be disrupted by chemicals in the environment
that mimic or block normal endocrine functions [17].

Dysregulation of adipocytokines caused by obesity contributes to the pathogenesis of

various metabolic and cardiovascular disorders [18].

5 Etiology of Obesity

Obesity and related disorders have become a public health issue [19,20]. As a mult-
factorial disorder, obesity cannot be linked specifically to one etiology, including genetics
or environmental chemicals. While dietary restriction and increased exercise continue
to be the most prescribed treatment, the obesity pandemic continues unabated and is in-
creasing worldwide [21]. Despite the voluminous literatumre on obesogens and metabolism-
disrupting chemicals, a series of workshops aimed at identifying the best evidence for the
effects of these factors on obesity and diabetes have identified shortcomings in the available
data that have prevented a complete and accurate analysis of their impact

Obesity is most likely caused by (1) imbalance between energy intake and expendi
ture, resulting in energy surplus (e.g., by consumption of high-calorie diets); (2) genetic
predisposition (40-70%), as well as hormonal, environmental, biological, psychological,
and sodological factors; (3) lack of physical activity; (4) exposure to obesogens (endocrine
disruptors or diabetogens) [22].

6 Obesogens
&.1. The Obesogen Hypothesizes

The possible impact of obesogens, originally a highly controversial issue, has been
supported by a growing body of evidence. Obesogens include xenobiotics that promote
adipogenesis and obesity in animals and humans, such as several medicines or substances
acting as endocrine disruptors [23]. Human activities have polluted water, soil, and foods.
Obesogens are currently contained in many products for daily use, e.g, personal care
products, cosmetics, cleaners, toys, kitchen utensils, plastic curtains and table cloths, soft
furnishings, furniture, mattresses, and clothes.

Otbesogens are chemicals that directly or indirectly increase fat accumulation and cause
obesity [24]. The obesogenic hypothesis further suggests that obesogens can act directhy at
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the cellular level to increase the commitment or differentiation of adipocytes from stem
cells by altering the number of adipocytes, increasing the retention of trighyoerides within
adipocytes, or modifying the rate of adipocyte proliferation when compared to cell death
Furthermore, obesogens can act indirectly as well by changing basal metabolic rate, shifting
energy balance to favor calorie storage, and modulating food intake and metabolism
via effects on the adipose tissue, brain, liver, pancreas, muscle, and the gastrointestinal
tract [21,22].

To sum up, obesogens promote adipogenesis and fat accumulation, affect appetite
control and satiety, and act as endocrine disruptors, possibly changing hormonal regula-
tions [25].

The effects of obesogens can only become apparent later in life [26]. Previous studies
have identified obesogens that have the potential to disrupt multiple metabolic signaling
pathways in the developing organism, resulting in permanent changes to the adult’s
physiology. Prenatal or perinatal exposure to obesogenic endoarine-disrupting chemicals
has been shown to predispose an organism to store more fat from early life [27].

This suggests that humans, who have been exposed to obesogenic chemicals during
sensitive periods of development, might be pre-programmed to store increased amounts of
fat, msulting in a lifelong struggle to maintain a healthy weight [24].

In this case, obesogens alone do not cause obesity in humans, but can work behind-
the-scenes to promote weight gain, due to the developmental programming of adipose
tissue regulation, poor diet, and metabolism [25].

In 2019, a study by Heindel and Blumberg provided strong evidence of the presence
of estrogens acting as obesogens in humans. Since 2008 (the study of Newbaold et al), it
has been known that the same holds for animals. In previous years, studies have identified
transcriptomic and metabolomic changes of polychlorinated bipheny 126 (PCB-126) in
human hepatocytes, HepaRG, that imply the possibly detrimental role of environmental
pollutants for the development of non-alooholic fatty liver diease (MAFLD). These impacts
might be precipitated by poor diet and /or a sedentary lifestyle [29]. Biological mechanisms
acting in the development of hepatic steatosis are divided into four categories: increased
fatty acid uptake, decreased lipid efflux, increased fatty-acid synthesis, and impairment of
the oxidative metabolism of these substances [3]. The further elucidation of impaired hep-
atic lipid metabolism is needed [31] Animal studies have clarified the impact of chesogens
on the etiology of obesity. Currently, they focus on human lipid metabolism. Tissue culture
studies are being carried out predominanthy on 3T3-L1, derived from mouse cells. The main
aims of 3T3-L1 studies are the clarification of the obesogenic potential of xenobiotics and
their metabolites, as well as the t of their impact on adipose differentiation. Xeno-
biotice may increase the number of differentiated 3T3-L1 pre-adipocytes and enhance their
capacity for droplet storage. The mechanism behind is most probably the up-regulation
of transcription factors CCA AT /enhancer-binding protein o (C/EBP o) and peroxisome
proliferator-activated receptor Y (PPARY). These are associated with significantly higher
expression of fatty-acid-binding protein 4 adipokine [32].

PPAR is a ligand-activated transcription factor, which is responsible for the growth
and development of adipose tissue and that acts as the receptor for antidiabetic drugs such
as rosiglitazone [33,34]. Meither the mechanism nor the modification of the key cellular
processes lying between induction of the receptor and onset of the disease have been
described [35,36].

The most common contaminants that ane considered to be potential chesogens include
estrogens, such as diethylstilboestrol and genistein; organotins, e.g,, tributyltin; fluoro
actanoates; bisphenol &; diethylhexyl phthalate. These chemicals directly alter endocrine
function and metabolic organs that control lipid homeostasis (e, the liver), suggesting
that exposure might be a risk factor for the development of NAFLD [22,23,57-34].

In 2015, the Parma consensus broadened the definition of obesogens to include en-
docrine disrupting chemicals that affect other obesity-related metabolic conditions that
drive metabolic syndrome, such as insulin resistance, hypertension, dyslipidemia, and
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hyperglycemia [17]. This class of endocrine-disrupting chemicals was denoted as being
metabolism-disrupting chemicals [44].

6.2 Owerview of Obesogens
Presence in foods
1. Naturally occurring obesogens
Fructose
Genistein
2. Xenobiotics
2.1 Contaminants
I'harmaceuticals

Diethylstilbesteral

Estradiol

Rosiglitazone

Chganic Pollutants (0P's)

Industrial Chemicals
Bisphenol A (BPA)
COrganotins
Perfluorcoctancic Acid (PFOA)
Phthalates
Polybrominated Diphenyl Ethers (FBDEs)
Palychlorinated Biphenyl Ethers (I*CBs)

Organophosphate Pesticides
Chlorpyrifos
Mazinon

Organophosphate Pesticides
Dichlordifenyltrichloretan (DDT),
Dichlordifenyltrichloretan (DDT),

Other Environmental Pollutants
Benzo[a]pyrene
Fime Particulate Matter (PM; 1)
Triclosan

2.2, Additives
1. Naturally occurring obesogens

Fructose

Fructose, a monosaccharide present in fruits and honey, promotes the development of
obesity easier than glucose. [ts overconsumption contributes to the increasing prevalence of
obesity, insulin resistance, and metabolic as well as cardiovascular diseases [41]. Fructose
is capable to affect the intestinal microflora with increased intestinal permeability [42].
Fructose-2,6-bisphosphate derived from fructose-6-phosphate has been identified as one
of the signaling metabolites responsible for glucose-induced recruitment of carbohydrate
mesponse element binding protein (ChEEEBF) to its target genes. ChREET promotes de novo
lipogenesis in lver and adipose tissue [43,44].

Due to the different metabolism and high lipogenic potential by fructose when come
pared to glucose, fructose ingestion precipitates the accumulation of excessive fat in the
Itwer and results in weight gain and abdominal obesity [45].

Recently, fructose has become overabundant in the food industry, especially in the
case of non-aleoholic sweetened beverages and sweets.

Cenistein (in sov)

Phytoestrogens, contained in various foods and food supplements, in particular soy
products, are another prominent class of chemicals. Genistein and daidzein are two of
the most abundant phytoestrogens in the human diet. For its estrogenic activity, genis
tein has been proposed to have a role in preserving good health by regulating lipid and
carbohydrate homeostasis [46]. Genistein is also used as a supplement for menopausal
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woman However, a recent study showed that only at high doses did genistein indeed
inhibit adipose deposition, but, at low doses similar to that found in Western and Eastern
diets, in soy milk or in food supplements containing soy, it surprisingly induced adipose
tissue deposition, especially in males. Further, this increase in adipose tissue deposition by
genistein was correlated with mild peripheral insulin resistance. Interestingly, genistein
did not significantly affect food consumption [47] suggesting an abnormal programming of
factors imvolved in weight homeostasis [45].

2 Xenobiotics

Xencbiotics are not natural compounds found in foods and are not used as separate
foods. The presence of xenobiotics in foods, according to the dose, can be harmful to
humans.

Substances that are not naturally ccourring compounds of foods ame called foreign
substances. Foreign substances or xencbiotics are classified either as contaminants or as
additives.

2.1. Contaminants

Substances contaminating foods unintentionally, not posing a risk in usual concern-
trations but being potentially harmful at higher doses, are called contaminants. They can
contaminate food. Contamination may occur ateach step of the production chain.

The most common causes of contamination are: the use of veterinary drgs, contam-
inated seil from environmental pollution, persistent organic pollutants for agricultural
purposes, sanitary materials, radicactive contaminants, traffic pollutants, and contamina-
tion from packaging materials.

Substances contained in packaging materials, such as phthalic acid, are used as a
softener.

The primary contaminants of high concentration include tecic metals, above all being
lead, mercury, cadmium, and inorganic chemicals, e.g., nitrous and nitric mecide.

1.1 Pharmaceuticals

Some pharmaceuticals used in veterinary medicine and in animal production may act
as possible obesogens in humans

Driethy lstilbesteral (DES)

This is an estrogen that was prescribed to millions of women from 1940-1971 to
prevent abortion in the first trimester of pregnancy. The prescription has been suspended
due to adverse side effects, but the drug is still being used to enhance fertility in livestock
and, therefore, enters the food chain. DES may have acted an obesogen in the human
population [44].

2.1.2 Onganic pollutants (OFs)

These toxic and cancerogenic chemicals are very resistant to degradation and many of
the products of their decomposition are toxic as well. The greatest risk stems from their
ability to accumulate in the food chain. The main source of OFs are animal foods (meat,
fatty fish, dairy products, and eggs).

21.2.1. Industrial chemicals

Bisphenol A (BPA)

BPA is one of the highest-volume chemicals used in commerce. Its omnipresence in
polycarbonate plastics, epoxy resins (automobile parts, safety protective equipment, food
and water containers, baby bottles, or the protective lining inside metal food cans, dental
fillings, etc.), and the rmopaper contributes to continuous human exposure [50,51]. Dietary
ingestion is suspected to be the main route for human exposure, although dermal exposune
can also ocour from skin contact with thermal paper. BPA has been detected at measurable
concentrations in the urine samples of almost all persons tested worldwide. In addition,
BPA has been detected in placental and amniotic fluids and human breast milk (Blumberg
2021).
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BPA is an endocrine disruptor exhibiting estrogen-like activity that is able to affect the
mregulation of leptin and insulin production, and thus acts as an agonist and antagonist of
PPARy [52].

Many studies clearly support the enhancement of adipogenesis, dysregulation of
adipocytes and glucose, and the inflammatory changes of adipose tissue resulting from
BPA, resulting in obesity [53,54].

A systematic review with a meta-analysis of the epidemiological evidence, given by
Wu et al, has revealed a positive cormrelation between the level of BPA and obesity risk
A dose-response analysis revealed that a 1 ng/mL increase in BPA increased the risk
of obesity by 11%. There were similar results for different types of obesity, gender, and
age [55].

Dhue to its adverse effects on human health, the European food safety authority (EFSA)
has determined the tolerable daily intake of BI'A (4 pg per kilogram of body weight per
day] [56]. Today, there is a growing tendency to replace BPA with its analogues. This is
based on legal limits for BPA in basic goods. In 2019, a longitudinal cohort study revealed a
significant association of bisphenol 5 (BPS) and bisphenol F (BPF) with obesity in children
aged & to 19 when compared to total bisphenol and BPA. The replacement of BPA with
other bisphenols therefore might not be efficient [57].

Organotins ((7Ts)

These are chemicals widely used as pesticides, disinfectants, and biocides in paints
(Ts are harmful to endocrine glands and can interfere with neuroendocrine control, hor-
mone synthesis and /or the biological availability or activity of target receptors. They
impair metabolism either centrally (lateral hypothalamus) or peripherally (adipose tissue)
and result in obesity. Besides their obesogenic effects, (s affect reproductive organs [55,549].
Due to their physical and chemical properties, OTs easily enter food chains and produce
tributyltin (TBT) and triphenyltin, which are both severely toxic [60,61].

The most common OTs include TBT. Pilot studies have shown a positive cormelation
between placental TBT concentration and weight gain in infants [62,63]. Humans are
exposed to TBT in seafood, foods treated with agricultural fungicides and miticides, in-
dustrial waters, textile material, polyvinyl chloride stabilized with TBT, or food packaging.
Indirectly, house dust, which contains significant amounts of TBT, can be the source of
contamination [64,65].

Perfluorooctanoic Acid (PFOA)

This is a group of synthetic chemicals that is used for their high resistance and stability.
They are intermediates of Teflon production, and are commoenly found in the environment
The route of exposure is mosthy the digestive tract.[4] Evidence supports the obesogenic
effect of PFOA, though its biological mechanism needs further clarification. A study by
Lia et al. {2020) demonstrated that the obesogenic effect of PFOA was the mesult of a
combination of many enzy matic pathways with insulin signaling [66]. In 2022, a study
supporting previous findings suggested that PFOW might act as a developmental obesogen,
transmitted vertically via the placenta [67].

Phthalates

Phthalates or phthalic esters form a group of chemicals that are used as softeners for
plastics, additives for cosmetics, insecticides, or as adhesives. They can be detected in
breast milk and enter foods from packaging materials, including package water and spirits,
but they are particularly present in fatty foods, because they are lipophilic. In addition, toys
containing phthalates can enter the organism when placed into the mouth [68]. Phthalates
are one of the most studied metabolic disruptors. Several observational studies suggested
that phthalates could be determinant in the pathogenesis of obesity [69]. Fhthalates act
as thyroid hormone agonists as well as androgen agonists. Thus, they can affect adipo-
genesis, fat accumulation, and insulin resistance by interfering with PIPAR activation [70].
A recent study from 2020 suggests an association of child growth with prenatal exposune
to phthalates, especially those of low molecular weight. [71] Furthermore, in the case of
chronic exposure to low doses of phthalates, adwverse effects (spermiotoxic, embryotoxic,



Bipmalerules 2022, 12, 680

Bof 18

and teratogenic) on the reproductive system were observed, as well as hepatotoxicity and
nephrotoxicity [68,72).

Polybrominated Diphenyl Ethers (PBDEs)

PBDEs were used as flame retardants in plastics, electronics, vehickes, households,
furniture, textile material, and building materials. Several studies showed an association
between PEDEs and foods, as they were detected in butter, fish, and other products high
in animal fat [73]. Despite a production ban due to adverse effects on human health,
the use of reserves is still allowed. Ore of the most common PBDE: is PBDE 99, which
can be detected the most in adipose tissue, especially white adipose tissue [74,75]. An
epidemiclogical study demonstrated a positive correlation between early exposition to
PBDEs and increased adiposity at the age of 8 years [76]. This has been confirmed at the
cellular level with PEDE 99 and the adipocyte lineage of C3H10T1 /2 [77]. These studies
support the obesogenic effect of PBDEs. In addition to a pro-adipogenic effect in cell
cultures 3T3-L1, they increase fat accumulation, as well as C/EBA « and PPARy expression,
in the course of differentiation [78].

Polychlorinated Biphenyl Ethers (PCHs)

This is a group of fat-soluble chemicals that differ from each other in the number and
position of chlorine bound to the biphenyl. There are 2010 PCB congeners. Due to their
industrial use in paints, vamnishes, plastics, pesticides, and coolants, they have entered the
environment and foods. Long-term consumption of food containing high amounts of PCBs
might be hazardous [26,74%]. These are especially milk, fish, and animal foods. Animal
products are contaminated via agricultural premises that have not removed paint used
before 1986, before the use of PCBs was banned [50]. Animal studies suggest that PCHs
promote the differentiation of adipocytes and PPAR ex pression, resulting in weight gains
in oftspring [25]. The cbesogenic effect of PCBs is discussed in many studies [51]. Vabi
et al. demonstrated that PCB concentration in cord blood was associated with BMI and
overweightness in children at the age of 5, 6.5, and 7 years, showing a mome profound effect
in girls [82,53]

21.2.2 Organophosphate Pesticides (OFFs)

More than 100 various organophosphates have been described. OFFs pertain to the
most commonly used pesticides worldwide and their use in agricultural premises has
rapidly increased. The World Health Organization (WHO) has designated OFFPs as being
extremely hazardous [84,85].

Chlorpyrifos (CFF)

This is an organophosphate pesticide widely used in agriculture and, therefore, has
entered the environment. Today, studies on mice 3T3-L1 models are being carried out
and a study by Blanco et al suggests that CPF and its metabolite 3,5,6-trichlorpy ridinol
(TCP) affect metabolism during adipogenesis, by increasing the number of differentiated
3T3-L1 adipocytes and the capacity for storage of lipid droplets. This process is linked to an
up-regulation of the transcription factors CCAAT/ enhancer binding protein o (C/EBF o)
and PPARy, which is accompanied by a significantly higher expression of fatty acid-binding
protein 4 (FABP4) adipokine [56,67].

Dazinon

This pesticide and nematocide was widely used in agriculture and commonly detected
in the human population. Residues of diazinon were also detected in ground water
and drinking spring water [5E]. Via inhibition of acetylcholinesterase, diazinon elicits
neurotecicity. Its pro-adipogenic effect has been shown in a study on mice 3T3-L1, whemne
the accumulation of lipid droplets and the activation of proadipogenic signaling pathw ays
were related to the concentration of diazinon. Diazinon significantly induced the protein
expression of the transcription factors CCAAT-enhancer-binding proteins a (C/EBF o)
and PPARy, as well as their downstream proteins, fatty-acid synthase (FASN), acetyl CoA
carbexylase, lipoprotein lipase, adiponectin, perilipin, and fatty-acid binding protein 4
(EABI) [54].

21.23. Organcchlorinated Pesticides (OCFs)
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Dichlordifenyltrichloretan (DDT],

Dichlorenthylendichlordipheny ldichlorethy len (DYDE)

The insecticide DT was used on a large scale from 1934 against mosquitos Anophees
funestus, a vector of malaria. After its toxicity had been demonstrated, DDT was banned for
use. There are exceptions to this nule, espedally in developing countries that are fighting
malaria. Problems with DT and its products of degradation have continued until today
because of its continuous presence in the enwvironment. Dhue to its persistence, DDT has
entered the food chain and has often been detected in animal adipose tissue and water. The
largest part of DDT and its metabolites enter the human organism via the consumption of
meat, dairy products, and fish Leafy vegetables are usually richer in DDT when compared
to other kinds of vegetables. Breast-feeding is another important form of human exposure
A growing amount of epidemiological evidence, in both in vivoe and in vitro studies, have
associated persistent organic pollutants, such as DDT and the DIDT metabolite p,p-DDE,
with obesity [4-93]. Acute exposure causes harm to the central nervous system, while
chronic exposure can result in liver cancer, disruption of endocrine control, harm of the
fetus and fertility; and increased risk of Type 2 diabetes. DDT and especially its metabolite
DDE may pose a risk of developing obesity in later life [44]. Rodents exposed to DDT
during prenatal life have been found to have decreased energy expenditure along with
ghacose intolerance, dyslipidemia, and hyperinsulinemia [95].

2.1.24 Other Environmental Pollutants

Benzo{a)pyrens

This is a polycyclic aromatic carbohydrate present in smoke and a proven ca
chemical that is produced in the course of burning, grilling, or smoking foods [U6]. Its
anti-adipogenic effect via the aryl hydrocarbon receptor has been demonstrated on cell
cultures of human preadipocytes [47,98].

Triclosan

This is a commonly used antibacterial agent, present in oral care waters, toothpastes,
toothbrushes, antibacterial soap, washing powder, and kitchen breadboards. Fxposum to
triclosan and triclocarban has been linked to an elevated risk of child obesity [%9]. Animal
studies show a comelation between high levels of triclosan and estrogens, androgens, and
thy roid hormones. Human stem cell culture models have demonstrated an anti-adipogenic
effect, including a lower production of adiponectin and lipoprotein lipase (Le., markers of
cellular fat), which is correlated to the concentration of the chemical [100].

Fine Particulate Matter (FM; <)

In previous decades, particulate pollution has become a growing health issue world-
wide, especially in the northern and north-western regions of China [101]. Motor trans
portation has considerably contributed to the concentration of PM in urban areas, as well as
bicmass, other waste, or industrial burning or road dust [102]. Several studies have shown
an association between air pollution and the risk of obesity, predominantly in the male
population [103].

22 Additives

Commonly used additives have been linked to obesity These substances include
the emulsifiers carbooymethylcellulose and P-80, the surfactants OS5 and Span-80, the
preserving agent 3-tert-butyl 4 hydroeoyanisol (3-BHA), artificial sweeteners, and the flavor
enhancer monosodium glutamate (MSG) [104-106]. More than 350 additives have been
approved in the European Union and we have focused only on examples of the most
discussed.

Monosodium glutamate

This is a chemical eliciting the secretion of glucagon-like peptide-1, a hormone control-
ling appetite and satiety, and /or antagonization of the androgen receptor [107,108]. That
M5S0 contributes to the early onset of obesity has been demonstrated in animal studies.
Mice administered with MSG postnatally showed a significantly increased proportion of
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fat in both sexes. M50 administered postnatally to mice acted as a neurotoxic agent on the
hypothalamic arcuate nuckeus, keading to obesity [109,110].

These findings represent a promising outlook for future research, as they draw atten-
tion to the consequences of a highly processed diet.

Carrageenan

This is a hydrocolloid substance, commonly present in chocolate milk and ice cream,
that is able to impair glucose toleranoe, increase insulin resistance, and inhibit insulin
signaling in in vive mouse liver cells and human Hep(32 cells. A study on mice from 2021
showed a significant change in gene expression elated to lipid metabolism, especially in
the decreased gene levels of adipooytokines, lipogenesis, lipid absorption, and transport,
and the increased genes for adipolysis and oxidation after carrageenan exposure [111,112]

Antioxidants

Foods often contain antiowidants, such as the preserving agent natrium sulphite,
natrium benzoate, natural coloring agents, and curcumin. Oxidative stress, caused by
the consumption of additive artificial antioxidants in foods at a younger age, has been
associated with the development of adiposity in later life.

Lower leptin secretion in mouse adipocytes 3T3-1L1 after incubation with LPS mim-
icked inflammation in obesity, Le., consuming antioxidant additives might lead to lower
leptin secretion and contribute to the obesogenic environment [113,114].

All mentioned obesogens have been shown in Table 1.

Table L Obesogens and their effect on human health,

Obesagens Obesogenic Effect Health Impact

Different fructose metabolism and high
lipogenic potential = excessive fat storage
i b lives, weight gain of visceral
adipose tissne. In fetal, neonatal and obesity, insulin resistance,
Fructose infant developnsent, high exposue to metabolic and cardiovascular
fructose as an obesogen can affect diseases
lifelong newroendocrine function,
appetite control, eating behavior,
adipogenesis, fat distribution [45].

At high (pharmacological) doses it
infibits a.d:ipuse Hise d.epusi.l'.iﬁul, sk @t
loww doses (normal concentration in soy) Oresity, mild peripheral
it indumes aliipl.l:: basse IjE_FILHiI.‘iLII.'I., ingulin fesstance
especially in men. The genistein segulate
estrogen and progesterone peceptors [47].
Obesogens Obesogenic Effect Health Impact

Endoctine distuplor with abronmal
Dithy kstilbe steral programming of various diffesentiating Potential cbesogan
estropen-target Haswes [49]
Estradiol in cambination with a dset rich
in fats and sugars cavses variability in
estropen-induced gene expression in the
dersal raphe [7].
Resiglitazome reduces by peripidemia
and hy perglycemia, improves insulin
sensitivity and decreases seram Lipids,
Bosiglitazone but does increase adipopenesis and lipid Potential obesogen
aceumiulation in lsswes including liver
trighyceride accumulation and hepatic
steatosis [6].

Ganistein

Maturally cocurnng obesogers

Estradiol Poleitial abesogen

Contaminants

Heno biotics
Phammaceutical s
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) E1'||.‘||.H:.:I'|.1'|'_- mm * .L”bj.ﬂ ke "ﬂi“.:l dvmii‘iﬂa-.;un u?;ﬁpucﬂeu
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(PPARy agonist and antageonisty [S0]. adipose — obesity
_ GT?:?“ "1"’“_:‘5"' the “"'d"cm:" Eu‘j’:f Predisposition ko obesity,
Organotins (OTs) interfesing with neurohumoral control metabuolic diserders, and
endocrine function involves changes in effects on meomoductive oo
the mechanism of adipose tissue [58] P A
- MTLZ?“ Lﬂ”ﬁ :E::@mrhj_:mi lis Obesity, hepatic inflammation,
Z Perfluorooctancic Acid : m mae OHEPIng, WA g5 qdons of lipid metabolism,
B (FFOA) resistance, norealeoholic fatty liver dissuntion of rut harrer
g disease, with influencing PPA Ry LmpRen o § :
g ~ ; 4] 4 inbegrity in male offspring
= signaling pathway [£4,115]. B
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E ﬂ;ﬁ:ﬁ L%EHHI& :1:':";!:] 0 Phthalates can cause insulin resistance,  Predisposition to obesity and
Phihal.al EEBF] a.nui ¥ "IL‘I"' increase endoplasmic seticulem metabolic diseases can
Pa.]:.u d_e_ 1 liEJTaj:h ¥ expression, disruplion of glococemieoid  wnfluence metabolic fegulation
(DINT) "d";,"'_","'v‘m-""vﬁ' 1hl'halate signaling in mesangial cells and by disrupting the homeostasis
(DIJEIP] and di-l;n—ﬂch-']]- preadipocy tes [70]. of thyroid hormesnses
phithalate (DNOF)
) ) PEDEs ap insulin disruptors, Predisposition to obesily,
Paly bé;mm:gnngmw ' isoprotesenol stimulates the etboiam il maiabance in chess
hers { ) of adipocykes [116-118] individuals
PCBs are hipophalic boxicants into
adipocytes. In particular, the degree of Predisposition to obesity,
Polychlorinated Biphenyl halogenation o the number and position metabolic disordens
Ethe rs (PCBs) of chlorine substitwents on PCBs affects (disruption of adipose tssue
their uptake and accumulation in function)
adipocytes [119].
Chlorpyrifos can cause an increasing
number of differentiate 3T3-11
adipocybes and the capacity for storage of
lipid droplets due to wp-regulation of
i Chilorpey rifos tranescription factors CCAAT/enhancer  Metabolic disorders, obesiby
7 binding protein o (C/EBF o) and PPARy,
E which is accompanied by significantly
Ef-' higgher ex poession of fatty acid-binding
_j'é profein 4 (FABP4) adipokin [55].
3 Via inhibition of acety Icholinesterase,
i diazinon elicits neurotoxicity,
E sigmificantly induces probein expression
= of transcription factors
o Diiazino CCA AT-enhance r-binding probeins o Obesity, neurobosicity

{C/ EBP &) and PPARY as well as their
downstream profeins, fatty-acid synthase
(FASN), ametyl CoA carboxylase,
lipoprotein lipase, adiponectin, perilipin,
and fatty-acid binding profein 4 [89].
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4
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Beswzo[a]py fene expression of inflammation markers N

disease, asthma, hepatic
sheatosis

Fine Particulate Matter
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M35 may cause adipose tissue
inflammation [103].

Risk of obesity, predominantly
in the male population

Animal studies show a cornelation
between high levels of triclosan and
@ SHUHEI'B_, .a.l'lud:l'u-g: fig amd I‘l‘l:_'.-'.l'ucill
hormomses [100].

Triclosan

Risk of obesity

Aclditives

It induces the secretion of glucagon- like

peptide-1, a hormone controlling appetite
and satiety, and/ or antagonization of the

Mar e EJIJE&EI'LIHE a.lk]:l'l.!g: r .I'EGEPII.I:[. act as a meurotoic

agent on by pothalamic arcuate nucleos
and lead to obesity [107,108].

Ohbesity

1= able to affect ghicoss tolerance,
incease insulin fesistance and inhibit
insulin signaling in in vivo mouse liver
cells and human HepG2 cells, promote
significant changes in gene expression
telated to metabolism and lowe ring of
adipokine genes, as well ag Bpogenesis,
absorption, and transport of lipida.
Adipolysis and oxidation inmcrease
[111,112]

Carrageenan

Predisposition to obesity

Consuming antiodidant additives nuight

Antiosidants lead to lower kepin secretion and

contribute to the obesogenic environment

[113,114]

Predisposition to obesity

7. Obesogen Elimination Method

The common cccurrence of obesogens with which humans are in regular contact

should be limited. Because humans are already heavily exposed to environmental obeso-

gens in the form of plastics, pesticides, herbicides, industrial products, and personal cane

products, compounds intentionally added to foods, such as certain artificial sweeteners,
phytoestrogens, preservatives, added sugars (e.g., com syrup with a high fructose content)

deserve special attention. Furthermone, it has already been proven that many obesogens
are found in animals and their products, which we then use as food [106-111].
Another way to eliminate ohesogens is to consume organic products that are not

treated with pesticides, fungicides, and other sources of obesogens. Fruits and vegetables
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are commonly treated with fungicides that have been identified as obesogens, such as
ghrphosate used on corn, wheat, and rice [122-124].

Food processors also deal with the issue of obesogens. Studies are being sought look-
ing for methods of eliminating obesogens from food. For example, Rezaei et al published a
study in 2021 to remove the pesticide diazinon from apple juice and found a successful so-
lution using fermentation with the cultivated bacterium Lactobacdius aadophilus, wheme the
product is stored in the cold for 28 days after fermentation and the diazinon is completely
removed [125].

8 Conclusions

The study of obesogenic compounds in food is still in its early phase, and people ane
constantly exposed to obesogens, either directly from food or contaminated food. Regarding
the objectives of food industry technologies, Le., the extension of expiration dates, cost
meduction, the best attainable palatability, optimization of production effectiveness, and
food safety in terms of the absence of pathogens, over 00 new substances have entered
into foods. In most of the new substances, their impact on overall metabolic homeostasis
remain unknown Many of these xenobiotics may, as obesogens, cause epigenetic, central
megulatory pathway, and endocrine-disrupting changes, directly or indirectly promoting
adipogenesis and obesity in humans, influencing individuals or their progeny. Many
of them may also crossroad or modulate the effect of endogenous ligands of nuclear
or non-nuclkear transcription factors, participating in differentiation, metabolism, and the
secretory function of adipocytes. Metabolism-disrupting chemicals may affect other obesity-
melated metabolic conditions that drive metabolic syndrome, such as insulin resistance,
hypertension, dyslipidemia, and hyperglycemia.

Confirmation of the effect of obesogens at the current exposure concentrations for
the general population still requires a larger number of scientific studies to support better
management of these chemicals in our environment, and to decrease human exposure.

The biological effects of main obesogenic candidates can be correctly analyred to
obtain data to advocate for the requirement to revise their egulation. Efforts should be
made to better regulate the production of these obesogens and metabolic disruptors, their
use and, therefore, decrease environmental and food contamination. In addition, new
approaches and ways to minimize their obesogenic, and especially metabolic-disrupting,
potential in humans should be under investigation, which could help to develop an efficient
strategy to reverse the increasing trend of the obesity pandemic.
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Abstrack The contribution of environmental pollutants to the obesity pandenic is still not vet fully
recognized Elucidating possible cellular and molecular mechanisms of their effects is of high impor-
tance. Chur study aimed to evaluaie the effect of chronie, 21-day-long, 2,2-bis (4-chlorophenyl}1,1-
dichlosethylenedichlorodiphenyldichloroethy lene (p, p'-DDE) exposuse of human adipose-derived
mesenchy mal stem cells commitied to adipogenesis on mitechondrial oxy gen consumption on days
4,10, and 21. In addition, the mitochondrial membrane potential (MMP), the quality of the mito-
chondrial network, and Ligid accumulation in maturing cells wede evaluated. Compared to control
differentiating adipocy tes, exposure to p,p-DDE at 1 pM concentration significantly increased basal
{routine) mitochondrial sespiration, ATP-linked oxy gen eomsumption and MMP of intact cells on
day 21 of adipogenesis. In contrast, higher pollutant concentration ssemed to slow down the grad-
ual increase i ATP-linked oxygen consumption typical for normal adipogenssis. Organochlorine
o' -DDE did not alter citrabe synthase activity. In conclugion, in vitre 1 uM p,p-DDE cormesponding
te human expesure is able to increase the mitechondrial sespiration per individual mitechondrien
at the end of adipocy maturation. Our data reveal that long-lasting ex posure to p,p'-DOE could
inte efere with the metabolic programming of mature adipocytes.

Keywords: human adipose-derived mesenchy mal skem cells; adipogenssis; p, p-DDE; oritochon-
drial respiration

1. Introduction

Adipose tissue is a complex heterogeneous and highly dynamic organ performing
many functions. [t contributes to the control of energy metabolism of the whole organism
The specific function of adipose tissue is to provide mature adipocytes, Le, cells that are able
to store energy in lipid droplets in the form of trighy cerides and melease it in the chemical or
thermal form according to the body equirements [1]. Adipogenesis, the process during
which the mature adipocytes differentiate from their precursors, mesenchymal stem cells,
is necessary for the dynamic renewal and optimal function of adipose tissue. It is supposed
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that the increase in adipocyte number is triggered by signaling factors that induce the
commitment of pluripotent mesenchymal stem cells residing in the vascular stroma to
the adipocyte lineage. When committed, preadipocytes are subjected to mitotic clonal
expansion undergoing two or three cell divisions and then they gradually acquime typical
adipocyte metabolic and morphological characteristic in the process of differentiation [2].
In the course of adipogenesis, mitochondrial oxygen consumption progressively increases.
During the first days of adipogenesis, mitochondrial oxygen consumption is needed for
the transition of differentiating cells from ghycolytic to oxidative metabolism and the
clonal expansion of preadipocytes, and then mome energy is needed to acquire the typical
metabolic phenotype of mature adipocyte [3].

Mature adipocytes make up only 20-30% of the total number of cells in adipose tissue.
The remaining cells are made up of stromal vascular fraction and belong to the immune,
epithelial, vascular, and stromal cells [4]. Besides storage and distribution ofenergy, adipose
tissue contributes to the regulation of systemic energy metabolism by means of adipokines
secretion such as adiponectin, leptin, resistin, interleukin-f (IL-6), and tumor necrosis factor
o The secretion of adipokines enables autocrine, paracrine, endocrine, and cross talk
communication with other organs [5]. Physiological production of adipokines requires
intact cellular machinery of matume adipocyte, in particular mitochondrial respiration
and balance between lipogenesis and lipolysis. Dysfunctional secretion of adipokines
and free fatty acids induces an inflammatory response that is supposed to be the basis of
peripheral insulin resistance [5]. These processes ame linked to the specific distribution and
accumulation of visceral fat, its morphological and inflammatory restructure, which are
the main causes of metabolic complications, like diabetes mellitus type 2 and increased
cardicwascular risk, even in a population with a normal body weight [7,5].

According to the last definition of the European Commission, obesity is depicted
as a chronic relapsing disease, which in turm acts as a gateway to a range of other non-
communicable diseases, such as diabetes, cardiovascular diseases, and cancer. (ver the
last forty years, the prevalence of obesity is increasing worldwide, achieving pandemic
levels [49]. Many epidemiclogical and experimental studies suggest that obesity and as
sociated dysfunction of adipose tissue might be a consequence of several interconnected
causes such as genetic, emvironmental, and secial factors [10,11].

The obesogenic ervironment is crucial in this trend. One of the possible characteris-
tics of the obesogenic environment is chronic exposure to environmental contaminants,
especially organochlorines, like pesticide 1,1,1-trichloro-2, 2,-bis[p-chloropheny | Jethane
(DDT) [12]. It has been documented that DT and its metabolite 2,2-bis (4-chloropheny [}
1,1-dichlorethy lenedichlorodiphenyldichloroethy lene (p,p'-DDE) are associated with the in-
creased risk of obesity and type 2 diabetes mellitus, and therefore they are called “metabolic
disruptors” or “obesogens” [13-16]. Although production of DDT was banned in the late
19705, its metabolites, especially p,p-DDE can still be detected in human serum and
samples rich in fat, such as breast milk [17,15].

DDE is accumulated and stored im lipophilic tissues, especially in adipose tissue. The
variability of the stored amount of DDE in adipose tissue can range over several orders
of magnitude, depends on dietary exposure and on individual disposition to store these
substances [19,20]. For example, in the Smeds and Saukko study, DDE conentration levels
in human adipose tissue ranged from 3.5 to 3229 ng/g lipids [13]. That serum concentration
levels in men may exceed 3000 ng/ g lipids was also confirmed [14]. These high values
of serum concentration, based on lipid weight comversion comrespond to 0.1 uM DDE
Concentration in the adipose tissue could be even one order higher.

The obesogenic action of these compounds dismupts home ostatic control over energy
balance keading to overabundance in the metabolic pathways imrolved in energy storage
over those that are responsible for metabolic energy expenditure flow [21]. Increasing
evidence suggests that mitochondria might be a key player in the development of obesity
Multiple ex perimental studies demonstrated the inhibitory effects of organochlorine s on mi-
tochondrial eoygen consumption in the liver, brain, or skeletal muscle [22,23]. The impact
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of long-lasting DDE exposure on mitochondrial respiration of differentiating adipocy tes
has not been studied yet [24].

In our study, we employed human adipose-derived mesenchymal stem cells (hADM-
SCs) committed to adipogenesis. The effects of p,p™-DDE in concentrations 1 puM and
10 pM on differentiating adipocyte mitochondrial cxygen consumption, citrate synthase
activity, and mitochondrial membrane potential were evaluated on days 4, 10, and 21 of
adipogenesis. In addition, lipid accumulation and mitochondrial quality were assessed to
verify the phenoty pe of differentiating cells.

2 Materials and Methods
21 Cell Culture and Differentiation In Vitro

Human adipose-derived mesenchymal stem cells were isolated from a female donors’
subcutaneous adipose tissue, purchased from Thermo Fisher (Thermo Fisher Scientific,
Carlsbad, CA, USA) and cultivated. The cells were seeded at 1 = 107 cells/ cm? and cultured
in Petri dishes (TPP Techno Plastic Products, Trasadingen, Switzerland) in commercially
available culture medium MesenFRO B5™. The medium was supplemented with Mesen-
FRO E5™ CGrowth Supplement with reduced serum level (2%), 1% L-glutamine, and 1%
gentamicin {all Thermo Fisher Scientific, Carlsbad, CA, TSA).

After reaching 80% confluence, the culture medium was changed to four different
differentiation media: (A) pure differentiation medium (DM); (B) differentiation medium
with dimethyl sulfoecide (DMSO); (C) differentiation medinm with DMS0 and p,p-DDE,
in final concentration 1 pM (DDE 1 pM); (D) differentiation medium with DMS0O and
p.p-DDE in final concentration 10 pM (DDE 10 pM). The pure differentiation medium
contained StemPro® Adipogenesis Differentiation Basal Medium with StemPro® Adipoge-
nesis Supplement and 1% gentamicin (all Thermo Fisher Scientific, Carlsbad, C4, USA)
DDE concentrations 1 pM and 10 pM were chosen because of their most common use in
in vitro studies. DMS0, which is commonly used as a solvent of lipophilic compounds
for in vitro cell experiments, is generally considered nontoxic up to 0L05% concentration
(v/v) [18]; however, some studies suggest that this sobvent can even promote proliferation
at least in some cell lines [25]. On that account, we first compared the differentiation
process under DM alone with the differentiation medium with DMS(0 in concentration
used in our experiments, Le., (L01%%. We have found that the addition of DMS0 affected
the process of differentiation, since the cell count per well measured using NucBlue ™
Live ReadyProbes™ Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) as described
below displayed a slightly different pattern in the course of adipogenesis. Thus, all our
results acquired from DDE-exposed cell cultures were compared separately to the cells
differentiating in the same medium with or without DMS0. A summary scheme of the
experiment is shown in Figure 1.

The medium was changed every 3 days up to a total incubation time of 21 days
The cells were maintained and cultured into differentiated adipocytes under 5% COy
atmosphene at 37 *C [26]. The independent experimental number for each method was 12
except in high-resolution respirometry: With the aim to prove that the experimental system
was running as expected, we monitored the process of adipogenesis by (6l Red O staining
and fluorescent probe staining methods.
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Figure 1 Summary scheme of the experiment. DM: pure differentiation medium; DDE 1 pM: dif-
ferentiation medium with added p,p’-DDE, which was dissolved in dimethyl sulfecide (DMSO);
DDE 10 phd: differentiation mediom with added p,p~-DDE, which was dissolved in DMSO; DMSCx
differentiation mediuen {DM) with DMS0 only.

2.1 High-Resolution Respiromefry

Mitochondrial respiration of intact adipocytes on days 4 (n = 6 per group; ie., DM,
DMS0, DDE 1 uM, DDE 10 uM), 10 {n = &) and 21 (n = &) of differentiation was analyzed in
the StemPro® Adipogenesis Differentiation medium using high-resolution respirometry in
a Z-chamber ceygraph O2k (Oroboros Instruments, Innsbruck, Austria). The negative time
derivative of the oxygen concentration in the chamber was calculated online to determine
ooy gen consumption {(DatlLab software, version 7.3.0.3, Oroboros, Austria). The cells were
applied into the open precalibrated ooygraph chambers, stired at 350 rpm and a sample of
15 pl of the cell suspension was aspirated to count the cells in the Birker hemocytometer
After closing the oxygraph chambers, a substrate-uncoupler-inhibitor titration (SUIT)
protocol for intact cells was used to determine the standard respiratory states: ROUTINE
(ROUT; B)}—oxygen consumption at the physiological coupled state; LEAK (L; injection of
2.5 pmol/ L oligomycin}—non-phosphory lating resting state of respiration to compensate
for the proton leak when ATF synthase is not active; the electron-transfer-system capacity
(ETSC; E) was assessed after titrations of trifluorocarbonyleyanide phenylhy drazone (FCCP;
(.05 ymod/ L titration steps) to reach maximal cooygen consumption in the noncoupled state;
and ROX, residual cooygen consumption indicating oxidative side reactions remaining after
inhibition of the electron transter pathway (L5 pmol /L rotenone and 2.5 pmol /L. antimycin
A) [21]. Oroygen consumption was expressed in pmol Os /(s - 10° cells) and cormected to
ROX and instrumental background. The representative scheme of the experiment on intact
cells is shown in Figure 2.

In addition, the following control parameters wene calculated: L/ E coupling control
ratio as an index of uncoupling; B/E control ratio showing how close ROUT operates
to ETSC; E-R reserve capacity reflecting the difference between noncoupled and coupled
respiration; B-L or net routine capacity related to the cellular ATP production.
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Figure 2 Design of a titration protocel for measuring the mitochondrial coygen consumpion in
intact differentiating adipocytes. For the concentrations of inhibitors and uncoupler utilized and
definition of tespiratony states, see Meothods,

2.3 Citrate Synthase Activity

The determination of citrate synthase activity was used to estimate mitochondrial
content in the samples from each oxygraph chamber The assay medium for dtrate sy
thase activity consisted of (.1 mmaol/L 5,5dithic-bis- (2-nitrobenzoic) acid, 0.25%: triton-X,
0.5 mmol /L oxaloacetate, 0.31 mmol/ L acetyl coenzyme A, 5 pmel/ L EDTA, 5 mmel /L
triethanolamine hydrochloride, and (01 mol /L tris HCI, pH 8.1. One hundred microliters
of the mixed and homogenized chamber content were added to 900 pl of the medium. The
rate of absorbance change was measured spectrophotometrically at 412 nm and 30 °C over
200 =.

24 Mitochondrial Membrane Potential

The mitochondrial membrane potential (MMFP) was measured using the JC-1 Mito-
chondrial Membrane Potential Assay Kit (Mitosciences, Abcam, Cambridge, UK). The
cells were seeded at 1 = 10* cells on a dark 96-well plate and cultured as explained earlier
The MMF was evaluated on days 4 (n=13), 10 (n = 12), and 21 (n = 12) of differentiation.
The cells were washed once with phosphate buffered saline (PBS) and incubated with
JC-1 dye (1 pM) at 37 °C for 10 min. Then the cells were rinsed twice with PBS and wemn
analyzed on a fluorescence spectrophotometer (Synergy HT, BioTek, Winooski, VT, USA)
at excitation 475 nm and emission 530/5%0 nm. The red/ green fluoresence intensity ratio
was determined to evaluate MM

2.5 (hl Bed O, Fluorescent Probe Staming, and Fatty Acid-Binding Protein 4
All these methods have been used to prove that the experimental system was perform-
ing as expected.

2.5.1. (%l Red O Staining

(il Red O is a fat-soluble dye that stains neutral triglycerides and lipids [27]. Intracel-
lular trighyceride droplets of hA DMSCs weme stained with (il Red O solution on day 4, 10,
and 1. The sample preparation procedure was as follows medium was remowved, each
well was rinsed twice in FBS, and fived in 4% formaldehyde for 1 h at room temperature.
The cells were then rinsed bwice with distilled water and stained with Oil Red O solution
(0.5 g of (il Eed O powder dissobved in 100 mL of isopropanol). This solution was blended
with distilled water in the ratio 3:2. Cells weme incubated with this solution for 15 min
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at room temperature, then washed twice with distilled water and visualized using the
Olympus CX41 microscope (Olympus, Tokyo, Japan) connected to a digital camera.

Figume 3 shows the intracellular fat droplets during differentiation in all four types of
the media.

DAY 4 DAY 10 DAY 21

DDE 10 pM

DMSO

Figure 3. The comparison of fat in each envitonment. The arcows show examples of fat droplets. (Oil Red O staining).
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2.5.2. Fluorescent Probe Staining

Fluorescent probes, MitoTracker™ Red CMXRos and NucBhue™ Live ReadyProbes
Reagent (both Molecular Probes, Eugene, OR, USA ) were used to wisualize the mitochon-
dria and nuclei of cells. MitoTracker ™ passively passes into mitochondria and accumulates
there. NucBlue™ Reagent contains Hoechst 33342 (2'-[4Lethoxyphenyl}5-[4-methyl-1-
piperazinyl]-2,5-bi-1H-benzimidazole) which emits a blue fluorescence when bound to
DMA (Figure 4).

DAY 4 DAY 10 DAY 21

=
=
=
L
L
=]
(]

Figure 4, Staining of mitochondria (red) and nuckd (blue) ineach enwironment (fluorescent probes, MitoTrackes ™ Bag
CMY Eos and MNucBlue ™ Live ReadyProbes Ru..\;.s_'ll‘. were used to visualize the mitochondria and mauclens of cell).
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The cells were first stripped of differentiation medium, which was replaced with spe-
cial medium for live cell imaging—Live Cell Imaging Solution (Molecular Frobes, Eugene,
OFR, USA). Subsequently, Mitatracker ™ was added to the medium (final concentration
100 nM) and two drops per millilitre of MucBlue™ were added too. Cells were incubated
in the dark for 30 min and then visualized by the Hamamatsu Chrea-ER camera mounted on
the Oy mpus [X 8] imverted microscope at 200 magnification (Olympus, Tokyo, Japan).

2.5.3. Fatty Acid-Binding Protein 4

Fatty acid-binding protein (FABP4) is highly expressed in adipocytes and consists of
about 1% of all soluble proteins in adipose tissue [28]. On day 21, the adipogenic marker
FABP4 was measured to confirm the presence of adipocytes.

Cells were washed in phosphate buffered saline (PBS), fixed for 60 min in 4% formalde-
hyde with FBS at room temperature, and permeabilized in PBS containing (.3% Triton
X-100 for 15 min followed by blocking in PBS with 1% bovine serum albumin (BSA ) and 10
normal donkey serum at room temperature for 60 min. After blocking, cells were incubated
with anti-mFA B4 antibody (anti-mouse Fatty Acids Binding Protein 4, R&D Systems, Inc,
Minneapolis, MN, USA) working solution (PBS containing (L03% Triton X-100, 1% BSA,
10% normal donkey serum and anti-mFABP4 in final concentration 10 pg/mL) overnight
at 2-8 " After three 5min rinses in PBS with 1% BSA, cells weme incubated for 1 h in
MNL557-conjugated anti-goat secondary antibody (Ré&D Systems, Inc, Minneapolis, MN,
USA) diluted 1:200 in 1% BSA in PBS in the dark for 60 min at room temperature. The cov-
erslips were washed, placed on microscope slides with a mounting medium (ProLong Gold
Antifade Mountant with DAPI, Molecular Probes, Eugene, OR, USA) and visualized using
the Hamamatsu Orca-ER camera mounted on the Olympus X 81 inverted microscope at
200 magnification ((Mympus, Tolyo, Japan).

2.6, Data Analysis and Statistics

The data were processed with the use of the statistical software MATLAB Statis-
tics Toolbox (MathWorks Inc, Natick, MA, USA) and OriginPro 2007 (OriginLab Corp.,
Morthampton, Ma, USA). After testing for normality of distribution (Shapiro Wilk test),
nommally distributed data were analyzed using two-way ANCOVA followed by the Tukey
post hoo test. Mon-normally distributed data wemne processed by log-transformation and
then amalyzed accordingly. In addition, the differences between groups that required
transformation or data that could not reach normal distribution were analyzed using
the Wilcoxon rank sum and Friedman statistical tests. p-values < (L5 were considered
statistically significant.

3. Results
3.1. High-Resolution Respironmefry

Asexpected, in the control samples (DM and DMS0), the routine respiration increased
between days 4 and 10 of the experiment by ~30%. However, the differences did not reach
statistical significance (Figure 54 ). In contrast, routine ooy gen consumption observed in
DDE 1 pM samples on day 10 of adipogenesis was ~5(0%: higher than on day 4 (p < 0.0001)
and became significantly different also when compared to DDE 10 pM cells. DDE 10 pM
adipocytes did not display any increase in the state ROUT between days 4 and 10 of
adipogenesis. In cells differentiating in the control media only (DM and DMSOY), routine
respiration remained nearly the same on day 21. DDE 10 pM cells had higher routine
oocy gen consumption on day 21 compared to day 4 In adipocytes differentiating in the
presence of 1 uM DDE, routine oxcygen consumption further increased on day 21 of the
experiment and became significantly different compared to both DMS0 and DM controls
(Figure 5A). The LEAK state, ie., oxygen consumption after ATT synthesis inhibition by
oligomycin gradually increased from day 4 to 21 in the control (DMS0) and DDE 1 pM
samples reaching significant difference between days 4 and 21 of the experiment. In DDE
10 pM adipocytes, the keak respiration was very similar on days 4 and 10 (11.6 £ 2% and
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101+ 3.2 pmol/s - 10F cells, respectively) and then increased reaching significant difference
between days 10 and 21. No significant difference between the treatments was noted on
days 4, 10, or 21 of the experiment {(Figure 5B). ETSC did not differ between days 4 and 10
and then tended to decline resulting in a significant difference between the DMSO control
and DDE 1 puM adipocytes on day 21 of the experiment In addition, the ETSC state of
DMSO control cells was significantly lower on day 21 compared to day 10 (Figure 5C).

A Bm ROUTIHE B W'BW LEAK Cw Ew ETSC
[T M50 TNED
- | st - Bl - | [ |;|
%mu [ [eary Elﬁﬂ--w&':‘ﬂ' g- I o= 0 .
140 140
x — = =m0
E 120 — E i3 | E
5 - i 3
g 100 . . g 1 . & 1501
1 I—'I
fu HE - H
1
2 g0, g g g 1004
& A4 a8 -
20 0
— oo 02 — o D2 L— Di0 oz
Day of expemment Dy of expedment Day of & sparmesl

Figure 5. {A-C) ROUTINE, LEAK and uncoupled (ETSC) oxy gen consumptions of adipocy tes differentiating in media
containing no additive (DM) or DMS0, DMS50 and 1 pM pp™~DDE, and DMS0 and 10 uM p,p-DDE on days 4, 10, and 21
of the experiment. Significant differences * p < (105 (Fv o-way AMNCWVA followed by a post-hoc Tukey test).

ATP-linked oxy gen consumption, ie., the B-L state, slightly increased between days
4 and 10 in all groups of differentiating adipocytes and then emained stable. Significant
differences between days 4 and 10 of adipogenesis were reached only in DDE 1 uM and
DMSC-control samples. On day 21 of the experiment, B-L was significantly higher in
DDE 1 pM compared to DM and DMSO control groups. Reserve respiratory capacity, ie.,
the E-K state, decreased between days 10 and 21; however, this decline was significant
only in DMS0 adipocytes. The L/E coupling control ratio significantly increased in all
DMS0-containing samples on day 21, suggesting that the extent of uncoupling was similar
in controls and DDE-treated adipooytes. Similarly, the B/E control ratio inceased to a com-
parable extent in all groups of adipocy tes on day 21 of the experiment, documenting that
in the later stages of differentiation, routine respiration operates closer to ETSC (Figure &),

Citrate synthase activity ranged between 10,61 + 5.26 to 18.32 + 474 mIU/ 10° cells in
DMS0 control cells on day 21 and DDE] adipocytes on day 10, respectively. No significant
difference was noted between individual groups on any day of the experiment nor between
adipocy tes after the same intervention in the course of the experiment. Data not shown
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Figure 6 (A B) ATP-related coypgen comsumplion (B-L) and seserve ETS capacity (E-K} in adipocytes differentiating in
media comtaining no additive (DM} or DMS50, DMS0 and 1 uM p,p'-DDE, and DMSO and 10 uM p,p-DDE on days 4, 10,
and 21 of the experiment. (C 1) Flux control ratios L/ E and R/ E. Significant differences * p< (.05 (Friedman and Wilcoxon
rank sum tesks].

3.2 Mitochondrial Membrane Potential

MMP is one of the key parameters of mitochondrial function and serves as an indicator
of cell health—regulation of ATF synthesis, ROS production, calcium sequestration, etc. In
healthy cells, JC-1 dye enters the mitochondria and forms ed aggregates. Mitochondria in
cells with low mitochondrial potential do not form aggregates and remain in monomeric
form with green fluorescence. We compared JC1 staining in unaffected adipocyte differen-
tiation and in differentiation under the influence of DMS0 and DMSO with DDE. In all
cases, we observed a gradual decrease in the red /geen ratio during differentiation, which
corresponds to previous findings [3,29]. On the fourth day of differentiation, a significant
decrease in MMP was observed in DDE-affected cells at both 1 pM and 10 pM concentra-
tions compared to medium containing DMS0 alone. In cells affected with 1 pM DDE, theme
was a significant increase in red/ green ratio on day 21 of differentiation compared to cells
exposed to DMS0 alone (Figure 7).
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Figure 7. Mitochondrial membrane potential (MMFP) during adipocyte differentiation in media
coftaining o additive (DM) or DMS0, DMS0, and 1 pM p,p~-DDE, and DMS0 and 10 uM pp-DDE
on days 4 10, and 21 of the experiment. Significant differences * p < (L05 (Friedman and Wilcoxon
rank sum tests). On the fourth day of differentiation, a significant decrease in MMFP was observed
it DDE-affected cells al both 1 pM and 10 pM concentrations compared to medium conlaining
DMS0 alone. In cells affected with 1 ph DDE, there was a significant increase in MMP on day 21 of
differentiation compased to control cells exposed to DMSC alone.

4, Discussion

In our study, we monitoned chronic DDE exposure at two different concentrations to
a developing adipooytes differentiating from ha DMSCs. We found that the long-lasting
treatment with DDE in a concentration of 1 uM in contrast to 10 pM resulted in statisti-
cally significant deviations in mitochondrial respiration compared to control cells. The
characteristic pattern of changes in mitochondrial respiration during adipogenesis was not
impaired by lower DDE concentration showing a typical gradual increase in the routine and
leak respirations of maturing adipocytes [3]. However, on day 21 of the experiment—ie.,
in adipocytes regarded as fully differentiated—higher mitochondrial membrane poten-
tial, higher resting mitochondrial ooy gen consumption (routine respiration), and higher
ATF-related respiration (E-L) wemne observed in DDE 1 pM samples compared to relevant
controls. Cur results suggest that lower concentrations of the pollutant during chronic
exposumne may more significantly modulate physiclogical processes, in this case probably
through an endocrine distupting effect. Such a finding might seem surprising since the
majority of studies dealing with the impact of organochlorines on mitochondrial functions
reported impaired oxygen consumption of the tissues studied [27-31]; reviewed in [12].
However, it should be noted that the concentrations of DDT and DDE used in these stud-
ies were relatively high and their effects were analyzed mainly on the liver and musche
mitochondria after a single dose exposure. The design of our experiment differs in the
chronicity of exposure, low er concentrations of the pollutant used, the continuous action of
DDE on the whole process of adipocyte differentiation until maturation, and the type of
affected cells.

Appropriate mitochondrial function in general and oxidative phosphorylation in
particular is essential for ATP production and the whole-body energy homeostasis. Mi-
tochondrial dysfunction has been implicated in the development of many pathological
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conditions assodated with obesity as a result of imbalance between food intake and energy
expenditure, such as type 2 diabetes mellitus. Nevertheless, mitochondrial dysfunction
does not necessarily mean that mitochondrial cxygen consumption and ATF produc-
tion should be decreased in all tissues invelved in the regulation of energy homeostasis,
Tissue-specific control of mitochondrial respiration was demonstrated in ohese diabetic
mice displaying impaired mitochondrial respiration in the liver and oxidative skeletal
musclke, but enhanced ooy gen consumption in glycolytic skeletal muscle [32]. Another
study reported increased mitochondrial oxygen consumption in the brown fat of obese
mice [33]. In addition, adipocyte-specific decrease in oxidative phosphorylation affected
systemnic energy homeostasis and protected against the development of obesity and insulin
resistance in mice fed a high-fat diet [34]. In the study conducted by Bohm et al. (2020),
enhanced mitochondrial respiration of adipocytes isolated from obese insulin-resistant
donors was attributed to adaptation of the cellular metabolism to the increased amount of
fuels associated with insulin resistance [35].

In our study, the supply of metabolic substrates was the same in all experimental
groups; however, increased ATF demand in DDE-treated adipocytes could be related to
the promoting effect of DDE and similar pollutants on the de novo synthesis of lipids
and their accumulation [36]. The negative effects of DT/ DDE on thermogenic proteins
expression and substrate transport/ utilization in adipocytes were also documented, which
could lead to an inceased ATF need to compensate for compromised fuel transport or heat
dissipation [37]. A recent study suggests that impaired thermogenesis in DDT-affected
adipocy tes could be caused by targeting mechanisms upstream of adipose tissue without
the necessity to compromise the expression of uncoupling proteins [35]. In this study, the
leak respiration needed to compensate for proton leak, electron slip, and cation oycling,
increased in the course of adipocyte differentiation in all groups to a similar extent, without
reaching any significant difference between DDE-treated and control groups on day 21

The excess E-R capacity (respiratory reserve) was the only parameter compromised
by the long-lasting exposure to DMSO (between days 10 and 21 of differentiation). Newver-
theless, the same trend was observed in DDE-treated adipooytes on day 21 verifying our
previous finding that in the later stages of differentiation, the routine respiration could
be increased only on the account of the total electron-transporting capacity of mitochon-
dria [3]. In addition, the ratio of routine to maximal respiration (K/E) was nearly the same
in DMS50-control and DDE-treated adipocytes on day 21 of the experiment and in all these
groups it reached significantly higher values than on day 10 of differentiation.

Another interesting finding of this study is the fact that at higher concentration, ie.,
10 pM, DDE seemed to have no effect, since on day 21, no significant differences were
revealed between DDE 10 uM and control adipocytes. However, DDE 10 uM-exposed
differentiating adipocytes displayed a later onset of changes in mitochondrial parameters
associated with normal adipogenesis, Le, an increase in routine respiration and ATP-linked
oy gen consumption. Such “bidirectional™ action of various pollutants on the cellular
functions is not a new finding and makes the research into the putative effects of endocrine
disruptors more complicated [349].

Thus, evaluating the impact of DDE on mitochondrial functions in human differentiat-
ing adipocytes, adipogenesis can be attacked in two ways: (i) at higher DDE concentrations
by slow ing down the differentiation process, (ii) at lower chronic DDE levels by inoeased
mitochondrial respiration and ATP generation, which then could lead to disturbances in
energy homeostasis,

Mitochondrial dysfunction of the adipocyte may then be involved in the pathogenesis
of obesity-melated metabolic diseases, such as diabetes mellitus, in particular if the supply
of metabolic substrates is increased simultaneously. Overexposumre of cells to saturated
fatty acids, which is also associated with higher exposure to DDT and DDE from food of
animal origin might aggravate mitochondrial dysfunction of other tissues and contribute
to disturbances of the whole-body energy balance [40].
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5. Study Limitations

This study addressed the impact of persistent organochlorine pollutant p,p-DDE on
mitochondrial respiration in a single cell model However, the adipocytes differentiating
from hADMSCs have only limited survival time and cannot provide complex insight into
impaired regulation of the functions of adipose tissue exposed to potential obesogens
for the whole life. In future studies, long-lasting exposure to the pollutant should be
extended to invivo models to verify the putative disrupting effect of the compound on
energy homeostasis and to specify the mechanism by which it could contribute to obesity
and related diseases.

& Conclusions

Elucidating the cellular and molecular mechanisms of DDE obesogenic effects is
critical to understand the putative causal relationship of DDE to obesity and its metabolic
complications.

This study focused on the impact of DDE on the metabolic characteristic of hADMSCs
in the whole course of differentiation (21 days). Its results show that subtle sequelae of
DDE chronic action could be observed at the end of differentiation, ie., after long-lasting
exposure. Maturing adipocytes "adapted” to continuous supply of the pollutant in lower
doses (1 pM), displayed higher basal mitochondrial respiration and ATP-linked oxy gen
consumption along with impaired uncoupling reflected in higher mitochondrial membrane
potential that might interfere with efficient heat dissipation. A higher concentration of the
pollutant slows down the differentiation process, as documented by the later onset of the
increase in ATP-linked cooy gen consumption.

In conclusion, the hADMSCs in vitro model of differentiation is suitable to study
the impact of chronic DDE exposure on different features of adipogenesis. The long-
lasting action of DDE seems to result in metabolic reprogramming of adipocytes that might
contribute to the obesogenic effect of the pollutant studied.
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Summary

Burden of obesity Is ingeasing in the contemporany workd.
Althowgh  muitifactorial in - origin, appropriate mitochondrial
function of adipocytes emenges as a factor essential for healthy
adipocyte differentiation and adipese tissue function. Our study
aimed o evaluate mitochondrial functions of human adipose-
derived mesenchymal stem cells committed to adipogenesis. On
days 0, 4, 10, and 21 of adipogenesks, we have charactarized
adipocyte proliferation and viability, quantified lipid acoumulation
in maturing celdls, parformed qualitative and quantitative anakysis
of mkochondria, determined mitochondrial respimtion of cells
w=ing high-resolution respirometry, and evaluated mitochondral
membrane  potential.  In the cowrse  of  adipogenesis,
mitochondrial moygen consumption progressively increased in
states ROUTINE and E (apacdty of the dactron transfer system).
State LEAK remained constant during first days of adipogenesis
and then increased probably reflecting uncoupling abilky of
maturing adipocytes. Citrate synthase activity and wolume of
mitochondrial — networks  inoreased  dwring  differentiation,
particularly  between days 10 and 210 In addition, lipid
accumulation remained low until day 10 and then significantly
increased. In conclusion, during first days of adipogenesis,
increased mitochondrial respiration s needed for ransition of
differentiating cells from ghyoolytic to cxddative metabolism and
clonal evpansion of preadipocytes and then more energy is
mesded o acquire typical metabolic phenotype of mature
adipocyte.

Key words
Mesenchymal stem cell « Adipocyte « Adipogenssis « High
resolution respirometry = Mitochondria
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Introduction

Olesity represents an increasing problem of the
contemporary world It leads to various chromic
morbidities like Type 2 dizbetes mellims, hypertension,
atherosclerosis, heart disease, stoke, cancer, infertliny
etc. (Cai er @l 2010, Castro er al. 2014, Luna-Luna ef ai.
2015, Mission ef al. 2015, Zimmet ¢ al. 2001). Calornic
intake exceeding energy  expendinwe  produces
ametabolic smte that promotes hypermophy and
hyperplasia of adipecytes (Shepherd er al. 1993). It iz
supposed that the incresse in adipocyte Dumber is
tmggerad by siznaling factors that induce the commitment
of pluripotent mesenchymal stem cells residing in the
vascular stroma to the adipocyte lineage. When
committed, preadipocytes are subjected to mitotic clonal
expansion undergoing two or three cell divisions and then
they gradually acquire typical adipocyte metabolic and

FHYSIOLOGICAT RESEARCH » ISSN 0862-8408 (priny » ISSIN 1802-9973 fonting
i 201% Institate of Physdolegy of the Crech Acadepsy of Sciences, Pragne, Czech Republic
Fax +420 241 042 154, o-mail: phyeres @ifga.cas.cz, wanw. biczed cas cz/physioknes

34



S2188 Eladmicks stal

Vol. 68

morpholegical characteristic inm  the process of
differentiation (Tang and Lane 2012). All three stages ate
essential for the development of obesity and they are
tighily linked to the increased energy infake over long
time periods (Qiac &r al. 2019, Shepherd e al. 1993,
Spiegelman and Flier 199).

Appropriate function of white adipose tissue is
dependent om energy provided by mitochondra
(Ensminski and Scherer 2012). It has been also suggested
that adipecyte differentiation is at least partly driven by
mitochondrial exidative phosphorylation (Luz et al. 2019,
Zhang et al. 2013).

Toe smdy adipogenesis im  witre, 3T3-L1
preadipecyte cell line onginally derived as a subclone of
the 3T3 mouse embryonic fibroblast cell line is widely
used in experimental practice and some data are also
available on mitochondrial respiration of these cells
(Momison and McoGee 2015). However, the translation
potential of the experimental results acquired from these
cells has been challenged by several important issues
(Sadie-Van Gijsen 2019).

Human cell models include varous types of stem
cells that are able to differentizte inte adipocytes, namely
adipose fissue denved mesenchymal stem cells that allow
mvestigation of all phases of adipocyte formaton. Despite
concerms expressed by some investugators (Bemy o al
2014, these cells represent 3 more relevant modal suitable
for research im adipecyte biclogy than most rodent cell
lines {Sadie-Van Gijsen 2019).

The aim of our study was to extend earlier
obzervations of other researchers im the field of
mitochondrial physiology of differentiating human
adipocytes. We hsve wused lmmsn adipose-denived
mesenchymal stem cells committed to adipopenesis and
on days 0, 4, 10 and 21 of differentiztion, we have
characterized their proliferation and viability, quantified
liptd accumulation in matwing cells, performed
qualitative and gquantitative analysis of mitochondria,
determined mitechondrial respiration of cells using high-
resolution respirometry, and evalnated mitochondrial
membrane potentdal.

Methods

Cell culture and differentation

Human adipose-derived mesenchymal stem cells
(RADMSCs), isolated from a female domor from
subcutanecns adipose tssue and charactenized by flow
cytometry were purchased from Thermo Fisher (Thermo

Fisher Scientific, Carlshad, CA, TSA) and cultivated as
described previeusly (Mullerova et al. 2017). Briefly, the
cells were seeded at 1x10° cells and cultured in Pemi
dishes (TPP Techno Plasgc Products, Trasadingen
Switzerland) in commercially available culture medmm
MesenPRO BRE5™  Mediom  supplemented — with
MesenPRO BS5™ Growth Supplement with reduced
serum level (2 %2), 1 %o L-glutamine and 1 % gentamicin
(all Thermo Fisher Scientific, Carlsbad, CA, USA).

After 30% confloence was reached, the
hADMSCs were cultured for adipogenic differentiation in
culmre plates  according ®o  the manufacturer’s
instractions in StemPro® Adipogenesis Differentiztion
Basal Mediom (DM) with StemPro® Adipogenssis
Supplement and 1% pgentamicin (all Thermmo Fisher
Scientfic, Carlsbad, CA, USA). The mediom was
changed every 3 days up to a total incubaton time of
21 days. The cells were maintained and cultured into
differentiated adipocytes under 5 % CO, atmosphers at

37°C.

Cell proliferation

Human adipose-derived stem cells were seeded
at 5000 per well on the bottom of 96 dark well plate and
treated as described above. Samples were labeled on days
0, 4, 10, 21 using WNucBlue® Live FReadyProbes®
Feagent (Thermo Fisher Scientific, Carlshad, CA, TUSA)
All samples were scanmed using the Olympus THE3
{Olympus, Tokyo, Japan) equipped with a VisiScope
Live Cell Imagine system at 100= magnification The
images were analyzed using the Image] (FUT) softaars.

Call vighility

PrestoBlue™ cell viability reagent (Thermo
Fisher Scienufic, Carlsbad, CA, USA) was used to
evalnate the viability and proliferation of cells (Dejmek
ef al. 2019). The reagent uses mitochondrial activity to
reduce the noo-fluorescent blue resazumn to  the
fluorescent pink resofurin. PrestoBlue™ reagent (10 pl)
was added to 90 pl medinm with cells on 96 dark well
plate. Cells were incobated for 10 min at 37 °C. The
bomom-read fluorescence was read at 560 nm (excitation)
and 590 nm (emission) by Symerzy'™ HT microplate
reader (BioTek, Winooski, VT, TTSA).

Dyfferennation and maturaiion af adipecytes
1. &4l Red O sraining

Human adipese-derived stem cells were stained
using Oil Fed O solution which stains intracellular
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miglyceride droplets. Mediom was removed from each
well, cells were twice rinsed in phosphate buffered saline
(PBS) and fixed in 4 % formaldebyde prepared in PBS
for 1 h at room temperamre. Then the cells were washed
rwice in distilled water and stained in 0l Fed O solution.
This solution was prepared dissolving 0.5 g of il Red O
powder (5igma-Aldrich, Prague, Czech Republic) in
100 ml of isopropanol (Sigma-Aldrich, Prague, Czech
Republic), filtered with absorbent paper and blended in
the ratio 3:2 — three parts of 0.5 % Oil Fed O solution and
two parts of distilled water. The cells were incubated for
15 min with the Oil Red O solution at room temperature,
twice washed in distilled water to remove unbound dye
and the cells were then vismalized using an inverted
microscope Olympus CX41 (Olympus, Tokyoe, Japan)
comnected to a digital camera.

2. Quantificaton of lipid accumulation

Lipid acourmmlation was measured by Oil Red O
extracion by lysis and gentle agitstion 10 min at room
temperatre. We used 4 % NP4 (5igma-Aldrich, Prague,
Czech Fepublic) im 100 % isopropanol as a lysis buffer.
The extract (100 pl) was ansferred into a 96 well plate.
The sbsorbance was mezsured at 490 om using a plae
reader Synergy HT (BioTek, Winooski, VT, TTSA).

3. Indirect immunofluorescenca

Cells were washed in PES, fixed for 60 min in
4% formaldehyde with PBS at room temperature, and
permmeabilized in PBS containing 0.3 % Triten 3-100 for
15 min followed by blocking in PBS with 1 % bovine
serum albumin (B5A) and 10 % normal donkey serumm at
room temperature for 60 min After blocking, the cells
were incobated with antibody against faify acid binding
protein 4 (FABP4; B&D Systems, Minnespolis, MM,
TUSA) in working solntion (PBS containing 0.03 % Triton
E-100, 1% BS5A, 10 % normal donkey serum and anti-
FABP4 in final coocenmation 10 pg/ml) overmight
at 2-8 °C. Afier three -min minsing in PBS with 1%
BSA cells were incubated for 1h in donkey anti-goat
IgG MNorthernlighs™ NWL557-conjugated secondary
antibody (R&D Systems, Minneapolis, MN, TUSA)
dilited 1:200 in 1 % B5A in FBS in the dark for §0 min
at room temperature. The coverslips were washed, placed
on microscope slides with 3 mounting medium (ProLong
Gold Antifade Mountant with DAPL Molecular Probes,
Engene, OF, USA) and visualized with a floorescence
microscope Olympus CX41 (Olympus, Tokyo, Japan)
comnected to a digital camera.

Qualitative and quaniitaive analysiz of mitochondria
1. Fluoresceni probe stainimg

Fluworescent  probes, MitoTracker ™ Fed
CMEFos and NucBlue® Live FeadyProbes® Feagent
(both Molecular Probes, Eugene, OF, TT5A) were nsed to
visualize mitochondria and nouclens. To  label
mitechondria, cells were incubated with Mlbn'[mrjerm:
which passively diffuses across the plasma membrane
and accurmmlates in active mitochondria. Cell-permeant
muclear counterstzin NucBloe® Live FeadyProbes®
Feagent containing Hoeechst® 33342 dye (2-[4-
ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2_5"-bi-1H-
benzimidazole) emits blue fluorescence when bound to
DMA with an emission maximum st 460 nm. It is
detected through a blue/cyan flter.

Culure medium was replaced with Live Cell
Imaging Solotion (Molecular Probes, Eugene, OF, TTSA).
Two drops of NucBloe® Live FeadyProbes® Feagent
were added per milliliter of medium and MitoTracker ™
was added in the fSnal concentration 100 nbd. Cells wara
incubated in the dark for 30 min and then visualized by
the Hamamatsu Orca-EF. camera mounted on the
Olympus I 81 inverted microscope at  200=
maznification (Olympus, Tokyo, Japan).

1. High-resolufion respiromeiry

Cxygen consumption by adipocytes was
evaluated on days 0 (p=6), 4 (o=1T7) and 21 (p=18) of
differentiation. To measure mitochondrial respiraton of
intact cells, oxygraph Oroboros OXk (Oroboros,
Innsbruck, Austmia) comnected to the computer with
Datlab sofiware for data scquisition and analysis
{Orobores, Innsbhrack, Austoiz) was used The oxygzen
flux was calculated as a negative time derivative of the
oxXygen concenfration im 2 ml glass chambers at 37°C
(Pesta and Goaiger 2012).

StemPro® Adipogenesis Differentiation medinm
was stimed at 350rpm and equilibrated with air for
40 min. After closing the chambers, the samples of mfact
adipocytes were injected inte the chambers using
Hamilton® syringe and respiratory activity of intact cells
was assessed as routine respiration (ROUT; B). Then,
non-phosphorylating LEAE state (L; oxygen consump-
ton needed for electton tansport compensating for
proton leak across the inmer mitochondrial membrane)
was induced by addition of olipomycin (2.5 pmolT),
an ATP-synthase inhibitor. Maximum capacity of the
electron transfer system (state E), was reached by ttration
of uncoupler trifmorocarbonylcyanide phenylhydrazons
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(FCCP; 0.05 umol1 tiatien steps). Oxygen consumpiion
was then inhibited by iohibitor of complex IIT
anfimyrin A (2.5 pmolT) to achisve residual oxygen
consumption (ROX). The cells were counted using
Burker's hemocytometer (average cell count was
~4x10° cells per chamber) and oxygen consumption was
expressed in pmol Cil;;"[s.llilﬁ cells) and corrected to ROX
and instrumental background. The used protocol is shown
in Figure 44.

3. Citrate synthaze aciviiy

Determination of cimate synthase activity was
used to estimate mitochondrial content in the samples
from each oxyzraph chamber. Two hundred microliters
of the mixed and homogenized chamber confent were
added to 800 pl of the aszay medium contasining
0.1 mmoll 5 5-dithio-bis+(2-nirobenzoic) acid, 0.25 %
Triton-X, 0.5 mmol]l oxaloacetate, 031 mmoll acetyl
coenzyme A, 5 pmoll EDTA, 5 mmol] misthanolamine
bydrochloride, and 0.1 moll Trs-HCl, pHE.1
(Euznetsov & al 2002). The enzyme actvity was
measured spectrophotometrically at 412 nm and 30 *C
over 200 s and expressed in mIlf p-lu'llilﬁ cells

4. Mirochondrial membrane potential

The mitochondrial membrane potental was
measured using the JC-1 Mitochondrial Membrane
Potenttal Assay Kit (Mitosciences, Abcam Cambndge,
TUE). The cells were seeded at 1x10* cells on a dark well
plate and cultured as explained earlier. The mitochondrial
membrane potential was evaluated on days 0 (p=12),
4 (=12}, 10 (p=12) and 21 {(p=12) of differentiation. The
cells were washed once with PBS and incubated with
JC-1 dye {1 pM) at 37 °C for 10 min. Then the cells were
rinsed twice and were analyzed on a3 fluorescence
spectrophotometer (Synergy HT, BioTek, Winooski, VT,
TUSA) at excitation 475 nm and emission 530/5%0 nm. In
addition, the changes in mitochondrial membrane
potential were also analyzed by flow cytometer
(FACSCanto II; BD Biosciences, San Jose, CA, TSA)
JC-1 solution (10 pl at the concentration of 200 phi) was
added te cell suspension (1 ml) and cells were incubated
at 37°C for 25 min. Washing with PB5 and
centrifogation (1500 rpm; 5 min) followed the incubation
period. The supermamant was removed; the pellet was
resuspended in 500 pl PBS and immediately measured on
the flow cytometer. The red'green fluorescence intensity
ratto  was determined to evalwate mitochondrizl
membrane potential

Digta analysis and statistics

Statistical amalysis  was performed using
OriginPre 2017 software (Originlab Corporation
Northampton, MA, TT5A). After testing for normality of
disribution, data were compared using one-way ANOVA
with Tukey's posr hoc test. Values of p=0.05 were
considered significant.

Eesults

Cell culture and differentiation

Homan adipose-derived stem cells (RADMSCs)
were maintained and «cultored inte differentiated
adipocytes under standard conditons for 21 days. Cells
harvested on day O were mesenchymal stem cells with
typical fbroblastic spindle shape with several spurs and
large puclems. During adipogenic differentdation, cell
maorphology has chanzed — the cells gradually increased
in volome, small fat vacueles began to appear and then
eradually increased in size (Fig. 1A-D). The phenotype of
matare adipocytes was confirmed by the presence of
FABP4 protein.

Cell proljferation and viabiliyy

As showm in Figure 2, a trend to increase the cell
mumber  was observed just after induction of
differentiation {day 0 wvs. day 4, p=0.05004) and it
became significant thereafter (day 0 vs. day 10, p=0.004;
day 0 vs. day 21, p=0.0001). In the later course of
adipogenesis, mitotic division has slowed dowm (day 10
ws. day 21, p=0.05). This corresponds to our other results,
where lipid accummlation is observed instead of mitotic
divizion in the second phase of differentiation.

Cell vishility determined by PrestoBlue™
reagent was expressed in fluorescent umits (FU7). Mo
statistically sigmificant chanpes in cell viability were
observed during differentiation (Fig. 3).

Quantjfication af ipid accumulation

0l Bed O solution has been used to stain adipocytes and
1o visualize fat droplets. Oil Fed O interacts with lipids w
give a red-orange colored product. During differentiation,
an insignificant increase in the fat content of the cells was
observed and them, between days 10 and 21, fat
accummmlation significantly increased which comesponded
to the imcreasing amount of measured Oil Bed O staining
(Figs 1A-D and 3C). The data are in accord with our
previous finding that at this time, no siznificant mitotic
division is taking place, but rather acquiring mature
adipocyte-specific metabolic phenotype.
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Fig. 1. Adipooyte differentiation (A-D) and mitcchondria analysis wsing MitoTrackerTM (E-H). (A) Human adipose-derived
mesenchiymal stem cells stained with Oil Red 0. (B-D) Adipocytes stained with Oil Red O on days 4, 10, and 21 of differentiation.

(E) Mitochondria in human adiposa-derived mesanchymal stem celis stined using MitoTrackerTM. (F<H) Mitochandria in adipocytes on
days 4, 10, and 21 of differentiation stained by MitoTraderTM.

Fig. 2. Quantification of the number of call nudsl (NucBlue®) In the course of adipocyte differentiation from human adipose-derved
mesenchymal stem cells on days O (&), 4 (B), 10 {C), and 21 (D).
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Fig. 3. (A) Prolferation (NWucBlue®), (B) cell viabiity (PrestoBiueTM), and (C) lipid accumulstion (0 Red 0) In adipooytes
differentiating from human adipose-desived mesenchymal stem cells on days 0, 4, 10, and 21 of differentiation.
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COualitative and guaniitative analysiz gf mitochondria
Fluorescence mictoscopy showed that during the
adipocyte differentiaion, the volume of mitochondrial
networks apparently increased (Fig. 1E-H). These data
corresponded with the results of determination of the
citrate synthase actvity. At the end of the differentiation,
citrate synthase activity was 92.7+33.5 mIU/10° cells and
it was significantly  higher than oo day 4
(1?ﬂ4.SmILT:1EI6 cells) and day 0 (193408 mIUY/
10 cells). The data suggest increasing mitochondrial
guantity during differentiation.
High-rezolution respiromatry

Az zhowmn im Figure 4B-I), respirometric
parametars have significantly changed in the course of
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adipogenesiz. Basic respirometric states, ie. B, L and E
progressively mcreased im the course of differentistion
(Fig. 4B). Interestingly, the most abmpt change of the
state LEAK was observed between days 4 and 21.
ATP-related oxygen consumption (F-L) and excess ETS
capacity (E-F) increased significantly between days 0 and
4 and then they did mot substantially change (Fig. 4C).
LEAE control ratio, expressed as L'E was not different
between days 0 and 4 of adipocyte differentiation and
then it significantly increased on day 21. NetROUTINE
confrol ratio expressing oxygen consumption related to
ATP production (F-L) as a faction of ETS capacity
((B-LYE) increazad between days 0 and 4 of the cell
differentiation and then remained constant (Fig 4D).
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Fig. 4. Mitochondrial respiration in differentiating adipocytes on days 0, 10, and 21 of adipogenesk. (A) Tiiration protocol in adipocytes
on day 21 of differentiation. Grey Ine=oxygen flux expressed in pmaolis per 10° cells. Back line=concentration of oxcygen in the
copgraph chambes (pmoll). Omy=oligomydn, FOP=trifluorocarbonylcyanide phenylydazone, Ama=antimycin A, (B) Routine (R),
LEAK (L), and uncoupled (E)} oxygen consumphion after addition of cells, Omy, and FOCP, respectively, after comection to residual

oepgen consumption after

Ama. (C) ATP-related oxygen consumption (R-L) and excess ETS capacity (E-R). (D) Fex control ratios

documenting coupling state (LE) and NetROUTINE control ratio ((R-L)/E). Sonificant differences p<0.05 (*).

Mirochondrial membrane potential

IC-1 dye iz widely wused to monitor
mitochondrizl bealth by messwring mitochondrial
membrane potentizl. The low mitochondrial membrane

potential is characterized by green fluorescence while
hirh membrane potential = red Conssquently,
mitechondrial depolarization is indicated by a decrease in
the red/zreen fluorescence intensity ratio. We observed
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8 decrease of this ratic during differentiation of
hADMSC: o adipocytes by specrophotometfer assay
(ratio 1.55 and 024 on days 4 and 21, respectively). The
same trend was confirmed by flow cyiomery (the ratio
319 on day 4 and 2.33 on day 21). The decrease of red
finorescence during differentiation is a sigmal of the
mitochondrial depelanzation and this tend fally
commesponds  to  the resmlts  of high-resolution
Tespiromery.

Discussion

The present study describes the increasing
cellolar oxygen consumption during 21-day adipogenic
differentiation of buman adipose-derived mesenchymal
stem cells. It is well known that stem cells are highly
glycolytic cells and have mechanisms that actively
suppress mitochondrizl respiration (Khacho and Slack
2017). Stem cells are probably less dependenmt om
fonctional mitechondria for energy or membolic needs
but upon initiation of and duonng  differentiztion,
a metabolic switch towards oxidative phosphorylation is
necessary o get enough energy. This change mmst be
logically accompanied by mitochondrial biogenesis. It
appears that mitochondrial biogenesis and mcreased
mitochondrial respiration is likely a general hallmark of
adult stem cell differentiation (Hofmsnn er al 2012,
Zhang ef @l. 2013, Tang and Lane 2012).

Adipogenic differenfiaton of BADMSCs was
induced wing commercial culiure medium and after four
days, we observed wery timy lipid droplets. In
differentiating cells, the number and size of lipid droplets
increased the most abroptly between days 10 and 21 and
this wend was documented by Oil Bed O staiming The
viability test quantufying reduction of the non-fluorescent
resazurin @ to  the fluorescemt resorufin by  the
mitochondrial and cytoplasmic enzymes indicated that
there was no trend to impaired cellular metabolism during
adipocyte differentiation (Zalata et al. 199§).

All parameters assecizied with the potential
ability of the cells to increase oxXygen consumption, i.e.
basic respirometric states, excess E-F capacity and
ATP-related oxygen consumption (R-L) were
significantly higher at the end of differentistion
Interestingly, the most abrupt changes of the state B-L
and E-E were observed berween days 0 and 4 and then
they did not substantially change. This could be related to
the fact that during the first four days of differentiation,
the cells are able to divide and grow and their metabolic

needs are increased The amount of mitochondria
increased the most between days 4 and 10021 suggesting
that the iransiion fom glycolytic o oxidative
mefabolism energy is very fast but for the change of cell
phenotype more time is required (Drelmer e al. 20146,
Tang and Lane 2012).

Mitochondrial uncoupling during differentiation
led to mitochondrial membrane depolarization and as
3 result, increased LEAK oxygzen consumption needed for
compensation for the protom leak. This would lead fo
substantial suppression of ATP geperation (Bouillaud
er al. 1984). However, in the cells undergoing
adipogenesis, state ROUTINE confinnously increased
maintasining capacity to produce ATP sufficient for the
mefabolic needs, e g fatty acid synthesis (Zhang e al
2013). Excess E-B capacity reflecting the maximum
ability of mitochondria to enbance electron fransport,
increased omly between days 0 and 4 of adipocyte
differentiation and then it remained comstant implying
that after day 4, routine respiration could be imcreasad
only on the account of total electron-transporting capacity
of mitechondria. High LEAK state and L'E uncoupling
ratic on day 21 of adipogemesis could be related fo
increased expression of the uncoupling proteins TCPI,
UCPI and WUCP3, which are responsible for
discommection berween oxygen consumption and ATP
production (Zhang o al. 2013). Apother factor
confribnting to the increased LEAK state in the later
stages of adipocyte diferentiation could e acuvaton of
the mitochondrial permeability Tansition pore induced by
long exposure to dexamsthasone, regular component of
media uwsed for adipogenic differentiation (Chen &t al
2016, Loan & al. 2019).

In addition, parameters gquantifying amount of
mitechondrial mass folly commesponded with the above
mentioned statements. The wvolume of mitochondrial
networks and cimate synmthase acdvity, marker of
mitochondrial comtent (Larsen et ai. 2012) inmcreased
during differentistion Moreover, perinnclear localization
of mitochondria was typical for undifferentiated cells,
whereas mitochondria of manmre adipocyies were more
evenly distributed in the cytoplasm, especially around the
lipid vacuoles. This observation was in accord with the
study of Hofmann ¢f al. (2012) and it supports the theory
that the changes in disoibution of mitochondria nerwork
could be a marker of successful differentiation of
LADMSECs.

In summary, we showed that adipogenic
differentiation of hADMSCs is a complex phenomenon
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regulated on multiple levels and it is accompanied by
changes of the mitochondrial phenotype. It suggests that
mitochondrial metabolism should not be considered as
a consequence of differentiation but a key mechanism in
this process. Fegulation of mitochondrial respiration may
be an important therapeutic approach that could be
explored as a new target to weat obesify-related disorders.
Unlike the previous studies, our work provides
an assessment of mitochondrial oxygen consumption by
cells in the course of complete 21-day lasting
adipogenesis and wses for the differentiation stem cells
derived from human adipose tissue.

Study limitations

In this smady, we have used lmman adipose-
derived stem cells to determine basic mitechondrizl
characteristics in the course of their differentiation into
mature adipocytes. Unlike commonly used human bone
marrow mesenchymal cells (Charbord 2010) they enahble
less inwvasive recovery from patients while maintaning
the same phenotype and functonal charscteristics.
However, full adipogenesis is time-consuming and
expensive process associated with many techmical
problems, like increasing fragility of the cells and their
difficult harvesing. Although expression of FABP4
confimmed successful differentiation snd maturation of
adipocytes (Baxa er al. 1989), final cells did not comtain
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Nové pohledy na vyznam rostlinnych polyfenoli ve vyZivé
Doc. Ing. Zdenék Zloch, CSc., Mgr. Iva Kladnicka

Abstrakt

Rostlinné polyfenoly, pfirodni latky pfitomné ve v&ech po-
travinach rostlinného piivodu, jsou pfedmétem celosvétové
rostouciho zajmu badatell v oblasti lidské vyzivy. Zasadni
nové poznatky vyplyvajici z tohoto vyzkumu dopliuji, pfi-
padné méni dosud tradovany obraz sloZitych metabolickych
drah téchto latek v lidském organismu, avéak stale jesté
neumoznuji odhalit spolehlivé takové jejich biologické Gginky,
je# by vysvétlovaly predpokladany preventivni vztah téchto
latek k neinfekénim chronickym chorobam. Na druhé strané
nespornym zavérem vyzkumu, zejména epidemiologickych
studif, je potvrzeni, Ze zdrava vyZiva a zdravé potraviny by
mély zahrnovat pravidelny a dostateény pfijem vhodnych
typil polyfenolt. ProtoZe jejich prumérny celkovy pifjem je
u éeské populace maly, je Zadouci stimulovat u véech popu-
laénich skupin, zejména rizikovych, zajem o potraviny bohaté
na biologicky nejuginngjsi podskupiny rostlinnych polyfenold,
pfipadné nabizet je v dopliicich potravy.

Uvod

Pozornost, ktera je v odborné vefejnosti vénovana
rostlinnym polyfenolim, v poslednim desetileti ex-
ponenciélné stoupa. SvédEi o tom pocet védeckych
publikaci zaméfenych na rlizné aspekty téchto pfi-
rozenych latek. Zatimco do roku 1990 pocet ¢lanku,
vénovanych nejdfive chemickym strukturam a pozdé-
ji metodam stanoveni, tloze polyfenoll v senzorické
kvalité potravin a posléze jejich biologickym Géinkim
a dal§imu roz8ifovani poznatkl o jejich vyskytu
a o velikosti jejich pffjmu, nepfekrogil v Ghrnu jednu
tisicovku, v obdobi nésledujicim az doposud je jich
evidovano pres 90 tisic [1]. Zadné jiné skupiné pfiro-
zenych latek v rostlinném materialu nenf vénovana
podobna pozornost. Celkovy pocet védeckych praci
o flavonoidech napi. pfevysuje pocet praci o vitami-
nech C a E, o karotenoidech a o selenu dohromady.
Méni se také predmét studia a cil védeckého badani
a jeho vystupts; pro uplynulych 10 let je pfiznaéné, ze
se pozornost soustfeduje na latkovou pfeménu po-
lyfenolli v lidském organismu, na povahu biologicky
aktivnich metabolitd, na dikaz existence a podminé-
nosti jejich vlivu na zdravi a na hledani a ovéfovani
moznosti vyuziti potravin (popf. potravin dopinénych
polyfenoly) k upevilovani zdravi a k G¢inné prevenci
nemoci [2]. Pro tento obor nutriéniho vyzkumu je
typické, ze dulezitymi prameny poznatkd uz nejsou
jen vysledky epidemiologickych studii (kterych je
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nepfehledné mnoho), ale jejich metaanalyzy a me-
taanalyzy metaanalyz. Svou roli ostatné také hraje
skuteénost, ze rostlinné polyfenoly jsou nejpocetnéjsi
skupinou fytochemickych latek (dosud bylo identifi-
kovano pfes 9 tisic chemickych individui) a obsah
polyfenolli pfevysuje obsah vitamin( a esencialnich
mikronutrientd. Jejich celkovy dennf pFijem prevysuje
u viezravych dospélych osob 1g, u lidi vegetari-
ansky orientovanych a konzumujicich vétsi davky
kavy a &aje, kakaovych vyrobku, piva a vina mize
dosahovat 3 a vice g/den [3]. TéméF véechny tyto
latky vykazuji samy o sobé (a také potraviny, kieré
je obsahuji) v testech vysokou antioxidaéni aktivitu.
Uz starsi zkusenosti ukazovaly, Ze s vétsim a pravi-
delnym konzumem ovoce, zeleniny, lusténin, vyrobku
z obilovin, éaje, kavy a vina se vyznamné posiluje
ochrana zdravi pred neinfekénimi degenerativnimi
chorobami (kardiovaskularnimi, nadorovymi, neuro-
degenerativnimi, diabetem 2. typu aj.) a také nadéje
na doziti ve vys8im véku a v dobrém zdravi. Dnes
je stfedem pozornosti pficina zdravotni prospés-
nosti polyfenolil a mechanismus jejich Géinku, ktery
neni zdaleka podminén pouze jejich antioxidacnim
charakterem [4].

V tomto sdéleni struéné shrneme zavéry, ke kterym
studium riznych aspektu vyskytu polyfenoll v potravi-
nach, riznych stranek jejich biologické aktivity a pro-
kazatelnych G¢ink( na zdravi lidi v obdobi poslednich
piblizné 10 let dospélo. Nasim cilem je také upozornit
na omyly, které se v laické vefejnosti ohledné fenolo-
vych fytochemickych latek vyskytuiji.

Souéasny stav znalosti o obsahu rostlinnych
polyfenoli v potravinach

Metodické problémy se stanovenim obsahu polyfe-
noll v potravinach uZ byly uspokojivé vyfeseny. Velmi
oblibena, ale narokiim na specificnost a spolehlivost
nevyhovuijici je metoda zaloZzena na reakei fenolove
skupiny s molybdenanem v alkalickém roztoku (tzv.
Folin-Ciocalteuova metoda), ktera se pouziva pouze
k predb&Znému a orientaénimu stanoveni. Moderni
metody jsou zaloZeny na citlivych délicich postupech
s vyuzitim vysokouginné kapalinové chromatografie,
kter4 je pfipadné doplnéna hmotnostni spektromet-
rickou identifikaci. Od roku 2009 je k dispozici online
databaze, obsahujici hodnoty obsahu polyfenold
v potravinach, které byly stazeny z 1 300 odbor-
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Tabulka &. 1.
P'fl'lclad_rmtlinh-;rch zdrajl & hejvyEsimi obsahy polyfencld
Patravina Obsah polyfenolii | Typ polyfenolu
Kapary B35 mgA00g  |prevad Ravonaly
::lﬂ peprna 14530 mg /100 g flavany
jova mouka 5
odluénand 477 mg'0d g isallavany
Bezinky 1316 mgidl g | anigkyanidiny
Cerny rybiz 02 mgi00g  |antokyaniding |
Kakaovy pragek §2mg100g | favanaly
Kastany jedié 1215 mg 100 g [kyssling benzoavd
Kava rozpusing | 330 mg/t Elek | kyseina chioroganovs
Tabulka &. 2.

Zebfitek velikosti denniho pfijmu polytenoli

Stat Denni pfijem palytencli
Ddénsko 1706 mg
Francle 1185 my =
Polsko 1092 mg

| Finsko BB mg

| Spanéisko B2E mg

| Recko 654 my
Brazilie 460 mg
Ceska republika 426 my

nych &lanki. Jinou velmi obséhlou a stile &iroce
vyuiivanou databazi uvefejnili v roce 2010 Meveu
a spol. [5]. Hodnoty obsahi polyfencld v databazi
byly ziskany laboratornimi analyzami minimaing 10
wzork( kaZdého druhu potraving (ziskanych z riz-
nych svétovych oblasti) a byly pouzity paralelné
Etyfi rizné analytické metody - spekirofotometricka
& Folin-Ciocalteuevym &inidlem a i riené modi-
fikace vysoce Gtinné kapalinové chromatagrafie
[HPLC). Je nutné ale respektovat skuteérost, Ze ani
tak dokladnym pristupem se nemohou ziskat univer-
zdIné pouzitelné vysledky, protoZe obsah polyfenali
vkaide potraving rostiinného pivodu se miZe velmi
padstatné ligil v zavislosti na odmidé, na klimatic-
kych podminkach péstovani, na agratechnickych
podminkdch a na mnaha daliich okolnostech. Uva-
cime pfiklady rostlinnjch zdroji s nejvyasimi cbsahy
polyfenoll, viz Tabulka &. 1.

Ma zdkladé znalosti velikosti spolfeby jednatlivich
druhd potravin se vypotitava pramémy denni pfijem
polyfenoli na 1 osobu, Tento (daj je v epidemiologic-
kych studiich a pfi kazdém jiném zplisobu hodnoceni
viivu potravnich polyfencld na zdravi velmi dileZity,
aviak jeho validita je Gasto zpochybhovana, protode
dosud nebyly vypracovany zcela spolehlivi individy-
alni dotazniky o spotfebé potravin a databd ze chsahi
polyfenold v potravindch je mo#né pouzivat jen s vé-
domim jejich pFibliznosti.

£ prehledu relevantnich epidemiclagickych studii
vyplva lento Zebficek velikosti denniho pfijmu poly-
fenold, viz Tabulka &, 2.

Hlavnimi zdroji polyfenold v naprosté vétSing zemi,
kde byly hodnoceny, byla kéva, éaj, ovoce (v pofadi

bobulové, jadrové a citrusove) a kakao, v Geske
republice takeé obiloviny a pive. Z jednatlivyeh skupin
fenaolowych laitek v Evropé plevazuji flavanoly (kiva,
kakao, caj, jablka), flavanany (citrusy), kyseliny hydro-
xyskoficove (kéva, bobulowé ovoce), flavonoly icibule,
jablka, &aj) a antokyanidiny (barevné ovoce). V Ces-
ké republice se podle naéi studie uplathuji nejvice
hydroxyskoficove kyseliny (z 30%) a déle flavony,
flavanoly a antokyanidiny (dohromady ze 42°%) [g].
Ve vBech (vahach o velikosti a strukiufe pfijmu ros|-
linngch polyfenols se dosud vidoma opamiji ufivan]
palyfenalowyeh doplfikd potravy a funkx:r'!fch potravin
s dominantnim obsahem téchto fytochemickich litek,
Meni také podle nageho nazoru dosud védecky zhod-
nocen skuteény dopad t&chio plipravkl na zdrawi ligi,

Biologicka pfistupnost a metabolismus
polyfenol( zasadnim zplsobem limituji jejich
biologickou aktivitu

£Zcela zasadni otdzkou zdravotni prospéinosti
rastlinnych polyfenoll je mira a povaha jejich wyLEil
W lidskem organismu. Polyfenoly jsou ve swych rost-
linnych zdrajich uloZeny we vnitrobun&éném (tasto
ve vakuolach) i v mimobunééném prostfedi. Vidy
jsou doprovazeny velkym mnozstvim arganickych
latek, Casto makromolekuldmi povahy, s nimiz jsou
navazany vazbami. Charaker této tzv. matrice je roz-
hodujici pro miru rozpustnosti, chemického Stépeni
avelikosti vstfebani polyfenall v trévicim dstroji. Tim
je take podminéna velikost a povaha jejich biologic-
kého G&inku. Zakladem matrice jsou rizné polysa-
charidy nebo heteropolysacharidy, bilkeviny a fuky,
Zaslo se jednd o makromalekuly, kierd se zahmuji
do kategorie viakniny potravy {polymerni polyfenaly,
napf. proantokyaning nebo polymerni katechiny se
pfimo s vidkninou ztotozfuji). V odborng literatufe
se tak pojedndva o potencidlu bicaccessibility®,
coi zahruje predevéim zplsobilos! polyfenald
byt pfedmélem traveni, a bicavailability’, klerd se
tyka procesu vstiebani, metabalismu a transportu
polytencli a jejich Stépnych produbti k cilovym tka-
nim [¥]. Na tyto aspekty je v posledni dobé kladen
velky diraz a jsou podrobovany dikladnému studiu,
nebaf jen jejich znalost otevira cestu k dalSimu ové-
fovani skutecné biologickeé aktivity polyfencld a jejich
ovliviiovani zdravi [8]. V této oblasti vyzkumu bylo
v poslednim desetileti sh-omaidéno nejvice cen-
nych, éasto pfekvapujicich poznatki. ]

VyuZitelnost polyfenolia pfitomnyeh v rostlinng
potravé je podminéna nejen povahou matrice,
na klerou jsou v potravé vazany, ale také zpdscbem
kulin&fske Upravy, zeiména tepelnjmi Zakroky, mf
mohou triveni polyfencli usnadnit, nebo naupa:ﬁ
sniit nebo zeela znemoznit. Traveni p““"rﬁ"na_
mitze probihat uz v zaludku (zaludecnimi 2MYIAS8
mi) a v nejvata mife v celé délce m_ﬂ“ﬂ“f! e
Zde se Udinkem pankreatickych @ '”m:zg} o165
amylas a glykosidas Stépi pfedsvsim ralrt-ickr Vi
aglykony a sacharidy (glykosid' -"":" 'I:::r i Pﬂﬂ'l’l"-'i
hradni formou jednoduchyeh poly =19 i
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Obrazek 1. zji5téno, Ze polyfenoly se mohou
Metabolicka cesta pfijmu, absorpee a metabolis mu polylenold [13] vazal na bilkoviny travicich enzymi

a tim jednak inhibovat jejich aktivitu

& jednak sniZovat svou antioxidadni
(éinnost. Ma druhé strané se urditd
cast polyfenold vstfebd v pdvodni
nebo malo pozménéné podobé.
Tyto zbytky jsou v jatrach podrabe-
ny biotransformacim 1. typu (hydro-
wylace, oxygenace aj) a nasledngé
bictransformacim 2. lypu, zejména
methylaci a O-mathylaci, sullataci
a glykosidicke vazbé s kyselinou
DO-glukurgnovou, Uronidglukosidy,
sulfaty a methylderivaty polyfeno-
IO & jejich fragment jsou béiné

identifikovany v riznych tkanich
E Sl Epikatechin Fensly  Hegerann a v modi, oviem obvykle v mensi
nei mikromolarni koncentraci. Po-
lytenoly jsou tak pravdépodobné
zcasti v téle katabolizovany jake
xenobiotika, latky télu cizi {Iyka
se benzenovych cykld). Zasadnim

Tafa schéma nove zofedrivie a osvétliye procesy probihajicl v lustém sifevy

¥ paslednich letech bylo opakované prokazana, Ze
toto St&peni a také rozklad oligomernich a polymer-
nich forem pelyfenoll (taniny, leukoantokyaniding}
profihaji v tenkém stievu élovéka jen v omezend
mife nebo neprobihaji vibec a nestravend zbyiky
|sou prenaseny do tlustého stfeva. Zde se stavaji
vidivovym substratem pro velké podly a pofeng
drubyy bakterii, které napadaji rizné Sast molekul
polyfenoll véetné benzenovych jader. Polvrzuje se,
Ze i tyto metabolity se mohou sténou tlustého stfeva
vstfebat a vstupoval do systémového obéhu, Sast
z nich (mnohdy podstaing) se z téla vyloudi. v pii-
tomné dobé se realizuje mnoho stedii, kiere in vitra
kombinuji rizné podminky simulujic prostfedi trawici-
ho Gstroji a patraji po osudu polyfenclovych struktur.
Piikladem jsou modely obsahujici kyselinu chloro
vodi<ovou, pepsin nebo mirné zasadité prostiedi
a #ug, Oblibena je aplikace kultur nadorovych bunék
z& 518ny tlustého stieva, pomoci nich se studuje
pribeh absorpee polyfenold a produktd jejich trave-
ni, Bylo tak napf. zjisténo, Ze jableénd polyfewoly se
u Elovéka Stépi na aglykony a sacharidy ug v Zaludku,
ato z 65%, zbytek se rozklids v tenkém stievu,

Po aplikaci antokyaniding znackovanych radicisoto- Nabizime ““m“'el':::mmﬂfjm;ﬂl;"‘“’5“"“”"""3’-
pem “C byly nalezeny znackované melabality (typu Stri : P

acetyl- nebo valerylfenoll a fenyloctové kyseliny e ﬂ&::ﬁ:}ﬁ;ﬂ:‘,ﬂﬁ:?‘ Intumnet B |
aj) v krvi, v modi a ve stolicl pokusnych osob a také Sklad i

vjejich dechu (12% “C z pdvodni davky), coZ nazna- s ﬂil::f:m;:?:u?::mnm:n:f::r:ﬁa,... l
Zuje hluboky strukiurni rozklad palyfenold ve stievu ikoleni - e o i¢ 1
YRR R ANAM Al skoleni a servis po celém dzemi G|
Velka Edst piirodnich fenclovych latek prijimanych Havligkova 46 Ripsks 20a

potravou prechézi a2 v 90% podilu do tiustého stfeva. ot SEY 500410 L sl AT
Koncentrace polyfenoli a jejich metabaliti vz niklych 567586104 3 515919 841

v tenicém stievu a ihned vstiebanych dosahuje po na- RO ﬁﬂf"z:_?ﬂ:ﬂam Ll L 6 BSEE

syceni v krvi hodnoty piiblizng 1 pmolu na litr, zatimeo
koncentrace metabolitd vezniklych v tlustém stfevu
tryva v krvi 10 a2 100 krat vétsi. Bylo také opakovand
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3 POMErne novym poznatkem tak je skuteénost, e
realné vyuZiti rostlinnych polyfencld v téle dlovéka je
velmi omezené a je velmi z4vislé na matrici, na kte-
rou je vazano, na zplsobu tepelné dpravy potravy
a zejména na sloZeni stfevni bakterialni mikrobicty
[9, 10]. Struéné schéma zndzorfiujici hlavni meta-
solické drahy polyfenold v lidském arganismu je
zndzornéno na obr. 1.

Biologicka aktivita polyfenold je velmi vagni
a jeji poznani je moiné jen pomoci klinickych
studii

O polyfenclech se jiZ po dlouhou dobu soudi, 2a

maji priznivy dcinek na zdravi. Tento pfedpoklad
&z dnedniho hlediska opravnény pravdépodobng
we smyslu posilovani prevence nékterjch chorob.
Jestlize vétéi spotieba ovoce, zeleniny, obilovin,
usténin, popfipadé také caje, kavy a kakao-
vych produktl jsou asociovany s nizsi incidenc
neinfekénich chronickych nemoci, povaZuje se
za divodné, Ze dilezitym pilznivym fakloram
e dostatedny pfijem fytochemickych latek typu
rostlinngch polytenali. V pfitomné dobé se vold
po roz§ifeni klinického vyzkumu téchia |dtek (do-
sud se vychazi pfevainé z vysledkl epidemiolo-
gickych studii a experimentd s pokusnymi zvifaty),
které by umoznily zdokonalit pozndni pFidinnyeh
sauvislosti a mechanismi biologickych Géinki
polytenoll. Pretrvavajicim nedostatkem je pieva-
fujici zajem vyzkumnik( o flavonoidy, kieré tvofi
jen cast sirokého spekira polyfenol( v nasi potra-
vé. Ve skuteSnosti vice neZ polavinu polyfenold
pradstavuji v evropské populaci derivity kyseling
benzoove a hydroxyskoficové. V peslednich
nékolika letech byly publikovény visledky studii
na buné&énych a tkafowych kulturdch a pokusi
£ lidskymi dobrovolniky, jejichz vysledky dovoluji
formulovat hypoltézy o povaze biologickych Géin-
ki polyfencld a jejich metabaolitd na malekularné
chemické drovni [11],

Tyto prace se zamé&fuji na dileZité a perspektivni
stranky problematiky Ocinkd polyfencld na zdravi:
jedné se o jejich potencidlni éast v pochodech kargi-
nogenaze, respektive bunééné proliferace a tkafowsd
diferenciace a programovand smirti, ovivnéni sekrecea
& BEinkd inzulinu a viiv na postprandialni ghkamii, vine
na apetit Slovéka a na jeho energeticky metabalismus
ve vztahu k udrieni nebo dpravé télesné hmotnost,
vliv na tukovy metabolismus (vietnd zvideného obra-
tu cholesterolu a inhibice lipas), viiv na snizeni napéti
v cévach a na krevni tlak a viiv na neurodegenarativni
procesy. ¥V souvislosti s tim se stdle vénuje pozor-
nost, i kdyZ v omezendjE mife, anlioxidaéni aktivité
palyfenold ve smyshu Zadouci, ochranng funkce pred
Ekodlivymi GEinky reaktiviich forem kysliku a dusiku
(ROS, NOS). Piehled dosud ziskanych pievézné diléich
wysladkl je velmi Siroky a pfi znadném zjednodusani
jej Ize shmout konstatovanim, ke nékteré polyfenaly
(zejména flavanoly/katechiny, flavonoly, rasvaratral,
antokyaniny) pravdépodobné za uréitych podminak

stimuluji expresi gend kidujicich antioxidagni |NZymy
:acyt?pglaknum E"ﬂ'fﬁ"!lf' mechanismus této stimulace
je zaloZen na podpore fosforvlace sarinovych i
na cxidacné redukiini regulaci c;.-steinwj-chy:ku?:g}:
tivnich bilkovin a peplidd (enzymovych, transkriptnich
faktorh, cytokind aj) a v disledku toho na modulaci
bunétnych signalnich pfenasi [12),

Welmi nesnadngm, ale dileftym Ukolem je vymezeni
t&ch drunl polyfenclovych slougenin, u kterjch se
takova biclogickd aklivita pfedpoklida a ng nas by
se zaméfil dalii intenzivni vyzkum,

W pfitomné dobd se za zdravoinég velmi prospés-
ne povaduji plirodni latky piitomné v &aji zelenam,
gernem i v jeho ostalnich variantich, v kévé {neni-
-li kentraindikovana, doporutuje se 3 a vice Salki
denng), v kakaowych virabeich, v bobulovém ovogi,
zejména v bordvkach, hreznech (Gervenych a taks
v Garvenadm ving), dale v jablkach, citrusech, lusténi-
nach, zazvory a v odiuénéng sojové mouce.

Je Oéelné uzivani funkénich potravin
obohacenych polyfenoly nebo polyfenolovych
doplika?

Vybér potravin, kieré jsou zdrojem .zdraviych®
polyfenold, je pomérnd snadny. Nase obchody dis-
ponuji Sirokym sortimentem polravin, které nemusi
byt pouhym prostfedkem k nasyceni, ale mohou
pozitivné aviiviiovat zdravi a jsou pro velkou #dst
populace cenové dostupné. Jedna se pfedeviim
o potraviny rostlinného plvodu.

Peslo jsme zaznamenal v CR podpramérng pifjem
rostlinnych polyfenold [6]. ' zajimu podpory vefejnélo
zdravi je prote Zadouci stimulovat vétai zdjem o zdro
e polyfenold, ale nabizi so také moZnost udivao
specialnich doplikd potravy a piipravy funkénich
polravin obohacenych td@mito pfiradnimi latkami. Tawo
praxe je ve svete dnes béEna, globdini irh 5 polyfer
lowymi preparaty ziskava maf 1 miliardu LS dalard
raéné a nepfetriitd roste, V zdpadni Evropéav ™A
se nejvice prodévajl extrakly z bohatych zdrojd, jako
je zeleny aj nebo odiuénénd sdjova mouka

Cilové skupiny, k n mZ by méla nabidka
polyfenolovych zdrojil smeafovat, jsou lidé ohrozeni
chranickym neinfekénim onemocnénim, jako f=ou
srdeéné cévni, nadorovE a neurodegeneralivil
nemoci a diabetes 2. typu, a vEeabecnd vEichni
seniofi. Je moZné vychazet ze skutednosti, Ze poly-
fenaly jsou male toxicke, mnohdy ale maji zhorsene
senzoricks a fyzikalné chemické viastnosti, co’ 22
kompenzovat ochucenim, emulgasi apod. Qpravaml.
ProtoZe maji velmi rychly metabolicky obrat, mely
by se konzumovat pravidelnd v kratkych éasa' /ch
intervalech, pokud moZno spaleéné s béznou polrd:
wvou. Za zminku stoji skutednost, Ze velikost p/jmy
potravy rostlinného pavedu a s nim také rostlin yeh
palytenol lze kontrolovat a testovat pomoci jedne”
duché semikvantitativni analyzy moi. Ma nasem
pracovisti jsme (spéing vyzkoudeli rychly = 89"
noduchy test na celkovy obsah polyfenold a 2'®
metabolith zalofeny reakei s Folin-Ciocalteu vy

47



Vyziva a potraviny 5/2018

cinidlem (test inidiem na fenolové ldtky), nz obsah
kyseliny askorbové (titraéné s 2 6-dichlarfenalin-
dofenolem, indikuje velikost konzumu ovoce a Ze-
leniny)a na celkovou antioxidadni kapacitu (napf.
metodou FRAP 5 #elezitou soli a ferrikyanidem
draselnym, odrd#i pfitomnaost daldich anticxidanta).
Zaver

Velky podet epidemiologickych studii uskutecné-
nych v poslednim desetileti prokazuje nesporng
zdravatng prospésné Ocinky rostlinnych polyfemold,
kters se vyshytuji viudypritomné v potravinach rost-
linného plvodu. Platnost tohote zjisténi neodporuje
shulecnosti, 2e polyfenoly jsou v lidském organismu
vyudity jen z malé éasti a jejich mataboligmus je
podstatné ovlivnén bakterialnim osidlenim v tustém
stfevu, které je interindividualng znaéné rozdilng,
Mavic strukiura fenolovych metabolitd, kterd jsou bio-
logicky aktivni, ani molekularné chemicky machanis-
mug Jejich G&inku nebyl dosud spolehlivé objasnén.
Povakuje se za velmi pravdépodobné, Ze biclogicky
nejaktivn&jEl typy polyfencld jsou flavany, flavancly
{katechiny} a flavenaly, jejichZ hlavnimi potrawmimi
zdraji jsou &a) zeleny | Serny, kdva, kakao, dervené
hrazny a vino a infenzivné barevné bobulové ovoce.
W teské populac Je pfijem téchto latek nedosiatedény.
Zlepieni situace |ze dosahnout zménou spatfebniho
kode potravin (ve prospéch zdrojl flavenoidd) a na-
bidkou polyfenolovich dopliki potravin.

Talc préce vznikla za podpory projekiu VaV inteligent-
nich komponent pokrodilych technologlil pro plrefiskow
metrapolini oblast finteCom)” reg.d. CZ021.000.04.
Q7 0480007267 financovangho z EFRR.

The wark was supporfed from ERDOF under project
wRasearch and Development of infelligent Cormmonants
of Advanced Technafogies for the Pilsen Metropalitan
Area {inteCom)= No. CZ.02.0.00:0,0/0,0/17_ 0480007
267
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Abstract

Flant polyphenols are natural substances presant in loods
of plant origin. They are the subject of worldwide growing
interest in human nutrition reserchers. The fundamantal
new knowledge it follow that this research complemant or
change the imagine of the metabolit patheways of these
substances in the human body, but still do naot allow them o
reliably detect their biolegical effects that would explain their
predicted relationship 1o non-infectious chronic diseases.
On the ofher side, the indisputable conclusion of ressarch,
espacially epidemiclogical studies, is the confirmation that
the healthy nutriticn and healthy food sheuld include regular
and sufficient intake of suitable types of polyphenals. Be-
cause polyphenols average tofal intake for Crech pogulation
is small, it is desirable to stimulate interest in foed rich in the
most biclogical effective supgroups of plant polyphenals or
affer them in food supplements for all population growps,
especially vulnerable group.
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