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Fatty acids disorders may lead to insulin resistance, resulting in long-term

oxidative stress and inflammatory processes, both mediated by adipose tissue.

Either in normal condition or obesogenic status, adipose cells components play

an important role in several physiological and metabolic conditions. It has been

shown that bioactive compounds can influence the development of obesity and

its pathological complications such as insulin resistance. In this study, we

performed a network between bioactive compounds and adipose tissue vis-a-

vis insulin resistance. We constructed a regulatory network of 62 adipocyte cell

components that incorporates current evidence of cellular and molecular

interactions involved in healthy and obesity states. The network incorporated

information about inflammation pathways and inhibition of insulin signaling;

insulin signaling and GLUT 4 translocation; triglycerides production; ATP

production; M2 macrophages recruitment; adipogenesis and lipolysis as well as

mitochondrial biogenesis. Our mathematical model showed a discernment

between the impact of various bioactive substances on the transitions from

health to obesity and vice versa. We found that anthocyanins, punicalagin,

oleanolic acid, and NRG4 proved to be critical nodes in the transition from

obesity to the healthy state, due to their switch-on potential to up-regulate the

complex network resulting in a beneficial transition.
KEYWORDS

complex networks, adipose tissue, insulin resistance, bioactive compounds,
inflammation, oxidative stress
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1 Introduction

Obesity is a complex, chronic degenerative disease from

multifactorial origin, based on an imbalance in the absorption

and use of calories (1) which is usually a risk factor for the

development of cardiovascular diseases, some types of cancer,

type 2 diabetes, neurodegenerative disorders and liver damage

(2–5). Under regular conditions, adipose tissue produces

several cytokines and hormones (adiponectin, leptin, resistin,

adipokines, chemokines, etc.) which are important in lipid and

metabolic homeostasis.

Either directly or indirectly, these biological factors interact

with extrinsic and intrinsic factors, which are mainly involved in

inflammatory processes, oxidative stress, and lipid profile, mediated

adipose tissue. Nevertheless, in a normal condition or

inflammation, obesogenic status, adipose cells components and

other immune cells (such as M1 and M2 type) play an important

role in several physiological and metabolic conditions. These cells

exhibit distinct but complementary functions through different pro-

or anti-inflammatories mediators such as Nuclear Factor kappa B

(NFk-B) (6), Toll-like receptors family (TLR2 and TLR4, mainly),

tumoral necrosis factor-alpha (TNF-a) (7), peroxisome

proliferator-activated receptor (PPAR) (8), glucose transporters

(GLUT) (9), diverse interleukins (IL) (10), and hormones such as

leptin, glucagon-like 1 (GLP1) and adiponectin (11) and Neuregulin

4 (NRG4). Likewise, these factors and obesity per se have been

widely described to be directly implicated in the development of

insulin resistance, which, in turn, unleashes and exerts diverse other

metabolic disorders such as lipid profile dysregulation,

mitochondrial dysfunction, lipoperoxidation, etc., leading to

diabetes and cardiovascular diseases, mainly (12–17). In recent

years, some factors that has been studied with the aim of

correcting the abnormalities of glucose resistance include the

effect of oxygenation of adipose tissue (18), reducing the levels of

C-reactive protein (19), proving the efficacy of the consumption of

glucagon-like peptide-1 receptor agonist (20), among others,

nevertheless, the results are still heterogeneous. Furthermore, a

considerable number of investigations have been performed

involving adipose cells components in several biomodels to

regulate these changes mentioned above, implementing diets,

exercise and physical activity, and bioactive compounds (21–24)

among others.

However, the importance of specific dietary composition can

affect how food is absorbed and how it is stored, used or dissipated

in adipose tissue. In this context, it has been shown that distinct

bioactive compounds can influence obesity and its pathological

complications such as insulin resistance, inflammation and

metabolic syndrome in lipid turnover. Bioactive compounds

such as phenolic compounds, triterpenes, anthocyanins,

fructooligosaccharides, etc., can directly or indirectly modulate

the signaling and expression of genes involved in regulating

energy intake, lipid metabolism, adipogenesis in adipose tissue,

thermogenesis, lipotoxicity, adipo/cytokine synthesis and

inflammation (25–27). Thus, also at the intestinal level, higher
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concentrations of these molecules can be achieved, modulating the

composition, action and function of the microbiome.

Some of this research has been focused on the development of

clinical trials, experimental studies on biomodels and cell strains, as

well as modelling mathematics to stimulate clinical conditions and

to predict physiological patterns using medical physics techniques.

Application of mathematical models to predict biological

molecule interactions, tissue behaviors or the natural course of

disease (28–30) has provided the basis for comprehension and

understanding of disease outcomes, response and progression,

being an important field of scientific research for the

development of clinical and experimental protocols. Several

mathematical models based on systems biology have been

previously considered (31–36) to elucidate the mechanisms

underlying adipocytes’ homeostasis functions and alterations that

drive them to transitions from health to obesogenic state and vice

versa. We used a mathematical model based on a regulatory

network composed of nodes representing molecular and cellular

associations playing important interactions linked to the

development of negative physiological pathways in adipose tissue

during insulin resistance and obesity. In a first approach, a

regulatory network can be characterized by a Boolean analysis,

first proposed by Stuart Kauffman in the 60’s as a mathematical

model of genetic regulation (37), where all the components only can

have two values: zero (completely turned off or inhibited), or one

(completely expressed or activated); these values depend on

previous states of all nodes in the network. By considering a

network formed by n nodes, the state of the node k at a time t+t
can be described by the mapping qk(t + t) = fk   (q1(t),…, qn(t));

here, fk is determined by a logical proposition that satisfies Boole

axiomatics. The stationary states of the mapping are determined by

the condition qk(t + t) = qk (t), where this can define different

cellular phenotypes, defined as obesity or health in this work.

Depending on their value, each component (node) of the

network could affect the behavior of some other nodes or even

the entire network. The final nodes values determine or can be

associated with a physiological state of health or obesity. In a more

realistic approach, regulatory networks can be characterized by

considering values between zero and one and, once we establish the

behavior and connections between nodes through differential

equations, we can alter the physiological final state by modifying

values of some critical nodes. One of the main objectives of this type

of methodology is to identify the critical nodes that have the

potential to change the final physiological state when we alter

their values and to determine specific molecular factors that may

influence different pathways either directly or combined, in order to

be used as a predictive-methodological instrument in future

experimental studies and clinical trials related to neurological

conditions (38, 39).

This study aims to identify by theoretical predictions and

mathematical modeling relevant bioactive compounds capable to

modulate positive or negative the physiological mechanisms in

adipose tissue under insulin resistance to guide experimental

work and model biological systems more accurately.
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2 Materials and methods

In this study, we performed a network between bioactive

compounds and adipose tissue vis-a-vis insulin resistance. First, a

literature review was performed in metabases including PUBMED,

MEDLINE and SCOPUS, considering keywords such as “bioactive

compounds” and “adipocyte tissue”, “insulin resistance biomodel”

as well as the interaction and effects between them. Articles in

English and Spanish were chosen as eligible literature considering

randomized clinical and experimental studies published in the last

five years. Subsequently, two authors independently reviewed each

article in turn to discuss scientific evidence using three steps

according to recommendations by Miller (40): a) Identifying the

biological pathways linked to the clinical outcomes of the disease,

i.e., the mechanism of pathogenesis. b) Distinguishing the dynamics

of the bioactive compounds and adipocyte tissue and c) Describing

how the dynamics of the bioactive compounds and adipocyte tissue

modify the biological pathways leading to insulin resistance.

Based on the literature review mentioned above (41–70), we

constructed a regulatory network of 62 adipocyte cell components

(Figure 1) that incorporates current evidence of cellular and

molecular interactions involved in healthy and obesity states

(Supplementary Table S1). The network incorporates information

about inflammation pathways and inhibition of insulin signaling;

insulin signaling and GLUT 4 translocation; triglycerides

production; ATP production; M2 macrophages recruitment;
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adipogenesis and lipolysis as well as mitochondrial biogenesis;

which in presence of adipocyte failure, a condition common in

obesity, leads to an increased level of fatty acids in muscle and liver

tissue, resulting in a reduction of insulin response in various tissues

and bioactive compounds.

In Supplementary Table S1, we summarize the information of

the literature review; for every node, we associated it with a value

between zero and one for a state of health and obesity. Green cells

correspond to node’s values greater than red ones (for example,

anthocyanin has a higher expression level in health than in obesity).

This table represents the attractors of the network: an attractor

characterizes a steady state of values that remains stable over time

while there are no disturbing external factors that change the final

state. These attractors correspond to health and obesity states.
2.1 Mathematical description

Each node value can be seen as a variable that may vary from

completely turned off (0) to completely expressed (1), and the

degree to which an object exhibits a property p is given by a

continuous expression μ[p], denoted as characteristic or

membership function. The regulatory interactions are embraced

by a characteristic function m½wk(q1(t),  …,   qn(t))�. Dynamical

properties of the system were subsequently analyzed by means of

a system of differential equations (32):
FIGURE 1

Adipocytes regulatory network. Inflammation pathways and inhibition of insulin signaling (green nodes); insulin signaling and GLUT 4 translocation
(turquoise nodes); triglycerides production (pink nodes); ATP production (dark gray nodes); M2 macrophages recruitment (light gray nodes);
adipogenesis and lipolysis (navy nodes); mitochondrial biogenesis (red nodes) and bioactive compounds (purple nodes). Interactions with final arrows
represent a positive influence of one to another node, a node can “turn on” another node; meanwhile, interactions with red final bars indicate that a
node can “turn off” or inhibit another node.
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dqk
dt

= μ½wk(q1(t),  …,   qn(t))� − akqk

Where m½wk� has a sigmoid structure and ak is a decay rate.

In this work, we studied the possible phase transitions between

health and obesity by considering a set of ordinary differential

equations for the expression levels of the network components. The

characteristic function may be expressed by means of a function

with a sigmoid structure:

μ½wk� =  
1

1 + exp½−b(wk(q1,  …,   qn) − wthr)�
Here, wthr   is a threshold value that renders wthr   true

(expressed) if wk > wthr . The simplest assumption is to consider

wthr = 1=2. Parameter b is a saturation rate for the change of the

proposition μ½wk� from an unexpressed to a totally expressed state,

being gradual for small b, and steep for large b. In this work we

suppose that b=5.5.

For example, for the node insulin receptor, the differential

equation that describe the expression level of the node over time is:

dinsr
dt

=
1

1 + exp½−5:5(insulin(t)) − 0:5)�   −qinsr

where wk = winsr =insulin, since the node insulin receptor only

depends on the insulin node; wthr = 0:5;   b=5.5; ainsr =1 and qinsr is

the expression level of the node insulin receptor at the time t.
2.2 Transitions between states

Dynamical analyses were performed to study the transitions

from health to an obesity stage, by employing the continuous

regime. This was analyzed with the Wolfram Mathematica
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computing system, using ordinary equations described in

Supplementary Material 1. Each attractor in Supplementary Table

S1 was in this step considered as a set of initial conditions of every

node, and the analysis allowed to identify cases where the

perturbation of a bioactive compound value induced a transition

from the original to a different attractor, it was assumed that ak=1

for every node. This is equivalent to consider, for example, a person

who is in an obesity stage characterized by a nutritional deficiency

of bioactive compounds’ ingest and we examine if there will be a

state transition of obesity to healthy state when the ingest of

bioactive compounds increases. In results, the time function is a

representation of the dynamic evolution of the nodes, where it is

affected by the decay rate ak and by the saturation rate b. For small

values of b, the change of the expression level of a node is gradual,

while for large values of b, the node can change in a shorter time. On

the other hand, if we increase the decay rate of a node, it will turn off

in a short time. We show the time function in the results up to 20,

because this is enough to exhibit a stable behavior of a node, where

it can be turned on or turned off.
3 Results

3.1 Transition from obesity to health

In Figure 2, we observe an overall dynamic behavior reliable to a

transition from disease (obesity) to health, where the inflammatory

values decreased and the M2 macrophages recruitment increased,

with a little increase of GLUT 4 expression and a steady state of M1

macrophages recruitment, triglycerides and ATP. This was achieved

when all the bioactive compounds transited from small to

big values.
FIGURE 2

Transitions from disease to an improved health state when all the bioactive compounds are expressed inside of an obesity environment. (a) Dynamic
transitions related to a decrease of NFk-B in adipocytes and increase in mitochondrial biogenesis and M2 macrophages recruitment; (b) Dynamic
transition showing an increase of GLUT 4 expression and a steady state of M1 macrophages recruitment, triglycerides and ATP.
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3.1.1 Critical nodes: anthocyanin and punicalagin;
neuroregulin 4 and oleanolic acid

We found some critical nodes driving the network final state

from obesity to an improved state of health characterized by a

reduced inflammatory value. For example, if we increase the

anthocyanin and punicalagin values, we observe a drastic

reduction in NF-kB (Figure 3a). On the other hand, if we

increase only the neuroregulin 4 (NRG4) and the oleanolic acid,

respectively, the final state transitions to a small reduction in

inflammation, compared with the effect of turn on anthocyanin

and punicalagin nodes, where they suppressed NF-kB, as it can be

seen in Figures 3b and 4. However, the impact of NRG4 on

mitochondrial biogenesis is clear, driving an evident increase

when the NRG4 is turned on. In Figure 4, a marked increase in

M2 macrophage recruitment occurred when the value of oleanolic

acid is increased.
3.2 Transition from health to obesity

In Figure 5, we can observe a pathway leading from health to

disease with an early increase in NF-kB (Figure 5a) and M1

macrophages recruitment (Figure 5b). Both cases were stimulated

when the values of all the network´s bioactive compounds

were reduced.

3.2.1 Critical nodes from health to disease
We found critical nodes driving the system from health to

disease when their values turned on. In Figure 6, there is an evident

increase in M1 macrophages recruitment when the node

representing lipopolysaccharides increases its value. In this case,
Frontiers in Endocrinology 05
inflammation doesn’t suffer any change. Contrarily, if we modify

the lipopolysaccharides value altogether with astaxanthin,

anthocyanin, lycopene, punicalagin (suppressing their values), this

condition promotes the NF-kB and M1 macrophages recruitment

increase (Figures 7a, b).

Although the effect of the lipopolysaccharides increase without

a decrease in the astaxanthin, anthocyanin, lycopene and

punicalagin compounds does not affect the NFk-B level, only

increases the M1 macrophages recruitment; the increase of

lipopolysaccharides while we reduce the astaxanthin, anthocyanin,

lycopene and punicalagin levels produce a rise in NFk-B in addition

to the M1 macrophages recruitment.
3.3 Overall transitions

We resume the responsible critical nodes having the potential to

induce a transition from obesity to health (Table 1) and from health

to disease (Table 2).
4 Discussion

Insulin resistance is a complex disease and a risk factor for the

development of cardiometabolic diseases. The molecular

mechanisms of insulin resistance in adipose tissue have been

widely elucidated and used as a therapeutic target. The research

of pharmacological interventions with the use of bioactive

compounds also has been widely investigates with some

molecular targets chosen for detailed analysis. However, the use

of mathematical networks provides a tool for organizing large
FIGURE 3

Transitions from disease to an improved health state when some bioactive compounds are expressed inside of an obesity environment. (a) Dynamic
transitions related to an evident decrease of NFk-B in adipocytes and a transient increase in mitochondrial biogenesis. In this scenario, we turned on
the anthocyanin and punicalagin values (b) Dynamic transition showing a decrease of inflammation but not as big as in (a). This evolution is due to
the NRG4 increased value.
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amounts of data in nodes to identify modules linked to a specific

target that are reliably active only in the context of IR progression.

The study with mathematical models of the interactions (nodes

and subnetworks) occurring between chronic-degenerative and

infectious diseases with environmental, genetic and molecular

factors (macromolecular complexes, enzymes, translation factors

and genetic transcription) and, specifically, bioactive compounds or

nutraceuticals, have been widely explored in recent decades by the
Frontiers in Endocrinology 06
global scientific community (71–74). These investigations have

allowed us to understand the pathophysiological manifestations of

diseases in different study models and the behavior of

pharmacological and nutritional interventions in different

pathologies, which can allow the construction of guides focused

on new non-pharmacological treatments and the improvement or

prevention in the evolution nature of chronic diseases (75–77). This

has been widely reported in recent years, particularly in viral
FIGURE 4

Transition from disease to an improved health state when all the bioactive compounds are turned off, except for oleanolic acid.
FIGURE 5

Transitions from health to disease state when all bioactive compounds are sub-expressed. (a) Dynamic transitions leading to an overexpression of
NFk-B and a steady expression of mitochondrial biogenesis and M2 macrophages recruitment. (b) Dynamic transition from a null to an evident M1
macrophages recruitment and a stable level of triglycerides, ATP and GLUT 4.
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diseases, where the involvement and prediction of viral proteins,

certain RNA strains, gene mutations or other transcription factors

can promote disorder because of their connection and influence in

turning on part of the system of these complex networks, and even

identifying the initial cellular origin of the infectivity of viruses,

providing significant information on the complex structures of

interactions in these diseases (78–80).

We present a network constructed between obesity and different

risk factors, based on the interactions of mitochondrial biogenesis,
Frontiers in Endocrinology 07
inflammatory pathways, insulin signaling and the expression of type

1 and 2 macrophages as well as different bioactive compounds. It

has been reported that each of these elements could modulate or act

as regulatory factors in adipose tissue.

Our analysis showed that the metabolic pathways commonly

linked to obesity and insulin resistance (inflammation, oxidative

stress, dysfunctional mitochondrial, etc.) exhibit a synergism with

both extrinsic and intrinsic factors in a healthy and diseased state,

such as anthocyanins and punicalagin. A possible explanation is
FIGURE 7

Transitions from health to disease are caused by a decrease in the astaxantin, anthocyanin, lycopene and punicalagin compounds, with a rise in
lipopolysaccharides (all at the same time). (a) Increase in the NFk-B inflammatory value. (b) Increase in the M1 macrophages recruitment with a
constant behavior of triglycerides, ATP and GLUT 4.
FIGURE 6

Transition from health to disease characterized by a boost in M1 macrophages recruitment caused by an increase in lipopolysaccharides.
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that anthocyanins and punicalagin are a type of polyphenolic

compounds with antioxidant and anti-inflammatory properties.

Numerous pre-clinical and clinical studies have indicated that

these polyphenolic compounds have significant efficacy in the

prevention of malignant tumors, diabetes mellitus and

cardiovascular diseases (81–84). A main source of these bioactive

compounds is found in fresh foods such as blueberries,

pomegranate, and cherries.

In order to know about the interdependence between adipose

tissue response under insulin resistance and the dynamics in the

network, we performed a simulation of all nodes associated with

bioactive compounds reported to have an essential biological

activity. Our analysis found that, when passing from an

obesogenic to a healthy state, the main nodes capable of

modulating the system by decreasing inflammatory processes

regulated by cytokines and macrophages type 1, besides lipid

homeostasis, were bioactive compounds such as anthocyanin and

punicalagin, likewise oleanolic acid, and to adipokine, NRG4. Our

results showed NRG4 as a main node that increases mitochondrial

biogenesis, while not reduce inflammation drastically. However,

altogether with oleanolic acid, the reduction of NF-kB is evident.

On the other hand, when simulating from healthy to obesogenic

state, significant changes in the network were the increase of NF-kB
and the recruitment of type 1 macrophages with a shutdown of the

nodes corresponding to bioactive compounds, whereas the

critical node after the total resolutions in the system were

the lipopolysaccharides.
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Our mathematical model showed a discernment between the

impact of various bioactive substances on the transitions from

health to obesity and vice versa. In this context, of all the

bioactive substances reported in our bibliographic research, our

results established a hierarchy of importance between nodes to

make a transition between final states associated with health or

disease. We found that anthocyanins, punicalagin, oleanolic acid

and NRG4 proved to be critical nodes in the transition from obesity

to the healthy state, due to their individual switch-on potential to

up-regulate the complex network resulting in beneficial transition.

Historically, these nodes have been described in pre-clinical and

clinical studies as anti-inflammatory, with antioxidant properties

and positively influencing PPAR- g pathway enhancing insulin

response (85–87). There is evidence suggesting that oleanolic acid

may improve inflammation and oxidative damage caused by

diabetes (88, 89) since it improves the response to insulin (90).

Additionally, anticancer, anti-inflammatory and antiatherogenic

activities have been attributed to this molecule. In this context, in

vitro studies with HepG2 cells, oleanolic acid can reduce lipid

accumulation; a possible mechanism is through the negative

regulation of gene transcription and protein expression of PPAR-

g, C/EBP-b and Sterol regulatory element-binding protein-1

(SREBP-1c). A crucial factor in regulating adipocyte

differentiation, lipogenesis, and glucose metabolism gene

expression is PPAR-g (91). Likewise, SREBP1-C is an activator of

PPAR-g production and controls the expression of acid synthase.

CCAAT-enhancing/binding protein b (C/EBPb) plays a role in the

induction of PPAR-g and SREBP1-C. As a regulator of early

adipocytes, as well as in maintaining the expression level in

mature adipocytes. NRG4, is an adipokine, a secreted factor by

brown adipose tissue, and its signaling protects hepatocytes from

stress-induced injuries and attenuates those induced by a high-fat

diet. Reduced NRG4 expression in adipose tissue and plasma levels

has been associated with obesity and insulin resistance (92–95).

NRG4 signaling has been implicated in the regulation of

macrophage survival and function during intestinal inflammation

(96, 97). Also, BAT-specific NRG4 deficiency accelerates vascular

inflammation and adhesion responses, endothelial dysfunction and

apoptosis and atherosclerosis in male mice.

On the other hand, another critical node from healthy to

obesogenic state was LPS. In this context, bacterial endotoxins/

LPS contributes to acute and chronic inflammations and triggers

the innate immune response characterized by cytokine release and

immune system activation. Changes in gut microbiota (a common

condition in obesity) may induce endotoxemia processes produced

by dysbiosis or disruption of the intestinal epithelial barrier which

are important determinants involved in the pathophysiology of

obesity in inflammatory processes and insulin resistance (98–100).

Network regulatory relations generate a cellular dynamic that

portrays disease progression as a transit between attractors

corresponding to health and obesity. The importance of the

model used here was the identification of key nodes that have the

potential to drive the final condition of obesity to a health state and

vice versa. Findings of this study are limited by the adipocyte

network design considered here, where we included inflammation
TABLE 1 Critical nodes that induce a transition from disease to health.

Node Disease Health Action1

Anthocyanin
and

punicalagin

Decrease of NFk-B and increase in
mitochondrial biogenesis

NRG4
Little decrease of NFk-B and

increase in mitochondrial biogenesis

Oleanolic
acid

Marked increase in M2
macrophages recruitment, increase
in mitochondrial biogenesis and

little decrease in NFk-B
Green cells correspond to node´s values greater than red ones (for example, anthocyanin and
punicalagin in the first row increased their values, with the consequence of transit from disease
to health. This condition promotes a decrease in NFk-B and an increase in
mitochondrial biogenesis.
NRG4, neuroreguline 4; NFk-B, nuclear Factor kappa B.
TABLE 2 Critical nodes that induce a transition from health to disease.

Node Health Disease Action

LPS
Increase in M1

macrophages recruitment

Astaxantin,
anthocyanin,

lycopene, punicalagin

NFk-B and M1
macrophages

recruitment increase
Green cells correspond to node´s values greater than red ones (for example,
lipopolysaccharides in the first row increased their values, with the consequence of transit
from health to disease. This condition promotes an increase in M1 macrophages recruitment.
LPS, Lipopolysaccharides; NF-kB, nuclear Factor kappa B.
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pathways and inhibition of insulin signaling, insulin signaling and

GLUT 4 translocation, triglycerides production, ATP production,

M2 macrophages recruitment, adipogenesis and lipolysis,

mitochondrial biogenesis and bioactive compounds. A

mathematical model is never a complete representation of a

biological system, even if it is complex; it is limited to identifying

which component or components are responsible for a particular

behavior. Therefore, one of the limitations of mathematical models

is their reproducibility on a large scale. It is therefore crucial to have

a biological system that allows us to investigate the predictions

generated by this mathematical model.

One of the limitations of mathematical models is their large-

scale reproducibility. Therefore, it is crucial to have a biological

system that allows us to investigate the predictions generated by this

mathematical model. In this sense, this network has an important

role to elucidate or predict the activity of pathway endpoints

(phenotypes) (101), drug targets (102) and crosstalk (103). The

suggested application of the results of this network is the use of the

nodes as potential targets for the design of new pharmacological

strategies to transition from obesity to health. In the study design,

the researcher should evaluate the M2/M1 macrophages

recruitment and NF-kB expression.

Other pharmacological strategies could include the

combination of anthocyanins with punicalagin to reduce

proinflammatory states, measuring NF-kB in obesity models. In

addition, the use of astaxanthin, anthocyanin, lycopene, and

punicalagin should be investigated as a pretreatment to avoid the

development of insulin resistance via LPS and M1 macrophages

recruitment. However, this network may be complemented by

inclusion of supplementary elements that may provide a more

detailed description of the cellular mechanisms leading to obesity

or an improved state of health.
5 Conclusion

This study uses a complex network composed of critical nodes

which have been reported to interact both directly and indirectly

during an obesogenic and insulin resistance process in order to

select the nodes most important for the transition between a disease

state and a healthy one and vice versa. Using this predictive

mathematical model, it is possible to target treatments or

molecular mechanisms in a short period of time. Controlled

studies with the reported nodes are necessary to assess the

effectiveness of the complex network and mathematical simulations.
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SUPPLEMENTARY TABLE 1

We summarize the information of the literature review; for every node, we
associated it with a value between zero and one for a state of health and

obesity. Green cells correspond to node’s values greater than red ones (for

example, anthocyanin has a higher expression level in health than in obesity).
1 The column health relates the initial values of every node in the case of

health 2 The column obesity shows the common values in each node
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compared to the healthy state. HSL, hormone-sensitive lipase; NRG4,

neuroreguline 4; VEGFa, vascular endothelial growth factor alpha;

ChREBP-B, carbohydrate-responsive element-binding protein beta; Akt,
protein kinase B; GLUT4, glucose transporter 4; ATP, adenosin

triphosphate; TLR2/4, Toll-like receptor 2/4; NF-kB, nuclear Factor-
kappaB; TNFa, tumor necrosis factor alpha STAT3, signal transducer and

activator of transcription 3; SOCS3, suppressor of cytokine signaling 3; STAT1,
signal transducer and activator of transcription 1; IL-6, interleukine 6; Th1,

helper T cell 1; AP-1, AP-1, activator protein-1; C/EBPb, CCAAT/enhancer‐
binding protein beta; C/EBPa, CCAAT/enhancer‐binding protein alpha;
PPAR-g, peroxisome proliferator-activated receptor gamma; IL-4,

interleukine 4; pSTAT6, phosphorylated signal transducer and activator of
transcription 6; IL-10, interleukine 10; AMPK, AMP-activated protein kinase;

SIRT1, silent information regulator sirtuin 1; pPGC1, phosphorylated
peroxisome proliferator-activated receptor gamma coactivator.
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Franco OL, et al. The effects of high-protein diet and resistance training on glucose
control and inflammatory profile of visceral adipose tissue in rats. Nutrients. (2021)
13:1969. doi: 10.3390/nu13061969

25. MaChado AM, da Silva NBM, de Freitas RMP, de Freitas MBD, Chaves JBP,
Oliveira LL, et al. Effects of yacon flour associated with an energy restricted diet on
intestinal permeability, fecal short chain fatty acids, oxidative stress and inflammation
markers levels in adults with obesity or overweight: A randomized, double blind,
placebo controlled clinical trial. Arch Endocrinol Metab. (2021) 64:597–607.
doi: 10.20945/2359-3997000000225

26. Belza A, Frandsen E, Kondrup J. Body fat loss achieved by stimulation of
thermogenesis by a combination of bioactive food ingredients: A placebo-controlled,
double-blind 8-week intervention in obese subjects. Int J Obes (Lond). (2007) 31:121–
30. doi: 10.1038/sj.ijo.0803351

27. Chyau C-C, Chu C-C, Chen S-Y, Duh P-D. The inhibitory effects of djulis
(Chenopodium formosanum) and its bioactive compounds on adipogenesis in 3T3-L1
adipocytes. Molecules. (2018) 23:1780. doi: 10.3390/molecules23071780

28. Murphy RJ, Maclaren OJ, Simpson MJ. Implementing measurement error
models with mechanistic mathematical models in a likelihood-based framework for
estimation, identifiability analysis and prediction in the life sciences. J R Soc Interface.
(2024) 21:20230402. doi: 10.1098/rsif.2023.0402

29. Arabidarrehdor G, Tivay A, Bighamian R, Meador C, Kramer GC, Hahn J-O,
et al. Mathematical model of volume kinetics and renal function after burn injury and
resuscitation. Burns. (2021) 47:371–86. doi: 10.1016/j.burns.2020.07.003
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2025.1578552/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1578552/full#supplementary-material
https://doi.org/10.3389/fendo.2012.00181
https://doi.org/10.1093/eurjpc/zwad165
https://doi.org/10.1016/j.jdiacomp.2024.108743
https://doi.org/10.1016/j.jdiacomp.2024.108743
https://doi.org/10.1186/s13048-023-01288-x
https://doi.org/10.1016/j.clbc.2023.05.011
https://doi.org/10.1159/000506405
https://doi.org/10.3390/cells12071019
https://doi.org/10.3390/cells11010042
https://doi.org/10.1016/j.molmet.2024.102014
https://doi.org/10.3389/fimmu.2022.832185
https://doi.org/10.1111/apha.14241
https://doi.org/10.3389/fimmu.2021.608875
https://doi.org/10.3390/nu14153112
https://doi.org/10.1186/s12944-023-01809-z
https://doi.org/10.3390/nu13082577
https://doi.org/10.1080/19490976.2023.2178796
https://doi.org/10.1172/JCI88883
https://doi.org/10.1016/j.clnesp.2022.09.010
https://doi.org/10.1111/obr.13543
https://doi.org/10.1111/obr.13543
https://doi.org/10.3390/biology11050765
https://doi.org/10.3389/fimmu.2023.1125395
https://doi.org/10.1038/s41598-022-10688-w
https://doi.org/10.3390/nu13061969
https://doi.org/10.20945/2359-3997000000225
https://doi.org/10.1038/sj.ijo.0803351
https://doi.org/10.3390/molecules23071780
https://doi.org/10.1098/rsif.2023.0402
https://doi.org/10.1016/j.burns.2020.07.003
https://doi.org/10.3389/fendo.2025.1578552
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Barrera-Esparza et al. 10.3389/fendo.2025.1578552
30. Quirouette C, Younis NP, Reddy MB, Beauchemin CAAA. Mathematical model
describing the localization and spread of influenza A virus infection within the human
respiratory tract. PloS Comput Biol . (2020) 16:e1007705. doi: 10.1371/
journal.pcbi.1007705

31. Azpeitia E, Davila-Velderrain J, Villarreal C, Alvarez-Buylla ER. Gene regulatory
network models for floral organ determination.Methods Mol Biol. (2014) 1110:441–69.
doi: 10.1007/978-1-4614-9408-9_26

32. Barrera M, Hiriart M, Cocho G, Villarreal C. Type 2 diabetes progression: A
regulatory network approach. Chaos. (2020) 30:093132. doi: 10.1063/5.0011125
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