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Summary 

Bioactive compounds have long been proposed as a tool to help facing both obesity and its 

comorbidities pandemic. Knowledge on their properties, together with the discovery of new 

therapeutic targets in animals and humans, make then interesting proposals for the prevention 

and treatment of various metabolic diseases. One of the main parts of this thesis proposal was 

to evaluate the ability of a pure, isolated polyphenol supplementation to counteract the perni-

cious metabolic effects of a high-fat diet on a murine model. Contrary to expectations, the pol-

yphenolic supplementation worsened the action of the high-fat diet and pointedly produced an 

aggression to the kidneys. The other main part of this thesis proposal had been to assess a natural 

source of bioactive compounds with a broad and diverse profile not only in phenolic species, 

on a diet-obesity model. Based on the experience of our research group and the positive results 

demonstrated in different studies on chronic diseases, the Rosa canina fruit was chosen. In this 

case it was demonstrated how the supplementation with Rosa canina flesh was able to slow down 

the pernicious effect of the high fat diet, and particularly how exhibited a strong anti-steatotic 

effect on liver by downregulating several key genes, and thus improving significantly the non-

alcoholic fatty liver disease course on obese mice. Furthermore, through the flesh fractionation, 

bioactive compound characterization and in vitro analysis, it was possible to identify that the 

most lipophilic phases of the Rosa canina show an antagonistic role on the peroxisome prolifer-

ator activated receptor gamma and therefore were partly responsible for the observed anti-stea-

totic effect. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Resum 

Els compostos bioactius han estat proposats com a eina dietètica per a fer front a la pandèmica 

de l’obesitat i de les seves comorbiditats. El coneixement de les seves propietats, junt amb la 

cerca de noves dianes terapèutiques en animals i humans, els converteixen en una proposta in-

teressant per a la prevenció i el tractament de diverses malalties metabòliques. Una de les prin-

cipals parts d'aquesta proposta de tesi doctoral ha sigut avaluar la capacitat d'una suplementació 

de polifenols aïllats purs en front els efectes perniciosos d'una dieta d'alt greix en el metabolisme 

sobre un model murí. En contra a les expectatives, la suplementació amb la mescla de polifenols 

va empitjorar notòriament l’acció de la dieta alta en greix i va produir una clara agressió als 

ronyons. L’altra part principal d’aquesta proposta de tesi doctoral ha sigut avaluar una font na-

tural de compostos bioactius però amb un ampli i divers perfil d’espècies. Basant-nos en l’expe-

riència del nostre grup de recerca i en resultats previs positius demostrats en diversos estudis 

sobre malalties cròniques, es va triar el fruit de la Rosa canina. En aquest cas, es va demostrar 

com la suplementació amb la polpa de Rosa canina va ser capaç de frenar l'efecte perniciós de la 

dieta d'alt greix, i en particular com va exhibir un fort efecte antiestatotic sobre el fetge mitjan-

çant la regulació de diversos gens clau, i així millorant significativament el quadre de l’esteatosi 

hepàtica no alcohòlica. Paral·lelament, mitjançant el fraccionament de la polpa, la caracterització 

dels compostos bioactius i l'anàlisi in vitro, va ser possible identificar que les fases més lipòfiles 

de la Rosa canina exercien un paper antagonista del receptor PPAR  i que per tant, eren en part 

responsables de l'efecte antiestatotic observat. 
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1. Introduction  

 
Under the global Covid-19 pandemic situation, communicable infectious diseases have become 

the spotlight. However, according to the World Health Organization (WHO) the 71% of all 

deaths worldwide nowadays are caused by what we know as non-communicable diseases 

(NCDs). Within this group of pathologies are included heart diseases (CVD), stroke, cancer, 

diabetes, and chronic respiratory illnesses. At the same time the 80% of premature heart diseases, 

strokes and type 2 diabetes mellitus could be prevented(1). A big part of these type of illnesses 

are associated with unhealthy habits such as sedentary lifestyle, tobacco, alcohol, and unhealthful 

diets. Particularly, there is a group of risk factors directly related to the development of NCDs. 

Overweight or obesity, high sugar levels in blood, hyperlipidemia and hypertension change the 

proper function of metabolism and contribute to sickness(2). If we rely on the projections of 

WHO the total annual mortality from NCDs will increase worldwide to 55 million by 2030 which 

almost three quarters of these deaths will occur in low-middle income countries that already 

experience challenges in managing significant epidemics(3,4). Moreover, the economic burden 

of dealing with NCDs in EU is about 169€ billion a year in case of CVD and 170€ billion due 

to diabetes according to European Commission of Science data(5).   

 

1.1. Perspectives on Metabolic Disorders 

 
Nowadays the two most frequent metabolic disorders and major NCDs risk factors are obesity 

and type 2 diabetes mellitus (T2DM)(6). As it is already known, obesity has nearly tripled prev-

alence since 1975 and closely linked, the amount of people with T2DM has risen from 108 mil-

lion in 1980 to 422milion in 2014. Stated by WHO nearly 90% of diabetic patients develop 

T2DM due to excess body weight(7). Under the paradigm of these two associated diseases along 

with other NCDs, it also appears what is known as metabolic syndrome (MetS). Defined by 

WHO, MetS is as a pathologic condition characterized by abdominal obesity, insulin resistance, 

hypertension and hyperlipidemia(6). Although MetS is not a pathology per se, it helps to identify 

patients at an early stage, concretely to classify a specific group of patients with a shared patho-

physiology. This allows medical staff to intervene and emphasize them the importance of having 

a healthy lifestyle and therefore reduce the risk of suffering these diseases(8). The umbrella of 

MetS and its risk factors often parallels the incidence of obesity and T2DM, however obesity is 

not always synonymous with MetS. As it’s known, there are so-called metabolically healthy obese 

(MHO) individuals who have high level of insulin sensitivity and doesn’t present hypertension, 
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hyperlipidemia or other features of MetS(9). All in all, actually there isn’t a global data of MetS 

prevalence but can be estimated to be about one quarter of the world population, which means 

over a billion people in the world are now affected(6). Among this data, we can glimpse the real 

scourge worldwide and the need as a community to deal with this dangerous tandem of pathol-

ogies. 

 

1.1.1. Obesity As Central Pathological Axis 

 
Obesity is defined as a pathological state based on a peripheral accumulation of adiposity pro-

voked by a calorie intake that is higher than the total energy expenditure(10). Humans consume 

carbohydrates, proteins, fats and non-nutritive bioactive compounds like fiber, polyphenols or 

terpenoids as part of the substrate required for life. When more macronutrients are ingested than 

expended, the excess is stored as energy in form of glycogen and fats. This storage fat is mainly 

formed by triglycerides (TAG), which are accumulated in aggregated adipocytes forming what is 

known as White Adipose Tissue (WAT)(11). Lipid depot function of WAT is to mobilize TAG 

for systemic utilization when other tissues require energy. The accumulation of fat turns patho-

genic when the energy balance between the ingested and burnt become overly positive. This 

excess energy intake triggers several morphologic and metabolic changes such as hypertrophy 

and hyperplasia of the adipocytes, aside from fibrosis and inflammation processes(12).  

 

First of all, hypertrophy (Figure I1) is an adaptive response to excess fat that maintains adipose 

tissue nutrient buffering capacity by increasing the size of the adipocyte(13). Hyperplasia (Figure 

I1) is known as the process of generating new mature adipocytes from preadipocytes. Moreover 

hyperplasia attempts to balance hypertrophy in order to maintain adipose tissues homeosta-

sis(14). Peculiarly, the higher degree of hypertrophy, the lower rate of adipocyte formation oc-

curs(15). Hence, in obesity the hypertrophic adipocytes reach the critical cell size becoming lipid-

overloaded (Figure I1), undergoing less oxygenation and developing pro-inflammatory role, sub-

sequent fibrosis, apoptosis, and insulin resistance(16). In contrast hyperplasia unsuccessfully at-

tempts to repair metabolic alterations generated by the excess fat(16). Different cell types includ-

ing endothelial cells, fibroblasts, various immune cells and mainly adipocytes form adipose tissue. 

Immune cells of adipose tissue are categorized into innate (macrophages, neutrophils, eosino-

phils and mast cells) and adaptive cells, whereas adaptive immune cells include various subtypes 

of T cells and B cells(17). While in lean adipose tissue anti-inflammatory immune cells such as 
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regulatory T cells, eosinophils and M2 type macrophages have a role in the maintenance of in-

sulin sensitivity, in obese adipose tissue this role is reversed. Various immune cells, specially 

macrophages and its infiltration process, end up being responsible of the progression of insulin 

resistance via production of different pro-inflammatory mediators(17). In the WAT of lean mice, 

macrophages resemble M2 phenotype and constitute less than a 10% of the resident cells; how-

ever in obese mice WAT, macrophages become up the 50% of all cells and present an M1 phe-

notype(18). Therefore, macrophages can be classified in two major phenotypes: M1, classically 

activated “pro-inflammatory” macrophages, and M2, alternatively activated “anti-inflammatory” 

macrophages involved in the maintenance of WAT homeostasis(19). The general view in obesity 

is that there is an imbalance in the ratio of M1/M2 macrophages, with M1 type enhanced com-

pared with M2 type being down-regulated, leading to chronic inflammation and the progression 

of metabolic dysfunction(20). Indeed, the increase of M1 macrophages correlates with the degree 

of obesity and is linked to systemic inflammation, insulin resistance and metabolic syndrome(21). 
 

Figure I1 – Comparative scheme between hypertrophy and hyperplasia processes in adipose tissue. As it is shown in 

the image, once the energy imbalance is presented, fat accumulation begins in the adipose tissue. In this sense, the adipose 

tissue tries to manage this excess in two ways: in a healthy mode generating new adipocytes (hyperplasia) or in a pernicious 

manner with the enlargement of the existing ones (hypertrophy). In the case of hypertrophy, this happens because of an 

inability to manage such excess of lipids which leads to lipid overload and consequently to a pathological state. Thus, begins 

the infiltration of macrophages among other immune cells and the consequent inflammatory response of the adipose tissue. 
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Mechanistically, under energy imbalance and lipid overload presented in obesity, hypertrophic 

adipocytes produce greater amounts of tumor necrosis factor-  (TNF- ), increase non-esteri-

fied fatty acids (NEFA) flow and chemokine ligand 2 (CCL2) previously known as monocyte 

chemoattractant protein-1 (MCP-1), which recruit monocytes to WAT where they polarize to 

M1 macrophages in response to TNF-  and NEFAs(22). Also hypoxia produced by the hyper-

trophy process and a mixture of insulin, glucose and palmitate can activate macrophages(23). In 

addition to macrophages, there are other types of immune cells that can be detected exacerbated 

in white adipose tissue of obese models, such as natural killer cells, mast cells, dendritic cells, B 

cells, CD4+ and cytotoxic CD8+ T cells(24).  

Figure I2 – Comparative diagram of the immune and inflammatory status between lean and obese adipose tissue. 

This image depicts the different type of immune cells found in adipose tissue along with the molecules they generate depending 

on the state of the adipose tissue. In lean WAT, alternatively activated M2 macrophages are native, and their phenotype is 

maintained by the presence of the T-regulatory cells (Treg), Th2 cells and eosinophils(25). In the opposite way, on obese WAT, 

M1 macrophages surround dying adipocytes and release different pro-inflammatory mediators. At the same time, obese WAT 

loses part of the Tregs, Th2 cells and eosinophils as the obesity progresses. Both facts facilitate the infiltration of other immune 

cells like Natural Killers, mast cells, lymphocytes, and T cells (cd8+ and cd4+). All this situation generates a series of-inflam-

matory and pernicious molecules that triggers an inflammatory response that can alter proper basic function such as insulin 

signaling, leading to insulins resistance(25). 

 

As mentioned above, adipocytes produce a wide variety of molecules, fact that breaks the clas-

sical conception of adipose tissue being only a storage and lipid uptake. Now is known as a major 

endocrine actor due to its responsibility of synthesis and secretion of many molecules, hormones 
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and pro or anti-inflammatory cytokines that includes leptin, adiponectin, resistin, tumor necrosis 

factor-  (TNF- ), monocyte chemoattractant protein-1 (MCP-1), plasminogen activator inhib-

itor-1 (PAI-1), interleukin 6 (IL-6), interleukin 1 (IL-1), non-esterified fatty acids (NEFA), trans-

forming growth factor beta (TGF-β) and others(26). Concentrations of these biological sub-

stances change in obese adipose tissue, being increased the secretion of pro-inflammatory cyto-

kines and decreased protectives ones(27). This imbalance, also directly interferes negatively with 

insulin signaling, thus being one of the main causes of insulin resistance (Figure I2). On the other 

hand, the chronic low-grade inflammation related to obesity and subsequent metabolic disturb-

ances produced by the infiltration of immune cells and cytokine secretion has been recently 

termed as “metaflamation”(28). Inflammation generally is an energy wasting process that enhances 

energy expenditure and reduces energy intake(29). Surprisingly, adipose tissue inflammation in-

duced by over-nutrition is no associated with a significant increase in energy expenditure, which 

permits the coexistence of inflammation and weight gain in obese subjects(30). It should be 

noted that these inflammatory processes, both in adipose tissue and in its ectopic accumulation, 

are also directly related to a significant increase in oxidative stress(31). 

 

Parallel to the immune response and to the inflammatory state, the accumulation and deleterious 

expansion of adiposity not only occurs at adipose tissue levels. In the progression of obesity fat 

ends up being deposited in skeletal-muscle and organs as liver or pancreas, located mainly within 

the chest, abdomen and pelvis, more known as visceral adipose tissue (VAT)(32). Kidneys were 

also surrounded by abdominal visceral adipose tissue and have the potential to accumulate and 

suffer deleterious effect of ectopic fat in the renal sinus(33). It is currently well established that 

obesity instigates a more complex and intense inflammatory reaction in VAT than in scWAT. 

Indeed, VAT contains more M1 macrophages and much higher degree of hypertrophy than 

scWAT(29). This visceral non-physiological displaced amount of fat also generates toxicity or 

recently named lipotoxicity. While lipids are pivotal for homeostatic processes they could as well 

become critical components of pathophysiological cascades that can involve a breakdown of 

homeostasis(34). Lipid toxicity depends primarily on two aspects: the quantitative amount of 

free fatty acids (FFA), cholesterol and TAG accumulated ectopically, and the quality of lipids, 

referring to the nature of specific lipid species. Some studies indicate that lipotoxicity may be 

more about quality than quantity(35). Thus, lipids such as long-chain non-esterified fatty acids 

and their derivatives ceramides and diacylglycerols (DAGs) have significantly more harmful ef-

fect than unsaturated and short chain-fatty acids(35).  
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One of the critical points of this adipose ectopic accumulation is when lipid-overload affects 

mitochondria function. Although there is certain controversy, mitochondrial dysfunction along 

with the pro-inflammatory cytokines have been proposed as the critical points in the develop-

ment of insulin resistance. The fatty acid-overload directly effects mitochondria proper func-

tioning, firstly through the increased production of reactive oxygen species (ROS) from the ex-

isting obese-inflammatory processes and secondly, by the increased ROS production from the 

overwhelmed Krebs cycle and mitochondrial respiratory chain itself due to the excess nutrient 

supply(36). Both mechanisms increase the overall oxidative stress which may exacerbate the in-

flammatory process, subsequently diminishing mitochondrial biogenesis and finally leading to 

cellular apoptosis(37). 

 

Summarizing, the energy imbalance produced by the over-nutrition and the sedentary lifestyle 

leads to three major changes on the obese organism. Inflammation, produced by the infiltration 

of immune cells and their response with pro-inflammatory cytokines; mitochondrial dysfunction, 

and oxidative stress, which reportedly all-together lead to the development of insulin resistance 

and progressively to T2DM (Figure I3). Nevertheless, this sequence is still under debate. As Vidal-

Puig et al. enounced, there is a strong correlation between obesity and T2DM; in fact, for every 

kilogram gained on a population level, diabetes rates increase linearly(38). However, while the 

link between obesity and T2DM is well established on a population level mechanistically, there 

are still many questions to be resolved(39). Even so, T2DM ends up being undoubtedly coeta-

neous to obesity in its worsening progress. 

 
Figure I3 – Diagram summarizing the 

progression of obesity and its conse-

quences. This image shows the three main 

alterations that follows obesity (inflamma-

tion, oxidative stress, and mitochondrial 

dysfunction) and how they are the princi-

pals responsible of trigger insulin re-

sistance.  
 

As we known, T2DM is a chronic disease characterized by the relative ineffective use of insulin, 

specifically it states an increased hyperinsulinemia, insulin resistance, hyperglycaemia and pan-

creatic β-cell dysfunction(40). Insulin is considered the main anabolic hormone whose role is to 

regulate the metabolism of carbohydrates, fats and proteins by allowing the glucose enter from 
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blood into cells and fuel the whole body (41). In a healthy state, insulin maintains body’s normo-

glycaemia by the balance interplayed between insulin action and insulin secretion. In the pro-

gression of obesity, as stated above, insulin action gradually decreases but the system usually 

compensates the imbalance by increasing β-cell function at least for a period of time(42). How-

ever, over time pancreas loses this compensatory ability and basal blood glucose concentrations 

increase progressively. Subsequently, this significant glucose increases along with the elevated 

circulating NEFAs become damaging and trigger dysfunction of the pancreatic β-cells. When 

pancreatic β-cells become dysfunctional, insulin secretion begins to be reduced, limiting the 

physiological ability to maintain already elevated glucose levels, thereby generating a feedback 

loop(43). Thus, the combination of insulin resistance and pancreatic β-cell dysfunction in re-

sponse to over-nutrition leads directly to the development of T2DM. There are four major 

stressors on pancreatic islets that arise in response to the progression of obesity compromising 

the functionality of the β-cells. Firstly endoplasmic reticulum (ER) stress, which appears as soon 

as there is a significant increase in insulin production to meet excessive metabolic demand. The 

second stressor is oxidative stress, which become critical in β-cell due to their limited ability to 

handle redox imbalance. In this way, obesity itself and hyperglycemia (glucotoxicity) generates 

an increase in ROS formation within the islet coupled with a decrease of endogenous antioxidant 

activity(44). Finally the two las major stressors are inflammation(45) and amyloid plaques, which 

characterize islets in T2DM. Amyloid plaques are made of islet amyloid polypeptide (IAPP), one 

of the major secretory products of β-cell with putative functions externally and locally where is 

able to inhibit insulin and glucagon secretion(46). Concurrently with hyperinsulinemia and in-

creased IAPP secretion, IAPP deposition play a causative role in β-cell dysfunction and apoptosis 

in a similar manner to other diseases associated with amyloid depositions(47).  

 

As obesity, T2DM is a multisystem disease with a strong correlation with a long list of other 

pathologies. Comorbidities such as non-alcoholic liver steatosis (NAFLD), renal pathologies like 

diabetic kidney disease (DKD) or chronic kidney disease (CKD), cardiovascular diseases (CVD), 

among others appear in the progression of T2DM. Most people with T2DM ends up having at 

least one other pathological condition that directly influence the self-management of diabetes 

and its progression. As demonstrated by cohort studies, high prevalence of T2DM is concordant 

with other pathologies such as NAFLD, CKD, CVD but also with other type of diseases like 

chronic obstructive pulmonary disease (COPD) or depression. 



 28 

1.1.2. Non-Alcoholic Fatty Liver Disease 

 
Non-alcoholic fatty liver disease (NAFLD) is an umbrella term used to describe a continuum of 

liver pathological conditions commonly ranging from steatosis to non-alcoholic steatohepatitis 

(NASH), cirrhosis and finally hepatocellular carcinoma(48). NAFLD currently has a global prev-

alence estimated to be over 25% and continues to rise worldwide in the setting of the obesity 

epidemic. Unfortunately, is also increasingly being diagnosed in the adolescent population with 

an estimated prevalence rates ranging from 3% to 18%(49). Furthermore, a growing general 

subpopulation with NAFLD in the absence of obesity has recently been described. This mani-

festation of lean-NALFD belong to the “metabolic obese, normal weight phenotype” and de-

serves a clinical attention due to its significant increase around the world(50).  

 

The onset of NAFLD begins with the fat accumulation on liver (named steatosis), a condition 

associated with obesity, T2DM and dyslipidemia, being IR the key pathogenic element(51). IR 

makes adipose tissue resistant to the antilipolytic effect of insulin, leading to TAG breakdown 

with the consequent release of NEFAs and glycerol. This lack of lipolysis inhibition in the over-

loaded adipose tissue is therefore associated with massive release of circulating NEFAs that are 

absorbed by the liver where they are accumulated as TAG, which is the hallmark feature of 

steatosis(52). Moreover, in IR condition, the concomitant hyperinsulinemia also modulates he-

patic lipid metabolism. Firstly by failing in the suppression of gluconeogenesis and thus increas-

ing glucidic substrates, but at the same time increasing lipogenesis pathway (TAG synthesis) and 

promoting its accumulation(53). Thereby producing the deadly combination of hyperglycemia 

and hypertriglyceridemia(53).  

 

In this way, metabolically, four misaligned pathways (Figure I4) contribute to fat accumulation 

in liver: A) Fatty acids newly synthetized in liver from dietary carbohydrates through de novo 

lipogenesis (DNL). B) Fatty acids uptake from intestinally derived chylomicrons remnants. C) 

The spillover of fatty acids into the plasma NEFAs pool. D) The flow of fatty acids stored in 

the overloaded adipose tissue as NEFAs(54). Using stable isotope-based flux techniques it has 

been possible to quantify the contribution of these pathways to the hepatic steatosis process(55). 

According to these techniques, the major contributor are the excessive NEFAs flux (59%) from 

the adipose tissue to the liver (D in Figure I4), followed by exacerbated DNL (26%) (A in fig6), 

and finally by the excess of direct calories and lipids from the diet (15%)(56). 
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Figure I4 – NAFLD hepatic lipid flux model. This image shows the four main fat accumulation mechanism of liver stea-

tosis. Letter A indicates the exacerbated pathway of hepatic de novo lipogenesis, which increases significantly with energy im-

balance and insulin resistance. B indicates the remnant chylomicron route from intestinal absorption. C and D shows the 

spillover of fatty acids into the plasma, concretely D from the adipose tissue. Histological image of the hepatic steatosis from 

(H&E) stained liver section of an 18week-HFD45% fed mice.  

 

Regarding the pathological progression of NAFLD (Figure I5), the initial steatotic state is also 

known as NAFL (Non-alcoholic Fatty Liver) and has a lower rate of progression, only about 

20% of patients end up suffering NASH(57). NASH is defined as a more severe process with 

inflammation, hepatocyte injury (ballooning) and fibrosis that may progress to cirrhosis. There 

are three critical factors in the progression from NAFL to NASH: lipotoxicity, oxidative stress 

and mitochondrial dysfunction. Hepatic lipotoxicity occurs when the liver capacity to store, use 

and mobilize NEFAs as TGs is overwhelmed by a massive NEFAs flux from the adipose tissue 

or by the increased lipogenesis(58). As explained on the introductory obesity section, the lipid 

toxicity depends directly on its type, being the saturated NEFAs more toxic than unsaturated 

species. In agreement with this hypothesis, more saturated lipids and other toxic lipids like cho-

lesterol, ceramides and DAGs are reported to be significantly elevated in NASH patients 

liver’s(59). Toxic lipids are able to modify the biology and the function of intracellular organelles 

such as the endoplasmic reticulum (causing an increase of reticulum stress) or as mitochondria 
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(altering different metabolic pathways leading to mitochondrial dysfunction)(52). ER stress is 

also directly linked to chronic inflammation via the excessive production of ROS and the acti-

vation of nuclear factor kappa-light-chain enhancer of activated B cells (NF-kB) and JNK path-

ways(52). Furthermore, ER stress produced by the lipotoxic activity is also able to produce an 

imbalance in mitochondrial fluxes and induce an exacerbated oxidative stress(60). From this 

worsening situation, NASH becomes the fastest growing etiology for end-stage liver disease 

(ESLD) and have been stablished as the most common indication for liver transplantation in 

2020(61). 
 

Figure I5 –Diagram of the different 

NAFLD diseases states. This picture briefly 

describes the different stages of NAFLD, 

from the onset of the pathology to the irre-

versible final stage. In this way three key 

phases can be identified; the first one known 

as NAFL, is characterized by the early stage of 

triglycerides accumulation. The next phase 

known as NASH differs from the previous 

phase by presenting exacerbated inflammation 

with cellular damage and possible fibrosis. Fi-

nally, the last phase known as ESLD, unlike 

the previous phases is irreversible. This final 

stage is characterized by an advanced cell dam-

age and scar tissue known as cirrhosis. From 

this cirrhotic state, liver can develop hepato-

carcinoma (HCC). 

   

 

The gradual shift from NAFL to more severe stages along with the other obesity-related pathol-

ogies, lead a significantly increase on suffering other diseases such as kidney diseases. Concretely, 

mounting evidence connects NAFLD to chronic kidney disease (CKD). Several cross-sectional 

studies have reported a strong association between the presence and severity of NAFLD and 

the increased prevalence and incidence of CKD(62). Furthermore, mechanistically, a complex 

picture has been found in which NAFLD and CKD share common pathogenic factors but may 

also interact with each other, influencing each other, for example by the altered renin-angioten-

sin-aldosterone system (RAAS), the impaired antioxidant defense mediated by the nuclear factor 
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erythroid 2-related factor-2 (Nrf2), as well as through the altered lipogenesis, lipoprotein dysme-

tabolism and altered secretion of the hepatokines such as fibroblast growth factor-21 (FGF-

21)(63,64). 

 

1.1.3. Chronic Kidney Disease 

 
Chronic kidney disease (CKD) is defined as a clinical syndrome secondary to the definitive 

change in function and structure of kidney. Patients are diagnosed with CKD when they present 

glomerular filtration rate (GFR) lower than 60ml/1.73m2 or greater than 60ml/1.73m2 but with 

an evidence of structural injury, in all cases for a period equal to or more than three months(65). 

Examples of structural damage include tumors, malformations, cysts, and atrophy. There are 

also different renal injury indicators that can help to detect signs of CKD such as albuminuria, 

hematuria, leukocyturia and persistent hydro-electrolytic disorders. Unlike the other pathologies 

associated with MetS, CKD is the only one characterized by its irreversibility from the beginning 

and by its slow progressive evolution(66). Its prevalence varies between 7-12% depending on 

the region and global mortality rises up to 1.2 million deaths per year being the 12th leading cause 

of death worldwide(67).    

 

The two main causes of CKD are T2DM and hypertension. Moreover, obesity and hyper-

lipidemia, are considered the most prevalent independent risk factors on suffering CKD, pro-

posing that lipid accumulation in kidney is also a key player on the physiopathology of the dis-

ease(68). Thus, we have three main actors in the development of the pathology: high glucose 

levels, lipid accumulation and high blood pressure. In this sense, CKD can be classified in dif-

ferent ways, by its own etiology or by its risk of progression. In the first case, there are two main 

groups: hypertensive CKD and diabetic CKD, later redefined as DKD(69). In the case of risk 

progression, the disease is categorized according to six GFR groups (from highest 

≥90ml/min/1.73m2 to lowest values <15 ml/min/1.73m2) and according to albuminuria levels 

separated into three categories, from <30mg/g to >300mg/g (tab1). This classification is the 

most widely used and was defined by the KDIGO organization (Kidney Disease Improving 

Global Outcomes)(70).  
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The pathophysiology of CKD involves two major sets of damage mechanisms: those that are 

specific to the underlying etiology and those related to hyperfiltration/hypertrophy of the re-

maining viable nephrons, which are the common consequence of a long-term reduction of renal 

mass (70). In the case of obesity, one of the first signs of CKD is the general hypertrophy of the 

nephrons, mainly comprising the enlargement of Bowman’s capsule, proximal tubule and glo-

merular tuft, due to the significantly increased body mass and fat accumulation(66). At the same 

time, the increase of circulating fatty acids associated with obesity and NAFLD, makes them 

compiling to the different cell types of kidney from mesangial cells to podocytes and proximal 

tubule epithelial cells(68). In this last case, the ectopic accumulation of lipids in the tubular cells 

ends up causing what is known as fatty proximal tubules. Proximal tubule cells are more suscep-

tible to lipotoxicity than other cells on kidney system; this could be due to an increased energy 

requirement that can only be supplied by oxidative phosphorylation on mitochondria. This fact 

makes them truly sensitive to lipid-induced mitochondrial damage(68). However, the pernicious 

action of lipids does not only affect the tubules. In obese high-fat diet-fed (HFD) animal models, 

lipotoxicity reaches the glomerulus, with a significant increase in ROS levels with an evident 

chronic inflammation and a marked increase of fibrotic processes(71). Podocytes are also af-

fected by lipotoxicity, and its damage contributes to glomerulosclerosis and albuminuria. In par-

allel, multiple metabolic pathways are clearly altered, for example different fatty acid transport 

proteins like FATPs (Fatty Acid Transport Protein) and CD36 (Fatty Acid Translocase) are 

increased in this damaging process, thus increasing NEFAs uptake and feeding back whole pro-

gress(68). Lipid accumulation is also able to initiate ER stress with its consequent ROS produc-

tion increase and direct toxic effects on the kidney.  

 

Even though lipotoxicity plays a determining role in the onset of CKD, it is probably high glu-

cose and diabetic pathogenesis the greatest factors on the development of CKD(66). Diabetes 

is a well-known actor associated with massive glomerular hyperfiltration and renomegaly(72). 

Half of all patients with T2DM will develop CKD, even though the percentage of the patients 

who can be considered to have CKD directly as a consequence of their T2DM is unclear(73). 

Accordingly, it is seldom possible to define precisely diabetic kidney disease (DKD) or diabetic 

nephropathy, particularly in T2DM patients(73). Thus, it is more appropriate to focus on the 

early identification and treatment of diabetic patients since DKD is the renal manifestation of 

the same diabetic glucose-driven pathological process. T2DM-associated renal damage has al-

ways been classified as a microvascular disorder, along with other diabetic related pathologies. 
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Mechanistically, chronic high glucose levels disable the ability of endothelial cells to downregu-

late their own glucose transport and leads to an overwhelming flux of intracellular glucose. This 

triggers the generation of pathogen mediators that contribute to the diabetic complications such 

as retinopathy, neuropathy or DKD(73). One of the main responsible toxic intermediates gen-

erated due to high glucose levels (and also NEFAs) are the ROS(74). The overproduction of 

superoxide as result of increased mitochondrial membrane potential from a raised substrate ox-

idation is one of the main origins of ROS. In parallel, increased glucose flux activates the 

NADPH oxidase and the uncoupling nitric oxide synthase(74). Accordingly, there are other four 

hypotheses about how hyperglycaemia cause diabetic complications: by increasing polyol path-

way flux; via the activation of protein kinase K (PKC) isoforms; by increasing advanced glycation 

end-product (AGE) formation; and via increasing hexosamine pathway flux(75). Although there 

is a considerable amount of data on how hyperglycemia acts, there is no linking hypothesis of 

these mechanisms(76).   
 

 

Figure I6 – Summary dia-

gram about the relationship 

between metabolic syn-

drome and CKD. This pic-

ture briefly describes the prin-

cipal implications of the four 

features of the MetS (obesity, 

IR, hypertension and 

dyslipidemia) with the primary 

consequences of CKD.  

 

 

 

Apart from oxidative damage, there are other pathways by which hyperglycemia leads to renal 

damage. One of them is the alteration of the sodium-glucose cotransporter type 2 (SGLT2) of 

the proximal tubule whose function is to reabsorb approximately 90% of the filtered glucose(77). 

High glucose levels promotes SGLT2-driven reabsorption of sodium in the proximal tubule, a 

process that subsequently inactivates tubule-glomerular feedback and activates the renin-angio-

tensin-aldosterone system (RAAS)(66). RAAS is known to be the hormone system that regulates 

physiologically blood pressure, fluids and electrolyte balance as well as systemic vascular re-
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sistance thought coordinated effects on the heart, blood vessels and kidney(78). Pathophysio-

logically, RAAS activation is directly associated with oxidative stress, hypertrophy, fibrosis and 

inflammation, being a key player in the pathogenesis of cardiovascular and renal diseases(79).  

 

A couple of years ago a new clinical identity for kidney involvement in the setting of metabolic 

syndrome and T2DM was published. By using a comparison with fatty liver disease, this article 

proposed that kidney is not just a bystander and a victim of hypertension and T2DM. Authors 

suggests that the combination of systemic and direct local effects of ectopic fat renal deposition 

make kidney a major pathological contributor, deserving to be considered a distinct clinical en-

tity that would be named “Fatty Kidney Disease” (FKD)(33). Although it has been extensively 

demonstrated that the accumulation of NEFAs and TG in the renal system directly contributes 

to hyperglycaemia and to hypertension due to the activation of RAAS, the consideration of FKD 

term has not generated sufficient consensus. However, kidney is increasingly being considered 

not only as a victim organ, but also as a pathological asset in obesity, MetS and T2DM (Figure 

I6).  

 

1.2. Lipid Homeostasis 

 
Within 10 years, one billion people approximately will suffer from disabling consequences of 

the metabolic disorders such as obesity, T2DM, NAFLD, or CKD making them the number 

one global health problem by 2030(80). Interestingly, these are mostly lifestyle-related diseases, 

being diet and physical activity the main axes for their development. In the last decade, both diet 

composition and life habits have made a radical turn, whereby a growing percentage of the pop-

ulation consume an excess of calories from high-fat and high-sugar diets without a correspond-

ing physical energy expenditure(81). This energy imbalance over-time and the mismatched in-

take of macronutrients are responsible of homeostasis disruption, which leads to the patholog-

ical onset. Obesity arises as the main pathological axis from where, in its progression and wors-

ening process, the different comorbidities emerge as explained above. In this section, it will be 

explained the key pathological changes on the metabolic homeostasis, specifically concerning 

the lipid metabolism role within the principal metabolic tissues. 
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1.2.1. Main Tissues 

 
The adipose tissue and liver are the two major partners in the regulation of whole-body energy 

homeostasis. Particularly, WAT is the major site of energy storage on bony vertebrates, and liver 

is the non-adipose organ with the greatest capacity to accumulate fat(82). Both share different 

key processes due an evolutionary resembled origin in which metabolic cells are architecturally 

organized in close proximity with immune cells and blood vessels in order to coordinate the 

regulation of metabolic and immune responses(83). This was evidenced through fruit fly models 

of obesity and metabolic disease, since the Drosophila fat body performs many of the functions 

of the mammalian liver and adipose tissue in a single organ(84). Unfortunately, neither of the 

two organs on humans have evolved to cope with the continuous, chronic, nutrient surplus seen 

in obesity(83). 

 

The main function of WAT has been described as storing and releasing fatty acids that supply 

fuel to the organism. Main metabolic functions include lipolysis, fatty acid oxidation and lipo-

genesis, and the endocrine function comprise the production of adipokines as explained above 

in the obesity section(82). Unlike WAT, Brown Adipose Tissue (BAT) the other type of adipose 

tissue, is conceived for maintaining the whole-body temperature significantly higher than ambi-

ent through producing heat via non-shivering thermogenesis using fat as a fuel. Initially, it was 

thought that BAT was only present in early infant humans, but imaging studies revealed meta-

bolically active BAT in different regions of healthy adults contributing to fat oxidation and diet-

induced thermogenesis(85). Regarding liver, it is probably one of the main hubs of physiological 

processes in our organism, specially being a major regulator of energy homeostasis sensing nu-

trient availability and altering energy and metabolite production needed for other tissues(86). Its 

ability to store glucose in glycogen form at feed states and raise glucose through gluconeogenesis 

in response to fasting, are principal live processes(87). At the same time, in terms of lipid me-

tabolism, liver regulates the distribution of lipids within the body(86). In response to fasting and 

feeding, hepatocytes synthesize, store, and secrete lipids to maintain whole-body lipid homeo-

stasis(88). In summary, the three tissues WAT, BAT, and liver, are essential actors in energy 

homeostasis and especially the alteration of their lipid-metabolic processes are determinant in 

the pathological development of obesity and its related diseases. Thus, in this section it will be 

analyzed the different shared metabolic processes involving lipid homeostasis and their regula-

tion. 
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1.2.2. Fatty Acid Uptake 

 
The first regulatory step in lipid homeostasis is cellular uptake at the plasma membrane. This is 

often highly regulated, involving specific membrane receptors with a downstream network of 

interacting proteins(89). The uptake of fatty acids firstly depends on the fatty acid delivery and 

the liver’s capacity for their transport. In non-post digestive periods, mostly NEFAs delivered 

to the liver are released from the scWAT and to a lesser extent from VAT(90). On the other 

hand, after a meal dietary fat is digested mostly in the small intestine and then, they are absorbed 

into the enterocytes where fatty acids are resynthesized into TAG and secreted forming chylo-

microns to the lymphatic system(91). Subsequently, these circulating chylomicrons reach the 

liver where the lipoprotein lipase enzyme (LPL) releases NEFAs. The released NEFAs, both 

from diet or WAT, enter to the hepatocytes through different fatty acid transporters, such as 

CD36, FATP2, FATP4 and FATP5, located in hepatocyte plasma membrane(91). Both LPL 

and the fatty acid transporters are key players in the steatosis process. For example in case of 

the LPL, it has been shown that its gene expression is significantly higher in NAFLD-obese 

subjects compared to non-NAFLD obese, suggesting that NEFAs released from circulating 

TAG also contribute to steatosis(92). At the same time, FATP transporters KO mice show a 

reduction of fatty acid uptake in hepatocytes, reduced hepatic TAG content and reversed stea-

tosis indicating a key role for FATP-mediated lipid uptake as a facilitator of hepatic steatosis(93–

95). This pattern is also observed with the peroxisome proliferator-activated receptor gamma 

(PPAR ) regulated CD36 long-chain fatty acid transporter. Liver specific-KO of CD36 display 

a decreased hepatic lipid content in both genetic and DIO steatosis, while overexpression of 

CD36 enhances fat accumulation(96,97). Interestingly, CD36 expression in subjects with IR and 

intrahepatic TAGs is significantly lower in adipose tissue but higher in liver and skeletal mus-

cle(98). Once inside the cells, fatty acids are transported to different organelles by the fatty acid 

binding protein 1 (FABP1), which facilitates the transport, storage and utilization of FAs as well 

as their acyl-CoA derivates(99). Another function of this protein is to protect fatty acids from 

the environment by preventing interactions and promoting their functional oxidation or incor-

poration to TAGs. Although its main function is the protection of FAs against ROS and the 

promotion of their properly oxidation or TAG incorporation, in NAFLD context this is not 

always fulfilled due to lipid overload. Like the other transporters of the same family, FABP1 is 

increased in subjects with NAFLD and in turn, in KO liver specific animal models of this protein 

a significative reduction of TAGs is observed(99).  
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1.2.3. Lipolysis 

 
Under physiological conditions when there is not enough metabolic fuel or when a greater en-

ergy requirement is need, such as in exercise, fasting and cold exposure, WAT mobilize their 

warehoused TAG via the catabolic process of lipolysis to provide fuel to peripheral tissues(100). 

Lipolysis process can occur in all tissues, mainly in the adipocytes of WAT and results in glycerol 

and NEFAs production from the enzymatic break-up of TAGs by lipases. Mechanistically, 

TAGs are broken down into diacylglycerols (DAGs) and subsequently into monoacylglycerols 

(MAGs) by the sequential action of the adipocyte triglyceride lipase (ATGL), hormone sensitive 

lipase (HSL), and the monoacylglycerol lipase (MGL)(Figure I7). At every step a single NEFA is 

released and in the final MGL-mediated step a glycerol and the last NEFA are liberated(101). 

These byproducts can have different destinations, being re-esterified within the adipocyte to re-

form TAGs or going to bloodstream to be used as fuel by other tissues. In this last case, released 

NEFAs could be consumed by oxidative tissues such as muscle, and glycerol could be used by 

the liver in the gluconeogenesis process(100). Activation of lipolysis is relayed by the sympa-

thetic nervous system (SNS) as well as by a variety of hormones. Post-ganglionic sympathetic 

nerve fibers innervate adipose tissue depots, mainly scWAT and VAT, where they exert a master 

control on lipolysis by the release of noradrenaline (NA)(100). Noradrenaline stimulates -ad-

renergic receptor, which at the same time stimulates protein kinase A (PKA) through the ade-

nylyl cyclase (AC) mediated production of cyclic adenosine monophosphate (cAMP)(Figure I7). 

The PKA activates both ATGL and HSL lipolytic enzymes: ATGL indirectly via the phosphor-

ylation of lipid droplet surface perilipin (PLIN1) which changes de conformation exposing the 

LD-stored lipids to the lipases, and HSL directly via its own phosphorylation(102). Other hor-

mones secreted by peripheral tissues, such as glucagon-like peptide-1 (GLP-1) or leptin can reg-

ulate also fat metabolism via the central nervous system-SNS axis. 

 

After a meal, the post-prandial plasmatic increase of insulin efficiently suppresses lipolysis to 

promote the storage of the dietary ingested lipids. On the contrary, in fasting state, NEFAs 

mobilization is enhanced by a release of adrenaline and noradrenaline accompanied with an 

increased -adrenergic sensitivity and decrease of circulating insulin levels(103). In case of phys-

ical activity, lipolysis is also stimulated and involving the mutual action of several signaling path-

ways. Thereby, circulating levels of adrenaline, noradrenaline, atrial natriuretic peptide (ANP), 

growth hormone (GH) and cortisol increase as well as an insulin decrease in proportion to the 
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exercise intensity culminating to an overall lipolytic response(103). When WAT starts becoming 

insulin resistant, as it happens initially in obesity and T2DM due to WAT difunctionally, insulin 

loses the ability to inhibit adipocyte lipolysis and reduce the bloodstream dropped NEFAs and 

glycerol. This ineffectiveness results to a exacerbated lipolysis along with a dangerously increase 

of circulating NEFAs in both fasted and fed states(101). Constant exposure to these high levels, 

drive to a gradually deposition in non-adipose tissues like muscle, pancreas, liver, or kidney 

causing an ectopic fat accumulation with lipotoxic effects and exponentially increases the risk 

of suffering other related pathologies such as NAFLD or CKD as explained above. Clearly, this 

situation feeds back negatively whole process as these ectopic lipids impair insulin signaling, 

therefore adipocyte insulin resistance via increased lipolysis may be one of the major contribu-

tors to the obese insulin resistance states(104).  

Figure I7 – Summary of WAT lipogenesis and lipolysis metabolic pathways. This figure shows the two main metabolic 

processes of the white adipocyte, separated by a purple dashed line. Lipogenesis is represented in the left side of the image by 

black arrows and lipolysis in the right side by gray arrows. In order to have a homeostatic energy balance and a good mainte-

nance of whole-body insulin sensitivity, lipogenesis and lipolysis process must be balanced. Both processes are tightly regulated 

by different agents such as nutritional and hormonal cues. In case of pro-lipogenic actors, we found feed, and insulin, by the 

contrary fasting and growth hormone develop an anti-lipogenic role. In case of pro-lipolytic agents, it should be noted exercise, 

cold exposure, fasting and hormones such as catecholamines, natriuretic peptides, growth hormone, glucocorticoids, and 

TNF- . Based on figure 4 of Richard AJ, White U, et al. Adipose Tissue: Physiology to Metabolic Dysfunction.  
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Regarding transcriptional control, regulation of lipases genes is a major mechanism controlling 

lipolysis. However, the transcriptional control elements in the promoters of lipolysis key genes 

such as Atgl or Hsl, have not been sufficiently characterized(105). Although, there is evidence 

suggesting that both genes are direct targets for Peroxisome Proliferator-Activated Receptors 

(PPAR) family of nuclear receptor transcription factors, which will be explained later. There are 

also other nuclear receptors like the originally described in the liver, Liver X Receptor (LXR) 

that are specific to the promoters of Hsl but that do not regulate Atgl promoter(105). LXR is a 

possible key regulator of lipid turnover in fat cells, concretely data suggests that activation of 

alpha LXR isoform up-regulates basal lipolysis implicating a role of LXRα in the development 

of IR(106). Subsequent trials with LXR agonists also had the ability to induce LXR expression 

and raised lipolysis levels on adipocytes(107). In addition, it is worth mentioning that LXR is 

not only involved in the transcriptional regulatory network of lipolysis, but also in the regulation 

of adipocyte differentiation, cholesterol transport, lipogenesis and glucose metabolism(108). In 

liver, contrary to what was expected, LXR activation promotes cholesterol elimination as well 

as the synthesis of fatty acids and TAG by up-regulating sterol regulatory-binding protein 1c 

(SREBP1c), the key regulator of hepatic lipogenesis(109). In that sense, LXR regulates lipid 

processes transcriptionally in a tissue specific manner: in liver inducing lipogenesis and TAG 

accumulation while in WAT, reducing lipogenesis and enhancing lipolysis(110).  

 

1.2.4. Lipogenesis  

 
Adipocytes accumulate lipids via two different processes, the uptake of fatty acids from circu-

lating lipoproteins and the synthesis of fatty acids from non-lipid precursors known DNL. Un-

der normal daily feeding, adipocytes takes up the dietary lipids from the bloodstream circulation 

as NEFA liberated from circulating TAGs via the action of the LPL (Figure I7)(111). This lipase 

is secreted by the adipocytes themselves, and its principal function is to hydrolyze TAGs from 

the triglyceride-rich lipoproteins such as VLDL (synthetized by the liver) and chylomicrons 

(produced in the small intestine)(101). In parallel, adipocytes also capture glucose, which is con-

verted to glycerol and later used as the backbone for the serial esterification of fatty acids to 

form TAG(101). The final step in TAG synthesis is performed by the diacylglycerol acyltrans-

ferase enzyme (DGAT) which catalyzes the covalent addition of a fatty acyl-CoA to diacylglyc-

erol forming triglycerides(112). In eukaryotes there are two types of DGAT (DGAT1 and 
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DGAT2), both catalyzing the same reaction but evolutionarily unrelated and with different func-

tions(113). 

 

On its side DNL, comprises the synthesis of fatty acids from acetyl-CoA and the esterification 

of these fatty acids to a glycerol backbone producing TAGs (Figure I7)(101). DNL levels are 

relatively low in WAT compared to BAT and liver but can occur both in fasting and fed states. 

Interestingly in fed states, food composition also has dramatic effects on DNL, for example, 

high fructose or sucrose diets induce DNL in both liver and adipose tissue but HFD inhibits it. 

Mechanistically, after a rich-carbohydrate meal, excess glucose undergoes glycolysis and enters 

to the tricarboxylic (TCA) cycle to produce citrate in the mitochondria which is transported to 

cytosol and released to acetyl-CoA by the ATP-citrate lyase (ACLY)(114). Next, this acetyl-CoA 

is converted to malonyl-CoA by the acetyl-CoA carboxylase enzyme (ACC) and finally the fatty 

acid synthase (FAS), the key rate-limiting enzyme in the process, converts this malonyl-CoA into 

palmitate which is the first FA product in DNL (Figure I7)(114). The primary products of DNL 

are saturated fatty acids, which at certain levels confer adverse cellular effects, but then the stea-

royl-CoA desaturase (SCD) converts the generated saturated fatty acid to a monounsaturated 

fatty acid (MUFA) for example from stearic acid to oleic acid(115). During fasting, DNL de-

creases due to increased glucagon and cellular cAMP levels that inhibits DNL through activating 

AMP-activated protein kinase (AMPK) and the cAMP-dependent protein kinase PKA(114).  

 

In liver DNL has a particular value since it’s the main organ where carbohydrates are trans-

formed into lipids. Once converted into lipids, new fatty acids are then used for creating energy, 

phospholipids, ceramides, but also become esterified to cholesterol and finally for TAG synthe-

sis, which will be used as storage or secreted on lipoproteins as VLDL to bloodstream where 

they reach the adipose tissue or other organs that need them(116). In obesity-insulin resistance 

state, parallelly to the TAG accumulation on liver from adipose tissue, the hepatic DNL is also 

increased, thus contributing to the formation of additional fatty acids from non-lipidic substrates 

that end up forming new TAG and rising the hepatic steatosis(57). The regulation of the DNL 

pathway is composed of two layers, first one relying on transcriptional regulation of key enzymes 

from fatty acid synthesis and finally the allosteric regulation of the ACC(117). At transcriptional 

level in both WAT and liver, there are two major regulators of the DNL, the carbohydrate re-

sponse element-binding protein (ChREBP) and the sterol regulatory element-binding protein 1 

(SREBP1), both activated by the high glucose and insulin concentrations characteristic of the 
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obesity and its related NAFLD onset. ChREBP, also known as MLXIPL, is a basic helix-loop-

helix leucine zipper transcription factor that is mainly expressed in liver, WAT and BAT, intes-

tine, muscle, and pancreatic -cells(118). Replying to increased glucose levels, ChREBP suffers 

dephosphorylation and become translocate from the cytoplasm to the nucleus where it forms a 

heterodimer with its functional partner Max-like interacting protein (MLX). This heterodimer 

attaches to the carbohydrate responsive elements (ChoRE) of ChREBP target genes and thereby 

controls glucose and lipid metabolism(118). There are two isoforms of ChREBP, ChREBP-  

(with a low glucose inhibitory domain) and ChREBP-  which lacks most of the N-terminal low 

glucose-inhibitory domain(119). Alpha isoform is localized mainly in cytosol and beta remains 

in the nucleus. Under the activation conditions (high levels of glucose), ChREBP-  is translo-

cated to the nucleus to induce ChREBP-  transcription. This two-step activation mechanisms 

seems to be important to reach the glucose threshold for ChREBP-mediated gene expres-

sion(120). It has been demonstrated that the overexpression of ChREBP-  in adipose tissue 

increases the of genes involving DNL such as Fasn), Acly, Acc, and Scd(121). On the contrary, 

the deficiency of ChREBP displays a significant impairment of lipogenic and DNL gene expres-

sion. Mice lacking adipose tissue ChREBP have decreased DNL and become IR(122).  

 

The other major DNL regulator, SREBP1, belongs to the sterol regulatory element binding 

protein family of transcription factors that regulate lipid biosynthesis and adipogenesis by con-

trolling the gene expression of several enzymes required for TAG, FA, and cholesterol synthe-

sis(123). SREBP1c isoform is synthetized as a precursor in the ER membrane but requires a 

post-translational modification to generate its transcriptionally active nuclear form(124). Insulin 

activates the transcription and the maturation of SREBP1c which induces the expression of 

adipose cell genes involving glucose utilization and fatty acid synthesis such as Fasn and leptin, 

being both key genes and sensitive to nutritional alterations(125). Activation of SREBP1c down-

stream of the insulin receptor occurs through two pathways: first one involving PI3K/PKB 

pathway resulting with the direct phosphorylation and activation of the mature SREBP1c, and 

the other pathway involves the LXR transcription factor by heterodimerizing its alpha isoform 

with RXR which activates the transcription of SREBP1c(117). In this way, it has been observed 

that SREBP1c and all its subsequent enzymes of DNL are activated in the context of NAFLD, 

and thus contributing to the pathogenesis of the disease(126).  
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As already discussed in the introductory part of NAFLD, the main contributor to the steatosis 

hepatic process is the excessive NEFAs flux from the AT but secondly it is the exacerbation of 

DNL pathway(54). In this sense, modifying DNL, for example in ob/ob mice models with Srebp1c 

deletion, a reduction of 50% of TG accumulation in the liver has been observed(127). On the 

other hand, the increase in DNL not only results in an increase of steatosis. For example, a 

relationship has been observed between DNL and increased expression of ACC isoform 2, 

which has the capacity to inhibit fatty acid oxidation through indirect inhibition of the carnitine 

palmitoyl transferase 1 (CPT1)(128). Therefore, it can be concluded that although it is not the 

main NAFLD cause, hepatic DNL plays a major role in the development of this pathology. 

 

1.2.5. Lipid Droplet Formation 

 
Within cells, lipids are stored in specialized organelles called lipid droplets (LD) which are the 

universal cellular warehouse for the lipid transient or long-term storage. The number, size and 

composition of LDs vary greatly within cells in a homogenous population as well as in different 

tissues and cell types(129). Its biogenesis starts with the generation of neutral lipids in the lipo-

genesis process, synthetizing species such as TAGs which are the most prevalent. These TAGs 

are transferred between the ER monolayers rising a critical lipid concentration, thereby when 

the neutral lipid concentration reaches a critical level, it becomes thermodynamically favorable 

that the molecules coalesce to nucleate to a lipid lens(Figure I8)(129). The nucleation process is 

controlled by energetic constraints in response to the increased accumulation of TAGs in the 

ER intermembrane, thus lipid nucleation needs to overcome an energy barrier. Different factors 

contribute to the energy barrier such as the interactions between molecules, the thermal energy, 

or the propensity to disperse TAG molecules between ER monolayers(130). In this sense, until 

necessary energy is not reached, TAGs will be accumulated in the ER intermembrane ultimately 

overcoming the barrier and resulting in the formation of big lipid droplets (LD)(129). Once 

stable and mature, LDs are distributed according to their cellular origin. In WAT, whose role is 

to warehouse excess energy in lipid form and rapidly hydrolyze, large unilocular LD with a min-

imum surface area become the ideal structure to store TAG. In this form, the contact area of 

LD with lipases is reduced, resulting in a physic restriction of lipolysis. Moreover, being uniloc-

ular, the LD of the white adipocyte remains close to the plasma membrane being able to effi-

ciently flow out the NEFAs and glycerol to the bloodstream(131). Conversely, in BAT and beige 

adipose tissue this LD distribution change notably. Brown adipocytes possess small multilocular 
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LDs in order to increase the contact LD area with lipases, which efficiently promotes lipolysis 

and facilitates NEFA transport to the mitochondria for -oxidation and heat production(131).   

 

Figure I8–Figure explaining mechanisms of formation and subsequent fusion of adipose tissue lipid droplets. This 

diagram shows from the origin of LD in the ER to their possible fusion to reach unilocular LD or their non-fusion becoming 

multilocular LD. In the first case, the formation of LDs is limited by the amount of TAG and its energetic stability. On the 

other hand, the fusion and growth of these already stable LDs depends on the dimerization of CideA and FSP27  proteins 

due to LD-LD contact. If FSP27  is present on the LD surface, it will form a complex with CideA and prevent its dimerization 

and therefore avoiding the LD fusion and growth.  

 

The reasons of these aggregation differences are due to the cell death-inducing DNA fragmen-

tation factor alpha (DFFA)-like effector (Cide) family proteins. There are three members in the 

Cide family: CideA, CideB, and CideC (132). The expression and distribution of the three Cide 

members demonstrate their tissue-specificity. CideA is abundantly expressed in the murine BAT 

and human WAT, whereas expression highly correlates with lipid storage and lipid secretion in 

these tissues(133). Meanwhile, CideB expression is poorly expressed in the intestine but primar-

ily detected in the liver, where controls both insulin sensitivity and VLDL maturation(134,135). 

CideC, also known as fat-specific protein 27 (FSP27) in mouse, is highly expressed in fatty liver. 

Knock-down of its expression in NAFLD-liver ameliorates hepatic steatosis, and inversely, its 

overexpression enhances the triglyceride content of LDs(136). The two FSP27α and β murine 

isoforms of FSP27, which differ in 10 amino acids, correspond to the human CideC1 and 2, 
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respectively(137). It is notable that Fsp27α is highly expressed in WAT, whereas Fsp27β is highly 

expressed in BAT and the liver, which consume TAG for thermogenesis, ketogenesis, and 

VLDL production(138). In that sense, Xu-xu et al hypothesized that Fsp27β might be relevant 

for the short-term storage of TAG prior to oxidation or secretion in the liver and BAT, while 

Fsp27α promotes long-term TG storage in WAT(138). 

 

Initially these proteins were identified as apoptotic proteins, but some studies have changed the 

perception redefining them as crucial actors in lipid and energy metabolism, including lipolysis, 

lipid oxidation and LD formation(131). Each Cide proteins are localized to the surface of lipid 

droplets (Figure I8) in their respective tissues as well as in other cell types when they are expressed 

ectopically. Mechanistically, through the association between LDs, FSP27  and CideA respec-

tively form a homodimer between contacting lipid droplets and mediate LD fusion and growth 

(Figure I8). These fusions, due to FSP27  and CideA dimerization, leads to a gradual formation 

of a single unilocular LD typical from WAT. On the contrary, when FSP27  is present on the 

LD surface, it forms a complex with CideA which prevents its homodimerization and therefore 

avoiding lipid droplet binding and fusion process(137). This inhibition of LD fusion results in a 

greater number of smaller lipid droplets typical from BAT or beige adipose tissue or liver. 

 

1.2.6. Fatty Acid Oxidation 

 
The main energy source for adipose tissue and liver comes from fatty acid oxidation. In case of 

liver it accounts, along with amino acid oxidation, more than 90% of the fuel for basal hepatic 

requirements(139). Fatty acid oxidation takes place primarily within mitochondria and to a much 

lesser extent in peroxisomes and microsomes(90). Before -oxidation occurs in mitochondria, 

fatty acids are activated by coenzyme A in the hepatocyte cytoplasm through the action of the 

fatty acyl-CoA synthetase and then subsequently the resulting fatty acyl-CoA is converted to 

fatty acyl carnitine by CPT1 in the outer mitochondrial membrane(140). Following, the fatty acyl 

carnitine is shuttled across the mitochondrial membrane by carnitine translocase and then, inside 

the mitochondrial matrix CPT2 regenerates the initial fatty acyl-CoA(140). Mitochondrial -

oxidation successively shortens the fatty acyl-CoA by two carbon units per cycle released as 

acetyl-CoA via different dehydrogenation, hydration and cleavage reactions that involve diverse 

enzymes transcriptionally regulated by PPAR (141). Finally, the generated acetyl-CoA enters to 

the TCA and the electron transport chain, where it completes the oxidation to carbon dioxide 
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and generates energy for the liver. There are particular situations where FA oxidation is in-

creased, such as in fasting states, which results in an excess of acetyl-CoA unable to be processed 

in the TCA(142). It is in these conditions where from the condensation of two acetyl-CoA mol-

ecules acetoacetate is originated which in turn can be converted into -hydroxybutyrate or ace-

tone. These species are known as ketone bodies and their function is to provide energy in star-

vation states to the extrahepatic tissues(142). 

 

One of the main control points of -oxidation is the flow rate of fatty acids into the mitochon-

drial matrix, which depends on both availability of FA and the activity of CPT1. Interestingly 

malonyl-CoA produced in DNL process is the major inhibitor of CPT1 activity(143). Concep-

tually and in practical terms, both main pathways of lipid metabolism in liver DNL and -oxi-

dation contemplate opposite directions. In deficient mitochondrial oxidative enzymes models, 

an increment in steatosis processes has been observed(144). On the other hand, if the expression 

of theses enzymes is increased, a reduction of TG accumulation is proved. In the case of subjects 

suffering NAFLD, the existing data on DNL and -oxidation relation is contradictory although 

it is clear that steatosis process is not produced by a deficit of -oxidation(143).  

 

1.2.7. Thermogenesis 

 
Thermogenesis is the metabolic process whereby heat is generated as energy lost through mac-

ronutrient metabolism in specialized fat cells or adipocytes(145). Adipose thermogenesis is acti-

vated by neuronal, hormonal, and metabolic cues in response to cold temperatures, dietary ex-

cess, and daytime(146). Thermogenic activity is mainly mediated by the expression of the tissue-

specific uncoupling protein 1 (UCP1) within the numerous mitochondria that confers the dis-

tinctive brownish appearance of BAT or to lesser extent in beige adipose tissue. UCP1 is a 

proton transporter within the inner mitochondrial membrane that upon activation allows proton 

transfer from the membrane space to the matrix of the mitochondria effectively generating heat 

rather than ATP(147). Conversely to white adipocytes, brown ones contain multilocular LDs 

dispersed along with significantly larger mitochondria number through a more ellipsoidal and 

much smaller type cell(101).   
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BAT thermogenesis can be activated by two factors, the most effective is the cold temperature, 

and the other but less effective, is food intake. Exposure to cold activates thermogenic activity 

in BAT by increasing the mitochondrial content and the metabolic rate via sympathetic nervous 

system and thyroid activation(148). Norepinephrine acts as the primary transmitter and subse-

quently activates -adrenergic signaling pathways within brown adipocytes. Therefore, lipolysis 

but also DNL are activated to generate NEFAs which in turn activate UCP1(149). On the other 

hand, there is the diet-induced thermogenesis which is associated with the increase of energy 

expenditure above the basal metabolic rate in response to food intake(150). Activation of BAT 

by the specific dynamic action of food seems partially related to a dissipation of the excess 

energy intake in form of heat rather than storage(151). Thermogenesis after a meal is usually 

divided into two components: obligatory thermogenesis linked to the digestion, absorption, and 

storage of food; and the facultative thermogenesis, which refers to the increase in the energy 

expenditure in response to dietary intake that varies with food composition as well as its volume. 

This is regulated by the hypothalamic centers (150,152).   

Figure I9 – Graphic diagram with the main characteristics of the different types of adipocytes. The image shows the 

three types of adipocytes, white, beige, and brown adipocytes, as well as their major characteristics. White adipocytes are 

notable for the presence of a large lipid droplet in addition to their ability to secrete obesogenic adipokines and their low ratio 

of FA oxidation and thermogenesis. In contrast, beige adipocytes, although derived from white adipocytes, they have a greater 

number of smaller lipid droplets and a higher capacity for AG oxidation and thermogenesis. Finally, brown adipocytes are 

characterized by their high presence of mitochondria, the large number of small lipid droplets and their strong thermogenic 

capacity. 
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Besides brown adipocytes characteristic from BAT, there are other closely related adipocytes, 

the beige adipocytes. Both possess thermogenic properties, common morphological and bio-

chemical characteristics, including multilocular LDs and large number of mitochondria (Figure 

I9). However there are four major differences: they don’t have the same cell origin, neither the 

same anatomical location and plasticity, and not even the same gene markers(151). Beige adipo-

cytes, forming what is known as beige adipose tissue, were initially observed in rodents WAT in 

response to cold exposure(153). However, since then many studies have identified other 

“browning” or “beiging” factors such as exercise, drugs, diet and their bioactive compounds 

and even adipokines(101). Accordingly, both activation of BAT and induction of browning pro-

cesses have been proposed as a therapeutic target for pathologies such as obesity. In fact, the 

capacity of increase energy expenditure, the potential of improving glucose metabolism, their 

insulin sensitizing role, and their capacity to burn fat, makes brown and beige adipose tissue 

interesting to all related obesity pathologies like T2DM, NAFLD and CKD. 

 

1.2.8. Adipokines and Hepatokines 

 
It is widely described that WAT is not only an energy warehouse but also a potent endocrine 

actor. As explained in the introductory obesity section of this thesis proposal, adipocytes and 

other adipose tissue cells contribute to the release of metabolites, lipids, and bioactive peptides; 

so-called adipokines(154). Adipokines modulate the regulation of insulin secretion and sensitiv-

ity, fat distribution, energy expenditure, inflammation, endothelial function, blood pressure and 

regulation of appetite and satiety. This modulatory role is not only relayed within the WAT, but 

also at systemic level. Adipokines regulate different biological processes in target organs such as 

brain, liver, muscle, heart, pancreas, and others(101). Obviously, the type and role of these adi-

pokines is determined by the state of the adipose tissue that secretes them. Individuals with 

hypertrophic larger adipocytes, exhibit elevated proinflammatory adipokines, including leptin, 

IL-6, IL-8 and MCP-1; in turn insulin sensitivity-related species like adiponectin and anti-inflam-

matory IL-10 have decreased levels(154). Similarly, the liver has also been recognized as an en-

docrine organ that secretes its own metabolites called hepatokines, which are liver-derived fac-

tors that can signal and communicate with other organs including the CNS, adipose tissues, and 

skeletal muscle(155). Hepatokines are proteins regulated via autocrine, paracrine, and endocrine 

both in liver and within other tissues. Its function is essential for the transmission of information 
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regarding the hepatic metabolic status, as it happens on WAT. In recent years, several hepato-

kines have been studied for their roles in the development of obesity, insulin resistance, and 

NAFLD tissue, showing an endocrine-dependent relationship, therefore acting through cross-

talk with the cytokines released by the other disease-related tissues(156).  

 

Leptin is probably the best known adipokine and the prototype for all adipocyte secreted hor-

mones. Leptin is a 167-aminoacid peptide produced mainly in the adipose tissue but is also 

expressed in variety of other tissues such as placenta, ovaries, mammary epithelium, bone mar-

row and lymphoid tissues(157). Circulating levels of leptin reflect primarily the amount of energy 

stored in fat and secondarily acute changes in caloric intake, therefore its levels are positively 

correlated with the amount of body fat(158). Leptin principal role is to regulate satiety, appetite, 

food intake and energy expenditure but it has also growth and reproductive functions. In addi-

tion, leptin is able to exert insulin sensitizing effects and is now considered a key regulator of 

pancreatic -cell mass and survival(154). Obesity promotes multiple cellular processes which 

attenuate leptin signaling and in turn amplify the extent of weight gain induced by genetic and 

nutritional factors. In that sense, leptin reduces food intake and body weight by central action 

on hypothalamus but the coexistence of elevated levels with obesity and worsened leptin signal-

ing, reveals obesity as a leptin resistance state(159). 

 

Adiponectin was discovered shortly after leptin and has been characterized by its remarkably 

high circulating levels on human plasma, reaching more than 1000-fold higher levels than other 

major secreted factors(154). It is mainly produced by adipocytes acting in an autocrine or para-

crine manner in adipose tissue and other tissues. It has also gained a lot of interest due its anti-

inflammatory, antiapoptotic and insulin sensitizing properties(154). Adiponectin enhances fatty 

acid oxidation through the activation of the AMPK which inhibits ACC (the rate limiting en-

zyme in DNL) and in turn, reduces malonyl-CoA production that enhances fatty acid oxida-

tion(101). Adiponectin can also lower serum glucose through suppression of hepatic glucose 

production through multiple pathways and independently of AMPK(160). This suppression of 

hepatic gluconeogenesis is opposed to the adiponectin effect on whole-body glucose uptake and 

glycolysis since it increases glucose transporter-4 (GLUT-4) translocation and directly targets 

the IRS-1(161). There are many clinical trials showing that adiponectin levels inversely correlate 

with obesity, visceral fat distribution, T2DM, NAFLD progression and other related dis-

eases(162). In the liver, it also promotes hepatocyte survival, inhibits fibrosis and inflammation, 
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simulate fatty acid oxidation and modulates fatty acid uptake(101). The antidiabetic TZDs drugs 

mentioned above, increase notably adiponectin levels which is thought to be the principal mech-

anism of action that improves insulin sensitivity and glucose tolerance(154). Even in muscle, 

adiponectin shows the capacity to promote fat oxidation as well as promoting glucose up-

take(101). Adiponectin, analogue, its activators and signaling enhancers have become into the 

spotlight in the management of obesity-related metabolic diseases like NAFLD, T2DM and 

CKD.   

 

Another major cytokine, being essentially an hepatokine, is the fibroblast growth factor 21 

(FGF21). FGF21 is an atypical member of the fibroblast growth factor family which its main 

function involves the metabolic homeostasis in healthy individuals. FGF21 primarily was con-

ceived as a hepatokine because it is produced in liver, although nowadays it is known that is also 

synthetized by the adipose tissues and the skeletal muscle targeting to multiple organs(163). The 

biology of FGF21 is still partly unknow owing to its diverse effects and its ability to act as an 

autocrine, paracrine, and endocrine factor(164). In brief, via direct effects on FGF receptors, 

FGF21 has demonstrate to play glucose and lipid lowering role as well as thermogenic ef-

fects(165,166). In this way on animal models of metabolic diseases such as obesity and T2DM, 

FGF21 has showed the ability to increase energy expenditure, restore glycaemia and improve 

the lipid profile as well as recovering IR(165,167). Interestingly, in obesity and T2DM, serum 

levels of FGF21 increase significantly. However, this increase is not associated with an improve-

ment of its signaling but with a state of resistance. 

 

Finally, it is worth to highlight another relevant cytokine that recurs in obesity, T2DM and renal 

pathologies the lipocalin 2 (LCN-2). Lipocalin-2 also known as neutrophil gelatinase-associ-

ated lipocalin, is a glycoprotein identified as a cytokine derived from adipose tissue. However it 

is also known as an iron carrier protein whose circulating levels are increased in different patho-

logical states mainly by kidney injury, ageing, bacterial infection, and inflammatory status. In 

addition, it has been also designed as a mediator of insulin resistance associated with obe-

sity(137)(138). Transcriptional activation of Lcn2 gene in WAT has been proposed to be directly 

related to the inflammatory state of obesity(170).On the other hand, it has been demonstrated 

that adipose tissue-derived lipocalin-2 not only plays a critical role in causing both chronic and 

acute renal injury, but is essential for the progression of CKD in rodent and human models 

(171,172). Viau et al. concluded that Lcn2 acts as a growth regulator by mediating the mitogenic 
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effect of EGFR signaling(172). The activation of epidermal growth factor receptor (EGFR) is 

linked to the regulation of several cellular responses involved in the progression of renal damage 

including cell proliferation, inflammatory processes, and extracellular matrix regulation(173). 

Curiously, it has been shown that overexpressed LCN2, widely used as a renal injury biomarker, 

possesses obesity-promoting and anti-thermogenic effects through the inhibition of BAT activ-

ity(169). In addition, LCN-2 deficiency was described to have a protective role from developing 

aging and obesity-induced IR by modulating 12-lipoxygenase and TNF-α levels in adipose tis-

sue(174). At the same time the opposite was published, the disruption of LCN2 in mice signifi-

cantly potentiate the diet-induced obesity, dyslipidemia, fatty liver disease, IR and an impaired 

adaptative thermogenesis(175). In this way, the importance of LCN2 is highlighted in both adi-

pose tissue and kidneys relationship with obesity and its related pathologies but there are still 

gaps to fill.  

Table I2–Schematic table of the main characteristics of the adipokines studied in this thesis proposal. This summary 

of the adipocyte-specific adipokines, shows where these species are expressed, which are their target tissues, their main func-

tions, and other relevant functions. Based on figure 6 of Richard AJ, White U, et al. Adipose Tissue: Physiology to Metabolic 

Dysfunction. 

 

1.3. Metabolic Regulation 

 
The regulation of the above explained metabolic processes and pathways is necessary to balance 

the energetic balance in the different cell cycle and states. The presence of an excess of nutrients 

will stimulate nutrient storage pathways, while in periods of deficiency the cell will use previously 

accumulated reserves. Likewise, pathological processes will also have the capacity to alter this 

regulation of the energy homeostasis. Transcriptional regulation of gene expression is one of 
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the fundamental molecular mechanisms by which cells can control energy homeostasis(176). 

Thereby, modulation of the activity of transcription factors implicated in metabolic control has 

emerged as an important target for therapeutic intervention. 

 

One of the main groups of transcription factors are the family of nuclear receptors. Nuclear 

receptors are ancient transcription factors present all along the animal kingdom and whose role 

is essential for the regulation of developmental and physiological processes, mainly related to 

basic metabolic functions(177). Nuclear receptors are activated by various lipophilic molecules, 

including steroid hormones, such as estrogen and progesterone, and various other lipid-soluble 

signals, like different nutrients and bioactive compounds. Once activated, most function as tran-

scription factors to control gene expression for numerous biological processes. 

 

1.3.1. The PPARs as Metabolic Regulators 

 
The peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor which 

regulate the expression of many genes involving lipid metabolism, energy production, and in-

flammation(178). They were firstly described as members of the steroid hormone receptor su-

perfamily related with the proliferation of peroxisomes(179). Interestingly, their role not only 

involve peroxisomes but were found to be fundamental control elements for metabolism. 

PPARs have pleiotropic actions and they are critical regulators not only of fatty acid metabolism, 

but also of glucose metabolism, inflammation, oxidative damage, fibrosis processes and in gen-

eral energy metabolism(180). Mechanistically, PPARs binds to DNA in a complex with the ret-

inoid X receptor (RXR) altering the transcription of genes harboring PPAR response elements 

(PPREs). There are three PPAR isoforms: alpha (α), beta/delta (β/δ), and gamma (γ), each one 

with a different expression and function profile depending on the expressing tissue.  

 

1.3.2. PPAR  

 
PPARα is highly expressed in tissues with high catabolic rate of FAs such as muscle, intestine, 

BAT and mainly in liver(181). In hepatocytes PPARα commands the fatty acid transport, β-

oxidation, ketogenesis, lipolysis and also modulates the production of apolipoproteins, the glu-

coneogenesis pathway and the amino acid metabolism(182). In parallel also controls other pro-

cesses like the inflammatory responses by directly inhibiting inflammatory genes related to NF-

kb pathway such as Vcam-1, Cox-2 and IL-6, proving a molecular basis for the anti-inflammatory 
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effects of PPARα ligands(181,183). PPARα controls fatty acid β-oxidation via regulation the 

expression of Cpt-1 as well as other major β-oxidation enzymes such as Acyl-CoA synthetase, very-

long- and medium-chain acyl-CoA dehydrogenase or 3-ketoacyl-CoA thiolase(182). The peroxisomal FA 

oxidation also is controlled by PPARα through the modulation of the expression of its main 

enzymes, like the Acyl-CoA oxidase. In parallel, PPARα controls the ketogenesis through regulat-

ing the expression of Hmg-CoA synthase, which is responsible of transforming acetyl-CoA units 

into ketone bodies(184). Regarding fatty acid transport in hepatocytes, both expression of Cd36 

and other transporters from the FABP family are upregulated by PPARα(182). Another of its 

critical points is the TAG and lipoprotein metabolism. PPARα is able to mediate TG hydrolysis 

of VLDL and chylomicrons via upregulating the LPL enzyme(185). As it is already known, LPL 

is a TG hydrolase found in the capillary endothelium of the peripheral tissues responsible to 

release NEFAs from TG-rich lipoproteins and thus allowing them to entry to the corresponding 

cells. Inactivation of this enzyme leads to a severe hypertriglyceridemia and hypercholesterole-

mia state(182). All these aspects establish PPARα as a general regulator of fatty acid processes, 

which in turn makes de facto PPARα a relevant therapeutic target. Therefore, studying molecules 

capable of modulate the PPARα activity has become medical relevant such as in the case of 

PPARs agonists. One example are fibrates, being synthetic ligands of the PPARα nuclear recep-

tor that they can lower circulating TG by 36% on average and raise levels of small HDL parti-

cles(186).  On the other hand, there are some compounds in nature such as bioactive com-

pounds, able to act also as agonists or antagonists and modulate the activity not only of PPARα 

but also of the other isoforms as mentioned above. 

 

1.3.3. PPAR /  

 
PPARβ/δ also has a relevant role either in liver metabolism or in other metabolic active tissues 

such as muscle, where it has a higher expression level and the ability to modulate energy pro-

duction from glycolysis to fatty oxidation during fed states and exercise(187). In liver its main 

function is to contribute to the maintenance of energy balance by regulating fatty acid uptake, 

its transport and the β-oxidation as well as managing insulin secretion and sensitivity(188). Tar-

geting PPARβ/δ with tissue-specific modulators stimulated β cell survival and insulin release 

under conditions of sustained glucose levels as encountered in type 2 diabetes(189). Using KO 

rodent models of PPARβ/δ, has been demonstrated a positively regulation of genes related to 

lipoprotein metabolism and glucose utilization pathway in liver(190). Other studies reflex its 
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capacity to increase glucose catabolism by inducing glucose 6-phsphate dehydrogenase, inhibit-

ing liver glucose output and suppressing fatty acid release from WAT(191). It should be noted 

that PPARβ/δ, like PPARα, has the capacity to modulate inflammatory processes by inhibiting 

the NF-kb activity via its union to the NF-kb subunit p65 resulting in a strong anti-inflammatory 

role(192). Regarding lipid metabolism in liver, overexpression of PPARβ/δ show an increase of 

the Insulin-induced gene-1 (Insig-1), which its encoded protein function is to stop the activation of 

SREBP thereby inhibiting the proteolytic processing of SREBP-1 with the subsequently sup-

pression expression of the lipogenic genes Fasn, Scd and Acc(193). At the same time this research 

expose an upregulation of LPL by the overexpression of PPARβ/δ and a clearly improvement 

in the liver steatosis on their db/db mice models(193). Parallelly, PPARβ/δ -agonist research not 

only led to the development of new therapeutic strategies but also to a better understanding of 

PPARβ/δ itself. In this way, treatment with PPARβ/δ agonists has verified the known regula-

tion of the lipogenesis process in liver but also the capacity of enhancing FA oxidation via up-

regulating Cpt1(194). In clinical trials with NASH patients, some PPARδ agonists have demon-

strated the ability to normalize serum insulin and TAG levels, decrease LDL levels while in-

creasing HDL, and significantly decrease fibrotic processes(191). Unfortunately, treatment with 

synthetic agonists has also given contradictory results as there is a possible link between 

PPARβ/δ and carcinogenesis(195). However, the role of PPARβ/δ in carcinogenesis is contro-

versial and partly unknown because there is data both demonstrating its ability to inhibit and to 

promote tumorigenesis. For this reason, as it happens with the other isoforms, the study of 

natural compounds as possible middle agonists or antagonists of the PPAR family is therapeu-

tically relevant. 

 

1.3.4. PPAR  

 
PPAR  isoform is mainly expressed in adipose tissue where it dominates the regulation of adi-

pocyte differentiation, adipogenesis and lipid metabolism(191). PPAR  includes three isoforms 

regulated by alternative promoters with different 5’ exons which results in three different 

mRNAs: PPAR 1, PPAR 2 and PPAR 3. The resulting proteins of 1 and 3 are identical and 

expressed ubiquitously but in case of PPAR 2 it contains an additional terminal region of 30 

amino acids and is limited mainly to the adipose tissue(196). It is in adipose tissue where PPAR  
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aims to protect peripheral tissues from lipid excess and maintain proper functioning in homeo-

static conditions. PPAR  activation in adipocytes ensures a balanced secretion of the main reg-

ulatory adipokines leptin and adiponectin (197).  

 

The PPAR  is characterized as the master regulator of adipogenesis, because it is indispensable 

for adipocyte differentiation both in vitro and in vivo(198). White adipocytes are lipid-laden cells 

that acquire the ability to accumulate lipids. These types of cells are derived from multipotent 

mesenchymal stem cells (MSCs) which are first transformed into preadipocytes before suffering 

differentiation step to become mature adipocytes (199). This process of adipocyte origination is 

known as adipogenesis and involves two basic phases. First one the determination, which MSCs 

become preadipocyte and second one, which on the preadipocyte differentiate into a mature 

adipocyte capable of accumulate lipids. Adipogenesis is regulated by hundreds of factors, in-

cluding nutrients, cellular signaling pathways, miRNAs and endocrine hormones like GH, 

GLP1, insulin, steroid hormones as well as cytokines(199). The discovery of PPAR  as a key 

regulator of adipogenesis significantly enhanced the understanding of the adipocyte and its role 

in metabolic diseases. For example, in a mice fat-specific PPAR  knockout model, the deletion 

result in a progressive lipodystrophy, steatosis and insulin resistance both in fat and liver(200). 

These observations clearly implicate defects of PPAR  in obesity and obesity-related patholo-

gies. Another transcendental point was the discovery of PPAR  as the receptor for the insulin 

sensitizing drugs thiazolidinediones (TZDs) that have been described as PPAR  agonists. The 

activation of PPAR -target genes results in an increase of the storage of FA in adipocytes, thus 

decreasing the amount of circulating ones improving metabolic outcomes such as insulin sensi-

tivity(201). In addition, there are other associated beneficial effects such as an increase of glucose 

intake and a decrease on cardiac hypertrophy and systemic blood pressure(202). Unfortunately, 

the increase in fatty storage leads to a direct induction of weight gain especially in scWAT, being 

a negative side effect of TZDs treatment. Other safety problems emerged during TZDs pre-

scriptions, include hepatic dysfunction, hypoglycemia, cardiac decompensation, bone fractures 

and edema(180,203,204). Thus, increased efforts have been made lately to find moderate acti-

vators of PPARs.  

 

Obviously, there are endogenous and natural external PPAR  ligands with milder effects than 

the described TZDs. These compounds are also insulin sensitizers but without the detrimental 
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effects of TZDs. The list of endogenous ligands includes lipophilic species like free fatty acids, 

components of oxidized plasma lipoproteins, conjugated linoleic acid derivates, products of 

phospholipase hydrolysis, platelet activating factors and eicosanoid derivates(202). The main 

issue of this type of ligands is their intrinsically low binding affinities, which reduces the capacity 

to be relevant signaling mediators(205). On the other side, a large number of bioactive com-

pounds have recently been described as potential agonists and, to a lesser extent, antagonists of 

PPARγ(206,207). This makes them an interesting object of study as they may become potent 

nutritional therapeutic agents against metabolic diseases such as obesity. 
 

Figure I9–Schematic representation of PPAR /RXR heterodimer binding to the PPRE and its gene transcription triggering 

effect of key genes on the white adipocyte. This diagram shows de PPAR  activation pathway and the transcriptional regulation of 

its target genes. When PPAR  is activated by ligand binding, it is able to heterodimerize with RXR and activate the target gene expres-

sion by binding to the PPRE element. The transcription of these key genes has different effects both on adipogenesis process and on 

glucidic and lipidic metabolism. For example, the adipogenesis process is upregulated by the enhanced expression of C/ebp , gene and 

the signal transducers and activators of transcription genes Stat1, Stat5a and Stat5b. At the same time, the uptake of fatty acids is 

increased by the enhanced expression of genes encoding the LPL and fat transporters such as CD36 and FABP4. In turn, the gene 

expression of GyK and Pepck is also enhanced, thus increasing the useful intermediates for glycolysis and TAG synthesis. In case of 

glucidic metabolism, the glucose uptake is increased by the enhanced expression of Glut4 as well as the insulin sensitivity by the 

expressed inulin receptor substrate genes Irs1 and Irs2. 

 

Focusing on the adipogenic role of PPAR , one of the most important downstream effects is 

the activation of the CCAAT/enhancer binding protein transcription factor (C/EBP )(208). 
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They mutually induce the expression of each other being the key adipogenic transcription factors 

and cooperating in the activation of adipocyte gene expression program(209). PPAR  besides 

being essential in adipogenesis and adipocyte differentiation, also is required for the proper ma-

ture adipocyte metabolic function, as revealed the finding that adipocytes only survive a few 

days after selective ablation of PPAR  in mice mature adipocytes(210).    

 

Regarding liver, PPAR  hepatic expression is very low under healthy conditions but is robustly 

increased in rodent models suffering obesity and NAFLD(211). It has been shown that liver 

specific-KO animal models of PPAR  are resistant to the onset of HFD-induced steatosis and 

NAFLD(212). Since PPARγ upregulates genes involving lipogenesis and FA transport (such as 

Acc, Cd36, Fabp4 and Scd), TAG synthesis (Mgat, Dgat), and lipid droplet formation (Fsp27, Plin2 

and Cidea) among others, it has been established PPARγ as a proestatotic key factor in 

NAFLD(213). At physiological states the main role of PPARγ in liver is to modulate the lipo-

genesis pathway and the uptake of NEFAs. However, in response to a HFD, adipose tissue 

becomes dysfunctional and promotes a lipid overload which forces liver to act as a secondary 

lipidic reserve inducing the expression of adipogenic genes such as PPARγ  that mediates an 

adipogenic transformation of hepatocytes(214). This driven-PPARγ change begins with a pro-

motion of the expression of key genes of NEFAs transport into hepatocytes such as Cd36 and 

Fabp4(215). Parallelly, the expression of the battery genes related to hepatic DNL like Fasn, Acc, 

Scd or Dgat are also increased by PPARγ. Therefore, PPARγ mediates the steatosis process by 

promoting the lipid deposition and synthesis in liver and thus counteracting the hyperlipemia 

and hyperglycemia caused by the HFD consumption and the overloaded WAT. This compen-

satory act is not observed in liver PPARγ-specific KO animals, which do not develop steatosis 

but show a drastic increase in TAG deposition in muscle, a severe increase of circulating NEFAs 

and a clear IR(211,216). In the reverse direction is where PPARγ agonists such as TZDs come 

into play. The main effect of TZDs is to increase PPARγ activity in liver and thus decrease the 

number of circulating fatty acids, favoring carbohydrate oxidation in the rest of the body. 

Thereby decreasing IR, decreasing certain interleukins, and increasing adiponectin levels(217). 

Paradoxically in clinical trials with NAFLD patients treated with rosiglitazone a significative 

reduction in steatosis is manifested(215). However, this alleviation is caused by the effects of 

the agonist on adipose tissue where PPARγ activation promotes the expression of protective 

adipokines like Adiponectin and the formation of more adipocytes (increasing hyperplasia and 

avoiding hypertropia) which in turn prevents the deposition of excess lipids on liver(215).  
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Besides the explained steatotic action, PPARγ also plays a key role in the inflammatory and 

fibrotic processes in livers suffering NAFLD. In case of inflammation, it can be observed how 

the onset of lipid accumulation on HFD-induced NAFLD activates the resident liver macro-

phages, more commonly known as Kupffer cells, which in turn initiates the release of inflam-

matory cytokines driving to the recruitment of more immune cells encouraging the inflammatory 

cascade and worsening the NAFLD status(218). The induction of PPARγ as it happens with 

TZDs, exerts a counteracting role against inflammation by decreasing the number of M1 mac-

rophages and thus achieving an anti-inflammatory effect(219). Thus, PPARγ activation has the 

capacity to modulate the inflammatory response by decreasing the number of M1 Kupffer cells 

and increasing M2-type. Parallelly to this, PPARγ activation also has the ability to negatively 

interfere with NF-kB signaling, signaling transducers and transcriptional activators, exerting a 

potent anti-inflammatory role(220). Regarding fibrosis processes, in NAFLD progression 

growth factors like TGF  induce the hepatic stellate cells (HSCs) which its extracellular matrix 

production of collagen plays a central role in fibrotic deposition. During the activation of HSCs 

PPARγ is downregulated but with the activation of PPARγ by agonists HSC activation is inhib-

ited(221). This results to a reduction of alpha-actin and collagen presence, as well as reduced cell 

proliferation and TGF  expression, thereby reducing the hepatic fibrosis process(221).  

 

In summary, it can be observed that PPARγ has a vertebral role both in physiological and patho-

logical states of liver due to its ability to regulate lipid metabolism by modulating lipogenesis, 

fatty acid uptake and the inflammatory and fibrotic responses. From this point of view, the study 

of agonists and antagonists that can modulate PPARγ activity without the pernicious conse-

quences of TZDs seems to be a good therapeutic route against NAFLD and obesity. In this 

sense, bioactive compounds appear as a possible asset not only in the modulation of PPARγ but 

also of PPARδ and PPARα.   

 

1.4. Diet and Health  

 
Diet and nutrition are major factors in promoting and maintaining good health throughout the 

entire life. In fact, diet is the environmental factor with the greatest impact on the expression of 

our genes. Its determinant role in the development of chronic NCDs but also its possible palli-

ative power is well established on the scientific literature and therefore, they occupy a prominent 
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position in prevention activities. From the first governmental dietary recommendations dating 

back to the 18th century, through the progression of the obesogenic Western diets or the current 

trending Mediterranean diet studies, dietary patterns have always been a key on the origin but also 

on the proposal against pathological events. In case of Western diets containing high amounts 

of processed foods, red meat, high-fat dairy products, high-sugar foods, and pre-packaged 

foods, they have been directly associated with metabolic syndrome, obesity, NAFLD, insulin 

resistance and CVDs(222,223). Conversely, there have been different dietary recommendations 

many of them sharing certain features with powerful positive effects. A low intake of simple 

sugars, saturated fats, and animal proteins, along with an increase in polyunsaturated fats and 

vegetables intake, lead to a significant decrease in mortality risk and an improvement of health. 

In this way, the main modifications in the dietary proposals are related to the quantity but also 

to the nature of the edibles, prioritizing vegetable sources, with lower caloric value as well as 

higher fiber content and phytochemicals. Under these concepts there already exist different pat-

terns coming from scientific consensus or from specific cultures and geographical areas with 

direct improvement effects on health. Therefore, it can be firmly established that there are die-

tary patterns that favor the onset or even are the origin of certain NCDs and at the same time 

there are dietary patterns with palliative and ameliorating effects. 

 

1.4.1. Dietary Proposals  

 
In the current field of dietetics on NCDs, different nutritional proposals have been investigated 

such as Mediterranean Diet (MD), Dietary Approaches to Stop Hypertension (DASH), Medi-

terranean-DASH Intervention for Neurodegenerative Delay (MIND), Nordic Diet and Tradi-

tional Asian Diets, among others. In comparison with a Western diet these proposals are higher 

in plant-based foods, including fresh vegetables and fruits, legumes, seeds, whole grains, nuts 

and lower in animal-based foods, concretely on fatty and processed meats(224).  Evidence from 

epidemiologic studies and clinical trials indicates that these types of dietary patterns reduce risks 

of NCDs ranging from cardiovascular disease to cancer(224). In parallel to the similarities in 

terms of origin and macronutrient intake, there is one repeated key factor due to their high 

vegetable presence, the amount and variety of bioactive compounds.  

 

MD is probably the dietary pattern that stands out the most being one of the hot topics in the 

field of nutrition and biomedical research with more than 1300 related publications last year in 
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the NCBI-PubMed portal. Since PREDIMED (Prevención Con Dieta Mediterranea) study provided 

strong evidence of its cardioprotective effects, MD beneficial role has been investigated against 

different pathological states like obesity or T2DM. Better glycemic control, reduction of cardi-

ovascular risk factors and a remission from the metabolic syndrome state have been associated 

with MD consumption in comparison with regular low-fat diets(225). In that sense, even if the 

beneficial effects are due to a synergy of the different elements of the MD, an attempt has been 

made to find out which compound or compounds exert a greater beneficial role. As mentioned 

above, the MD shares basic principles with other reference diets that could therapeutically rele-

vant. One of these backbone elements is its content and variety of bioactive compounds. Alt-

hough it is not one of the worldwide dietary patterns with the highest number of phytochemi-

cals, the MD contains a very specific and interesting profile with compounds that have been 

attributed multiple beneficial effects. 

 

1.4.2. Bioactive Compounds 

 
According to the recent published book Bioactive Food Components Activity in Mechanistic by Elsevier 

editorial, bioactive compounds are defined as molecules present in the food matrix that can 

produce physiological effects beyond their classical nutritional properties(226). This large com-

pendium of molecules can be divided into two different blocks. The first would be for discerning 

those molecules with nutritional contribution, for example polyunsaturated fatty acids or probi-

otic oligosaccharides versus those that do not, such as vitamins, terpenoids, or phenolic com-

pounds. Secondly, it would be necessary to emphasize their origin, highlighting in this case those 

belonging to the secondary metabolism of plants and which not.  

 

Plants synthesize hundreds of thousands of organic compounds, which are from two main 

groups of metabolic pathways. The first one includes two main families, primary metabolites 

that are directly required for the plant growth along with the phytohormones molecules which 

perform a regulatory function in the plant body. The other main group are molecules from what 

is known as secondary metabolism, which are substances not always required for the plant basics 

and normally associated to the response in front of external agents such as biotic and abiotic 

environmental stress(227). The plant physiological processes impact on primary metabolism 

which in turn provides biosynthetic intermediates for the secondary metabolism(228). Albrecht 
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Kossel, Nobel laureate in physiology and medicine, firstly introduced the term secondary me-

tabolite and defined them as organic substances with relative low molecular and high biological 

activity(227).  

Figure I16 – Plant secondary metabolites formation diagram. This scheme illustrates how both biotic and abiotic agents 

modulate plant metabolic response. These changes influence the production of biosynthetic intermediates of the primary 

metabolism and therefore also modify the production of secondary metabolites. Usually these secondary metabolites have 

functions against external agents such as defense, attraction, or protection. As indicated, three major groups of secondary 

metabolites are classified, phenolic compounds, terpenoids and compounds containing nitrogen or sulfur.  

 

There are three major classes of plant secondary metabolites (Figure I16) based on their compo-

sition and biosynthetic pathway(227). First one is the phenolic compounds group which species 

are composed basically of simple sugars and benzene rings. Second one is the terpene and ster-

oid family, known as terpenoids, which spices are composed mainly of carbon and hydrogen. 

Finally, there are the nitrogen and sulfur containing species. Broadly, phenolic compounds and 

terpenoids represent a great interest due to their high protective effect, while N- and S-contain-

ing compounds have a disparity of effects. In this last group are found compounds such as 

alkaloids, including cocaine, nicotine, morphine, caffeine, and also poisonous species like cyano-

genic glycosides and glucosinolates(229). In contrast, phenolic compounds and terpenoids have 

been associated with mostly positive effects.  
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1.4.2.1. Phenolic Compounds 

 
Phenolic compounds, or more known as polyphenols, are the most prominent secondary me-

tabolites produced by plants and they are primarily synthesized through the pentose phosphate 

pathway (PPP), shikimate and phenylpropanoid pathways(230). Forming species range from 

simple phenolic molecules to polymerized compounds both containing benzene rings with one 

or more hydroxyl substituents(231). Normally, these compounds are related to defense re-

sponses having antibacterial and antifungal activities, but they have also more complex roles like 

increase attractiveness to appeal pollinators. These polyphenols species can be distributed in 

different subfamilies according to the forming skeleton (Figure I17), finding phenolic acids, cou-

marins, simple and complex flavonoids, stilbenes, lignans and others like tyrosols or curcumi-

noids. These subfamilies contain approximately more than 8,000 identified compounds(232).  

 

 
 

Figure I17 – Diagram of the different forming polyphenol families, polyphenol structures and food sources. In this 

scheme the 6 main groups of polyphenols are organized together with their basic structures and main plant sources. In case 

of flavonoids, the corresponding subfamilies with their structures and sources are also shown. 

 

The evidence that polyphenols have a positive impact on health is growing, especially against 

pathological conditions such as chronic diseases. An increasing number of epidemiological, in 

vivo and in vitro studies, as well as meta-analyses or clinical studies support the health-enhancing 

role of polyphenols(233–236). These beneficial effects are based on the biological activity of 

polyphenols including antioxidant, anti-inflammatory, anticarcinogenic, antiviral, antidiabetic 
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and antiobesogenic. Primarily these effectsare due to the ability of polyphenols and their metab-

olites to modulate multiple signalling transduction pathways involved in the pathophysiology of 

chronic diseases. A bibliographic review regarding the metabolic impact of the main group of 

polyphenols, the flavonoids, published in Nutrients journal and co-authored with Dr. Sandoval, 

is included in the annexes of this thesis proposal.  

 

The first group of polyphenols are the phenolic acids, or phenolcarboxylic acids, which exhibit 

a simple structure based on an organic carboxylic acid function and a phenolic ring. Hy-

droxycinnamic acids and hydroxybenzoic acids are the two main forms of this subfamily but 

there are also other relevant species such as benzoic acids and more complex phenolic acids. 

Some authors also include curcuminoids in this category, although there are discrepancies, for 

this reason in this classification they have been placed in the group of other polyphenols. Phe-

nolic acids are ubiquitously distributed thought vegetable products but there are some foods 

rich in hydroxycinnamic acids and hydroxybenzoic acids like ferulic, caffeic and sinapic acids. 

Coffee beverage, wine, legumes, cocoa, nuts, vegetable oils, olives, herbs and spices have demon-

strated elevate levels of these species(237–239). Regarding health effects, phenolic acids have 

demonstrated different range of benefits. The first effects described were the strong antioxidant 

character but more recently anticancerogenic, antimicrobial, anti-inflammatory and significative 

cardioprotective effects have been demonstrated by decreasing vascular endothelial injury, fi-

brosis, apoptosis, and platelet aggregation(240–243). Finally, it should also be noted that phe-

nolic acids have been described to have a great effect on the microbiota, but in this case there is 

still controversy about their impact since some compounds may be able to act as pro-inflamma-

tory species(244). 

 

The second relevant subfamily of polyphenols are the coumarins, which are characterized by 

being benzopyrones. The name coumarins comes from the species belonging to the Fabaceae 

family from which coumarin was first extracted(232). These species have been identified from 

different natural sources especially green plants but definitely the most relevant source of cou-

marins and derivatives is cinnamon due coumarin biosynthesis occurs via cinnamic acid, through 

phenylalanine metabolism(245). As it happens on mostly polyphenol groups, coumarins exhibit 

wide range of effects including antimicrobial, anticoagulant, anti-inflammatory, neuroprotective, 

antidiabetic and antiproliferative(246). Finally, the coumarins have been recognized as a very 
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good platform not only for new drugs in medicinal chemistry but also in the agrochemical field 

as well as in the cosmetic and fragrances industry. 

 

Regarding flavonoids group, they are probably the most relevant subfamily with the largest num-

ber of components and ubiquitously present. The basic structure of flavonoids consists of two 

phenyl rings and one heterocyclic ring. As indicated above, a literature review was performed 

on the effect of flavonoids mainly in the pathogenic context of obesity included on the an-

nexes(247).  

 

The stilbenes group is another remarkable subfamily of polyphenols and is characterized by its 

simple basis structure having a C6-C2-C6 skeleton, usually with two isomeric forms(248). The 

origin of stilbenes has been linked to one of the plant defense mechanisms against infections 

and UV radiation(249). One of the main known sources of stilbenes, specifically resveratrol, is 

grape and grape derivatives, although other foods such as peanuts, bilberries, blueberries, and 

cranberries, are described as a rich source, being Paeonia plant the highest resveratrol 

source(250). Besides to their role on the defense plant system, stilbenes have demonstrated a 

wide range of pharmacological and biological activities(251). Recently a extensive bibliographic 

review was published about stilbenes on health, finding more than 100 studied compounds with 

ranging effects from anticancer, antimicrobial anti-osteoporosis, antidiabetic, neuroprotective, 

antifatigue, anti-aging, cardioprotective, anti-obesity, antioxidant, anti-inflammatory, and anti-

atherosclerosis(248). 

 

The polyphenols called lignans, are diphenolic compounds derived from the shikimic acid bio-

synthetic pathway being a combination of two phenylpropanoid C6–C3 units which can be 

linked to additional ether, lactone, or carbon bonds(252). Lignans have a great disparity of spe-

cies due to the multiple structures possible found in nature and their biological also cover a wide 

range of functional properties. Linseed (Linum usitatissimum) is one of the richest sources of 

lignans followed by other seeds like sesame or cereals and legumes(253). Some of the notable 

species within the lignan group are secoisolariciresinol, lariciresinol, matairesinol, pinoresinol, 

medioresinol, and syringaresinol(252). Although they have multiple benefits associated with 

their consumption, there is not as much scientific literature on the effects of lignans compared 

to the other polyphenol subgroups. Even so, they have been described as having antiestrogenic, 

antiangiogenic, antioxidant mechanisms, and thus chemopreventive properties(254). On the 
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other hand, studies have also shown cardioprotective properties through its anti-inflammatory 

and antioxidant effect, as well as its lipid lowering role(255).  

 

In addition, there are the remaining subcategories that are usually classified as other polyphenols. 

Even so, there are multiple types of categorizations and differences between authors. In the 

above classification, two subgroups stand out in the category of other polyphenols, the first 

would be the curcuminoids and the second would be the phenylethanoids or better known as 

tyrosols. Curcuminoids are sometimes grouped in the subfamily of phenolic acids although since 

their structure is based on a linear diarylheptanoid and not on an organic carboxylic acid function 

and a phenolic ring, some authors attribute a subfamily of their own. The main species are cur-

cumin, demethoxycurcumin, bisdemethoxycurcumin, and also some of their derivative metab-

olites(256). These compounds are found mainly in the rhizomes of plants of the genus Curcuma, 

being the turmeric (Curcuma longa) the main source. Given the strong yellowish color associated 

with them and their characteristic taste, these rhizomes containing curcuminoids have been used 

extensively throughout history in both gastronomy and industry. In addition, their associated 

medicinal properties have also made their use date back to ancient times in the regions where 

they grow. Curcuminoids are probably one of the earliest known and tested groups of polyphe-

nols, with clinical studies with curcumin dating back to the beginning of the 20th century(257). 

This fact has led to curcuminoids being studied for a long time and proving their multiple ben-

eficial effects not only reduced to folkloric medicine. One of the first therapeutic attributions of 

curcuminoids, particularly curcumin, is its high antioxidant and anti-inflammatory power, being 

able to modulate key factors as the cyclooxygenase-2 (COX-2), the lipoxygenase (LOX) and the 

Nf-kB but also the advanced glycation end products (AGE), and the advanced lipoperoxidation 

end products (ALE)(258). This great anti-inflammatory power of curcuminoids has been 

demonstrated both in multiple inflammatory diseases. In fact an extensive review article collect-

ing positive results on clinical trials over more than 30 pathologies, ranging from cancer, cardi-

ovascular diseases, diabetes, renal diseases, to specific ones like prostatitis, lupus, arthritis was 

published recently(259). Another large group of diseases that improve with curcuminoid treat-

ments are neurodegenerative diseases due to their inflammatory and oxidative nature. Preclinical 

and clinical studies have shown therapeutic efficacy of curcuminoids against Alzheimer’s disease 

(AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), through the modula-

tion of different metabolic pathways like the Akt/Nrf2 one(260). Specifically in Alzheimer's 
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disease, different biological activities implying different pathways with diverse efficacy and po-

tency have been observed among the curcuminoid species treatments(261). In addition, a syn-

ergistic and cumulative effect was observed between its different constituents. 

 

Finally tyrosols, or also named phenylethanoids, are a small as well as the most representative 

phenolic group of olive fruits and olive oil, where they occur as such, or in the form of esters of 

the secoiridoid elenolic acid(262). In some of the polyphenol family distributions, tyrosols are 

not categorized as a single subfamily, in this thesis proposal it has been decided to expose them 

as an independent group due to their relevance both on Mediterranean diet and at clinical rele-

vance. The main characteristic of these compounds is the presence of a phenethyl alcohol struc-

ture consisting of a phenethyl group (C6H5CH2CH2) attached to OH. In parallel, these com-

pounds are also closely related to an independent group of more complex coumarins derivatives, 

known as secoiridoids whose presence is exclusive to the botanical family of Oleaceae where it is 

found the olive tree. Among these secoiriroids, three key compounds stand out: olacein, 

oleocanthal and oleopeurin. Unlike tyrosols, there are still few referential studies of their bioa-

vailability and effects, although there is growing interest and positive results are increasing ex-

ponentially(263).  Regarding specifically the phenylethanoids, the tyrosol and hydroxytyrosol are 

the most noteworthy species. Like other polyphenols, the first described effects were the anti-

oxidant and anti-inflammatory capacity of both species and derivatives(264,265). Hydroxytyro-

sol for example, has shown to exert a wide range of biological effects like cardioprotective, 

anticancer, neuroprotective, antimicrobial, beneficial endocrine as well as other positive effects 

but the exact molecular mechanisms underlying these actions are yet to be fully clarified(266–

271). In addition, tyrosol stands out as one of the most stable polyphenols compared to more 

active flavonoids, being less susceptible to auto-oxidation and thus having a greater capacity to 

maintain its antioxidant role in critical situations(266). For example, it has been observed that in 

presence of oxidized-LDL, when autooxidation is already present, tyrosol does not alter its an-

tioxidant activity, while other more potent polyphenols significantly decrease their antioxidant 

role and may even act as pro-oxidants(272). In addition to its ability to decrease oxidative dam-

age due to its high antioxidant stability, tyrosol is also able to drastically reduce the inflammatory 

response by modulating cluster of differentiation 14 (CD14) up-regulation(273,274). This may 

be one of the multiple mechanisms by which tyrosol exert its beneficial effects against hyper-

tension, atherosclerosis, coronary heart disease, chronic heart failure, insulin resistance and obe-
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sity. There are multiple studies that reinforce the protective effects of both tyrosol and hydrox-

ytyrosol, and it should also be noted that both polyphenols have been subject of research for 

some time, being together with different flavonoids, probably the earliest bioactive compounds 

to be studied. 

 

1.4.2.2. Terpenoids 

 

Terpenoids, also known as isoprenoids or terpenes, stand out for being the most numerous and 

structurally diverse group of secondary metabolites(275). Over 60.000 terpenoid structures have 

been identified, making them the largest bioactive compound class from natural sources(276). 

One of the relevant characteristics of terpenoids is their generally lipophilic nature as opposed 

to the hydrophilic character of polyphenols. This fact considerably changes the bioavailability 

and absorption of terpenoids. These species come from the mevalonate pathway in plant 

sources, while some terpenoids can be also found on marine organisms(277). In this thesis pro-

posal, the term terpenoid and terpene have been used as synonyms, since their use in the scien-

tific literature is widespread. Even so, there are authors who differ and distinguish the two 

groups, defining terpenes as simple hydrocarbons and terpenoids as modified terpenes contain-

ing a functional group and oxidized methyl groups(278). Due to their structural diversity, terpe-

noids have a simple unifying feature which is referred as the isoprene rule: all terpenes must 

have a fundamental repeating five-carbon isoprene unit(279). Therefore terpenoids are classified 

as hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes 

(C25), triterpenes (C30), and tetraterpenes/carotenoids (C40)(275). Like polyphenols and other 

secondary metabolites, terpenoids are major mediators of plant ecological interactions. For ex-

ample, they play a key role in defense against herbivores, disease resistance, attraction of mutu-

alists such as pollinators but in their case they stand out as  being powerful communicators 

among plants(280).  

 

Regarding the applications of these compounds, the first subfamily, the monoterpenes, are char-

acterized for being highly present in essential oils and distinguished for presenting a strong 

aroma(278). This makes them widely used in the pharmaceutical industry both in perfumery and 

cosmetics. In that way, this characteristic feature has identified monoterpenes as key actors of 

the complex plant ecosystem, being fundamental for the interaction with microorganisms, pol-

linators, or other plants(281). Therefore, most monoterpenes have a high biological activity. The 
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first biological property that emerges from monoterpenes is their high antioxidant capacity. This 

fact has been demonstrated both in vitro and in vivo. It has been described that, many of them 

mechanistically link their antioxidant effect to their ability not only to regulate endogenous 

sources of ROS and the defense system, but also to modify certain metabolic pathways respon-

sible for regulating the antioxidant enzymes and the detoxifying processes such as Nrf2(281).  

 

The second subfamily, the sesquiterpenes, are colorless, volatile, and also distinguished for being 

strong lipophilic compounds. Like so many other subfamilies of terpenes, sesquiterpenes have 

attracted a significant interest due to its protective role on the biological systems. One of the 

distinctive features of the sesquiterpene group is the large number of different species that have 

been identified. They biosynthesis and great diversity in plants come from the assembly of the 

15-carbon skeleton and the layering of functional groups and substituents upon the structural 

scaffolds in distinct regions and stereospecific manners occurring via farnesyl pyrophosphate 

pathway, in the cell plant ER(282). The principal function of these compounds is to protect the 

plant against stressful environmental conditions, whether biotic or abiotic(283). One of the main 

consequences of stress on the plant is the accumulation of ROS, whose presence is ultimately 

deleterious to the vegetables. Interestingly, sesquiterpenes synthesized in response to this stress, 

can quench ROS by reacting with the unsaturated sesquiterpene hydrocarbon skeleton and 

thereby can serve as a potent antioxidant in plant protection(284). It is probably for this reason 

that one of the first reported effects of sesquiterpenes is their strong ability to inhibit inflamma-

tory processes in humans. Targeting specific components of the nuclear NF-kB signaling path-

way and nitric oxide generation as well as its capacity to inhibit the maturation and function of 

mast cells, monocytes and dendritic cells which are directly correlated to the inflammation reg-

ulation, are some of the described anti-inflammatory mechanisms of sesquiterpenes in hu-

mans(285). It should be noted that these compounds have not only been attributed anti-inflam-

matory capacity, further research has shown their ability to reduce tumorigeneses and some of 

the species are even being used against pathologies caused by parasites such as malaria due to 

their great antimicrobial power(284,286).  

 

On the other hand, diterpenes are the third subfamily of terpenoids and they are defined by the 

molecular formula C20H32. Just as it happens with the other subgroups, diterpenes exhibit high 

biological activity for both plants and the organisms that consume them(287). Thousands of 

diterpenes have been described from plants, insects, and marine organisms but only few have 
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been proved and described as clinically effective. Besides the already described antioxidant and 

anti-inflammatory capacity characteristic of terpenoids, some of the diterpenes such as taxol or 

abietane derivatives have been used in therapies against ovarian, breast and lung cancers with 

very positive results for more than twenty years(288). On the other side, diterpenes derived from 

Ginkgo vegetal species, have shown a selective activity against toward platelet-activating factor 

increased in pathological conditions such as burns, ulceration, and inflammation skin dis-

eases(289). In addition, there are many more species with other interesting effects such as the 

vanilloid resiniferatoxin that demonstrated potent restorative effects in clinical trials involving 

diabetic nephropathy(289)(290).  

 

Unlike the previous terpenoid subfamilies, sesterterpenes have been found to a greater extent in 

aquatic organisms and fungi. In fact, their discovery and valorization are more recent than the 

other subgroups(291). In contrast, triterpenes, the penultimate terpenoid subgroup, are widely 

present in plants, fungi, animals, but also marine organisms. Triterpenes are defined with three 

or six isoprene units resulting on the formula C30H48 which includes steroids and sterols with 

squalene being the biological precursor base(292). Triterpenoids, as the other terpenoids, can be 

found in a free state and in combination with sugars forming what is called glycosides. Within 

the glycosylated forms we find the saponins, which contain a sugar moiety (glycone) and a 

triterpenoid component (aglycone)(292). This form of triterpenoids stands out, firstly because 

are generally water soluble and characterized by their strong foam-forming and surfactant prop-

erties in aqueous solution (hence the name saponin, sapo- means soap in Latin)(293). Secondly, 

because they have a high structural and bioactive diversity which have become on the spotlight 

in the treatments of several chronic diseases. As compiled in different bibliographical reviews, 

there are multiple studies that report the ability of saponins, as well as other similar triterpenoids, 

to inhibit cancer formation and its progression by modulating multiple signalling pathways re-

lated to cellular proliferation, apoptosis, autophagy, metastasis, angiogenesis, inflammation, ox-

idative stress, cancer stem cells and microRNAs(293–296). Apart from being prominent in can-

cer treatments, triterpenoid glucosides have also been emerged as a possible treatment for dia-

betes, not only due to their ability to alter multiple metabolic pathways directly related to diabe-

tes, but also for their ability to alleviate the damage caused by the pathology, such as the diabetic 

retinopathy, neuropathy or nephropathy(297–300). Against obesity, triterpenoids have also 

shown powerful effects involving many biochemical mechanisms. Species such as ursolic acid, 

oleanolic acid, among others, have shown anti-obesogenic effects, although the most successful 
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in vivo studies are those which used triterpenoid-rich extracts, not single compounds(301–303). 

As mentioned above, the metabolic pathways that could be modulated by these compounds are 

not fully described, but there are already some publications that propose the modulation of some 

key transcription factors like PPARs as possible underlying mechanisms(304–306). 

 

Finally, the carotenoid subfamily is the most prominent tetraterpene group. It shares the basic 

molecular formula C40H56 with a long carbon-chain rich in conjugated double bonds that 

makes them very hydrophobic and extremely difficult to isolate and purify(287). Carotenoids 

are natural pigments synthesized by autotroph organisms and some of them are precursors of 

vitamin A(307). In plants, carotenoids are closely related to the photosynthetic process and also 

to the protection against photo-damage absorbing wavelengths between 400 and 550 nanome-

ters, and hence presenting red, orange or yellow colors(308). Regarding classification, there are 

two subgroups of carotenoids according to their chemical structure. First one, xanthophylls 

stand out for being oxygenated derivatives, while the second subgroup carotenes, are only ca-

rotenoid hydrocarbons (Fig I18)(309).  

 
Figure I18 – Diagram showing the two subgroups 

constituting the carotenoid category, the caro-

tenes and the xanthophylls. There are two major dif-

ferences between groups, the first one, they show dif-

ferent ranges of colors at macroscopic level, being the 

carotenes more orange while the xanthophylls are 

more yellowish. This is because they absorb different 

wavelengths of light during the photosynthesis pro-

cess. At micro level, the difference lies in their struc-

ture, xanthophylls contain oxygen, while carotenes are 

hydrocarbons and do not contain oxygen.  

 

Approximately 600 carotenoids have been identified in nature but just around 50 have been 

identified in a standard human diet(309). They are the most frequently consumed liposoluble 

bioactive compound up rising an intake of several mg/d(310). As mentioned above, some ca-

rotenoids stand out for being precursors of vitamin A and for this reason, they have been subject 

to multiple studies, both at epidemiological, nutritional, and biochemical level. The enzyme -

carotene 15,15'-dioxygenase, encoded in humans by the Bco1 gene, is the responsible of catalyz-

ing the central cleavage of certain carotenoids to retinoids, thus converting pro-vitamin A to 

vitamin A species(311). This reaction is highly relevant, and it has been demonstrated that its 
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alteration can cause firstly a decrease on carotenoid plasma levels and thereby changing the 

ability to resist oxidative stress(312). In addition to their importance on vitamin A metabolism, 

carotenoids have demonstrated different beneficial roles, firstly as a potent antioxidants by 

quenching liposoluble radicals as well as singlet oxygen and peroxide radicals(313). At the same 

time, carotenoids can act as antioxidants indirectly by activating the gene expression of the 

body’s own antioxidant defense system Superoxide-dismutase (Sod), Catalase (Cat), and Glutathione-

peroxidase, (GPX)(314). However, negative effects have also been reported to carotenoids. Neg-

ative associations have been seen especially in studies with non-healthy subjects either in studies 

with smokers or in studies with high doses of carotenoids reporting DNA damage(314,315). 

However, there have been seen a distinction between direct pro-vitamin A carotenoids, and 

effects of non-vitamin A carotenoids. The non-vitamin A carotenoid group are almost invariably 

reported to protect against DNA damage while the pro-vitamin A carotenoids show a more 

varied spectrum sometimes protecting, sometimes enhancing DNA damage, but there are still 

gaps to fill(315). Back to the positive effects, carotenoids, and especially their metabolites, have 

shown the ability to interact with different nuclear receptors. First, interacting with the known 

RAR/RXR (retinoic acid receptor/retinoid X receptor) and also the RXR/PPARs through 

which they have been observed to exert immune-modulating effects but also other interesting 

anti-obesity roles such us the ability to regulate adipocyte differentiation, lipid metabolism, oxi-

dative stress and the production of inflammatory signaling(316,317). In the case of inflammatory 

processes, it has been observed that more polar metabolites are able to interact with NF-k , 

inhibiting its translocation to the nucleus and thus decreasing the expression of genes related to 

the inflammatory response and the expression of cytokines such as TNF- (318,319). Also, it 

has been demonstrated the ability of certain carotenoids and their metabolites to foster the 

translocation of Nrf-2 to the nucleus thus stimulating the expression of antioxidant enzymes 

such as Cat or Sod and thereby lowering lipid peroxidation markers like MDA(319,320). 

 

1.4.2.3. Rosa canina 

 
Rosa canina is one of the main species of the Rosaceae family that grows extensively in European 

mountainous zones like the Pyrenees but can also be found in northeast Africa and certain Asian 

zones. Rosa canina was first described as a medicinal plant by Pliny the Elder (23-79 BC), who 

discovered its use among French tribes for the treatment of dog bites, thereby this description 

generated the name of the specie(321). Also known as rosehip, as a reference to its fruit, Rosa 
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canina is characterized as a thorny perennial shrub with an identifying reddish fang-shaped 

pseudo-fruit (Fig I19) which has been used as a traditional and folklore remedy since ancient 

times due its medicinal properties(322). This type of aggregated pseudo-fruits, no unique to Rosa 

canina specie, consist of several achenes enclosed by an enlarged, red, fleshy floral cups, contain-

ing a large and varied number of micronutrients and bioactive compounds(323). Other Rosaceae 

species also present this type of fruit but Rosa canina present a larger amount of bibliography, 

more reported medicinal effects according to popular knowledge and, as will be discussed later, 

more concentration of certain bioactive compounds(324). 

 
Figure I19 – Images showing the false pyriform red-orange fruits 

called rosehip from the Rosa canina. Commonly in areas of the Cat-

alan Pyrenees, the fruit is known as gratacul, and in other areas of the 

Iberian Peninsula as escaramujo. The image on the right side shows the 

inside of the fruit cut longitudinally, where the fleshy area called hypan-

thium and the achenes containing the prismatic seeds can be seen. Im-

age from Giuseppe Mazza of Monaco Nature Encyclopedia©.   

 

 
 

Rosehips from Rosa canina contain vast and high diverse number of bioactive compounds. This 

rich and varied profile of compounds is related to the harsh climatic conditions from the areas 

where it grows and due the nature of its pseudo-fruit, since a great part of the fruit is formed by 

seeds (achenes) containing oils and therefore more liposoluble species, but also by a fleshy part 

(hypanthium) with more hydrophilic species(324). These two conditions favor not only the pres-

ence of many secondary metabolites in the fruit, but also a great variety from high hydrophilic 

to high liposoluble species, which makes Rosa canina truly interesting to study. Regarding phenolic 

compounds, there are different Rosa canina identifications in the bibliography describing many 

polyphenols, mainly flavonoids and from these, distinguishing flavonols subfamily(325–328). 

The flavonols are highlighted in Rosa canina for two main reasons: first one because they are the 

most concentrated phenolic compounds, especially species such as hyperoside, rutin, astragalin, 

tiliroside, quercetin and kaempferol; and secondly because there are studies reporting the effect 

of the flavonol tiliroside from Rosa canina as the main anti-obesogenic and anti-diabetic 

agent(329–331). At the same time, flavanols (catechin and epicatechin), flavanonols (taxifolin), 

flavanones (eriodyctiol and isosakuranetin), isoflavones (genistein), but also other polyphenols like 

hydroxybenzoic acids (egallic acid, syringic acid and protocatechuic acid), hydroxycinnamic acids (caf-
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feic acid and p-coumaric acid) and the chlorogenic acid are also present in significant concentra-

tions (325). Apart from phenolic compounds, the literature also reports a high presence of terpenoids, 

particularly triterpenoids and carotenoids, that gives the fruit its orangish color (332,333). In the case 

of carotenoids, chromatographic studies (TLC and HPLC) on Rosa canina rosehips extractions have 

reported that the major species are β-carotene, lycopene, rubixanthin, lutein and zeaxanthin, all of 

them with demonstrated high biological activity(334). Finally, a significant presence of galactolipids, 

PUFAs, fiber and vitamins, both hydro-soluble and lipo-soluble, has also been described(324). Over-

all, the large number of bioactive compounds identified in Rosa canina have been reported to have 

multiple therapeutic properties, especially against chronic diseases, as explained above in the intro-

duction. However, many of the pathways involved in these beneficial effects are still unknown.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 

 



 



 75 

2. Objectives 

 

The main objective of this thesis proposal is to evaluate the preventive effects and the molecular 

mechanisms of dietary supplementation with bioactive compounds against the pernicious action 

of a high fat diet and its induction of obesity, T2DM and NAFLD.  

 
 

Three secondary aims are derived from the central objective:  

 

a) Study of the effects and molecular mechanisms underlying a pure, isolated polyphenol 

mixture supplementation against a high fat diet-induced obesity and NAFLD. 

 

b) Study of the effects and molecular mechanisms underlying a rich natural source of bi-

oactive compounds, concretely Rosa canina flesh supplementation, against a high fat 

diet-induced obesity and NAFLD.  

 

c) Characterization of the different Rosa canina flesh fractions and study of the anti-obe-

sogenic mechanisms underlying their different constituents.  
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3. Methodology  

 
3.1. Cell Culture 

 
In order to achieve the objectives set for this thesis proposal, a specific combination of materials 

and methodologies were employed. First, in the case of cell cultures, two specific types of sec-

ondary lines were used. Basically, a specific human liver cell model, the HepG2, and a mouse 

model of white adipose tissue, the 3T3L1. Both were purchased from the ATCC (American 

Type Culture Collection, Rockville, MD, USA) and their specific protocols for maintenance and 

proper care were followed. 

 

HepG2 – Homo sapiens Liver Carcinoma Cell Line (ATCC No. HB-8065) 

The HepG2 cell line exhibits epithelial-like morphology growing as monolayers in small aggre-

gates. This cell line was firstly isolated from a hepatocellular carcinoma of a 15-year-old youth 

male with liver cancer by researchers at Wistar Institute (USA) on the 1980s and were entered 

into the ATCC repository as a human cell line (HB 8065). In this thesis proposal, the Hepg2 cell 

line was used both for transfection and for the NAFLD modelling. The suitable conditions 

tested for Hepg2 cells are firstly Eagle’s Minimum Essential Medium (EMEM) supplemented 

with 10% (v/v) of Fetal Bovine Serum (FBS), 4mM of glutamine, 1x of non-essential amino 

acids, 100 units/ml of penicillin G, 100ug/ml of streptomycin sulfate and pH adjusted with 

sodium bicarbonate (7.0 to 7.6). Culture medium must be discarded and changed thrice a week. 

Regarding incubation, the optimal conditions are 37ºC with 5% of CO2 and saturated humidity. 

For sub-culture, cells at 80-90% of confluence were briefly rinsed twice with 1x PBS to remove 

all traces of serum that contains trypsin inhibitors. For trypsinization, 0.05% Trypsin-EDTA 

solution was added and incubated at least 5 minutes at 37ºC. Once cell layer was dispersed, cells 

were resuspended in fresh growth medium and then split in a 1:2-1:4 dilution. The culture plates 

used for Hepg2 maintenance were 75 cm2 T-flasks and for experimental procedures 24, 48 and 

96 multi-wells. 

 

Regarding steatosis induction in Hepg2, different protocols were tested. The protocol set up 

was initially based on the positive results of Dr. Matteo Ricchi et al studies, which compared PA 

and OA in different concentrations and cultures(335). The conclusion of this study was that 

induction with OA in hepatocytes produced greater steatosis but less associated apoptosis than 

with PA. Thus, a protocol was developed testing different concentrations of OA following also 
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other published studies. HepG2 cells were firstly seeded at 5x105 cells/ml. After 24 hours of 

incubation under optimal conditions (37ºC with 5% of CO2 and saturated humidity), the 

maintenance culture medium was removed, and fresh medium was added with either 0.5mM 

OA or 0.25mM BSA. Since the OA used (Sigma ref. O3008) is complexed with bovine serum 

albumin (BSA) at a molar ratio of 2:1, a concentration of 0.25mM was used in negative controls. 

Parallel to the addition of OA and BSA, Rosa canina extracts were also added in the correspond-

ing concentrations when indicated. Since the extracts were in a DMSO as vehicle, DMSO was 

also added to the control cells group. The extracts stock solutions were at of 10 mg/ml and 

therefore in any case the DMSO in cells exceeded 5%. 

 

3T3L1 – Mus musculus Embryo Cell Line (ATCC No. CL-173) 

3T3L1 cells are a standard fibroblast cell line derived from the embryo tissue of a Swiss albino 

mice and developed through clonal isolation. The 3T3 cell line, abbreviation from label 3-day 

transfer inoculum 3x105 cells referring to the used protocol, was originally established in 1962 

by two scientist at New York University School of Medicine. 3T3L1 cells have a fibroblast-like 

morphology but are known as pre-adipocytes due to the capacity, under appropriate conditions, 

to differentiate into adipocytes. This cell line has not only been used for transfection but also 

for the study of basic cellular mechanisms associated with diabetes, obesity, and related disor-

ders. The suitable conditions for 3T3L1 cell line growing and maintenance are Dulbecco’s Mod-

ified Eagle’s Medium (DMEM) supplemented with 10% (v/v) of Fetal Bovine Serum (FBS) (on 

experimental procedures) and Calf Serum (CS) (on maintenance), 4mM of glutamine, 100 

units/ml of penicillin G, 100ug/ml of streptomycin sulfate and pH adjusted with sodium bicar-

bonate (7.0 to 7.6). Culture medium must be discarded and changed thrice a week. Regarding 

incubation, the optimal conditions are 37ºC with 5% of CO2 and saturated humidity. For sub-

culture, cells at 70-90% of confluence were briefly rinsed twice with 1x PBS to remove all traces 

of serum that contains trypsin inhibitors. For trypsinization, 0.05% Trypsin-EDTA solution was 

added and incubated about 5 minutes at 37ºC. Once cell layer was dispersed, cells were resus-

pended in fresh growth medium, and then split in a 1:3 dilution. The culture plates used for 

3T3L1 maintenance were 75 cm2 T-flasks and for experimental procedures 12, 24, and 48 multi-

wells plates.  
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3T3L1 Differentiation 

Regarding 3T3L1 differentiation, the Katarzyna Kowalska et al. protocol was used(227). 3T3L1 

cells were seeded at 5x104 cell/ml on multi-well plates to confluence. Two days post-confluence, 

the 3T3L1 pre-adipocytes were stimulated by a differentiation cocktail containing 0.25uM dex-

amethasone (DEX), 10uM rosiglitazone and 1μM insulin using the previous explained supple-

mented growth media. The nutritional treatments with Rosa canina fractionations were applied 

filter-sterilized at different concentrations simultaneously to the differentiation mix. Since the 

Rosa canina extractions tested on the cell cultures were in DMSO as vehicle, in the control points 

DMSO was added both with and without differentiating mix. After two days of differentiation, 

medium was replaced with DMEM/10% FBS 1μM insulin growth media. Cultures were incu-

bated 2 more day and medium was replaced with the standard DMEM/10% FBS growth media. 

 

Cell Culture Reagents 

The following reagents were used during the different assays involving cell cultures: 

 

Reagent  Company Reference Process 
Dulbecco’s Modified Eagle’s Medium (DMEM) Gibco 12100-061 Culture Medium 

Eagle’s Minimal Essential Medium (EMEM) Gibco 61100-087 Culture Medium 

Fetal Bovine Serum (FBS) Gibco 10270-106 Culture Medium 

Penicillin-Streptomycin-Glutamine 100x  Gibco 10278-016 Culture Medium 

Sodium Bicarbonate Solution 7.5% Sigma S8761 Culture Medium 

Tripsin-EDTA Gibco 15400-054 Culture Medium 

3-Isobutyl-1-methylxanthine (IBMX) Sigma I5879 3T3L1 Differentiation 

Dexamethasone Sigma D2915 3T3L1 Differentiation 

Rosiglitazone Sigma R2408 3T3L1 Diff. and PPAR Assay 

OPTI-MEM Gibco 31985-047 HepG2 Transfection 

Lipofectamine 2000  Invitrogen 11668027 HepG2 Transfection 

Dimethyl sulfoxide (DMSO) Panreac A7248 Freezing and Cell Treatments 

 

 

3.2. Oil Red Quantification  

 

Oil Red O (ORO) is a fat-soluble dye used for staining different types of lipids. This staining is 

usually used prior to optical microscopic analyses as it enables to identify the lipid vacuoles of 

different tissues and cell cultures. In addition, ORO staining can provide semi-quantitative data 

on the amount of total lipids using regular spectrophotometry. Thus, this type of staining is very 
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useful due to its low cost on adiposity studies with cell cultures or histological sections. In the 

experimental processes of this thesis proposal, ORO staining has been used for both micro-

scopic and semiquantitative lipid analysis. It has been mainly used in cultures of differentiated 

3T3L1 adipocytes and in a HepG2-induced NAFLD cell culture model. 

 

Two different types of ORO solutions were used to prepare the staining. The first was the stock 

solution, which was made by using Oil Red O reagent (Sigma ref. O0625) at 3mg/ml concen-

tration in isopropanol and then allowed to stand for half an hour before being filtered through 

a filter paper (8-11μm pore). The second ORO solution, the working solution, was prepared 

from 3 parts of the stock solution and 2 parts of milli-Q water and filtered on 0,2 m syringe 

filter following the protocol established by Biovision in its ORO kit (K580-24). Prior to staining 

with working ORO solution, the cultures were first washed twice with PBS1x and fixed with 

formalin (Thermo Scientific ref.5701) for half an hour in gentle rotation. Once the cells were 

fixed, they were washed with milli-Q water twice and a 60% solution of isopropanol was added 

for 5 minutes. Once acclimated, the isopropanol solution was removed, and the working ORO 

solution was applied and incubated in gentle rotation for 20 minutes. Then, cells were washed 5 

times with milli-Q water until the ORO excess was removed. At this point the lipid droplets 

were evident in a reddish color so cultures were visually analyzed by an optical microscope. To 

perform the semiquantitative analysis, starting from the previous step, 100% isopropanol was 

applied to obtain the dye from the inside of the vacuoles and its absorbance was read at 492nm 

by spectrophotometry on the Thermo Scientific™ Varioskan™ LUX multimode microplate 

reader. 100% isopropanol was used as background control. In case of 3T3L1 culture, this pro-

tocol was used with 24- and 48-well plates, whereas in Hepg2 cell culture, 96-well plates were 

used. All experiments performed with the ORO staining technique were repeated a minimum 

of three times and had a minimum of 8 replicates for each group. 

 

3.3. Luciferase Reporter Assay 

 

The luciferase assay is a very sensitive and convenient technique for analyzing the transcriptional 

activity of a specific gene. This type of assay examinate whether a protein can activate or repress 

the expression of a target gene using luciferase as a reporter protein(336). In case of this thesis 

proposal, this technique has been used to study the possible ability of Rosa canina fractions to 

modulate PPAR gamma isoform activity. HepG2 cells were transfected with Lipofectamine 
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2000 kit (Invitrogen ref. 11668027) in 48 well-plates according to the manufacturer instructions 

(ratio 1:2,5 Lipofectaine:DNA). 24h before the transfection cell were seed at a density of 5x105 

cell/mL. To perform the luciferase reporter assay a 3xPPRETKluc reporter plasmid (includes 3 

direct copies of the APoII PPRE) (2 ng/μL) (kindly provided by Dr. Villarroya’s Lab) was co-

transfected with the expression vectors of PPARg (pSV-SPORT-PPARg) and RXRα (pCDM8-

RXRα) (0.4 ng/μL each). The pRL-CMV vector (Promega, ref. E2261) (0.04 ng/μL) was used 

as an internal transfection control. Transfected cells were treated with Rosa canina or its fractions 

as indicated.  

 

To analyze the luciferase activity the cells transfected, after the appropriate incubation times, 

were lysed with 200 μL/per 48-well plates of a commercial passive lysis buffer (Passive Lysis 

Buffer, Promega, ref. E1941). The cell extracts obtained were assayed with the commercial kit 

Dual-LuciferaseTM Reporter Assay System (Promega ref. E1910), following the instructions of 

the manufacturer. In general, 10μL of cell extract was incubated with 20μL of each of the rea-

gents. The luciferase values of Photinus pyralis (representative of the activity of the promoter) and 

of Renilla reniformis (transfection internal control used to normalize the values of the former) 

were thus obtained. Luminescence measurements were performed on a Berthold Detection Sys-

tem Sirius luminometer.  

 

DNAs used on the Luciferase Assay   

Reporter Gene Construct pPPRE3x-tk-Luc: 2 ng/μL 

Eukaryotic Expression Vector pCDM8-RXRα: 0.4 ng/μL 

Internal Transfection Control pRL-CMV: 0.04 ng/μL 

PPARg pSV-SPORT-PPARg: 0.4 ng/μL 

 

 

3.4. Gene Expression Analyses 

 

RNA expression analysis provides insight into the regulation of expression and stability of the 

RNA species under examination and can be extrapolated to the understanding of protein regu-

lation derived from its RNA. Although proteins are effectors, RNA is a blueprint. Therefore 

this extrapolation should be done with care. As with any template, the existence of the template 

does not prove that the material for which it codes has been produced and, conversely, failure 
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to detect the template does not mean that the protein is not present(337). Nevertheless, RNA-

based gene expression analysis provides a great advantage in terms of speed, reliability, and cost. 

In addition, the mapping of metabolic movements provided by these analyses gives us a better 

understanding of both pathological processes and their possible treatments. 

 

3.4.1. Total RNA Isolation  

 

In order to carry out the gene expression analysis both in cell cultures and tissues from experi-

mental animals, RNA was used as the starting point. Total RNA was extracted from previously 

washed cell culture or from previously snap-frozen and homogenized tissues using either TRI-

zol™ reagent (Invitrogen™ 15596026) or TRI reagent (Invitrogen™ AM9738). For homoge-

nizations in TRIzol™ or TRI reagent in both cells and tissues, a pellet pestle machine (Sigma-

Aldrich ref. Z359971) was used to minimize aggression. Extractions in limited and lipid-rich 

tissues, Phasemaker tubes™ (Invitrogen™ ref. A33248) were also used to optimize total RNA 

extraction. In all cases, the protocols established by the manufacturers were followed. After 

RNA extraction, all samples were pretreated with DNase I treatment (Thermo Scientific ref. 

K2981) to eliminate genomic DNA contamination and dissolved in DNase, RNase, protease 

free water. Both before and after DNase treatment, the concentration and purity (A260/A280 

and A260/A230) of each sample was obtained using the BioDrop spectrophotometer (Harvard 

Bioscience™ BioDrop). Samples that did not achieve the quality standards for A260/A280 and 

A260/A230 ratios (>1.8) were discarded, or the RNA extraction was repeated. 

 

3.4.2. mRNA Expression Analyses 

 

To measure relative mRNA levels, between 1 g (from adipose tissues, muscle, and cell cultures 

samples) and 1.5 g (from liver and kidney samples) of total RNA was synthesized by the RT-

PCR technique using the kit High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-

tems TM ref. 10400745) following the manufacture’s official protocol. Then, from a 1:50 dilu-

tion of the obtained cDNAs, a quantitative PCR (qPCR) was performed to obtain the relative 

mRNA levels. For the qPCR process a Bio-Rad, CFX96 Touch Real-Time PCR Detection Sys-

tem was used both with SYBRTM Select Master Mix for CFX (Applied Biosystems™ ref. 

13226529) or TaqMan Gene Expression Master Mix (Applied Biosystems™ ref. 4461882) de-

pending on the gene analyzed. Each mRNA from a single sample was measured in duplicate, 
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using Anti-beta 2 microglobulin (B2m), Ribosomal protein lateral stalk subunit P0 (M36b4) and Beta-Actin 

as housekeeper genes and calculating the corresponding bestkeeper using the BestKeeper.gene-

quantification.info website excel template. Results from the qPCR were obtained by the Relative 

Standard Curve Method and expressed as fold increase versus the experimental control. 

 

3.4.3. DNA Oligonucleotides 

 

DNA oligonucleotides used in this thesis proposal were designed internally or based on high 

quality sources and synthesized by Sigma-Aldrich with ultra-high base coupling efficiency tech-

nology, combined with optimized cartridge purification and quality control by mass spectrome-

try. The primer sequences are shown above. 

Gene   Sequence Code 

B-Actin Beta-Actin 
SYBR 

Green 

F-5’-GCTCTGGCTCCTAGCACCAT 

R-5’-GCCACCGATCCACACAGAGT 
NM_007393.5 

B2M 
Beta-2  

Microglobulin 

SYBR 

Green 

F-5’-ACTGATACATACGCCTGCAGAGTT 

R-5’-TCACATGTCTCGATCCCAGTAGA 
NM_009735.3 

M36B4 
Ribosomal protein, large, 

P0 (Rplp0) 

SYBR 

Green 

F-5’-AGATGCAGCAGATCCGCAT 

R-5’-GTTCTTGCCCATCAGCACC 
NM_007475.5 

Acaca 
Acetyl-Coenzyme A car-

boxylase alpha 

SYBR 

Green 

F-5’-TGTACAAGCAGTGTGGGCTGGCT 

R-5’-CCACATGGCCTGGCTTGGAGGG 
NM_133360.2 

Acox3 
Acyl-Coenzyme A oxi-

dase 3, pristanoy 

SYBR 

Green 

F-5’-GCCTCCTTCAACTCTGGGG 

R-5’-TCAGTTCTTCGTAGCTTCTCTAGG 
NM_030721.3 

Adiponectin Adiponectin 
SYBR 

Green 

F-5’- CAGTGGATCTGACGACACCAA 

R-5’- TGGGCAGGATTAAGAGGAACA 
NM_009605.5 

CrebH 
cAMP responsive ele-

ment binding protein 3-

like 3 

SYBR 

Green 

F-5’-GTGTCACACCAGGGAGCAAG 

R-5’-CAGTGAGGTTGAAGCGGGAG 
NM_001382818.1 

Cris1 
Cardiolipin 

 synthase 1 

SYBR 

Green 

F-5’-GGGCTACCTGATTCTTGAAGA 

R-5’-GGCCCAGTTTCGAGCAATAA 
NM_001024385.1 

Cpt1a 
Carnitine Palmitoyl  

transferase 1a 

SYBR 

Green 

F-5’-AGAATCTCATTGGCCACCAG 

R-5’-CAGGGTCTCACTCTCCTTGC 
NM_013495.2 

Cpt1b 
Carnitine Palmitoyl  

transferase 1b 

SYBR 

Green 

F-5’-GCGTGCCAGCCACAATTC 

R-5’-TCCATGCGGTAATATGCTTCAT 
NM_009948.2 

Cpt2 
Carnitine Palmitoyl  

transferase 2 

SYBR 

Green 

F-5’-TGCTCGCTCAGGATAAACAG 

R-5’-CGGATTGAATGCCATGAA 
NM_009949.2 

Cat Catalase 
SYBR 

Green 

F-5’-GTCACTCAGGTGCGGACATT 

R-5’-CAGGGTGGACGTCAGTGAAA 
NM_009804.2 

Cebpb 
CCAAT/enhancer bind-

ing protein beta 

SYBR 

Green 

F-5’-GGGTTGTTGATGTTTTTGGTTT 

R-5’-GAAACGGAAAAGGTTCTCAAAA 
NM_001287738.1 

Cd36 
Platelet glycoprotein 

4, fatty acid translocase 

SYBR 

Green 

F-5’-GCCAAGCTATTGCGACATGA 

R-5’-TCTCAATGTCCGAGACTTTTCAAC 
NM_001159558.1 
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Fsp27 
Cell death-inducing 

DFFA-like effector C, 

Transcript variant ALL 

SYBR 

Green 

F-5’-AGGCCCTGTCGTGTTAGCAC 

R-5’-CATGATGCCTTTGCGAACCT 
NM_178373.4 

Fsp27  

Cell death-inducing 

DFFA-like effector c (Ci-

dec), transcript 1 & 2 

SYBR 

Green 

F-5’-GCCACGCGGTATTGCCAGGA 

R-5’-GGGTCTCCCGGCTGGGCTTA 
NM_178373.4 

Fsp27  
Cell death-inducing 

DFFA-like effector c (Ci-

dec), transcript variant 3 

SYBR 

Green 

F-5’-GTGACCACAGCTTGGGTCGGA 

R-5’-GGGTCTCCCGGCTGGGCTTA 
NM_001372264.1 

Cidea 

Cell death-inducing 

DNA fragmentation fac-

tor, alpha subunit-like ef-

fector A  

SYBR 

Green 

F-5’-GTGGACACAGAGGAGTTCTTT 

R-5’-GTCGAAGGTGACTCTGGCTATTC 
NM_007702.2 

Dio2 
Deiodinase, iodothyro-

nine, type II 

SYBR 

Green 

F-5’-TGCGCTGTGTCTGGAACAG 

R-5’-CTGGAATTGGGAGCATCTTCA 
NM_010050.4 

Dgat1 
Diacylglycerol O-acyl-

transferase 1 

SYBR 

Green 

F-5’-CGACGGCTACTGGGATCTGA 

R-5’-CTCAGGATCAGCATCACCACAC 
NM_010046.3 

Dgat2 
Diacylglycerol O-acyl-

transferase 2 

SYBR 

Green 

F-5’-GAACACGCCCAAGAAAGGTGG 

R-5’-GGTGGTCAGCAGGTTGTGTG 
NM_026384.3 

Chop 
DNA-damage inducible 

transcript 3 

SYBR 

Green 

F-5’-CTGCCTTTCACCTTGGAGAC 

R-5’-CGTTTCCTGGGGATGAGATA 
NM_007837.4 

Egr1 Early growth response 1 
SYBR 

Green 

F-5’-GCCGAGCGAACAACCCTAT 

R-5’-ATAACTCGTCTCCACCATCGC 
NM_007913.5 

Ehhadh Enoyl-Coenzyme A 
SYBR 

Green 

F-5’-AATACAGCGATACCAGAAGCC 

R-5’-ATTCCCAGCATCACTTCCG 
NM_023737.3 

Fabp4 
Fatty acid binding pro-

tein 4 

SYBR 

Green 

F-5’-GATGCCTTTGTGGGAACCTG 

R-5’-GAATTCCACGCCCAGTTTGA 
NM_024406.3 

Fasn Fatty acid synthase 
SYBR 

Green 

F-5’-GCTGCGGAAACTTCAGGAAAT 

R-5’-AGAGACGTGTCACTCCTGGACTT 
NM_007988.3 

Fos 
FBJ osteosarcoma  

oncogene 

SYBR 

Green 

F-5’-CAGAAGGGGCAAAGTAGAGC 

R-5’-TCAAGTTGATCTGTCTCCGCTTG 
NM_010234.3 

Fgf21 
Fibroblast growth factor 

21 

SYBR 

Green 

F-5’-CCGCAGTCCAGAAAGTCTCC 

R-5’-CTGCAGGCCTCAGGATCAAA 
NM_020013.4 

FgfR1 
Fibroblast growth factor  

receptor 1 

SYBR 

Green 

F-5’-CTGGCAGCGATACCACCTAC 

R-5’-CTGGGGATGTCCAGTAGGGA 
NM_010206.3 

FgfR4 
Fibroblast growth factor  

receptor 4 

SYBR 

Green 

F-5’-CTGCTTTGGGCAAGTGGTTC 

R-5’-TGCCAAATCCTTGTCGGAGG 
NM_008011.2 

Fibronectin Fibronectin 
SYBR 

Green 

F-5’-GGAACCAGCAGAGTCCCAAA 

R-5’-ACACCCAGCTTGAAGCCAAT 
NM_010233.2 

GluK Glucokinase 
SYBR 

Green 

F-5’-GGCGTGAAACCGCTCCTT 

R-5’-GTGGATGGCTCCGTGTACAA 
NM_010292.5 

G6pc 
Glucose-6-phosphatase, 

catalytic 

SYBR 

Green 

F-5’-CAGTGGTCGGAGACTGGTTC 

R-5’-GTCCAGGACCCACCAATACG 
NM_008061.4 

Gsr Glutathione reductase 
SYBR 

Green 

F-5’-CAGTTGGCATGTCATCAAGCA 

R-5’-CGAATGTTGCATAGCCGTGG 
NM_010344.4 
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Gk Glycerol kinase 
SYBR 

Green 

F-5’-TGGCAGCCGCGAAGAA 

R-5’-TGATGACTAAGAAGTTCAGCTGTT 
NM_001331046.1 

Bip Heat shock protein 5 
SYBR 

Green 

F-5’-CATGGTTCTCACTAAAATGAAGG 

R-5’-GCTGGTACAGTAACAACTG 
NM_001163434.1 

Kim-1 
Hepatitis A virus cellular 

receptor 1 

SYBR 

Green 

F-5’-CTGCTGCTACTGCTCCTTGT 

R-5’-GGAAGGCAACCACGCTTAGA 
NM_134248.2 

Hamp 
Hepcidin antimicrobial 

 peptide 

SYBR 

Green 

F-5’-CTGAGCAGCACCACCTATCT 

R-5’-TCTTCTGCATTGGTATCGCA 
NM_032541.2 

Heph Hephaestin (Heph) 
SYBR 

Green 

F-5’-GCTGGCATGGAGACCATCTT 

R-5’-TCCCTTAGAATCACTGCTTTTCCA 
NM_010417.2 

Itgb 
Integrin Beta 1 (Fibron-

ectin receptor Beta) 

SYBR 

Green 

F-5’-GACGCTGCGAAAAGATGAATTT 

R-5’-CGCAAGATTTGGCATTTGCTTTT 
NM_010578.2 

Klb Klotho Beta 
SYBR 

Green 

F-5’-TACACTGTGGGACACAACCTG 

R-5’-ATCCAATGGGACCCCAAGGT 
NM_031180.2 

Lpr Leptin Receptor 
SYBR 

Green 

F-5’-TGTCCTACTGCTCGGAACAC 

R-5’-AGAGTGTCCGTTCTCTTTTGG 
NM_146146.3 

Lcn2 Lipocalin 2  
SYBR 

Green 

F-5’-GGTGGCCACTTGCACATTGT 

R-5’-GGACCAGGGCTGTCGCTACT 
NM_008491.1 

Chrebp 
MLX interacting protein-

like (Mlxipl), transcript 

variant 1 & 2 

SYBR 

Green 

F-5’-CACTCAGGGAATACACGCCTAC 

R-5’-ATCTTGGTCTTAGGGTCTTCAGG 
NM_021455.5 

Chrebpa 
MLX interacting protein-

like (transcript variant 1  

SYBR 

Green 

F-5’-CGACACTCACCCACCTCTTC 

R-5’-TTGTTCAGCCGGATCTTGTC 
NM_021455.5 

Chrebpb 
MLX interacting protein-

like transcript variant 2 

SYBR 

Green 

F-5’-TCTGCAGATCGCGTGGAG 

R-5’-CTTGTCCCGGCATAGCAAC 
NM_001359237.1 

Nrf2 
Nuclear factor, erythroid 

derived 2, like 2 

SYBR 

Green 

F-5’-CAGTGGATCCGCCAGCTAC 

R-5’- GGCAAGCGACTCATGGTCATC 
NM_010902.4 

Atgl 
Patatin-like phospho-

lipase domain  

SYBR 

Green 

F-5’-CGCCTCTCGAAGGCTCTCT 

R-5’-TGTAGCCCTGTTTGCACATCTC 
NM_001163689.1 

Pgc1a 
Peroxisome proliferative 

activated receptor, 

gamma, coactivator 1A 

SYBR 

Green 

F-5’-AACCACACCCACAGGATCAGA 

R-5’-CTCTTCGCTTTATTGCTCCATGA 
NM_008904.2 

Ppara 
Peroxisome proliferator 

activated receptor alpha 

SYBR 

Green 

F-5’-GATTCAGAAGAAGAACCGGAACA 

R-5’-GCGAATTGCATTGTGTGACAT 
NM_011144.6 

Pparb/d 
Peroxisome proliferator 

activator receptor delta  

SYBR 

Green 

F-5’-TGTGTGGAGACCGGCCA 

R-5’-CGCAGAATGGTGTCCTGGA 
NM_011145.3 

Pparg 
Peroxisome proliferator 

activated receptor gamma 

SYBR 

Green 

F-5’-GCATCAGGCTTCCACTATGGA 

R-5’-AATCGGATGGTTCTTCGGAAA 
NM_001127330.2 

Pepck 
Phosphoenolpyruvate  

carboxykinase 1 

SYBR 

Green 

F-5’-CTTTGGTGGCCGTAGACCTG 

R-5’-GATGATCTTGCCCTTGTGTTCTG 
NM_011044.3 

Pltp 
Phospholipid transfer  

protein 

SYBR 

Green 

F-5’-CATCACCATCCCAGACGTGTA 

R-5’-CAGATCTTGGTCTGGCTGGAA 
NM_011125.2 

Prdm16 PR domain containing 16 
SYBR 

Green 

F-5’-CAGCACGGTGAAGCCATT 

R-5’-GCGTGCATCCGCTTGTG 
NM_027504.3 
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Lpk 
Pyruvate kinase liver and 

red blood cell 

SYBR 

Green 

F-5’-CATTGTGCTGACAAAGACTGG 

R-5’-AGCCTGTCACCACAATCACC 
NM_013631.2 

Opn Osteopontin 
SYBR 

Green 

F-5’-TTCTCCTGGCTGAATTCTGAGG 

R-5’-AATCAGTCACTTTCACCGGG 
NM_001204201.1 

Glut1 
Solute carrier family 2 

(facilitated glucose trans-

porter), member 1 

SYBR 

Green 

F-5’-GCCCCCAGAAGGTTATTGA 

R-5’-CGTGGTGAGTGTGGTGGAT 
NM_011400.3 

Glut4 
Solute carrier family 2 

(facilitated glucose trans-

porter), member 4 

SYBR 

Green 

F-5’-ACTCATTCTTGGACGGTTCCTC 

R-5’-CACCCCGAAGATGAGTGGG 
NM_001359114.1 

Scd1 
Stearoyl-Coenzyme A  

desaturase 1 

SYBR 

Green 

F-5’-CTTGCGGATCTTCCTTATCATT 

R-5’-GATCTCGGGCCCATTCG 
NM_009127.4 

Srebp1c 
Sterol regulatory element 

binding transcription F1 

SYBR 

Green 

F-5’-GGAGCCATGGATTGCACATT 

R-5’-GGCCCGGGAAGTCACTGT 
NM_001358314.1 

Sod Superoxide dismutase 1 
SYBR 

Green 

F-5’-GGGTTCCACGTCCATCAGTA 

R-5’-CAGGTCTCCAACATGCCTCTC 
NM_011434.2 

Txnip 
Thioredoxin interacting 

protein 

SYBR 

Green 

F-5’-GTCAGTGTCCCTGGCTCCAAGA 

R-5’-AGCTCATCTCAGAGCTCGTCCG 
NM_001009935.2 

Tfr2 Transferrin receptor 2 
SYBR 

Green 

F-5’-CCTTCTCTTCCATGGTCAGCA 

R-5’-GCTGAGGTAGCCCTCCAACC 
NM_001289507.2 

Tgfb 
Transforming growth  

factor, beta 1 

SYBR 

Green 

F-5’-ACGTCACTGGAGTTGTACGG 

R-5’-GGGCTGATCCCGTTGATTTC 
NM_011577.2 

Tnfa 
Tumor necrosis  

factor alpha 

SYBR 

Green 

F-5’-GGTGCCTATGTCTCAGCCTCTT 

R-5’-GCCATAGAACTGATGAGAGGGAG 
NM_013693.3 

Ucp1 Uncoupling protein 1 
SYBR 

Green 

F-5’-CCCGCTGGACACTGCC 

R-5’-ACCTAATGGTACTGGAAGCCTGG 
NM_009463.3 

Atf4 
Activating transcription 

factor 4 
Taqman Mm00515325_g1  

Hsl 
Lipase E, hormone  

sensitive  
Taqman Mm00495359_m1  

Lpl Lipoprotein lipase Taqman Mm00434764_m1  

Plin1 Perilipin 1 Taqman Mm00558672_m1  

 

 

3.5. Animal Procedures 

 

Mice are primarily the preclinical model to study the underlying mechanisms of obesity as well 

as to evaluate new therapeutic approaches. The anatomical and physiological similarities be-

tween humans and mice facilitate a closer approximation on the study of metabolic changes in 

obesity and also permit the screening of potential bioactive compounds with therapeutic prop-

erties(338). In this thesis proposal, a diet-induced obesity (DIO) model has been used on the 
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C57BL/6J mouse strain. The C57BL/6 is an established subline of The Jackson Laboratory. It 

it is one of the most sensitive strains to dietary changes, when fed HFD, these mice develop 

human-like characteristics with complex metabolic syndrome, such as obesity, high fat accumu-

lation, insulin resistance, hyperglycemia, hyperlipidemia, hypertension, NAFLD, kidney damage 

and endothelial damage associated with cardiovascular disease (339–341).  

 

3.5.1. Animal Housing 

 

Mice were housed at the animal facility of the School of Pharmacy of the University of Barce-

lona. The animals were under the same conditions in a temperature-controlled room (22±1°C) 

on a 12h/12h - light/dark cycle and provided free access to commercial rodent chow and filtered 

tap water prior to the nutritional interventions. At the beginning of the intervention, only their 

diet was switched to the corresponding ones, but they were subjected to the same prior ambient 

and ad libitum conditions. 

 

3.5.2. Ethical Committees 

 

Prior to perform the animal experimentation corresponding to this doctoral thesis, all the pro-

tocols were approved by the ethical committee of the University of Barcelona as an authorized 

institution of the Generalitat de Catalunya. The person responsible for the CEEA project was 

Dr. Joana Relat Pardo, the center where it was performed the UEA-Farmàcia B-9900030 and 

finally the evaluation date dated from 19/04/2018.  

 

Project Title  CEEA Procedures 

Intervencions dietètiques basades en la suple-

mentació de polifenols sobre la senyalització de 

FGF21 per a reduir l’esteatosi hepàtica, la resis-

tència a la insulina i l’obesitat 

137/18 

P2: Obesitat induïda per la dieta més suplementació en paral·lel del 

pinso amb polifenols de l’estudi PREDIMED en ratolins C57BL/6J 

P3: Obesitat induïda per la dieta més suplementació en paral·lel del 

pinso amb polpa de Rosa canina en ratolins C57BL/6J 

P4: Processos associats al manteniment de les colònies de ratolins 

 

3.5.3. Dietary Interventions  

 

According to the expertise of our research group on animal experimentation and supported by 

the bibliography, 4-week-old littermate male C57BL/6J mice were used to develop the different 

DIO models used in this thesis proposal. The nutritional interventions were maintained for  18 
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or 26 weeks (342)(343)(344). Litters used for these experimental approaches came from normo-

glycemic, and normal weight progenitors aged 6 to 8 weeks for males, and 8 to 10 weeks for 

females. Prior to the interventions, mice that were normoglycemic (fasting blood glucose healthy 

levels of 80-100 mg/dL and with a normal weight according to their age were randomized ac-

cording. In order to be identified, ear tagging was performed to experimental mice with a prior 

inhaled anesthetic isoflurane to minimize the animal's discomfort. The same ear-tag identifica-

tion code was used for both nutritional interventions. In the first experiment, concerning pure 

isolated polyphenol supplementation, a total of 29 mice were used (Chow Diet n=8; HFD n=11; 

HFD+Pol n=10). In the second experiment, concerning Rosa canina, a total of 26 mice were 

used (HFD n=13; HFD+RC n=13). The same type of cages were used during all the interven-

tions. All the processes applied to experimental animals were previously approved and always in 

accordance with quality and animal welfare guidelines. 

 

One of the main axes of this thesis proposal has been the nutritional interventions. During this 

period, a total of 4 different diets were used depending on the experimental needs. For the DIO 

animal model, there are multiple types of diets such as western diet, cafeteria diet (CAF) or high-

fat diet (HFD) which can induce obesity. In this work a 45% fat-derived-calories high-fat diet 

was chosen. The choice of the 45% HFD was made based on two reasons. First one, as several 

studies have shown, the 60% HFD is too aberrant and deviates from the dietary reality of most 

humans suffering from obesity(345). Nowadays, the two diets most in accordance with the hu-

man model and showing the best results in inducing obesity and its comorbidities are the CAF 

and the 45% HFD(346). Secondly, most of the studies in DIO and associated pathology models 

with bioactive compound treatments do not exceed half of the total caloric value in fat. The 

following table shows the different types of diets used in the interventions of this thesis pro-

posal.    

 

Experiment Title  Groups Nutritional Intervention 

Effects and molecular mechanisms underlying a pure, isolated pol-

yphenol mixture supplementation against a high fat diet-induced 

obesity and NAFLD. 

Chow Diet 2918, Envigo 

HFD D12451, Research Diets 

HFD+Pol D12451 - D18060501 Research Diets  

 

Effects and molecular mechanisms underlying a Rosa canina flesh 

supplementation against a high fat diet-induced obesity and 

NAFLD. 

HFD D12451, Research Diets 

HFD+RC 
D12451, Research Diets  

+ Rosa canina flesh from Gratacool® 
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Isolated Pure Polyphenol Mixture Intervention 

In the first experiment, corresponding to the polyphenol intervention, there were three different 

diets. The first one consisted of a standard rodent stabling diet (Envigo ref. 2918) administered 

to the control animals (Chow Diet group). Secondly, to achieve the DIO model, HFD group 

were fed with a 45% fat-derived-calories diet (Research Diets, HFD, ref. D12451). Finally, the 

intervention group (HFD+Pol) were fed with an equal high-fat diet as HFD group but supple-

mented with a pure, isolated polyphenol mixture ensembled by the same Research Diets com-

pany. The HFD+Pol diet included a representative mixture of pure, isolated polyphenols ac-

quired from Sigma-Aldrich. This diet contained traces of (S)-2-[(Diphenylphosphino)methyl] 

pyrrolidine (0.014 mg/g diet). The composition of the polyphenol mixture was designed accord-

ing to the research of Tresserra-Rimbau et al. its detailed below(347). The dosage of the com-

pounds included are in a similar and sometimes on a lower range compared to the dosages 

previously published for these pure, isolated compounds. The usual range in previous publica-

tions goes from 15 mg/kg(348–353). Considering a weight average of 35g BW and an intake of 

4.5 g/day of HFD that means for 15 mg/kg-0.525 mg of polyphenol and for 100 mg/kg-3.5 mg 

in mice. Cis-stilbene has been just used in cell culture for studying the role of polyphenols in 

proliferation and apoptosis and dosages are not comparable(354,355). All of the compounds 

used, except for the cis-stilbene, have demonstrated previous beneficial effects in obesity and 

insulin resistance(247). 

 

 

 

Polyphenols on HFD+Pol 

Family % of total Polyphenols Polyphenol (CAS Num) Mg/g Diet 

Flavanones 54,4% 
Hesperidin (520-26-3) 0,738 

(±)-Naringenin (67604-48-2) 0,234 

Phenolic Acids 35,3% 
2-Hydroxycinnamic acid (614-60-8) 0,594 

Syringic acid (530-57-4) 0,036 

Stilbenes 1,2% cis-Stilbene (645-49-8) 0,022 

Tyrosols 9,1% Tyrosol (510-94-0) 0,162 

Total 100%  1,786 
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During the HFD+Pol intervention, three quantifications of total polyphenols were performed 

using the Folin-Ciocalteau technique to ensure that there was no significant degradation of the 

bioactive compounds. In none of the three measurements carried out throughout the interven-

tion showed a decrease of more than 20% in comparison to the total polyphenols from the 

beginning of the experiment. In addition, to prevent compound degradation, the diet was re-

placed three times a week, discarding the remainder that was not consumed.  

 

Rosa canina Flesh Intervention 

For the second experiment, concerning the Rosa canina intervention, two different diets were 

used both derived from the same 45% commercial HFD (D12451, Research Diets). Since Rosa 

canina flesh has a semi-liquid texture, it was added to the HFD using a manual rotary grinder. In 

turn, the HFD control was also processed through the manual grinder to avoid differences be-

tween them. The HFD texture was adjusted with milliQ water to get the same density as the 

HFD+RC. The dosage of Rosa canina flesh, provided by Gratacool®, was calculated according 

to the polyphenol intake recommended as a beneficial by the PREDIMED Study (820mg in a 

human diet of 2300). In this sense, flesh contains 15,89mg/g of total polyphenols, calculated by 

Folin-Ciocalteau technique, and mice needs 4,5mg/day of polyphenols (considering 5g/day in-

take of HFD)(356,357). Thereby, HFD was supplemented with 0.0708g of flesh for each gram 

of HFD. At the end of the intervention, the caloric gain associated with flesh consumption was 

calculated by summing it to the caloric contribution of the HFD (0.95kcal/g RC). The diet was 

prepared on the spot and as in the previous experiment, it was replaced three times a week, 

discarding the remainder that was not consumed. To ensure proper maintenance of the flesh, it 

was always kept frozen (-20ºc) and a quantification of total polyphenols was carried out both at 

the beginning and at the end of the experiment without any significant change. 

 

3.5.4. Animal Monitoring  

 

In both experiments, food intake, drinking, weight, and animal welfare were monitored. Tap 

filtered water was supplied in 50 ml sterile bottles which were changed three times a week and 

its consumption was recorded. In this case the data are not shown since there were no changes 

in any of the experiments. Regarding food intake, thrice a week, the respective diets were pro-

vided in excess (ad libitum) to the animals and weighted before and after the consumption. Dur-

ing the nutritional intervention, animals were weighed twice a week in the first 2/3 weeks to 
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ensure proper adherence but after this period they were weighted weekly. All manipulations 

were carried out as quickly as possible and at the same time of day, respecting the animal's cycles. 

For animal welfare, 2 facts were considered. First, whether the animals were barbered and/or 

injured. Secondly, if any of the mice showed abnormal or isolated behavior. In both cases those 

animals were dis-carded in the subsequent steps. 

 

3.5.5. Euthanasia and Tissue Harvesting 

 

In the first experiment, concerning pure isolated polyphenol supplementation, the euthanasia 

was performed on two contiguous days after 26 weeks of nutritional intervention. In case of the 

Rosa canina experiment, all animals were sacrificed on the same day after 18 weeks of nutritional 

intervention. Mice were euthanatized by cervical dislocation. Blood was extracted by intracardiac 

puncture, and serum was obtained using centrifugation (1500 rpm, 30 min). Liver; scWAT; BAT; 

epididymal WAT (eWAT); soleus; gastrocnemius; hypothalamus, pancreas and kidneys were iso-

lated, weighted, immediately snap-frozen, homogenized with liquid nitrogen, and stored at −80 

°C for subsequent analysis. In addition to mRNA analysis, different assays were also performed 

using commercial kits, which are explained below. Sections of different organs were freshly 

stored in 1ml of 10% buffered formalin (Thermo Scientific ref.5701) to perform subsequent 

histological sections and different stains. 

 

3.6. Glucose and Insulin Tolerance Tests 

 

Metabolic tolerance tests (MTT) have been helpful for years in the diagnosis of diabetes and 

other metabolic abnormalities. In both animal and human models, these tests represent a simple 

but powerful screening method to diagnose and monitor impaired carbohydrate metabolism, 

glucose intolerance and early IR. In this thesis proposal, several glucose and insulin tolerance 

tests have been performed on the two nutritional interventions. For both processes, standard-

ized and persistent conditions were applied through the whole experimental period (time of 

fasting, route of administration, dosage of glucose and insulin, brand of glucometer) following 

the latest Guidelines and Considerations for Metabolic Tolerance Tests in Mice published on 

Diabetes, Metabolic Syndrome and Obesity journal(358). All material used for the glucose tol-

erance test (GTT) and insulin tolerance test (ITT) processes are listed in the table below. 
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In both GTT and ITT, animals were firstly transferred to clean cages without food and with 

new water bottles prior to fasting. Mice were fasted for 6h [from 08:00h (Zeitgeber Time 0) to 

14:00h (Zeitgeber Time 6)]. Body weight was measured after fasting process. Based on the data 

obtained from the weighing, the amount of glucose and insulin needed was calculated. Mice 

were located at the experimentation room 30 minutes before the beginning of the tolerance 

tests. A one-week interval between the GTT and ITT processes was always respected to mini-

mize animal stress.  

 

3.6.1. Glucose Tolerance Test (GTT) 

 

Firstly, a 1,1M glucose solution was freshly prepared before the GTT procedure: 1981,7mg of 

D-glucose in 10ml of PBS1x. Once prepared, it was filtered with a 0.2μm sterilizing filter to 

avoid possible infections and glucose granules that were not correctly solubilized. Secondly, the 

basal glucose of mice was measured at the end of the fasting period. For the blood collection, a 

cut was made at the tail end of the mice using a new, previously sterilized scalpel blade. Every 

blood extraction was made by gently massaging the tail and sampling a small drop onto the 

glucometer strip. Once all the basal glucose levels were registered, the previous prepared glucose 

solution was injected intraperitoneally at 1.5 mg glucose/g body weight rate. Considering the 

glucose injection as the starting point per animal, blood glucose was sampled from the tail of 

Material used in GTT and ITT  Company Reference Process 

High Precision #10 Style Scalpel Blade Fisher 12-000-162 Tail Cutting 

Glucometer and Strips Glucomen® Areo 2K Menarini 48014 Glucose Measurement 

Nano Timer  Fisher 15294006 Time Control 

D-Glucose Sigma-Aldrich G7021 Glucose Solution 

Actrapid Insulin (100IU/ml) Novo Nordisk 775536 Insulin Solution 

Phosphate Buffered Saline (PBS1x) Fisher 10388739 Dilutions 

Syringe 0,2® m Filter Merck 10462553 Sterilization 

Medical Gauzes - - Animal Care 

20ml Medical Syringes - - Sterilization 

1ml Plastipak Syringe with 24G Needle  BD 010060 Injection 
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each mouse and dropped onto the glucometer strip at 30’, 60’, 90’ and 120’ minutes. The meas-

urement times between mice were controlled with a stopwatch and in no case exceeded 3 

minutes. Data was plotted as blood glucose concentration (mg/dl) over time (min) and the area 

under the curve (AUC) of the glucose levels was calculated using GraphPad Prism 9.02. In the 

first study, a total of 3 GTTs were performed at 7th, 14th, and 21th week of polyphenol inter-

vention. In case of the Rosa canina intervention, only one GTT was performed at the 14th week 

since the experiment was shorter and in order to minimize human interference. 

 

3.6.2. Insulin Tolerance Test (ITT)  

 

Firstly, a 0,05UI/ml insulin solution was freshly prepared from the commercial Actrapid Insulin 

(100IU/ml) diluted in PBS1x before the ITT procedure. Once prepared, it was filtered with a 

0.2μm sterilizing filter to avoid possible infections. Secondly, the basal glucose of mice was 

measured at the end of the fasting period (the same as the GTT). For the blood collection, a cut 

was made at the tail end of the mice using a new, previously sterilized scalpel blade. Every blood 

extraction was made by gently massaging the tail and sampling a small drop onto the glucometer 

strip. Once all the basal glucose levels were registered, the previous prepared insulin solution 

was injected intraperitoneally at 0,75 I.U insulin/kg body weight. Considering the insulin injec-

tion as the starting point per animal, blood glucose was sampled from the tail of each mouse 

and dropped onto the glucometer strip at 30’, 60’, 90’ and 120’ minutes. The measurement times 

between mice were controlled with a stopwatch and in no case exceeded 3 minutes. Data was 

plotted as blood glucose concentration (mg/dl) over time (min) and the area under the curve 

(AUC) of the glucose levels was calculated using GraphPad Prism 9.02. In the first study, a total 

of 3 ITTs were performed at 8th, 15th, and 22nd week of polyphenol intervention. In case of 

the Rosa canina intervention, only one ITT was performed during the 15th week since the exper-

iment was shorter and in order to minimize human interference. 

 

3.6.3. TBARS Assay 

 

Thiobarbituric acid reactive substances (TBARS) are formed as a byproduct of lipid peroxida-

tion reaction. Lipid peroxidation can be described as a process under which oxidants such as 

ROS attack lipids containing carbon-carbon double bond(s), especially PUFAs from the mem-

brane, resulting in cell damage. Because ROS have extremely short half-lives as well as the high 
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price of their analysis kits, they become difficult to measure directly. Instead, there are several 

byproducts of the damage reaction produced by oxidative stress that can be analyzed easily and 

cheaper than ROS, such as TBARS. The TBARS assay detects the level of MDA (malondialde-

hyde), the major lipid oxidation product, and also some minor related compounds(359). How-

ever, there is some controversy within the scientific community on the use of these analyses 

since they not only quantify MDA but also other derived species. Nevertheless, since the major 

by-product of the reaction is MDA as well as its low cost compared to ROS activity assays, the 

TBARs test remains one of the most widely used assays for initial screening of oxidative damage.   

The kit used in the different analyses was the Abnova TBARS kit (Abnova, ref. KA1381). This 

assay can be performed colorimetrically or fluorometrically, depending on the sensitivity desired. 

In case of this thesis proposal, the fluorometrically method was used using 25 mg of sample for 

the different experiments at an excitation wavelength of 530 nm and an emission wavelength of 

550 nm. The plates were read twice, and a MDA solution was used as a standard. The corrected 

fluorescence values of the standards were plotted as function of MDA concentration and the 

corresponding values for each sample were calculated from the standard curve using Graph Pad 

Prism 9.02. In all cases, the protocols established by the manufacturer were strictly followed. 

 

3.6.4. LCN2 ELISA 

 
In order to determine circulating Lipocalin-2 serum levels on the polyphenol intervention ex-

periment, an ELISA assay was used. ELISA (enzyme-linked immunosorbent assay) is a plate-

based assay technique designed for detecting and quantifying soluble substances like peptides, 

proteins, antibodies, and hormones. In this case the specific EMLCN2 solid-phase sandwich 

enzyme-linked immunosorbent assay kit (Thermo Fisher Scientific, ref. EMLCN2) was used. 

From the very beginning, the manufacturer's instructions were strictly followed. Absorbance 

was read at 450 nm, and a four-parameter standard curve (4PL) was performed using Graph 

Pad Prism 9.02. 

 

3.6.5. Total Iron Quantification 

 

Since the preliminary results of the first experiment suggested an alteration of Lipocalin-2 me-

tabolism and renal damage, as well as a worsening of insulin and glucose response, circulating 

and hepatic iron were quantified. Total iron level was determined using the iron assay kit from 
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Sigma-Aldrich (MAK025). In this assay, iron is released by the addition of an acidic buffer and 

reacted with a chromogen resulting in colorimetric product (593nm), proportional to the iron 

present in the samples. Serum (40ul) was directly added to the wells and liver (10mg) was previ-

ously homogenized in the iron assay buffer and centrifuged to remove insoluble material before 

performing the kit. In all cases, the protocols established by the manufacturer were strictly fol-

lowed. Values were obtained plotting the iron standards on a standard curve using Graph Pad 

Prism 9.02.  

 

3.6.6. Triglyceride Quantification  

 

To determine total TAG, 100 mg of tissue per mouse was pulverized in liquid nitrogen and 

homogenized in 1 ml of Nonidet P40 at 5% (A1694, 0250, Panreac Applichem, Spain). The 

amount of TAG was determined by using and following the protocol of the Triglyceride Quan-

tification Colorimetric Kit (MAK266, Sigma Aldrich, St. Louis, MO, USA). All data and stand-

ard curves were treated and calculated on Graph Pad Prism 9.02. 

 

3.7. Histological Analyses 

 

For histological analysis, fresh tissues were first sectioned and placed in 1ml of 10% buffered 

formalin (Thermo Scientific ref.5701). After 5 days in formalin they were switched to a 50% 

ethanol solution, to prevent hardening, and within 48 hours they were sent to the Universitat de 

Barcelona School of Medicine histopathology service. From the samples provided several his-

tological sections of the different organs were prepared and from those, various stains were 

performed. In both experimental approaches described a hematoxylin-eosin (H&E) staining 

were performed on liver, kidney, and scWAT on 4 μm-thick longitudinal and transversal sec-

tions. Concerning kidneys from the polyphenol experiment, a Sirius Red staining was also per-

formed. Unfortunately, since kidneys were not supposed to be histologically analyzed initially, 

they were not properly stored in formalin. Nevertheless, correct histological sections were suc-

cessfully obtained in more than half of the samples. The H&E stain was selected since it is very 

useful and reliable for an overall view, whereas Sirius Red was applied to the kidney sections to 

visualize whether there were regions affected by fibrosis. Sirius red stain with red color the con-

nective tissue, concretely the collagen fibers being a useful tool to identify fibrotic regions The 
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first randomized screening was performed by the histology service technician. Based on his pre-

liminary analysis, an exhaustive viewing of the samples was subsequently performed on the op-

tical microscopy. Furthermore, the 8th edition of the Ross, Michael H. and Wojciech Pawlina 

histology manual was used as a guideline(360). Once fully examined, a minimum of 4 pictures 

per mice on different magnifications were taken and then were analyzed by 3 supervisors in a 

double-blinded mode. Images were acquired using a Digital Upright Microscope BA310 Digital 

and a Moticam 2500 camera. None of the pictures were subjected to any photographic treat-

ment, although in case of lipid droplet quantification the free Gimp software was used to bina-

rize the images and therefore allow the compiling. 

 

3.8. Bioactive Compound Analyses  

 
During the development of this doctoral thesis, not only molecular biology techniques from our 

research group have been used but also methods from the nutritional research area, concretely 

from the bioactive compound study field. In this sense, it has been possible to work closely with 

researchers from the Natural Antioxidants group of the Departament de Nutrició i Ciències de 

l’Alimentació from UB, led by Dr. Rosa Lamuela. Therefore, this methodology section has been 

followed according to the expertise of the mentioned research group, specifically with the sup-

port and guidance of the PhD candidate Julián Lozano Castellón.  

 

3.8.1. Folin-Ciocalteu Method Quantification 

 
Folin-Ciocalteu method, also called the gallic acid equivalence method (GAE), is a colorimetric 

method based on the reduction in an alkaline medium of a mixture of phosphomolybdic and 

phospho-wolframic acid (Folin-Ciocalteu reagent) using gallic acid as a standard. This type of 

assay is widely used to quantify the total polyphenol content of food samples, but since the 

related reduction reaction can be produced not only by phenolic compounds but also by other 

compounds such as vitamins, it is used less and less and only to obtain orientative data as it is 

inexpensive and fast. In case of this thesis proposal, the Folin-Ciocalteu method was performed 

on several occasions, both as a screening test and to assess intervention dosage. Firstly to deter-

mine the polyphenol degradation rate during both nutritional interventions, with no significant 

changes, and in order to calculate de Rosa canina flesh dosage. The reagents used in the process 

were Folin-Ciocalteu Reagent (Sigma-Aldrich ref. 47641), Sodium Carbonate (Panreac ref. 

141648-1211) and gallic acid as standard (Sigma-Aldrich ref. G-7384). Regarding procedures, 
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the standardized working procedure (PNT) based on the “Changes in phenolic profile and antioxidant 

activity during production of diced tomatoes” by the Natural Antioxidants research group and published 

on Food Chemistry journal was followed(361).  

 

3.8.2. Rosa canina Fractionation  

 
Preparation of plants or fruits for experimental purposes is an initial step in achieving quality 

research outcome. It involves extraction and determination of quality and quantity of bioactive 

constituents commonly before proceeding with biological testing(362). In case of this thesis 

proposal, the fractionation was done after the intervention with animals, since the aim was to 

discern which was the most active part, but also which species may be responsible of the effects 

of the Rosa canina flesh according to the mechanistic obtained results. Even so, these fractions 

were also evaluated in vitro afterwards.  

 

Prior to fractionation, a literature screening was carried out on solvent methods used in similar 

experiments. In our case, different procedures were combined since the aim was to have a max-

imum range of solubilities and therefore be able to categorize and relate the effects with greater 

accuracy(363–366). Usually, in bioactive compound extractions, different solvents are used ac-

cording to the species desired to be extracted, for example, in case of more water-soluble species, 

using polar solvents such as water or alcohol; in case of intermediate species, using intermediate 

polar solvents such as acetone or dichloromethane; and finally, in case of more liposoluble spe-

cies, using non-polar solvents such as n-hexane, ether or chloroform. In our case, 5 different 

solvents were chosen to provide 5 different fractions to achieve the maximum range of extracted 

species. Following the bibliography, ranked from the most polar to the most non-polar: water 

(MiliQ-ultra Pure Water), 80% ethanol (Panreac ref. 361086), ethyl acetate (Panreac ref. 361318), 

chloroform (Biochemica ref. A3691) and n-hexane (Panreac ref. 362063) were chosen. Each of 

these solvents favors the extraction of specific groups of bioactive compounds. The methodol-

ogy followed in the extraction processes was the same used by Lasse Saaby and colleagues from 

the University of Copenhagen in their study on the immunomodulatory role of the triterpene 

acids from Rosa canina(365). First, 50 grams of freshly thawed flesh were weighed for each sol-

vent, thus a total of 250 grams of Rosa canina were used. To these 50 grams of flesh, 250 ml of 

solvent were added respectively and sonicated for 15 minutes on ice. After sonication, the mix-

ture was blended with a glass stick for 10 minutes and then filtered with a standard paper filter. 
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This process was repeated 4 times but only with one sonication, resulting in a total of 1L of 

dissolution for each solvent. Each dilution was subsequently subjected to evaporation using a 

rotary evaporator (Resona Technics ref. Laborota 300). In no case the temperature exceeded 35 

ºC in order to avoid compound deterioration. Once the solvents were completely evaporated, 

the resulting dry extract were weighed, 10 mg/ml aliquots of each extract and one for fresh flesh 

were made in DMSO and quickly frozen in opaque microtubes at -80ºC. When fractions were 

used on cell cultures, firstly were dissolved in the corresponding growth medium and then fil-

tered by syringe with a 0.2 m filter. 

 

3.8.3. UPLC-LTQ-Orbitrap-MS  

 
Liquid chromatography analysis was carried out using an Accela chromatograph (Thermo Sci-

entific, Hemel Hempstead, UK) equipped with a quaternary pump, a photodiode array detector 

(DAD), and a thermostated autosampler. Chromatographic separation was achieved using a 

BEH C18 (2.1x100mm, 1.7μm) analytical column (Waters ®, Dublin, Ireland) maintained at 

40ºC. The BEH C18 column provides the most universal generic column choice for UPLC 

separations and the trifunctionally bonded BEH particle gives the widest pH range (pH 1-12), 

superior low pH stability, and ultra-low column bleed for high sensitivity MS applications. The 

mobile phases were water and acetonitrile both with 0.1% of formic acid. A linear gradient wa-

ter-acetonitrile from 6 to 94% of acetonitrile in 35min was used for the separation of the differ-

ent compounds(367).  

 

The detector used was a high-resolution mass spectrometer LTQ-Orbitrap Velos mass spec-

trometer (Thermo Scientific, Hemel Hempstead, UK) equipped with an ESI source operated in 

negative and positive modes. Operation parameters were as follows: source voltage, 4 kV; sheath 

gas, 20a.u. (arbitrary units); auxiliary gas, 10a.u.; sweep gas, 2a.u.; and capillary temperature, 

275°C. Samples were analyzed in full scan mode at a resolving power of 30,000 (FWHM at m/z 

400) and data-dependent MS/MS events acquired at a resolving power of 15,000. The most 

intense ions detected in the full scan spectrum were selected for the data-dependent scan. Parent 

ions were fragmented by high-energy C-trap dissociation (HCD) with normalized collision en-

ergy of 35V and an activation time of 10ms. The mass range in Fourier transformation mass 

spectrometry (FTMS) mode was from m/z 100 to 1000. Instrument control was performed with 

Xcalibur 3.0 software (Thermo Fisher Scientific)(368). The identification step was based on mass 
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accuracy, isotopic pattern, and spectral matching. Using the software MS-DIAL, the mentioned 

criteria were used to calculate a total identification score(369). The total identification score cut 

off was 75%, considering the most common ion adducts for the chromatographic solvents. Gap 

filling using peak finder algorithm was performed to fill in missing peaks, considering 5 ppm 

tolerance for m/z values. Finally, with the software MS-FINDER(370), in-silico fragmentation 

of the not annotated mass features was obtained and compared to Food DB, Phytohub and Lipid-

Maps available in the same software. The compounds with an in-silico prediction score > 5 were 

chosen. 

 

3.9. Statistics and Graphs  

All statistical calculations were processed by using GraphPad Prism, version 9.02 (GraphPad, 

San Diego, CA, USA). The statistics applied at every point of result is indicated in the figure 

caption of each graph. Broadly, on the pure isolated polyphenol experiment, p-values were de-

termined by using a one-way ANOVA with a follow-up Tukey’s test. When ANOVA tests pre-

sented different variances, Brown–Forsythe, and Welch’s corrections with a follow-up Dun-

nett’s T3 tests were applied. On the Rosa canina experiments, p-values for each analysis were 

determined by using a two-tailed unpaired Student’s T-test but when different variances were 

presented, Welch’s corrections were applied. For repeated measures, on both experiments, the 

p-values were calculated by using a 2-way ANOVA with Geisser–Greenhouse correction. Then 

a Tukey’s multiple comparison tests were performed between groups for each week. 
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4. Results 

 
A)  Effects and molecular mechanisms underlying a pure, isolated polyphenol 

mixture supplementation against a high fat diet-induced obesity and NAFLD. 

 
The literature on preventive effects of polyphenol supplementation in obesity and obesity-re-

lated chronic diseases is extensive and diverse both in terms of protective outcomes and action 

mechanisms. In most cases, the beneficial effects of polyphenols involve body weight control, 

anti-inflammatory action, improvement of insulin sensitivity, reduction of fat accumulation on 

the adipose tissue as well as on the ectopic depots and finally, a capacity to increase general 

energy expenditure(247). Target organs of polyphenol actions are mainly adipose tissues and 

liver, although beneficial actions are also observed in other organs such as kidney(371), pan-

creas(372), and muscle(373). Unfortunately, there is a great diversity in both phenolic chosen 

species, dosages, and supplementation format on polyphenol research. Moreover, the literature 

on adverse effects of polyphenols is quite limited and mostly related to toxicological in vitro 

studies at very high doses. This situation along with the low bioability and the heterogenous 

absorption rates of polyphenols, makes supplementation still under revision. In case of supple-

mentation with pure synthetic polyphenol species not from lyophilized fruits nor plant extracts 

in DIO-animal models, the literature is almost inexistent.  

 

To study the effects and molecular mechanisms underlying a pure, isolated polyphenol mixture 

supplementation against a high fat diet-induced obesity and NAFLD (aim 1), a dietary interven-

tion with a polyphenol pure isolated mixture was performed on normoglycemic C57BL/6J 4-

weeks old male mice fed for 26 weeks with a 45% HFD (see the nutritional intervention protocol 

in the Animal Procedures section on the Methodology chapter of this thesis proposal). Part of 

the findings of this study was published at Antioxidants journal in January 2022(374). The man-

uscript has been added in the 8.2 section of the annexes of this thesis proposal. 
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A.1)  Pure, isolated polyphenol mixture significantly enhanced the HFD-induced 

hyperphagia and showed an upward trend on animal body weight gain as well as 

significantly changes on tissues’ weights.  

 

On diet-induced obesity models, HFD are mostly used due to their high energy density from fat 

and its capacity to increase food intake, as compared to standard normocaloric diets(375). Dur-

ing the performed intervention, a fluctuating raise (Figure P1 A and C) and an overall increase in 

weight gain and food intake in both HFD and HFD+Pol compared to chow diet-fed group 

(Figure P1 B and D) was detected. At the same time a significant increase in the kcal intake was 

observed between HFD-only and HFD+Pol fed mice. Conversely, the increase on kcal intake 

did not result in a significant shift on body weight gain, although there was an upward trend. 

 
Figure P1 – Polyphenol dietary supplementation increase the kcal intake of HFD-only mice and shows an upward 

trend on body weight gain. (A) body weight means (g) per week along the whole nutritional intervention. (B) weight-gain 

mean between the beginning and the end of the intervention (26weeks). (C) food-intake means (kcal) per week. (D) average 

of food-intake (kcal) during the whole nutritional intervention. In (B) and (D) data are presented as means ± SEM. * p <0.05; 

*** p <0.001; **** p<0.0001 and p-values determined by using a one-way ANOVA test and a Tukey’s multiple tests correction 

between the intervention groups (Chow Diet n=8; HFD=11; HFD+Pol=10). In (A) and (C) data are presented as means ± 

SEM. a p <0.05 (Chow Diet vs. HFD), b p <0.05 (Chow Diet vs. HFD+Pol) and c p <0.05 (HFD vs. HFD+Pol). The p-

values on these graphs were determined by using two-way ANOVA test with Heisser-Greenhouse correction and Tukey's 

multiple comparison tests between the intervention groups (Chow Diet n=8; HFD=11; HFD+Pol=10). 
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In addition, tissues weights were evaluated to determine if they exhibit differences due to the 

dietary interventions. A generalized weight gain was exhibited between organs from both HFD-

fed animals and control ones. However, this increase is only a trend in scWAT, eWAT, BAT 

and kidneys in the HFD mice group (Figure P2). Interestingly in HFD+Pol mice the differences 

in those tissues reach statistical significance. At the same time, an upward trend in kidneys weight 

was showed between HFD and HFD+Pol, suggesting the presence of a change in kidney com-

position, functionality, or structure due to polyphenol supplementation.

Figure P2 – The polyphenol dietary supplementation produced an extra weight gain on kidneys of HFD+Pol fed 

mice compared to the HFD-only fed ones. The graph represents the average weights of fresh tissues measured on the 

precision balance before snap-freezing process in liquid nitrogen. Data is presented as means ± SEM. * p <0.05; *** p <0.001; 

**** p <0.0001 and p-values were determined by using a one-way ANOVA test and a Tukey’s multiple tests correction between 

the intervention groups (Chow Diet n=8; HFD=11; HFD+Pol=10). 

A.2) Mice supplemented with polyphenols showed an enhanced hyperglycemia 

and a worse response to glucose and insulin bolus than HFD-only fed mice.

As extensively described in the literature, HFD consumption produced insulin resistance and 

glucose intolerance within few weeks of consumption. In this experimental model HFD-only 

mice starts showing an upward trend on glucose levels on the 7th week GTT or 8th week ITT 

(Figure P3 A and D). In the same tests HFD+Pol mice exhibited a significantly increased glucose 

levels compared to the control ones. On the subsequent tolerance tests corresponding to 14th 
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and 15th weeks of intervention, both HFD groups showed significantly worse response com-

pared to the control group (Figure P3. B and E). Surprisingly, a worsened response in HFD+Pol 

compared with HFD fed mice was observed at 20th and 21th week of the intervention (Figure P3. 

C and F). 

 
Figure P3 – Throughout the different glucose and insulin tolerance tests performed during the dietary intervention, 

a gradually worse response can be observed on mice supplemented with polyphenols. (A)(B)(C) plasma glucose levels 

after intraperitoneal administration of glucose (1.5 g/kg body weight) in the standard-chow-diet, HFD, and HFD+Pol corre-

sponding to the GTTs performed at 7th, 14th, and 20th respectively weeks of nutritional intervention. (D)(E)(F) plasma glucose 

levels after intraperitoneal administration of insulin (0.75 UI/kg body weight) in the standard-chow-diet, HFD, and HFD+Pol 

corresponding to the ITTs performed at 8th, 15th, and 21th respectively weeks of nutritional intervention. Data are presented 

as means ± SEM. a p <0.05 (Chow Diet vs. HFD), b p <0.05 (Chow Diet vs. HFD+Pol) and c p <0.05 (HFD vs. HFD+Pol). 

The p-values were determined by using two-way ANOVA test with Heisser-Greenhouse correction and Tukey's multiple 

comparison tests between the intervention groups (Chow Diet n=8; HFD=11; HFD+Pol=10) for each tolerance test. 

 

 

Our data indicated that the polyphenol supplementation worsened the insulin resistance and glucose 

intolerance caused by the HFD. Changes manifested in the tolerance tests curves are more clearly 

noticeable on the area under the curve graphs, where HFD+Pol not only show a worse response to 

glucose and insulin but also a significative worsening over time indicating a progressive aggravation 

of the response (Figure P4 A and B). On the other hand, the exposed worsening of supplemented 

mice is also observable in fasting basal glucose measurements where the deterioration over time is 

evident (Figure P4 C). 
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Figure P4 –Both calculation of areas under the curve on performed tests and the measurements of basal glucose 

corroborate a worsening of the supplemented mice. (A) AUCs of the plasma glucose levels after intraperitoneal admin-

istration of glucose (1.5 g/kg body weight) in the standard-chow-diet, HFD, and HFD+Pol corresponding to the GTTs 

performed at 7th, 14th, and 20th respectively week of nutritional intervention. (B) AUCs of the plasma glucose levels after 

intraperitoneal administration of insulin (0.75 UI/kg body weight) in the standard-chow-diet, HFD, and HFD+Pol corre-

sponding to the ITTs performed at 8th, 15th, and 21th respectively week of nutritional intervention. AUCs were calculated using 

GraphPad Prism 9.1. (C) Fasting blood glucose levels after 6 hours of fasting in three fortnight periods of nutritional inter-

vention. Data are presented as the mean ± SEM. ** p < 0.01; *** p < 0.001; **** p < 0.0001. #### p < 0.0001. The p-

values for each week were determined by using a one-way ANOVA test and a Tukey’s multiple tests correction. Chow Diet 

n = 8; HFD = 11; HFD + Pol = 10. 

 

 

A.3) Polyphenol supplementation increase the metabolic imbalance produced by 

HFD in subcutaneous WAT contributing to a worsened phenotype. 

 

Through the analysis of different genes involving adipose tissue metabolism, some changes can 

be visualized on scWAT between the intervention groups (Figure P5). Firstly, Lcn2 levels are 

significantly decreased between the HFD-only and HFD+Pol groups while Fgf21 is significantly 

increased. Interestingly, a trend in the decrease of the Fasn gene expression can be seen in the 
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polyphenol-supplemented mice compared to the control. This same pattern is also exhibited in 

a downward trend in the expression of the Clrs1 gene and significantly in the expression of the 

Chrebpb transcription factor. Regarding adipokine gene expression, a marked decrease on Adi-

ponectin between control and HFD-only group but not among the HFDs, is observed. Finally,

Ucp1 expression exhibited a marked downward trend among the HFD groups. This expression 

pattern suggests several changes in the general scWAT metabolism state of HFD+Pol mice, 

albeit in a subtle way.

Figure P5 – Relative mRNA levels of several genes related to DNL, adipokine synthesis, thermogenesis, and mito-

chondrial state. Fatty acid synthase (Fasn), Sterol regulatory element-binding protein 1 isoform c (Srebp1c), Carbohydrate-responsive element-

binding protein isoform (Chrebpb), Peroxisome proliferator-activated receptor γ co-activator 1 α (Pgc1α), Peroxisome Proliferator Activated 

Receptor Gamma (Ppar ), Fibroblast growth factor 21 (Ffg21), Adiponectin, Cardiolipin Synthase 1 (Crls1), Uncoupling Protein 1 (Ucp1) and 

Lipocalin-2 (Lcn2). Data are presented as the mean ± SEM. * p < 0.05; ** p < 0.01. The p-values for Ppar , Crls1, Adiponectin, 

and Ffg21 genes were determined by using a one-way ANOVA test and Tukey’s multiple tests correction. For genes showing 

different variances like Fasn, Srebp1c, Chrebpb, Pgc1α, Lcn2 and Ucp1 a one-way ANOVA with Brown-Forsythe and Welch’s 

correction and a Dunnett’s comparisons tests were performed. Chow Diet n = 7; HFD = 10; HFD + Pol = 9.

According to the histological analyses, the scWAT of both HFD-fed groups had significantly 

fewer and larger adipocytes (Figure P6). Therefore, the hypertrophic power of HFD on adipo-

cytes is evident. However, there are no significant differences in the number of scWAT adipo-

cytes between the supplemented group and the HFD-only even though a downward trend can 

be observed (Figure P6 B). In some histological samples, a slightly larger size is seen between 

supplemented and HFD-only mice, but this difference is not evident in all samples. Therefore, 

not clearly conclusions can be drawn.
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Figure P6 – Histological analysis showed a noticeable hypertrophy of scWAT in both HFD groups. (A) Hematoxylin 

eosin-stained scWAT sections of 100um X 100um conversed into computer generated binary representations. Images cap-

tured at 10x magnification. (B) Adipocyte mean number in 100um2 of the H&E histological scWAT samples. (C) Hematoxylin 

eosin-stained scWAT sections captured at 10x magnification. A total of 8 duplicated and randomized photographs per group 

were analyzed. Data are presented as the mean ± SEM. **** p < 0.0001. The p-values for the adipocyte counting values were 

determined by using a one-way ANOVA test and Tukey’s multiple tests correction.  
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A.4) In liver, polyphenol supplementation significantly increased TAG content, 

worsened NAFLD gene expression profile, exhibited a more damaged tissue com-

pared to HFD-only and produced an imbalance on iron levels. 

 

Although there were no significant differences between groups on liver’s weight, an expression 

analysis of key genes of metabolism and liver status as well as the quantification of total hepatic 

triglyceride content were performed.  

 

At gene expression level, there were three major changes. First, a clear decrease in the expression 

of the cytokine Adiponectin is exhibited by supplemented mice compared to the control group 

but this downregulation does not reach significance between the two HFD groups (Figure P7 A). 

On the other hand, a significant increase of Fibronectin gene expression is detected, both between 

the HFD+Pol group and control, as well as between HFD groups. Finally, the polyphenol-

supplemented group displayed a significant upregulation in the expression of Chop gene, related 

to reticulum stress compared to control mice (Figure P7 A). The other hepatic reticulum stress 

referential gene, Bip, only shows a trend between these groups.  

 

Due to variations on Lipocalin-2 levels, discussed below, and the described below kidney dam-

age, we proceeded to analyze genes involved in iron metabolism on liver since a close relation-

ship between the action of lipocalin, kidney damage and T2DM has been described(376). In this 

way, an upward trend on the mRNA levels of Transferrin 2 (Trf2) was detected between supple-

mented mice and control ones (Figure P7 A).  

 

Even though no changes in genes related to hepatic lipid metabolism were manifested, the total 

content of triglycerides was analyzed (Figure P7 B). The supplemented group exhibited a signifi-

cant increase in total triglyceride content compared to the control and an upward trend com-

pared to the HFD-only group. 
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Figure P7 – Polyphenol-supplemented HFD upregulates the expression of fibrosis markers and ER stress in the 

liver while increases the hepatic lipid content. (A) Relative mRNA levels of several genes related to liver state. Cell death 

activator CIDE-3 (Fsp27), Lipocalin-2 (Lcn2), Adiponectin, Fibronectin, Binding immunoglobulin protein (Bip), C/EBP Homologous Protein 

(Chop), Fatty acid synthase (Fasn), Sterol regulatory element-binding protein 1 isoform c (Srebp1c), Hepcidin (Hamp), Hephaestin (Heph) and 

Transferrin 2 (Tfr2). (B) Hepatic TAG content. The concentration of TG (ng/uL) was measured in livers of chow, HFD and 

HFD+Pol mice. Data are presented as the mean ± SEM. * p < 0.05; ** p < 0.01. TAG assay, Fasn and Heph genes were 

determined by using a one-way ANOVA test and a Tukey’s multiple tests correction. For genes showing different variances 

like Fsp27B, Fibronectin-1, Srebp1c, Hamp, Tfr2, Chop, Lcn2 and Bip a one-way ANOVA with Brown-Forsythe and Welch’s 

correction and a Dunnett’s comparisons tests were performed. Chow Diet n = 8; HFD = 11; HFD + Pol = 10. 
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Figure P8 – Polyphenol supplemented mice exhibit less hepatocellular ballooning but a clear immune cell infiltra-

tion and an increased heterogenic steatosis. (A) Hematoxylin eosin-stained liver sections of Chow Diet animals left image 

captured at 20x magnification and right image at 10x magnification. Livers exhibit a normal architecture without fat accumu-

lation or affected veins. (B) H&E-stained liver sections of HFD animals, left image captured at 20x magnification and right 

image at 10x magnification. A generalized ballooning process (ex. red arrow) and partial constricted veins (V) are showed. (C) 

H&E-stained liver sections of HFD+Pol animals left image captured at 20x magnification and right image at 10x magnifica-

tion. A smaller and more distributed ballooning process is observed compared to the HFD-only samples. On the other hand, 

same constriction on veins but a greater infiltration of mononuclear immune cells (ex. black arrow) and a greater steatosis (ex. 

yellow arrow) are shown in supplemented mice.  A total of 8 duplicated and randomized photographs per group were analyzed. 
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It is noteworthy the upward trend on total intrahepatic TAG in supplemented animals. As it is 

showed in (Figure P7 B), the hepatic lipid content is higher in both groups of HFD-fed mice 

compared to control mice and, despite no significance, a trend increase is observed in the 

HFD+Pol mice compared to HFD-only mice.  

 

The hepatic histological analyses (Figure P8), shows that both HFD groups presented partial 

constriction on veins compared to the Chow Diet group. In HFD-only mice a generalized bal-

looning process is showed but not a clear steatosis (vacuolized fat) or immune cell infiltration. 

Conversely, livers of supplemented mice exhibit less ballooning but a more severe steatosis and 

immune cell infiltration as it shows (Figure P8 C). Somehow, it seems that supplemented animals 

show worse HFD-induced NAFLD management compared to the HFD-only mice. 

 

 In addition, since a relationship between iron metabolism, obesity, T2DM and renal damage 

has been described in the literature(377), total iron was quantified at both liver and circulating 

levels (Figure P9 A and B). A difference in total liver iron level was observed between control 

and HFD-supplemented mice. However, there was no difference between the HFD groups and 

neither any differences at serum circulating levels. 

 

Figure P9 – Polyphenol-supplemented HFD produced a misalignment on iron hepatic levels but only when com-

pared to chow diet animals. (A) Total iron levels measured in pulverized livers of chow diet, HFD and HFD+Pol mice. (B) 

Total iron levels measured in serum from chow diet, HFD and HFD+Pol mice. Data are presented as the mean ± SEM. * p 

< 0.05; ** p < 0.01. P-values were determined by using a one-way ANOVA test and a Tukey’s multiple tests correction. Chow 

Diet n = 8; HFD = 11; HFD + Pol = 10. 

 

In summary, mice supplemented with polyphenols showed a worse response to the pernicious 

effect of HFD, resulting in a more prominent NAFLD compared to HFD-only mice. Changes 

such as higher TAG concentration, upregulation of Fibronectin, Chop, and downregulation of 

Adiponectin evidence a worsened pattern on the HFD+Pol liver. In parallel, variations in iron 
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metabolism were also displayed, although there were no significant differences between the 

HFD-only group and the polyphenol supplemented group.  

 

A.5) Polyphenol-supplemented HFD increases the oxidative stress markers in 

kidneys. 

 

The slight increase in the absolute weight of the kidneys between HFD-only mice and HFD+Pol 

mice along with the worsened glucose and insulin response, led to further testing kidneys of the 

HFD+Pol animals. As described in the introductory section, kidney is one of the tissues targeted 

by obesity and insulin resistance as well as being an actor of general pathological state. The 

involvement of kidney in these pathologies is a determining factor in the patients’ prognosis. 

CKD and diabetic nephropathy are caused not just by high glucose circulating levels but also by 

lipid accumulation in the renal tissue that contributes to the development of glomerulitis, 

chronic inflammation, a high production of ROS, and fibrosis(33). In this situation, the damaged 

kidney responses activating the renin–angiotensin–aldosterone system (RAAS) and secreting 

specific cytokines that aggravate the systemic symptomatology associated to the CKD and dia-

betic nephropathy such as inflammation, hypertension and cardiovascular risk(71,378).  

 

In this sense, one of the initial alterations described in CKD is the increase of ROS in the kidney. 

For this reason oxidative stress was evaluated through the thiobarbituric acid reactive substances 

(TBARS) assay. Oxidative stress on tissues leads the formation of highly unstable and reactive 

lipid peroxides which its decomposition from PUFAs results in the formation of malondialde-

hyde (MDA). The TBARS assay quantifies colorimetrically or fluorometrically the levels of 

MDA produced by these unstable peroxides and its usually used as a an indirectly measurement 

of oxidative stress damage. At the same time, the expression of antioxidant defense enzymes 

Glutathione s-reductase (Gsr), Catalase (Cat), and Superoxide dismutase (Sod) were measured to evaluate 

the kidney response to oxidative stress. TBARS assay showed an increased levels of MDA in 

kidneys of the HFD+Pol mice as it shows the Figure 10 B. Regarding the relative mRNA levels 

of antioxidant-defense genes, the data demonstrated a significant reduction in the relative down-

regulation of Gsr expression and no significant changes in the expression of Sod and Cat in HFD-

only mice (Figure P10 A). No significant changes neither with control mice nor HFD-only mice 

were detected in HFD + Pol mice. 
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Figure P10 –Polyphenol-supplemented HFD increases the oxidative stress markers but not modifies the gene ex-

pression of antioxidant defense enzymes. (A) Relative mRNA levels of antioxidant defense enzymes. Glutathione s-reductase 

(Gsr), Catalase (Cat), and Superoxide dismutase (Sod). (B) Malondialdehyde (MDA) levels in the kidneys of standard-chow-fed, 

HFD-only, and HFD+Pol mice measured fluorometrically by the TBARS assay. Data are presented as the mean ± SEM. * p 

< 0.05; ** p < 0.01. The p-values were determined by using a one-way ANOVA test and a Tukey’s multiple tests correction. 

Chow Diet n = 8; HFD = 11; HFD + Pol = 10.  
 

 

A.6) Polyphenol-supplemented HFD upregulates the expression of fibrosis and 

kidney damage markers. 

 

The diagnosis of CKD implies certain parameters of involvement, such as certain levels glomer-

ular filtration rate or structural kidney damage during a designed period as discussed in the in-

troduction section. Prior to the development of CKD and the fulfillment of the diagnostic val-

ues, there are several key markers that assess the pathological onset and progression of kidney. 

In that sense, an expression profile of fibrosis and kidney injury markers were conducted on the 

kidneys of the different intervention groups. The results showed (Figure P11 A) an upregulation 
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on the HFD+Pol animals of the Kidney injury molecule-1 (Kim-1), and an upregulation in the mRNA 

levels of the transcription factor Carbohydrate-responsive element-binding protein  (Chrebpb), the in-

crease of which has been related to the progression of diabetic kidney(379). At the same time, 

an upward trend on the gene expression of the glycoprotein Osteopontin (Opn) was observed on 

supplemented mice. Osteopontin is a pleiotropic protein with multiple function also found in 

kidneys playing an important role in mineralization and bone resorption but in turn involves on 

the regulation of immunity and inflammation, angiogenesis, and apoptosis(380). Recent studies 

demonstrated the association of ostepontin and the pathogenesis of renal failure(381). Parallelly, 

an upward trend was detected in the expression of Fibronectin gene, whose codified protein is 

related to the fibrotic processes(382,383).  

 

Kidneys of the HFD+Pol mice also exhibited a significant upregulation of Lcn2. It is known 

that LCN2 circulating levels increase under different pathological states, particularly kidney in-

jury, bacterial infection, and inflammation as well as on obesity and ageing(172,384,385). LCN2 

is a biomarker for the development of renal injury, and it is considered an acute phase protein 

when upregulated in the kidney tubules. Circulating serum levels of LCN2 were also measured 

(Figure P11 B) and despite no significant results a clear upward trend was observed on HFD+Pol 

mice. 

 

In summary, our results indicate that mice supplemented with polyphenols show a pathological 

kidney expression profile, with an increase in fibrosis and damage markers. To go deeper in the 

fibrotic profile of the kidneys histological analyses were performed. As the histological analysis 

was not previously planned, the samples were freeze and some of them were not able to be used. 

Even so, the most well-conserved were stained and analyzed. Kidney sections from polyphenol 

supplemented animals showed a larger size of glomerulus and a wider surface area of fibrotic 

tissue (Figure P12 C). Interestingly as discussed in the introduction section on HFD-pernicious 

role, a change was also observed in the glomerulus of the HFD-only animals (Figure P12 B), with 

some slight increase in the tuft area and a light increase in fibrosis areas but not as much as the 

evident glomerulonephritis of the supplemented mice.  
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Figure P11 – Polyphenol-supplemented HFD upregulates the expression of fibrosis and kidney-damage markers. 

(A) Relative mRNA levels of several fibrosis, oxidative stress, and kidney damage markers. Kidney injury molecule-1 (Kim-1), 

Fibronectin, Carbohydrate-responsive element-binding protein b (Chrebpb), Glucose transporter-1 (Glut1), Thioredoxin-interacting protein (Txnip), 

Osteopontin (Opn), Transforming growth factor beta-1 (Tgfb), Nuclear factor erythroid 2-related factor 2 (Nrf2), Lipocalin 2 (Lcn2) and Adi-

ponectin. (B) Protein circulating levels of LCN2 measured by an ELISA assay in serum. Data are presented as the mean ± SEM. 

* p < 0.05. The p-values for the ELISA assay and Glut1, Txnip, Opn, Tgfb and Nrf2 genes were determined by using a one-

way ANOVA test and Tukey’s multiple tests correction. For genes showing different variances like Kim-1, Fibronectin-1, Cherbpa, 

Cherbpb, Lcn2 and Adiponectin a one-way ANOVA with Brown-Forsythe, Welch’s correction and a Dunnett’s comparisons 

tests were performed. Chow Diet n = 8; HFD = 11; HFD + Pol = 10. 
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Figure P12 – Polyphenol-supplemented 

HFD increased the size of glomerulus 

as well as the fibrosis process. (A)(B)(C)    

Picrosirius red-stained images of kidney 

sections from chow diet, HFD and 

HFD+Pol mice respectively at 40x of mag-

nification. In each image, a centrally delim-

ited glomerulus is shown. In case of Chow 

Diet animals, no abnormalities in terms of 

fibrosis were observed. Although on ani-

mals fed with a HFD, a slight increase in 

fibrotic tissue and a larger size of the TUFT 

area could be observed. The increase in fi-

brosis is very subtle, since the increase of 

the red color is very weak. Concerning the 

TUFT area, which is the space between the 

interior of the glomerulus and its capsule, 

especially in the second image B it is more 

perceptible. Therefore, it is corroborated 

that HFD-consumption has an implication 

on damaging renal tissues. In case of sup-

plemented mice these changes increase 

drastically leading to a larger glomerulus 

size and a much greater involvement of fi-

brotic tissue. A total of 8 duplicated and 

randomized photographs per group were 

analyzed.   

 

As it showed (Figure P2), one of the initial signs of possible kidney impairment was the increase 

in tissue weight on the supplemented mice. As has been described in the literature, kidney weight 

gain may suggest a pathological involvement although this is not always the case. In HFD+Pol 

mice, the weight increase was accompanied by a fibrotic and kidney damaged gene expression 

profile. In this way, a Pearson correlation was performed between the actual renal damage ex-

pression profile and the tissue weight in order to verify if any linkage existed. Showed on Figure 

P13 a clear and proportional relationship is found between kidney weight and expression of 

genes related to kidney injury. Interestingly, this relationship is not only seen on the supple-

mented mice. HFD-only mice kidneys also showed a proportional damaged gene expression 

profile according to the tissue weight but far less considerable. Therefore, there is a proportional 

correlation between tissue weight and the expression profile of renal damage markers.    
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Figure P13– Correlation between kidney tissue weight and the expression profile of genes related to kidney damage. 

Relative mRNA levels of several fibrosis, oxidative stress, and kidney damage markers. Kidney injury molecule-1 (Kim-1), Fibronectin, 

Carbohydrate-responsive element-binding protein b (Chrebpb), Carbohydrate-responsive element-binding protein a (Chrebpa), Catalase (Cat), Glu-

tathione s-reductase (Gsr) and Lipocalin 2 (Lcn2) versus the kidney weight. The relative expression of these genes was plotted 

according to the corresponding animal kidney weight and its intervention group. A Pearson correlation was performed for 

kidney weight vs. each relative mRNA gene expression of all animals of the intervention groups (Chow Diet n=8; HFD=11; 

HFD+Pol=10). The p-values were determined by using Person correlation assuming Gaussian distribution with two tails and 

a confidence interval of 95%. 
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B) Effects and molecular mechanisms underlying a Rosa canina flesh supple-

mentation against a high fat diet-induced obesity and NAFLD. 

 

From the earliest evidence written by the Sumerians about 5000 years ago, through the usage of 

Egyptians, ancient China, Roman Empire and even written in the Talmud scriptures, the con-

nection between man and his search for medicine in nature is undoubted(386). Nowadays, mod-

ern science has recognized the active actions of plants and fruits and has included it in contem-

porary therapies, either by extracting the responsible bioactive compounds or by the nutritional 

supplementation of the vegetable itself. One of the plant families whose usage is repeated 

throughout time and across societies are the Rosaceae. As mentioned in the introduction section, 

its pseudo-fruit rosehip contains not only interesting bioactive compounds but also a wide vari-

ety and a highly concentrated profile. One of the main Rosaceae species, Rosa canina, has emerged 

as a major source of relevant compounds in the treatment of metabolic diseases such as obesity, 

T2DM and NAFLD. There is some bibliography supporting the therapeutic effect of the Rosa 

canina on different pathologies although the intervention format and the described underlying 

described mechanisms are variable. In addition, there is still no updated characterization of the 

different compounds that are the backbone of the beneficial effects of Rosa canina. At the same 

time there is still not enough bibliography covering all the multiple benefits and mechanisms of 

Rosa canina against metabolic diseases such as NAFLD.    

 

To study the effects and molecular mechanisms underlying a rich natural source of bioactive 

compounds, concretely Rosa canina flesh supplementation, against a high fat diet-induced obesity 

and NAFLD (aim 2), a dietary intervention with Rosa canina flesh was performed on normogly-

cemic C57BL/6 4-weeks old male mice fed with a 45% HFD for 18 weeks (see the nutritional 

intervention protocol in the Methodology 3.5.3 section of this thesis proposal).  

 

Furthermore, to characterize the Rosa canina flesh and its different fractions and study the anti-

obesogenic potential of their different constituents (aim 3), different experiments have been 

performed in Hepg2 and 3T3L1 cell cultures as well as a characterization by HPLC-Orbitrap 

techniques of the different fractions of Rosa canina flesh in collaboration with Dr. Lamuela-

Raventos’ Natural Antioxidants research group. Rosa canina characterization and results from 

cell culture procedures are presented in results section C.  
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B.1) Rosa canina flesh exerts a preventive effect on the HFD-induced obesity 

from the first week of nutritional treatment without causing any change in mice’s 

food intake. 

 

The typical weight gain produced by a HFD consumption was progressively suppressed in the 

RC-supplemented mice from the first week of the flesh treatment (Figure R1 A). Already in the 

first 7 days of the intervention, a significant decrease in weight gain was observed on the RC-

supplemented C57BL6/J mice (Figure R1 B). This significant weight difference between groups 

was maintained until the end of the experiment (Figure R1 C and D). During the intervention 

there were no changes in the food intake of the C57BL6/J mice; the caloric intake of both 

groups was practically identical (Figure R1 E). Moreover, the weight gain per kcal ingested was 

significantly lower in the flesh-supplemented mice (Figure R1 F). 

Figure R1–Rosa canina dietary supplementation significantly reduces the weight gain produced by a HFD with no 

changes in food intake. (A) Body weight progression (g) over the 18-week intervention based on twice-weekly weightings. 

The graph represents the mean ± SEM of weekly weights in both experimental groups. (B) Body weights mean (g) on the first 

week of nutritional intervention. (C) Total body weight in grams after 18-week intervention. Both (B and C) graphs represent 

the mean ± SEM of the total body weight in both experimental groups. (D) Area Under the Curve over the 18-week weight 

monitorization. The graph represents the mean ± SEM of the AUC of weights in both experimental groups. (E) Mean daily 
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food intake (kcal/day) over the 18-week intervention. The graph represents the mean ± SEM of the total kcal per day. (F) 

Final body weight (g) related to calorie intake (kcal). The graph represents the mean ± SEM of the total body weight per kcal 

ingested. Calorie intake was calculated based on the energy density of the 45%HFD (D12451, Research Diets) plus the kcal 

from Rosa canina flesh and the amount of food consumed daily. Data are presented as means ± SEM. * p <0.05; ** p <0.01; 

*** p <0.001; **** p<0.0001 and p-values were determined by using a two-tailed unpaired Student’s T-test. HFD=13, 

HFD+RC=13. 

 

In this sense, the anti-obesogenic effect of Rosa canina is demonstrated by slowing down weight 

gain progression, as reported in the bibliography(331). It should be noted that the consumption 

of the supplemented animals is not altered even with the slight caloric increase provided by the 

flesh supplementation.   

 

B.2) Rosa canina flesh supplementation significantly alleviates the hyperglyce-

mia state caused by HFD consumption as well as its associated insulin resistance. 

 

Dietary intervention with a HFD produces a disruption in animals resulting in a glucose intol-

erance and an insulin resistance-state, both characteristics of obesity, since the first weeks of 

consumption. In Rosa canina supplemented mice, this typical obese imbalance occurs to a signif-

icantly lesser extent, resulting in a better response to glucose and insulin. Specifically, in either 

14th week glucose tolerance test (GTT) (Figure R2 A) or 15th week insulin tolerance test (ITT) 

(Figure R2 C), the supplemented mice displayed a significantly better glucose curve with a signif-

icant difference in four of the five corresponding measurements and in both areas under the 

curves (AUC) (Figure R2 B and D). In both tolerance tests, a general proportional decrease of the 

whole glucose curve is observed, and specifically in the GTT, there was a clear improvement in 

the recovery phase with a marked accentuation of the final glucose curve slope (Figure R2 A).  

 

Regarding basal glucose, a mouse is considered to be in a diabetic state within fasting blood 

glucose levels around 150-300mg/dl according to the bibliography(387). In Rosa canina interven-

tion group these levels are significant lowered (Figure R2 E). Therefore, these results prove the 

relevant anti-diabetic role of the Rosa canina against the HFD-induced obesity progression.  
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Figure R2– Rosa canina flesh supplementation improves glucose and insulin response and reduces the hyperglyce-

mic state associated with the consumption of an HFD. (A) Plasma glucose levels after intraperitoneal administration of 

glucose (1.5 g/kg body weight) corresponding to a glucose tolerance test (GTT) at 14th week of nutritional intervention. (B) 

AUCs of the plasma glucose levels related to the 14th week GTT. (C) Plasma glucose levels after intraperitoneal administration 

of insulin (0.75 UI/kg body weight) at 15th week of nutritional intervention. (D) AUCs of the plasma glucose levels related to 

the 15th week ITT. (E) Fasting blood glucose levels after 6 hours of fasting in the two glucose and inulin tests. Data are 

presented as the mean ± SEM. * p <0.05 ** p < 0.01; *** p < 0.001; **** p < 0.0001. The p-values for each analysis were 

determined by using a two-tailed unpaired Student’s T-test. HFD=13, HFD+RC=13. 

 

B.3) WAT from Rosa canina flesh-supplemented mice is thinner and show maller 

adipocytes in the scWAT compared to the HFD-fed ones. 

 

As stated in the introduction section, one of the first features of obesity is the WAT loss of 

functionality. Specifically, the process of hypertrophy firstly occurs in the fat-overloaded adipo-

cytes such as it happens on the intervention mice fed with an HFD. Conversely to the HFD-

only, WAT from mice supplemented with Rosa canina flesh exhibited a significative less tissue 

weight and in turn, scWAT showed smaller adipocytes (Figure R3 A and B). These results suggest 

that scWAT from supplemented mice displayed less hypertrophy and a more physiological hy-

perplasia. The difference in the number and size of adipocytes is evidenced in the histological 

sections of scWAT (Figure R3 D, E, F and G, H, I). This phenotypic change on adipocytes is also 

accompanied by a significant change in the expression of the lipid droplet fusion-related key 
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gene Fsp27 . As stated in the introduction, FSP27  and CideA form a homodimer between 

contacting lipid droplets thereby mediating the fusion of a single unilocular LD. In scWAT of 

Rosa canina supplemented mice, Fsp27  expression was significantly lower that on HFD-only 

mice, therefore matching the expression profile with the phenotypic shift (Figure R3 C, F, and I). 

No changes in Fsp27  expression were detected  

 

Figure R3– scWAT from Rosa canina flesh supplemented mice exhibited a significantly better response to a HFD 

than scWAT from mice fed with an HFD. (A) Average weight of scWAT and eWAT fresh tissue measured on the precision 

balance before snap-freezing process in liquid nitrogen. (B) Adipocyte mean number in 100um2 of the H&E histological 

scWAT samples. (C) Relative mRNA levels of Fsp27  and . Data are presented as the mean ± SEM. * p < 0.05; ** p < 

0.01. *** p < 0.001; **** p < 0.0001. The p-values for each analysis were determined by using a two-tailed unpaired Student’s 

T-test. HFD=13, HFD+RC=13. (D)(E)(G)(H) Hematoxylin eosin-stained scWAT sections captured at 10x magnification. A 
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total of 8 duplicated and randomized photographs per group were analyzed. (F)(I) Hematoxylin eosin-stained scWAT sections 

of 100um X 100um conversed into computer generated binary representations. Images captured at 10x magnification 

 

B.4) A significantly decrease on lipid transport, lipogenesis, TG synthesis, and 

an upward trend of browning process is exhibited on scWAT of Rosa canina sup-

plemented mice. 

 

Regarding the gene expression profile of the scWAT, significant relevant differences were ob-

served between supplemented and HFD-only animals. The scWAT of Rosa canina animals ex-

hibited a lower fatty acids transport, with a significant decrease in the expression of both the 

Cd36 and Fabp4 transporter genes (Figure R4 A). At the same time, a reduction in the expression 

of the key gene in fatty acid synthesis Fasn was also observed in the scWAT of supplemented 

animals (Figure R4 A). Parallelly, the transcription factor Srebp1c involved in the regulation of 

genes required for glucose metabolism and fatty acid and lipid production was also decreased 

significantly (Figure R4 A). Concerning triglyceride synthesis, animals supplemented with Rosa 

canina flesh had a significant decrease in the Dgat gene which is a key player in this pathway 

(Figure R4 A). However, no changes were observed in the expression of the Scd1 gene, which 

limits the rate of FA formation of monounsaturated fatty acids, nor in the key lipolysis gene 

Atgl. Finally, the expression of the gene encoding the cytokine adiponectin was also assessed, and 

in this case no differences were observed in the scWAT (Figure R4 A).  

 

Moreover, genes involved in the browning process were evaluated. A relevant marked trend on 

the overexpression of Ucp1 was observed on the scWAT of supplemented mice. The large dis-

persion among animals influences the non resolutive statistics (Figure R4 B). From the other 

genes involved with the browning process that was analyzed, only a decrease in Dio2 was ob-

served (Figure R4 B). Therefore, gene expression profile of the scWAT of the supplemented 

animals, indicates a decrease in lipid transport, a decrease in fatty acid and triglyceride synthesis 

and a partial trend in the browning process. 
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 Figure R4 – scWAT from supplemented 

mice exhibit a significative decrease on 

lipid transport, lipogenesis, and an up-

ward trend on browning process. (A) Rel-

ative mRNA levels of different key genes of 

lipid metabolism of adipose tissue. Cd36 

(Platelet glycoprotein 4), Fabp4 (Fatty acid binding 

protein 4), Fasn (Fatty acid synthase), Srepbp1c 

(Sterol regulatory element-binding transcription fac-

tor 1, Scd1 (Stearoyl-CoA desaturase), Dgat (Di-

glyceride acyltransferase), Atgl (Adipocyte triglycer-

ide lipase) and Adiponectin. B) Relative mRNA 

levels of different key genes of thermogene-

sis, browning and fatty acid oxidation. Ucp1 

(Uncoupling protein 1), Dio2 (Iodothyronine de-

iodinase 2), Prdm16 (Histone-Lysine N-Methyl-

transferase), Cpt1b (Carnitine palmitoyl transferase 

1B) and Pparg (Peroxisome Proliferator Activated 

Receptor Gamma). Data are presented as the 

mean ± SEM. * p < 0.05; ** p < 0.01. *** 

p < 0.001; **** p < 0.0001. The p-values for 

each analysis were determined by using a 

two-tailed unpaired Student’s T-test. 

HFD=13, HFD+RC=13.  
 

B.5) Rosa canina supplementation enhances the thermogenic and mitochondrial 

biogenesis markers on BAT. 

 

One of the effects that have been attributed to some phytochemicals is the ability to stimulate 

the WAT browning process and activate BAT(388). Although the key Ucp1 gene was not over-

expressed significantly on Rosa canina supplemented mice, a clear upward trend was shown (Fig-

ure R5 B). Regarding other genes related to thermogenesis process, a significant increase on 

mRNA levels of Dio2, Prdm16, and the key regulator Ppar  was observed (Figure R5 B). In addi-

tion, the results showed a significant overexpression of the Pgc1a gene that is related to mito-

chondria function and biogenesis. Therefore, even if there is no change on the lipid oxidation 

related gene Cpt1a, the other genes linked to thermogenic activity are increased. Finally, the 

results indicate there was no differences between BAT weights (Figure R5 A). 
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Figure R5 – BAT from supplemented mice didn’t exhibit any change on tissue weight but an activation of thermo-

genesis is showed on mRNA expression profile. (A) Average weight of BAT fresh tissue measured on the precision 

balance before snap-freezing process in liquid nitrogen. (B) Relative mRNA levels of different key genes of thermogenesis, 

mitochondrial biogenesis, and fatty acid oxidation. Ucp1 (Uncoupling protein 1), Dio2 (Iodothyronine deiodinase 2), Prdm16 (Histone-

Lysine N-Methyltransferase), Cidea (Death-inducing DNA fragmentation factor-like effector A), Pgc1a (Peroxisome Proliferator-Activated Re-

ceptor Gamma Coactivator 1 Alpha), Cpt1a (Carnitine palmitoyl transferase 1A) and Pparg (Peroxisome Proliferator Activated Receptor 

Gamma). Data are presented as the mean ± SEM. * p < 0.05; ** p < 0.01. *** p < 0.001; **** p < 0.0001. The p-values for 

each analysis were determined by using a two-tailed unpaired Student’s T-test. HFD=13, HFD+RC=13. 

 
 

B.6) Livers of the supplemented animals show a healthier condition exhibiting a 

lower tissue weight, a decreased amount of oxidative stress and a diminished gene 

expression of Tnf . 

 
Liver is a key tissue in maintaining lipid and glucose homeostasis due to its crucial role in regu-

lating metabolism. Prior to the gene expression profile study, different parameters were analyzed 

to determine the general hepatic state. Firstly, weights of fresh tissue were evaluated, showing a 

significant decrease in the supplemented animals (Figure R6 A). On the other hand, a quantifi-

cation of the MDA by-product of lipid peroxidation produced by oxidative stress was also per-

formed. In this case livers from supplemented mice showed a significative lower production of 

MDA (Figure R6 B). Finally, expression of the gene encoding major player of inflammatory pro-

cesses TNF  was assessed also showing a significant decrease in the supplemented-mice livers 

(Figure R6 C). Thus, in general terms, the livers of mice supplemented with Rosa canina flesh 

exhibited a healthier status with a significantly lower tissue weight, a decrease in the oxidative 

stress marker MDA and finally a lower expression of the gene marker TNF  characteristic of 

inflammatory processes. 
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Figure R6 – Livers from supplemented mice showed a lower tissue weight, a reduction of lipid peroxidation pro-

duced by oxidative stress and less gene expression of the inflammation marker Tnf . (A) Average weight of liver fresh 

tissue measured on the precision balance before snap-freezing process in liquid nitrogen. (B) MDA levels in pulverized livers 

of HFD, and HFD+RC mice measured fluorometrically by the TBARS assay. (C) Relative mRNA levels of Tumor necrosis factor 

alpha (Tnf ). Data are presented as the mean ± SEM. * p < 0.05; ** p < 0.01. The p-values for each analysis were determined 

by using a two-tailed unpaired Student’s T-test. HFD=13, HFD+RC=13. 

 

 

B.7)  Rosa canina supplemented animals showed a significative shift in the he-

patic expression of genes involved in lipid droplet formation. 

 
According to the introduction section, there are multiple genes that regulate the formation of 

lipid droplets. As discussed previously, the direct target gene of PPAR , Fsp27, is highly involved 

in the promotion of lipid droplet growth and TAG storage. Specifically, Fsp27  was found to 

be upregulated in the context of fatty liver and specifically reported in both rodent and human 

models of diet-induced obesity and steatohepatitis(138). In this sense, it has been corroborated 

that down-regulation of Fsp27   in steatotic liver tissue resulted in lower accumulation of hepatic 

TAG and lipid droplets(389). Perilipin-1 (PLIN-1), another scaffold protein located on the sur-

face of LDs, has also been shown to be of great relevance on NAFLD. Its main function is to 

control the access to stored TAGs by facilitating access of lipases to the LDs and orchestrating 

protein interactions(390). Depending on the state of the organism, PLIN-1 either limits the entry 

of lipases to stored TAGs or facilitates their entry and promotes lipolysis. 
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In case of livers from mice supplemented with Rosa canina, it was observed that beta isoform of 

Fsp27 key gene of lipid droplet formation was significantly reduced compared to the HFD-only 

animals (Figure R7 A). In accordance with this previous data, the mRNA levels of Plin-1 were 

increased significantly in the Rosa canina group (Figure R7 B). These changes were consistent with 

the observations of the histological hepatic sections. Based on the images collected from the 

hematoxylin-eosin staining and using binary computer processing it was possible to differentiate 

the lipidic droplet formations between groups. As can be clearly noticed in the inverted binary 

images, there are remarkable differences between the hepatic LDs of the two groups (Figure R7 

C and D). In the case of Figure R7 C image corresponding to a HFD liver, large and delimited 

LDs are clearly observed with a major surface area. In contrast, in Figure R7 D corresponding to 

a liver supplemented with Rosa canina, the LDs are no longer perceptible and become blurred 

due to their large number and small size.    

 

Figure R7 – Livers from supplemented mice exhibited a lower amount of lipid droplets and lipid accumulation. (A) 

Relative mRNA levels of levels of Fsp27  and . (B) Relative mRNA levels of Perilipin-1 (Plin1). Data are presented as the 

mean ± SEM. * p < 0.05; ** p < 0.01. The p-values for each analysis were determined by using a two-tailed unpaired Student’s 

T-test. HFD=13, HFD+RC=13. (C)(D) Hematoxylin eosin stained HFD and HFD+RC respectively liver sections conversed 

into computer generated inversed binary representations. Black color indicates the lipidic parts of the cell and the white ones 

the rest. Randomized images captured at 10x magnification. 
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B.8) Liver sections exhibited a prominent reduction on ballooning, steatosis, and 

infiltration of immune cells in the Rosa canina supplemented mice.  

 

As explained in the introductory section, NAFLD covers a compendium of different pathologic 

phases, which are easily differentiated in the histological analyses. After the Rosa canina interven-

tion, it was observed that HFD-only animals suffered not only from severe steatosis but also 

from generalized ballooning, constriction of the hepatic veins and infiltration of immune cells 

in the areas near the blood vessels (Figure R8 A). Thus, it is evidenced the pernicious character 

of HFD in liver, capable of leading to hepatic disease. This severe HFD-associated NAFLD 

state was not observed in the supplemented mice. Livers from Rosa canina animals displayed only 

few isolated lipid vacuoles and slight ballooning process in some individuals on isolated liver 

regions (Figure R7 B). In addition, less constriction was observed at the venous level and no 

infiltration of immune cells (Figure R7 B). Hence, it is observed that the typical damage produced 

by HFD, which conforms the NAFLD state, was significantly mitigated in the supplemented 

mice. 
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Figure R8– Livers from supplemented mice showed less steatotic hepatic tissue, with a reduction cellular and ve-

nous involvement and no immunity cell infiltration. (A) Hematoxylin eosin-stained liver sections of HFD-only animals 

images captured at 10x magnification. A generalized ballooning process (ex. red arrow), constricted veins (V), infiltration of 

mononuclear immune cells (ex. black arrow) and a severe steatosis (ex. yellow arrow) are exhibited. A total of 8 duplicated 

and randomized photographs were analyzed. (B) Hematoxylin eosin-stained liver sections of HFD-+RC animals images cap-

tured at 10x magnification. Partial constriction of the veins is observed but to a lesser extent compared to HFD-only animals. 

Regarding steatosis and ballooning on supplemented mice, are markedly reduced and only in isolated manner. A total of 8 

duplicated and randomized photographs were analyzed. 
 

B.9) FGF21 signaling is enhanced in livers from supplemented mice. 

 
As explained in the introduction section, FGF21 has demonstrate to play a key role on glucose 

and lipid metabolism, having homeostatic regulatory properties as well as thermogenic ef-

fects(165,166). On metabolic diseases such as obesity and T2DM, FGF21 increased signaling 

show the ability to increase energy expenditure, restore glycaemia and lipidic profile and in turn 

improve insulin resistance(165). In the context of NAFLD, a clear resistance to FGF21 on liver 
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is observed which leads to an increase in the uptake of fatty acids and a decrease in their utiliza-

tion. In contrast, when FGF21 signaling is enhanced, this resistance is substantially reduced, 

thus decreasing fat accumulation in hepatic tissue, and increasing its utilization as energetic sub-

strate(167). In mice supplemented with Rosa canina flesh, an improvement in FGF21 signaling 

was observed, first through a significant reduction in the expression of the Fgf21 gene itself

(Figure R9). Subsequently, a significant overexpression of its two coreceptors Fgfr1 and Fgfr4 was 

observed (Figure R9). On the other hand, there was an upward trend in the expression of Egr1, 

a downstream key-gene in the Fgf21 pathway (Figure R9). Finally, a significant increase in the 

gene expression of the regulatory cytokine Adiponectin, described as a mediator of the metabolic 

effects of FGF21, was also observed (Figure R9) (391).

Figure R9 – A significant improvement in 

FGF21 signaling and increased expression of 

the regulatory cytokine Adiponectin was ob-

served in livers of supplemented animals.

mRNA levels of different key genes involved on 

FGF21 pathway. Fgf21 (Fibroblast growth factor 21), 

Egr1 (Early growth response 1), Klb (Beta klotho), FgfR1 

(Fibroblast growth factor receptor 1), Fgfr4 (Fibroblast 

growth factor receptor 4), Adiponectin. Data are pre-

sented as the mean ± SEM. * p < 0.05; ** p < 

0.01. The p-values for each analysis were deter-

mined by using a two-tailed unpaired Student’s T-

test. HFD=13, HFD+RC=13.

B.10) Livers from supplemented mice, exhibited a decrease in the expression of 

genes such as GluK, GlyK, and LpK.

Although NAFLD is characterized by fat accumulation and an impairment in the hepatic lipid 

metabolism, glucose metabolism also plays a dramatic role in its pathophysiology. In case of 

mice supplemented with Rosa canina flesh, a significant decrease in limiting genes of the hepatic 

glycolysis process such as GluK (Glucokinase), GlyK (Glycerol-kinase) was detected (Figure R10). The 

function of GlyK is to convert glycerol to glycerol 3-phosphate and its isoform beta acts as a 

co-regulator of the hepatic glucose metabolism. At the same time GlyK up-regulates the expres-

sion of Nr4a1 (Nuclear receptor subfamily 4 group A1) and thereby mediate Nr4a1-mediated expres-

sion of lipid metabolism related genes such as Fasn, Acc, Srebp1c and Gpam(392).
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On the other hand, a significative decrease on LpK (Pyruvate-kinase) was also observed on Rosa 

canina-supplemented mice. High glucose/fat or insulin induce LpK and the other named genes, 

leading to direct stimulation of lipogenesis and thereby worsening the prognosis of the NALFD. 

Finally, a rising trend in the beta isoform of the transcription factor Chrebp was also observed 

on Rosa canina-supplemented animals. ChREBP mediates the glucose effect of both glycolytic 

and lipogenic gene expression and thus this transcription factor is a key determinant of lipid 

synthesis in the liver(393). Interestingly, no changes in the expression of genes involved in glu-

coneogenesis were observed.

Figure R10 – A reduction of gene expres-

sion related to hepatic glycolysis was ob-

served in livers of supplemented animals.

Relative mRNA levels of different key genes in-

volving glucose metabolism. GluK (Gluco-ki-

nase), GlyK (Glycerol-kinase), LpK (Piruvate-Kinase), 

Chrebpb (Carbohydrate response element binding pro-

tein b), Gc6p (Glucose 6-phosphatase) and Pepck 

(Phosphoenolpyruvate carboxykinase). Data are pre-

sented as the mean ± SEM. * p < 0.05; ** p < 

0.01. The p-values for each analysis were deter-

mined by using a two-tailed unpaired Student’s 

T-test. HFD=13, HFD+RC=13.

B.11) Livers from supplemented mice displayed a decrease expression of genes 

involving lipid and cholesterol transport, lipogenesis, TAG synthesis, and an in-

crease in peroxisomal oxidation ones.

According to the bibliography, the main contributors to the NAFLD-related steatosis state on 

liver are firstly the excessive NEFAs flux from the overloaded adipose tissue and secondly the 

exacerbation of de novo lipogenesis. In this pathological scenario there is also a decrease in the 

hepatic oxidation of lipid substrates as well as an excess intake of fats from the diet. In the Rosa 

canina intervention study, both experimental groups were fed with an HFD for 18 weeks and 

therefore they suffered its pro-steatotic effects. However, in case of the supplemented mice, a 

generalized downregulation of genes related to fat accumulation in liver was observed. Firstly, a 

significant decrease in the gene expression related to fatty acid transport, such as Cd36 and Fabp4 

was reported (Figure R11 B). Secondly, a downregulation in the expression of key genes of fatty 



 137 

acid synthesis, such as Fasn, Scd1 and Acaca was found (Figure R11 B). In parallel, livers from 

supplemented animals exhibited a significant decrease in the expression of the Pltp gene, related 

to cholesterol assembly and transport (Figure R11 B). On the other hand, triglyceride synthesis 

was also downregulated, with a significant drop in the expression of the key TG-synthesis gene 

Dgat (Figure R11 B). Interestingly, in the analysis of the hepatic gene expression profile, no 

changes in the transcription factor Srebp1c were found. In terms of oxidation processes, no 

changes were observed in the Cpt1a gene nor in the reference gene of mitochondrial biogenesis 

and oxidation Pgc1a. However, a significant increase in the expression of the gene related to 

peroxisomal lipid oxidation Acox3 was observed in Rosa canina mice (Figure R11 A). Thus sum-

marizing, livers from supplemented mice showed a slowing down NAFLD-state in comparison 

to HFD-only animals. Firstly, by a decrease in the transport of fatty acids, secondly by a reduc-

tion in de novo lipogenesis, thirdly by a decrease in the synthesis of triglycerides and finally by an 

increase in the peroxisomal oxidation of fatty acids. These substantial gene expression changes 

in the livers from supplemented mice are consistent with the phenotypes previously observed 

in histological analyses (Figure R7 C, D and R8 A, B).  

 
Figure R11 – A reduction of gene 

expression related to lipid 

transport, FA, and TG synthesis as 

well as an increase of genes related 

to peroxisomal lipid oxidation was 

observed in livers from Rosa canina 

supplemented animals. (A) Relative 

mRNA levels of different key genes in-

volving fatty acid oxidation and mito-

chondrial biogenesis. Acox3 (Acyl-Coen-

zyme A oxidase 3), Pgc1a (Peroxisome Pro-

liferator-Activated Receptor Gamma Coacti-

vator 1-Alpha), and Cpt1a (Carnitine pal-

mitoyl transferase 1A). (B) Relative 

mRNA levels of different key genes in-

volving FA transport, lipogenesis pro-

cess, triglyceride synthesis, and choles-

terol transport and assembling. Data 

are presented as the mean ± SEM. * p 

< 0.05; ** p < 0.01.  
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B.12) The expression of Ppar delta and gamma were regulated by Rosa canina

flesh. 

As explained in the introduction, PPARs are nuclear receptors with pleiotropic actions. They 

are critical regulators not only of fatty acid metabolism, but also of glucose metabolism, inflam-

mation, oxidative damage, fibrosis processes and in general energy metabolism(180). It is note-

worthy to mention that the effects of Rosa canina against a HFD were similar to the outcomes 

of multiple Ppar , Ppar / and Ppar agonistic/antagonistic studies. In addition, the observed

modified gene profile of supplemented mice was in part downstream of the PPARs. In this way, 

gene expression of the three isoforms of the PPAR transcription factor were assessed. It was 

reported that in livers from supplemented mice there was an upregulation of Ppar / and a 

downregulation of Ppar (Figure R12). On the contrary, no modifications on the expression of 

the alpha isoform were observed

Figure R12 – Rosa canina flesh upreg-

ulated the expression of Ppar / and 

downregulated the Ppar . Relative 

mRNA levels of the three different pe-

roxisome proliferator-activated receptors 

(PPARs) isoforms on liver. Data are pre-

sented as the mean ± SEM. * p < 0.05; 

** p < 0.01. The p-values for each analy-

sis were determined by using a two-tailed 

unpaired Student’s T-test. HFD=13, 

HFD+RC=13.

B.13) Mice supplemented with Rosa canina flesh also exhibited a reduction of kid-

ney and gastrocnemius muscle weight.

As pointed out in the introduction and corroborated on the previous results, kidney plays a key 

role in chronic diseases prognosis. Just it happens in other ectopic organs such as liver, kidney 

also suffers fat accumulation in obesity(33). Parallelly, it increases in size and weight due to the 

HFD-related damage and to the accumulated lipids. This process is also observed in muscles 

from patients suffering obesity, showing a muscular tissue with fat infiltration(394). In Rosa ca-

nina supplemented mice, a significant decrease in kidney weight (Figure R13 A) and a decrease in 
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the covering perirenal fat depot (Figure R13 B and C) were observed. At the same time, a signif-

icant decrease in the gastrocnemius muscle weight was detected. Although there is a significant 

difference between weights, an analysis of the genetic profile of the tissues is necessary to assess 

their involvement. 

 
 

Figure R13 – Rosa canina flesh 

also decreased the kidney and gas-

trocnemius tissue weight as well 

as the perirenal fat accumulation. 

(A)The graph represents the average 

weights of fresh tissues measured on 

the precision balance before snap-

freezing process in liquid nitrogen. 

Data is presented as means ± SEM. * 

p <0.05; ** p <0.01 and p-values were 

determined by using a two-tailed un-

paired Student’s T-test. HFD=13, 

HFD+RC=13. (B) Image of the tho-

racic cage of an HFD-only mouse 

prior to kidney removal. (C) Image of 

the thoracic cage of an HFD+RC 

mouse prior to kidney removal. 
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C) Characterization of the different Rosa canina flesh fractions and study of the 

anti-steatotic mechanisms underlying their different constituents.  

 
Based on the results of the nutritional Rosa canina against a HFD intervention as well as on the 

data from the literature, the powerful mitigating properties of the rosehip flesh are evident. As 

it happens in other studies of the same type, the next step is to be able to identify specifically 

which compounds form this pulp and which of them may be the main actors in its beneficial 

effect. There are previous identification studies on the phenolic compounds and on carotenoids 

from Rosa canina, but no characterization of a more concrete fractionation of the flesh has been 

carried out yet. In addition, no research of this type has been made on a liquid chromatography 

and high-resolution mass spectrometry (LC-MS). On the other hand, the biological effect of 

these flesh fractionations has not been studied either. Parallelly, it must be highlighted that one 

of the remarkable actions of Rosa canina flesh was its great anti-steatosis role. Considering the 

gene expression profile of the supplemented liver, the data suggest a putative role of the PPARs 

transcriptionally activity as one of the putative molecular mechanisms of the Rosa canina effects. 

Thus, it could be possible that some of the bioactive compounds forming Rosa canina were ago-

nist and/or antagonist molecules of the PPARs.  

 

Taking these considerations, a fractionation of the flesh was performed according to the differ-

ent solubility of the present compounds. By using LC-MS, the most relevant bioactive com-

pounds of each fraction were identified. To evaluate the presence of PPARs agonists/antago-

nists, luciferase reporter assays were carried out in different cell types with the different fractions. 

These assays were specifically focus on finding PPAR  regulators. 

 

C.1) Screening of the phytochemical groups present in the different flesh frac-

tions and relative species content. 

 

Rosa canina flesh was fractionated by different solvent extractions (water, ethanol, acetoethylene, 

chloroform and hexane). The compounds extracted from the different fractions were identified 

by comparing the exact mass and fragmentation pattern with the Food DB, Phytohub and Lipid-

Maps libraries. On the other hand, using the peak areas resulting from the chromatography and 

the spectrometry, it was possible to determine which extract is rich in every identified com-

pound.  



 141 

Once the results were compared and cheeked together with the freely available databases, 106 

total species from the major subfamilies of bioactive compounds were correctly identified (Table 

C1). The identified species were grouped in 13 families (Table C2). Species were quantified taking 

as a reference the aqueous phase and the presence of each one was express as the Log2 fold 

change compared to water phase. Since we do not have the concentration of the compounds 

but instead the areas of each species provided by the chromatography, is not possible to work 

lineally. For this reason, besides working with mainfolds, the results are expressed in Log2 fold 

change thus indicating how many times certain species has been duplicated (positive values) or 

divided by 2 (negative values) compared to the aqueous fraction. Due to the wide solubility 

differences, some species are mostly present in the hydrophilic fractions but are less present in 

the lipophilic fractions and inversely. In addition, there are 4 compounds that were not identified 

in the aqueous fraction but appear in the other fractions (katatonic acid, coumaroylcorosolic 

acid, quercetin-glucoside and the platanic acid).  

 

 
Table C1. This table shows the Log2 fold change of the chromatographic areas of each specie, as well as the family 

sum of bioactive compounds from each extract in comparison to the aqueous fraction. The identification step was 

based on mass accuracy, isotopic pattern, and spectral matching. Using the software MS-DIAL, the mentioned criteria were 

used to calculate a total identification score(369). The total identification score cut off was 75%, considering the most common 

ion adducts for the chromatographic solvents. Gap filling using peak finder algorithm was performed to fill in missing peaks,  

considering 5 ppm tolerance for m/z values. Finally, with the software MS-FINDER(370), in-silico fragmentation of the not 

annotated mass features was obtained and compared to Food DB, Phytohub and LipidMaps available in the same software. The 

compounds with an in-silico prediction score > 5 were chosen. Once identified, the areas of each compound were compared 

between the different fractions using the aqueous fraction as reference by means of Log2 fold change. At the final row of 

each family, a total sum of the areas from the identified compounds is shown. The des. code is for compounds that have 

disappeared, and the gen. code is for compounds that have been generated but were not originally in the aqueous fraction. 

 

 

    Log2Fold 
EtOH 

Log2Fold 
AcOEt 

Log2Fold 
CHCl3 

Log2Fold 
Hexane 

Abscisic 
Acids 

Abscisic acid 0,606 4,802 8,805 3,159 
Nigrospoxydon A;(+)-Nigrospoxydon A 0,360 3,278 8,183 des 

Cumulative Total  0,966 8,080 16,988 3,159 

Catechins 
Catechin 0,296 4,351 -3,035 -2,546 

Epicatechin 0,685 -0,217 -10,660 -10,880 
Cumulative Total  0,981 4,133 -13,695 -13,426 

Fatty acyl  
glycosides of 

mono- and 
disaccharides 

(3S,7E,9S)-9-Hydroxy-4,7-megastigmadien-3-one 9- 
glucoside 0,506 3,870 7,133 -7,715 

Ethyl 7-epi-12-hydroxyjasmonate glucoside 0,479 3,746 6,533 -9,623 
6-Acetoxy-7-hydroxymyrcene-7-O-beta-D-glucopyranoside-

2'-O-acetate 0,409 4,136 7,293 -7,812 

Corchoionol C 9-glucoside 0,557 2,204 3,647 des 
Cumulative Total  1,951 13,956 24,607 -25,150 
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Flavanones 

Naringenin -1,865 4,331 6,440 -3,561 
Eriodictyol -2,460 1,707 5,179 des 

Taxifolin -1,307 2,269 1,730 -9,331 
Cumulative Total  -5,632 8,307 13,349 -12,891 

Flavonoid  
O-glycosides 

Phloridzin 0,545 4,248 -4,257 des 
3,4,2',4',6'-Pentahydroxychalcone 4'-glucoside 0,547 4,142 -4,589 des 

Spiraeoside 2,653 4,246 -3,815 des 
Neolicuroside 0,550 4,149 4,692 -6,568 

quercetin 3-O-glucuronide 5,903 9,318 -3,246 -4,378 
Avicularin 2,495 5,981 -0,879 des 

Taxifolin 3-arabinoside 1,332 4,670 -0,225 des 
(2R,3R)-Taxifolin 3-xyloside 0,559 4,119 -4,997 des 

(2R,3R)-Taxifolin 3-xyloside (taxifolin O-hexoside 1) 0,515 3,999 -4,662 des 
(2R,3R)-Taxifolin 3-xyloside (taxifolin O-hexoside 2) 1,254 4,931 0,230 des 

Kaempferol-3-O-glucoside 7,628 11,158 2,386 des 
Glucodistylin 1,873 5,864 -0,078 des 

Padmatin 3-glucoside 1,718 5,644 8,126 -6,879 
Eupatolin 2,845 6,701 2,041 des 

6-{[2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromen-
7-yl]oxy}-3,4,5-trihydroxyoxane-2-carboxylic acid 1,187 5,067 5,507 des 

Naringenin-7-O-glucoside 0,722 4,457 0,239 des 
Apigenin 7-xyloside 9,733 13,054 1,982 des 

Catechin 7-glucoside 1,552 5,242 6,484 des 
Trans-tiliroside 9,151 11,319 6,937 1,847 

Cumulative Total  52,762 118,309 11,875 -15,978 

Flavonols 

Kaempferol 1,343 4,328 9,385 0,038 
Quercetin 3,869 7,206 8,665 -4,800 

3-methylquercetin 3,236 6,925 12,057 2,951 
Myricetin 1,209 7,092 0,989 1,567 

Cumulative Total  9,658 25,551 31,097 -0,243 

Tannins 

Ellagic Acid 0,926 4,492 -0,634 -6,942 
3-O-Methylellagic acid -0,636 3,791 6,117 -4,149 

Pseudolaroside B;(-)-Pseudolaroside B 0,448 3,583 -1,644 -8,909 
6-O-(3,4-dimethoxybenzoyl)-ajugol 0,958 5,016 6,286 des 

Cumulative Total  1,695 16,882 10,125 -19,999 

Lignans  

(-)-Isolariciresinol 4-O-beta-D-glucopyranoside 0,527 1,957 5,158 des 
(8R,8'R)-Secoisolariciresinol 9-glucoside 0,576 3,111 6,167 des 

Prupaside 0,504 3,154 4,901 des 
Alangilignoside D 0,545 3,630 6,677 des 

Sioriside 0,500 3,824 8,650 des 
Nymphaeoside A;(-)-Nymphaeoside A 0,417 2,012 8,080 des 

Lariciresinol-9-O-beta-D-glucoside 0,552 1,910 2,131 des 
(+)-7-epi-Syringaresinol 4'-glucoside 0,653 3,273 8,103 des 

Ehletianol C 0,124 3,328 8,911 des 
Buddlenol D 0,487 3,322 8,062 des 

Cumulative Total  5,586 33,331 82,901 0,000 

Fatty Acids 
and  

Derivates 

FA 18:3 1,354 4,068 6,357 10,439 
FA 18:2 1,446 4,629 6,591 9,375 

(9S,10E,12Z,15Z)-9-Hydroxy-10,12,15-octadecatrienoic acid 0,809 -0,745 6,857 9,825 
9-hydroxy-10,12-octadecadienoic acid 1,128 1,129 5,613 9,016 

Alpha-Linolenic acid 0,725 2,867 4,746 7,349 
Corchorifatty acid D -0,574 -0,837 3,718 7,959 

13(S)-Hydroperoxylinolenic acid;(13S)-Hydroperoxy-cis-
9,15-trans-11-octadecatrienoic acid;(13S)-HPLA 0,060 -1,347 6,514 9,492 

9(S)-HPODE 0,003 1,117 4,894 7,647 
13-L-Hydroperoxylinoleic acid -0,070 3,189 7,228 8,296 

Corchorifatty acid F -0,500 3,399 7,087 1,062 
Mayolene-14 3,459 5,965 9,344 1,750 

Oleic acid 0,187 1,459 3,045 5,328 
(S)-10,16-Dihydroxyhexadecanoic acid 0,697 3,802 8,727 4,614 

15(16)-EpODE 3,204 4,586 5,666 12,624 
8,11,14-Eicosatrienoic acid 1,125 4,235 6,195 7,911 
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9,10-DHOME -0,071 1,304 4,788 5,308 
9,12,13-TriHOME -0,104 2,252 6,161 1,001 

(+)-Hexylitaconic acid 0,586 4,773 8,086 0,046 
9(10)-EpODE 0,460 2,812 6,073 9,064 

9,10-Epoxy-18-hydroxy-octadecanoic acid 0,218 1,597 4,970 6,596 
2-dehydro-3-deoxy-L-fuconic acid 0,306 4,555 6,826 -2,064 

FA 18:4;O 0,272 2,151 6,619 11,556 
FA 18:2;2O -0,132 1,776 5,840 6,810 
FA 18:2;3O -0,422 3,253 7,336 1,340 
FA 18:1;3O -0,190 2,241 6,379 0,265 

Cumulative Total  13,981 64,231 155,661 152,608 

O-glycosyl 
Compounds 

7-Hydroxyterpineol 8-glucoside 0,393 3,975 6,938 -6,166 
alpha-Morroniside 0,698 3,724 5,099 -6,642 

Phenethyl rutinoside 0,552 4,094 -1,251 des 
Cumulative Total  1,642 11,793 10,785 -12,808 

 Tetracar-
boxylic 

 acids and de-
rivatives 

Sandoricin 1,274 2,526 9,536 des 
Cineracipadesin B;(+)-Cineracipadesin B 0,649 2,927 9,011 des 

Cumulative Total  1,924 5,453 18,547 0,000 

Triterpene 
 saponins 

(20R)-Ginsenoside Rh2 2,210 3,501 4,163 -2,049 
Glucosyl passiflorate 0,856 4,531 7,496 des 

Arjunolic acid 3-glucoside 0,656 4,359 7,718 -8,282 
Quercilicoside A 0,597 3,706 4,315 des 

Cumulative Total  4,320 16,097 23,693 -10,332 

Triterpenoids 

Katononic acid gen gen gen gen 
Oleanolic acid 4,137 7,297 9,859 8,897 
Betulinic acid 4,685 7,765 10,053 8,154 

Glycyrrhetinic acid 2,734 6,180 9,586 9,455 
Gypsogenin 5,392 8,076 13,123 10,365 

Pomolic acid 2,815 5,588 8,786 6,945 
Hederagenin 2,830 5,630 8,658 3,216 
Maslinic acid 3,074 5,678 8,888 2,054 

Esculentic acid (Diplazium) 1,796 4,094 7,040 3,332 
Euscaphic acid 1,669 4,210 6,749 4,167 

Ganolucidic acid A 1,132 4,918 8,993 6,578 
Medicagenic acid 0,741 4,539 8,846 4,728 

16alpha-hydroxygypsogenic acid 0,524 4,104 8,170 3,617 
Myrianthic acid 1,351 4,234 8,445 0,337 

Tomentosic acid 1,426 4,760 8,702 1,322 
6beta-Hydroxyasiatic acid 0,665 4,512 8,701 -2,985 

Ganoderic acid A 1,183 4,251 8,644 2,031 
Phytolaccatoxin 1,068 5,151 8,633 7,239 

Ganoderic acid C2 0,580 4,653 8,916 -2,014 
Ganolucidic acid C 0,895 4,423 8,777 -2,002 

cis-p-Coumaroylcorosolic acid gen gen gen des 
2-O-E-p-Coumaroylalphitolic acid gen gen gen gen 

Phytolaccasaponin G 0,755 4,140 6,913 des 
Cumulative Total  41,805 111,544 187,749 80,587 

 

Table C2. Summary of the Log2 fold changes for each family of bioactive compounds and for each fraction of Rosa 

canina. The identified compounds were divided into a total of 13 families. The range of families obtained comprises both 

polar and non-polar groups, since a generic C18 chromatographic column and a standard gradient water-acetonitrile as mobile 

phase has been used. However, as can be seen, it has not been possible to identify the highly non-polar families with larger 

species such as carotenoids. Even so, it has been possible to identify relevant families of phenolic compounds and their 

derivatives, as well as terpenoid compounds and derivatives. The Log2 fold change values in bold correspond to the fraction 

with the highest presence of the indicated family. 
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 EtOH AcOEt CHCl3 Hexane 

Abscisic acids and derivatives 0,966 8,080 16,988 3,159 

Catechins 0,981 4,133 -13,695 -13,426 

Fatty acyl glycosides of mono- and disaccharides 1,951 13,956 24,607 -25,150 

Flavanones -5,632 8,307 13,349 -12,891 

Flavonoid O-glycosides 52,762 118,309 11,875 -15,978 

Flavonols 9,658 25,551 31,097 -0,243 

Hydrolyzable tannins 1,695 16,882 10,125 -19,999 

Lignans and derivatives 5,586 33,331 82,901 0,000 

FA and derivatives 13,981 64,231 155,661 152,608 

O-glycosyl compounds 1,642 11,793 10,785 -12,808 

Tetracarboxylic acids and derivatives 1,924 5,453 18,547 0,000 

Triterpene saponins 4,320 16,097 23,693 -10,332 

Triterpenoids 41,805 111,544 187,749 80,587 

Total Cumulative  131,639 437,668 573,682 125,527 

 

 

In general, the identification results in two large blocks of bioactive compounds. First, phenolic 

compounds, which are highlighted in Table C2 with subfamilies such as catechins, flavonoids, 

flavonols, tannins, lignans and their corresponding derivatives, in many cases in glycosylated 

forms. Regarding polyphenolic specific species, as shown at Table C1, high active compounds 

not-bound such as catechin, epicatechin, naringenin, eriodictyol, taxifolin, kaempferol, querce-

tin, myricetin, ellagic acid, etc. was detected but also glycoside forms like, pohloridzin, spiraeo-

side, quercetin 3-O-glucuronide, taxifolin 3-arabinoside, kaempferol-3-O-glucoside, catechin 7-

glucoside, tiliroside, secoisolariciresinol diglucoside. Most of the species of polyphenols identi-

fied have been attributed to health promoting effects. In the case of Rosa canina, tiliroside has 

been shown to be responsible, at least in part, of its beneficial effects(329) but other cannot be 

discarded. As expected, the bioactive compounds profile changes radically depending on the 

solvent used for the extraction, thus phenolic compounds are observed to lose their presence 

when moving towards to more non-polar solvents. Similarly, the second large block, the more 

lipophilic compounds such as abscisic acid, terpenoids and fatty acids increase their presence in 

non-polar solvents like chloroform and hexane. In this sense, species with high biological activ-

ity stand out, especially the derivates of ursolic acid belonging to the triterpenoid category. Alt-

hough it has not been possible to correctly identify the ursolic acid because it was not present 

as a standard, a high presence of similar compounds such as the katatonic acid, oleanolic acid, 

betulinic acid, euscaphic acid, myrianthic acid, tomentosic acid, pomolic acid among others, were 
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detected. In addition, numerous MUFAs and PUFAs both omega-3 and omega-6, as well as 

their derivatives, were also identified. Less common fatty acids were also observed, for example 

corchorifatty acids or more complex octadecenoic acid derivates. Overall, as shown in Table C2, 

the chloroform and to lesser extent the ethyl acetate, are the two extracts with a significative 

major presence of relevant bioactive compounds.  

 

C.2) Chloroform and hexane fractions antagonize the PPAR  transcriptional ac-

tivity on HepG2 cells.  

 

Since one of the effects observed in the animal trial with Rosa canina was the potential modulation 

of the nuclear receptor PPAR  by the bioactive compounds of the flesh, a luciferase assay was 

performed on HecpG2 cells. In this way, a first pre-test was carried out at different concentra-

tions of the extracts (1 g/ml, 75 g/ml, 100 g/ml, 150 g/ml and 200 g/ml) (data not shown). 

Based on these previous results and the bibliographic support of the fractionation method, the 

concentration of 150 g/ml was chosen as it was consistent with other experiments of this type, 

as well as being innocuous for the cells and being the second minimum concentration where 

changes in PPAR  activity were observed. Luciferase assays were performed with a luciferase 

reporter plasmid containing 3xPPRE controlling the transcription of the gen luciferase and the 

expression plasmids of PPAR  and RXRa. Rosiglitazone (10uM) was used as a PPAR  agonist 

and the different extracts was added at a concentration of 150 g/ml. As shown in Fig.C1, both 

flesh and more liposoluble fractions such as chloroform and hexane, antagonized the rosiglita-

zone dependent PPAR  activity.  
 

Figure C1. Rosa canina flesh, chloroform and hexane 

exerted an antagonistic effect to the Ppar  activity. The 

graph represents the fold induction of Luciferase activity 

compared to control cells normalized by Renilla activity. 

Data is presented as means ± SEM of 4 independent assays. 

* p <0.05; ** p <0.01 and p-values were determined by using 

a two-tailed unpaired Student’s T-test with a Welch correc-

tion, between Rosiglitazone group and each extract. Rosig-

litazone action was statistically significative using a two-

tailed unpaired Student’s T-test with a Welch correction # 

p <0.05 compared to the control cells.  
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After these results, a dose-response curve was proposed using the luciferase assay for the two 

fractions with antagonist action, chloroform, and hexane (Figure C2) following the same proce-

dures. In case of the hexane extract the dose-response curve it is not included in this thesis 

proposal. Both curves started at a concentration of 75 g/ml, followed by 100 g/ml, 150 g/ml, 

200 g/ml, 250 g/ml and 300 g/ml. The minimum concentration of 75 g/ml was chosen 

since no trend or variation was observed at lower concentrations in the pre-tests. The action of 

the chloroform extract on PPAR  activity is increasing and proportionally to the concentration 

(Figure C2). 

 
Figure C2. Chloroform extract exerted an antagonistic ef-

fect to the Ppar  activity proportionally and increasingly to 

its concentration. The graph represents the fold induction of 

Luciferase activity compared to control cells normalized by Renilla 

activity. Data is presented as means ± SEM of 4 independent 

assays. * p <0.05; ** p <0.01 and p-values were determined by 

using a two-tailed unpaired Student’s T-test with a Welch cor-

rection, between Rosiglitazone group and each concentration of 

chloroform extract. Rosiglitazone action was statistically signifi-

cative using a two-tailed unpaired Student’s T-test with a Welch 

correction # p <0.05 compared to the control cells.   

 

 

 

 

C.3) Chloroform and hexane fractions from Rosa canina flesh inhibited 3T3L1 

differentiation and decrease lipid accumulation. 

 
Once the PPAR  antagonistic action of the chloroform and hexane fractions of Rosa canina was 

demonstrated, an experiment in a different cell culture was proposed to verify if the same pattern 

was fulfilled. Therefore, the two extracts were administered at different concentrations in 3T3L1 

cells undergoing differentiation. If these fractions had PPAR  antagonist action, they would alter 

the adipogenesis process, therefore, a significant decrease in lipid droplet formation would be 

observed(395). Through ORO staining, it was possible to semi-quantify the presence of lipids 

as well as the formation of lipid droplets by optical microscopy visualization. In this way, and as 

it is shown in (Figure C3) on the chloroform and (Figure C4) in case of hexane, both fractions 

significantly decreased the presence of lipids after its application. The bar graph shows the semi-
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quantification by spectrophotometry and on the right side four images of the different groups 

at 10x of magnification are exposed.  

 
Figure C3 – Rosa canina chloroform fraction modulates the preadipocyte differentiation. (A) The bar graph shows the 

semi-quantification by spectrophotometry representing the means of relative absorbance levels at 490nm of the ORO stain 

on preadipocytes and differentiated adipocytes with different concentrations of Rosa canina chloroform extract. (B) Four im-

ages captured at 10x magnification of the different groups/cell states. The experimental procedure is indicated on the ORO 

methodology section. As explained above, ORO staining dyes lipid droplets in an intense reddish color. In this case it can be 

observed that in differentiated adipocytes the amount of lipid droplets increases significantly but decreases proportionally in 

the presence of chloroform extract. Data are presented as the mean ± SEM. #### p < 0.0001 (Preadipocytes vs. Adipocytes). 

**** p < 0.0001 (Adipocytes vs. Adipocytes + Chloroform extract). $$$ p < 0.001 (150ug/ml vs. 250ug/ml). The p-values 

for each analysis were determined by using a two-tailed unpaired Student’s T-test. 
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Figure C4 – Rosa canina hexane fraction modulates the preadipocyte differentiation. (A) The bar graph shows the 

semi-quantification by spectrophotometry representing the means of relative absorbance levels at 490nm of the ORO stain 

on preadipocytes and differentiated adipocytes with different concentrations of Rosa canina hexane extract. (B) Four images 

captured at 10x magnification of the different groups/cell states. The experimental procedure is indicated on the ORO meth-

odology section. As explained above, ORO staining dyes lipid droplets in an intense reddish color. In this case it can be 

observed that in differentiated adipocytes the amount of lipid droplets increases significantly but decreases proportionally in 

the presence of hexane extract. Data are presented as the mean ± SEM. #### p < 0.0001 (Preadipocytes vs. Adipocytes). 

**** p < 0.0001 (Adipocytes vs. Adipocytes + Hexane extract). $$$ p < 0.001 (150ug/ml vs. 250ug/ml). The p-values for 

each analysis were determined by using a two-tailed unpaired Student’s T-test. 

 

In both experiments after applying the differentiation mix explained in the methodology section, 

a significant increase in the presence of lipids and in turn, an increase of lipid droplets, was 

observed. On the other hand, when the differentiation is accompanied by the extracts, both at 

a concentration of 150ug/ml and at 250ug/ml there was a severe decrease in the presence of 

lipids and in turn of lipid droplets. This difference increases significantly between doses, showing 

a greater decrease in the case of doses of 250ug/ml. On the other hand, at optical microscopy 

level, no drastic changes were observed between doses.  
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5. Discussion 

Nowadays the scientific community is facing an unprecedented global problem, the massive 

growth of NCDs, as manifested by the large amount of epidemiological evidence. In the intro-

duction of this thesis proposal, the mechanisms by which obesity and diabetes progress and end 

up being a substrate for the development of comorbidities such as NAFLD or CKD, leading to 

much adverse prognoses and causing an alarming health and economic impact have been de-

scribed. In this sense, from different areas of the biomedical field, new treatments and thera-

peutic targets are being studied to improve the prognosis, alleviate the high mortality rate, and 

enhance the quality life of patients with these pathologies. In the present thesis proposal, based 

on the nutrigenomics research area, bioactive compounds with different presentations and char-

acteristics have been studied as possible treatments against obesity and its comorbidities on an 

obese diet-induced animal model. At the same time, the way these compounds modified certain 

metabolic pathways and therefore how these pathways could be proposed as new therapeutic 

targets have also been explored. 

 

The first set of results has demonstrated that supplementation of an HFD with pure, isolated 

polyphenols worsened the effects of the HFD by producing a homeostatic imbalance resulting 

in adipose tissue (Figure P5 and P6) and liver (Figure P7 and P8) metabolic impairment, as well as 

a clear kidney damage (Figure P10, P11 and P12). The HFD+Pol elicited a dysregulation in glu-

cose and insulin metabolism (Figure P3 and P4) and an evident kidney damage, as demonstrated 

by the switch in the gene expression profile. In addition, the increase in MDA suggests an in-

crease in oxidative stress and the histological analyses evidence unequivocal glomerular fibrosis 

(Figure P10, P11 and P12), all these changes being related to CKD and obesity(384,396–400).  

 

The distinctive feature of these results is the kidney damage observed in HFD+Pol mice which 

was defined by the upregulation of Kim-1 and Lcn-2 but also contrasted by the Picrosirius red-

stained histological images. KIM-1 is a transmembrane glycoprotein that has a low expression 

in the healthy kidney but becomes significantly up-regulated in pathological circumstances, for 

this reason it is widely used as a biomarker of renal damage(401). Up-regulation of KIM-1 has 

been associated with a hypoxic environment on CKD(400). A chronic hypoxia caused by struc-

tural and functional disorders such as alteration of the capillarity, excessive renin-angiotensin 

activity, oxidative stress, and others, has been described as the main pathogenic mechanism of 
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progressive CKD. In this sense, hypoxia is a powerful stimulus for KIM-1 expression on the 

proximal tubular cells and in turn, its upregulation increases the release of cytokines and chem-

okines which enhance inflammation, hypoxia, and fibrosis, thus aggravating CKD develop-

ment(401,402). On the other hand, upregulation of KIM-1, as well as increased levels in blood 

and urine, are reported in early T2DM and can predict one of the main consequences of diabetes, 

DKD and also other diseases such as CVDs(403). KIM-1 has also been reported to mediate the 

uptake of palmitic acid on the proximal tubules, leading to enhanced tubule injury, interstitial 

inflammation, fibrosis, and glomerulosclerosis(404). Moreover, there are several studies where 

Kim-1 expression in tubular epithelial cells correlated with the level of Ostepontin and α-smooth 

muscle actin expression, both key markers of tubular fibrosis(405–407). Interestingly, in kidneys 

of HFD+Pol mice, this relationship between Kim-1 and Osteopontin expression was also observed, 

although the increase in Osteopontin expression was only a trend. In one of the abovementioned 

studies, the researchers observed that the enhancement of KIM-1 on tubules in a murine poly-

cystic kidney diseases model, increased proliferative activity and induced a higher presence of α-

smooth muscle actin which characterizes myofibroblasts. With these results, researchers pro-

posed that KIM-1 expression in tubules was strongly associated with the development of inter-

stitial fibrosis(406). Another interesting study in rodents, using an inhibitor of KIM-1 expres-

sion, demonstrated that KIM-1 was directly associated with the development of renin-angioten-

sin system (RAS)-mediated renal damage, being KIM-1 expression proportional to the tubu-

lointerstitial fibrosis and interstitial collagen deposition(407,408).  

 

In this first intervention with pure isolated polyphenols, the fibrotic process was evaluated by 

measuring the mRNA levels of Fibronectin both in kidney and liver and reinforced with 

Picrosirius red staining on kidney. Fibrosis is mainly caused by a pathological excess of extracel-

lular matrix deposition which leads to a disruption of tissue structure that could finally provoke 

a loss of functionality. The fibrotic process involves a complex network of signal transduction 

pathways in which the transforming growth factor-beta (TGF ) has a central role(383). Fibrosis 

is determined, among other factors, by an increase in the expression of collagens, proteoglycans, 

glycoproteins, and fibronectins(382). In this sense, fibronectin is one of the main players of 

fibrosis development because it affects the TFG  release and it is one of the responsible proteins 

for the accumulation of collagen and hence the development of this pathological pro-

cess(409,410). Our results suggest that pure isolated polyphenol-supplementation within a HFD 
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drives the development of fibrosis in the liver and kidneys as shown by the significative en-

hancement of Fibronectin expression and in case of kidneys, as demonstrated the Picrosirius red 

staining.   

 

Based on the literature, an alteration in the delicate balance of iron metabolism could be one of 

the possible links between renal damage and the observed progressive general decline in glucose 

and insulin metabolism. Iron is essential for multiple physiological processes ranging from oxy-

gen transport to enzymatic activity and energy metabolism(376). Obesity itself has been found 

to influence every step of iron metabolism playing a pivotal role in the development of metabolic 

derangements(411). In parallel, several studies have shown a direct association between ferritin 

serum levels and increased risk of T2DM(412–414). Moreover, patients with hemochromatosis, 

a disease characterized by excess iron accumulation, suffer from insulin resistance and reduced 

insulin secretory capacity(415). Interestingly, Gabrielsen et al. went a step further and discovered 

an inverse association between human ferritin levels and adiponectin levels in serum(416). More 

specifically, they found that iron negatively regulated adiponectin transcription via FOXO1-

mediated repression in mice adipocytes(416). Conversely, decreasing adipocyte iron levels in-

volved an increase in adiponectin levels improving glucose tolerance and insulin sensitivity(416). 

Thus, adipocyte iron levels can modulate insulin sensitivity by regulating adiponectin transcrip-

tion. Furthermore, hepcidin (Hamp1), which is considered the chief regulator of systemic iron 

homeostasis, undergoes drastic changes in the progression of insulin resistance and after a high 

fat diet consumption(417). On another note, it is worth mentioning that acquired and inherited 

disturbances in systemic iron homeostasis have been associated with kidney injury(376). Besides, 

renal disorders could reduce general iron levels as a result of enhanced urinary iron excretion 

and hepcidin-mediated reduction of iron transport(376). Altogether, the current knowledge ev-

idences that iron has an important role in renal disorders being cause or effect, either as a critical 

initiator of oxidative stress and mitochondrial dysfunction or as a potent modulator of inflam-

mation(376).  

 

Interestingly, there is one key player that recurs in obesity, T2DM and renal pathologies which 

plays a major role in iron metabolism, LCN2, that together with KIM-1, is one of the main 

kidney injury biomarkers. Lipocalin-2 also known as Neutrophil gelatinase-associated lipocalin, 

is an iron carrier protein whose circulating levels are increased in different pathological states 

like kidney injury, ageing, bacterial infection, and inflammatory status. Nevertheless, it has also 
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been designated as an adipokine mediator of insulin resistance associated with obesity(168,169). 

Its biological activity depends mainly on its iron-load and on where it is produced (renal tubules 

or macrophages), which defines its dual role in the development of kidney damage (418–420). 

Iron-free LCN2 secreted by renal tubular epithelial cells has been associated with renal injury, 

and the expression and release of macrophage-derived iron-bound LCN2 has been linked to 

renal recovery. On the other hand, adipose tissue-derived LCN2 not only plays a critical role in 

causing both chronic and acute renal injury, but is essential for the progression of CKD in rodent 

and human models(171,172). Viau et al. concluded that LCN2 also acts as a growth regulator by 

mediating the mitogenic effect of EGFR signaling(172). The activation of EGFR is linked to 

the regulation of several cellular responses involved in the progression of renal damage including 

cell proliferation, inflammatory processes, and extracellular matrix regulation(173). Curiously, 

overexpressed LCN2 possesses obesity-promoting and anti-thermogenic effects through the in-

hibition of BAT activity(169). Lastly, LCN2 deficiency was described to have a protective role 

from developing aging and obesity-induced insulin resistance by modulating 12-lipoxygenase 

and TNF-α levels in adipose tissue(174).  

 

There is strong evidence in the literature on the link between LCN2, iron metabolism, obe-

sity/T2DM and kidney damage. Nevertheless, the results of our study only show a significant 

increase on Lcn2 kidney expression levels between HFD+Pol and HFD-only. Other key expres-

sion markers on iron metabolism such as transferrin receptor 2 (Trf2), hephaestin (Heph), and 

hepcidin (Hamp) were also measured both on liver and kidneys, but no differences between the 

HFD+Pol and HFD-only mice were detected. Similarly, neither the circulating levels of iron 

were different in supplemented mice versus HFD-fed animals. Notwithstanding these nonsig-

nificant results, when comparing the HFD+Pol values with the control group in liver, a signifi-

cant enhancement in Trf2 expression and an increase in total iron levels were exhibited. In ad-

dition, a decrease in Adiponectin expression was also observed in both liver and kidney of 

HFD+Pol mice compared to HFD-only, which according to the literature could appear since 

iron negatively regulated Adiponectin transcription(416). Moreover, a trend towards the decrease 

in the expression of Ucp1 in HFD+Pol mice scWAT in comparison to HFD-only mice was 

observed, which could suggest the existence of an anti-thermogenic effect as reported in the 

scientific literature on LCN2(169). 
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Regarding metabolism of the scWAT, the first change that can be interpreted about its gene 

expression pattern is related to lipid metabolism. One of the effects of HFD consumption is the 

decrease on the DNL process and a proportionally decrease on glucose tolerance and insulin 

sensitivity(421). In this case it can be observed how one of the key genes in the DNL synthesis 

of fatty acids, Fasn, shows a greater tendency to decrease in the HFD-supplemented animals. In 

the same direction, the DNL and insulin-sensitivity key master Chrebpb transcription factor is 

significantly decreased in HFD-supplemented mice scWAT. This result fits with the aggravated 

glucose and insulin response patterns observed in supplemented mice since ChREBP is deter-

minant on adipose tissue fatty acid synthesis and systemic insulin sensitivity(120). In contrast, 

no significant changes were observed on Srepb1c nor Ppar , the other major regulators of lipid 

metabolism. Concerning mitochondrial scWAT state, there are no changes in Pgc1  although a 

decrease in its expression could be intuited but not with significance in HFD+Pol fed mice. 

Conversely, in these mice it can be observed a downward trend in the expression of Clrs1, whose 

encoded enzyme catalyzes the synthesis of cardiolipin critical for mitochondrial function.  

 

In terms of cytokines, it is not surprising to see an increase on the Fgf21 expression although 

this is not associated with an improvement but with a state of obese FGF21-resistance. This 

result is also corroborated by the downward trend in Adiponectin expression and the significantly 

decrease on Lcn2. While low plasma circulating LCN2 levels are associated with an improvement 

in the state of obesity and obesity-comorbidities, in WAT lower expression rates of Lcn2 are 

directly associated with an impairment in thermogenesis and an aggravated state of insulin re-

sistance(175). In case of thermogenesis process, no significant changes are observed due to the 

large dispersion between individuals, although a trend in the decrease of Ucp1 expression can be 

observed in animals supplemented with polyphenols, which could indicate the existence of an 

anti-thermogenic effect as discussed above. Briefly, it can be seen how scWAT from HFD+Pol 

mice tend to present a more obesogenic tissue profile and therefore a worse condition than 

HFD-only fed animals. According to the histological analyses, the scWAT of both HFD-fed 

groups had significantly fewer and larger adipocytes (Figure P6). Therefore, the hypertrophic 

power of HFD on adipocytes is evident. However, there are no significant differences in the 

number of scWAT adipocytes between the supplemented group and the HFD-only even though 

a downward trend can be observed (Figure P6 B). In some histological samples, a slightly larger 

size is seen between supplemented and HFD-only mice, but this difference is not evident in all 

samples. Therefore, not clearly conclusions can be drawn. 
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As it happens on scWAT, one of the first changes in liver gene expression profile of the poly-

phenol supplemented mice is Adiponectin mRNA levels. Although its general hepatic expression 

is lower in comparison to adipose tissues, adiponectin regulates both glucose and lipid metabo-

lism and exerts an insulin-sensitizing effect on liver. Its dysregulation is clearly observable in 

hepatic pathologies such as NAFLD or systemic pathologies such as obesity and T2DM(422). 

Another change of relevance in supplemented animals, is the significant increase in the fibrosis 

marker Fibronectin. One of the most important shifts in the pathological progression of NAFLD 

is the appearance of fibrosis. Although its presence is not necessary for the designation from 

NAFLD to NASH, it is a determining factor in the liver state being a clearly worsening  on the 

pathology prognosis(423). Regarding reticulum stress, changes in the expression of two relevant 

genes on ER stress were observed in animals supplemented with polyphenols. Firstly and in a 

significant manner the Chop transcription factor, whose role involves essential response to a 

wide variety of cell stresses and the induction of cell cycle arrest and apoptosis in response to 

ER stress(424). Bip is the other induced gene but only showed an upward trend on the supple-

mented animals. The protein encoding Bip operates as a typical chaperone and at the same time 

as a regulator of ER homeostasis but during cellular stress plays a role in cellular apoptosis and 

cell senescence(424).  

 

Although it has not been possible to conclusively clarify the link between the clear renal damage 

and the significative worsening of the obesogenic status presented by the supplemented mice, 

the pernicious effects of the pure, isolated polyphenols when administered under HFD condi-

tions have been evidenced. These results may be controversial given the current and ongoing 

research, but we believe that all aspects of polyphenol supplementation should be discussed. In 

2010, Bouayed and Torsten published a review suggesting the “double-edged sword” of the 

cellular redox state and exogenous antioxidants(425). Their report, as well as additional recent 

research, have indicated that it is essential to consider the type, the dosage, the combination, and 

the consumption matrices involved when using bioactive compounds because the administra-

tion of such molecules may alter the physiological balance between oxidation and antioxidation 

pathways, which may result in either beneficial or deleterious effects(426,427). 

 

The inclusion of foods naturally rich in antioxidants (e.g., fruits and vegetables) has been widely 

recommended by health organizations and has been the basis of many “healthy eating” pro-
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grams, such as the Mediterranean diet(428,429). Plenty of research has focused on the antioxi-

dant effects of phenolic compounds when administered in isolation versus when ingested via 

their natural source, and increasing data has suggested that the beneficial properties of complete 

foods cannot be attributed to a single compound(247). Rather, it is the consumption of the food 

in its whole state (i.e., not extracted, or isolated compounds) that activates the additive, syner-

gistic, and antagonistic effects of the phytochemicals and nutrients. The effects of polyphenols 

depend on their bioavailability, and it is assumed that only 5–10% of the total dietary polyphenol 

intake is absorbed directly through the stomach and/or small intestine(430). The rest of ingested 

polyphenols reach the colon where they are transformed by the gut microbiota(431–433). When 

absorbed, polyphenols undergo phase I and II metabolism (sulfation, glucuronidation, methyl-

ation, and glycine conjugation) in liver(434). The new-synthesized metabolites may then impact, 

among others, in the adipose tissue, pancreas, muscle, and liver, where they exert their bioactiv-

ity(247). In addition, not only natural food matrices are essential(435,436), but also the prepara-

tion process and the conditions under which they are ingested (e.g., cooking, juicing, etc.). Cook-

ing has been widely demonstrated to affect the phytochemical content of foods as well as their 

chemical structures and the bioavailability of their bioactive compounds; in other words, how a 

food is processed before consumption may be directly related to its health effects(437–442). 

 

Considering the first set of results, the second dietetic intervention against a diet induced obesity 

was based on two premises. The primary consideration was the inclusion of a non-artificial 

complex food matrix, so as described in the introduction a natural source rich in bioactive com-

pounds was chosen, in this case the fruit of Rosa canina. This natural source was not altered or 

subjected to any freeze-drying or extraction process, unlike most animal intervention studies. 

The second consideration of this intervention was the profile of bioactive compounds, in this 

case the Rosa canina presents not only a high presence but also a wide and featured spectrum of 

bioactive compounds. The results of this second intervention demonstrated that supplementa-

tion of a HFD with Rosa canina flesh significantly slowed down the pernicious effects of the 

HFD through a general metabolic improvement and particularly, via a remarkable anti-steatotic 

action on liver. The HFD+RC mice exhibited a reduction in weight gain from the first week of 

treatment and throughout the whole intervention with no changes on food intake (Figure R1). 

In addition, as it shows (Figure R2), Rosa canina flesh supplementation not only significantly im-

proved glucose and insulin response but also markedly reduced the hyperglycemic state associ-

ated with the consumption of an HFD by lowering fasting blood glucose levels to non-diabetic 
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values. On scWAT from supplemented mice, it was observed a significantly lower tissue weight, 

a greater number and smaller size of adipocytes (Figure R3) as well as a significant reduction on 

lipid transport, lipogenesis, TG synthesis, and an upward trend of browning process (Figure R4). 

Furthermore, the BAT of HFD+RC mice showed an enhancement of thermogenic and mito-

chondrial biogenesis markers (Figure R5). Nevertheless, as mentioned above, the most relevant 

changes observed among the supplemented mice were found in liver. Compared to HFD-only 

mice, livers from RC-supplemented mice showed a much healthier profile with lower tissue 

weight (Figure R6), lower lipid accumulation (Figure R7), a less structurally damaged hepatic tissue 

(Figure R8), lower values of oxidative and inflammation markers (Figure R6), as well as a signifi-

cative improvement on FGF21 signaling (Figure R9). Regarding hepatic metabolism, the lipid-

lowering action of Rosa canina flesh is evidenced, reducing drastically the expression of genes 

involving lipid and cholesterol transport, lipogenesis process, triglyceride synthesis, among other 

metabolic key processes (Figure R10 and R11).  

 

The two main early findings of our Rosa canina flesh intervention were the marked decrease in 

weight gain and the substantial improvement in glucose and insulin response as discussed above. 

These two preliminary results are consistent with most of the published literature, both in treat-

ments using Rosa canina and with other species of rosehip fruit-bearing Rosaceae. In case of its 

effect on body weight gain reduction, a remarkable study published by Nagatomo et al. pre-

sented for the first time in humans how the daily intake of an extract of rosehip decreases body 

weight by a reduction of abdominal visceral fat in pre-obese subjects(331). Similarly, the Rosa 

canina supplemented mice of our intervention showed this significant weight reduction in the 

WAT depots as well as on the ectopic tissues such as liver or kidneys. Sometime before, Naga-

tomo et al. had published an in vivo study in which they proposed the suppression of the ex-

pression of the PPAR  by Rosa canina as the responsible mechanism for the inhibition of lipid 

accumulation in the WAT(443). Parallel to Nagatomo’s studies, other interventions with Rosa 

canina were performed on humans, but most of them focused on its effects against other pathol-

ogies such as osteoarthritis(444), urinary tract infections(445) and mental disorders such as at-

tention-deficit/hyperactivity disorder(446) or depressive behavior(447), and only one on T2DM 

patients, exhibiting favorable effects in all trials. On the contrary, there are numerous studies 

both in vitro and with rodents about the anti-diabetic effects of Rosa canina, probably one of its 

most outstanding attributes. This antidiabetic role has been attributed to different mechanisms, 

one of them for example due to the high inhibitory activity against α-amylase of Rosa canina(448) 
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but also to many others such as its potent action on pancreas acting as a protector and growth 

factor of -cells and therefore helping the regeneration of damaged pancreatic islets(449–452). 

In addition on pancreas, is described its anti-diabetic role by exerting a protective effect against 

apoptosis by modulation of autophagy pathways(453), as well as modulating DNA methyla-

tion(454) and decreasing oxidative stress(455). 

 

In our case we did not focus on the already explored mechanics in pancreas but rather we ex-

amined the metabolic processes involved in non-previously studied tissues such as scWAT or 

liver, since a metabolic improvement in these organs could also explain the Rosa canina antidia-

betic and antiobesogenic effect. In that sense, the metabolic improvement of scWAT from flesh-

supplemented mice compared to HFD-only mice is remarkable. As stated in the introduction, 

one of the first manifestations of obesity is the hypertrophy and lipid overload of WAT adipo-

cytes, which is observed in HFD-only mice. In contrast, if we look at the scWAT of mice sup-

plemented with Rosa canina, we can observe that there is a significant decrease in the size of 

adipocytes as well as a greater number of adipocytes, demonstrating less hypertrophy and more 

hyperplasia, therefore exhibiting a healthier response to HFD. This marked improvement could 

be explained by the capacity of the flesh to modify the expression for example the unilocular 

lipid droplet fusion-related key gene Fsp27  but also the lipid metabolic pathways. As demon-

strated by the performed analyses, exerting a decrease in the expression of genes involved in 

lipid transport such as Cd36 or Fabp4, as well as genes involved in lipogenesis such as Fasn or 

Dgat and the decrease of the key transcriptional regulator of lipid metabolism Srebp1c. Although 

in liver Srebp1c role is clearly described and along with ChREBP necessary for the expression of 

lipogenic and glycolytic genes, in adipose tissue its role is still controversial(126). In other similar 

studies with natural sources of bioactive compounds or caloric restriction against a HFD, it has 

been shown that the expression of Srebp1c as well as its downstream genes in scWAT, are en-

hanced on the supplemented or caloric restricted animals. Thus, an increase in de novo lipogen-

esis was observed on those studies, but at the same time a beneficial and marked increase in lipid 

oxidation and thermogenesis process(344,456). In contrast, on the scWAT of our supplemented 

animals, we observed a decrease in Srebp1c as well as in the other DNL key genes; thereby Rosa 

canina supplementation resembles more the Srebp1c-inhibitory action and lipogenic gene repres-

sion of PUFAs(457) than the novo lipogenesis-enhancing effect described on high-flavonoid 

sources supplementation(458). This fact is also contrasted with the browning and increase on 

thermogenesis processes of scWAT, both reported together with an increase in DNL in this 
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type of interventions. In case of scWAT from mice supplemented with Rosa canina, no significant 

increase in browning and thermogenesis markers were observed, although there was an upward 

trend in the case of the Ucp1 gene and, inversely to what might be expected, a decrease in Dio2. 

Contrary to scWAT, in the BAT of Rosa canina-supplemented animals, an upregulation of key 

thermogenesis genes and mitochondrial biogenesis markers was observed, thus leading to an 

increase in energy expenditure and consequently to a metabolic improvement against the obese 

state. 

 

Even though the effects of Rosa canina were notable in adipose tissues, the main organ showing 

the greatest changes as a result to the flesh supplementation was the liver. In a first analysis, it 

was observed that livers from Rosa canina supplemented mice presented a lower tissue weight 

and a significant decrease in markers of oxidative stress and inflammation compared to HFD-

only animals. These preliminary results, where consistent with the detailed performed histolog-

ical analysis. As explained in the introductory section, NAFLD progresses through different 

states of deterioration, starting from an initial fat accumulation to inflammation, fibrosis, stea-

tohepatitis, and cirrhosis, which are easily differentiated in the histological analyses. HFD-only 

animals suffered not only from severe steatosis but also from generalized ballooning, con-

striction of the hepatic veins and infiltration of pro-inflammatory immune cells in the areas near 

the blood vessels, thereby evidencing an advanced NAFLD-state and proving the pernicious 

character of HFD in liver. Interestingly this severe and advanced HFD-associated NAFLD state 

was not observed on livers from RC-supplemented mice. One of the first key genes involved in 

the exhibited improvement on livers of supplemented animals was Fsp27, whose role in the 

regulation of lipid droplet synthesis and hepatic lipid homeostasis is a major determinant in the 

progression of NAFLD. In livers from HFD-only mice, it is observed how Fsp27  is upregu-

lated by the HFD and linked to the progression of NAFLD as it reported Xu et al., who first 

described the FSP27  isoform (138). On the contrary, in RC-supplemented mice livers, a 

marked decrease in the expression of Fsp27   and therefore a clear downregulation by the Rosa 

canina is exhibited. Interestingly, it has been reported that sustained downregulation of Fsp27  

in the steatotic liver not only results in a significant reduction of lipid droplets but also diminish 

liver injury and inflammation both essential to the progression from steatosis to steatohepatitis, 

as observed in the histological sections of supplemented mouse livers(136). Evidently, this 

change in Fsp27  expression in livers from supplemented mice was also accompanied by other 

substantial changes in the expression of key genes.  
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Metabolically, there were 3 major changes on livers from supplemented mice compared to HFD-

only ones. The first significant change was related to FGF21 signaling. As the literature on ani-

mal studies well exposes, aberrant FGF21 signaling is a key step in the development and pro-

gression of NAFLD(459). A recent phase II clinical study has shown that administration of an 

FGF21 analogue, improved the FGF21-resistance state and subsequently significantly reduced 

fat accumulation in advanced NASH subjects(460). In our intervention with Rosa canina, we 

observed a notably decrease in the expression of Fgf21 in liver but also an enhancement in the 

expression of its co-receptors and an upward trend on its downstream genes as well as a signif-

icantly enhancement of Adiponectin expression was observed. Therefore, Rosa canina would be 

exerting an enhancement of FGF21 signaling and consequently contributing to alleviate the 

progression of NAFLD produced by HFD. The second major change on hepatic metabolism, 

was related to glucose metabolism. As explained on the results section, livers from supplemented 

mice exhibited a significantly decrease in key genes regulating glucose utilization which are link-

ing glucose and lipogenesis processes, such as GluK, Glyk, LpK and the transcription factor 

Chrebpb. As it is known, liver plays a key role in glucose homeostasis increasing or decreasing 

glucose output through the different states, either fasting or feeding. GluK is central to this pro-

cess by encoding the protein catalyzing glucose to glucose 6-phosphate, a step which is essential 

for glucose metabolism in liver as well as for the induction of glycolytic and lipogenic genes(461). 

In that sense, the GluK activity is the primary step of the hepatic DNL, which as discussed 

above is one of the main altered pathways on NALFD. Andreas Peter et al suggested that in-

creased GluK activity may induce fatty liver and its metabolic and hepatic consequences in hu-

mans by demonstrating for the first time that GluK expression is associated with markers of de 

DNL and liver TAG content in humans(462). Subsequently, other studies in humans have linked 

the overexpression of these kinases to the severity and progression of NAFLD, most recently 

in the case of LpK in patients with NASH(463). Regarding the ChREBP, it is known to be one 

of the main glucose-sensing transcription factors that potently activates the panel of the DNL 

upon excess glucose. Chrebpb expression increases in livers from NAFLD patients and inversely, 

a deficiency alleviates liver steatosis and improves glucose metabolism(464). As it can be seen, 

the Rosa canina flesh intervention drastically decreases GluK, Glyk and LpK genes which are di-

rectly associated with the pathological progression of the diet induced NAFLD by modulating 

the initiation of lipogenic pathway in the liver. However, as can be observed, the expression of 

Chrebpb present an upward trend on supplemented mice. This result differs from many studies 
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linking an improvement in NAFLD progression to a decrease in ChREBP expression. Thus, it 

could be that the improvement exerted by Rosa canina is not due to a modulation of ChREBP 

transcription factor and its upward trend of Chrebpb expression is a result of the dissociation 

capacity of ChREBP between hepatic steatosis and insulin resistance. The theory of ChREBP 

dissociation is based on the results of Fadila Benhamed et al. who exposed that mice fed with a 

HFD overexpressing ChREBP showed normal insulin levels and improved insulin signaling and 

glucose tolerance compared to HFD-controls non-overexpressed ChREBP, despite having in-

creased hepatic steatosis(465). Finally, this research found that ChREBP expression in liver bi-

opsies from patients with NASH increased when steatosis was greater than 50% and decreased 

in the presence of severe insulin resistance(465). Taken together, these results demonstrated that 

increased ChREBP can dissociate hepatic steatosis from insulin resistance, with beneficial ef-

fects on both glucose and lipid metabolism(465,466). 

 

The third and the most relevant change on livers from supplemented mice was related directly 

to lipid metabolism. HFD+RC mice exhibited a generalized downregulation of genes linked to 

fat accumulation, firstly with a significant decrease in the gene expression tied to fatty acid 

transport, such as Cd36 and Fabp4, and Pltp gene, related to cholesterol assembly and transport; 

secondly with a decline in the expression of key genes of fatty acid synthesis, such as Fasn, Scd1 

and Acaca; and finally with a downregulation of the key TAG-synthesis gene Dgat. Thus sum-

marizing, livers from supplemented mice showed a slowing down NAFLD-state in comparison 

to HFD-only animals by modulating expression genes linked to the two main contributors the 

NAFLD steatosis state: the excessive NEFAs flux transport from the overloaded adipose tissue 

and secondly the exacerbation of the hepatic novo lipogenesis metabolic pathway. 

 

Interestingly, this complex set of results in liver but also on the global homeostatic improvement 

could be explained by the modulatory action of Rosa canina on the transcriptional regulation. 

Bioactive compounds regulate gene expression through different mechanisms, such as changes 

on chromatin structure, non-coding RNAs, and by modulating the expression of transcription 

factors or by direct ligand binding to nuclear receptors. The gene expression pattern on livers 

from supplemented animals showed that there was a strong decrease in the DNL process. This 

metabolic pathway, along with other modified pathways such as the lipid droplet formation, is 

controlled by the transcription factor SREBP1c which is involved in fatty acid synthesis, adipose 

tissue homeostasis and insulin-induced glucose metabolism mainly in the liver. Unfortunately, 
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no change in its expression was observed nor in the expression of the SMILE corepressor, which 

has been described to be strongly involved in the maintenance of lipid homeostasis regulated by 

SREBP1c and LXR in similar interventions with bioactive compound-rich sources(343). Like-

wise, a decrease in the transcription factor ChREBP was not observed, but an upward trend on 

its beta isoform, as discussed above. In contrast, a significant change in the expression of pe-

roxisome proliferator-activated receptors (PPARs) was observed. As discussed in the introduc-

tion, PPARs have pleiotropic actions and they are critical regulators not only of fatty acid me-

tabolism, but also of glucose metabolism, inflammation, oxidative damage, fibrosis processes 

and in general energy metabolism(180). Curiously, livers from Rosa canina supplemented mice 

exhibited a significant increase in /  isoform and a marked decrease in the  isoform. As dis-

cussed above, the study by Nagatomo et al. already attributed the effect of Rosa canina to its 

PPAR  modulating effect in WAT but not in liver. Thus, since the modification of the hepatic 

gene expression by Rosa canina is exhibited downstream of the PPARs, it could be that some of 

the compounds present in the flesh are acting as agonists or antagonists of these receptors. In 

fact, the results of the Rosa canina intervention largely resemble the results of studies conducted 

with PPAR  antagonists or with dual effect, PPAR  antagonists/PPAR /  agonists (395,467). 

In this sense, both the flesh and the different fractions into which the flesh was divided, were 

characterized, and tested in a reporter assay to see if they exhibited PPAR  antagonistic activity. 

Thereby, it was observed that the most liposoluble fractions of Rosa canina were those that ex-

hibited the greatest PPAR   antagonist effect, in addition to demonstrating this effect both in a 

liver model using HepG2 cells and in a WAT model in the differentiation process of 3T3L1 

cells.  

 

Surprisingly, by analyzing the bioactive compound profile of the flesh fractions, large differences 

are exhibited. The two fractions with the highest presence of bioactive compounds and species 

with highest attributed biological activity are the chloroform and the ethyl acetate fractions. 

However, the ethyl acetate fraction does not show any PPAR -antagonistic activity. In contrast, 

the hexane fraction as it can be observed, has a strong antagonistic activity but showed the 

lowest presence of bioactive compounds compared to the other fractions. By analyzing each 

characterized bioactive compound group and their presence in the different fractions, it is pos-

sible to hypothesize which might be the family responsible for the antagonistic activity of the 

flesh. Firstly, the families of phenolic compounds would be discarded, since although they are 
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present in the chloroform fraction and there is evidence in the literature that some polyphenols 

may act as antagonists, the hexane fraction their presence is severely decreased or absent. On 

the contrary, families like terpenoids or fatty acid derivatives are present in both chloroform and 

hexane fractions and thereby they could be the responsible of the PPAR  antagonistic action. 

In case of both FA derivatives and terpenoids, we note that some of the species identified al-

ready have effects on PPARs described in the literature. For example the betulinic acid, the 

oleanolic acid, the glycyrrhetinic acid, the 9-hydroxy-10,12-octadecadienoic acid, as well as dif-

ferent PUFAs and other characterized lipidic species(395,468–470). Unfortunately, it can be ob-

served that the ethyl acetate fraction also has the presence of these groups of compounds, but 

ethyl acetate fraction didn’t show antagonistic activity. In this sense and based on the carried 

out analyses, it is not possible to elucidate with total certainty which group of bioactive com-

pounds could be responsible for the PPAR  antagonist activity. However, there is another pos-

sibility in this perspective. As mentioned above, the identification process of compounds from 

the flesh and its fractions was performed using a BEH C18 (2.1x100mm, 1.7μm) analytical col-

umn in order to characterize as many compounds as possible. On the other hand, this separation 

column for chromatography analyses is incapable of retaining very long and highly non-polar 

compounds such as carotenoids or larger eicosanoids. Moreover, in the fractionation process of 

Rosa canina flesh, both chloroform and hexane are capable of extract carotenoids, but ethyl ace-

tate does not do it so easily due its more polar character(471). It is for this reason why a possible 

scenario would be that the PPAR  antagonist effect exhibited was produced by a group of com-

pounds which have not been possible to identify with the used technique.   

 

Reviewing bibliography with other Rosaceae species treatments appears Abbas et al. postulating 

that the antidiabetic effect of Rosa Damascena extract in diabetic rats was due to the agonist effect 

of this extract on PPAR  and therefore to its similar action to TZDs(472). Thus, the mechanism 

described in that research is inverse to the one we have found. Interestingly, Abbas et al. inter-

vention was not done with the fruit flesh but with a methanol extract. The Nagatomo study 

cited above, used an extract as well, but in his model, it was used an aqueous ethanol extract. In 

that sense, he observed a PPAR  antagonist effect but it was only described in the adipose tissue. 

On the other hand, and more recently, a very similar study to the one carried out in this thesis 

proposal was published, but instead of using rosehip flesh, they used Rosa mosqueta oil against a 

HFD of 60% on mice. The results of the intervention, in terms of scWAT profile, glucose and 

insulin metabolism, as well as liver status, were very similar to our research. In contrast, they 
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attributed the anti-inflammatory and antisteatotic effect to the ability of rosehip oil to upregulate 

PPAR  and Nrf2 in liver, without making any reference to PPAR (473). This hypothesis about 

the modulatory effect on PPAR  is also reinforced by other studies. In particular there is a study 

regarding Rosa canina antioxidative role, that tested an aqueous acetone extract and its main con-

stituents. In this study, they show that the species kaempferol 3-O-β-d-glucopyranoside, p-cou-

maroyl and trans-tiliroside exert anti-obese effects. Furthermore, they exposed that a single oral 

administration of this last specie, the trans-tiliroside, at a dose of 10 mg/kg is able to increase 

the expression of hepatic PPAR  mRNA in mouse(474). Overall, it can be observed that even 

if the effects in all the studies involve a metabolic improvement, the underlying mechanisms are 

slightly different. However, no study alludes the antagonist role of the most lipophilic bioactive 

compound species of Rosaceae on PPAR .  

 

Our study reveals that Rosa canina slows down the steatotic effect of HFD and its more lipophilic 

fractions exert a modulating effect on the PPAR  transcription factor, thereby being partly re-

sponsible of the therapeutic effect. Concerning the responsible species for this effect, the iden-

tification of Rosa canina flesh and its fractions reveal a distributed large number of different 

compounds with beneficial effects that have been extensively demonstrated in the literature. 

Unfortunately, it was not possible to discern through our fractionation and characterization 

which of the families of bioactive compounds were responsible for the antagonistic effect ob-

served. However, it has been observed that the most lipophilic fractions are responsible for the 

effect and therefore it is probably that the most lipophilic compounds, which in turn were the 

ones that could not be identified, were responsible for the effect.  

 

On a global standpoint, the importance of the food matrix in nutritional interventions is evident. 

A mixture of pure isolated polyphenols against the action of a HFD can aggravate the damage 

caused by the HFD and lead to a severe aggression on the kidney. On the other hand, the study 

of bioactive compounds in their own matrix opens doors not only to new therapeutic targets 

but also to discover new compounds and synergistic effects against obesity and its comorbidities. 

Even so, we should not fall into reductionist arguments claiming that synthetic is worse than 

natural. In this case, in my opinion, it is necessary to value the whole of the source of the bio-

active compounds, since it is probably this whole that is responsible for their effects. 
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6. Conclusion 

On a global standpoint, the importance of the food matrix on bioactive compound nutritional 

interventions is evident. A mixture of pure isolated polyphenols against the action of a HFD 

can aggravate the damage caused by the HFD and lead to an aggression on kidney. Specifically: 

 

 Supplementation with pure isolated polyphenols enhances hyperglycemia and worsens 

glucose and insulin response.  

 Pure isolated polyphenols supplementation partially intensifies some changes inherent 

to HFD action related to general metabolism in scWAT and liver.  

 On HFD-fed mice kidneys, pure isolated polyphenols increase oxidative stress and up-

regulate fibrosis and kidney dame markers. 

 

On the other hand, the study of bioactive compounds in their own matrix opens doors not only 

to new therapeutic targets but also to discover new compounds and synergistic effects against 

obesity and its comorbidities. In this sense Rosa canina flesh has shown a great potential in re-

ducing the progression of NAFLD. In particular:  

 

 Supplementation with Rosa canina slows down the pernicious action of HFD by down-

regulating the metabolic pathways involved in lipid accumulation and by an overall 

metabolic improvement.  

 More precisely, a downregulation of the transcription factor Ppar  was observed in the 

liver, which could be partly responsible for the anti-steatotic effects of the Rosa canina 

flesh.  

 This regulatory action on PPARg is characteristic of the liposoluble fractions of Rosa 

canina and therefore, specific to the more lipophilic groups of bioactive compounds. 

 
Despite the results of thesis, we should not fall into reductionist arguments claiming that syn-

thetic is worse than natural. There is need for more research on the specific action of the indi-

vidual polyphenols as well as on the synergies that bioactive compounds might have with other 

molecules and the food matrix to understand the actual role of these species against obesity and 

its associated pathologies.  
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7. Annexes 

7.1. Review Article  
 
Sandoval V*, Sanz-Lamora H*, Arias G, Marrero PF, Haro D, Relat J. Metabolic Impact of 
Flavonoids Consumption in Obesity: From Central to Peripheral. Nutrients. 2020 Aug;12(8). 
*Equal Contribution



  
 



 219  

 



 220  

 



 221  

 



 222  

 



 223  

 



 224  

 



 225  

 



 226  

 



 227  

 



 228  

 



 229  

 



 230  

 



 231  

 



 232  

 



 233  

 



 234  

 



 235  

 



 236  

 



 237  

 



 238  

 



 239  

 



 240  

 



 241  

 



 242  

 



 243  

 



 244  

 



 245  

 



246

Nutrients 2020, 12, 2393 28 of 54

expenditure (Figure 1). Furthermore, the data presented in this review highlight that:

Flavonoids are effective over a high variety of obesity and obesity-related diseases models.
The anti-obesity effects of flavonoids are robust and consistent as they can be achieved using 
different sources, ways of administration and doses.
Most of the molecular mechanisms underlying the anti-obesity effects of flavonoids are shared
for the different subclasses of flavonoids (Tables 2 and 3).

Figure 1. Summary of the metabolic and signaling pathways underlying the anti-obesity effects of
flavonoids. Molecular mechanisms underlying the beneficial effects of flavonoids have been widely
studied and, in many cases, involved the activation of the AMP-activated protein kinase (AMPK).
AMPK is a key enzyme for the control of lipid metabolism and adipogenesis. AMPK phosphorylation
and activation promote catabolic processes such as FAO, glucose uptake, or glycolysis as well as 
inhibits anabolic pathways such as fatty acid synthesis or gluconeogenesis.

Even so more research is needed to confirm their therapeutically functionality in humans, the 
doses and times needed for their effectiveness or the better combination of bioactive compounds.
Nowadays is still difficult to answer some crucial questions such as what is the effective dose of
polyphenols; and for how long do we need to intake them to get positive effects? It is obvious that
differences among experimental diets to induce fatty liver, dosages of bioactive compounds as well 
as the presence of other food compounds or the use of isolated or extracted polyphenols could
influence the outcomes obtained. Furthermore, the use of flavonoids as a preventive or for treatment
also show different results. Usually, the doses used in published papers are much higher than the 
ones reached from fruits and vegetables consumed as a whole.

Adipose tissue remodeling

Less lipid storage

More FA consumption

Improvement of low-grade inflammation

FLAVONOIDS

Activation of signaling pathways that increase FA

consumption and reduce FA synthesis and deposition (lipid

droplets):

• Activation of AMPK

• ↓ Lipogenesis: SREBP1, FASN and A CC

• ↓ Gluconeogenesis: PEPCK, G6Pase

• ↑ FA O: PPARs, CPT1

Improvement of hepatic steatosis

less lipid droplets – less lipotoxicity

Improvement of insulin signaling

Less oxidative stress

Obesity - Hepatic steatosis –NAFLD

Lipotoxicity - Oxidative stress

Activation of signaling pathways that increase FA

consumption:

• Activation of A MPK

• ↑ FAO: PPARs, CPT1, PGC1

• ↑ Lipolysis: HSL, ATGL, LPL

• ↑ Browning/Thermogenesis: UCP1

Modulation of adipokines production and secretion

(leptin and adiponectin)

Improvement of neuroinflammation

Regulation of food behavior

Figure 1. Summary of the metabolic and signaling pathways underlying the anti-obesity effects of

flavonoids. Molecular mechanisms underlying the beneficial effects of flavonoids have been widely

studied and, in many cases, involved the activation of the AMP-activated protein kinase (AMPK).

AMPK is a key enzyme for the control of lipid metabolism and adipogenesis. AMPK phosphorylation

and activation promote catabolic processes such as FAO, glucose uptake, or glycolysis as well as inhibits

anabolic pathways such as fatty acid synthesis or gluconeogenesis.

Even so moreresearch isneeded to confi rm their therapeutically functionality in humans, thedoses
and times needed for their effectiveness or the better combination of bioactive compounds. Nowadays
is still diffi cult to answer some crucial questions such as what is the effective dose of polyphenols; and
for how long do we need to intake them to get positive effects? It is obvious that differences among
experimental diets to induce fatty liver, dosages of bioactive compounds as well as the presence of other
food compounds or the use of isolated or extracted polyphenols could influence the outcomes obtained.
Furthermore, the use of flavonoids as a preventive or for treatment also show different results. Usually,
the doses used in published papers are much higher than the ones reached from fruits and vegetables
consumed as a whole.

The Predimed study determined that Spanish adults should intake around 820 323 mg of
polyphones/day in a 2000 Kcal diet to get their beneficial effects [25,27] but probably these effects at
this dose are closely related to the MedDiet lifestyle. It is evident that, as MedDiet, some other dietary
patterns include high amounts of fruits, vegetables or polyphenols-rich beverages that make possible to
reach the optimal doses of polyphenols and by extension of flavonoids. Then, the question is: Are the
effects of polyphenols linked to the dietary pattern where they are included? Two recent systematic
reviews analyzed if there are enough evidence to define a health promoting polyphenol-rich dietary
pattern and concluded that the high variability in the experimental approaches and methods used to
evaluate polyphenols intake and health outcomes make diffi cult to stablish specific polyphenol intake
recommendations and to clarify whether total flavonoids or rather individual subclasses may exert
beneficial effects [30,36].

Moreover, low is known about the effects of combining different bioactive compounds from
different families. Are they going to have synergic, additive or antagonic effects? And not less
important is the need to identify the role of the food matrix on polyphenols and flavonoid effects.
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