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1. ABSTRACT 

Fifty-four 12-week-old male Fisher 344 rats were housed under 3 different photoperiods 

(L18, L12 and L6). For each photoperiod, animals were divided in animals fed with 

standard diet and animals received cafeteria diet for 5 weeks. Then, an oral GSPE daily 

dose or vehicle were administered to cafeteria groups, while standard group was given 

only vehicle, for 4 weeks, generating 9 final groups (n=6).  

Results showed that GSPE (proanthocyanidins) was able to ameliorate the effect of this 

diet by decreasing body weight gain at L18 and by decreasing TAG levels much more 

on L12 than in the other two photoperiods.  

 

Keywords: Metabolic syndrome (MetS); non-alcoholic fatty liver disease (NAFLD); 

oxidative stress; grape seed proanthocyanidin extract (GSPE); cafeteria diet (CAF); 

photoperiod. 
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2. ABBREVIATIONS 

ANOVA Analysis of variance 

AUC Area Under Curve 

CAF Cafeteria diet 

CAT Catalase 

CVD Cardiovascular diseases 

FFA Free fatty acids 

FIS1 Mitochondrial fission 1 

GPx Glutathione peroxidase 

GSPE Grape seed proanthocyanidin extract 

GSR Glutathione reductase 

HDL High-density lipoprotein 

HF   High-fat diet 

IR Insulin resistance 

LDL Low-density lipoprotein 

L18 Large photoperiod (18 light hours : 6 dark hours) 

L12 Normal photoperiod (12 light hours : 12 dark hours) 

L6 Short photoperiod (6 light hours : 18 dark hours) 

MAPK Mitogen-activated protein kinase 

MDA Malondialdehyde 

MetS Metabolic syndrome 

MFN2 Mitofusin 2 

NAFLD Non-alcoholic fatty liver disease 

NAFL Non-alcoholic fatty liver 

NASH Non-alcoholic steatohepatitis 

NOS2 Nitric Oxide Synthase 2 

PAC Proanthocyanidin 

PPIA Peptidylprolyl Isomerase A 

qPCR Quantitative polymerase chain reaction 

RIPA Radioimmunoprecipitation assay buffer 

ROS Reactive oxygen species 

SOD Superoxide dismutase 

STD Standard diet 

T2D Type 2 diabetes 

TAG Triacylglycerides 

VH Vehicle 
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3. INTRODUCTION 

3.1. Metabolic syndrome 

The metabolic syndrome (MetS) is a cluster of cardiometabolic risk factors with high 

prevalence among adult populations and elevated costs for public health systems 

worldwide. According to the most used definition, the revised Adult Treatment Panel-III 

(ATP-III), the MetS is diagnosed when at least three of five of the following alterations 

are present: visceral obesity, dysglycemia, raised arterial blood pressure, 

hypertrygliceridemia and small, dense LDL cholesterol, together with low HDL-

cholesterol [1], [2].  

As one study published in 2021 [3], the International Diabetes Federation (IDF) estimates 

that approximately a quarter of the world population is affected by the pathology. A 

similar incidence was presented by the National Cholesterol Education Program 

(NCEP), which estimates that MetS prevalence covers more than 20 % of the adult 

population in Western countries [4]. However, there is variation in the prevalence of MetS 

under different diagnostic criteria and across ethnic groups. Factors such as age, sex, 

ethnicity, and environmental and socio-cultural aspects can completely change these 

estimates. 

The presence of MetS leads to an increased risk of type 2 diabetes (T2D) and 

cardiovascular disease (CVD), in the form of coronary or peripheral atherosclerosis and 

heart failure [3]. Moreover, MetS is associated with some other systemic complications 

that affect different organs and systems, such as respiratory disease, osteoarticular 

disease, and cancer and non-alcoholic fatty liver disease (NAFLD). The so-called 

"deadly quartet" composed of obesity, glucose intolerance, hypertriglyceridemia, and 

hypertension, has a multifactorial origin that is not entirely understood. Nonetheless, 

genetic predisposition and environmental factors have assumed the leading role in 

establishing the syndrome [1], [3]. 

 

3.1.1. Non-alcoholic fatty liver disease 

As the epidemics of obesity, type 2 diabetes mellitus, cardiovascular disease and 

metabolic syndrome increase worldwide, the prevalence of NAFLD is increasing 

proportionately, and 25% of the global adult population is potentially affected by the 

disease. Given the rapidly growing global burden of NAFLD, efforts must continue to find 

accurate non-invasive diagnostic and prognostic biomarkers, as advanced liver fibrosis. 

Traditionally, liver biopsy was used to characterize and quantify histological features of 
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steatosis, inflammation and so on, but this invasive procedure was not suitable for 

widespread use to assess disease stage or determine progression or response to 

therapy [5], [6]. 

In a healthy liver, if there is presence of a free fatty acids (FFA) accumulation, this leads 

to the generation of hepatic steatosis. This reversible process, if it is not caused by the 

alcohol consumption, ends up by the development of NAFLD with or without mild 

inflammation. NAFLD can turn into non-alcoholic steatohepatitis (NASH), a potentially 

progressive liver disease known for having more severe molecular hallmarks, such as 

inflammation, oxidative stress and lipotoxicity [5], [7]. 

Interestingly, the step from NAFLD to NASH is also reversible. Nonetheless, if a long-

term activation of the inflammation and both necrotic and apoptotic processes take place, 

it can turn out to cirrhosis, which is an irreversible pathway. At this point, the liver 

transplant is the only option. Figure 1 shows the progression from a healthy liver to a 

liver with cirrhosis, with its causes and the risk factors that can trigger the disease. 

Cirrhosis can be developed by cholestasis, an accumulation of bile acid in the liver, too. 

After some years, if the liver is not transplanted, there is a high probability of liver failure 

or hepatocellular carcinoma outcome, with an increased death probability [6], [7]. 

 

 
Figure 1. Non-alcoholic fatty liver disease progression from normal liver to cirrhosis showing the causes 
and risk factors inboxes. NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis. Obtained 
from [8]. 

 

NAFLD and NASH carry a large economic concern and create poor health-related quality 

of life. That is because there is a well-known association between NAFLD, metabolic 
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syndrome and insulin resistance (IR), some of the most common and prevalent 

conditions worldwide [9]. Nevertheless, it remains unknown if it is considered a cause or 

an effect of MetS. Despite of this fact, cardiovascular disease is the leading cause of 

death in people with NAFLD [10]. 

 

3.1.2. Obesity 

Obesity is closely associated with MetS, and it is the result of an individual complex 

interaction of factors as genetic predisposition, physical activity, diet and metabolism [1]. 

These two disorders are among the greatest health epidemics of the 21st century. In 

2016 alone, nearly 2 billion adults were overweight and over 650 million adults were 

obese. The economic impact of this epidemic is overwhelming, with the annual cost of 

obesity estimated at USD 92 billion per year in USA, which is equivalent to 5% of total 

adult health expenditure. Other examples are the cost of £3.23 billion per year in UK or 

the annual cost of obesity in Canada range from CAD 1.27 billion to CAD 11.08 billion, 

nearly surpassing the economic costs of smoking, war, and terrorism [11]. With rates of 

obesity rapidly climbing, the management of obesity and its metabolic complications is 

at the forefront of modern research [12]. 

In the last decades, it has been recognized that the white adipose depots are 

metabolically active tissue, playing a role in the regulation of energy homeostasis and 

has significant pathological effects that result in many obesity-related diseases [1]. In 

fact, the inflammation of the adipose tissue is considered one of the causatives of the 

complications of obesity. This phenomenon happens because adipose tissue is 

infiltrated by bone-marrow derived macrophages that secrete adipokines and cytokines 

in the systemic circulation resulting in a chronic inflammatory state, which at the same 

time can lead to oxidative stress [13]. 

 

3.2. Oxidative stress 

Oxidative stress has been defined as an imbalance between production of oxidants and 

antioxidant defenses that may result in damage to biological systems. It involves the 

chemistry of reactions of so-called reactive species derived from oxygen and nitrogen 

[14]. Superoxide radicals (O2
•−), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and 

singlet oxygen (1 O2) are commonly defined reactive oxygen species (ROS), and they 

are generated as metabolic by-products by biological systems. Free radicals are 

necessary, as reactive ROS are involved in signal transduction to sustain life and defend 

bacteria, toxins and parasites [15], [16]. Some processes like apoptosis, protein 
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phosphorylation, activation of several transcriptional factors, differentiation, and 

immunity, are all dependent on a proper ROS production and presence inside cells that 

need to be kept at a low level. When ROS production increases, they start showing 

harmful effects on important cellular structures like lipids, proteins, and nucleic acids 

[16]. In addition, free radicals can cause mutations in certain genes to adapt to 

environmental change. Nevertheless, the existence of excessive oxygen free radicals 

also leads to damage of normal cells and tissues. Sun radiation, unhealthy eating habits 

and air pollution would force the body to produce more ROS, leading to DNA mutation, 

which is one of the reasons for aging and disease, and the damage of cell membrane, 

leading to loss of serum, anti-protease activity and cell mutation. Studies have shown 

that inflammation, aging and cancer, as well as certain diseases of the heart, lung, liver, 

skin and so on, are all closely related to the reduced ability of free radical scavenging 

[15]. In Figure 2 it is shown a schematic representation of the sources of free radicals 

and their effects on the human body, as well as the antioxidant defense mechanism 

against these ROS. 

ROS are mainly produced by mitochondria during both physiological and pathological 

conditions. Even though these organelles have an intrinsic ROS scavenging capacity, it 

is worth to note that this is not enough to address the cellular need to clear the amount 

of ROS produced by mitochondria. That is why cells deploy an antioxidant defensive 

system based mainly on enzymatic components, such as superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (GPx), to protect themselves from ROS-

induced cellular damage [16].  
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Figure 2. Schematic representation of the sources of free radicals and their effects on the human body. 
CAT, catalase; CVD, cardiovascular disease; GPx, glutathione peroxidase; ROS, reactive oxygen species; 
SOD, superoxide dismutase; T2D, type 2 diabetes. Adapted from [17]. 

 

3.2.1. Obesity and oxidative stress 

The liver is an important organ which has an essential role in metabolic homeostasis 

because it is responsible for the metabolism, storage, synthesis and redistribution of 

nutrients, carbohydrates, fats, and vitamins. The liver is also an important place for free 

radicals’ formation [15]. That is the main reason why ROS play an important role in the 

development of obesity and its metabolic complications. These free radicals participate 

as regulatory factors of mitochondrial activity; they stimulate the differentiation of 

preadipocytes to mature adipocytes, they promote adipogenesis and lipogenesis, they 

modify the concentration of molecules taking part in inflammation, which is associated 

with a large number and size of adipocytes, and they play an important role as agents 

that regulate the energy balance in hypothalamic neurons that control appetite [13]. 

In cross-sectional studies, obese subjects have higher levels of oxidative stress 

biomarkers compared with their leaner counterparts [18]. In addition, it is shown that 

weight gain significantly increases the concentration of these biomarkers [19]. There are 

multiple sources for oxidative stress in relation to obesity. Some of them are related to 

increased adiposity and fat distribution, whereas others are the result of comorbidities or 

behavioral changes associated with being obese. Increased adipose tissue and, in 

particular, visceral adiposity are significantly correlated with systemic levels of oxidative 

stress biomarkers [1]. 
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Obesity, as it is shown, is associated with several comorbidities, including hypertension, 

diabetes, IR and hyperlipidemia; each of these comorbidities alone can increase the 

oxidative stress burden [13]. However, most often these comorbidities occur 

simultaneously, as is the case of the MetS that is characterized by a cluster of 

cardiometabolic risk factors [20]. Compared with obese subjects without MetS, it is 

demonstrated that those with MetS have a greater degree of oxidative stress [1]. 

Maintaining a healthy lifestyle by being physically active and eating a balanced diet rich 

in antioxidants is associated with reduced oxidative stress [21]. Unfortunately, this 

protection is less effective among obese subjects, who are more sedentary, having lower 

serum vitamin levels and reduced intake of dietary antioxidants [1]. 

Over time, chronic oxidative stress in obesity has a cumulative effect that favors the 

development of end-stage liver disease [22]. This phenomenon has been mostly studied 

in the cardiovascular system and the liver in which chronic oxidative stress plays a critical 

role for the development of nonalcoholic hepatic steatosis and atherosclerosis [23], [24]. 

 

3.3. Seasonal variations 

It is widely accepted that mammals are able to change their behavior, physiology and 

metabolism to anticipate changes among the seasons as climate and food availability. 

Accordingly, it has been observed that factors as reproduction, food intake, energy 

balance, and so on, vary during the year in some species to ensure their survival; that is 

why it is said that mammals are season- or photoperiod-sensitive [25]. 

Even though the seasonality has a limited impact because of the increased use of 

artificial lighting, air conditioning systems and heating, humans also display seasonal 

changes in different anthropometric, physiologic, metabolic and behavior parameters. 

An example of this is the increase in body fat in individuals who live in latitudes far from 

the equator during winter, where greater variations in temperature, climate and daylight 

hours are registered. This seasonal responsiveness is illustrated by higher fat mass 

accretion and fasting circulating levels of cholesterol, triglycerides, glucose, insulin, and 

leptin during winter and by increased energy expenditure and physical activity during 

summer. Taking this into account, the seasonal variations in these parameters seem to 

have a more negative impact on human health during the cold dark part of the year, 

since a clear negative correlation was found between cardiovascular disease mortality 

and day length [25], [26]. However, since the seasonal variation of these risk factors is 

influenced by changes in other exogenous factors different than day length, such as 

temperature and lifestyle, the relevance of seasonal day length variations on health is 
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far from being established. In this sense, the use of animal models, which can be 

maintained under constant temperature and social input, have emerged as a useful 

strategy to obtain more information, and better understand how exposure to different 

photoperiods impacts physiology and health [25], [27].  

 

3.4. Polyphenols 

Polyphenols constitute a large group of bioactive phytochemicals that include multiple 

sub-classes such as flavonoids, phenolic acids, lignans and stilbenes. Figure 3 

describes the classification of these phenolic compounds. One of the most studied 

groups of polyphenols is the flavonoids, which are structurally based on a 15-carbon 

skeleton of a chromane ring attached to a second aromatic ring. The flavonoids can be 

sub-divided into groups, including flavan-3-ols, flavones, flavonols, isoflavones, 

flavanones, and anthocyanins [28]. 

 
 

Figure 3. Polyphenols classification. Obtained from [28] 
 

Firstly, it was believed that the primary mechanism of action of polyphenols was their 

direct antioxidant effects. However, it has been seen that these effects are no longer 

considered to be as relevant in vivo, as these compounds do not reach concentrations 

in most tissues that are high enough to have a significant direct effect in terms of 

scavenging free radicals [28]. Despite that, some other possible biochemical and 

molecular mechanisms have been identified, including pleiotropic effects within intra- 
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and inter-cellular signaling pathways, such as regulating nuclear transcription factors 

and fat metabolism. In vitro and in vivo tests have shown that polyphenols support anti-

inflammatory functions and the human body’s defense by inhibiting cytokine storm and 

modulating immune regulation; they also modulate cellular immunity, by inhibiting 

proinflammatory cytokines and acting as immunomodulators [29].  

 

3.4.1. Proanthocyanidins 

Proanthocyanidins (PACs) are polyphenols belonging to the class of non-flavonoids: the 

so-called condensed tannins. Figure 4 shows the chemical structure of this phenolic 

compound. These phytochemicals are considered as offense and defense molecules 

because of their human health benefits, such as its antioxidant, anticancer, antidiabetic, 

neuroprotective, and antimicrobial capacity [30]. One of the most prominent PACs is 

grape seed proanthocyanidin extract (GSPE), which is a flavonoid polyphenolic 

compound extracted from grape seeds. It is composed of flavane-3-alcohol monomers, 

dimers, trimers, and tetramers, as well as oligomers of proanthocyanidins, +catechin, 

−epicatechin gallate, −epicatechin gallate and −epigallocatechin via C4–C6 or C4–C8 

bond links. In the last years, GSPE has attracted a lot of interest due to its potential 

clinical value and significant health-promoting effects, including the ability to modify early 

cerebrovascular injury caused by hypertension, protection of the myocardium from 

injury, prevention and treatment of diabetes and its complications, alleviation of exercise 

fatigue and prevention of obesity and inflammatory reaction [31]. In addition, GSPE has 

potency as a powerful antioxidant for its ability to scavenge free oxygen radicals, with 

anti-cancer and anti-inflammatory effects, and it has proven to have protective effect 

against oxidative stress in the liver [32].  

By the study of the relationship between GSPE and obesity, it was found that GSPE has 

many activities, such as improving insulin resistance, lowering hepatic lipid droplets, 

plasma FFA, triacylglycerides (TAG) accumulation or lipogenesis and steatosis, 

improving the intestinal flora, regulating the metabolism and so on. So, this natural 

compound can effectively prevent or palliate obesity in many ways [31]. 

Related to the oxidative stress, one study suggested that GSPE was effective in 

mitigating mitochondrial damage and significantly reducing the intracellular ROS and 

mitochondrial superoxide in the LPS-treated cells. This same study revealed that GSPE 

also reduced oxidative stress in Caco-2 cells by restoring mitochondrial membrane 

potential, reducing mitochondrial and intracellular ROS, and significantly increasing the 

expression of antioxidant enzymes as SOD1, SOD2, GSR and GPx1 [33]. 
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Figure 4. Proanthocyanidin chemical structure. Obtained from [30]. 
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4. HYPOTHESIS AND OBJECTIVES 

It has been demonstrated that photoperiod and diet are two factors that play an important 

role in metabolism and oxidative stress. In addition, a lot of research in the last decade 

is focusing on the study of the antioxidant and anti-inflammatory properties of 

polyphenols and the role they could play at the metabolic and oxidative stress level. 

Although this modulatory effect of polyphenols has not yet been studied in great depth, 

current data suggests that some subclasses of these phytochemicals, such as GSPE, 

might be able to ameliorate homeostatic dysregulations in crucial organs such as the 

liver. 

 

HYPOTHESIS: 

GSPE is capable of improve the metabolic homeostasis and oxidative stress 

dysregulation in the liver in obese rats, which could be modulated by different 

photoperiods. 

 

The OBJECTIVES associated with this hypothesis are: 

• Validate whether cafeteria diet (CAF) dysregulate the oxidative stress and 

metabolic homeostasis in the liver. 

• Validate whether photoperiod changes affect the oxidative stress and metabolic 

homeostasis in the liver. 

• Validate whether GSPE can ameliorate the cafeteria diet-induced dysregulation. 

• Validate whether GSPE can ameliorate the affection induced by photoperiod 

changes. 
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5. METHODOLOGY AND MATERIALS 

5.1. Animal treatment and experimental design 

Fifty-four 12-week-old male Fisher 344 rats (Charles River Laboratories, Barcelona, 

Spain) were used in this experiment. Rats were housed in pairs at 22 ºC and 55% of 

humidity. A 4-day adaptation period was carried out where rats were fed with a standard 

diet (STD) ad libitum. The STD composition was 20% protein, 72% carbohydrates and 

8% fat (Panlab, Barcelona, Spain). Rats were randomly divided into 2 groups depending 

on the diet, 18 rats were fed with STD and the other 36 rats with cafeteria diet (CAF). In 

addition, these rats were divided into 3 groups depending on the photoperiod: one group 

with a short photoperiod (6 light hours: 18 dark hours), another with a normal photoperiod 

(12 light hours: 12 dark hours) and the last one with a large photoperiod (18 light hours: 

6 dark hours). In total, there were 6 groups of rats that were subjected to these conditions 

of diet and photoperiod during a 5-week pre-treatment. CAF consisted of biscuits with 

cheese and pâté, bacon, coiled puff pastry from Mallorca, carrots and sweetened milk 

(22% sucrose w/v). CAF composition was 14% protein, 76% carbohydrates and 35% fat. 

The treatment period started the 5th week and lasted for 4 weeks, and the rats continued 

with the diet they were fed during the pre- treatment period. At this time, all STD-fed rats 

were treated with condensed milk, vehicle (VH). CAF-feed rats were divided into two 

groups, 18 were treated with the VH, and the other 18, with 25 mg/kg GSPE (Les Dérivés 

Résiniques et Terpéniques, Dax, France) diluted 1/5 in condensed milk. So finally, we 

had 9 groups of rats (n=6) divided according to diet, photoperiod, and administration of 

GSPE or vehicle. GSPE was composed of catechin (58 µmol/g), dimeric procyanidins 

(250 µmol/g), epicatechin (52 µmol/g), epigallocatechin (5.50 µmol/g), epicatechin 

gallate (89 µmol/g), epigallocatechin gallate (1.40 µmol/g), hexameric procyanidins (0.38 

µmol/g), pentameric procyanidins (0.73 µmol/g), tetrameric procyanidins (8.8 µmol/g) 

and trimeric procyanidins (1568 µmol/g). The treatment was orally administered daily 

using a syringe. During both the pre-treatment and treatment, body weight and food 

intake were weekly recorded. The rats were fasted for 3 hours and were sacrificed by 

decapitation. Blood was collected to obtain serum after a 15-min centrifugation (12,000× 

g and 4 ◦C) and stored at −80 ◦C. The liver was weighted, then collected and finally 

stored at −80 ◦C for further analysis. All animal care and experimental protocols with 

animals were approved by the Ethics Review Committee for Animal Experimentation of 

the Universitat Rovira i Virgili (reference number 9495, 18 September 2019) and were 

carried out in accordance with Directive 86/609EEC of the Council of the European 

Union and the procedure established by the Departament d’Agricultura, Ramaderia i 

Pesca of the Generalitat de Catalunya. The experimental design is depicted in Figure 5.
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Figure 5. Experimental design workflow of the animal treatment. 

 
5.2. Biochemical liver parameters 

The cholesterol, phospholipids and TAG were analyzed by colorimetric enzymatic assay 

kits (QCA, Barcelona, Spain) according to the manufacturer’s instructions. 

 

5.3. RNA extraction 

A liver tissue portion (20 – 30 mg) was mixed with 1000 µl of Trizol® reagent (Thermo 

Fisher, Madrid, Spain) and homogenized 2-3 times by Tissue Lyser LT (Qiagen, Madrid, 

Spain). After a 10-minute centrifugation (12,000 g and 4 ºC), the pink phase of the 

homogenate was placed into a new eppendorf another centrifugation took place (12,000 

g and 4 ºC) for 10 minutes. The liquid was placed into a new eppendorf and 250 µl of 

chloroform were added. Two phases were separated after a 15- minute centrifugation 

(12,000 g and 4 ºC). The aqueous phase (the upper one) was transferred into a new 

eppendorf and 500 µl of isopropanol were added. The samples were mixed and 

incubated at room temperature. The supernatant was discarded after a 10-minute 

centrifugation (12,000 g and 4 ºC). The pellet was cleaned twice with 500 µl of ethanol 

Sacrifice 
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70% and a 5-minute centrifugation (8,000 g and 4 ºC) took place. These cleaning steps 

were repeated one more time. The supernatant was discarded again, and the cleaned 

pellet was resuspended with 60 µl of nuclease-free water (Thermo Fisher, Madrid, 

Spain). The RNA concentration (ng/µl) and the purity were measured in Nanodrop ND-

1000 spectrophotometer (Thermo Fisher, Madrid, Spain). 

 

5.4. Gene expression analysis by real time RT-qPCR 

The cDNA was obtained by a reverse transcription of the RNA extracted using a High-

Capacity Complementary DNA Reverse Transcription Kit (Thermo Fisher, Madrid, 

Spain), according to manufacturer instructions in a Galaxy XP ClearLine Thermal Cycler 

(Dominique Dutscher, Brumach, France). The quantitative polymerase chain reactions 

(qPCRs) were performed in 96- well plates in a CFX96 Real-Time System (Bio-Rad, 

Madrid, Spain) using iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Barcelona, 

Spain). The thermal cycle used in all qPCRs was 30 seconds at 90 ºC and 40 cycles of 

15 seconds at 95 ºC and minute at 60 ºC. The liver genes SOD1, SOD2, Catalase, GPx1, 

GSR, MFN2 and FIS1 were normalized by the housekeeping gene peptidylprolyl 

Isomerase A (Ppia). The primers used for each gene were obtained from Biomers (Ulm, 

Germany) and can be found in Table 1. The relative expression of each gene was 

calculated using the 2-ΔΔCt method, as reported by Schmittgen and Livak [34]. 

 

Table 1. Forward and reverse primers of SOD1, SOD2, Catalase, GPx1, GSR, MFN2, FIS1 and Ppia genes. 
 

Gene Forward primer (5’  3’) Reverse primer (3’  5’) 

SOD1 GGTGGTCCACGAGAAACAAG CAATCACACCACAAGCCAAG 

SOD2 AAGGAGCAAGGTCGCTTACA ACACATCAATCCCCAGCAGT 

Catalase GAATGGCTATGGCTCACACA CAAGTTTTTGATGCCCTGGT 

GPx1 TGCAATCAGTTCGGACATC CACCTCGCACTTCTCAAACA 

GSR ATCAAGGAGAAGCGGGATG GCGTAGCCGTGGATGACT 

MFN2 GATGTCACCACGGAGCTGGA AGAGACGTCACTCACTTTG 

FIS1 GCACGCAGTTTGAATACGCC CTGCTCCTCTTTGCTACCTTTGG 

PPIA TCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT 
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5.5. MDA analysis 

A liver tissue portion (50 mg) was mixed with 0.154 M KCl buffer to make 10% 

homogenate. After a 15-minute centrifugation (3,000 rpm and 4 ºC), 500 µl of 

supernatant were transferred into a new 1.5 ml Eppendorf tube and 500 µl of 10% 

Trichloroacetic Acid (TCA) were added. Another 10-minute centrifugation (3,000 rpm 

and RT) took place and then 500 µl of supernatant were transferred to a 1.5 ml 

Eppendorf tube. Afterwards, the liquid was mixed with 500 µl of 0,67% Thiobarbituric 

Acid (TBA) and kept on Thermoblock (100 ºC) for 15 minutes. Finally, 200 µl of each 

sample in triplicates were pipetted in ELISA plate and the absorbance was measured at 

531 nm. 

 

5.6. Statistical analyses 

Data were expressed as mean ± S.E.M. The body weight gain, Area Under Curve (AUC) 

of body weight gain, liver weight, liver biochemical related parameters, qPCR and MDA 

comparisons were performed by using two-way ANOVA with DMS post-hoc analysis. 

The significative differences were expressed + p < 0.05, ++ p < 0.01 and +++ p < 0.001, 

or # p < 0.0001 STD-VH versus CAF-VH; * p < 0.05, ** p < 0.01 and *** p < 0.001, CAF-

VH versus CAF-GSPE; $ p < 0.05, $$ p < 0.01 and $$$ p < 0.001 photoperiod effect. All 

statistical analyses were carried out using IBM SPSS Statistics 26 software and graphics 

were done by GraphPad Prism 8 software. 
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6. RESULTS 

6.1. Body weight gain and biochemical liver parameters validate the 
obesogenic effect of cafeteria diet 
 

In the 3 photoperiods it could be seen that there was an effect of diet on body weight 

gain since there were significant differences in all weeks. The CAF worked due to the 

difference in weight gain between CAF-rats and STD-rats (Figure 6a, 6b and 6c). 

Regarding GSPE, a significant effect was only seen at photoperiod L18 (Figure 6a). It 

could be intuited that GSPE acted ameliorating the effect of the cafeteria diet, since CAF-

rats treated gained less weight than CAF-rats without treatment. On the other hand, after 

analyzing the results at L12 (Figure 6b) and L6 (Figure 6c) photoperiods, no effect of 

GSPE was observed, as there was no significant difference between the body weight 

gain of CAF-GSPE rats and CAF-VH rats. 
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Figure 6: Body weight gain during the nine weeks of experiment. a) Body weight gain in grams of L18 rats 

during the nine weeks of experiment. b) Body weight gain in grams of L12 rats during the nine weeks of 

experiment. c) Body weight gain in grams of L6 rats during the nine weeks of experiment. d) Area Under 

Curve (AUC) of Body weight gain during the four weeks of treatment with GSPE. Data are represented as 

mean ± Standard Deviation, SD (figures 6a, 6b and 6c) or mean ± Standard Error of Mean, SEM (Figure 
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6d). # means significant differences between STD-VH and CAF-VH groups (p ≤ 0.0001) using repeated 

measures ANOVA followed by Student’s T-Test. * indicates significant differences between CAF-VH and 

CAF-GSPE (p < 0.05) using repeated measures ANOVA followed by Student’s T-test for each week from 

the fifth week of the experiment. +++ means significant differences between STD-VH and CAF-VH (p < 

0.001) using 2 way-ANOVA followed by a LSD post-hoc test. *** means significant differences between 

CAF-VH and CAF-GSPE (p < 0.001) using 2 way-ANOVA followed by a LSD post-hoc test. $ means 

significant differences (p < 0.05) between the same group; $$, p < 0.01; $$$, p < 0.001. D, Diet effect; T, 

Treatment effect; t, time effect; P, photoperiod effect; D*P, interaction between Diet and Photoperiod effect; 

T*P, interaction between Treatment and Photoperiod effect; ns, no significant differences.   

 

After making the two-way ANOVA, it was observed that for the 3 photoperiods (Figure 

6a, 6b and 6c) there was an effect by diet, by treatment, and also an effect by the 

interaction of the two factors different from the analysis of the factors separately. 

 

In addition, the analysis of the AUC from the first week of treatment (week 5) was also 

performed. In Figure 6d it could be confirmed that there was an effect of diet in the 3 

photoperiods on the weight gain of these rats, since there were significant differences 

between the group fed with STD diet and the group with CAF in each of the photoperiods. 

In case of GSPE, an effect at L18 can be observed because of the significant differences 

between CAF-GSPE rats and untreated CAF rats (Figure 6d), not being so in the other 

photoperiods.  

 
 
 

6.2. Intake of obesogenic diet alters liver weight, TAG, and cholesterol 
levels in liver while GSPE effect is also observed 
 

Firstly, significant differences were observed between STD-VH and CAF-VH rats with 

respect to liver weight (Figure 7a), demonstrating a diet effect. On the other hand, 

although there are no differences of GSPE treatment in CAF rats within the same 

photoperiod, when compared by 2-way ANOVA, there is a significant effect produced by 

GSPE, which makes liver weight become lower in treated rats than in untreated rats.  
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Figure 7: Liver biochemical parameters. a) Liver weight in grams in L18, L12 and L6 photoperiods. b) 

Triglyceride levels in mg per grams of tissue in L18, L12 and L6 photoperiods. c) Cholesterols level in mg 

per grams of tissue in L18, L12 and L6 photoperiods. c) Phospholipid levels in mg per grams of tissue in 

L18, L12 and L6 photoperiods. Data are represented as mean ± Standard Error of Mean, SEM. + means 

significant differences between STD-VH and CAF-VH (p < 0.05) using 2 way-ANOVA followed by a LSD 

post-hoc test; ++, p < 0.01; +++, p < 0.001. *** means significant differences between CAF-VH and CAF-

GSPE (p < 0.001) using 2 way-ANOVA followed by a LSD post-hoc test. $ means significant differences (p 

< 0.05) between the same group; $$, p < 0.01. D, Diet effect; T, Treatment effect; t, time effect; P, 

photoperiod effect; D*P, interaction between Diet and Photoperiod effect; T*P, interaction between 

Treatment and Photoperiod effect; ns, no significant differences.  

 

In the case of the triglyceride profile (Figure 7b), a diet effect was also observed due to 

significant differences between STD-VH and CAF-VH rats. These results could be 

contrasted with those of body weight gain (Figure 6d) and liver weight (Figure 7a), as an 

increase in weight of CAF rats could be partially due to an increase in their liver weight, 

and this increase in turn due to TAG accumulation. Apart from this, when STD-VH and 

CAF-VH groups are compared, a photoperiod effect was also observed, as significant 

differences were shown between L18 and L12 CAF rats and between L12 and L6 CAF 

rats. Taking this into account, a significant difference by photoperiod was also observed 

between GSPE-treated rats at L18 and L6. Altogether these results corroborated that 

the L12 photoperiod had a lower TAG profile than the other two photoperiods. 

 

Regarding cholesterol levels (Figure 7c), a diet effect could again be observed, due to 

significant differences between CAF-VH and STD-VH rats in all photoperiods. In 

addition, there was also a photoperiod effect at the diet level, as significant changes 
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were shown between L18 and L12 CAF-rats. After carrying out the two-way ANOVA, it 

was shown that there was an effect by the interaction of diet and photoperiod different 

from the analysis of the factors separately. However, an effect by GSPE was not 

visualized.  

 

At the phospholipid level (Figure 7d), there were no significant changes between groups 

despite a differential effect by photoperiod. 

 
 

6.3. MDA analysis demonstrates neither a dietary disruption nor an 
ameliorating effect of the GSPE 
 

In Figure 8, it could be observed that in L12 there was a significantly higher level of lipid 

peroxidation in CAF-rats compared to STD-rats, reinforcing the detrimental effect of 

CAF. A photoperiod effect could also be intuited by differences between L18 and L12 

CAF rats, with L12 rats having higher lipid peroxidation. In addition, the analysis 

performed with two-way ANOVA showed that there was an effect by the interaction of 

photoperiod and diet. 
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Figure 8. Lipid peroxidation analysis. Data are represented as mean ± Standard Error of Mean, SEM. + 

means significant differences between STD-VH and CAF-VH (p < 0.05) using 2 way-ANOVA followed by a 

LSD post-hoc test. $ means significant differences (p < 0.05) between the same group. D, Diet effect; T, 

Treatment effect; t, time effect; P, photoperiod effect; D*P, interaction between Diet and Photoperiod effect; 

T*P, interaction between Treatment and Photoperiod effect; ns, no significant differences. 

 

With respect to GSPE, no significant differences were seen either between groups or 

between photoperiods. 
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6.4. Cafeteria diet and photoperiod changes have not been enough to 
cause significant oxidative stress 
 

According to two-way ANOVA, there was an effect by diet and by photoperiod on SOD1 

expression (Figure 9a), as notable differences were seen between STD-VH rats and 

CAF-VH rats, especially at L12. In addition, an effect by photoperiod was also seen in 

the diet, as there were significant differences between L18 CAF-rats and both L12 and 

L6 CAF-rats.  
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Figure 9: Relative gene expression of antioxidant defense system genes in the liver. a) Relative gene 

expression of SOD1. b) Relative gene expression of SOD2. c) Relative gene expression of Catalase. Data 

are represented as mean ± Standard Error of Mean, SEM. + means significant differences between STD-

VH and CAF-VH (p < 0.05) using 2 way-ANOVA followed by a LSD post-hoc test. $ means significant 

differences (p < 0.05) between the same group; $$, p < 0.01. D, Diet effect; T, Treatment effect; t, time 

effect; P, photoperiod effect; D*P, interaction between Diet and Photoperiod effect; T*P, interaction between 

Treatment and Photoperiod effect; ns, no significant differences.  

 

On the other hand, no significant effect was observed by GSPE, although the expression 

of the 3 genes (Figure 9a, 9b and 9c) in treated CAF-rats was higher than untreated 

CAF-rats. This pattern is repeated in L12 and L6, but not in L18, where CAF-GSPE rats 

had a lower expression of the genes than CAF-VH rats. 
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Despite this fact, no significant differences in the expression of SOD1, SOD2 and 

Catalase genes were observed. 
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Figure 10: Genes related to the GSH cycle. a) Relative gene expression of GPx1. b) Relative gene 

expression of GSR. Data are represented as mean ± Standard Error of Mean, SEM. No statistical differences 

were found between groups. 

 

No significant changes were shown either between groups or between photoperiods in 

the expression of each gene, so no effect of diet or photoperiod could be intuited. 

Interestingly, although there were no significant changes between untreated and GSPE-

treated rats, a pattern in the expression of the two genes was intuited: GSPE-treated 

rats tended to have a higher expression of the two genes (Figure 10a and 10b) than 

untreated CAF rats, and even higher than STD rats at most photoperiods. 
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Figure 11: Mitochondrial dynamics genes - Fusion and fission. a) Relative gene expression of MFN2. b) 

Relative gene expression of FIS1. Data are represented as mean ± Standard Error of Mean, SEM. No 

statistical differences were found between groups. 
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Although there were no significant changes that demonstrate an effect of diet or 

photoperiod on the expression of these two genes (Figure 11a and 11b), it seemed that 

in most photoperiods there was a higher expression of the genes in CAF-rats compared 

to STD-rats. On the other hand, it also seemed that CAF-GSPE rats had a higher 

expression than CAF-VH rats, although this was not true for all photoperiods. These 

patterns changed in both L6 of MFN2 (Figure 11a) and FIS1 (Figure 11b) expression. 
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7. DISCUSSION 

It is undoubtedly that cafeteria diet is associated with the development of obesity and 

MetS, and specifically in the liver, with the development of oxidative stress and NAFLD 

[35]. In this study, a diet supplemented with grape polyphenols demonstrated the ability 

of proanthocyanidins to ameliorate the effects of a western diet (high in fats), lowering 

lean and fat mass, body weight, and hepatic steatosis. Additionally, CAF and metabolic 

diseases are linked with oxidative stress disruption, which polyphenols are also capable 

of modulating, as demonstrated by Pérez-Torres et al [36]. The authors consider that 

these phytochemicals have the potential for inducing weight loss and have been included 

in dietary strategies to abolish oxidative stress to prevent obesity.  

 
CAF provides a highly relevant model in terms of examining the human diet in rodents, 

since the groups fed with this diet have an increase of body weight gain (Figures 6a, 6b, 

6c and 6d), liver weight (Figure 7a), and an increase in the liver of TAG and cholesterol 

levels (Figures 7b and 7c respectively); this is consistent with the results of some studies 

of mice fed with CAF or/and high fat diet (HF) [37][38]. Rats fed with CAF exhibited 

voluntary hyperphagia and elevated fat intake which resulted in dramatic and rapid 

weight gain, as shown in Figure 6d. 

 

In these studies, it is also remarked the role of CAF in the formation of NAFLD and, in 

most cases, in the progression of this disease to NASH, which is responsible for the 

inflammation of the liver and the development of these hepatic conditions. However, a 

NASH profile is not achieved with a Western-style diet until week 16 of the experiment, 

or at least in mice model. [39]. This diet is also associated with the appearance of 

inflammation of white and brown adipose tissue, as well as a MetS profile with insulin 

resistance and elevated blood glucose. After measuring lipid profile in the liver, no 

significant difference has been seen with respect to phospholipids, as shown in Figure 

7d. This may be because CAF does not have a significant impact on the phospholipid 

level of the liver, as shown in a 2020 study published by Mašek et al [40]. However, in 

this study it is demonstrated that HF increases the level of hepatic phospholipids, so we 

can assume that no significant differences in phospholipid levels have been found 

because CAF and HF do not really have the same nutritional composition, which may 

have an influence at the metabolic level.  

  

Another factor to study in this experiment is the effect of seasonal changes, since it is 

known that animals are season-sensitive and part of our behavior, metabolism, etc. can 
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change according to the seasons [25]. It is clear that diet has a strong effect on body 

weight gain, and it has been shown that there are also significant differences between 

photoperiods. This may be because the metabolic state of mammals also changes with 

respect to the seasons of the year [27], so that a differential effect by photoperiod can 

be observed both in body weight gain (Figures 6a, 6b, 6c and 6d) and in TAG and 

cholesterol levels (Figures 7a and 7c). However, no effect of seasonality was seen in 

oxidative stress generation, as no significant differences were seen in the expression of 

the different oxidative stress genes between any of the photoperiods (Figures 9a, 9b, 9c, 

10a, 10b, 11a and 11b). 

 

On the other hand, there is a clear effect of GSPE in increasing TAG decomposition 

reducing food intake and fat deposition, suggesting that consumption of GSPE can 

reduce obesity development and related metabolic pathways [41]. If we focus on body 

weight gain (Figures 6a and 6d), a significant effect is only observed for GSPE at L18, 

ameliorating the effect of the CAF. This translates into GSPE-treated CAF rats having a 

lower body weight gain than untreated CAF rats, seeing one effect per treatment and 

photoperiod. In Figure 7a, an influence by GSPE treatment on liver weight is also 

appreciated, seeing an ameliorating effect of CAF diet. However, this does not happen 

in Figure 7c on cholesterol levels. In addition, in TAG and phospholipid levels (Figures 

7b and 7d), an effect by photoperiod can be seen with respect to GSPE. The variation 

in the effect of GSPE due to changes in photoperiod may be due to the fact that the 

bioavailability of polyphenols, including both metabolization and absorption, in the same 

fruit varies according to the seasons of the year and the time of day at which the 

polyphenols are administered [42]. In the case of grapes, from which GSPE is extracted, 

there is a different bioavailability and bioactivity of proactocyanidins depending on the 

season of the year and time of day, so it has been seen that there is a significant effect 

on L18 by GSPE with respect to body weight gain (Figures 6a and 6d). On the other 

hand, significant differences are also seen for the effect of GSPE on TAG and 

phospholipid levels due to changes in photoperiod (Figures 7b and 7d). In a study where 

organic and inorganic red grape extracts were analyzed, it could be shown that there 

were many factors that influenced the availability of polyphenols in the same fruit and, 

therefore, this then affected their bioactivity [43]. Another study published by Escobar-

Martínez et al [44], showed that the mice treated during its resting phase with cherry out 

of season had a higher average concentration of total phenolic compounds compared to 

those treated during the active phase. This explains on the one hand, that fruit has 

different bioavailability of its polyphenols depending on whether it is in season or not, 
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and on the other hand, that the time of day at which these polyphenols are administered 

can also affect the metabolic level later on. 

 

MDA (malondialdehyde) is one of oxidative stress biomarkers, since this is a product of 

lipid peroxidation used to measure oxidative stress in physiological conditions. The 

expected results were to find an increase of MDA in rats fed with CAF compared to STD 

rats, although what was obtained was that there were no significant differences between 

these two groups (Figure 8). So, the cause of increased free radicals formation and 

consequently of enhanced lipid peroxidation in obesity cannot be deduced from this 

study. This may be due to the time the animals have been subjected to the experiment, 

since, in a study published by Barroso et al [45], it is demonstrated that in feeding the 

animals with HF for 13 weeks, there is an increase of MDA in the liver and, therefore, of 

lipid peroxidation in these rats.  

 

As it is said before, obesity and MetS are also related with oxidative stress because of 

the imbalance between the generation of free radicals and the antioxidant defense 

systems. Inflammation and the excessive generation of free radicals in cells induces the 

activation of defense mechanisms, such as antioxidant enzymes which protect the cells 

against oxidative stress. What was expected in this study was to find a decrease in the 

expression of oxidative stress genes in the liver, generated by CAF effect, as shown in 

articles published by or Zhang et al. in 2021 [46]. However, and as seen in our study in 

Figures 9a, 9b, 9c, 10a and 10b no significant differences were found in the expression 

of oxidative stress SOD2, Catalase, GxP1 and GSR genes. Another gene that has been 

analyzed in this experiment is SOD1, the expression of which has been shown to be 

affected by diet and photoperiod, as we can see in Figure 9a. The effect of diet on SOD1 

expression would make sense, as the environment of ROS and inflammation caused by 

CAF could cause it to decrease antioxidant defense by decreasing SOD1 expression, 

as demonstrated in a study published in 2019 by Wang et al [47].   

 

In addition to the genes mentioned above, the expression of the mitochondrial fusion 

gene MFN2 (Figure 11a) and the mitochondrial fission gene FIS1 (Figure 11b) has also 

been studied. Fusion and fission processes are necessary to maintain healthy 

mitochondria, so it is very important to have controlled mitochondrial dynamics. On one 

side, some authors suggest overexpression of MFN2 causes mitochondrial dysfunction 

and cell death [48]. However, other authors demonstrate that overexpression of MFN2 

improves liver fibrosis in hepatic stellate cells of mice [49]. On the other hand, several 

studies demonstrated that high-fat-diet-induced obesity mice showed overexpression of 
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FIS1, whereas inhibition or disruption of these genes led to an improvement in insulin 

resistance and mitochondrial dysfunction in skeletal muscle [50]. Because of these 

reports, what was expected from this study was that CAF would generate an increase in 

the expression of these two genes. However, no significant differences were found in 

this experiment, as it is shown in Figure 11a and 11b. A 9-week experiment by Rodríguez 

et al. [51], showed overexpression of MFN2 and FIS1 genes caused by CAF. 

Nonetheless, our results may not be similar to this study because in our experiment the 

animals were not sacrificed at different times of the day, whereas in the aforementioned 

study they were. Therefore, we can intuit that this factor influences the higher or lower 

expression of these genes. Some studies reported the appearance of oxidative stress 

after 12 weeks [52] or 16 weeks [47] of diet containing 60% of energy intake provided by 

fat.  Everything together leads us to think that the time over which the experiment was 

conducted was not long enough to cause significant oxidative stress in the liver of the 

rats studied, or that the time of slaughter of the animals is a factor to be taken into 

account when measuring this stress. 

 

Moreover, we wanted to see if GSPE was able to ameliorate the oxidative stress caused 

by CAF or photoperiod changes. Since no significant oxidative stress has been found, 

the effect of GSPE in the treated rats compared to the untreated rats could not be seen 

either. There are several studies that showed some foods or substances able to 

ameliorate oxidative stress induced by CAF or HF. Some examples are lycopene [53],  

apple cider vinegar [54] and resveratrol [55]. In 2017, an experiment published by Gil-

Cardoso et al. [56], showed that chronic supplementation with dietary proanthocyanidins 

(GSPE) protects from diet-induced intestinal alterations in obese rats [56]. All these 

studies reported that CAF or HF have worked and that there were some substances 

capable of lower oxidative stress. However, our results cannot corroborate what is said 

in the previous reports because no significant oxidative stress has been found, as it is 

shown in Figures 9a, 9b, 9c, 10a, 10b, 11a and 11b. 

 

After analyzing our results, has been seen that both the CAF and changes in the 

photoperiod have a differential effect at the metabolic level being ameliorated by GSPE. 

Thus, it is deduced that GSPE can be a bioactive compound with a certain potential in 

restoring metabolic homeostasis, as shown by the results on body weight gain (Figures 

6a and 6b), liver weight (Figure 7a) and TAG and cholesterol levels (Figure 7b and 7c 

respectively).  

On the other hand, CAF did not have the expected effect in terms of inflammation and 

oxidative stress, and therefore, the effect of GSPE in ameliorating this oxidative stress 
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by decreasing MDA and increasing the expression of antioxidant defense genes could 

not be demonstrated. 
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8. CONCLUSIONS 

Firstly, regarding to the first 2 objectives, CAF was validated to be effective to 

dysregulate the metabolic homeostasis via increasing body weight gain, liver weight and 

lipid profile. Changes in photoperiod have also been shown to affect metabolism, 

resulting in differences in weight gain, TAG and cholesterol. Nevertheless, this diet or 

photoperiod changes were not enough to generate a significant oxidative stress.  

Secondly, regarding to the last 2 objectives, the GSPE’s ability to reverse the 

photoperiod or CAF- induced dysregulation was validated in some cases. It must be 

pointed that: 

• GSPE was able to decrease body weight gain in L18. 

• GSPE had an effect in L12 decreasing TAG level more than in the other two 

photoperiods. 

• GSPE was capable of ameliorate CAF effect decreasing liver weight. 

All in all, the main conclusion is that CAF and photoperiod changes generate 

dysregulation at the metabolic level, which can be restored by the GSPE. However, as 

no major impact of diet or seasonal variations at the level of oxidative stress has been 

seen, it cannot be confirmed that GSPE ameliorates this dysregulation. 
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