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Abstract

:

Objectives: Lately, many countries have restricted or even banned transfat, and palm oil has become a preferred replacement for food manufacturers. Whether palm oil is potentially an unhealthy food mainly due to its high content of saturated Palmitic Acid (PA) is a matter of debate. The aim of this study was to test whether qualitative aspects of diet such as levels of PA and the fat source are risk factors for Metabolic Syndrome (MS) and Metabolic Associated Fatty Liver Disease (MAFLD). Methods: C57BL/6 male mice were fed for 14 weeks with three types of Western diet (WD): 1. LP-WD—low concentration of PA (main fat source—corn and soybean oils); 2. HP-WD—high concentration of PA (main fat source—palm oil); 3. HP-Trans-WD—high concentration of PA (mainly transfat). Results: All types of WD caused weight gain, adipocyte enlargement, hepatomegaly, lipid metabolism alterations, and steatohepatitis. Feeding with HP diets led to more prominent obesity, hypercholesterolemia, stronger hepatic injury, and fibrosis. Only the feeding with HP-Trans-WD resulted in glucose intolerance and elevation of serum transaminases. Brief withdrawal of WDs reversed MS and signs of MAFLD. However, mild hepatic inflammation was still detectable in HP groups. Conclusions: HP and HP-Trans-WD play a crucial role in the genesis of MS and MAFLD.
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1. Introduction


Metabolic Associated Fatty Liver Disease (MAFLD) is characterized by the presence of hepatic steatosis in addition to any of the following three criteria: overweight or obesity, presence of Type 2 Diabetes Mellitus (T2DM) or evidence of metabolic dysregulation [1]. Since its initial description [2] in 1980, the incidence and prevalence of MAFLD has increased dramatically, in parallel with the global epidemic of obesity. Today, it is the most widespread liver disease in human history, affecting about a quarter of the global population. In European countries, 25% of individuals aged ≥15 years experienced MAFLD in 2015 [3]. Alongside the progressive liver damage, MAFLD is becoming an established risk factor for the leading causes of death and disability, namely cardiovascular disease and cancer. Despite these already staggering facts, the MAFLD burden is expected to grow in the coming decades, compromising individual health and health-care systems and causing substantial economic and well-being losses [4,5].



MAFLD is often referred to as a self-inflicted disease, implying the influence of personal behavioral and dietary choices. However, the impact of the surrounding “fast and processed food” obesogenic environment on the choices of children and adults should not be neglected [1]. Processed or ready-to-consume food products are characteristically energy-dense, fatty, sugary or salty. At the same time, they are hyper-palatable, cheap and attractive, therefore highly dominant, and they comprise the majority of the total energy intake among young adults currently [6,7].



The food industry and especially the fast-food industry, extensively uses the types of lipids with long shelf life that are easy and inexpensive to produce [8]. Processing natural liquid vegetable oils, by adding hydrogen, modifies their texture from liquid to solid forms and results in the development of transfats (or partially hydrogenated fats). Trans Fatty Acids (FA) give food a desirable taste and texture. The main examples of industrial Trans FA are margarines, commercially baked products, deep-fried fast foods, packaged snack foods and other prepared food [9]. According to the U.S. Food and Drug Administration (FDA), in 1994–1996 we consumed about 5.6 g of transfat per day [10].



In the early 1990s, researchers began to identify the adverse health effects and reported that intake of Trans FA increased the risk of coronary heart disease by altering the ratio between Low-Density Lipoprotein (LDL) cholesterol and the “good” High-Density Lipoprotein (HDL) cholesterol [11].



Increased consumer awareness of the health implications of Trans FA resulted in local and state efforts to limit or ban their use [9].



“Anti transfat” measures introduced by governments accelerate the use of an accessible alternative—palm oil, obtained from the fruit of the palm tree (Elaeis guineensis). Palm oil is abundant, low-cost and chemically stable. Currently, it is the most widely produced edible vegetable oil in the world [12]. Palm oil is rich in saturated FAs, especially Palmitic Acid (PA), unlike most of the vegetable oils, which are rich in unsaturated fat. For this reason, palm oil is semisolid at room temperature, making it suitable for the formulation of processed food [13].



Recently, the impact of palm-oil consumption on the heart, especially in the development of coronary artery disease, was a matter of considerable debate. The main argument against the use of palm oil is the fact that it contains saturated PA, which may case elevation of total cholesterol and LDL levels [14].



Currently, transfat and PA consumption remain a major source of concern within health policies regarding the reduction of cardiovascular and metabolic-disease risk [15,16]. However, evidence of the consequences of transfat and PA consumption in the development of MAFLD is scarce and even controversial. In the present study, we investigated whether this type of FA could have an impact on MAFLD progression.




2. Materials and Methods


2.1. Animal Experimentation


All animal procedures were performed according to Spanish legal requirements and animal protection law, and were approved by the authority of environment conservation and consumer protection of the Regional Government of Madrid (PROEX210/18, 15 June 2018). All animals were maintained in the Animal Facility at the Faculty of Biology, Complutense University Madrid, in a temperature-controlled room with 12-h light/dark cycle with ad libitum feeding condition, according to the guidelines of the Federation for Laboratory Animal Science Associations (FELASA).



We randomly distributed 10-week C57BL/6J male mice into 4 groups with a sample size of 7 to 9 animals per group.



Control (CTRL) group was fed with chow diet and normal water. Three treated groups received different types of Western Diet (WD) (Supporting Tables S1–S3) and sweetened drinking water containing 6.75% D-glucose (Sigma-Aldrich, St. Louis, MO, USA). For the withdrawal study, we established a model in which mice were exposed to WD and sweetened drinking water for 14 weeks, followed by 20 days of chow diet and normal water. The corresponding controls received chow diet and normal water for 17 weeks.




2.2. Supplementary Material and Methods


Please see Supplementary online material and Supporting Tables S4–S7 for further information regarding material and methods on Animal Experimentation, Glucose Tolerance Test (GTT), Histological analysis, Immunofluorescence (IF) and Immunohistochemistry (IHC) staining, Image analysis, RNA isolation and RT-qPCR, Western blot, and Lipid extraction and quantification.




2.3. Statistical Analysis


Data were expressed as mean ± SD. GraphPad Prism version 8.0 (https://www.graphpad.com/scientific-software/prism/), accessed 27 December 2018 (San Diego, CA, USA) was used for statistical analysis and graph design. Statistical significance was determined by one-way analysis of variance ANOVA, followed by a Tukey post hoc test. One-way paired ANOVA followed by Bonferroni’s post hoc test was used to evaluate the differences between feeding groups. Significant differences are denoted by * for p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001.





3. Results


3.1. Western Diet (WD) Is Associated with the Development of Obesity and Metabolic Syndrome (MS)


Ten week-old C57BL/6J male mice were fed with three different WDs and sweetened water for 14 weeks. The three types of WD had a similar content of fat (40%), fructose (22%) and cholesterol (2%) (Supporting Tables S1 and S2). However, the origin of fat and the level of PA was greatly different between the groups. In group 1, the level of PA was low (LP-WD), and the corn and soybean oils were the main source of fat. In group 2, the level of PA was high (HP-WD) due to the palm oil added to the formula. In group 3, the level of PA was also high (HP-Trans-WD), but the transfats were the main source of the fat (Supporting Tables S1–S3). Glucose was added to the drinking water in order to potentiate fructose absorption from the diet [17]. Mice fed with the control chow diet and filtered tap water were used as controls.



Body Weight (BW) steadily increased in all treated groups during the experimental period. Nevertheless, as shown in (Figure 1A,B), throughout the 14-week period the mice fed with LP-WD, on average, gained less weight compared to HP-WD and HP-Trans-WD.



Obesity is associated with significant changes in White Adipose Tissue (WAT), which has profound systemic and hepatic consequences [18]. Mice fed with all types of WD diet accumulated epididymal WAT (eWAT) and had higher visceral fat mass compared to control animals (Figure 1C, Supplementary Figure S1A). The administration of WDs also led to hypertrophy and increase of adipocyte size up to 80% after 14 weeks of WD feeding (Figure 1D, Supplementary Figure S1B). Additionally, Crown-Like Structures (CLS) formed by macrophages aggregated around dying adipocytes were observed in all WD groups (Figure 1D).



Basal glucose levels after 12 h of fasting, did not increase in all WD treated groups compared with CTRL (Figure 1E, left panel). However, a Glucose Tolerance Test (GTT) revealed significantly impaired glucose tolerance in mice fed a HP-Trans-WD (Figure 1E, right panel, Supplementary Figure S1C).



Finally, the serum level of total cholesterol was significantly higher in HP-WD and HP-Trans-WD fed animals compared with LP-WD and CTRL groups (Figure 1F).




3.2. WD Consumption Triggered Hepatomegaly


Obesity, hypercholesterolemia and glucose intolerance are the main features of MS and are closely associated with the progression and severity of MAFLD [19]. Anatomopathological examination of livers revealed that the hepatic parenchyma of all mice fed with WD was significantly enlarged and pale yellow in color. Accordingly, the liver mass and hepatosomatic ratio were increased in all treated groups compared with CTRL mice (Figure 2A).



Hepatomegaly was caused by a combination of hypertrophy and hyperplasia. Hepatocytes of livers from animals of all WD-fed groups were almost twice enlarged compared to CTRLs, as shown by phalloidin staining (Figure 2B). At the same time, Ki-67 staining revealed mild but significantly higher cellular proliferation in all treated groups (Figure 2C).



Evaluation of histologic sections, by an experienced pathologist, revealed significant hepatic steatosis in 30–80% hepatocytes of WD-fed animals. The cellular content was a mixture of micro- and macrovesicular vacuoles, mainly located in the periportal regions (Figure 2D, Supplementary Figure S2A). These vacuoles were confirmed to contain lipids using Oil Red O (ORO) staining in liver cryosections (Figure 2E).




3.3. WD Feeding Induced Lipidome Alterations in Murine Livers


Next, a quantitative lipidomic analysis was performed in order to identify lipids discriminating the pathological statuses of the liver. A lipidomic approach was taken to quantify the major lipid classes.



Lipids were extracted from the liver tissue and further separated by Thin Layer Chromatography (TLC). Total hepatic Triglyceride (TG) content was markedly increased in all mice fed with WD compared with CTRL group (Figure 3A). However, the level of Diglycerides (DG) was significantly increased only in mice fed with HP-WD and HP-Trans-WD (Figure 3B). Importantly, hepatic Free Cholesterol (FC) levels significantly increased in both groups fed with a HP diet (Figure 3C). The total Phosphatidylcholine (PC) content was decreased (Figure 3D, left panel), whilst Phosphatidylethanolamine (PE) levels significantly increased (Figure 3D, middle panel) and the PC/PE ratio decreased only in mice fed with a transfat diet (Figure 3D, right panel). A trend towards decreased Phosphatidylserine (PS) levels was found in the HP-Trans-WD group (Figure 3E).




3.4. WD Altered the Balance between Fat Storage and Oxidation in the Liver


Subsequently, we assessed the effects of all three types of WD on major molecular mechanisms that regulate lipid metabolism in the liver. Consistently with previous studies [20], the excessive lipid load in all treated groups induced the expression of Pparγ, early induced lipogenic transcription factor mediating an adipogenic transformation of hepatocytes (Figure 4A, left panel).



We also found strong increase of Scd1 mRNA expression in all treated animals (Figure 4A, right panel). Scd1 desaturase converts saturated FA to monounsaturated FA [21], the major substrate for TG in the liver [22]. Hence, the substantial increase in Scd1 expression was mainly induced by the excessive dietary fat, as mRNA of main regulators of de novo lipogenesis Acc and Srebp1 were not increase after feeding with WDs (Figure 4B). Furthermore, FASN protein expression was remarkably suppressed in HP-Trans-WD group (Figure 4C).



Increased lipid load in the liver resulted in enhanced lipid oxidation only in LP-WD, as observed by raised Acox and CPT-1c expression levels. In sharp contrast, the application of both diets with high levels of PA seems to not induce the transcription of genes and proteins for an adequate lipid oxidation (Figure 4D,E).



Finally, decreased Apob levels may indicate the impairment in Very Low Density Lipoprotein (VLDL) secretion in HP-Trans-WD (Figure 4F).




3.5. WD with High Levels of PA and Trans Fat Increased the Risk of MAFLD-Associated Hepatitis and Fibrosis


Excessive lipid accumulation drives to cell death and inflammation in the liver [23]. Plasma levels of Alanine Aminotransferase (ALT) and Aspartate Aminotransferase (AST), important clinical markers of hepatocellular injury were significantly elevated in animals fed with HP-Trans-WD (Figure 5A). Thus, the detection of hepatic cell death in situ revealed significantly higher numbers of TUNEL positive cells in HP-WD and HP-Trans-WD fed livers in comparison with LP-WD-fed animals and the controls (Figure 5B).



All WD treated groups showed an increased accumulation of F4/80 positive liver macrophages, as assessed by Immunofluorescence (IF) staining (Figure 5C). Additionally, the mRNA expression of Tnf-α was significantly increased only in mice fed either with a HP-WD or a HP-Trans-WD (Supplementary Figure S3A).



Cell death, inflammation and TNF-α overproduction induces the activation of Hepatic Stellate Cells (HSCs) in the liver [24]. Consistently, significant expression of α-Smooth Muscle Actin (α-SMA), a marker of HSCs activation, was detected by Immunohistochemistry (IHC) staining in both groups treated with HP-WD and HP-Trans-WD (Figure 5D). Activated HSCs are the major source of Extracellular Matrix (ECM) during progression of fibrosis [2]. Hence, Sirius Red (SR) staining clearly demonstrated that feeding with HP-WD and HP-Trans-WD induced collagen expression in the liver (Figure 5E, Supplementary Figure S3B). These findings were additionally confirmed by IF staining for Collagen I (Figure 5F).




3.6. The Withdrawal ofWD, Reversed MAFLD in All Treated Groups Independently of the Diet Composition


Lastly, we investigated whether WD withdrawal could ameliorate MS and MAFLD-related liver phenotype. The restoration of a chow diet feeding regimen for 20 days was performed after 14 weeks of WD in all treated groups, while CTRL group was maintained on chow diet for 17 weeks in total (Figure 6A). The switch from all different WDs to chow feeding diet, induced a decrease in body weight (Figure 6B, Supplementary Figure S4A) and significantly reduced hepatomegaly (Figure 6C, Supplementary Figure S4B), compared with the corresponding 14 weeks feeding period of the three different types of WDs that has been used, achieving similar levels of the CTRL group. The plasma levels of transaminases and cholesterol progressively decreased over the duration of withdrawal in all treated groups, and eventually reached almost the same level as in the CTRL animals (Figure 6D). Importantly, WD withdrawal normalized impaired glucose intolerance in mice fed with HP-Trans-WD (Figure 6E,F).



In light of these metabolic improvements, pathological changes in the liver were explored next. All WD withdrawal groups, showed significant improvement in hepatocellular morphology (Figure 7A) and attenuated hepatic steatosis with improved hepatic TG content (Figure 7B,C). Moreover, even after 3 weeks of diet withdrawal, we observed low-grade level of infiltration in both groups treated with high PA (Figure 7D). However, the withdrawal was capable to revert fibrotic changes in all treated groups (Figure 7E).





4. Discussion


Over the past two decades, some light has been shed on a number of aspects of MAFLD pathogenesis and the complex relationships between liver steatosis, obesity and modifiable risk factors such as food habits and sedentary lifestyle. Despite the increase in knowledge, there is still no universally approved medical treatment for MAFLD patients [4]. The current body of research suggests that the best way to prevent MAFLD is the combination of a balanced diet with regular exercise to achieve a healthy weight. In contrast, excessive fat consumption is strongly related with accumulation of fat in the liver. However, the quality of fat might be as important as the quantity for MAFLD progression. Although the effects of specific types of dietary fat on cardiovascular diseases have been more or less widely studied, there have been only a limited number of investigations examining the effects specifically on MAFLD in this regard. Consequently, it is critical to investigate the effects of transfat and HP oils as possible triggers to the development of MAFLD, since the consumption of ultra-processed foods, rich in both oils, is increasing worldwide.



Therefore, the aim of the present study was to investigate the effects of three different WDs on the liver and the pathophysiological modulation that these diets perpetrate as a mechanism to develop MAFLD. The consumption of all types of WDs rich in fat, fructose and cholesterol for 14 weeks predisposed mice to the development of obesity, hepatomegaly, hepatic cell death and steatosis. Even LP-WD promoted obesity, hepatomegaly and significant liver fat accumulation, with modulation of FA metabolism. Thus, only HP-WD and HP-Trans-WD induced hypercholesterolemia and immune cell infiltration resembling the pattern of Nonalcoholic Steatohepatitis (NASH). Moreover, only mice treated with HP-WD and HP-Trans-WD developed significant liver fibrosis, an important hepatic feature of MAFLD that is usually observed in patients with persistent necroinflammatory changes [25] (Supplementary Figure S5).



Our observations are in line with previously published murine models fed with a high fat diet (HFD) containing transfats—mice receiving American Lifestyle-Induced Obesity Syndrome (ALIOS) diet [26]. ALIOS mice became obese and developed severe hepatic steatosis with associated necroinflammatory changes. Plasma ALT levels increased, as liver TNF-α and procollagen mRNA, indicating an inflammatory and profibrogenic response to injury [25]. Feeding with a high-fructose medium-chain-transfat diet in another study was also associated with obesity, increased hepatic oxidative stress and a steatohepatitis-like phenotype with significant fibrosis [27].



The mechanisms of hepatic steatosis caused by transfats are the subject of considerable debate. We examined mRNA expression of key lipid metabolic genes involved in FA uptake, export and oxidation. Our data showed that the diet rich in transfat promotes hepatic lipid accumulation by more than one mechanism. We found that HP-Trans-WD in the liver reduced expression of Apob (hepatic TG secretion) and Acox (FA β-oxidation). Both decreased FA oxidation and secretion are not able to offset the diet-induced increase in intrahepatic lipid and together contribute to the diet-induced fatty liver and hepatic accumulation of fat.



Consistently, it has been demonstrated in vitro [28,29], as well as in human studies [30], that Trans FAs alter secretion and size of Apo-B100 containing particles produced by hepatic parenchymal cells and reduce the expression of FA Oxidation (FAO) enzymes [31]. In line with these observations, an increase of SCD1 activity in HP-Trans-WD was previously reported in obese subjects and associated with lower FA oxidation and higher fat storage [21].



Interestingly, we found that feeding with HP-Trans-WD did not increase the expression of key genes of de novo lipogenesis, but in fact FASN expression was profoundly suppressed. This appears paradoxical because FASN suppression markedly improves steatosis in other experimental models of fatty liver, and FASN antagonists are under development as plausible treatments for hepatic steatosis [32]. Therefore, it seems that in HP-Trans-WD fed animals, FASN suppression is likely a compensatory mechanism designed to reduce lipid synthesis under conditions in which lipid oxidation is reduced and TG export is inactive. Moreover, FASN expression is impaired by hepatic inflammation in experimental models characterized by severe hepatocellular damage and inflammation, as well as in patients with steatohepatitis [33]. Consistently, mice fed with HP-Trans-WD showed high levels of plasma markers of liver injury and significant inflammation in liver tissue, accompanied by increased Tnf-α expression. Concomitant with our observation, recent human studies showed that Trans FAs modulate human macrophage response, increasing the production of TNF-α [34].



Lipidomic analysis revealed a marked step from DG to TG (precursor/product) in HP-Trans-WD. These findings are highly consistent with human lipidomic MAFLD data published by A.J. Sanyal’s group [35]. Moreover, knockdown of Diacylglycerol Acyl Transferase (DGAT) ameliorates the fatty liver in the ob/ob mouse [36], suggesting that DGAT plays an important role in the development of hepatic steatosis in mice fed HP-Trans-WD. Several publications also supported the link between altered DG levels and insulin resistance [37].



DG are derived from lipogenesis and membrane phospholipids (PL). The lower level of de novo lipogenesis and the parallel decrease in PC suggest that the membrane PC may definitely contribute to the observed increase in DG in HP-Trans-WD mice in the current study [34]. Indeed, PC is one of the most abundant PL in mammals and a major component of cellular membrane lipids. Moreover, PC levels were reported to be decreased in the liver samples of patients with MAFLD [35,38]. In hepatocytes, up to 30% of PC comes from the conversion of Phosphatidylethanolamine (PE) to PC by Phosphatidylethanolamine N-Methyltransferase (PEMT). Hence, the significant decrease of the hepatic PC/PE ratio was previously observed in MAFLD patients [39]. Additionally, a loss-of-function polymorphism in the PEMT gene seems to be associated with susceptibility in MAFLD [39].



Furthermore, PC is the only phospholipid molecule that is known to regulate the assembly and secretion of lipoproteins. It has been found that low hepatic PC levels due to its synthesis disruption impair the VLDL secretion, and significantly decrease the levels of circulating VLDL lipoproteins and result in hepatic accumulation of TG [40], which is absolutely in line with low Apo-B100 gene expression in HP-Trans-WD.



Additionally, a low PC/PE ratio possibly leads to a rearrangement of outer monolayer, loss of membrane integrity and increased permeability to pro-inflammatory molecules such as cytokines, initiating the inflammation in HP-Trans-WD mice [41].



Glycerophospholipids are another component of cellular membrane associated with cellular signaling and cellular apoptosis. Decreased levels of PS and PI were previously reported in liver biopsy samples of patients with NASH [38].



Another striking observation was the increase in FC in mice fed HP-Trans-WD. FC is well-known to be highly cytotoxic [42]. FC accumulation leads to liver injury through the activation of signaling pathways in Kupffer Cells (KCs), HSCs and hepatocytes, promoting inflammation and fibrogenesis [43]. Accordingly, we found significant hepatic infiltration of F4/80 positive cells as well as HSC activation in the HP-Trans-WD group. Concomitantly, Trans FA also increases the cellular accumulation and the secretion of free cholesterol by hepatocytes in vitro [30,40].



Notably, we found that only HP-Trans-WD induced a significantly impaired glucose tolerance after 14 weeks of feeding. Actually, transfats already have attracted critical attention as a potential modifiable risk factor for T2DM in several previous studies. Diet enriched in transfat intake has been associated with diabetes, insulin sensitivity and systemic inflammation [44,45]. Animal studies demonstrated that a high transfat diet causes weight gain and impaired insulin sensitivity in mice and monkeys [46,47].



Overall, our findings raise a red flag on the food high in transfats because of the harmful effects on liver and metabolism in general. However, the proposed industrial substitute—palm oil does not seem to be a good alternative either, mainly because of high saturated FA, especially PA (C16:0 ≈ 44%). PA treatment has been known to induce inflammation and cellular injury in various tissues. For example, Chen et al. showed that for each kilogram of palm oil consumed annually per capita, the mortality due to ischemic cardiomyopathy increases to the equivalent of 68 for 100,000 deaths in developed countries [48].



The effects of saturated PA on the liver are another pressing issue [8,16]. Boland et al. showed that the substitution of transfat with palm oil (GAN diet) resulted in maintained NASH phenotype in both ob/ob and C57BL/6J mice [49]. In our study, we found that animals fed with HP-WD develop obesity, hepatomegaly, steatosis, inflammatory cells infiltration in the liver and fibrosis as HP-Trans-WD. The changes in the lipid metabolism and lipidomic were also very similar between both groups: high Scd and Pparγ mRNA expression levels in combination with low FA oxidation (CPT1, Acox), leading altogether to significant fat accumulation in the liver. Moreover, the levels of TG, DG and FC were similarly increased in HP-WD.



The main difference between groups was that HP-WD feeding was not associated with glucose intolerance and did not prompt the increase of transaminases as HP-Trans-WD. In addition, the hepatic, metabolic and lipidomic changes were much more pronounced in HP-WD compared with LP-WD fed animals. In accordance, a previous in vitro study showed that saturated PA fatty acids induce hepatocyte lipoapoptosis, and it is more toxic than with unsaturated fatty acids [50].



Lifestyle modifications including diet, exercise and weight loss have been found to be effective in controlling MAFLD. Indeed, we found that WD withdrawal for only 3 weeks resulted in significant improvement in several features of MS and MAFLD, and in general was very efficient in returning most of the analyzed parameters to control-like levels. The withdrawal from all types of WDs promoted lower body mass; decreased visceral fat accumulation; remarkably improved steatosis, serum transaminases, cholesterol and hepatic TG content; and attenuated hepatic fibrosis. Importantly, it also normalized glucose tolerance in HP-Trans-WD. However, the specific lipid composition of the diet seems to also be important in this setting. Liver inflammation in HP and HP-Trans-WD as seen post-withdrawal, is not fully reversible. This, of course, raises concerns, pondering the frequent cycling of diet and weight in the population with obesity.



Mouse models have been extensively used in many mechanistic studies of MAFLD pathogenesis. In spite of this, the natural rodent diet is not fatty-acid-based, limiting the extrapolation of results to humans. Moreover, mice exhibit significant differences in lipid metabolism versus humans. For example, mice carry most of the plasma cholesterol in HDL, while humans carry much of it in LDL [51]. It is still reasonable to assume that many of the FA harmful effects for mice may also carry over to humans, both in terms of MS and MAFLD. Thus, careful validation and functional comparisons of lipidomic profiles must still be performed.



In summary, dietary recommendations to prevent and manage MAFLD should focus not only on quantity but also quality of the diet. Our study clearly demonstrated that modifying types of fat in the diet can lower risk of MAFLD progression and improve features of MS. Yet, it is very important to understand that “transfat free” and/or “palm oil free” labeling should not indulge people in buying high fat or processed food.



Altogether, this study provides important information on the role of different types of fat for development and progression of MAFLD and could be used to inform policy makers discussing the new European Union (EU) regulations to promote better food environments.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biomedicines9101289/s1, Figure S1: Visceral obesity in mice fed with WDs; Figure S2: Pathological evaluation of steatosis in mice fed with WDs; Figure S3: TNF-α mRNA relative expression to GAPDH and pathological evaluation of fibrosis; Figure S4: Reduction of body and liver weight after WD withdrawal; Figure S5: Schematic representation of the hepatic and metabolic phenotypes in mice treated with different types of WD; Table S1: Control and WDs compositions; Table S2 Main ingredients of WDs; Table S3 Concentration of PA in WDs; Table S4 Antibodies used for IF staining; Table S5 Antibodies used for IHC staining; Table S6 Primer sequences for RT-qPCR; Table S7 List of antibodies uded for WB.





Author Contributions


O.E.-V., R.B.-U. and F.G. performed and analyzed the experiments, acquired the data and drafted the manuscript. B.G.-S. and P.A. performed lipidomic analysis. S.S., L.P.B., E.M., C.S.-G., A.L.-P. and L.M. contributed by performing crucial experiments. J.R. and T.B. helped with the biochemical evaluations. M.I.P. performed the histopathological analysis. M.S.M. helped with technical work. A.C., J.M.P., J.R.S., M.T.V., J.V., E.M.-N., C.L., J.R.R., C.T., R.B. and F.J.C. provided fundamental insight and helped with the manuscript draft. Y.A.N. supervised the study supervision, drafted the paper, and provided funds. All authors critically reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the MINECO Retos SAF2016-78711, SAF2017-87919-R, PID2020-117827RB-IOO, PID2020-117941RB-IOO, EXOHEP-CM S2017/BMD-3727, NanoLiver-CM Y2018/NMT-4949, AMMF 2018/117, COST Action CA17112 and UCM-25/2019, German Research Foundation (SFB/TRR57/P04, SFB 1382-403224013/A02). F.J.C. and Y.A.N. are Ramón y Cajal Researchers RYC-2014-15242 and RYC-2015-17438. F.J.C. is a Gilead Liver Research Scholar. The research group belongs to the validated Research Groups Ref. 970935 ¨Liver Pathophysiology¨, 920631 ¨Lymphocyte immunobiology¨, 920361 “Inmunogenética e6937 inmunología de las mucosas” and IBL-6 (imas12-associated). O.E.-V. is supported by Beca FPI (associated with MINECO SAF2017-87919R), C.-S.G. by Atracción de Talento 2019-T1/BMD-1331 and R.B.-U. by Contratos predoctorales de personal investigador en formación UCM-Banco Santander (CT63/19). F.G. is a Chinese Scholarship Council (CSC) fellow. T.B. is supported by the German Research Foundation SFB 1382-403224013/B07, and P.A. by Ayudas para apoyar grupos de investigación del sistema Universitario Vasco (IT971-16) and MCIU/AEI/FEDER, UE (RTI2018-095134-B-100).




Institutional Review Board Statement


This study was approved by the authority of environment conservation and consumer protection of the Regional Government of Madrid (PROEX210/18).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Fouad, Y.; Waked, I.; Bollipo, S.; Gomaa, A.; Ajlouni, Y.; Attia, D. What’s in a name? Renaming ‘NAFLD’ to ‘MAFLD’. Liver Int. 2020, 40, 1254–1261. [Google Scholar] [CrossRef]

	



Ludwig, J.; Viggiano, T.R.; McGill, D.B.; Oh, B.J. Nonalcoholic steatohepatitis: Mayo Clinic experiences with a hitherto unnamed disease. Mayo Clin. Proc. 1980, 55, 434–438. [Google Scholar] [PubMed]

	



Estes, C.; Anstee, Q.M.; Arias-Loste, M.T.; Bantel, H.; Bellentani, S.; Caballeria, J.; Colombo, M.; Craxi, A.; Crespo, J.; Day, C.P.; et al. Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for the period 2016–2030. J. Hepatol. 2018, 69, 896–904. [Google Scholar] [CrossRef] [PubMed]

	



Lazarus, J.V.; Colombo, M.; Cortez-Pinto, H.; Huang, T.T.; Miller, V.; Ninburg, M.; Schattenberg, J.M.; Seim, L.; Wong, V.W.S.; Zelber-Sagi, S. NAFLD—Sounding the alarm on a silent epidemic. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 377–379. [Google Scholar] [CrossRef] [PubMed]

	



Cotter, T.G.; Rinella, M. Nonalcoholic fatty liver disease 2020: The state of the disease. Gastroenterology 2020, 158, 1851–1864. [Google Scholar] [CrossRef]

	



Monteiro, C.A.; Moubarac, J.C.; Cannon, G.; Ng, S.W.; Popkin, B. Ultra-processed products are becoming dominant in the global food system. Obes. Rev. 2013, 14, 21–28. [Google Scholar] [CrossRef]

	



Wang, L.; Martinez Steele, E.; Du, M.; Pomeranz, J.L.; O’Connor, L.E.; Herrick, K.A.; Luo, H.; Zhang, X.; Mozaffarian, D.; Zhang, F.F. Trends in consumption of ultraprocessed foods among US youths aged 2–19 years, 1999–2018. JAMA 2021, 326, 519–530. [Google Scholar] [CrossRef]

	



Sales, R.C.; Medeiros, P.C.; Spreafico, F.; de Velasco, P.C.; Goncalves, F.K.A.; Martin-Hernandez, R.; Mantilla-Escalante, D.C.; Gil-Zamorano, J.; Peres, W.A.F.; de Souza, S.A.L.; et al. Olive oil, palm oil, and hybrid palm oil distinctly modulate liver transcriptome and induce NAFLD in mice fed a high-fat diet. Int. J. Mol. Sci. 2018, 20, 8. [Google Scholar] [CrossRef]

	



Dhaka, V.; Gulia, N.; Ahlawat, K.S.; Khatkar, B.S. Trans fats-sources, health risks and alternative approach—A review. J. Food Sci. Technol. 2011, 48, 534–541. [Google Scholar] [CrossRef]

	



Iqbal, M.P. Trans fatty acids—A risk factor for cardiovascular disease. Pak. J. Med. Sci. 2014, 30, 194–197. [Google Scholar] [CrossRef]

	



Mensink, R.P.; Katan, M.B. Effect of dietary trans fatty acids on high-density and low-density lipoprotein cholesterol levels in healthy subjects. N. Engl. J. Med. 1990, 323, 439–445. [Google Scholar] [CrossRef] [PubMed]

	



Gesteiro, E.; Guijarro, L.; Sanchez-Muniz, F.J.; Vidal-Carou, M.D.C.; Troncoso, A.; Venanci, L.; Jimeno, V.; Quilez, J.; Anadon, A.; Gonzalez-Gross, M. Palm oil on the edge. Nutrients 2019, 11, 2008. [Google Scholar] [CrossRef] [PubMed]

	



Orsavova, J.; Misurcova, L.; Ambrozova, J.V.; Vicha, R.; Mlcek, J. Fatty acids composition of vegetable oils and its contribution to dietary energy intake and dependence of cardiovascular mortality on dietary intake of fatty acids. Int. J. Mol. Sci. 2015, 16, 12871–12890. [Google Scholar] [CrossRef] [PubMed]

	



Odia, O.J.; Ofori, S.; Maduka, O. Palm oil and the heart: A review. World J. Cardiol. 2015, 7, 144–149. [Google Scholar] [CrossRef] [PubMed]

	



Fattore, E.; Bosetti, C.; Brighenti, F.; Agostoni, C.; Fattore, G. Palm oil and blood lipid-related markers of cardiovascular disease: A systematic review and meta-analysis of dietary intervention trials. Am. J. Clin. Nutr. 2014, 99, 1331–1350. [Google Scholar] [CrossRef] [PubMed]

	



Spreafico, F.; Sales, R.C.; Gil-Zamorano, J.; Medeiros, P.D.C.; Latasa, M.J.; Lima, M.R.; de Souza, S.A.L.; Martin-Hernandez, R.; Gomez-Coronado, D.; Iglesias-Gutierrez, E.; et al. Dietary supplementation with hybrid palm oil alters liver function in the common Marmoset. Sci. Rep. 2018, 8, 2765. [Google Scholar] [CrossRef]

	



Laughlin, M.R. Normal roles for dietary fructose in carbohydrate metabolism. Nutrients 2014, 6, 3117–3129. [Google Scholar] [CrossRef]

	



Parker, R.; Kim, S.J.; Gao, B. Alcohol, adipose tissue and liver disease: Mechanistic links and clinical considerations. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 50–59. [Google Scholar] [CrossRef]

	



Miele, L.; Gasbarrini, G.; Giorgio, V.; Gasbarrini, A.; Grieco, A. Nonalcoholic fatty liver disease as trigger of cardiovascular and metabolic complication in metabolic syndrome. Intern. Emerg. Med. 2016, 11, 3–10. [Google Scholar] [CrossRef]

	



Lee, Y.K.; Park, J.E.; Lee, M.; Hardwick, J.P. Hepatic lipid homeostasis by peroxisome proliferator-activated receptor gamma 2. Liver Res. 2018, 2, 209–215. [Google Scholar] [CrossRef]

	



Hulver, M.W.; Berggren, J.R.; Carper, M.J.; Miyazaki, M.; Ntambi, J.M.; Hoffman, E.P.; Thyfault, J.P.; Stevens, R.; Dohm, G.L.; Houmard, J.A.; et al. Elevated stearoyl-CoA desaturase-1 expression in skeletal muscle contributes to abnormal fatty acid partitioning in obese humans. Cell Metab. 2005, 2, 251–261. [Google Scholar] [CrossRef]

	



Bechmann, L.P.; Hannivoort, R.A.; Gerken, G.; Hotamisligil, G.S.; Trauner, M.; Canbay, A. The interaction of hepatic lipid and glucose metabolism in liver diseases. J. Hepatol. 2012, 56, 952–964. [Google Scholar] [CrossRef] [PubMed]

	



Shojaie, L.; Iorga, A.; Dara, L. Cell death in liver diseases: A Review. Int. J. Mol. Sci. 2020, 21, 9682. [Google Scholar] [CrossRef]

	



Yang, Y.M.; Seki, E. TNFalpha in liver fibrosis. Curr. Pathobiol. Rep. 2015, 3, 253–261. [Google Scholar] [CrossRef]

	



Takahashi, Y.; Fukusato, T. Histopathology of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. World J. Gastroenterol. 2014, 20, 15539–15548. [Google Scholar] [CrossRef]

	



Tetri, L.H.; Basaranoglu, M.; Brunt, E.M.; Yerian, L.M.; Neuschwander-Tetri, B.A. Severe NAFLD with hepatic necroinflammatory changes in mice fed trans fats and a high-fructose corn syrup equivalent. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 295, G987–G995. [Google Scholar] [CrossRef] [PubMed]

	



Kohli, R.; Kirby, M.; Xanthakos, S.A.; Softic, S.; Feldstein, A.E.; Saxena, V.; Tang, P.H.; Miles, L.; Miles, M.V.; Balistreri, W.F.; et al. High-fructose, medium chain trans fat diet induces liver fibrosis and elevates plasma coenzyme Q9 in a novel murine model of obesity and nonalcoholic steatohepatitis. Hepatology 2010, 52, 934–944. [Google Scholar] [CrossRef]

	



Dashti, N.; Feng, Q.; Freeman, M.R.; Gandhi, M.; Franklin, F.A. Trans polyunsaturated fatty acids have more adverse effects than saturated fatty acids on the concentration and composition of lipoproteins secreted by human hepatoma HepG2 cells. J. Nutr. 2002, 132, 2651–2659. [Google Scholar] [CrossRef] [PubMed]

	



Mitmesser, S.H.; Carr, T.P. Trans fatty acids alter the lipid composition and size of apoB-100-containing lipoproteins secreted by HepG2 cells. J. Nutr. Biochem. 2005, 16, 178–183. [Google Scholar] [CrossRef]

	



Mozaffarian, D.; Katan, M.B.; Ascherio, A.; Stampfer, M.J.; Willett, W.C. Trans fatty acids and cardiovascular disease. N. Engl. J. Med. 2006, 354, 1601–1613. [Google Scholar] [CrossRef]

	



Rasooly, R.; Kelley, D.S.; Greg, J.; Mackey, B.E. Dietary trans 10, cis 12-conjugated linoleic acid reduces the expression of fatty acid oxidation and drug detoxification enzymes in mouse liver. Br. J. Nutr. 2007, 97, 58–66. [Google Scholar] [CrossRef]

	



Esler, W.P.; Bence, K.K. Metabolic targets in nonalcoholic fatty liver disease. Cell Mol. Gastroenterol. Hepatol. 2019, 8, 247–267. [Google Scholar] [CrossRef] [PubMed]

	



Dorn, C.; Riener, M.O.; Kirovski, G.; Saugspier, M.; Steib, K.; Weiss, T.S.; Gabele, E.; Kristiansen, G.; Hartmann, A.; Hellerbrand, C. Expression of fatty acid synthase in nonalcoholic fatty liver disease. Int. J. Clin. Exp. Pathol. 2010, 3, 505–514. [Google Scholar] [PubMed]

	



Han, S.N.; Leka, L.S.; Lichtenstein, A.H.; Ausman, L.M.; Schaefer, E.J.; Meydani, S.N. Effect of hydrogenated and saturated, relative to polyunsaturated, fat on immune and inflammatory responses of adults with moderate hypercholesterolemia. J. Lipid Res. 2002, 43, 445–452. [Google Scholar] [CrossRef]

	



Puri, P.; Baillie, R.A.; Wiest, M.M.; Mirshahi, F.; Choudhury, J.; Cheung, O.; Sargeant, C.; Contos, M.J.; Sanyal, A.J. A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology 2007, 46, 1081–1090. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.X.; Murray, S.F.; Pandey, S.K.; Booten, S.L.; Bao, D.; Song, X.Z.; Kelly, S.; Chen, S.; McKay, R.; Monia, B.P.; et al. Antisense oligonucleotide reduction of DGAT2 expression improves hepatic steatosis and hyperlipidemia in obese mice. Hepatology 2005, 42, 362–371. [Google Scholar] [CrossRef] [PubMed]

	



Finck, B.N.; Hall, A.M. Does diacylglycerol accumulation in fatty liver disease cause hepatic insulin resistance? Biomed. Res. Int. 2015, 2015, 104132. [Google Scholar] [CrossRef]

	



Chiappini, F.; Coilly, A.; Kadar, H.; Gual, P.; Tran, A.; Desterke, C.; Samuel, D.; Duclos-Vallee, J.C.; Touboul, D.; Bertrand-Michel, J.; et al. Metabolism dysregulation induces a specific lipid signature of nonalcoholic steatohepatitis in patients. Sci. Rep. 2017, 7, 46658. [Google Scholar] [CrossRef]

	



Arendt, B.M.; Ma, D.W.; Simons, B.; Noureldin, S.A.; Therapondos, G.; Guindi, M.; Sherman, M.; Allard, J.P. Nonalcoholic fatty liver disease is associated with lower hepatic and erythrocyte ratios of phosphatidylcholine to phosphatidylethanolamine. Appl. Physiol. Nutr. Metab. 2013, 38, 334–340. [Google Scholar] [CrossRef]

	



Kartsoli, S.; Kostara, C.E.; Tsimihodimos, V.; Bairaktari, E.T.; Christodoulou, D.K. Lipidomics in non-alcoholic fatty liver disease. World J. Hepatol. 2020, 12, 436–450. [Google Scholar] [CrossRef]

	



Li, Z.; Agellon, L.B.; Allen, T.M.; Umeda, M.; Jewell, L.; Mason, A.; Vance, D.E. The ratio of phosphatidylcholine to phosphatidylethanolamine influences membrane integrity and steatohepatitis. Cell Metab. 2006, 3, 321–331. [Google Scholar] [CrossRef]

	



Yao, P.M.; Tabas, I. Free cholesterol loading of macrophages induces apoptosis involving the fas pathway. J. Biol. Chem. 2000, 275, 23807–23813. [Google Scholar] [CrossRef]

	



Arguello, G.; Balboa, E.; Arrese, M.; Zanlungo, S. Recent insights on the role of cholesterol in non-alcoholic fatty liver disease. Biochim. Biophys. Acta 2015, 1852, 1765–1778. [Google Scholar] [CrossRef] [PubMed]

	



Mozaffarian, D.; Pischon, T.; Hankinson, S.E.; Rifai, N.; Joshipura, K.; Willett, W.C.; Rimm, E.B. Dietary intake of trans fatty acids and systemic inflammation in women. Am. J. Clin. Nutr. 2004, 79, 606–612. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Sun, Y.; Snetselaar, L.G.; Sun, Q.; Yang, Q.; Zhang, Z.; Liu, L.; Hu, F.B.; Bao, W. Association between plasma trans-fatty acid concentrations and diabetes in a nationally representative sample of US adults. J. Diabetes 2018, 10, 653–664. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Shen, C.; Zhu, H.; Wang, C.; Liu, X.; Sun, X.; Han, S.; Wang, P.; Dong, Z.; Ma, X.; et al. Trans-fatty acids aggravate obesity, insulin resistance and hepatic steatosis in C57BL/6 Mice, possibly by suppressing the IRS1 dependent pathway. Molecules 2016, 21, 705. [Google Scholar] [CrossRef] [PubMed]

	



Kavanagh, K.; Jones, K.L.; Sawyer, J.; Kelley, K.; Carr, J.J.; Wagner, J.D.; Rudel, L.L. Trans fat diet induces abdominal obesity and changes in insulin sensitivity in monkeys. Obesity 2007, 15, 1675–1684. [Google Scholar] [CrossRef]

	



Chen, B.K.; Seligman, B.; Farquhar, J.W.; Goldhaber-Fiebert, J.D. Multi-Country analysis of palm oil consumption and cardiovascular disease mortality for countries at different stages of economic development: 1980–1997. Global Health 2011, 7, 45. [Google Scholar] [CrossRef] [PubMed]

	



Boland, M.L.; Oro, D.; Tolbol, K.S.; Thrane, S.T.; Nielsen, J.C.; Cohen, T.S.; Tabor, D.E.; Fernandes, F.; Tovchigrechko, A.; Veidal, S.S.; et al. Towards a standard diet-induced and biopsy-confirmed mouse model of non-alcoholic steatohepatitis: Impact of dietary fat source. World J. Gastroenterol. 2019, 25, 4904–4920. [Google Scholar] [CrossRef] [PubMed]

	



Malhi, H.; Bronk, S.F.; Werneburg, N.W.; Gores, G.J. Free fatty acids induce JNK-dependent hepatocyte lipoapoptosis. J. Biol. Chem. 2006, 281, 12093–12101. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, S.M.; Li, H.; Zhu, X.; Shah, A.S.; Lu, L.J.; Davidson, W.S. A comparison of the mouse and human lipoproteome: Suitability of the mouse model for studies of human lipoproteins. J. Proteome Res. 2015, 14, 2686–2695. [Google Scholar] [CrossRef]








[image: Biomedicines 09 01289 g001 550] 





Figure 1. Metabolic profile of mice treated with different types of WD and control (CTRL) group. (A) Left: BW curve during the feeding period. Right: Area under the BW curve (arbitrary units) after 14 weeks. (B) End point body weight after 14 weeks of feeding (n = 7–9). (C) Upper: eWAT weight (g) (n = 7–9). Lower: eWAT weight–to-BW ratio (%) (n = 7–9). (D) Representative eWAT H and E. Asterisks indicate CLS. Scale bar = 100 μm (n = 4–5). (E) Left: Basal glucose levels in blood after 12 h of fasting (n = 3–5). Right: GTT curve after 14 weeks feeding. (F) Levels of cholesterol in serum (n = 6–8). * for p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. 
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Figure 2. WD feeding leads to hepatomegaly and steatosis. (A) Left: Liver macroscopic images after 14 weeks of feeding. Middle: Liver weight (g) (n = 7–8). Right: Liver weight–to-BW ratio (%) (n = 7–8). (B) Representative phalloidin-stained liver images and size of hepatocytes in phalloidin-stained liver pictures quantified by ImageJ software. Scale bar = 100 μm (n = 3–4). (C) Ki-67 liver IF staining after 14 weeks of feeding. Positive proliferating cells are stained in green and indicated by arrows. Nuclei are stained in blue using DAPI as a counterstain. Scale bar = 100 μm (n = 3–4). (D) H and representative images. Scale bar = 100 μm. (n= 7–9). (E) Illustrative ORO-stained liver sections. Scale bar = 100 μm. Quantification of ORO-stained area (n = 4–6). ** p < 0.01, *** p < 0.001; **** p < 0.0001. 
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Figure 3. Hepatic lipidomic analysis in mice treated with WD and corresponding controls. Distribution of lipid classes within hepatic lipids (µmol/g of tissue): (A) Triglycerides (TG). (B) Diglycerides (DG). (C) Free cholesterol (FC). (D) Hepatic phospholipids Left: Phosphatidylcholine (PC). Middle: Phosphatidylethanolamine (PE). Right: PC/PE ratio. (E) Phosphatidylserine (PS) (n = 4–5). * for p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. 
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Figure 4. Changes in lipid metabolism in mice fed with WD. (A) Pparγ, Scd1, (B) Acc, Srebp1 mRNA relative expression to GAPDH after 14 weeks on WD (n = 4–6). (C) FASN western blot using HSC-70 as a loading control. Ratio: normalization of FASN expression by densitometry. (D) Respective Acox mRNA expression relative to Gapdh (n = 4–6). (E) CPT-1c WB using GAPDH as loading control. Quantification of Western blot was performed by densitometry using Image J software. (F) Apob mRNA expression relative to Gapdh (n = 4–6). * for p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5. Hepatitis and hepatic fibrosis in mice on the WD for 14 weeks. (A) ALT and AST measurements in serum after 12 h of fasting (n = 7–9). (B) Representative TUNEL-stained photomicrographs at 14 weeks. Scale bar = 100 μm. Quantification of % TUNEL positive cells (n = 6–7). (C) F4/80 IF staining in liver sections of mice fed for 14 weeks. Positive immune cells are stained in green. Nuclei are stained in blue using DAPI as a counterstain. Arrows indicate F4/80 positive cells, respectively. Scale = 100 μm. Quantification of % F4/80 positive cells, using ImageJ software (n = 4). (D–F) Fibrosis-related stainings in liver and corresponding quantification of positive stained areas after 14 weeks of treatment. Representative liver images stained with α-SMA (IHC) (D), SR (E), Collagen I (IF) (F). Scale bar = 100 μm. (n = 4–7). * for p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001. 






Figure 5. Hepatitis and hepatic fibrosis in mice on the WD for 14 weeks. (A) ALT and AST measurements in serum after 12 h of fasting (n = 7–9). (B) Representative TUNEL-stained photomicrographs at 14 weeks. Scale bar = 100 μm. Quantification of % TUNEL positive cells (n = 6–7). (C) F4/80 IF staining in liver sections of mice fed for 14 weeks. Positive immune cells are stained in green. Nuclei are stained in blue using DAPI as a counterstain. Arrows indicate F4/80 positive cells, respectively. Scale = 100 μm. Quantification of % F4/80 positive cells, using ImageJ software (n = 4). (D–F) Fibrosis-related stainings in liver and corresponding quantification of positive stained areas after 14 weeks of treatment. Representative liver images stained with α-SMA (IHC) (D), SR (E), Collagen I (IF) (F). Scale bar = 100 μm. (n = 4–7). * for p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001.



[image: Biomedicines 09 01289 g005]







[image: Biomedicines 09 01289 g006 550] 





Figure 6. Effects of WD withdrawal on MS. (A) Mice were fed for 14 weeks with WD followed by 3 weeks of withdrawing. Effects of WD withdrawal: (B) Body and (C) Liver weight (n = 5–6). (D) AST, ALT, Cholesterol in serum after 12 h of fasting (n = 3–5). (E) Basal glucose levels in blood after 12 h of fasting. (F) Left: GTT curve after the period of withdrawal. Right: Area under the curve GTT (arbitrary units) (n = 3–6). 
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Figure 7. Effects of WD withdrawal on steatohepatitis and fibrosis. (A) H and E staining of liver sections from each group. Scale bar = 100 μm (n = 3–6). (B) Representative Oil Red O staining of liver cryosections after WD diet withdrawal. Scale bar = 100 μm (n = 3–6). (C) Quantification of hepatic TG after diet withdrawal. (D) IF staining for CD45. The number of CD45 positive cells (green, arrows) was quantified and calculated as percentage of total cells (DAPI, blue). Scale bar = 100 μm (n = 3). (E) SR staining and quantification of positive areas after withdrawal of WD. Scale bar = 100 μm (n = 3–6). ** p < 0.01. 
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