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Objective

In the last years, changes in dietary habits have contributed to the increasing prevalence of metabolic disorders, such as non-alcoholic fatty liver disease (NAFLD) and type 2 diabetes mellitus (T2DM). The differential burden of lipids and fructose on distinct organs needs to be unveiled. Herein, we hypothesized that high-fat and high-fructose diets differentially affect the metabolome of insulin-sensitive organs such as the liver, muscle, and different adipose tissue depots.



Methods

We have studied the impact of 12 weeks of a control (11.50% calories from fat, 26.93% from protein, and 61.57% from carbohydrates), high-fat/sucrose (HFat), or high-fructose (HFruct) feeding on C57Bl/6J male mice. Besides glucose homeostasis, we analyzed the hepatic levels of glucose and lipid-metabolism-related genes and the metabolome of the liver, the muscle, and white (WAT) and brown adipose tissue (BAT) depots.



Results

HFat diet led to a more profound impact on hepatic glucose and lipid metabolism than HFruct, with mice presenting glucose intolerance, increased saturated fatty acids, and no glycogen pool, yet both HFat and HFruct presented hepatic insulin resistance. HFat diet promoted a decrease in glucose and lactate pools in the muscle and an increase in glutamate levels. While HFat had alterations in BAT metabolites that indicate increased thermogenesis, HFruct led to an increase in betaine, a protective metabolite against fructose-induced inflammation.



Conclusions

Our data illustrate that HFat and HFruct have a negative but distinct impact on the metabolome of the liver, muscle, WAT, and BAT.
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Introduction

Dysmetabolism drives obesity and/or diabetes as a result of excessive and abnormal accumulation of body fat impinging on several adverse health effects (1). Although awareness for these health and social problems has increased over the years, its prevalence continues to increase dramatically (2). Genetic background influences dysmetabolism development (3), yet the vast majority of the cases are due to factors that arose in industrialized countries, namely, excessive consumption of highly processed and energy-dense foods, frequently combined with a sedentary lifestyle. Indeed, these diets are usually rich in fructose and fat. While fructose is known to promote hepatic de novo lipogenesis, lipid accumulation, and insulin resistance (4), high-fat diets lead not only to hepatic lipid accumulation but also to higher adipose tissue lipolysis (5). However, fats and specifically triglycerides are differently metabolized depending on the fatty acid chain length. While medium-chain triglycerides are absorbed into the portal circulation and transported to the liver, long-chain fatty acids are transported through the lymphatic system via chylomicrons (6).

The metabolic and homeostatic dysfunctions (7) caused by the poor lifestyle habits may end up in the onset of hypertension, type 2 diabetes mellitus (T2DM) (8), cardiovascular disease, dyslipidemia (9), and non-alcoholic fatty liver disease (NAFLD) (10). The latter is characterized by the presence of macrovesicular steatosis in ≥5% of hepatocytes, in individuals with no causes for secondary hepatic accumulation, as is the case of abusive alcohol consumption and hereditary disorders (11). NAFLD is the most common cause of chronic liver disease in Western countries, having a reported prevalence of 6%–35% worldwide (12). Although the molecular mechanisms leading to NAFLD are still under discussion, it is known that it is a consequence of several factors, namely, (i) an increased incursion of free fatty acids from insulin-resistant adipose tissue, (ii) impaired metabolism of dietary lipids in the liver or impaired lipid export from the hepatocytes, and (iii) increased de novo lipogenesis in the liver (13). The overload of lipids affects not only the liver but also other metabolic organs such as the muscle or adipose tissue (both white and brown). Considering organ crosstalk, dysfunctions in one of these organs will have an impact on others, namely, in cases of insulin resistance and inflammation, and dysmetabolism overall (14, 15).

We hypothesized that dietary content in lipids or fructose differentially affect the metabolome of insulin-sensitive organs. Our aim was to evaluate the metabolome of insulin-sensitive organs, as is the case of the liver, muscle, and white and brown adipose tissue in animals fed with high-fat or high-fructose diet.



Materials and methods


Chemicals

Bicinchoninic acid (BCA) Protein Assay Kit was purchased from Thermo Scientific (Waltham, MA, USA). Dried milk was purchased from Nestlé (Vevey, Switzerland). Amersham ECL was purchased from GE Healthcare (Weßling, Germany). NZYColour Protein Marker II, agarose, NZYDNA Ladder V, and Supreme NZYTaq II 2x Green Master Mix were purchased from NZYTech (Lisbon, Portugal). Fructose was purchased from Enzymatic (Loures, Portugal). Immobilon-P polyvinylidene difluoride (PVDF) membrane was purchased from Merck Millipore (MA, USA). Kits for triglycerides and cholesterol determination were purchased from Spinreact (Girona, Spain). Quantification of free fatty acids was done using a kit from Wako Diagnostics (CA, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless stated otherwise.



Animals

Experiments were performed using male C57Bl6/J mice kept on a 12-h light/dark cycle with ad libitum access to food and water. Animals were randomly divided in three groups (n=7/group) and fed different diets from 6 to 18 weeks of age: normal chow diet with 11.50% calories from fat, 26.93% from protein, and 61.57% from carbohydrates [Chow group; RM3A(P), Special Diets Services, Witham, Essex, UK]; high-fat diet with 58% of calories from fat, 16.4% from protein, and 25.5% from carbohydrates (HFat; D12331, Research Diets, New Brunswick, NJ) or high fructose diet [HFruct; FRUC-00T-500, Enzymatic, PT; 35% w/v in drinking water and fed with RM3A(P) diet]. Mice were monitored weekly for body weight, blood glucose levels, and for distress signals. The experimental procedures were approved by the Ethics Committee of the NOVA Medical School and by the Directorate-General for Food and Veterinary that regulates the animal care and use in research (registration number 82/2019/CEFCM and 0421/000/000/2016, respectively). All procedures followed Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and the European laws (Directive 2010/63/EU) that rule the use of animals in research.



Metabolic measurements

Mice were weighed at 6 weeks and weekly thereafter. Blood glucose levels were measured using a Contour Next glucose meter (Bayer, Leverkusen, Germany). Food and caloric intake were also assessed. For glucose tolerance tests, mice were fasted overnight at 17 weeks of age, and blood glucose levels were measured before and 15, 30, 60, 90, and 120 min after intraperitoneal injection of glucose (2.0 g/kg). The area under the curve (AUC) was calculated using the trapezoidal rule for glucose data (16). For insulin tolerance tests, at 17 weeks of age, mice were fasted for 5 h, and blood glucose levels were measured before and 15, 30, 60, 90, and 120 min after intraperitoneal injection of human insulin (0.75 UI/Kg; Actrapid, Novo Nordisk).



Insulin signaling studies

Mice were fasted overnight and intraperitoneally injected with human insulin (10 UI/kg of body weight; Actrapid, Novo Nordisk) or saline and sacrificed 10 min later. Organs [liver, epididymal white adipose tissue (WAT), interscapular brown adipose tissue (BAT), and gastrocnemius muscle] were harvested, snap frozen, and stored at −80°C until analysis. The liver was homogenized in lysis buffer (in mM: 20 Tris pH 7.5, 5 EDTA, 10 Na4P2O7, 100 NaF, 2 Na3VO4) with 1% NP-40 and protease inhibitors (Roche, Switzerland). Tissue lysates (20 µg protein) were mixed with Laemmli sample buffer (in %: 1.5 Tris, 20 glycerol, 4.1 SDS, 2 β-mercaptoethanol, 0.02 bromophenol blue, pH 6.8) and denatured for 10 min at 95°C. Proteins were fractionated in 10% polyacrylamide gels. The proteins were transferred from gels to previously activated PVDF membranes in TransBlot Turbo (Bio-Rad Laboratories, Hemel Hempstead, UK) and then blocked for 1 h in a 5% non-fat milk solution at room temperature. The membranes were incubated overnight at 4°C with the primary antibodies listed in Supplementary Table S1 and incubated with secondary antibodies for 1 h. Either glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or β-actin were used as loading controls. Membranes were reacted with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare), read in Chemidoc, and quantified using ImageLab (Bio-Rad Laboratories).



Liver histology and lipid assay

Liver was fixed with 10% formalin solution, embedded in paraffin, and cut in 4-μm sections. These sections were then stained with hematoxylin and eosin for the characterization of liver morphology and lipid content. Hepatic lipids were extracted as previously described (17). Briefly, approximately 250 mg of frozen tissue was rapidly mixed with high-performance liquid chromatography (HPLC)-grade methanol (4.6 ml/g) followed by methyl-tert-butyl ether (MTBE) (15.4 ml/g). The mixture was placed in a shaker for 4 h and then centrifuged at 13,000g for 10 min. The liquid fraction was collected, and phase separation was induced by adding 1 ml of distilled water and letting it rest at room temperature for 10 min. The liquid was then centrifuged for 10 min at 1,000g. The organic phase, containing the lipids, was separated and dried under nitrogen gas in a glass vial protected from light. It was then dissolved in butanol:(Triton X-100:methanol). Hepatic total cholesterol and triglyceride contents were determined by enzymatic method (SpinReact).



Quantitative real-time polymerase chain reaction

The extraction of liver total ribonucleic acid (RNA) was performed using TRIzol (Invitrogen), and the concentrations were determined by a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). Total RNA was reverse transcribed to complementary DNA (cDNA) using high-capacity cDNA reverse transcription kit (Applied Biosystems, CA, USA). Quantitative real-time polymerase chain reaction (qPCR) was performed to evaluate the abundance of messenger RNA (mRNA) coding for GK, G6Pase, PEPCK, ChREBP, SREBP2, ELOVL2, CD36, SCD1, β-actin, and β-2-microglobulin using SYBR™ Green PCR Master Mix (Applied Biosystems) in an ABI 7500 (Applied Biosystems). Specific exon–exon spanning primers were designed for the amplification of the target and housekeeping transcripts (Supplementary Table S2). β-Actin and β-2-microglobulin transcript levels were used to normalize gene expression levels. Fold variation in gene expression levels was calculated with the 2−ΔΔCt method (18).



Metabolite extraction

To extract the liver, gastrocnemius muscle, epididymal WAT, and interscapular BAT metabolites, the different tissues were homogenized in glass vials using a mixture of methanol and chloroform (2:1). After sonication on ice for 15 min, chloroform and water (1:1) were added, and samples were centrifuged at 10,000g for 15 min at 4°C. Polar and apolar fractions were isolated and evaporated using a flow of nitrogen. The polar fraction was dissolved in D2O phosphate buffer (0.2 M, pH 7) for proton nuclear magnetic resonance (1H-NMR) analysis.



Proton nuclear magnetic resonance spectroscopy

Proton nuclear magnetic resonance (1H-NMR) spectra of the polar extracts were acquired using a Varian Inova 600 MHz (14.1 T) spectrometer equipped with a 3-mm QXI probe with a z-gradient. 1H-1D NOESY experiments with water presaturation were acquired at 298 K (7.2 kHz spectral width, 0.1 s mixing time, four dummy scans, 4 s relaxation delay with 3 s of water presaturation, 90°C pulse angle, 3 s acquisition time, and a minimum of 128 scans). For further spectral assignment, two-dimensional spectra (TOCSY) were acquired using sweep width of 5.4 kHz in both dimensions, 48 transients, and 400 and 1,024 points in t1 and t2 dimensions, respectively. Spectra were treated by multiplying FIDs with exponential window function (line broadening of 0.3 Hz) and were zero filled to 64 k points prior to Fourier transformation using TopSpin (Bruker Biospin, Karlsruhe, Germany). 2D spectra were processed by applying qsine window function and zero filled to 2,048 points in both dimensions. The comparison of 1D and 2D spectra with reference spectra and public databases such as HMDB allowed for peak assignment and metabolite identification (19). Metabolites were identified according to metabolomics standards initiative guidelines for metabolite identification (20).



Multivariate analysis of NMR data

Processed 1D NOESY spectra were bucketed using one-point bucket (0.6–9.0 ppm, with signal-free, water, and fumarate regions excluded). Data matrix was built in Amix Viewer (BrukerBiospin, Rheinstetten). Icoshift algorithm (21) was used to align bucketed spectra, and total area integral normalization was applied to account for the variations in the overall sample concentrations. Multivariate statistical analysis was applied on unit variance scaled matrix (SIMCA 14, Umetrics, Sweden). Principal component analysis (PCA) was used to provide information on global data structure, and partial least squares discriminant analysis (PLS-DA) was used to assess group separation and to identify the main metabolites that contribute to the group discrimination. PLS-DA models were validated by sevenfold cross-validation and permutation test (n=100) to provide the qualitative measure of predictive power (Q2) and to assess the degree of fit to the data (R2). The corresponding PLS-DA loadings were obtained by multiplying the loading weight factors (w) by the standard deviation of the respective variable and were color-coded according to variable importance in the projection (VIP). All differentially expressed metabolites for each of the diets in each tissue were used to identify the most relevant metabolic pathways affected by diet using MetaboAnalyst (22).



GC-MS analysis

Fatty acid methyl esters were obtained by base-catalyzed transmethylation (2 M KOH in methanol). The resultant fatty acid methyl ester solution was analyzed by gas chromatography using a Shimadzu GC-MS QP2010 UltraGas Chromatograph Mass Spectrometer (Shimadzu, Kyoto, Japan), with a capillary column BPX70 (0.25 mm internal diameter, 0.25 µm film thickness, 30 m long, SGE, Austin, TX, USA). Nonadecanoic fatty acid (C19:0) was used as the internal standard. The injector temperature was set at 250°CC, and 1 µl of each sample was injected with a split ratio of 1:80. Helium was used as the carrier gas. The initial column temperature was 155°CC, followed by a heating rate of 1°CC/min up to 170°CC, 4°CC/min up to 220°CC and 40°CC/min until reaching 250°CC, which was kept for 5 min. The linear velocity was 35 cm/s, with interface temperature of 250°CC, ion source temperature of 225°CC, mass range of 45–500, and event time of 0.3 s. All the measurements were repeated three times, and the average values were reported. Fatty acids were identified by retention time and fragmentation profile and quantified by the internal standard procedure. Results are expressed as a percentage of total fatty acids.



Statistical analysis

Experimental data are shown as mean ± standard error of mean (SEM). Unless stated otherwise, statistical analysis was performed using one-way ANOVA in GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). p<0.05 was considered significant.




Results


HFat diet-fed mice develop glucose intolerance, insulin resistance, and non-alcoholic fatty liver disease

Mice were subjected to a Chow, HFat, or HFruct diet. After a 12-week period of diet intervention, mice subjected to an HFat diet had increased body weight gain (37.90 ± 1.06 g) compared to Chow-diet-fed mice (28.14 ± 0.57 g; Figure 1A). Conversely, HFruct-diet-fed mice had decreased body weight (24.86 ± 0.76 g). In fact, after 12 weeks of diet, HFat-diet-fed mice had marked hyperglycemia (136 ± 12 mg/dl), compared to Chow-diet-fed mice (98 ± 8 mg/dl, Figure 1B), while HFruct-diet-fed mice were normoglycemic (102 ± 10 mg/dl). HFruct-diet-fed mice had decreased water intake, concomitant with decreased food intake, compared to Chow-diet-fed mice. However, this was not reflected in a decrease in caloric intake (Figures 1C–E). Caloric intake was increased by 25% in HFat-diet-fed mice, compared to Chow-diet-fed mice (Figure 1D). HFat-diet-fed mice were glucose intolerant, as observed by failure to decrease blood glucose levels after administration of a glucose bolus (Figure 1F). HFruct-diet-fed mice displayed normal glucose tolerance, but the ITT curve was flatter than Chow, revealing insulin resistance, as the capacity to decrease blood glucose levels after an insulin bolus is compromised (Figures 1F, G).




Figure 1 | Effects of HFat and HFruct diets on metabolic parameters, glucose homeostasis, hepatic lipid deposition, and insulin signaling pathway in C57Bl/6J male mice. (A) Body weight, (B) intraperitoneal glucose tolerance test (ipGTT) and the respective area under the curve (AUC), (C) insulin tolerance test (ITT); (D) fasting blood glucose; (E) food intake; (F) water intake; (G) caloric intake; (H) hepatic triglycerides; (I) hepatic cholesterol levels; (J) representative images of hematoxylin and eosin-stained liver sections; (K) Chow, high-fat (HFat) and high-fructose (HFruct) hepatic protein levels of insulin receptor α (InsR), phosphorylated-insulin receptor (pInsR; normalized to InsR levels); protein kinase B (PKB/Akt) and its phosphorylation sites (pAktT308 and pAktS473; normalized to Akt levels) normalized to GAPDH levels and represented as fold variation to Chow group; (L) representative images of Western blot for the described antibodies. Data are presented as mean ± SEM for three to seven mice. *p<0.05, **p<0.01, ***p<0.001; (F) ##p<0.01 vs. HFruct, ###p<0.001 vs. HFruct.



Dysmetabolism is associated with ectopic fat deposition in parenchymatous organs such as the liver. To evaluate this, hepatic triglycerides and cholesterol were measured. Liver content in both triglycerides and cholesterol was increased in HFat-diet-fed mice (35.1 ± 2.3 mg/g and 3.5 ± 0.2 mg/g, respectively) but unchanged in HFruct-diet-fed mice (26.5 ± 0.9 mg/g and 2.7 ± 0.03 mg/g, respectively; Figures 1H, I) when compared with Chow-diet-fed mice (25.4 ± 1.6 mg/g and 2.9 ± 0.1 mg/g, respectively). The analysis of histological sections demonstrated that HFat-diet-fed mice developed NAFL, i.e., presented lipid droplets in >5% of the sections, whereas HFruct-diet-fed mice had mild hepatic degeneration (Figure 1J). Insulin-stimulated glucose utilization relies on an effective insulin signaling and is known to impact the transcription of several lipid and carbohydrate metabolism-related genes (23). Therefore, the protein levels of the insulin pathway-related components, insulin receptor (InsR) and Akt, in the liver of the mice were determined. After 12 weeks of diet exposure, HFruct-diet-fed mice presented a decrease in InsRα levels. However, the activation of the pathway, observed by the ratio between phosphorylated-insulin receptor (pInsR) and InsR, did not present any differences between the groups, suggesting that InsR are functional (Figures 1K, L). When analyzing Akt phosphorylation levels, there was a marked reduction in both T308 and S473 in both HFat- and HFruct-diet-fed groups, revealing that both diets negatively impact on the activation of the insulin signaling pathway (Figures 1K, L).



Hepatic carbohydrate and lipid and amino acid metabolisms are impaired by HFat and HFruct diets

The liver is a key organ for the maintenance of normal glucose homeostasis. However, this homeostasis is impaired in insulin-resistant states; thus, we evaluated the intracellular levels of key metabolites in the fasting state, and the mRNA expression of some glucose metabolism-related genes. Intra-hepatic glucose levels were decreased in HFat-diet-fed mice compared to Chow-diet-fed mice (Figure 2A). The mRNA levels of glucokinase, the enzyme responsible for the conversion of glucose into glucose-6-phosphate, thus enabling the trapping of glucose inside the cells, are increased in HFat-diet-fed mice (4.32 ± 1.02-fold variation to Chow), when compared to both Chow- and HFruct-diet-fed mice (1.00 ± 0.24- and 1.68 ± 0.45-fold variation to Chow, respectively; Figure 2B). The mRNA expression of glucose-6-phosphatase, the enzyme that converts glucose-6-phosphate to glucose, does not present any significant difference between the groups, although there is a decrease in the HFat group, when compared to Chow (0.45 ± 0.09- and 1.00 ± 0.26-fold variation to Chow, respectively; p=0.06; Figure 2B). The expression of Pepck, responsible for glucose production from pyruvate, was also analyzed, although no statistical differences were found. In the fasting state, the liver produces glucose from several substrates, namely, glycogen. However, we observed that both HFat- and HFruct-diet-fed mice present lower levels of glycogen in the liver when compared to Chow-diet-fed mice. Glucose may also enter glycolysis to yield pyruvate; the latter has three major outcomes, namely, acetyl-CoA, acetate, or lactate. However, we observed that hepatic lactate and acetate levels do not vary significantly with the diet (data not shown).




Figure 2 | Effects of the HFat and HFruct diets on the hepatic metabolism of C57Bl/6J male mice. Chow, high-fat (HFat), and high-fructose (HFruct) hepatic levels of metabolites involved in glycolysis/gluconeogenesis, amino acid metabolism, ketogenesis, bile acid synthesis, and methionine cycle (A), mRNA levels of glucose (B), and lipid-related metabolism genes (C), and heat map of hepatic polar metabolites in comparison to Chow metabolites, which are represented by 1/white (D). α-KG, α-ketoglutarate; AQP9, aquaporin 9; CD36, cluster of differentiation 36; G6Pase, glucose-6-phosphatase; GK, glucokinase; GSH, glutathione; TCA, tricarboxylic acid; UDPG, uridine diphosphate glucose. Data are presented as mean ± SEM for five to seven mice. *p<0.05, **p<0.01; ***p<0.001.



Like for carbohydrates, the liver is essential for fatty acid metabolism. Dysregulations in cholesterol biosynthesis or de novo lipogenesis, in a key lipogenic tissue as the liver, may disrupt the overall lipid homeostasis. Thus, we evaluated intracellular levels of key metabolites for lipid metabolism and the mRNA expression of some lipid-metabolism-related genes. No statistical differences were found regarding CD36 mRNA levels nor Elovl2, responsible for the elongation. However, Srebp2 and Scd1 mRNA levels were increased in HFat-diet-fed mice (3.06 ± 0.51- and 2.59 ± 0.74-fold variation to Chow; Figure 2C), when compared to both Chow (1.00 ± 0.29- and 1.00 ± 0.19-fold variation to Chow) and HFruct groups (1.23 ± 0.26- and 0.76 ± 0.14-fold variation to Chow; Figure 2C). Glycerol, a product of adipose tissue lipolysis, is an important substrate for both gluconeogenesis and lipogenesis (24). Glycerol levels were increased in the liver of HFat-diet-fed mice, when compared to Chow-diet-fed mice. Choline, which is the precursor for the essential component of the very low density lipoprotein (VLDL) phosphatidylcholine, was increased in HFat-diet-fed mice, compared to Chow-diet-fed mice (Figure 2A). Choline is oxidized to betaine, an osmoregulator and a methyl-group donor (25). Betaine was increased in HFruct-fed-mice compared to both Chow- and HFat-fed mice (Figure 2A). When glycogen is not available to produce glucose as energy substrate, ketogenesis takes place. One of the metabolites produced during this process is 3-hydroxybutyrate, which was increased in HFat-diet-fed mice, when compared to Chow- and HFruct-diet-fed animals (Figure 2A).

Besides being the basic units for protein synthesis, amino acids serve as intermediate metabolites for TCA cycle and lipid and nucleotide biosynthesis and sustain cell proliferation. Amino acid levels were significantly altered in the liver tissue by both high-fat and high-fructose diets. Serine, besides being a precursor of proteins and lipids, is involved in glycogen storage in the liver (26). Its levels were decreased in HFat-diet-fed mice, when compared to both Chow- and HFruct-diet-fed animals (Figure 2A). Serine is inter-convertible with glycine (27). The levels of this amino acid were increased in ~50% in the HFat group, when compared with both Chow- and HFruct-diet-fed mice (Figure 2A). During fasting, alanine participates in gluconeogenesis. Alanine levels were increased in almost 40% in HFruct mice when compared to Chow-diet-fed mice (Figure 2A). α-Ketoglutarate (α-KG), one of the metabolites of the Krebs cycle, may be interconverted into glutamate, which may be, in turn, interconverted in glutamine, an important amino acid and a precursor for gluconeogenesis and glutathione synthesis (28). Both glutamate and glutamine were increased in HFat-diet-fed mice when compared to Chow-diet-fed animals (Figure 2A). A graphical diagram with the most affected metabolites is depicted in Figure 2A, along with the graphs for each metabolite and a heat map (Figure 2D); the most affected pathways in the liver by HFat or HFruct feeding is are shown in Supplementary Figures 1A, B, respectively.



HFat and HFruct diets increase hepatic monounsaturated fatty acids and decrease n-6 polyunsaturated fatty acids

As previously mentioned, the liver is a key lipogenic tissue; thus, fatty acid methyl esters levels were analyzed upon HFat and HFruct feeding for 12 weeks. After grouping fatty acids by saturation degrees, we observed that HFat diet leads to an increase in relative abundance of monounsaturated fatty acids (MUFA; 45.60 ± 1.61) when compared to Chow-fed mice (27.91 ± 1.13; Table 1). Moreover, HFat-fed mice present decreased relative abundance of n-3 and n-6 polyunsaturated fatty acids (PUFAs), when compared to Chow-fed mice and HFruct-fed mice (Table 1). The decrease in n-3 PUFA is mainly attributed to a decrease in docosahexaenoic acid (DHA; C22:6 n3) and α-linolenic acid (C18:3n3), while the decrease in n-6 PUFA is mainly due to a decrease in linoleic acid (C18:2n6).


Table 1 | Fatty acid composition of liver tissue obtained from normal chow diet (Chow), high-fat diet (HFat), and high-fructose (HFruct)-fed male C57Bl6/J mice after 12 weeks of diet.





High-fat and high-fructose diets differentially affect muscle metabolome

Skeletal muscle is a major organ of glucose uptake, storage, and usage. The muscle can store glucose in the form of glycogen, which is crucial for the rapid initiation of energy production even when glucose is not readily available (29). Therefore, we evaluated the muscle intracellular polar metabolites after 12 weeks of HFat or HFruct feeding. Muscular glucose levels were decreased in HFat-diet fed mice, compared with both Chow and HFruct-diet-fed mice (Figure 2A). Lactate, which may be converted into pyruvate, was also decreased in HFat-diet-fed mice compared with both Chow- and HFruct-diet-fed mice. In the need of substrate, fatty acids stored as triglycerides or amino acids may be metabolized (30). In fact, dietary changes had the major impact in amino acids levels. Glycine and glutamine were increased in HFat-diet-fed mice compared to the other diets, which may promote and contribute for protein synthesis (31). Both dietary interventions caused a decrease in valine, whose metabolism produces ammonia by-products that may participate in the conversion of glutamate to glutamine (32), but only HFruct led to decreased levels of glutamate, when compared to Chow-diet-fed mice. A graphical diagram with the most affected metabolites is depicted in Figure 3, along with the graphs for each metabolite, and a heat map is depicted in Supplementary Figure 2A, and the most affected pathways in the muscle by HFat (Supplementary Figure 2B) or HFruct feeding (Supplementary Figure 2C).




Figure 3 | Effects of the HFat and HFruct diets on the muscle metabolism of C57Bl/6J male mice. Chow, high-fat (HFat), and high-fructose (HFruct) muscle levels of metabolites involved in glycolysis/gluconeogenesis and amino acid metabolism. α-KG, α-ketoglutarate; G6Pase, glucose-6-phosphatase; GK, glucokinase; GLUT, glucose transporter; IMP, inosine monophosphate; TCA, tricarboxylic acid. Data are presented as mean ± SEM for five to seven mice. *p<0.05, **p<0.01; ***p<0.001.





Epidydimal white adipose tissue metabolome is less affected by high-fat and high-fructose feeding than the liver and muscle

As a source of energy substrates, WAT responds to variations in the body’s nutritional status and energy demand (33). Herein, we observed that HFat feeding for 12 weeks led to increased acetate levels (Figure 4E), which might indicate suppressed lipolysis (34), and decreased glycerophosphocholine (Figure 4B) when compared to Chow. Moreover, HFat-fed mice presented decreased creatine, a metabolite known for stimulating energy expenditure (35) (Figure 4D), and increased taurine (Figure 4A), when compared to HFruct-fed mice, all pointing towards an obesogenic mechanism (36). On the other hand, HFruct animals had decreased succinate, when compared to Chow-fed mice (Figure 4C). No significant differences were observed in formate levels (Figure 4F). A heat map with analyzed metabolites is depicted in Supplementary Figure 3A and the most affected pathways in WAT by HFat (Supplementary Figure 3B).




Figure 4 | Effects of the HFat and HFruct diets on the epididymal white adipose tissue (WAT) metabolism of C57Bl/6J male mice. (A) Taurine; (B) glycerophosphocholine; (C) succinate; (D) creatine; (E) acetate; (F) formate relative areas in WAT after 12 weeks of normal chow (Chow), high-fat (HFat), or high-fructose (HFruct) feeding. Data are presented as mean ± SEM for four to seven mice. *p<0.05, **p<0.01.





Brown adipose tissue metabolome is modulated by high-fat or high-fructose feeding

Although it has been disregarded for years, studies about the presence of BAT in adults and the discovery of its crosstalk with important metabolic organs, namely, the muscle, has brought BAT to the spotlight (37). The BAT metabolome was assessed, and the graphical diagram in Figure 5 discloses the most affected metabolites, along with the graphs for each metabolite, and a heat map is depicted in Supplementary Figure 4A and the most affected pathways in BAT by HFat (Supplementary Figure 4B) or HFruct feeding (Supplementary Figure 4C). HFruct led to an increase in betaine, taurine, glutamine, and leucine. In contrast, the same diet led to a decrease in 3-hydroxybutyrate when compared to Chow-diet-fed mice (Figure 5). On the other hand, HFat diet led to a decrease in glutathione (GSH), which was already reported to be inversely correlated with the activation of thermogenesis, the hallmark function of BAT (38). Moreover, HFat feeding resulted in decreased levels of glycerol, when compared to Chow-diet-fed mice. On the other hand, HFat caused an increase in glutamine and acetate compared with Chow diet, and the latter was already associated with upregulation of mitochondrial biogenesis, contributing to increased thermogenesis (39).




Figure 5 | Effects of the HFat and HFruct diets on the brown adipose tissue (BAT) metabolism of C57Bl/6J male mice. Chow, high-fat (HFat), and high-fructose (HFruct) BAT levels of metabolites involved in glycolysis/gluconeogenesis, amino acid metabolism, and methionine cycle. α-KG, α-ketoglutarate; AQP7, aquaporin 7; CD36, cluster of differentiation 36; G6Pase, glucose-6-phosphatase; GK, glucokinase; GLUT, glucose transporter; GSH, glutathione; IMP, inosine monophosphate; TCA, tricarboxylic acid. Data are presented as mean ± SEM for five to seven mice. *p<0.05, **p<0.01; ***p<0.001.





HFat decreases n-6 PUFA while HFruct diets increase MUFA in brown adipose tissue

BAT fatty acid methyl esters levels were measured upon HFat and HFruct feeding for 12 weeks. We observed that HFat diet leads to an increase in relative abundance of saturated fatty acids (SFAs; 44.27 ± 0.45) when compared to Chow-fed mice and HFruct-fed mice (25.58 ± 0.75 and 23.62 ± 0.96, respectively; Table 2). On the contrary, n-6 PUFA were decreased in HFat (7.95 ± 0.13) fed mice, when compared to both Chow- (24.65 ± 1.72) and HFruct (19.63 ± 0.42)-fed mice, mainly due to a decrease in linoleic acid (C18:2n6). MUFA were increased in HFruct-fed mice (56.10 ± 0.82) in comparison with both Chow- (48.82 ± 1.11) and HFat (47.45 ± 0.48)-fed mice, reflecting an increase in elaidic acid (C18:1n9).


Table 2 | Fatty acid composition of brown adipose tissue (BAT) obtained from normal chow diet (Chow), high-fat diet (HFat), and high-fructose (HFruct)-fed male C57Bl6/J mice after 12 weeks of diet.






Discussion

The sedentary lifestyle and poor nutritional habits have led to an increase in the prevalence of metabolic disorders, such as obesity, T2DM and NAFLD. Importantly, the increased consumption of ultra-processed food resulted in increased intake of simple carbohydrates and saturated fat (40). Although it is already known that the enrichment in lipids and in carbohydrates, particularly fructose, has different pathophysiological effects, the consequence of these specific components of the diet on the metabolome of important metabolic organs such as the liver, muscle, and adipose tissue depots remains to be fully understood.

HFat diet, alone or combined with sucrose as is the case of the present study (D12331, ResearchDiets), is known to lead to obesity and insulin resistance in mice, originating a similar metabolic imbalance to what is observed in humans (41–43). On the other hand, fructose alone does not cause a significant increase in body weight (44). This effect is also seen in humans, and, in comparison with glucose, fructose has less effects on body weight gain (45), despite fructose deleterious effects in inflammatory processes (46).

The current study confirmed that, at 18 weeks of age and after 12 weeks of feeding, HFat-diet-fed mice had higher caloric intake, body weight, and hyperglycemia than Chow-diet-fed mice. Moreover, HFat-diet-fed mice were glucose intolerant and insulin resistant. Conversely, HFruct-diet-fed mice presented lower body weight gain than the Chow group and normal glucose tolerance. Although these animals had a decreased food intake, compared to the Chow group, the caloric intake was similar. Both food, water, and caloric intake results are supported by previous studies, although with a slightly different percentage of fructose (44, 47).

Nutritional imbalances promoting ectopic lipid accumulation are particularly striking in the liver (48, 49). Our results are in line with what is already described in the literature (50, 51). Indeed, HFat mice developed NAFL, with increased triglycerides and cholesterol. HFruct-diet-fed mice developed mild hepatic degeneration mainly in periportal areas. This impact of an HFruct diet on liver histology may be due to the activation of a lipogenic pathway and the absence of a regulatory mechanism of fructose metabolism, contrarily to what happens with glucose (52, 53). Consequently, fructolysis will continue to occur, even when glycolysis is inhibited due to positive cellular energy balance. In fact, this effect was already been observed in studies with as low as 10% of fructose in drinking water (50). A proper glucose usage depends on a functional insulin signaling pathway. Indeed, hepatic insulin signaling was severely affected by both diets. A profound decrease in Akt phosphorylation at both phosphorylation sites was found, demonstrating that these animals are insulin resistant due to an impairment of the insulin signaling pathway, upstream of Akt, but downstream of the InsR (54). These results are supported by previous studies where insulin signaling is severely affected by fructose intake, namely, through a decrease in Akt phosphorylation (53, 55).

The liver is the most important metabolic organ, regulating carbohydrate, lipid, and protein metabolism (56). While in the fed state, liver takes up glucose that is either stored as glycogen or converted into fatty acids; in the fasted state, liver produces and releases glucose through glycogenolysis and gluconeogenesis (56). Subsequently, substrates as glucose and triglycerides go into the bloodstream and are metabolized by peripheral organs. Adipose tissue, in turn, releases non-esterified fatty acids and glycerol. Together with alanine and lactate, which are released by the muscle, these metabolites are used as precursors for gluconeogenesis. Hepatic glycogen levels were decreased in HFat-diet-fed mice. Interestingly, glucokinase expression levels were increased in the liver, while G6Pase levels were unchanged. These results point towards a metabolic dysregulation; as in the fasted state, it is expected that glucokinase transcription decreases in favor of G6Pase expression. In addition, glycerate-3-phosphate produced during glycolysis can be converted to serine, which is interconvertible with glycine. While serine was decreased in the liver of HFat-diet-fed mice, glycine was increased. In fact, decreased hepatic levels of serine, due to a downregulation of phosphoglycerate dehydrogenase, contribute to the development of fatty liver disease (57). One of the pathological features of fatty liver disease is hepatocyte swelling, which was observed in our study in HFat-diet-fed mice. Indeed, glutamine, a potent osmoregulator that contributes to cell swelling (28), was increased in HFat-diet-fed mice compared to Chow-fed mice. Moreover, glutamine, is known for promoting stimulation of canalicular bile salt excretion (58). On the other hand, glycine is involved in the enterohepatic cycle of bile acids, key players in lipid absorption and regulation of cholesterol homeostasis (27), which were also increased in the HFat group. Aside from glycine, taurine, which is also conjugated with cholesterol for the synthesis of bile acids, was increased in the liver of HFat-diet-fed mice. All these results point towards an increased production of bile acids. In fact, bile acids are crucial for an effective digestion of lipids (59). As these amino acids and cholesterol were increased only in HFat-diet-fed mice, it suggests a possible response to the increased lipid intake. Consistently, we also observe an increase in hepatic Srebp2 and Scd1 expression, suggesting that the lipogenic pathway may be active as a response to increased levels of hepatic fatty acid levels. Moreover, glycerol was increased in the liver of HFat-diet-fed mice, pointing towards an increase in adipose tissue lipolysis, which goes in line with previous studies in adipocytes (60). Additionally, dietary composition had repercussions on hepatic lipid composition, and we observed an increase in hepatic SFA in HFat-fed mice compared to Chow. SFAs are potent lipotoxic species and induce apoptosis and proinflammatory pathways through several mechanisms (61). Although this increase was not so prominent, there was also a decrease in PUFA, known to play a protective role against cell injury by clearing fat from hepatocytes and improving liver histology and lipid profile in patients with NASH (62). Altogether, this imbalance in the lipid species might contribute to NAFL development in the HFat group. On the other hand, the HFruct group also presents a decrease in hepatic glycogen levels, without changes in the expression of any of the analyzed glucose- and lipid-metabolism-related genes. However, there was an increase in MUFA and a decrease in n-6 PUFA in comparison with Chow. In fact, there have been contradictory results in the literature regarding MUFA levels and Scd1 mRNA expression (63); however, the animals were fed with 60% (w/v) fructose for a longer period than in the present study, which indicates that the effects of fructose on the activation of lipogenic pathways are time and dose dependent. Interestingly, we found an increase in alanine levels, in concurrence with the data obtained in a recent study with HFruct-fed rats (64). This increase in alanine levels may be a consequence of an increase in the release of alanine from the muscle that is then delivered to the liver through Cahill cycle or to its conversion from pyruvate in the liver.

The skeletal muscle is a major site for glucose metabolism. Insulin resistance in the muscle is known to cause glycogen depletion, lipid accumulation, impairment of the tissue’s normal functions, ultimately leading to sarcopenia (29). Muscle stores glucose in the form of glycogen, which facilitates the rapid initiation of energy production for contraction, even when glucose is not readily available from circulation (29). In this study, HFat diet promoted a decrease in glucose and lactate pools in the muscle, pointing towards the use of other substrates to obtain energy. In the need for other substrates, amino acids may be metabolized. Skeletal muscles are the most relevant site of glutamine stock, synthesis, and release (65). In this study, glutamine levels were increased in HFat-fed mice, and glutamate levels remained similar to the levels detected in the muscle of Chow-diet-fed mice. Glutamate levels can be used to produce glutamine that will be then delivered to the liver where it may have several functions (65, 66). Indeed, and as there was no glycogen pool in the liver, gluconeogenesis may use glutamine as a substrate for glucose production after an overnight fasting (32), as was the case of the present study. On the contrary, HFruct diet promoted a decrease in muscular glutamate levels, which might negatively affect glutathione synthesis and/or purine nucleotide cycle (67). Moreover, a decrease in valine was observed in both HFat- and HFruct-fed groups. Valine is used to obtain energy with the resulting ammonia by-products participating in the conversion of glutamate to glutamine, thus sustaining the previously mentioned hypothesis. Although it has already been described that diet-induced obese animals have a decrease in branched-chain amino acids (BCAAs) (68), there are studies describing a positive correlation between valine circulating levels and insulin resistance in men (69, 70).

WAT has a crucial role for lipid homeostasis, namely, by regulating triglyceride levels, and for fatty acid availability by lipolysis, also generating substrates for energy metabolism via β‐oxidation. In fact, we observed an increase in the WAT levels of acetate in HFat-fed mice compared to Chow, which indicates increased β‐oxidation (71). On the contrary, creatine was decreased in HFat-fed mice compared to HFruct-fed mice. As this metabolite enhances energy expenditure (35), the finding goes in accordance with the larger fat depots in this group. Although taurine promotes thermogenesis in the BAT and muscle, it does not have the same effect in WAT (72), which was also not observed in the present study. In fact, taurine supplementation was shown to prevent obesity in female mice after 18 weeks of high-fat feeding (36). In this study, male mice fed with HFat diet for 12 weeks presented no differences in taurine compared to the Chow group, which might indicate that decreases in taurine may be more noticeable in females or only appear with prolonged HFat feeding.

Organ crosstalk is mediated by signaling factors and ensures whole-body metabolic homeostasis. However, in case of disease or metabolic dysfunction, metabolic impairment in one organ will lead to dysregulation of others. Although this is known, the interplay and metabolic crosstalk between the different organs remain obscure. In recent years, BAT was rediscovered, and very recently, the existence of a crosstalk with the liver and the muscle was unveiled (73). HFat diet led to a decrease in GSH levels in the BAT compared with both Chow and HFruct diets. GSH was already reported to be inversely correlated with the activation of thermogenesis in white adipocytes due to its action on forkhead box O1 (74). Consequently, decreased GSH levels might have the same effect in BAT and increase thermogenesis in the BAT of HFat-diet-fed mice (38). Moreover, HFat-diet-fed mice had increased levels of glutamine and acetate in BAT. Acetate upregulates mitochondrial biogenesis, which is the key organelle for thermogenesis (39). Importantly, HFruct feeding led to an increase in betaine and taurine, probably at the expense of decreased choline. In fact, betaine protects against fructose-induced inflammation in astrocytes (75). HFruct-diet-fed animals also presented increased leucine. This amino acid is an activator of the mammalian target of rapamycin (mTOR) pathway, leading to reduced thermogenesis (76, 77). Moreover, the levels of 3-OH-butyrate, considered an alternative carbon source for thermogenesis (78), were decreased in HFruct-fed mice. Thus, high-fat feeding seems to be an activator of thermogenesis, while HFruct leads to a decrease in this process. Moreover, it was already reported that in HFat conditions, BAT functions largely like WAT in its role as a depot for excess energy (79). In these cases, adipocytes suffer a remodeling due to its storage needs and, consequently, the need of the membrane to be more fluid (80). In fact, we observed a completely different fatty acid distribution in HFat-fed mice compared to both Chow- and HFruct-fed mice that were lean. This difference might represent the need of the adipocytes to remodel and be able to store more fat.

In summary, our data provide novel evidence that, aside from the extensively described effects of high-fat and high-fructose diets on glucose and insulin homeostasis, these diets differentially and significantly affect liver, muscle, WAT, and BAT metabolic profiles. Interestingly, our data suggests a crosstalk between the liver, muscle, and BAT, specifically through alanine, glutamine, and lactate.
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