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A comprehensive understanding of how dietary components impact immunoregulatory gene expression in adipose tissue (AT) and liver, and their respective contributions to metabolic health in mice, remains limited. The current study aimed to investigate the metabolic consequences of a high-sucrose diet (HSD) and a high-fat diet (HFD) in female mice with a focus on differential lipid- and sucrose-induced changes in immunoregulatory gene expression in AT and liver. Female C57BL/6 J mice were fed a purified and macronutrient matched high fat, high sugar, or control diets for 12 weeks. Mice were extensively phenotyped, including glucose and insulin tolerance tests, adipose and liver gene and protein expression analysis by qPCR and Western blot, tissue lipid analyses, as well as histological analyses. Compared to the control diet, HSD- and HFD-fed mice had significantly higher body weights, with pronounced obesity along with glucose intolerance and insulin resistance only in HFD-fed mice. HSD-fed mice exhibited an intermediate phenotype, with mild metabolic deterioration at the end of the study. AT lipid composition was significantly altered by both diets, and inflammatory gene expression was only significantly induced in HFD-fed mice. In the liver however, histological analysis revealed that both HSD- and HFD-fed mice had pronounced ectopic lipid deposition indicating hepatic steatosis, but more pronounced in HSD-fed mice. This was in line with significant induction of pro-inflammatory gene expression specifically in livers of HSD-fed mice. Overall, our findings suggest that HFD consumption in female mice induces more profound inflammation in AT with pronounced deterioration of metabolic health, whereas HSD induced more pronounced hepatic steatosis and inflammation without yet affecting glucose metabolism.
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Introduction

The increasing prevalence of obesity and associated metabolic disorders has become a global health concern (1). Obesity causes chronic inflammation in adipose tissue and liver, which contribute to the development of local and systemic insulin resistance and finally type 2 diabetes (2) as well as non-alcoholic fatty liver disease and steatohepatitis (3).

Adipose tissue, apart from its role in energy storage, plays a pivotal role in the regulation of metabolic homeostasis through the secretion of adipokines and the modulation of immune responses (4). Excessive lipid accumulation in adipocytes results in hypertrophy and substantially alters the profile of adipose tissue secreted adipokines, from anti-inflammatory and insulin sensitizing to promoting inflammation and insulin resistance (5). Similarly, the liver serves as a central organ in metabolic regulation, lipid metabolism, and glucose homeostasis (3). AT and liver inflammatory signatures furthermore respond differently to weight loss (6). Therefore, understanding the effects of different dietary compositions on gene expression patterns in liver and adipose tissue is crucial to better understand the underlying mechanisms governing metabolic disorders.

Diet-induced metabolic disturbances have been extensively studied, particularly the effects of high-sucrose and high-fat diets as well as combinations thereof termed cafeteria or Western diets (7). Dietary changes relating to differences in the source of fat and carbohydrates as well as lipid composition have profound effects on the extent of diet-induced obesity and metabolic health. High-fat diets robustly induce weight gain with significant accumulation of adipose tissue, development of insulin resistance, hypertension, dyslipidemia, and metabolic syndrome (7). Effects of high-carbohydrate diets show more variability with respect to body weight gain and adipose tissue expansion, but also have notable negative metabolic effects in male mice and rats (8, 9). On the other hand, a very recent study does not find negative consequences of a life-long high-sucrose diet at all (10). Moderate HSD (up to 25% kcal from sucrose) did not have effects on body weight, AT expansion and metabolic parameters in male mice of the generally obesity prone C57BL/6 J background. In addition to the genetic background affecting the metabolic response to dietary fat or sugar (11), also sex-dependent metabolic adaptations in AT and liver control the initiation, progression and finally severity of metabolic diseases such as non-alcoholic fatty liver (NAFLD) (12). For example, under HSD, in addition to AT-derived lipids, the contribution of de novo lipogenesis to hepatic lipid deposition and NAFLD development seems more pronounced in female mice and independent from diet-induced hepatic or systemic insulin resistance (12).

A comprehensive understanding of how the diet composition impacts on immunoregulatory gene expression in adipose tissue (AT) and liver, and their respective contributions to metabolic health in mice, remains limited. It is important to note, that in obesity research, it is common to find sex differences rather than similarities. Unfortunately, there is a significant bias toward using male rodents in preclinical studies, as they are often preferred due to more pronounced disease phenotypes. However, as obesity and type 2 diabetes affect both men and women in the human population, it is also crucial to include females in research to improve their translational potential.

The present study aimed to address this knowledge gap by investigating the effects of matched high-sucrose diet (HSD) and high-fat diet (HFD) on metabolic health and gene expression profiles in AT and liver of female mice. We extensively phenotyped mice fed matched control (abbreviated as REF in figures), HFD and HSD for 12 weeks, to evaluate changes in body weight and body composition, glucose, and insulin tolerance, and conducted AT and liver gene and protein expression analyses. Additionally, lipid and histological analyses were performed to gain insights into alterations in lipid composition and the presence of hepatic steatosis in both HSD- and HFD-fed mice.

Based on previous research in male mice, we hypothesized that HFD consumption would induce more pronounced inflammation in AT, leading to significant deterioration in metabolic health, particularly glucose intolerance and insulin resistance (13, 14). In contrast, we anticipated that HSD consumption would lead to ectopic lipid deposition and substantial hepatic steatosis and inflammation, without yet affecting glucose metabolism (15, 16).



Methods


Animals

Female C57BL/6NTac mice (from Taconic Europe, Lille Skensved, Denmark) were group-housed (5 mice per cage) at 22°C with a 12 h light/dark cycle and ad libitum access to water and food. At 12 weeks of age, mice were assigned to three groups (n = 10 per group) of matched body weights to be fed either a low glycemic reference diet (REF; D12450J, 10 kJ% fat), a high fat diet (HFD; D12492, 60 kJ% fat) or a high sucrose diet (HSD; D12450B, 10 kJ% fat, 63% sucrose) for 12 weeks; the detailed compositions of the diets were previously published (17). Diets were manufactured by Ssniff (Ssniff GmbH, Soest, Germany). All animal experiments were approved by the local authorities of the Free State of Saxony (Landesdirektion Leipzig, Germany, TVV39/14), as recommended by the responsible local animal ethics review board.



Mouse phenotyping

Intraperitoneal (i.p.) glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were performed after 10 weeks on the respective diets. In brief, GTT was performed after an overnight fast of 12 h by i.p. injecting 2 g glucose per kg body weight. For ITT, 0.75 U of insulin per kg body weight were i.p. injected in ad libitum fed mice. Blood samples for glucose measurements were taken at different time points (0, 15, 30, 60, and 120 min post injection). Blood glucose was measured in whole-venous blood samples from fed mice using the FreeStyle Mini automated glucose monitor (Abbott GmbH, Ludwigshafen, Germany). Rectal body temperature was measured using a special probe (TH-5 Thermalert Clinical Monitoring Thermometer, Physitemp Instruments). Body composition (water and fat content) was determined in conscious mice by nuclear magnetic resonance technology using an EchoMRI-700 instrument (Echo Medical Systems, Houston, TX) at the beginning and every 3 weeks until the end of the study. Body weight and food intake (per cage) were measured weekly. Metabolic efficiency [energy intake (kJ)/energy stored in fat (kJ); as in von Essen et al. (18)] and feed efficiency [weight gain (g)/energy intake (kcal)] were calculated using average food intake per mouse for each individual cage. Serum insulin (#10–1,113-01, Mercodia), C-peptide (80-CPTMS-E01, ALPCO) and leptin (#90030, ChrystalChem) were determined by standard ELISA. Homeostatic model assessment of insulin resistance (HOMA-IR) was assessed using the following formula: [fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5]. After 12 weeks on the respective diets, mice were sacrificed by CO2 inhalation after overnight fasting and organs were immediately removed, weighed (liver, subcutaneous inguinal (iWAT), gonadal (gWAT) and interscapular brown adipose tissue (BAT) and frozen in liquid nitrogen).



Adipose tissue characterization

AT and liver tissues were fixed in 4% paraformaldehyde (pH 7.4) for 24 h at 4°C and subsequently embedded in paraffin. Tissue slices were stained using Hematoxylin–Eosin (HE) and digital images were obtained using a Keyence BZ-X810 microscope (Keyence; Osaka; Japan). Adipocyte lipid droplet sizes were measured by automated analysis of histological sections using Image J and the open-source plugin Adiposoft as previously reported (19). Three pictures were evaluated, and 300 adipocytes were counted per sample; objects with a diameter below a pre-defined threshold (25 μm) were removed from each image.



Lipid analyses

Lipid extraction from adipose and liver tissues was performed according to Matyash et al. (20) and triglycerides (TG) as well as phospholipids were analyzed by MALDI-TOF MS as essentially described in (21, 22). All MALDI experiments were performed on a Bruker Autoflex mass spectrometer. Either 2,5-dihydroxybenzoic acid (DHB, 0.5 M in methanol) or 9-aminoacridine (9-AA, in isopropanol/acetonitrile (60:40 v/v)) was used (22) to record positive and negative ion spectra, respectively. DHB was used to analyze the TG and the phosphatidylcholines (PC) composition (in the positive ion mode) while 9-AA (in the negative ion mode) was used to evaluate the phosphatidylethanolamines (PE) species (23). Spectra were recorded in the reflector mode to decrease the peak-widths. No dedicated baseline correction was necessary. The intensities of all species (using FlexAnalysis software by Bruker, Bremen, Germany) of the respective lipid class were added and all data are given (in %) with reference to this value. Relative data are given because we did not add internal standards, which is a prerequisite for absolute data. As the mass spectrometer used has a rather limited dynamic range, where detector responses directly correlate with analyte concentrations, the addition of an internal standard is challenging because of the need to avoid adding an excess of the internal standard. Therefore, only relative (but not absolute) data can be given. This method has been used successfully in the past (22). Data obtained by electrospray ionization (ESI MS) in combination with thin-layer chromatography (TLC) (as essentially described in (24)) gave identical results. We have focused on these lipid classes as TG constitute about 98% of all the lipids, and the complete removal of TG is very challenging and aggravates the analysis of all further lipid species. We did not intend to perform a comprehensive “lipidomics” study (with the detection of “all” lipids) but focused on the most important and abundant lipid classes. Total liver triglycerides (TGs) and cholesterol were determined in tissue lysates using commercial assays according to the manufacturers’ instructions (#290–63,701, #294–65,801, Wako Diagnostics).



Western blot analyses

Western blot analysis was done for samples of AT (iWAT, gWAT and BAT) and liver as previously described (25). Briefly, after extraction in RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.2, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and 5 mM EDTA, complemented with protease- and phosphatase inhibitors), proteins were separated by SDS-PAGE and Western blotting was performed using the tank blot method. The following antibodies and dilutions were used: from Cell Signaling Technologies, Danvers, MA, USA: FAS (#3189S), HSL (4107S), pHSL (4126S), anti-rabbit-HRP (#7074), anti-mouse-HRP (#7076); from Sigma-Aldrich, St. Louis, MO, USA: ACTB (#A1978). Chemiluminescence was detected using the G:BOX Chemi XX9 documentation system with GeneTools analysis software (Syngene, Cambridge, UK).



Quantitative real-time-PCR (qPCR)

RNA isolation and quantitative real-time PCR were performed as previously described (25). All primer sequences are listed in Supplementary Table S1. mRNA expression of selected candidate genes reflecting key AT and liver functions was calculated relative to 36b4 (26, 27) using the ΔΔCT method.



Statistical analyses

Data are presented as means ± SEM. Statistical analyses were performed using GraphPad Prism 9 (GraphPad, San Diego, CA, USA). Methods of statistical analyses were chosen based on the design of each experiment and are indicated in the figure legends. Adjusted p < 0.05 was considered statistically significant.




Results


Weight gain, food intake, body temperature and composition

HFD-fed mice exceeded weight gain of REF- and HSD-fed mice and had significantly higher body weights after 3 weeks on the diet (Figure 1A). The average end of study body weight of HFD-fed mice was >30% higher compared to mice fed the other diets (REF: 25.7 ± 0.6 g; HSD: 28.0 ± 0.7 g; HFD: 38.0 ± 1.6 g). Body weights of HSD-fed mice began to exceed REF-fed mice after 7 weeks on the diets (Figure 1A) and were significantly heavier at the end of the study (Figure 1A). EchoMRI analyses demonstrated the significant accumulation of body fat in HFD-fed mice (14.3 ± 1.7 g at the end of study), compared to the REF- (2.5 ± 0.2 g) and HSD-fed mice (4.8 ± 0.4 g; Figure 1B), while lean body mass was not altered by the diets (Figure 1B). Food consumption was significantly lower in HFD-fed mice (Figure 1C, left), but overall energy intake was similar with all diets (Figure 1C, right), demonstrating the significantly greater feed efficiency (kcal / g weight gain) of both HSD and HFD compared to the REF diet (Figure 1D, left), and the significantly higher metabolic efficiency (% kJ consumed per kJ stored as fat) of mice consuming a HFD and to a lesser extent also HSD, compared to REF-fed controls (Figure 1D, right). HFD-fed mice also exhibited significantly higher core body temperatures, compared to REF- and HSD-fed mice (Figure 1E). Relative WAT depot weights (as % of body weight) were significantly higher in HFD (four-fold) and to lesser extent also in HSD-fed mice (two-fold) compared to REF-fed controls (Figure 1F). Relative BAT weight was not affected by diets and relative liver weight was significantly reduced in HFD-fed mice (Figure 1F). Reflective of the increased fat mass, leptin serum levels were significantly higher in HFD-fed mice (41.3 ± 6.2 ng/L) and also increased in HSD-fed mice (14.1 ± 3.0 ng/L) without reaching statistical significance when compared to respective controls (6.2 ± 0.7 ng/L) (Figure 1G).
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FIGURE 1
 Development of diet-induced obesity and effects on glucose metabolism in response to 12 weeks of HSD and HFD feeding. (A) Body weight development in HSD- and HFD-fed and control mice during the 12-week study. (B) Absolute body fat (solid lines) and lean mass (dotted lines) were determined using EchoMRI at week 0, 3, 6, 9, and 12. (C) Food intake (left) and total energy intake (right) as well as (D) feed (left) and metabolic efficiency (right). (E) Core body temperatures, (F) relative organ weights of iWAT, gWAT, BAT and liver and (G) leptin levels in serum of HSD- and HFD-fed and control mice at the end of the study. (H) Fed state blood glucose levels in HSD- and HFD-fed and control mice over the course of the study. (I,J) Intraperitoneal glucose tolerance test (GTT; I) and insulin tolerance tests (ITT, J). Inserts show calculated areas under the curve. (K) Serum insulin (left) and C-peptide (right) levels at the end of the study and (L) resulting C-peptide to insulin ratio. (M) Calculated HOMA-IR and (N) measured HbA1c at the end of the study. Color coding for all graphs: black - control diet; blue - HSD, red - HFD. Data are presented as mean ± SEM, with N = 6–8 mice per group. Statistical significance was tested by two-way ANOVA with Holm-Šídák’s (A,B) or Tukey’s (F,H–J) multiple comparisons test, or by ANOVA with Tukey’s multiple comparisons test and is indicated as follows: *, vs. REF; § HSD vs. HFD; *, § p < 0.05; **, §§ p < 0.01; ***, §§§ p < 0.001.




Serum parameters, insulin, and glucose tolerance

After 6 weeks on the respective diets, blood glucose levels of HFD-fed mice were already significantly increased, while those of REF- and HSD-fed mice where not different, even after 12 weeks on the diets (Figure 1H). As expected, glucose tolerance was strongly impaired in HFD-fed mice, but also significantly reduced in HSD-fed mice compared to REF-fed controls (Figure 1I). In glucose tolerance tests, the area under the curve was increased by ca. 75% in HFD- and ca. 25% in HSD-fed mice compared to controls (Figure 1I, insert). Similarly, insulin sensitivity was significantly impaired in HFD-fed mice, while HSD-fed mice still had comparable insulin sensitivity compared to controls (Figure 1J). Pronounced fasting hyperinsulinemia was observed in HFD-fed mice, with significantly higher insulin (three-fold compared to REF, Figure 1K, left) and C-peptide levels (two-fold compared to REF; Figure 1K, right). Insulin levels were also higher in HSD-fed mice, but not statistically significant (Figure 1K). Yet, the C-peptide to insulin ratio, as a marker of insulin clearance, was significantly decreased in both, HFD- and HSD-fed mice (Figure 1L). In line, the HOMA-IR index indicated pronounced insulin resistance specifically in HFD-fed mice (Figure 1M), yet HbA1c as a marker of long-term hyperglycemia was not different (Figure 1N).



Diet-induced changes in WAT adipocyte morphology and TG composition

Both HFD and HSD-fed mice presented significantly larger adipocytes in gWAT (Figure 2A, top) and iWAT (Figure 2A, bottom). Adipocyte hypertrophy (100% increase in adipocyte area) was only observed in HFD-fed mice, while adipocytes of HSD-fed mice were ≈30% larger compared to controls (Figure 2B). We further investigated triglyceride (TG) composition of AT depots, to assess the relative abundances of TG-species in WAT (Figures 2C,D). The main TG present in both WAT depots, TG 52:2, was comparable between all groups and constituted ≈30% of all TG in WAT. Shorter chain fatty acid (FA) containing TGs 50:1 and 52:3 were significantly reduced in HFD-fed mice compared to REF- and HSD-fed mice, while longer chain FA-containing TG 54:3 was higher in both HSD and HFD- fed mice. TG 52:1 was only detected in WATs of HFD-fed mice. Together, the HFD affected both, WAT adipocyte size and triglyceride composition, to a higher extent than the HSD.
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FIGURE 2
 Adipocyte hypertrophy, inflammation, and lipid composition in WAT depots in response to 12 weeks of HSD and HFD feeding. (A) Representative hematoxylin and eosin (H&E) sections of inguinal (iWAT, top) and gonadal white adipose tissue (gWAT, bottom) from HSD- and HFD-fed mice compared to controls. (B) Adipocyte sizes determined in iWAT and gWAT H&E stainings. (C,D) Relative abundances of triglycerides (TG) in iWAT and gWAT of HFD- and HSD-fed and control mice at the end of the study. (E–H) The expression of inflammatory genes Il1b, Mcp1 and Tnfa in iWAT (E) and gWAT (F), as well as expression of Ucp1 (G) and Fasn (H) in both iWAT (left) and gWAT (right). (I) Western blot analysis of HSL phosphorylation (pHSL (Ser660) and HSL) as well as FAS expression in gWAT (n = 4/group). (J,K) Densitometric analyses of HSL-phosphorylation (J) and FAS expression (K), both normalized for bActin expression. Color coding for all graphs: black - control diet; blue - HSD, red - HFD. Data are presented as mean ± SEM, with N = 6–8 mice per group. Statistical significance was tested by two-way ANOVA with Tukey’s (C–F) multiple comparisons test or uncorrected Fischer’s LSD (G,H), or by ANOVA with Tukey’s (B,J,K) multiple comparisons test and is indicated as follows: *, vs. REF; § HSD vs. HFD; *, § p < 0.05; **, §§ p < 0.01; ***, §§§ p < 0.001.




Diet-induced changes in WAT inflammation, browning and lipid metabolism

We then investigated diet-induced changes in inflammatory (Il1b, Mcp1, Tnfa), metabolic (Fasn, Glo1) and thermogenic (Cox7a1, Tbx1, Tmem26, Ucp1) genes in WAT depots. The expression of immunoregulatory cytokines Il1b, Mcp1 and Tnfa was significantly induced in HFD-fed mice in both WAT depots compared to REF- and HSD-fed mice (≈2-4-fold; Figures 2E,F). We further measured gene expression related to WAT browning and thermogenesis. The expression of UCP1, the main driver of thermogenesis in brown adipoctyes, showed diet-dependent regulation. While in gWAT, expression of Ucp1 was significantly increased in HSD-fed mice compared REF-fed controls, the HFD significantly suppressed Ucp1 expression in both WAT depots (Figure 2G). Gene expression of other markers of AT WAT browning (such as Cox7a1, Tbx1 and Tmem26) were not affected by the diets, except for gWAT Tmem26, which was also significantly reduced in HFD-fed mice, in line with a reduction in Ucp1 (Supplementary Figures S1A,B). Expression of methylglyoxal detoxifying Glo1, a key enzyme protecting against negative metabolic consequences of high dietary sucrose together with fatty acid synthase (Fasn), was not significantly different in all diet groups (Supplementary Figures S1A,B). In gWAT, Fasn gene expression was significantly reduced in HFD-fed mice (Figure 2H), which translated into significantly reduced FAS protein levels, which was not observed in HSD-fed mice (Figures 2I,J). Also, HSL-phosphorylation was significantly reduced by ≈90% in HFD-fed mice (Figures 2I,K). Also in iWAT, a trend for decreased Fasn expression was observed in HFD-fed mice (Figure 2H), that translated into significantly reduced FAS expression in HFD- compared to HSD and control mice (Supplementary Figure S1C). Finally, phosphorylation of HSL was also increased in iWAT of HSD-fed mice compared to both other groups, without reaching statistical significance (Supplementary Figure S1C). In summary, the HFD induced robust expression of immunoregulatory cytokines in both WAT depots, while suppressing gene expression related to WAT browning and thermogenesis. In contrast, the HSD led to increased expression of Ucp1 in both WAT depots, with increased FAS expression in iWAT.



Diet-induced changes in BAT

BAT histology did not reveal obvious changes, with a mixed morphology consisting of uni- and multilocular adipocytes, though with enlarged lipid droplets, in line with intermediate BAT activation under the mild-cold stress of housing at room temperature of 22°C (Figure 3A). No significant changes in cytokine gene expression were found (Figure 3B). Investigating genes related to thermogenesis revealed that the HFD led to reduced expression of Bmp8b, Pgc1a and Tbx1 (only in trend) compared to HSD and REF-fed mice (Figure 3C). In addition, Fasn expression was significantly reduced in BAT of HFD-fed mice (Figure 3B).
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FIGURE 3
 Adipocyte hypertrophy, inflammation, and lipid composition in BAT in response to 12 weeks of HSD and HFD feeding. (A) Representative hematoxylin and eosin (H&E) sections of brown adipose tissue (BAT) from HSD- and HFD-fed mice and controls. (B) The expression of inflammatory genes Il1b, Il6 and Mcp1, as well as (C) expression of thermogenic genes (Alk7, Bmp8b, Tbx1, Fasn, Glo1 and Pgc1a) in BAT of HFD- and HSD-fed and control mice. (D–F) Relative abundances of triglycerides (TG; D), phosphatidylcholines (PC; E) as well as phosphatidylethanolamines (PE; F) in BAT at the end of the study. Color coding for all graphs: black - control diet; blue - HSD, red - HFD. Data are presented as mean ± SEM, with N = 6–8 mice per group. Statistical significance was tested by two-way ANOVA with Tukey’s comparisons test and is indicated as follows: *, vs. REF; § HSD vs. HFD; *, § p < 0.05; **, §§ p < 0.01; ***, §§§ p < 0.001.


We also investigated the TG composition in BAT (Figure 3D), together with phosphatidylcholines (PC, Figure 3E) and phosphatidylethanolamines (PE, Figure 3F) as the most abundant phospholipids (as already outlined by Popkova et al., (22)). Our results indicate that TG 50:1 and TG 50:2 were significantly reduced in HSD- and HFD- fed mice compared to controls. Independent of the diet, TG 52:2 was the most abundant TG, with significantly higher levels in HSD- and HFD-fed mice. As observed in WAT, relative abundances of shorter chain FA containing TG 50:1 and TG 50:2 were significantly reduced (by 50%) in both HSD and HFD, while levels of longer chain FA containing TG 54:3 were significantly higher (by >300%). Levels of TG 52:3 were lower in BAT and not affected by diet, in contrast to WAT. TG 52:1 was present in BAT independent of diet and TG 54:2 was only detected in HFD-fed mice. For PC (Figure 3E), PC 16:0/18:2 and PC 16:0/18:1 were significantly reduced in HSD and HFD compared to HSD-fed and control mice. PC 16:0/20:4, PC 18:0/18:2, PC 18:0/18:1 and PC 18:0/20:4 were significantly elevated in HFD-fed compared to control mice. For PE (Figure 3F) we found, the abundant PE, PE 18:0/20:4, was significantly lower in HSD-fed, and significantly higher in HFD-fed compared to both HSD-fed and control mice. PE 16:0/20:4 was significantly reduced (>75%) in HFD-fed compared to HSD-fed and control mice. PE 18:0/18:2 was significantly reduced in HFD-fed compared to control mice, while PE 16:0/22:5 was significantly higher in HSD- and HFD-fed mice compared to controls. Our focus was on these three lipid classes because they represent the - by far - most abundant ones. Taken together, these results show distinct diet-induced changes in AT lipid composition: some are generally observed in white and brown AT, while others are depot-specific. Significant changes in HSD-fed mice compared to controls were found albeit identical quantity and composition of nutritional lipids are present in the matched diets.

In summary, we find that both diets significantly altered the BAT lipid composition without inducing inflammation in BAT.



Diet-induced changes in liver

Liver histology revealed the occurrence of ectopic lipid deposition in mice fed both HFD and HSD, but most pronounced in the HSD-fed mice (Figure 4A). Liver TG levels were significantly higher in HFD- (three-fold) and HSD-fed (2.5-fold) mice compared to control mice (Figure 4B). In contrast, liver cholesterol levels were significantly decreased (≈40%) in HFD-fed mice and trended higher (≈125%) in HSD-fed mice compared to the REF group (Figure 4C).
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FIGURE 4
 Ectopic lipid deposition, inflammation, and lipid composition in the liver in response to 12 weeks of HSD and HFD feeding. (A) Representative hematoxylin and eosin (H&E) stained liver sections of HFD- and HSD-fed and control mice. (B,C) Liver triglyceride (TG; B) and cholesterol content (C). (D) The expression of inflammatory genes Il1b, Il6, Mcp1 and Tnfa, as well as (E) expression of genes related to lipid metabolism (Cd36, Fabp4, Hsl, Plin2 and Pparg) and lipogenesis (Acaca, Acacb, Cpt1a, Fasn, Scd1, Srebp1c) and fructose metabolism (Khkc) in livers of HFD- and HSD-fed and control mice. (F) Western blot analysis of FAS and ACC expression in liver (n = 4/group). (G,H) Densitometric analyses of FAS (G) and ACC (H) expression, both normalized for ACTB expression. (I-K) Relative abundances of triglycerides (TG; I), phosphatidylcholines (PC; J) as well as phosphatidylethanolamines (PE; K) in the livers. Color coding for all graphs: black - control diet; blue - HSD, red - HFD. Data are presented as mean ± SEM, with N = 6–8 mice per group. Statistical significance was tested by ANOVA with Tukey’s (B,C,G,H) multiple comparisons test, or two-way ANOVA with Tukey’s (D,I–K) multiple comparisons test or uncorrected Fischer’s LSD (E) and is indicated as follows: *, vs. REF; § HSD vs. HFD; *, § p < 0.05; **, §§ p < 0.01; ***, §§§ p < 0.001.


In contrast to WAT depots, we found inflammatory genes Il1b, Mcp1 and Tnfa significantly increased in livers of HSD-fed animals (Figure 4D). Gene expression of key molecules related to hepatic lipid metabolism (Cd36, Fabp4, Hsl, Plin2, Pparg, Acaca, Acacb, Cpt1, Fasn, Scd1 and Srepb1c) revealed significant increase of Cd36 and Plin2 in both HFD- (≈8-fold and ≈2-fold, respectively) and HSD-fed (≈4-fold and ≈2-fold, respectively) mice (Figure 4E). Additionally, Hsl, Pparg, Acacb, Cpt1a and Fasn expression were significantly higher in HFD-fed mice (Figure 4E). In HSD-fed mice, liver expression of Hsl, Pparg, Cpt1a, Scd1 and Srebp1c were also increased, though these changes did not reach statistical significance. Expression of the rate-limiting enzyme of fructose metabolism Khkc also showed a trend to be increased in HSD-fed mice (Figure 4E). As also observed in AT, FAS was decreased in livers of HFD-fed mice while ACC expression was significantly increased in livers of HSD-fed mice (Figures 4F–H). Liver lipid composition was characterized by more subtle diet-induced changes (Figures 4I–K). Here, 52:2 and 52:3 TGs were the major lipid constituents in livers independent of diet, and only livers of HSD-fed mice showed increased levels of longer chain FA containing TG 54:3 (Figure 4I). Regarding phospholipids, PC 16:0/18:2 and PC 18:0/18:2 were reduced by ≈33% in HSD- and HFD-fed mice, whereas PC 16:0/20:4 was elevated in HSD- and HFD-fed mice and PC 18:0/20:4 was higher in HFD-fed mice (Figure 4J). Major hepatic PEs were PE 16:0/22:6 which was reduced in HFD-fed mice, and PE 18:0/20:4 and PE 16:0/22:5 which were significantly reduced in HSD-fed mice (Figure 4K).

In summary, both energy-dense diets induced ectopic lipid deposition in the liver, but only livers of HSD-fed mice already showed significant induction of inflammatory gene expression.




Discussion

In this study, we compared the effects of a high-fat diet (HFD) and a high-sucrose diet (HSD) on metabolic health in female mice. We observed an intermediate effect of the HSD on various parameters of obesity and insulin resistance, compared to HFD- and REF-fed mice. At the end of the 12-week diet, body weight was almost 10% higher in HSD-fed mice compared to REF-fed controls, whereas HFD-fed mice developed pronounced obesity with a 50% higher body weight. Both diets impaired glucose metabolism and insulin sensitivity, with the most detrimental effects observed in HFD-fed mice. Both HFD- and HSD-fed mice accumulated significantly more body fat with enlarged adipocytes compared to control mice, but only HFD-fed mice exhibited substantially increased body fat mass and adipocyte hypertrophy. While HFD resulted in pronounced obesity with a profound impact on metabolic health, clear indications of metabolic deterioration were already observed in HSD-fed mice despite a comparably small effect on body weight and composition at the end of the study.

We were further specifically interested in diet-induced changes in immunoregulatory gene expression in AT and liver. Together with infiltrating immune cells (28, 29), adipocytes express and secrete an array of inflammatory cytokines such as TNFa, MCP1, and IL6 (30–32). Serum levels of these cytokines are significantly increased in obese and insulin resistant individuals and drive metabolic diseases (33, 34). In AT, the HFD had more severe impact on immunoregulatory gene expression, especially in the gWAT, with all cytokines investigated significantly induced, including Il1b, Mcp1, and Tnfa. This was accompanied by the HFD-specific development of marked adipocyte hypertrophy. In contrast, neither energy-dense diet had significant effects on inflammatory gene expression in BAT.

In the liver, both the HSD and HFD increased hepatic lipid content with visible ectopic lipid deposition. However, the expression of immunoregulatory cytokines Il1b, Mcp1, and Tnfa was only significantly induced in HSD-, but not HFD-fed mice. The HSD led to hepatic gene expression patterns also observed in NAFLD despite <10% difference in body weight. The strong induction of hepatic CD36 likely represents a key mechanism promoting fatty liver disease by increasing uptake of free fatty acids (FFA) as well as expression of de novo lipogenic genes (35). In hepatocytes, as well as adipocytes and immune cells, CD36 is a key regulator of long-chain fatty acid uptake. Furthermore, adipose-derived CD36-containing exosomes can be endocytosed by hepatocytes, where they promote further lipid accumulation and inflammation. CD36 drives inflammation by also serving as a molecular pattern recognition receptor in immune and non-immune cells, inducing NF-κB pathways and the production of pro-inflammatory cytokines (36). Altered Cd36 expression is associated with NAFLD, and directly contributes to the development of fatty liver under conditions of elevated FFA by modulating the rate of FA uptake by hepatocytes (37). In line, disruption of hepatic CD36 protected against NAFLD-associated systemic inflammation and insulin resistance, by reducing hepatic FFA uptake and ectopic lipid deposition in HFD-fed mice (37). In addition to long-chain FFA, CD36 also binds various extracellular inflammatory mediators (36). While we have not measured serum lipid profile in this study, the increased expression of Cd36 in livers of HSD-fed mice may not only be a response to higher circulating lipids and FFA but is likely reflective of its role as signal transducer in immune cell activation and inflammation. The high sucrose intake further promotes lipogenesis and steatosis in the liver, due to increased fructose uptake, that is even further enhanced in the presence of glucose (38), and fructose metabolism providing additional DNL substrates (39, 40), and for example reflected by increased ACC expression in this study. The contribution of DNL in addition uptake of dietary and AT lipolysis-derived free fatty acids to the development of NAFLD has been shown to be specifically significant in female mice (12). Male mice under HSD rather showed preferential shuttling of DNL-derived lipids to the AT resulting in adipocyte hypertrophy. In the cell, fructose acts as an inducer of lipogenic gene expression and rapid phosphorylation by fructokinase C has been linked to ATP and phosphate depletion with subsequent uric acid generation, that may further drive NAFLD (41). In addition, further mechanisms have been reported that drive hepatic steatosis in response to high fructose intake (alone or as sucrose). Fructose has been shown to be efficiently metabolized in the intestine (by ubiquitous fructokinase A) and leads to increased gut permeability, and increased endotoxin passage and thereby trigger steatosis (42). Furthermore, fructose intake fosters alterations in the gut microbiome that likely further promote NAFLD progression (43).

Our analyses of relative abundances of the most abundant lipid species revealed significant impact of HSD and HFD. However, they do not allow the estimation of differences in total lipid abundance (nor of TG abundance, that were observed in liver via histology and TG measurements) due to the experimental limitation. Yet, we were more interested, whether the diets that provide the identical nutritional lipid source in lard may result in subtle differences in TG, PE and PC species, that in the liver may be explained by additional lipogenesis under HSD conditions. TG composition changes observed in WAT and BAT of HFD- and HSD-fed mice were mostly of the same direction and more pronounced in HFD-fed mice. But in liver, the HSD induced alterations were either more pronounced (e.g., TG52:3; PC16:0/20:4) or indicated an opposite direction (e.g., TG52:2, TG54:3; PE16:0/22:5, PE18:0/20:4) when compared to HFD-fed mice. Drivers of these changes were found in the differential expression of key lipogenic enzyme FAS and activation of lipolytic HSL in AT and liver. FAS catalyzes the synthesis of palmitic acid from acetyl-CoA and malonyl-CoA, whereas longer chain fatty acid production is dependent of ELOVL activities (44, 45). Confirming previous studies, showing reduced de novo fatty acid synthesis in obese mice (46) and humans (47), we found a 50% reduction on FAS protein levels in gWAT of HFD-fed mice. In contrast, FAS protein levels were higher in iWAT of HSD-fed mice compared to REF controls. In the liver, Fasn expression was not significantly different, though in trend induced in HFD-fed mice. HSL phosphorylation and activation was elevated in iWAT of HSD-fed mice, but reduced in gWAT under both HSD and HFD, suggesting a complex interplay between diet and the regulation of lipid metabolism in adipose tissue. Enhanced glycolysis under conditions of high levels of dietary sucrose intake results in increased production of methylglyoxal, a highly reactive α-oxoaldehyde derived from glycolysis through a non-enzymatic reaction. Glyoxalase 1 (Glo1) is the enzyme neutralizing methylglyoxal, and has been shown to protect against negative metabolic consequences of a HSD in a complex interplay with FAS-mediated FA synthesis (48). While increased FAS expression in iWAT seems to compensate reduced Glo1 expression, the lower FAS expression in gWAT was not compensated by altered Glo1 expression. This suggests that this system is differentially affected in AT depots of chronically HSD-fed mice and indicates dysfunction of this rescue mechanism in gWAT.

In conclusion, we show that HFD predominantly affected AT inflammation, while the HSD induced inflammatory gene expression in the liver, without affecting AT. High-sugar diets have been linked to increased DNL and development of NAFLD in humans, also without significant weight gain (49). Consequently, reduced dietary sucrose intake has been proposed as a strategy to treat NAFLD and has been shown to limit hepatic DNL and significantly lower liver fat (50, 51).
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