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Aim/Introduction

The study aimed to determine the effectiveness of early antidiabetic therapy in reversing metabolic changes caused by high-fat and high-sucrose diet (HFHSD) in both sexes.





Methods

Elderly Sprague–Dawley rats, 45 weeks old, were randomized into four groups: a control group fed on the standard diet (STD), one group fed the HFHSD, and two groups fed the HFHSD along with long-term treatment of either metformin (HFHSD+M) or liraglutide (HFHSD+L). Antidiabetic treatment started 5 weeks after the introduction of the diet and lasted 13 weeks until the animals were 64 weeks old.





Results

Unexpectedly, HFHSD-fed animals did not gain weight but underwent significant metabolic changes. Both antidiabetic treatments produced sex-specific effects, but neither prevented the onset of prediabetes nor diabetes.





Conclusion

Liraglutide vested benefits to liver and skeletal muscle tissue in males but induced signs of insulin resistance in females.
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Introduction

Obesity, characterized by the accumulation of excessive fat tissue, is a major contributor to early disability and mortality, and its prevalence is reaching pandemic levels. Besides serving as energy storage, fat tissue is an active endocrine organ. Moreover, it can trigger systemic low-grade inflammation by secreting inflammatory cytokines (1). A causative relationship between obesity-related inflammation and insulin resistance has been established (2). Affected individuals cope with progressive insulin resistance by ever-increasing insulin secretion, up to the point where this adaptive strategy becomes insufficient and type 2 diabetes mellitus (DM2) develops (3). DM2 and obesity are associated with higher risks for many life-threatening conditions, including cardiovascular disease and unfavorable outcomes in patients diagnosed with the novel coronavirus disease (COVID-19) (4, 5). Therefore, an effort to decelerate or stop the progression of obesity-triggered metabolic syndrome in its early stages is warranted.

Metformin, the gold standard in the treatment of DM2, is implicated in the slowed progression of insulin resistance to DM2 (6) but is also discussed as a potential senescence therapy in apparently healthy people (7). In addition, liraglutide (a glucagon-like peptide 1 analog with euglycemic and weight-reducing effects) has been approved for clinical use in obese diabetic individuals (8). Some studies suggest that weight reduction alone might be sufficient to prevent the progression of initial insulin resistance to full-blown DM2 (9). However, since liraglutide has been mostly studied in previously diagnosed diabetic and obese patients, little is known about its preventive potential.

As obesity and DM2 are mainly caused by chronic caloric surplus (2), rodent dietary models of high-fat diet, high-fat and high-fructose diet, or high-fat and high-sucrose diet (HFHSD) exhibit characteristics observed in human metabolic syndrome (10), and the latter (HFHSD) is the closest to the modern Western diet. Although these diets can induce (pre)diabetes in rodents, most of the studies are not prolonged enough to adequately reflect the chronic setting in which dietary effects normally take place in humans (11–15).

In humans, DM2 predominantly develops in elderly populations. Chronic low-grade systemic inflammation, underlying both aging and obesity, may be the culprit behind many age-related conditions, including insulin resistance (16). Despite this, most HFHSD rodent studies were conducted on young adult animals (14, 15, 17–20). Furthermore, females and males differ in body composition, adipose tissue metabolism, weight gain susceptibility, as well as cardiometabolic and dysglycemic risks (21–23). Yet, the available HFHSD rodent studies have included either male or female animals (13, 14, 17, 18). Finally, the evaluation of dietary animal models warrants whole-body analyses, since obesity and DM2 influence the brain as well as peripheral tissues (1). Still, most available studies focused solely on either the central or the peripheral phenomena (10, 13, 15, 18).

This study was conducted on male and female aged rats to address the possibility of sex-specific effects using whole-body analyses. It assessed the consequences of a long-term, obesity-inducing diet as well as the potential of early and long-term pharmacologic interventions to prevent the development and progression of DM2.





Results

The experimental design included rats of both sexes (32 males and 32 females). When they were 45 weeks old (middle-aged), they underwent either a standard or HFHS diet (16 vs. 48 rats, experimental weeks 1–18). After 5 weeks of the HFHS diet, metformin or liraglutide medication was initiated, and it lasted a further 13 weeks (32 treated rats, experimental weeks 6–18). There were in total four experimental groups, each consisting of 16 rats (eight males and eight females): standard diet (STD), HFHS diet only (HFHSD), HFHSD and subsequent metformin medication (HFHSD+M), and HFHSD and subsequent liraglutide medication (HFHSD+L). At the end of the study, the animals were 64 weeks old (i.e., the onset of senescence) (24, 25). They ate a specific diet for 18 weeks (throughout the entire middle-age period), and those treated received medication for 13 weeks (Extended Data Figure 1). Senescence of females at the end of the study was proven by measuring estrogen values (6–12 pg/mL in all female rat groups).




Lack of weight gain in liraglutide-treated animals on HFHSD was accompanied by increased caloric intake and a loss of visceral fat in females

To explore the effects of the diet and medication (subsequently referred to as “intervention”) on the obesity-induced features, body mass was measured (Extended Data Figure 2A), and the visceral adipose tissue was characterized in detail (Figures 1A, B; Extended Data Figure 2B). Diet and treatment had no influence on body weight. Significantly larger visceral adipocyte surface area were detected in the HFHSD and HFHSD+M animals compared to those in the STD groups, while animals treated with liraglutide did not significantly differ from the STD animals.




Figure 1 | Liraglutide treatment in elderly rats on a high-fat high-sucrose diet reduced the surface areas of the visceral adipocytes, but triggered polyphagy in the female animals. A) Micrographs of the hematoxylin-eosin-stained visceral adipose tissue samples (magnification 200×) (bottom rows) and matching images obtained in CellProfiler (upper rows). B) Between-group comparison of average visceral adipocyte surface areas (μm2), two-way ANOVA and Games-Howell post hoc test for between-group comparisons: *compared to STD, †compared to HFHSD; *p < 0.05, **/††p < 0.01, NS – not significant. C) Whole-group caloric intake normalized for the whole-group body mass (kcal/g) per experimental week. ↓ – introduction of the antidiabetic drugs. Abbreviations: STD – standard diet group, HFHSD – high-fat high-sucrose diet group, HFHSD+M – HFHSD treated with metformin, HFHSD+L – HFHSD treated with liraglutide.



To get insight into the overall metabolic change reflected in the polyphagia as a symptom of diabetes, a normalized approximation of the weekly caloric intake for each group was calculated as the ratio of the whole-group caloric intake and the whole-group body mass. By using kcal instead of g of food and animal mass instead of the number of animals, we nullified the difference between the two diets and the loss of animals during the study. Unexpectedly, the females treated with liraglutide experienced an abrupt increase in caloric intake after the experimental week 13, reaching almost twofold higher values relative to other experimental groups (Figure 1C). To quantify the observed changes, marginal means of caloric intakes were estimated for the period prior to the intervention (weeks 1–5), of the early intervention (weeks 6–10), and the long-term intervention (weeks 10–18). As expected, metformin significantly decreased the caloric intake in both sexes, while liraglutide did it only in males. In females, liraglutide paradoxically increased the caloric intake after long-term intervention, indicating development of metabolic inefficiency (Extended Data Figure 2C).





Females tolerated acute hyperglycemic challenges less efficiently and exhibited decreased insulin sensitivity

Improved glucose tolerance and low glucose variability were expected to be the primary outcomes of antidiabetic treatment. Average values of areas under the curves (AUC) of glucose blood levels for each group during the glucose tolerance test (GTT) were calculated (Extended Data Figure 3A). In the experimental week 5, all HFHSD animal groups had significantly higher AUC values in comparison to the STD groups, revealing the decreased glucose tolerance. The same was observed in the experimental weeks 12 and 18 in the nonmedicated animals under HFHSD. In week 12, the AUC values of groups receiving medication approached STD group values, showing the acute benefits of antidiabetics. The males showed analogous results at experimental week 18; however, females of all groups (including the STD group) decreased glucose tolerance at this time point. With the onset of reproductive senescence, glucose tolerance worsened, particularly in the HFHSD female group, while the antidiabetic-receiving groups still benefited from the treatment. This result did not agree with the finding of polyphagia only in HFHSD+L females, especially because HFHSD females had by far the worst glucose tolerance of all the other groups.

To get more detailed insight into sex-based differences in glucose tolerance, we used mathematical modeling of GTT data (Figures 2A, B). Derived parameters describing curves explained group progression in glucose variability (0-, 5-, 12-, and 18-week time points). The females belonging to all groups reached significantly higher glucose concentrations during the GTT (maximal glucose concentration (mg/dL) (Gmax)) compared to the males and were slower in reestablishing normoglycemia than their male counterparts. Blood glucose set points described by G0 followed by plasma glucose 2 h after load (G(2)), and fasting glucose (G(0)) were the best biomarkers of progressive metabolic failure. The G0 parameter describes the base value to which the function returns; that is why we assumed that this parameter can be physiologically best translated into the centrally given glucose set point. In our case, we calculated it based on the value of the entire group. Figure 2A shows that STD males at the beginning of the study reach the G0 value in just 1 h, while the females of the HFHSD+L group at the end of the study do not reach G0 even in 3 h, so the value of the function period (T) is also the highest in them. According to plasma glucose 2 h after load (G(2)), all examined groups, except STD males, developed prediabetes (HFHSD and HFHSD+M males) or diabetes (all the rest) according to official DM2 diagnostic criteria (140–199 mg/dL for prediabetes and ≥ 200 mg/dL for diabetes) (26, 27). HFHSD+L females also met the diagnostic criteria for the fasting glucose dysglycemia biomarker (100–125 mg/dL). Mathematical modeling revealed five additional parameters that were the lowest (coefficient of oscillation amplitude decline (α), and initial speed of blood glucose increase (G′(0)) or the highest (the basic period of function (T), maximal speed of glucose concentration decrease (G′I), and the moment at which G′I is attained (tI)) in HFHSD+L females reflecting changes in the glycemia regulation (Extended Data Figure 3B). An additional proof of the credibility of the mathematical model is that the AUC values obtained by mathematical modeling correlated well with the AUC values obtained from real measurements.




Figure 2 | Aging in women impaired glucose metabolism more than in men, while long-term treatment with liraglutide exacerbated hyperinsulinemia and insulin resistance. (A) Model function [G(t)] of blood glucose concentration (mg/dL) based on measurements from glucose tolerance test (GTT) in experimental weeks 0, 5, 12, and 18. (B) Characteristics of model function: fasting blood glucose concentration [mg/dL) (G(0)], maximal glucose concentration (mg/dL) (Gmax), the moment at which Gmax is reached (h) (tmax), 2-h blood glucose at GTT [mg/dL) (G(2)], blood glucose setpoint (asymptote) (mg/dL) (G0), and area under the curve (AUC). Values in orange, prediabetes (100 mg/dL < G(0) < 125 mg/dL, 140 mg/dL < G(2) < 199 mg/dL); values in red, diabetes (G(0) ≥ 126 mg/dL, G(2) ≥ 200 mg/dL). (C) Interaction plots of intervention and sex effects on plasma leptin (ng/mL), serum fasting insulin (ng/mL), Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) (mg/dL × mU/L), insulin receptor substrate 1 (IRS-1) phosphorylation in the skeletal muscle [arbitrary units (AU)]. (D) Model function [H(t)] of blood glucose (mg/dL) based on measurements from insulin tolerance test (ITT) in experimental week 18. (E) The adrenal gland surface. Two-way ANOVA; black symbol, experimental groups including both sexes; green symbol, male groups; and red symbol, female groups; */†p < 0.05, **/††p < 0.01, ***/†††p < 0.001 (*compared to STD, †compared to HFHSD). NS, not significant; f, female; m, male; STD, standard diet group; HFHSD, high-fat and high-sucrose diet group; HFHSD + M, HFHSD treated with metformin; HFHSD + L, HFHSD treated with liraglutide.



To identify hormones underlying the observed GTT changes, leptin, insulin, corticosterone, and adiponectin were measured at the endpoint of the study (Figure 2C; Extended Data Figure 3C). As expected, the HFHSD and HFHSD+M groups had significantly higher leptin plasma levels relative to the STD group, whereas the plasma leptin levels in the HFHSD+L animals did not differ when compared to those in the STD and HFHSD groups. Observing the insulin serum levels, the HFHSD+L females had significantly higher fasting insulinemia compared to the STD females, but the same trend was not statistically significant in the male groups. The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) score was also calculated. The highest and statistically significant score was achieved by HFHSD+L females. Furthermore, phosphorylated tyrosine moieties of the insulin receptor substrate 1 (IRS-1) increased significantly in the skeletal muscle of all treated groups, but especially in HFHSD+L groups. Plasma corticosterone levels were not informative, while females in general exhibited higher adiponectin levels than males.

Improved insulin sensitivity was the expected secondary outcome of antidiabetic treatment; hence, the insulin tolerance test (ITT) was performed, and mathematically modeled ITT function was calculated in the experimental week 18 (Figure 2D; Extended Data Figures 3D, E) when we assumed insulin resistance could be developed. All the groups fed the HFHSD had significantly higher AUCs of glucose blood levels than the STD group. Mathematically modeled ITT functions (Figure 2D) revealed that the response to hyperinsulinemic challenge was highest in STD and lowest in HFHSD+L (minimal glucose concentration (Hmin)), indicating low insulin sensitivity under liraglutide treatment. STD group exhibited prolonged hypoglycemic levels lasting longer than 2 h. Animals fed the HFHSD had exaggerated glycemic compensatory responses in the ITT postacute recovery period, but both metformin-treated groups and males on liraglutide regained normoglycemia (H0). However, females in HFHSD+L that resisted acute hypoglycemia the best also remained in reactive hyperglycemia for the longest time, which can be explained by their highest tendency to develop insulin resistance relative to other animal groups.

Corticosterone, a potent insulin-antagonizing hormone, is commonly negatively associated with insulin sensitivity. Measuring its levels could provide a possible explanation for the dysglycemia observed in HFHSD+L females. Because a one-point measurement of corticosterone level is a low presentation for overall daily corticosterone fluctuations, we used Hans Selye’s historical finding of an association between adrenal gland size and cumulative corticosterone levels (28). The surface areas of mid-sections of adrenal glands were analyzed (Figure 2E). The male HFHSD animals and male groups receiving medication had significantly smaller adrenal glands than the STD animals, whereas exactly the opposite finding was present in females. The biggest adrenal gland surface in HFHSD+L females indicates the highest cumulative corticosterone levels in these animals, which may be related to metabolic disbalance and a shift in normoglycemia set point.





Both antidiabetic treatments increased leptin sensitivity in hypothalamic satiety nuclei, but only liraglutide had a peripheral anti-inflammatory effect

Improved insulin and leptin sensitivity in hypothalamic satiety nuclei, related to reduced food intake, was the expected tertiary outcome of antidiabetic treatment. Insulin serves as an acute satiety signal, leptin as a chronic one, and insulin-like growth factor (IGF) as a sub-acute signal that adjusts body temperature to energy resources. Their receptors initiate the signal responses in the brain and subsequently reduce feeding. The expression of insulin receptor α (IR-α), leptin receptor (ObR), and insulin-like growth factor 1 receptor β (IGF-1Rβ) was measured as markers of energy-sensing signaling pathways in the following brain nuclei: the arcuate (ARC), lateral hypothalamic (LH), paraventricular (PVN), and ventromedial hypothalamic (VMH) nuclei (Figure 3A; Extended Data Figures 4.1A, 4.2, 4.3, 4.4). Selected hypothalamic nuclei are part of the neural network that controls feeding, and previous studies have shown that they are not equally prone to developing insulin/leptin resistance (29).




Figure 3 | Metformin and liraglutide influenced high-fat high-sucrose diet-associated microinflammation in the hypothalamus and visceral adipose tissue in a sex-specific manner. (A) Interaction plots of intervention and sex effects on the expression level of the insulin receptor α-subunit (IR-α), leptin receptor (ObR), and ionized calcium-binding adapter molecule 1 (Iba1) in the following hypothalamic nuclei: arcuate nucleus (ARC), lateral nucleus of hypothalamus (LH), paraventricular nucleus (PVN), and ventromedial nucleus (VMH). The location of nuclei within the hypothalamus is indicated on the scheme below the interaction plots (f, fornix; 3V, third ventricle). Two-way ANOVA and Games–Howell post-hoc test for between-group comparisons. (B) Interaction plots of intervention and sex effects on the number of M1 macrophages (CD68) and M2 macrophages (CD163) in visceral adipose tissue per field of view at 100× magnification, and decimal logarithmic representation of M1 to M2 macrophage ratio in visceral adipose tissue. Two-way ANOVA and Games–Howell post-hoc test for between-group comparisons. (C) Interaction plots of intervention and sex effects on the TNF-α, IL-1, and IL-6 in the visceral adipose tissue. Two-way ANOVA and Games–Howell post-hoc test for between-group comparisons. Black symbol, experimental groups including both sexes; green symbol, male groups; red symbol, female groups. */†p < 0.05, **/††p < 0.01, ***/†††p < 0.001 (*compared to STD, †compared to HFHSD). NS, not significant; f, female; m, male; STD, standard diet group; HFHSD, high-fat and high-sucrose diet group; HFHSD+M, HFHSD treated with metformin; HFHSD+L, HFHSD treated with liraglutide.



The high IR expression in the brain nuclei was associated with low serum fasting insulin levels in STD animals (in females in particular) and their potentially better central insulin response. Long-lasting HFHSD decreased the expression of IR in the LH nucleus, potentially due to increased serum insulin levels. The antidiabetic treatment reversed the receptor decrease in LH nuclei of males but not in females. The animal group with the lowest expression of IR relative to all other groups in all satiety nuclei (HFHSD+L females) also had the highest serum fasting insulin levels. This potential central insulin resistance indicated a small potential of insulin on the feeding switching function. This was also in agreement with the low whole-body sensitivity of insulin receptors (as measured by the ITT response) in HFHSD+L females.

HFHSD did not significantly affect ObR expression in individual nuclei, regardless of the increased plasma leptin levels. On the other hand, antidiabetic treatment was associated with a profound central effect: increased ObR expression was observed in all satiety nuclei in both males and females—more in the case of metformin, than liraglutide. It explained the major metformin beneficial effect: quick reaching satiety and no gain of weight despite an increase in adipocyte surface area. Contrary to HFHSD+M animals, the medication effect was lower in HFHSD+L groups, in particular females, probably due to cross-downregulation of ObR with increased insulin levels. HFHSD+L males, but not females, had increased expression of IGF-1R, which could provide them with additional relief from high-caloric HFHSD (Extended Data Figures 4.1A, 4.4) by its ability to increase body temperature.

The fourth expected outcome of antidiabetic treatment was a reduction in low-grade inflammation. Neuro-inflammation was investigated in the same brain nuclei with the help of two markers: ionized calcium-binding adaptor molecule 1 (Iba1), a microglia marker (Figure 3A; Extended Data Figure 4.5), and the glial fibrillary acidic protein (GFAP), an astrocyte marker (Extended Data Figures 4.1A, 4.6). Although some significant changes, mostly provoked by medication rather than HFHSD itself were shown, there was no clear correlation between hormonal changes and neuro-inflammatory status.

To investigate peripheral aspects of low-grade inflammation, proinflammatory (M1) and anti-inflammatory (M2) macrophages were analyzed in visceral adipose tissue using CD68 and CD163 markers, respectively (Figure 3B; Extended Data Figure 4.7). In addition to macrophages, the expression of the tumor necrosis factor α (TNF-α), interleukin 1 (IL-1), and interleukin 6 (IL-6) was analyzed in the visceral and subcutaneous adipose tissue samples (Figure 3C; Extended Data Figure 4.1B). Visceral adipose tissue was chosen for additional research because it appeared to be more related to inflammatory response.

Sex and intervention did not affect the M1 phenotype but did affect M2 in the adipose tissue. STD females had a significantly higher number of M2 macrophages compared to males (beneficial inflammatory response). However, when fed the HFHSD or treated with antidiabetics, both aspects of inflammatory responses were comparable between sexes. A large adipocyte size is a challenge for classical phagocytosis, whose inefficiency is reflected in the secretion of proinflammatory cytokines. In support of this, the TNF-α and IL-6 increase was interconnected with the downregulation of M2 lineages observed in groups with the highest adipocyte sizes, HFHSD and HFHSD+M. Liraglutide treatment reduced adipocyte size more in females than in males, and this resulted in consistently reduced secretion of inflammatory cytokines. A marked decrease in adipocyte size in liraglutide-treated females ultimately resulted in the proinflammatory response and highest M1/M2 ratio.

These results indicated that metformin was less able to alter the peripheral inflammatory response of animals exposed to HFHSD, whereas liraglutide had anti-inflammatory consequences only in males, but in females, liraglutide treatment led to an excessive reduction in adipocyte size and a reversal of the favorable treatment effect.





Sex-specific metabolic difference in liver and skeletal muscle was enhanced by a high-fat and high-sucrose diet and antidiabetic drugs

The fifth expected outcome of antidiabetic treatment was a slower progression of metabolic-dysfunction-associated fatty liver disease (MAFLD) caused by HFHSD. In normal-weight subjects, the presence of hepatic steatosis accompanied by at least two metabolic risk abnormalities is required for MAFLD diagnosis. With the exception of STD males, all animal groups fulfilled metabolic criteria for MAFLD and the presence of prediabetes or diabetes (Figures 2B, C). Nevertheless, pronounced liver steatosis was recorded just in the HFHSD and HFHSD+M groups (Figure 4A), as visualized by Sudan black staining. Due to their hydrophobicity, fat droplets were compact, and we used Oil Red staining to calculate their surface (Figure 4B; Extended Data Figure 5.2). The extent of lipid accumulation varied in subcapsular (SPL) and deeper parenchymal portions [central part (CPL)] of the liver (Figures 4A, B). Therefore, these regions were analyzed separately. In all groups, the subcapsular part accumulated more fat droplets, and steatosis was more pronounced in males than in females due to central part involvement. Male groups with the highest steatosis also had the highest levels of serum cholesterol and triglycerides (Extended Data Figure 5.1A), but without an increase of liver damage markers (Extended Data Figure 5.1B)—aspartate transaminase (AST) and alanine transaminase (ALT). Fat droplet accumulation in HFHSD+L groups was comparable to that in STD groups; that is, liraglutide successfully resolved hepatic steatosis. Also, HFHSD+L females significantly increased the liver mass to body mass ratio, probably due to both the loss of body mass and the loss of hepatic lipids (Extended data Figure 5.1C).




Figure 4 | Male rats fed the high-fat and high-sucrose diet are more prone to excessive hepatic and skeletal muscle lipid accumulation. (A) Cross-section of liver stained using Sudan black, with annotated central (CPL) and subcapsular (SPL) parts. Scale, 500 μm. (B) Fat droplet measurement based on Oil red O staining and glycogen measurement based on metachromatic toluidin stain. Two-way ANOVA and Bonferroni or Games–Howell post-hoc test for between-group comparisons. (C) Percentage of fiber types I, IIa, and IIb in skeletal muscle based on staining with succinate dehydrogenase. Two-way ANOVA and Games–Howell post-hoc test for between-group comparisons. (D) Interaction plots of intervention and sex effects on the following parameters for determination of the oxidative-antioxidative status of skeletal muscle: catalase (CAT) (U/mg protein); superoxide dismutase (SOD) (U/mg protein); total glutathione (tGSH) (nmol/g of fresh tissue weight (FW)); glutathione S-transferase (GST) (U/g protein). Two-way ANOVA and Games–Howell post-hoc test for between-group comparisons; black symbol, experimental groups including both sexes; green symbol, male groups; red symbol, female groups; */†p < 0.05, **/††p < 0.01, ***/†††p < 0.001 (*compared to STD, †compared to HFHSD). NS, not significant; f, female; m, male; STD, standard diet group; HFHSD, high-fat and high-sucrose diet group; HFHSD+M, HFHSD treated with metformin; HFHSD+L, HFHSD treated with liraglutide.



To determine whether lipid accumulation led to decreased glycogen storage, liver sections were stained with metachromatic toluidine (Figure 4B; Extended Data Figure 5.3). Surprisingly, the male groups with the highest steatosis, HFHSD and HFHSD+M, also had the highest glycogen content, both subcapsular and within the parenchyma. Contrary to that, liraglutide treatment depleted glycogen stores, especially in subcapsular hepatocytes. In conclusion, liraglutide treatment led to the depletion of glycogen stores.

The sixth expected outcome of antidiabetic treatment was a positive effect on HFHSD-induced skeletal muscle mitochondrial dynamics and antioxidant capacity. The content of mitochondria by skeletal muscle fiber types varies from high (type I), through intermediate (type IIa), to low (type IIb), while oxidative capacity correlates with the number of mitochondria in physiological conditions. Mitochondrial mass per fiber was determined by succinate dehydrogenase (Complex II) histological staining of skeletal muscles from the nuchal region (Figure 4C; Extended Data Figure 5.4). A large sex difference was already visible in animals on STD; females showed a higher percentage of red fibers (I and IIb) than males. Consumption of HFHSD led to a significant increase in mitochondrial mass in both sexes, but the ratio between red and white fibers (IIb) increased to a greater extent in females. Contrary to the diet, both antidiabetic treatments were unremarkable in the skeletal muscles of males. Nevertheless, metformin, known to affect mitochondrial efficiency by inhibiting Complex I, decreased the proportion of red fibers in females. Interestingly, metformin treatment in females had also the greatest effect on the antioxidant capacity of skeletal muscle (Figure 4D), leading to a significant increase in enzyme catalase (CAT) and glutathione S-transferase (GST). Medication with liraglutide did not affect mitochondrial mass and was associated with lower total glutathione (tGSH), but higher SOD in females.

The lipid droplet content of skeletal muscle was an indirect indicator of blunted inhibition of adipose tissue lipolysis in the development of insulin resistance, so we measured the average size of fat droplets using Oil Red staining (Extended Data Figures 5.1D, 5.5). As expected, female groups had a higher average size of fat droplets than males, with the exception of metformin-treated males. Nevertheless, the accumulation of lipids was not accompanied by an increased risk for lipid peroxidation (Extended Data Figure 5.1E).

When these results are considered together, increased mitochondrial volume in HFHSD is a sign of serious changes in mitochondrial dynamic that are not matched with antioxidant capacity and pose a challenge to the quality control of mitochondria. The observed changes in skeletal muscle tissue deserved a more careful analysis.





Diet and antidiabetic drugs have a significant effect on the metabolic profile of skeletal muscles in males but in less regard in females

Skeletal muscle tissue is an insulin-dependent organ, and its insulin resistance triggers diabetes (30). The expected outcome of antidiabetic treatment was a beneficial metabolic response opposing skeletal muscle insulin resistance. Therefore, the fresh-frozen samples of muscles from the nuchal region were subjected to the MALDI-TOF imaging mass spectrometry (IMS) that generated big data with the least loss of relevant molecules. Mass spectra were recorded in the range 300–700 Da (Extended Data Figure 6.1) in order to analyze metabolites and in the range 700–1,000 Da (Extended Data Figure 6.2) in order to analyze lipids.

To identify patterns and trends or extract the most important features, principal component analysis (PCA) was used for big data visualization. Overlapping metabolic profiles were observed using the assumption that the sets of metabolic profiles may be represented by the chemical fingerprint containing strong signals (signal intensity > 5% of the strongest signal, N = 74) coming from the average TIC-normalized mass spectra in the range 300–1,000 Da (Figure 5A). However, out of 74 strongest m/z signals, 21 were significantly altered in at least one treatment pair selected by the omnibus false discovery rate (FDR) Kruskal–Wallis (KW) ANOVA followed by pairwise Dunn–Bonferroni test (Figure 5B). STD males were the most different (12–15 compounds) in relation to all other animal groups of both sexes. Nevertheless, liraglutide-treated males (HFHSD+L) were closest to STD males in muscle metabolic profile. In all-female groups, the muscle metabolic profile was similar (especially between the STD and HFHSD groups), and metformin treatment had a slightly larger effect than the liraglutide treatment. This result speaks in favor of pre-existing gender-specific differences in muscle metabolic profiles, and their different response to antidiabetic drugs.




Figure 5 | MALDI-TOF IMS analysis of Sprague–Dawley rats’ nuchal skeletal muscle shows sex-specific metabolic responses to HFHSD, liraglutide, and metformin treatments. (A) Principal component analysis (PCA) using strong m/z signals (signal intensity > 5% of the strongest signal) coming from the average total-ion-current (TIC)-normalized mass spectra recorded in the range 300–1,000 Da explains 84.47% variance. (B) Distribution of the significantly altered m/z signals by treatment pairs. (C) Box and whisker plots of significantly altered m/z signals. Each group sample size was eight (4 biological replicates × 2 technical replicates). F, female; M, male; STD, standard diet group; HFHSD, high-fat and high-sugar diet group; HFHSD+M, rats on HFHSD treated with metformin; HFHSD+L, rats on HFHSD treated with liraglutide; m/z, mass-to-charge ratio.



To putatively identify significant m/z signals, METASPACE and HMDB databases were used (Table 1; Extended Data Figure 6.3). They included xanthurenic acid 8-O-sulfate, inosine monophosphate (IMP), phosphatidic acids (PA), and different types of phospholipids. Xanthurenic acide 8-O-sulfate (m/z 307. 97), considered to serve as a natriuretic hormone that enhances glycosuria, was lowest in STD groups (Figure 5C). IMP (m/z 387. 01), recently introduced as a beneficial nutriceutical affecting the energetic and antioxidant status of the liver and muscles (31) and previously connected with high physical activity in untrained animals, was highest in STD males. Levels of PA (m/z 737.45/761.45/763.46), precursors of phospholipids with positive effects on mitochondrial dynamics, were highest in STD males, liraglutide-treated males, and metformin-treated females.


Table 1 | Statistically significant alterations in the strong m/z signal intensities of male and female rat nuchal skeletal muscle with tentative annotations.



In order to graphically represent major clusters, a heatmap was constructed using Euclidean distance, and Ward’s method was applied to the scaled significant m/z signals (Extended Data Figure 6.4). In concordance with PCA, all treatment groups were clustered together, which implied a large inter-individual variability. According to the samples’ dendrogram, liraglutide treatment achieved the expected effects in the muscles of most males (populations of STD and HFHSD+L males were grouped together). Metformin effects were shared between sexes (males and females on metformin were grouped together). The most dispersed classes were HFHSD and HFHSD+L females. m/z’s dendrogram showed clustering of phospholipids and their partial overlap with the PA. Conspicuously, IMP was between phospholipids and PA clusters. It was interesting to notice that m/z = 329.95 and 439.03 Da, which we were not able to uniquely identify, formed a cluster with the xanthurenic acid 8-O-sulfate.

Taken together, the skeletal muscle metabolic profile of STD males was different from all other groups, and the closest to it was HFHSD+L males. Also, HFHSD had a significant effect on males but not on females, which spoke in favor of developing muscle insulin resistance caused by menopause itself. Aging was a probable basis for large inter-individual differences (since biological and chronological age may mismatch) (32, 33), so it was not unexpected that the overall effect of antidiabetic drugs in female groups was negligible.






Discussion

Glucotoxicity and lipotoxicity are the major two drivers of hyperinsulinemia and the concomitant development of multiorgan insulin resistance, culminating with the loss of β-cells as an ultimate deficit in DM2, independent of sex difference and aging (34). In this study, we developed the preclinical rat model to address the long-term effects of diet, aging, and sex in development of the DM2, which proved to be successful in recapitulating the whole sequence of its pathogenesis, from metabolic disorder to prediabetes and finally diabetes. As our motive was to increase the translational relevance, animals of both sexes were used, and the HFHSD was introduced in reproductive senescence (at 45 weeks). HFSHD indeed quickly leads to a metabolic disorder; 5 weeks after its introduction, the animals had early signs of prediabetes (i.e., elevated G0 parameter derived from the mathematical model), 7 weeks later, they reached clinical prediabetes, and in the next 6 weeks, clinical diabetes. The following mathematical parameters derived from the glucose tolerance test (GTT) were informative in monitoring the progression of metabolic disorder of the studied rats: Gmax, G0, G(2), and G(0). The length of the study (18 weeks) provided insight into the transition from prediabetes to diabetes. Subsequently, this allowed evaluation of the effects of the therapeutic interventions by metformin and liraglutide introduced at week 5. The long-term monitoring of the medications (for 13 weeks) distinguished early and late effects of therapy and revealed sex differences due to aging, diet, and antidiabetic treatment.




Aging was the primary metabolic culprit in the DM2 pathology of females

Thanks to the fact that the study was initiated in middle-aged animals, it demonstrated the importance of aging as the primary metabolic culprit in DM2 pathology, which was more prominent in females. The females developed already on STD the indicators of metabolic disorder; an increase in parameters describing GTT-provoked glucose disposal [Gmax, G0, and G(2)], and higher skeletal muscle mitochondrial mass. Similarly, in our previous study (35) on young (3.5 months) and mature (12 months) rats, STD-fed perimenopausal females had a higher Gmax than males. Therefore, an increase in Gmax can be considered a prodromal sign of metabolic risk associated with aging, at least in females.





The response to HFHSD was sex-specific implying that females may develop skeletal muscle insulin resistance, while males may develop hepatic insulin resistance

HFHSD exacerbates the female tendency toward glucose intolerance, dramatically increases skeletal muscle mitochondrial mass, and increases the associated potential development of insulin resistance. Glucose tolerance reflects the β-cell ability to offset insulin resistance by increased insulin secretion, and as long as this balance holds, glucose tolerance remains the same (36). At the end of the experiment, HFHSD females had glucose tolerance almost twice lower than males (elevated AUC results in GTT obtained with and without mathematical modeling). Relatively low AUC values in weeks 5 and 12 in SD and HFHSD indicate a prediabetes period. Our result speaks in favor of the hypothesis that prediabetes is a reversible condition, so we see a small difference between STD and HFHSD. Decompensation in glucose tolerance occurs somewhere between 12 and 18 weeks after prolonged feeding with HFHSD (20). Diminished glucose tolerance as a sign of β-cell loss was considerably higher in females than in males, and it supported earlier onset of diabetes in females compared to males. The increased number of mitochondria by itself posed a female-specific risk for the development of skeletal muscle insulin resistance due to increased reactive oxygen species (ROS) production (37, 38). Nevertheless, the increased mitochondria mitogenesis and their decreased efficacy represent potentially a female-specific protective response to HFHSD oriented toward the dissipation of excess energy.

On the other hand, HFHSD males developed liver steatosis accompanied by elevated levels of cholesterol and triglycerides in the blood, while the pathological changes of skeletal muscles included fat droplets and a significant decrease in IMP. The hepatic findings were consistent with research results for nonalcoholic fatty liver disease, recently renamed metabolic-associated fatty liver disease in order to reflect its association with metabolic syndrome morbidity, where men were more often affected with the disease than women (39–43). The skeletal muscle findings could be interpreted as a sign of reduced physical activity accompanied by a change in diet (44) and diminished supplies for ATP biosynthesis (31).





Potential HFHSD-induced leptin and insulin resistance of satiety centers contributed to multiorgan disorder in prediabetes

The disturbance of the satiety nuclei in the brain (reflected in the G0 parameter) was obligatory in the HFHSD-induced pathophysiology of DM2 in both sexes. Moreover, this aspect of diabetes development was documented through increased caloric intake. Satiety centers are influenced by a variety of nutritional factors (glucose, fatty acids, amino acids) and different hormones—insulin and leptin being the most important. In fact, the opposing action of insulin and leptin can explain why animals with HFHSD did not develop polyphagia despite the potential development of central insulin resistance (45). However, the satiety nuclei are not only involved in feeding control but also in various autonomous reactions, such as sympathetic activity, cardiovascular output, stress response, etc. What is important for this study is that the lateral hypothalamic satiety nucleus (LH) inhibits the activity of the paraventricular (PVN) (46) stress response-mediating nucleus and thus exerts insulin-mediated negative feedback regulation of the stress response. Judging by the size of the adrenal gland, which was significantly larger in females than in males on the HFHSD, the central stress homeostasis regulation was more efficient in males than in females. Nevertheless, the development of insulin and leptin resistance in the satiety centers explained how malfunction of the hypothalamic neuronal network contributed to a multiorgan disorder (Figure 6). Clinically relevant, glucose set point (as a functional output of satiety nuclei) which was reflected in mathematical parameter G0, proved to be reversible in STD groups, while caloric intake returned to the starting level over time in HFHSD groups.




Figure 6 | Sex-specific impairments in different organs contribute to DM2 to varying degrees—proposed mechanism. (A) High-fat and high-sucrose diet (HFHSD) is the major trigger of metabolic changes in males. Diet-induced hyperglycemia and hyperlipidemia burden the secretagogue mechanism, which leads to an increase in glucose variability (Gmax) and hyperinsulinemia. Hyperglycaemia and hyperinsulinemia increase hunger drive and gradually lead to insulin resistance of skeletal muscle (HOMA index), liver (hepatic glucose production (HGP), G(2)), and adipose tissue (fat storage capacity and the appearance of inflammation: M2 macrophages, TNF-α, and IL-6). In males, the liver is more sensitive to hyperinsulinemia than skeletal muscle, so metabolic-dysfunction-associated fatty liver disease (MAFLD) caused by HFHSD occurs more quickly. Under the action of antidiabetic drugs metformin and liraglutide, the sensitivity of the hypothalamic nuclei to insulin and leptin increases. Although both antidiabetics are anorexigenic, there is a gradual increase in the glucose set point (G0) under the influence of HFHSD. Potentially, further degradation of the satiety mechanism and low-grade inflammation in adipose tissue can lead to an increase in the stress response and entry into a vicious circle in which the stress response increases HGP (reflected in the increase of G(2) mathematical parameter) and contributes to insulin resistance of other organs. (B) In females, aging and especially HFHSD increase glucose variability. HFHSD-induced hyperinsulinemia affects skeletal muscle more than in males, which is seen as increased mitogenesis, reduced mitochondrial efficiency, and a less-efficient ROS response, which by itself increases muscle insulin resistance. The introduction of antidiabetic drugs only increases sensitivity to leptin but not to insulin. In liraglutide-treated females, plasma leptin and insulin sensitivity in the satiety centers are so low that both no longer contribute to extinguishing the stress response. The increased stress response further increases HGP, and in females treated with liraglutide, this leads to the full picture of DM2 (increased G(0) (fasting glucose) and hyperphagia). Metformin, as an insulin sensitizer, stops the activation of the stress response and reduces the mass of mitochondria in skeletal muscle, thereby delaying the onset of DM2. AMPAK, AMP-activated protein kinase pathway; DM2, diabetes type 2; G0, blood glucose set point; G(0), fasting glucose; G(2), plasma glucose 2 h after load; Gmax, maximal glucose concentration after glucose load; HFHSD, high-fat and high-sucrose diet; HGP, hepatic glucose production; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; IL-6, interleukin 6; M2, macrophage lineage; TNF-α, tumor necrosis factor-alpha. Numbers (1, 2, 3, and 4) indicate the sequence of events in DM2 development. Note that the thickness of the line indicates the strength of the effect. Dashed lines represent hypothetical mechanisms.







HFHSD increased the production of proinflammatory metabolites of the kynurenine pathway

Another sign of the onset of diabetes in both sexes due to HFHSD was increased production of xanthurenic acid 8-O-sulfate and quinolinic acid (putatively identified) in skeletal muscle tissue. These metabolites were generated in the kynurenine pathway, a major pathway for tryptophan metabolism, which is activated in diabetes and shown to contribute to inflammation, oxidative stress, and beta-cell dysfunction (47).





Can prediabetic therapy slow the development of diabetes despite a diabetogenic diet?

The sex-specific effects induced by HFHSD included diminished glucose tolerance and a higher stress response in females, and they may have several important translational connotations. If aging is the main cause of metabolic deterioration, accelerated by HFHSD, then a dietary lifestyle intervention would be necessary but may not be sufficient for metabolic correction. From the example of STD females, an early intervention is desirable and should aim to correct glucose variability. Metformin and liraglutide are obvious choices for medication due to their anti-senescence or anti-obesogenic effects, respectively.





Metformin had more benefits for females than for males due to the systemic disturbance of lipid metabolism

The two antidiabetic drugs had different sex-specific effects when tested in this long-term study. Metformin proved to be effective in the treatment of diabetes in both sexes. The beneficial effect was observed after the first week of treatment, in which animals reduced their food intake. The reduced food intake remained visible until the end of the study, and subsequent analysis of the hypothalamic satiety nuclei showed in three out of the four observed nuclei an increased level of leptin receptors (what could be interpreted as increased sensitivity to leptin). Changes in ObR expression are associated with changes in feeding behavior (48, 49). Therefore, a more precise assessment of sensitivity to leptin could be obtained by a functional study, i.e., administration of recombinant leptin and subsequent assessment of the amount of food consumed, as well as immunochemical determination of downstream molecules in the ObR signaling pathway (pSTAT3 and cFos) of the satiety nuclei (50).

Although metformin reduced food intake, this was not reflected in the morphology of visceral adipose tissue or plasma leptin levels. Just the opposite, HFHSD+M males had increased the surface area of adipocytes and fat droplets in adipocytes, liver, and skeletal muscle when compared to HFHSD males. Subsequently, the inflammation in adipose tissue increased, and it promoted systemic insulin resistance, which reduced the overall beneficial effects of metformin. As already described, enlarged adipocytes become dysfunctional in diabetes and secrete less protective and more inflammatory adipocytokines. When their fat storage capacity is exceeded, fats are stored in other tissues such as the liver, skeletal muscle, and pancreas, and they contribute to their insulin resistance or insulin secretion, as shown in this study as well (51). Metformin is known as an insulin-sensitizing medication, whose effect is achieved by activation of AMP-activated protein kinase (AMPK) and further inactivation of acetyl–CoA carboxylase (Acc1 and Acc2) by phosphorylation (52). The positive effects of metformin treatment come from the very blocking of lipolysis and lowering of the amount of free fatty acids whose lipotoxicity promotes insulin resistance of the liver and skeletal muscle (53).

Females responded better to metformin treatment than males. The beneficial effects, contrary to males, have been observed as improved glucose tolerance: parameters relevant for diabetes (Gmax, G0, and G(2)) decreased in comparison to the HFHSD-untreated females. Although serum fasting insulin and HOMA-IR, as signs of peripheral insulin resistance, did not decrease significantly, mitochondrial mass in skeletal muscle decreased. The reduction in mitochondrial mass corresponded with the finding of elevated levels of PA in the metabolic profile of the skeletal muscle of HFHSD+M females and its positive effect on mitochondrial fusion (54). Moreover, metformin in females was associated with decreased expression of superoxide dismutase (SOD), a central redox enzyme, which was also a bifurcation point between two signaling pathways that were involved in matching the efficacy of mitochondria with metabolic energy needs. Diminished levels of superoxide dismutase (SOD) enable the targeted propagation of superoxide signaling toward aconitase, an enzyme from the citric acid cycle serving as a metabolic switch in mitochondrial uncoupling and safe deciphering of energy (55–57). These two, elevated PA and downregulated SOD, can be related to the eventual counteracting of HFHSD-induced H2O2 production and lipid peroxidation.

In conclusion, the group of males treated with metformin maintained their prediabetic status, and the group of females maintained their diabetic status. The numerous beneficial effects justified the use of metformin as a prediabetic drug, especially in females. It would certainly be worth checking its effectiveness in combination with dietary measures and physical activity in future animal studies.





The short-term positive effects of liraglutide are lost in long-term treatment due to hyperinsulinemia

The liraglutide treatment in both sexes was associated with initially reduced food intake, a significant reduction in the surface area of visceral adipocytes, and lower leptin levels. In addition, liraglutide also showed remarkable effects in reversing fatty liver changes and reducing peripheral inflammation. These findings were in accordance with the observed weight-reducing effects of liraglutide, where a significant overall decrease in the percentage of adipose tissue was frequently reported (8, 58). Without any doubt, these effects of liraglutide contributed to the almost complete normalization of glucose tolerance in both sexes after 7 weeks of treatment. Unexpectedly, the effect disappeared during the following 7 weeks of treatment: males outperformed their control HFHSD group and increased G0 and G(2) (which correspond to blood glucose set points and plasma glucose 2 h after load) up to diabetic values while females developed full clinical picture of DM2 (elevated G(0), fasting glucose).

We tried to identify what led to this unexpected deterioration in both sexes. Liraglutide treatment in males increased insulin and leptin sensitivity in satiety nuclei. Still, the G0 in this group surpassed that of other male groups. Conspicuously, the glycogen storage in the subcapsular part of the liver was depleted together with the fat droplets, which we interpreted as a sign of hepatic insulin resistance despite its recovery from steatosis. This was supported by the fact that serum fasting insulin and HOMA-IR were at the same level as in the HFHSD group, probably due to the major liraglutide effect of hyperinsulinemia. Despite the mentioned negative effects, IMS analysis of the skeletal muscle showed elevated levels of PA and various phospholipids, which contributed to regaining characteristics of STD males. Namely, in addition to the positive effect of PA on mitochondrial dynamics, phospholipid levels were previously positively associated with mitochondrial efficiency and skeletal muscle sensitivity to insulin (59).

In the case of liraglutide treatment of females, despite short-term positive effects, long-term treatment turned out to be deleterious. Not only was glucose tolerance not significantly improved, but the treated females had the highest serum basal insulin levels, the most pronounced peripheral insulin resistance, and the largest adrenal glands (suggesting the most hyperactive stress response). The sex differences in liraglutide response could be partially explained by human data showing a 24% lower weight-adjusted clearance in women compared to men (60). In accordance with previous literature (48), our results suggested that animals treated with liraglutide had profound central effects of treatment. Glucagon-like peptide 1 receptor (GLP1R) was expressed on satiety nuclei in the brain, and therefore the central action of its agonist liraglutide was expected. Also, polyphagia and high glucose set-point in HFHSD+L females can be explained by the main peripheral action of liraglutide, stimulating insulin secretion and concomitant development of insulin resistance primarily in the satiety nuclei. The argument about insulin resistance of satiety nuclei was based on the reduced expression of IR, a phenomenon associated with hyperphagia (61). For final proof of insulin resistance, it would be necessary to perform a functional study—to apply insulin and determine the values of pAkt and pGSK3 in the tissue 1 h after insulin application (62). In addition, hyperinsulinemia was combined with a loss of protective leptin signaling due to a decrease in adipocyte surface area and a consequent decrease in their ability to excrete leptin and adiponectin. All these results suggested that the females treated with liraglutide have a high tendency to develop adipocyte insulin resistance—an inability to store lipids (or blocked lipolysis) and excrete leptin at sufficient levels to counteract central insulin resistance. Moreover, they concomitantly developed exaggerated stress responses. Sympathetic activation is demonstrated to promote the conversion of stored lipids into energy metabolism pathways (63). Intriguingly, the liraglutide-treated animals exhibited significantly smaller visceral adipocytes compared to other HFHSD-fed animals, which could also be due to the centrally dysregulated sympathetic activity.

Unlike males, liraglutide did not increase PA or phospholipid levels in female skeletal muscle, but it did increase xanthurenic acid 8-O-sulfate, which was expected to increase natriuresis (64) and consequent glucouresis. This may explain previously reported liraglutide-induced natriuresis that has not been mediated by natriuretic peptides (65). Given that xanthurenic acid interferes with the synthesis of insulin in β-cells and creates inactive complexes with insulin (47, 66, 67), it could be part of the last protective mechanism that acts against hyperinsulinemia and insulin resistance and reflects the severity of the diabetic disorder. In these circumstances, the development of insulin resistance in female skeletal muscle after liraglutide treatment could be considered a protective mechanism that saves energy-hungry muscle (loaded with mitochondria) from glucose loss in postprandial hypoglycemia that occurred after hyperinsulinemia following hyperphagia in conditions of gradual exhaustion of all energy stores.

We do not know if longer follow-up would result in a similar effect of liraglutide in males. It is worth noting that HFHSD+L males had the lowest glucose tolerance among all male groups, which meant that they had a significant loss of β-cells and were close to decompensation. Yet, liraglutide has its place in prediabetic therapy, especially in men, under the condition of personalized dosing and strict control of hyperinsulinemia.





The strengths and limitations of the study

The strength of our study is that it included animals of both sexes, the use of a mathematical model that sheds light on the sequence of metabolic deterioration from prediabetes to diabetes, and finally whole-body analysis. In translational studies, the female gender is less represented due to difficulties in achieving synchronization in the estrous cycle (typical for rats) and the expectation of large variations in biochemical parameters influenced by sex hormones. Recent studies show that the variation among females (unstaged for cycle) is not greater than the variation among males (68), so excluding females is one of the obstacles to gender-sensitive personalized medicine. The use of mathematical modeling is still rare in biological studies, although it can reveal parameters that have a higher sensitivity than those used in clinical practice. Finally, whole-body analysis is complex, but it can reveal the mutual connection of pathophysiological mechanisms.

We recognize the following limitations of our study: (1) variability in female animals could be smaller if animals were synchronized for their estrus cycle (which was omitted because of animal age, duration of the study, and low variability among females, independent of cycle stage); (2) due to the high number of animals handled at the same time points, even if experiments were performed at the same time of day, certain parameters (like hormones) could be influenced by the circadian rhythm; (3) handling of animals, even if done with special care and by properly trained technicians, could be a source of stress that could be avoided by using metabolic cages and continuous glucose monitoring (which were unavailable due to limited resources); (4) dosage of treatment medications was calculated based on the current human therapy guidelines; however, other doses should also be tested; (5) murine models are not well tested for metabolic syndrome in aged animals, and female predisposition toward development of diabetes might be strain-dependent; (6) assessment of insulin/leptin resistance at the level of the hypothalamic nuclei or skeletal muscle would be more precise if it was done within the framework of a functional study, i.e., after insulin/leptin administration followed by assessment of GLUT4 and STAT3 expression; (7) in addition to IRS-1 phosphorylation, GLUT4 translocation should be determined 30–60 min after insulin challenge; and (8) the use of additional methods directed at whole-body changes in mitochondrial function (indirect whole-body calorimetry) should be recommended. The finding of liraglutide side effects was unexpected but was reproduced in a replicated study (data not yet published).





Prediabetic interventions should start earlier and become sex-specific

In conclusion, the pathophysiology of DM2 is very complex and requires the monitoring of several clinical parameters instead of focusing solely on insulin insensitivity. A plethora of impairments in many different tissues and organ systems contribute to DM2 in various degrees, including the liver (impaired carbohydrate metabolism, hyperreactive gluconeogenesis), skeletal muscle (impaired glucose uptake and energy metabolism), adrenal glands (impaired stress responses), adipose tissue (impaired secretion of adipocytokines), brain (impaired central regulation of energy homeostasis and stress reaction), and possibly many other organs (69, 70). While this study undoubtedly confirmed the complexity of multiple organ involvement in the development and progression of DM2, it also shed light on the role of sex differences, aging, and the relative contribution of various organs or tissues to disease severity. Moreover, significant sex differences were noted even in response to antidiabetic medication, which was strikingly obvious from the MALDI-TOF skeletal muscle analysis of the treated animals. Although neither of the two antidiabetic drugs used as prediabetes treatment, metformin and liraglutide, were able to reverse HFHSD-induced DM2, metformin was the superior intervention over liraglutide due to improved central leptin sensitivity and peripheral insulin sensitivity in females. The short-term success and long-term failure of liraglutide therapy can be explained by its central effect on satiety nuclei and hyperinsulinemia, which ultimately lead to insulin resistance. Thanks to its positive effects on the metabolism of skeletal muscle, liver, and adipocytes, with good titration, liraglutide can find its place, especially in the treatment of males. If some future prediabetic therapy is to be considered, this study suggests that its success will depend on the correct identification of early biomarkers of prediabetes and, equally early, the application and monitoring of a well-targeted sex-specific approach.






Methods




Animal model and study design

The animal study was approved by the National Scientific Ethical Committee on Animal Experimentation (Hungary, registration number: IV/3084/2016). The animals were treated in accordance with the European Communities Council Directives (86/609/ECC) and the Hungarian Act for the Protection of Animals in Research (XXVIII. tv. 32.§).

The study was carried out on 32 male and 32 female Sprague–Dawley rats (Innovo Ltd, Gödöllő, Hungary). Three-week-old rats were fed ad libitum with standard rodent chow (Innovo Ltd, Gödöllő, Hungary) and water. They were kept in cages in a room with controlled temperature (20°C–23°C), humidity (40%–60%), and light/dark cycle (12 h light/12 h dark). STD consisted of 65% carbohydrate (5% disaccharide, 39% polysaccharide), 11% fat, and 24% protein. When the rats reached 45 weeks of age (week 0 of the experiment), they were randomly separated into four groups, each composed of eight males and eight females: (1) STD, (2) HFHSD, (3) HFHSD+M, and (4) HFHSD+L. The STD group continued consuming standard food until the end of the experiment, while others were transferred to HFHSD (Altromin Spezialfutter GmbH & Co, Lage, Germany, Cat. No. C-1101) consisting of 56% carbohydrate (18% disaccharide, 36% polysaccharide), 28% fat, and 16% protein. From experimental week 6 (when the rats were 51 weeks old), HFHSD+M group was treated subcutaneously with 50 mg/kg/day of metformin [resuspended in sterile/distilled water (50 mg/mL)]; Sigma Aldrich, Budapest, Hungary) and the HFHSD+L group was injected subcutaneously with 0.3 mg/kg/day of liraglutide (resuspended in sterile/distilled water (50 mg/mL)); Creative Peptides Inc., Shirley, NY, USA). STD and HFHSD groups were administered with vehicle (sterile/distilled water) only. The dose was determined according to reports in the literature (71, 72). Antidiabetic treatment lasted for 13 weeks, until the end of the experiment when rats reached 64 weeks of age.

Body mass and food consumption were measured weekly (every morning of the first day of each experimental week) using a digital scale (SPX621, Ohaus Corp., Parsippany, NJ, USA). Food consumption was calculated weekly by the rodent pellet reduction in the feeder rack of cages and expressed as caloric intake (kcal/g of body mass) per animal group. The metabolic energy of the STD was 2.84 kcal/g and of the HFHSD was 3.89 kcal/g.

During the experiment, several animals succumbed, as follows: three males and one female from the STD group died during or after the GTT due to aortic aneurysm; one female from the HFHSD+M group died due to pulmonary edema; and one female from the HFHSD+L group died due to abdominal tumor and vaginal bleeding.

At the end of the experiment, animals were sacrificed during deep isoflurane anesthesia (Forane) (Baxter Healthcare Corp. Deerfield, IL, USA) by cardiac puncture, followed by the collection of whole blood. Prepared serum and plasma samples were stored at −20°C for later analysis. The organs (brain, liver, adrenal glands, adipose tissue) were weighed, snap frozen, or fixed with 4% paraformaldehyde, as previously described (73), and stored at −80°C for further molecular studies. Nuchal region skeletal muscles (Semispinalis capitis, Splenius capitis, and Splenius cervicis) were cryoprotected and embedded in methylcellulose that does not interfere with iMS. Histology was performed on fixed cryoprotected sections, and iMS on fresh frozen. Part of the tissue necessary for histological staining was embedded in paraffin (adipose tissue, adrenal glands, liver). Liver mass to body mass ratio was calculated and shown as a percentage.





Glucose and insulin tolerance tests

The GTT was carried out four times, as follows: at the beginning of the experiment (week 0), immediately before beginning treatments with antidiabetics (metformin, liraglutide; week 5), after 6 weeks of treatments (week 12), and the week before animals were sacrificed (week 18). Animals fasted for 16 h before the GTT. Fasting glucose level was measured first, followed by intraperitoneally injection of glucose solution (25%) at a 2-mg/kg dose. Blood glucose levels were determined 15, 30, 45, 60, 90, 120, and 240 min after the injection. Blood samples were obtained from a tail vein using a needle to collect one drop of blood (5 µL) and place it on a test strip. Blood glucose levels were determined using a glucometer (OneTouch UltraMini, Milpitas, CA, USA), and glucose concentration curves were plotted. The ITT was carried out during the week the animals were sacrificed (week 18). Animals fasted for 4 h before the ITT. The fasting glucose level was measured first, and then each rat was injected intraperitoneally with 0.5 U/kg of Humulin R insulin (Eli Lilly, Indianapolis, IN, USA). Blood glucose levels were determined 15, 30, 45, 60, 90, 120, and 180 min after the injection.

In addition to calculating the AUC, the measurements were also used for plotting the model function of glucose concentration during GTT and ITT. AUC determination and modeling were performed as previously described (35). NonlineraModelFit module of Mathematica (ver. 11.0, Wolfram Research, Inc., Champaign, IL, USA) was used to solve functions describing glucose concentration fluctuation during GTT and ITT. The following obtained parameters revealed alterations in glucose dynamics: fasting blood glucose concentration (G(0) in GTT/H(0) in ITT), maximal/minimal glucose concentration (Gmax/Hmin) and corresponding moment (tmax/tmin), 2-h blood glucose (G(2)), coefficient of oscillation amplitude decline (α), basic period of function (T), blood glucose setpoint (G0/H0), initial speed of blood glucose increase/decrease (G′(0))/(H′(0)), blood glucose concentration at which maximal speed of glucose concentration decrease/increase is attained (GI), maximal speed of glucose concentration decrease (G′I) and corresponding moment (tI). To evaluate the goodness-of-fit of the model, a determination coefficient (R2) was calculated.





Tissue, serum, and plasma measurements

Serum fasting insulin was measured using a Rat Ultrasensitive Insulin ELISA kit (ALPCO, Salem, NH, USA). Plasma leptin, adiponectin, corticosterone, and TNF-α, IL-1, and IL-6 from subcutaneous and visceral adipose tissues were measured using appropriate ELISA kits from R&D Systems (Minneapolis, MN, USA). Phosphorylated IRS-1 from the liver, visceral adipose tissue, and muscles were measured using a Phospho-IRS-1 (panTyr) ELISA kit (Cell Signaling Technology, Danvers, MA, USA). The enzymes AST and ALT were measured using standard clinical laboratory methods. HOMA-IR was calculated using insulin and glucose data with equation HOMA-IR = {fasting glucose (mg/dL) × fasting insulin (µU/mL)}/405.





Adipose tissue histomorphometry

Visceral adipocyte surface areas were measured based on hematoxylin and eosin histological staining (HE) of 5-µm-thick sections of paraffin-embedded tissue using following protocol (xylene for 10 min; 100% ethanol (EtOH), 100% EtOH, 96% EtOH, 70% EtOH for 5 min each; distilled water (dH2O) for 5 min; Mayer’s hematoxylin for 10 min; dH2O for 1 min; tap water for 10 min; dH2O for 1 min; eosin Y for 30 s; dH2O for 5 s; 70% EtOH, 96% EtOH, 100% EtOH at 5 dips in each, and 100% EtOH for 3 min; xylene for 5 min and covesliped). Digital micrographs, collected by an Olympus D70 camera (Olympus, Hamburg, Germany) set up on a Zeiss Axioskop 2 MOT microscope (Carl Zeiss Microscopy, Thornwood, NY, USA), were analyzed in CellProfiler (v. 3.1.9) using a semiautomated protocol consisting of several modules (74). Each micrograph was split into three color channels. The green channel was converted to a grayscale image for subsequent analysis. In the next module, the adipocytes were identified as primary objects based on their typical diameter and intensity range, as determined manually for each micrograph and using a global threshold strategy, which classifies the pixels above the threshold as foreground (i.e., adipocytes) and below as background. Otsu’s algorithm was used as a thresholding method because the percentages of areas covered by the foreground varied. Objects touching the borders of the images were discarded from further analysis. When a single adipocyte was identified as two or more objects due to the intensity gradient, the Split or Merge Objects module was applied, using the distance-based merging method. Finally, the surface areas of the identified adipocytes were measured in pixels and converted to square micrometers using the scale bars of the original micrographs. Furthermore, surface areas were divided into four distinct adipocyte size classes, based on the distribution of median values and upper and lower quartiles in STD groups: class 1 (< 2,197.5 µm²), class 2 (2,197.5–4,395 µm²), class 3 (4,395–6,592 µm²), and class 4 (> 6,592 µm²).





Adrenal gland histopathology

Paraffin-embedded adrenal glands were cut using a microtome (Leica SM2000R; Nussloch, Germany) into 5-µm-thick sections. The HE staining of tissue was followed by a collection of digital micrographs at ×100 magnification.





Analysis of liver fat droplets, glycogen, and ferric ion

Liver tissue was cut using a cryostat (Leica CM3050S; Nussloch, Germany) into 20-µm-thick sections. Liver fat droplets were stained using Sudan Black B to show overall fat distribution and Oil Red O for quantification, as described by Vacca (75). Digital micrographs were collected at 200× magnification. Fat droplet size determination was performed using FIJI software (76). Images were split into red, green, and blue channels and converted into 8-bit images. The red color threshold was set at 0-100, and the surface area of the remaining particles was analyzed. The size of fat droplets was expressed in square micrometers.

Liver glycogen was stained using a metachromatic toluidine stain, as described by Vacca (75). Digital micrographs were collected at 400× magnification. The images were deconvoluted with a Feulgen light green vector in FIJI software, and Color 1 was used to measure integrated density value (IDV). Glycogen values are presented as positively correlated integrated color density (the number obtained from quantification was subtracted from maximal IDV, which corresponds to the total pixel number of an image multiplied by 255).





Skeletal muscle analyses

Paraformaldehyde-fixed skeletal muscle tissue from nuchal region tissue was cut using a cryostat into 35-µm-thick sections. Skeletal muscle fat droplets were stained using Oil Red O, as described by Vacca (75). Digital micrographs were collected at 200× magnification and analyzed using FIJI software. Images were split into red, green, and blue channels. In order to characterize fat droplets, the green channel threshold was set at 0–140, and the remaining particles were segmented by binary/watershed. The resulting particles were analyzed with a lower limit of 25 square pixels. The fat droplet size is presented in square pixels. To determine the number of muscle fibers in a section, edges were detected in a green channel, whose threshold was set at 0–35. With interior holes included, the remaining particles were analyzed with a lower limit of 2,000 square pixels. To obtain an average count of fat droplets per fiber, the total number of droplets per section was divided by the number of muscle fibers in a given section.

To determine skeletal muscle fiber type composition, snap-frozen skeletal muscles were cut using a cryostat into 14-µm-thick sections. Slices were stained with succinate dehydrogenase, as described by Vacca (75). Digital micrographs were collected at 200× magnification and analyzed using FIJI software. Images were split into red, green, and blue channels. Only a transversely cut area of the sample was selected for further analysis. The selected region was duplicated, the background was subtracted, and segmentation was performed using the Statistical Region Merging algorithm. Q was set to 4: background and three muscle fiber types (I, IIa, IIb). To quantify areas of the specific muscle types, the image threshold was set at 0–120 for type I fibers, 121–180 for type IIa fibers, 181–240 for type IIb fibers, and 0–240 for total area. The protocol was adjusted to conform to the muscle fiber classification described by Kano et al. (77, 78).

Analysis of snap-frozen skeletal muscle tissue was used to determine lipid peroxidation (LPO), total glutathione (tGSH), and the activities of the following antioxidant enzymes: glutathione reductase (GR), glutathione S-transferase (GST), catalase (CAT), and superoxide dismutase (SOD).

LPO was estimated by measuring the thiobarbituric acid reactive substances (TBARS), according to the method described by Ohkawa et al. (79) The TBARS were calculated according to a standard curve prepared from 1,1,3,3-tetraethoxypropane and expressed in nanomoles per milligram of fresh tissue weight (nmol/mg FW).

tGSH content was assayed using a spectrophotometric kinetic method based on a reduction of 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid by glutathione (GSH), recorded at 412 nm and expressed in nmol/mg FW (80).

Protein extracts (1:10, w/v) were prepared for the antioxidant enzyme activity assay by homogenizing tissue in 100 mM phosphate buffer (pH 7.0) containing 1 mM EDTA and by centrifugation at 20,000×g for 15 min at 4°C. Protein concentration in extracts was estimated using the Bradford assay (81).

GR activity was determined indirectly by measuring the consumption of NADPH during GSSG reduction, demonstrated by a decrease in absorbance at 340 nm. The assay mixture (1 mL) consisted of 1 mM GSSG, 0.1 mM NADPH, and protein extract in 100 mM phosphate buffer (pH 7.5). The GR activity was calculated using a molar extinction coefficient for NADPH (ϵ = 6.220 mM/cm) and expressed in units per gram of (U/g) protein (82).

GST activity was determined by measuring the conjugation of 1-chloro-2,4-dinitro benzene (CDNB) with GSH, demonstrated by an increase in absorbance at 340 nm (83). The GST activity was calculated using a molar extinction coefficient of glutathione-1-chloro-2,4-dinitrobenzene conjugate (ϵ = 9.6 mM/cm) and expressed in U/g protein.

CAT activity was estimated spectrophotometrically using H2O2 as a substrate, as described by Aebi (84) and expressed in U/g protein.

SOD activity was determined by measuring the inhibition of cytochrome c reduction with superoxide radicals generated by the xanthine/xanthine oxidase system. The reduction rate was recorded spectrophotometrically at 550 nm (85). Results were expressed in units per milligram of proteins, where one unit of SOD activity was defined as the amount of enzyme that caused 50% inhibition of cytochrome c reduction under the assay.





MALDI-TOF skeletal muscle analysis

MALDI-TOF IMS analysis was performed using the Shimadzu IMScope TRIO MALDI-IT-TOF MS instrument (Shimadzu, Kyoto, Japan). Fresh-frozen nuchal skeletal muscle tissue sections (25 μm thick) were mounted on an indium tin oxide (ITO)-coated glass slide, with a surface resistivity of 15–25 Ω/sq (Sigma-Aldrich, St. Louis, MO, USA). After snap washing with 20 mM ammonium acetate buffer, the sections were dried and immediately further processed. Matrix α-cyano-4-hydroxycinnamic acid (CHCA) (Sigma-Aldrich, St. Louis, MO, USA) was applied to samples using an iMLayer sublimation device (Shimadzu, Kyoto, Japan) according to the manufacturer’s instructions (10 min sublimation at 180°C). Sublimation was followed by 2 min of recrystallization at 70°C with 0.5% methanol in a vapor chamber.

Imaging in the positive ion mode was performed using m/z ranges 300–700 and 700–1,000 Da with the following setup: approximately 500 pixels with a pitch of 10 × 10 µm, a laser diameter of 10 µm, a laser intensity of 15%, 50 laser shots/pixel, and a 200-Hz laser frequency. Data analysis was performed with R software (86) ver. 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria). Total-ion-current (TIC)-normalized m/z signals were used for the image generation and data analysis. Only the strong, TIC-normalized m/z signals averaged over all pixels were used in the statistical analysis; strong m/z signals were the ones for which the sum of intensities across all images (∑Im/z) was greater than 5% of the largest ∑Im/z. For the selection of significant m/z signals, a FDR-corrected KW ANOVA followed by pairwise Dunn–Bonferroni test was used. Graphical presentation of the IMS results was performed by ImageReveal ver. 1.1.010128 (Shimadzu, Kyoto, Japan). Human metabolome database (HMDB) (87) and METASPACE database (88) (https://metaspace2020.eu) were used for the tentative metabolite identification. ± 10 ppm m/z accuracy tolerance and a statistical significance cutoff of 0.05 were used in all instances.





Immunohistochemistry

Macrophages of M1 and M2 phenotypes were immunostained on 5-µm-thick sections of visceral adipose tissue and 20-µm-thick cryosections of the liver. IR-α, ObR, IGF-1Rβ, Iba1, and GFAP were immunohistochemically stained on 35-µm-thick coronal brain cryosections.

Slide-mounted sections of visceral adipose tissue were stained using the VENTANA Benchmark Ultra IHC/ISH System (Roche, Basel, Switzerland) and anti-CD68 (clone KP-1; Roche) and anti-CD163 (clone MRQ-26; Roche) antibodies.

Liver and brain tissues were stained by free-floating immunohistochemistry developed with 3,3′-diaminobenzidine (DAB) as previously described by our group at 4°C and without detergents applied. The following antibodies were used: rabbit anti-CD197 diluted 1:1,000 (Abcam, Cambridge, UK) and rabbit anti-CD206 diluted 1:1,000 (Abcam) for liver tissue; rabbit anti-alpha subunit of IR-α diluted 1:250 (IR-α; Santa Cruz Biotechnology, Dallas, TX, USA; SC-710), rabbit anti-beta subunit of IGF-1Rβ diluted 1:250 (IGF-1Rβ; Santa Cruz Biotechnology; SC-713), rabbit anti-ObR diluted 1:50 (ObR; Santa Cruz Biotechnology; SC-8325), and biotinylated goat anti-rabbit IgG diluted 1:1,000 (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA) for brain tissue.

GFAP and Iba1 expressions were analyzed by free-floating fluorescent immunohistochemistry using the same protocol described above. After the incubation with secondary antibodies, the sections were incubated for 10 min at room temperature with 0.1% Sudan Black B prepared in 70% ethanol to suppress autofluorescence. Afterward, the sections were shortly rinsed with distilled water, slide-mounted, and coverslipped with Vectashield with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Rabbit anti-GFAP diluted 1:4,000 (Dako, Agilent Technologies, Santa Clara, CA, USA), rabbit anti-Iba1 diluted 1:1,000 (Wako Chemicals, Neuss, Germany), and goat anti-rabbit IgG conjugated with Cy3 diluted 1:300 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) were used.

The digital micrographs of DAB-developed staining of visceral adipose tissue and liver tissue were collected at ×200 magnification. Brain tissue digital micrographs were collected at ×400 magnification from hypothalamic areas associated with energy maintenance: ARC, LH, PVN, and VMH. Immunopositive macrophages were counted per field of view. IR-α, IGF-1Rβ, and ObR immunopositive reactions within the areas of 0.02 mm2 were analyzed using FIJI software by the following steps: images were converted to 8-bit, the threshold was set to omit background (0–127 till 142), and the corresponding color area of immunopositive reaction or IDV was measured. ROIs on fluorescent micrographs (areas of five glial cells per image) were analyzed using the Color Pixel Counter plugin for FIJI with a minimum intensity value set to 30 after enhancing local contrast (block size: 127, histogram bins: 256, maximum slope: 3.00, mask: none) and adjusting the gamma value to 1.80.





Statistical analysis

Statistical analysis was performed using Statistica 12 software (TIBCO, Palo Alto, CA, USA). The statistical significance level was set at p < 0.05. For significance analysis of between-group comparisons to determine the influence of sex, intervention, or their interaction, two-way ANOVA was applied followed by Bonferroni or Games–Howell test depending on the equality of variances assessed by Levene’s test. To assess the influence of sex, intervention, and duration of intervention on the ratio of the whole-group caloric intake to the whole-group body mass, repeated measures of three-way ANOVA were applied, and the Bonferroni post-hoc test was performed. The statistical analysis of MALDI-TOF was performed as mentioned above.






Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was approved by National Scientific Ethical Committee on Animal Experimentation (Hungary, registration number: IV/3084/2016). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

The authors confirm contribution to the paper as follows: Study conception and design: SV, RG, MH, TT, and SG. Data collection: VI, MZ, MF, KS, FB, SB, RV, AR, DM, ZD, MBer, MBal, AI, MBak, AS-B, and SM. Analysis and interpretation of results: VI, MZ, IL, MH, MF, RS, SB, AR, DM, ZD, MBer, MBal, and SM. Draft manuscript preparation: VI, MF, MH, SB, AR, SG, RG, SV, and MZ. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the RECOOP-CSMC Fusion Research Grant No. 029 2015-2021 “Obesity and Diabetes”, and by the Ministry of Human Capacities [Hungary grant 20391-3/2018/FEKUSTRAT]. This study was supported in part with the following grants: Croatian Science Foundation grants to MH (Raft tuning, IP-2014-09-2324), RS (IP-2016-06-6545), and SG (RepairStroke, IP-06-2016-1892); Josip Juraj Strossmayer University of Osijek, Faculty of Medicine institutional grant to MH (Lipid profile of metabolic stress, IP9-2019); Josip Juraj Strossmayer University of Osijek grant to MH (INGI-2015-35) and VI (UNIOS-ZUP 2018-44); and European Union through the European Regional Development Fund, Operational Programme “Competitiveness and Cohesion 2014-2020”, grant agreement No. KK.01.1.1.01.0007, CoRE – Neuro, and grant agreement No. KK.01.1.1.02.0015, “Research and diagnostics of malignant, infectious and rare metabolic diseases based on MALDI TOF technology”.




Acknowledgments

We would like to extend our sincere gratitude to the reviewers for their invaluable contributions in reviewing this manuscript. Their thoughtful comments and suggestions significantly improved the quality of our work.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1181064/full#supplementary-material




References

1. Blüher, M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol (2019) 15:288–98. doi: 10.1038/s41574-019-0176-8

2. Martyn, JAJ, Kaneki, M, Yasuhara, S, Warner, DS, and Warner, MA. Obesity-induced insulin resistance and hyperglycemia. Anesthesiology (2008) 109:137–48. doi: 10.1097/ALN.0b013e3181799d45

3. Prentki, M. Islet cell failure in type 2 diabetes. J Clin Invest (2006) 116:1802–12. doi: 10.1172/JCI29103

4. Corona, G, Pizzocaro, A, Vena, W, Rastrelli, G, Semeraro, F, Isidori, AM, et al. Diabetes is most important cause for mortality in COVID-19 hospitalized patients: Systematic review and meta-analysis. Rev Endocr Metab Disord (2021) 22:275–96. doi: 10.1007/s11154-021-09630-8

5. Sardu, C, D'Onofrio, N, Balestrieri, ML, Barbieri, M, Rizzo, MR, Messina, V, et al. Outcomes in patients with hyperglycemia affected by covid-19: can we do more on glycemic control? Diabetes Care (2020) 43(7):1408–15. doi: 10.2337/dc20-0723

6. Hostalek, U. Global epidemiology of prediabetes - present and future perspectives. Clin Diabetes Endocrinol (2019) 5:5. doi: 10.1186/s40842-019-0080-0

7. Kulkarni, AS, Gubbi, S, and Barzilai, N. Benefits of metformin in attenuating the hallmarks of aging. Cell Metab (2020) 32:15–30. doi: 10.1016/j.cmet.2020.04.001

8. Mehta, A, Marso, SP, and Neeland, IJ. Liraglutide for weight management: a critical review of the evidence. Obes Sci Pract (2016) 3:3–14. doi: 10.1002/osp4.84

9. Franz, MJ. Weight management: obesity to diabetes. Diabetes Spectr (2017) 30:149–53. doi: 10.2337/ds17-0011

10. Moreno-Fernández, S, Garcés-Rimón, M, Vera, G, Astier, J, Landrier, JF, and Miguel, M. High fat/high glucose diet induces metabolic syndrome in an experimental rat model. Nutrients (2018) 10:1502. doi: 10.3390/nu10101502

11. Maurer, AD, Eller, LK, Hallam, MC, Taylor, K, and Reimer, RA. Consumption of diets high in prebiotic fiber or protein during growth influences the response to a high fat and sucrose diet in adulthood in rats. Nutr Metab (2010) 7:77. doi: 10.1186/1743-7075-7-77

12. Taltavull, N, Miralles-Pérez, B, Nogués, MR, Ramos-Romero, S, Méndez, L, Medina, I, et al. Protective effects of fish oil on pre-diabetes: a lipidomic analysis of liver ceramides in rats. Food Funct (2016) 7:3981–8. doi: 10.1039/C6FO00589F

13. de Git, KCG, Peterse, C, Beerens, S, Luijendijk, MCM, van der Plasse, G, la Fleur, SE, et al. Is leptin resistance the cause or the consequence of diet-induced obesity? Int J Obes (2018) 42:1445–57. doi: 10.1038/s41366-018-0111-4

14. Volk, KM, Pogrebna, VV, Roberts, JA, Zachry, JE, Blythe, SN, and Toporikova, N. High-fat, high-sugar diet disrupts the preovulatory hormone surge and induces cystic ovaries in cycling female rats. J Endocr Soc (2017) 1:1488–505. doi: 10.1210/js.2017-00305

15. Stygar, D, Skrzep-Poloczek, B, Romuk, E, Chełmecka, E, Poloczek, J, Sawczyn, T, et al. The influence of high-fat, high-sugar diet and bariatric surgery on HSP70 and HSP90 plasma and liver concentrations in diet-induced obese rats. Cell Stress Chaperones (2019) 24:427–39. doi: 10.1007/s12192-019-00976-2

16. Park, MH, Kim, DH, Lee, EK, Kim, ND, Im, DS, Lee, J, et al. Age-related inflammation and insulin resistance: a review of their intricate interdependency. Arch Pharm Res (2014) 37:1507–14. doi: 10.1007/s12272-014-0474-6

17. Ahmed, H, Hannan, JL, Apolzan, JW, Osikoya, O, Cushen, SC, Romero, SA, et al. A free-choice high-fat, high-sucrose diet induces hyperphagia, obesity, and cardiovascular dysfunction in female cycling and pregnant rats. Am J Physiol.-Regul. Integr Comp Physiol (2019) 316:R472–85. doi: 10.1152/ajpregu.00391.2018

18. Mehra, P, Garg, M, Koul, A, and Bansal, DD. Effect of (+)-catechin hydrate on oxidative stress induced by high sucrose and high fat diet in male Wistar rats. Indian J Exp Biol (2013) 51:823–7.

19. Ahmad, R, Butt, MS, Sultan, MT, Mushtaq, Z, Ahmad, S, Dewanjee, S, et al. Preventive role of green tea catechins from obesity and related disorders especially hypercholesterolemia and hyperglycemia. J Transl Med (2015) 13:79. doi: 10.1186/s12967-015-0436-x

20. Kobi, JBBS, Matias, AM, Gasparini, PVF, Torezani-Sales, S, Madureira, AR, da Silva, DS, et al. High-fat, high-sucrose, and combined high-fat/high-sucrose diets effects in oxidative stress and inflammation in male rats under presence or absence of obesity. Physiol Rep (2023) 11:e15635. doi: 10.14814/phy2.15635

21. Power, ML, and Schulkin, J. Sex differences in fat storage, fat metabolism, and the health risks from obesity: possible evolutionary origins. Br J Nutr (2008) 99:931–40. doi: 10.1017/S0007114507853347

22. Karastergiou, K, Smith, SR, Greenberg, AS, and Fried, SK. Sex differences in human adipose tissues – the biology of pear shape. Biol Sex Differ (2012) 3:13. doi: 10.1186/2042-6410-3-13

23. Schorr, M, Dichtel, LE, Gerweck, AV, Valera, RD, Torriani, M, Miller, KK, et al. Sex differences in body composition and association with cardiometabolic risk. Biol Sex Differ (2018) 9:28. doi: 10.1186/s13293-018-0189-3

24. Acuña, E, Fornes, R, Fernandois, D, Garrido, MP, Greiner, M, Lara, HE, et al. Increases in norepinephrine release and ovarian cyst formation during ageing in the rat. Reprod Biol Endocrinol (2009) 7:64. doi: 10.1186/1477-7827-7-64

25. Cruz, G, Fernandois, D, and Paredes, AH. Ovarian function and reproductive senescence in the rat: role of ovarian sympathetic innervation. Reprod Camb Engl (2017) 153:R59–68. doi: 10.1530/REP-16-0117

26. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care (2010) 33:S62–9. doi: 10.2337/dc10-S062

27. American Diabetes Association. 2. Classification and diagnosis of diabetes. Diabetes Care (2017) 40:S11–24. doi: 10.2337/dc17-S005

28. Selye, H. A syndrome produced by diverse nocuous agents. Nature (1936) 138:32–2. doi: 10.1038/138032a0

29. Münzberg, H, Flier, JS, and Bjørbaek, C. Region-specific leptin resistance within the hypothalamus of diet-induced obese mice. Endocrinology (2004) 145:4880–9. doi: 10.1210/en.2004-0726

30. DeFronzo, RA, and Tripathy, D. Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care (2009) 32:S157–63. doi: 10.2337/dc09-S302

31. Bonagurio, LP, Murakami, AE, Moreira, CA, Comar, JF, and Pozza, PC. Dietary supplementation with inosine-5’-monophosphate improves the functional, energetic, and antioxidant status of liver and muscle growth in pigs. Sci Rep (2022) 12:350. doi: 10.1038/s41598-021-04023-y

32. Ryan, CP. “Epigenetic clocks”: Theory and applications in human biology. Am J Hum Biol (2021) 33:e23488. doi: 10.1002/ajhb.23488

33. Krištić, J, Vučković, F, Menni, C, Klarić, L, Keser, T, Beceheli, I, et al. Glycans are a novel biomarker of chronological and biological ages. J Gerontol A Biol Sci Med Sci (2014) 69:779–89. doi: 10.1093/gerona/glt190

34. DeFronzo, RA. From the triumvirate to the ominous octet: a new paradigm for the treatment of type 2 diabetes mellitus. Diabetes (2009) 58:773–95. doi: 10.2337/db09-9028

35. Balog, M, Ivić, V, Scitovski, R, Labak, I, Szűcs, KF, Gaspar, R, et al. A mathematical model reveals sex-specific changes in glucose and insulin tolerance during rat puberty and maturation. Croat Med J (2020) 61:107–18.

36. Diamond, MP, Thornton, K, Connolly-Diamond, M, Sherwin, RS, and DeFronzo, RA. Reciprocal variations in insulin-stimulated glucose uptake and pancreatic insulin secretion in women with normal glucose tolerance. J Soc Gynecol Investig (1995) 2:708–15. doi: 10.1016/1071-5576(95)00023-8

37. Burgos-Morón, E, Abad-Jiménez, Z, Marañón, AM, Iannantuoni, F, Escribano-López, I, López-Domènech, S, et al. Relationship between oxidative stress, ER stress, and inflammation in type 2 diabetes: the battle continues. J Clin Med (2019) 8:1385. doi: 10.3390/jcm8091385

38. Tamargo-Gómez, I, and Mariño, G. AMPK: regulation of metabolic dynamics in the context of autophagy. Int J Mol Sci (2018) 19:E3812. doi: 10.3390/ijms19123812

39. Nordström*, A, Hadrévi, J, Olsson, T, Franks, PW, and Nordström, P. Higher prevalence of type 2 diabetes in men than in women is associated with differences in visceral fat mass. J Clin Endocrinol Metab (2016) 101:3740–6. doi: 10.1210/jc.2016-1915

40. Bonora, E, Kiechl, S, Willeit, J, Oberhollenzer, F, Egger, G, Meigs, JB, et al. Population-based incidence rates and risk factors for type 2 diabetes in white individuals: the bruneck study. Diabetes (2004) 53:1782–9. doi: 10.2337/diabetes.53.7.1782

41. Khan, MAB, Hashim, MJ, King, JK, Govender, RD, Mustafa, H, and Al Kaabi,. Epidemiology of type 2 diabetes – global burden of disease and forecasted trends. J Epidemiol Glob Health (2020) 10:107–11. doi: 10.2991/jegh.k.191028.001

42. Lonardo, A, Nascimbeni, F, Ballestri, S, Fairweather, D, Win, S, Than, TA, et al. Sex differences in nonalcoholic fatty liver disease: state of the art and identification of research gaps. Hepatology (2019) 70:1457–69. doi: 10.1002/hep.30626

43. Eslam, M, Sanyal, AJ, and George, J. MAFLD: a consensus-driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterology (2020) 158:1999–2014.e1. doi: 10.1053/j.gastro.2019.11.312

44. Sahlin, K, Broberg, S, and Ren, JM. Formation of inosine monophosphate (IMP) in human skeletal muscle during incremental dynamic exercise. Acta Physiol Scand (1989) 136:193–8. doi: 10.1111/j.1748-1716.1989.tb08652.x

45. Heisler, LK, and Lam, DD. An appetite for life: brain regulation of hunger and satiety. Curr Opin Pharmacol (2017) 37:100–6. doi: 10.1016/j.coph.2017.09.002

46. Timper, K, and Brüning, JC. Hypothalamic circuits regulating appetite and energy homeostasis: pathways to obesity. Dis Model Mech (2017) 10:679–89. doi: 10.1242/dmm.026609

47. Oxenkrug, GF. Increased plasma levels of xanthurenic and kynurenic acids in type 2 diabetes. Mol Neurobiol (2015) 52:805–10. doi: 10.1007/s12035-015-9232-0

48. Ramos-Lobo, AM, Teixeira, PD, Furigo, IC, Melo, HM, de M Lyra e Silva, N, De Felice, F, et al. Long-term consequences of the absence of leptin signaling in early life. eLife (2019) 8:e40970. doi: 10.7554/eLife.40970

49. Lin, S, Storlien, LH, and Huang, XF. Leptin receptor, NPY, POMC mRNA expression in the diet-induced obese mouse brain. Brain Res (2000) 875:89–95. doi: 10.1016/S0006-8993(00)02580-4

50. Berbari, NF, Pasek, RC, Malarkey, PM, Zaki Yazdi, SM, McNair, AD, Lewis, WR, et al. Leptin resistance is a secondary consequence of the obesity in ciliopathy mutant mice. Proc Natl Acad Sci (2013) 110:7796–801. doi: 10.1073/pnas.1210192110

51. Bays, H, Mandarino, L, and DeFronzo, RA. Role of the adipocyte, free fatty acids, and ectopic fat in pathogenesis of type 2 diabetes mellitus: peroxisomal proliferator-activated receptor agonists provide a rational therapeutic approach. J Clin Endocrinol Metab (2004) 89:463–78. doi: 10.1210/jc.2003-030723

52. Fullerton, MD, Galic, S, Marcinko, K, Sikkema, S, Pulinilkunnil, T, Chen, ZP, et al. Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the insulin–sensitizing effects of metformin. Nat Med (2013) 19:1649–54. doi: 10.1038/nm.3372

53. Auger, C, Knuth, CM, Abdullahi, A, Samadi, O, Parousis, A, and Jeschke, MG. Metformin prevents the pathological browning of subcutaneous white adipose tissue. Mol Metab (2019) 29:12–23. doi: 10.1016/j.molmet.2019.08.011

54. Kameoka, S, Adachi, Y, Okamoto, K, Iijima, M, and Sesaki, H. Phosphatidic acid and cardiolipin coordinate mitochondrial dynamics. Trends Cell Biol (2018) 28:67–76. doi: 10.1016/j.tcb.2017.08.011

55. Wang, Y, Branicky, R, Noë, A, and Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS signaling. J Cell Biol (2018) 217:1915–28. doi: 10.1083/jcb.201708007

56. Palma, FR, He, C, Danes, JM, Paviani, V, Coelho, DR, Gantner, BN, et al. Mitochondrial superoxide dismutase: what the established, the intriguing, and the novel reveal about a key cellular redox switch. Antioxid Redox Signal (2020) 32:701–14. doi: 10.1089/ars.2019.7962

57. Montllor-Albalate, C, Colin, AE, Chandrasekharan, B, Bolaji, N, Andersen, JL, Wayne Outten, F, et al. Extra-mitochondrial Cu/Zn superoxide dismutase (Sod1) is dispensable for protection against oxidative stress but mediates peroxide signaling in Saccharomyces cerevisiae. Redox Biol (2019) 21:101064. doi: 10.1016/j.redox.2018.11.022

58. García-Cantú, EA, Alvarado-Saldaña, HH, Támez-Pérez, HE, and Rubio-Aguilar, G. Effects of liraglutide on weight reduction and metabolic parameters in obese patients with and without type 2 diabetes mellitus. Med Univ (2014) 16:66–70. doi: 10.1111/ijpo.12778

59. Chang, W, Hatch, GM, Wang, Y, Yu, F, and Wang, M. The relationship between phospholipids and insulin resistance: From clinical to experimental studies. J Cell Mol Med (2019) 23:702–10. doi: 10.1111/jcmm.13984

60. Novo Nordisk A/S. Saxenda: European public assessment report (EPAR) - Product Information, Annex I - Summary of product characteristics. (2015). Available at: https://www.novonordisk.com/content/dam/Denmark/HQ/Commons/documents/Novo-Nordisk-Annual-Report-2015.PDF

61. Obici, S, Feng, Z, Karkanias, G, Baskin, DG, and Rossetti, L. Decreasing hypothalamic insulin receptors causes hyperphagia and insulin resistance in rats. Nat Neurosci (2002) 5:566–72. doi: 10.1038/nn0602-861

62. Kearney, AL, Norris, DM, Ghomlaghi, M, Kin Lok Wong, M, Humphrey, SJ, Carroll, L, et al. Akt phosphorylates insulin receptor substrate to limit PI3K-mediated PIP3 synthesis. eLife (2021) 10:e66942. doi: 10.7554/eLife.66942

63. Nonogaki, K. New insights into sympathetic regulation of glucose and fat metabolism. Diabetologia (2000) 43:533–49. doi: 10.1007/s001250051341

64. Cain, CD, Schroeder, FC, Shankel, SW, Mitchnick, M, Schmertzler, M, and Bricker, NS. Identification of xanthurenic acid 8-O-β-d-glucoside and xanthurenic acid 8-O-sulfate as human natriuretic hormones. Proc Natl Acad Sci (2007) 104:17873–8. doi: 10.1073/pnas.0705553104

65. Lovshin, JA, Barnie, A, DeAlmeida, A, Logan, A, Zinman, B, and Drucker, DJ. Liraglutide promotes natriuresis but does not increase circulating levels of atrial natriuretic peptide in hypertensive subjects with type 2 diabetes. Diabetes Care (2015) 38:132–9. doi: 10.2337/dc14-1958

66. Kotake, Y, Sotokawa, Y, Murakami, E, Hisatake, A, Abe, M, Ikeda, Y, et al. Physiological activities of xanthurenic acid-8-methyl ether-insulin complex. J Biochem (Tokyo) (1968) 64:895–6. doi: 10.1093/oxfordjournals.jbchem.a128971

67. Oxenkrug, G, Bernstein, HG, Guest, PC, van der Hart, M, Roeser, J, Summergrad, P, et al. Plasma xanthurenic acid in a context of insulin resistance and obesity in schizophrenia. Schizophr Res (2019) 211:98–9. doi: 10.1016/j.schres.2019.07.038

68. Beery, AK. Inclusion of females does not increase variability in rodent research studies. Curr Opin Behav Sci (2018) 23:143–9. doi: 10.1016/j.cobeha.2018.06.016

69. Oguntibeju, OO. Type 2 diabetes mellitus, oxidative stress and inflammation: examining the links. Int J Physiol Pathophysiol Pharmacol (2019) 11:45–63.

70. Saeedi, P, Petersohn, I, Salpea, P, Malanda, B, Karuranga, S, Unwin, N, et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res Clin Pract (2019) 157. doi: 10.1016/j.diabres.2019.107843

71. Narasimhan, A, Chinnaiyan, M, and Karundevi, B. Ferulic acid exerts its antidiabetic effect by modulating insulin-signalling molecules in the liver of high-fat diet and fructose-induced type-2 diabetic adult male rat. Appl Physiol Nutr Metab Physiol Appl Nutr Metab (2015) 40:769–81. doi: 10.1139/apnm-2015-0002

72. Geddawy, A, Hussian, M, Kamel, MY, Kamal, R, and Ibrahim, MA. Effects of liraglutide and vitamin E in fructose-induced metabolic syndrome in rats. Pharmacology (2017) 99:48–56. doi: 10.1159/000449429

73. Merz, KE, Thurmond, DC, and American Cancer Society. Role of skeletal muscle in insulin resistance and glucose uptake. Compr Physiol (2020) 10(3):785–809. doi: 10.1002/cphy.c190029

74. McQuin, C, Goodman, A, Chernyshev, V, Kamentsky, L, Cimini, BA, Karhohs, KW, et al. CellProfiler 3.0: Next-generation image processing for biology. PloS Biol (2018) 16:e2005970. doi: 10.1371/journal.pbio.2005970

75. Vacca, LL. Laboratory manual of histochemistry. New York: Raven press (1985).

76. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: an open-source platform for biological-image analysis. Nat Methods (2012) 9:676–82. doi: 10.1038/nmeth.2019

77. Kano, Y, Poole, DC, Sudo, M, Hirachi, T, Miura, S, and Ezaki, O. Control of microvascular PO₂ kinetics following onset of muscle contractions: role for AMPK. Am J Physiol Regul Integr Comp Physiol (2011) 301:R1350–1357. doi: 10.1152/ajpregu.00294.2011

78. He, J, Watkins, S, and Kelley, DE. Skeletal muscle lipid content and oxidative enzyme activity in relation to muscle fiber type in type 2 diabetes and obesity. Diabetes (2001) 50:817–23. doi: 10.2337/diabetes.50.4.817

79. Ohkawa, H, Ohishi, N, and Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal Biochem (1979) 95:351–8. doi: 10.1016/0003-2697(79)90738-3

80. Akerboom, TP, and Sies, H. Assay of glutathione, glutathione disulfide, and glutathione mixed disulfides in biological samples. Methods Enzymol (1981) 77:373–82. doi: 10.1016/S0076-6879(81)77050-2

81. Bradford, MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem (1976) 72:248–54. doi: 10.1016/0003-2697(76)90527-3

82. Dolphin, D, Poulson, R, and Avramovic, O. Glutathione: Chemical, biochemical, and medical aspects. New York: John Wiley & Sons Inc (1989).

83. Habig, WH, Pabst, MJ, and Jakoby, WB. Glutathione S-transferases. The first enzymatic step in mercapturic acid formation. J Biol Chem (1974) 249:7130–9. doi: 10.1016/S0021-9258(19)42083-8

84. Aebi, H. Catalase. vitro. Methods Enzymol (1984) 105:121–6. doi: 10.1016/S0076-6879(84)05016-3

85. Flohé, L, and Otting, F. Superoxide dismutase assays. Methods Enzymol (1984) 105:93–104. doi: 10.1016/S0076-6879(84)05013-8

86. Core Team, R. R: A language and environment for statistical computing. (2014). Available at: https://www.r-project.org/

87. Wishart, DS, Guo, A, Oler, E, Wang, F, Anjum, A, Peters, H, et al. HMDB 5.0: the human metabolome database for 2022. Nucleic Acids Res (2022) 50:D622–31. doi: 10.1093/nar/gkab1062

88. Palmer, A, Phapale, P, Chernyavsky, I, Lavigne, R, Fay, D, Tarasov, A, et al. FDR-controlled metabolite annotation for high-resolution imaging mass spectrometry. Nat Methods (2017) 14:57–60. doi: 10.1038/nmeth.4072




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Ivić, Zjalić, Blažetić, Fenrich, Labak, Scitovski, Szűcs, Ducza, Tábi, Bagamery, Szökő, Vuković, Rončević, Mandić, Debeljak, Berecki, Balog, Seres-Bokor, Sztojkov-Ivanov, Hajagos-Tóth, Gajović, Imširović, Bakula, Mahiiovych, Gaspar, Vari and Heffer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1181064-g002.jpg
STD

Males

Week 0

HFHSD

===== Week 5

Week 12

Week 18

HFHSD+M

HFHSD+L

Jtime (h)

time (h) time (h) time (h)
B P Males Fomales
o e | a0 (- as ) G AuC a0 [ s a@ [ Auc
0 69.25 38334 023 10036 99.86 56488 | 7486  457.93 024 11862 11745  678.05
sm 5 7056 37220 020 85.58 85.71 48460 | 7303 43041 022 100.41 9968  593.34
12 6165  366.01 027 10847 10637 60303 | 6529 43549 032 13978 13212 776.33
18 6845 37343 027 97.95 98.71 56889 | 7227  487.75 041 20640 18457  1,039.99
0 75.11 336.24 020 10893 10875 55223 | 8678 47332 020 11545 11503 653.60
a5 7943 38186 027 11400 11108 63820 | 7608 48271 032 12006 11832 78176
12 8304 43579 039 14631 12518 81210 | 8094 49482 0.40 16561 139.32  919.70
18 7600 45625 034 16543 15618 87803 | 8003  590.01 050 34925 32048  1,560.11
0 7119 35060 020 10336 10316 54007 | 7833 40157 021 11359 11312 61345
HFHSD 5 8619  357.28 023 12277 12221 62592 7608 48271 032 12006 11832 78176
e 12 80.38 42135 032 13265 12467  745.1 8239 51031 031 150.04 14291 85057
161.89 857.24 035 24068
0 7555  388.01 020 10866 10842 57934 | 8834  447.15 0.16 10927 10924 576.30
HFHSD 5 69.54  377.65 0.36 12488 11298 69421 6430  453.96 020 14340 14318 72953
L 12 7595 35937 0.20 11121 11102 57156 | 91.08  469.31 0.15 12042 12011 615.00
18 7984 48682 023 21895 21861 101649 | 10621 52331 060 29620 21443  1,302.42
Plasma leptin (ng/mL) Serum fasting insulin (ng/mL) HOMA-IR (mg/dL x Skeletal muscle
24 3 15 mU/L) 12 IRS-1 phosphorylation (AU)
Sex: NS Sex: NS Sex: NS ww |
Intervention: F =592, p=0.002 Intervention: Fy s=4.44, p=0.008 Intervention: F g 5,=49.50, p<0.001 o et
Interaction: NS Interaction: NSa a Interaction: NS* o
o - o
16 . - o 2 1 o =
. E 0 . 8 s 120 0 i
°
°
8 ° s
8 1 5 04
B H Sex: NS
] I e Intervention: F,5,=10.90, p<0.001
° o o L_g Interaction: NS
STD  HFHSD HFHSD+M HFHSD+L STD  HFHSD HFHSD+M HFHSD+L STD  HFHSD HFHSD+M HFHSD+L STD  HFHSD HFHSD+M HFHSD+L
Post hoc of intervention
Plasma leptin Serumfastinginsulin ~ HOMA-IR Skeletal muscle IRS-1
D (Games-Howell test) (Bonferroni test) (Bonferroni test) phosphorylation (Bonferroni test)
STD vs. HFHSD p=0.005  STD vs. HFHSD+L p=0.007 STD vs. HFHSD+L p<0.001 STD vs. HFHSD+L p<0.001
STD vs. HFHSD+M p=0.001 HFHSD vs. HFHSD+L p<0.001
Males
120
3 o Males °  Females
S
£ —— Est. marginal mean —— Est. marginal mean
i
3 E
S —sTD Whole adrenal gland surface (mm?)
— HFHSD 20 Sex: iy 50=14.35, p<0.001
P FHF Intervention: F=7.95, p<0.001
" = HFHSD+L e I Interaction: F o= 41.23, p<0.001
4 —_ +
Females 15 Post hoc of interaction of sex and
3 intervention effect
? 10 STD (m) vs. HFHSD (m) p<0.001
H STD (m) vs. HFHSD+M (m) p=0.006
2 STD (m) vs. HFHSD-L (m) p=0.002
s 5 HFHSD (m) vs. HFHSD+M (m) p=0.004
o] STD (f) vs. HFHSD () p<0.001
STD (f) vs. HFHSD+M () p<0.001
8 STD (7) vs. HFHSD+L () p<0.001

" time (h)

STD HFHSD HFHSD+M HFHSD+L

HFHSD (f) vs. HFHSD+L () p=0.011






OEBPS/Images/fendo-14-1181064-g004.jpg
nmol/gFW

C

Sex: Fy 4y=4.21, p=0.046
Interventi
Interaction: NS

Fiber type in skeletal muscle

B

0 44=4.43, p=0.008

Se NS
Intervention: F; 5=4.96, p=0.005
Interaction: Fy,44,=5.35, p=0.003

Sex: F45=13.12, p=0.001
Interverition: Fy 5=4.02, p=0.013

0.45=3.94, p=0014
Interaction: NS

Intervention: F 45=5.11, p=0.004
Interaction: NS

Post hoc: NS

STD HFHSD HFHSD+M HFHSD+L STD HFHSD HFHSD+M HFHSD+E

Surface (um?)

Integrated density *10°

Fat droplets

. i
Sex:NS o 8, e
Intervention: F, 529,53 p<0.001
Interaction: N8

Seg; Fy 45=7.78, p=0.008
Intervention: Fi,
Interaction: F5=10.92, p<0.001°

& é\ﬁo &

CPL

Sex: Fiy 55=10.38, p=0.002
Intervention: F; ;4=3.37, p=0.026
Interaction: NS

Sex: NS

Intervention: F45,=15.66, 1;41

Interaction: Fi 45=15.20, p<0. um
o

Fat droplets

Post hoc

SPL
of intervention effect
(Bonferroni test)

STD vs. HFHSD p=0.025;
STD vs. HFHSD+M p<0.001;

SPL
of interaction of sex and intervention
effect

(Games-Howell test)

STD () vs. HFHSD+L p=0.016;

HFHSD (m) vs. HFHSD-L (m) p=0.001;

cPL
of intervention effect
(Games-Howell test)
STD vs. HFHSD+M p=0.029;

cPL
of interaction of sex and intervention
effect

(Games-Howell test)

STD (m) vs. HFHSD (m) p=0.004;

STD (m) vs. HFHSD+M (m) p=0.034;
STD (m) vs. HFHSD-L (m) p<0.001;
HFHSD (m) vs. HFHSD-+L (m) p=0.005;
STD () vs. HFHSD () p=0.001;

HFHSD () vs. HFHSD+M () p=0.013;
HFHSD (1) vs. HFHSD+L () p=0.001;

e Males

o Females

—— Est. marginal mean —— Est. marginal mean

Post hoc of interaction of sex and intervention effect
CAT HFHSD (f) vs. HFHSD+M (f) p=0.020; SOD HFHSD () vs. HFHSD+M () p=0.002;
GSH STD () vs. HFHSD+L () p=0.010;

GST HFHSD () vs. HFHSD+M () p=0.001;






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Elderly rats fed with a high-fat high-sucrose diet developed sex-dependent metabolic syndrome regardless of long-term metformin and liraglutide treatment

      

        		

          Aim/Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Results

        

          		

            Lack of weight gain in liraglutide-treated animals on HFHSD was accompanied by increased caloric intake and a loss of visceral fat in females

          



          		

            Females tolerated acute hyperglycemic challenges less efficiently and exhibited decreased insulin sensitivity

          



          		

            Both antidiabetic treatments increased leptin sensitivity in hypothalamic satiety nuclei, but only liraglutide had a peripheral anti-inflammatory effect

          



          		

            Sex-specific metabolic difference in liver and skeletal muscle was enhanced by a high-fat and high-sucrose diet and antidiabetic drugs

          



          		

            Diet and antidiabetic drugs have a significant effect on the metabolic profile of skeletal muscles in males but in less regard in females

          



        



        



        		

          Discussion

        

          		

            Aging was the primary metabolic culprit in the DM2 pathology of females

          



          		

            The response to HFHSD was sex-specific implying that females may develop skeletal muscle insulin resistance, while males may develop hepatic insulin resistance

          



          		

            Potential HFHSD-induced leptin and insulin resistance of satiety centers contributed to multiorgan disorder in prediabetes

          



          		

            HFHSD increased the production of proinflammatory metabolites of the kynurenine pathway

          



          		

            Can prediabetic therapy slow the development of diabetes despite a diabetogenic diet?

          



          		

            Metformin had more benefits for females than for males due to the systemic disturbance of lipid metabolism

          



          		

            The short-term positive effects of liraglutide are lost in long-term treatment due to hyperinsulinemia

          



          		

            The strengths and limitations of the study

          



          		

            Prediabetic interventions should start earlier and become sex-specific

          



        



        



        		

          Methods

        

          		

            Animal model and study design

          



          		

            Glucose and insulin tolerance tests

          



          		

            Tissue, serum, and plasma measurements

          



          		

            Adipose tissue histomorphometry

          



          		

            Adrenal gland histopathology

          



          		

            Analysis of liver fat droplets, glycogen, and ferric ion

          



          		

            Skeletal muscle analyses

          



          		

            MALDI-TOF skeletal muscle analysis

          



          		

            Immunohistochemistry

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1181064-g005.jpg
04-

MsD
MHEHSD
MHFHSDIM
MHEHSDHL
FsTD
FHFHSD
FHEHSDAM
© FHEHSDAL

PC2(12.95%)

04-

03 02 o1 00
PC1 (71.52%)

15 no. significant miz
MSTD

MHFHSD 12

MHFHSD+M

| 9
| MHFHSD+L
FSTD 6
FHFHSD
3

FHFHSD+M

FHFHSD+L.

TIC normalized intensities (a.u.)

10000
7500~
5000~
2500~

8000~
6000~
4000-
2000~

3000-
2000~
1000-

20000-
15000-
10000~
5000-
FL
3000-
2000~

1000-

. 5000
4000~
3000
2000~
iy
; o-
0757
5000~
4000~
s 1
38701
20000
15000~
10000~
5000-
A
73745
5 . 1500
F $ 1000~
e T
Rl o-
76245
5000
+ 4000~
s
; o-
797355
10000~
7500-
5000-
L] i 2500-
— £ 3
82052
3000~
3 2000- ! 200- .
" 1000- 1000~
- H”=h ¢AJE ﬁ*ﬁ *ﬁ*‘ﬁb_
82455 84553 84855

Significant strong m/z signals (Da)

Bl s Bl rvso M vensoo I Heso
ESr so BEF rrvso E3r wrnsoan ESIF vrvsor






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1181064-g001.jpg
12.000 . .
@5 10.000
SE
83
85 8000
g8
E; 6.000 tt
ge 4.000
53
2.000
0

STD HFHSD HFHSD+M HFHSD+L

Sex: NS
Intervention: F3 45=8.59, p<0.001
Interaction: NS

Post hoc of intervention effect
STD vs. HFHSD p=0.013

STD vs. HFHSD+M p=0.008
HFHSD vs. HFHSD+L p=0.004

Females

Males ! Females l

1,10 1 1,10 :

1 1

| i

° ! o !

iz : iz i

Eg o : EE' :
[ = g - T

co ! € !

33 | 55 ‘
oE i o E
2.9 | 2o
25 95

= 0,50 ! = 0,50

£3 5"

1

I I

| i

0,20 ! 0,20 .

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Experiment weeks Experiment weeks

STD HFHSD ———— HFHSD+M HFHSD+L






OEBPS/Images/fendo-14-1181064-g003.jpg
A ARC LH PVN
Sex:NS Sex: Fiy 15=13.16, p<0.001 Sex:NS
60Es05 IMervention: NS Interveriion: =40, p=0.008 _Intervention: NS 3,0E406
Intesaction: NS Interaction: Fyz6,=2.74, p=0.046 | Interaction: NS Interaction: NS ¢
IRa ¢ . 2 z
5 : : il g
S 40E405 | g . o - 2 205406 §
g L 8 . :
: U EEEE . i #
£ 20ew0s - s . o 1,0E408 &
3 ° 8 ] =
1 I ; '
00E+00 | 3 ] L U 0,0E+00
Sex: NS |Sexr Fir.itg _EFMO' p<0.001 Sex: NS Sex:NS =Htt
Intervention: F 7/=6.56, p=0.001  Intervention: Fis16/=35.08, p<0.001 Intervention: F 106=15.24, p<0.001  Intervention: Fg ;10/=12.95, p<0.001
126406 | nieraction: NS it InfractioniNS ... bectbdeseliddl o f@i?;‘;’g‘y o001 | J0EH06
ol ° 8
ObR g P o . et z
S 80E+05 - 8 o §  20E408 2
3 o 8 g
& ° 2 H 3
g o £
£ 4,0E+05 . H 1.0E+06 @
@ 8 § ] E
8
8
0,0E+00 0,0E+00
LTI, St Snopweam s
ntion: Fig 152,=8.67, P<0.001  ntervention: Fig 150,=8.63, p<0.001 _Intervention: Fig 155,=10.59, p<0. Intervention: s e=12.98, p<0.001
BORH04 | Iteraction: Fa 05=8.34, P0.001 | Interaction: F =12 95, p<0.001 | Interaction: Fy 15=2.78, p=0.043 Interaction: Fggq213.77, p<0.001 2540
T s B
at T ) . it . - £
8 ° s H] s, 80E+04 3
& . w : ttt 3
2 40E+04 ] 8 H 2
8 . i g
£ » 40E+04 §
@ 20E+04 : £
o 3
0,0E+00 - 0,0E+00
9
Q& &
¥
12 IR-a ObR Ibat
LH ARC ARC
" Interventon offect: ST Intervention offct: STD vs. HFSHDsM p=0.004; Interaction of sex and infervention effects: STD (m) vs.
\ vs. HFHSD p=0.003;  STD vs. HFHSD+L p=0.024; HFHSD vs. HFHSD+M  HFHSD+M (m) p=0.002; STD (m) vs. HFHSD+L(m)
HFHSD vs. HFHSD4L  p=0.007; HFHSD vs. HFHSD4L p=0.040; P<0.001; HFHSD (m) vs. HFHSD+M (m) p=0.005; HFHSD
g p=0.008; LH (m) vs. HFHSD+L (m) p<0.001;
Interaction of sexand  ntervention effect: STD vs. HFHSDsM p<0.001; LH
7 7 intervention effects: STD vs. HFHSD+L p<0.001; HFHSD vs. HFHSD+M  Interaction of sex and ntervention effects: STD (m) vs.
HFHSD (m) vs. p<0.001; HFHSD vs. HFHSD+L p=0.001; HFHSD+L (m) p<0.001; HFHSD (m) vs. HFHSD+M (m)
*ARC HFHSD-+M (m) PVN =0.030; HFHSD (m) vs. HFHSD+L (m) p<0.001; STD ()
*UMH P=0.000; HFHSD(M)  jotorvonion effect: STD vs. HFHSD#M p<0.001; V5. HFHSD+L () p<0.00T; HFHSD () vs. HFHSD+M ()
0 b *LH vs. HEHISD4L (). STD vs. HFHSD+L p<0.001; HFHSD vs. HFHSDsM  P<0.001;
% | °pwn p=0.004; STD (VS 5 002, HFHSD vs. HFHSD4L p=0.002; PVN
HRHSD (Np=0.015; vy Interaction of sex and intervention effects: HFHSD (m) vs.
00 . HHSDEL  ntervention effect: HFHSD vs. HFHSD+M p=0.008;  HFHSDL () p<0.001; STD () vs. HFHSD (1) p=0.004;
§‘,‘M"H i Interaction of sex and intervention effects: STTD (m) ~ STD () vs. HFHSDL (1) p<0.001;
* Males o Females vs. HFHSD (m) p<0.001; STD (m) vs. HFHSD+L (m) ~ VMH

M1/M2 ratio
(Decimal logarithmic)

M1 macrophages (CD6E8*)

M2 macrophages (CD163")

Intervention effect:
HFHSD vs. HFHSD4L.

—— Est. marginal mean —— Est. marginal mean it

p=0.007; STD () vs. HFHSD+M (1) p=0.001; STD (1
vs. HFSHD+L () p=0.016; HFHSD () vs. HFHSD+M
(1) p=0.007; HFHSD () vs. HFHSDL (f) p=0.009;

Interaction of sex and intervention effects: STD (m) vs.
HFHSD+M (m) p<0.001; STD (m) vs. HFHSD+L p=0.004;
HFHSD (m) vs. HFHSD+M (m) p<0.001; STD (f) vs.

HFHSD (1) p=0.005; HFHSD (1) vs. HFHSD4M (7) p=0.008;

VISCERAL ADIPOSE TISSUE

(9]

% sex NS
Intervention: NS —_
Interaction: Fg ¢=3.149, p=0.019 2
]
20 = 2
g
s
2
10 3
£
s
s
0 g
30 gex: Fi1.59/=12.86, p=0.001
Inteavention: F 30=10.41, p<0.001 Post hoc — Interaction of %
Interaction: Fg=5.11,p=0.005  * sex and intervention £
20 effects: 2
= . STD (m) vs. HFHSD+L s
H - 2 () p=0.005; STD (f) vs. 5
0| g H HFHSD (1) p=0.004; &
STD (7) vs. HFHSD+M 2
H (f) p=0.001 -
H 40,
ol e -
08 sexoNs %
06 Intervention: NS 5
0.4 Interaction: Fy50=3.83, p;o.ots g
02 H 2
00 El
0,2 At
04
06

STD HFHSD HFHSD+M HFHSD+L

VISCERAL ADIPOSE TISSUE
30
Sex: NS
Intervention: F s s,=3.89, p=0.015
Interaction: NS
20 *
" O
10 o °
!
o F I B
0 gex: Fi1.54=14.76, p<0.001
Intervention: Fq 5,=7.37, p<0.001
Interaction: F5 5,,=3.06, p=0.037
20
]
H t
10 L) o
. °
H B H
ol 8
0 sex:Ng o

Intervention: Fs¢=3.14, p=0.034

20

Post hoc

TNF-a

Intervention effect:

STD vs. HFHSD p=0.031;
STD vs. HFHSD+M p=0.015;
STD vs. HFHSD+L p=0.01

11
Interaction of sex and intervention effects:
HFHSD (f) vs. HFHSDL (f) p=0.003;

L6

Intervention effect:

STD vs. HFHSD p=0.009;

STD vs. HFHSD+L p=0.042;

Interaction of sex and intervention effects:
STD (m) vs. HFHSD+M (m) p=0.014;
STD (m) vs. HFHSD+L p=0.002;

° Males

——Est. marginal mean

o Females

—=—Est. marginal mean

STD HFHSD HFHSD+M HFHSD+L






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1181064-g006.jpg
INSULIN RESISTANCE
INSULINRESISTANCE ~ STORAGE CAPACITY/INFLAMMATION

HGP
11162 @
)
HEHSD
< METFORMIN
@ URAGLUTIDE >

11 1lum2-> 7T TLEPTIN % 1 7INSULIN SENSITVITY " APPETITE_
= ]’rnt»@

SRS T2 1 TLePTINSensTVITY

1 GLICOGEN
'DEGRADATION
M2 RESPONSE TsH
METFORMIN — 1 | 1 AMPAK \ ‘GLUCONEOGENESYS 111N }.N; acm J1STRESSRESPONSE
e §
1 L | MITOCHONDRIAL
EFFICIENCY
117 (LPID ACCUMULATION)
i Ww““w TRIGLYCERIDES
+

ROS

——— HFHSD
1 CORTICOSTERONE

W

SECRETAGOGE MECHANISM — LIRAGLUTIDE.

|‘HGmn®
W

11 TINSULN

LEGEND:
— HFHSD EFFECT
— METFORMIN EFFECT } HYPOTHETICAL MECHANISM
— LIRAGLUTIDE EFFECT =
— INTERRELATED MECHANISMS
FEMALES
N ———
N— .~
INSULIN RESISTANCE
INSULINRESISTANCE  STORAGE CAPACITY/INFLAMMATION INSULIN RESISTANCE
HGP
TS, LEPTIN RESISTANCE
16(0) o
HEHSD
METFORMIN
URAGLUTIDE
TTium2o TTTLLEPTIN Ty | LINSULIN SENSITIVITY 7] T | TAPPETITE
METFORMIN — 1 | TAMPAK \ 1o T 4upios 'ty F1r 1 re ®
141 LMITOCHONDRIAL 11 M2RESPONSE TTsH
e EFFICIENCY GLUCONEOGENESYS 113 ™ },,‘ Jacmy 1 sTRESS Response
s
111 L (UPID ACCUMULATION)
Tty Mnocmnmw
TROS 28
TRIGLYCERIDES
+
——— HEHSD
1 CORTICOSTERONE
+— AGNG
MECHANISM
) <4— URAGLUTIOE
111 PINSULN
LEGEND:
— STD-AGING EFFECT
— HEHSD EFFECT
— METFORMIN EFFECT

— UIRAGLUTIDE EFFECT
= INTERRELATED MECHANISMS






OEBPS/Images/table1.jpg
m/z (Da)®

307.97

317.04

Adduct

M+Na

Treatment
pairs

F STD/E
HFHSD+L

M STD/F

HFHSD
M STD/F
HFHSD+M
M STD/M
HFHSD+M

Metabolic
and physio-
logical role

Tentative
endogenous
metabolite
annotation®

Xanthurenic acid
8-O-sulfate
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metabolism
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Comments

N-Acetyl-L-glutamyl 5-phosphate is a result of database searches
that is less likely to be present in muscles (1-3).

Quinolinic acid is a result of the HMDB search but not of the
METASPACE search. Database searches provide two more hits that
are less likely to be present in muscles: methoxybrassenin B/
wasalexin A, B, and homocarnosine.
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HFHSD+M
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F HFHSD+M
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SD
M STD/F STD
M SD/M
HFHSD
M HFHSD+M/
M HFHSD+L
M STD/M
HFHSD+M

M HFHSD+L/F
HFHSD
M HFHSD+L/F
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IMP Impaired ATP
biosynthesis during
physical activity

PA C36:3/PA
C38:5/PA C38:4

Triglyceride/
phospholipid
biosynthesis
PIP,/DAG
signaling
Insulin sensitivity

Different
phospholipids

Insulin sensitivity

3-Iodotyrosine is a result of HMDB and METASPACE search, but
this compound is not likely to be present in muscles: instead,
xanthurenic acid 8-O-sulfate adduct of type M+2Na-H is a more
likely annotation.

-4.5

Glucocheirolin is a result of HDMB and METASPACE search, but
this nutrient cannot be present due to controlled diets.
Maleylacetoacetic/4-fumarylacetoacetic acids are results of HMDB
but not of the METASPACE search. This m/z signal also
corresponds to the matrix adduct 2CHCA+Na+K-H and may reflect
the variable cellular K content.

LysoPC C20:4 adduct of type M-H,O+H is a result of HMDB
search, but it is not likely to be produced in MALDI source.

DG C38:4;,0, DG C40:5;0, PG C31;02, and PG C36:6;02 are results
of HMDB search, which are not present in the METASPACE
database due to adduct types not likely to be produced in MALDI
source (6).

PS €29:0 adduct of type M+H+HCOONa is a result of HMDB
search only, but it is not likely to be produced in MALDI source.
PG(PGJ2/i-12:0) adduct of type M+NH4 is also a result of HMDB
search only, but it is not likely to be present in muscles. This m/z

may correspond to PA C38:5 containing a (13)C atom.

-(67)

“FDR corrected pairwise Dunn-Bonferroni test applied on strong m/z signals (p < 0.05). "METASPACE (8) (https://metaspace2020.eu) and HMDB (9) search using +10 ppm acceptance limit.
“Some of the listed m/z signals are not significantly altered in all treatment pairs. F, female; HFHSD, high-fat and high-sucrose diet group; HFHSD+M, HFHSD treated with metformin; HFHSD
+L, HFHSD treated with liraglutide; STD, standard diet group; M, male; m/z, mass-to-charge ratio. Each group sample size was eight (4 biological replicates x 2 technical replicates), and the m/z
range was set to 300-1,000 Da.
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Elderly rats fed with a high-fat high-sucrose
diet developed sex-dependent metabolic
syndrome regardless of long-term
metformin and liraglutide treatment





