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Abstract

:

Natural rare sugars are an alternative category of sweeteners with positive physiologic and metabolic effects both in in vitro and animal models. D-allulose is a D-fructose epimer that combines 70% sucrose sweetness with the advantage of an extremely low energy content. However, there are no data about the effect of D-allulose against adipose dysfunction; thus, it remains to be confirmed whether D-allulose is useful in the prevention and in treatment of adipose tissue alterations. With this aim, we evaluated D-allulose’s preventive effects on lipid accumulation in 3T3-L1 murine adipocytes exposed to palmitic acid (PA), a trigger for hypertrophic adipocytes. D-allulose in place of glucose prevented adipocyte hypertrophy and the activation of adipogenic markers C/EBP-β and PPARγ induced by high PA concentrations. Additionally, D-allulose pretreatment inhibited the NF-κB pathway and endoplasmic reticulum stress caused by PA, through activation of the Nrf2 pathway. Interestingly, these effects were also observed as D-allulose post PA treatment. Although our data need to be confirmed through in vivo models, our findings suggest that incorporating D-allulose as a glucose substitute in the diet might have a protective role in adipocyte function and support a unique mechanism of action in this sugar as a preventive or therapeutic compound against PA lipotoxicity through the modulation of pathways connected to lipid transport and metabolism.
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1. Introduction


An increase in the occurrence of obesity has become a major health problem in adults, as well as among children and adolescents. It is defined as an excess of corporal adiposity characterized by body weight gain. Lipid accumulation is correlated with insulin resistance and cardiovascular events, with a large decrease in life expectancy and increased mortality. Obesity is due to an imbalance in systemic energy homeostasis and is associated with a sedentary lifestyle with an excess consumption of highly processed, energy-dense food that has a poor nutritional value [1,2]. Excessive energy intake over expenditure leads, in fact, to an energy imbalance, which determines the dysfunctional growth of adipose tissue, resulting in an increase in the number (hyperplasia) and size (hypertrophy) of adipocytes, to counteract the need for improved lipid storage [3]. Excessive lipid accumulation in adipose tissue is closely related to significant alterations in proinflammatory cytokines serum concentrations, determining a condition defined as “chronic low-grade inflammation”, which seems to have an important pathophysiological role in the development of several metabolic diseases related to obesity, such as dyslipidemias, mitochondrial dysfunction, insulin resistance, and hyperglycemia [4,5]. The lipotoxicity condition in adipose tissue can also determine very significant alterations in the biophysical properties of cellular organelles [6]. In this regard, alterations affecting the endoplasmic reticulum (ER), one of the main sites for lipid biosynthesis, appear to be closely associated with an overload of saturated fatty acids and cholesterol: therefore, changes in the phospholipid composition of ER membrane occur, resulting in the onset of ER stress, the accumulation of misfolded proteins within the lumen, and cell death by apoptosis [7].



Recently, major concerns have been expressed regarding the intake of metabolizable free sugars, which are usually replaced by artificial high-intensity sweeteners, such as aspartame, acesulfame potassium, saccharin, sucralose, and others, approved as food additives by the European Food Safety Authority (EFSA) and U.S. Food and Drug Administration (FDA) [8,9]. However, these alternative sweeteners are associated with unfavorable effects on health, such as glucose intolerance and failure to cause weight reduction [10]. Interestingly, naturally occurring rare sugars have recently appeared as a valuable alternative category of sweeteners. Rare sugars (such as D-allulose, D-tagatose, D-sorbose, and D-allose) are monosaccharides and disaccharides occurring in small quantities in nature, with over 40 different types of compounds identified and characterized by slight differences in their chemical structure compared with traditional sugars. The consumption of rare sugars as a natural alternative sweetener has shown numerous positive physiologic and metabolic effects, such as improved glycemic response and weight loss both in in vitro and animal models [11]. However, the biological functions and molecular mechanisms of rare sugars have rarely been reported.



D-allulose (also known as D-psicose) is an epimer of D-fructose (at the C-3 position), bearing 70% of the sweetness of sucrose, with the advantage of an ultra-low dietary energy content (0.4 kcal/g). D-allulose provides a taste, performance, and texture similar to other sugars, but it is predominantly preferred for its exceptionally low-calorie value, probably related to its high elimination rate in the unmodified form (95% in the urine within 7 h after intravenous injection in rats) [12]. It has been demonstrated, in fact, that D-allulose, in contrast to other sugars that are metabolized for energy, is absorbed by the small intestine and eliminated in the urine without undergoing significant metabolic changes [13]. D-allulose has exhibited, in this regard, exceptional stability in simulated gastric fluid, in fasted-state simulated intestinal fluid, and in both human and rat hepatocytes [14]. Furthermore, it is not involved in glucose-related metabolic processes, leading to an inability to contribute to the production of hepatic energy [15].



D-allulose has been approved as GRAS (Generally Recognized As Safe) by the FDA and is allowed to be excluded from total and added sugar counts on food labels. Acute and longer-term randomized controlled trials have evaluated D-allulose’s influence on plasma glucose and insulin release both in healthy and type-2-diabetic subjects, showing benefits in both populations [11]. However, these studies focused on a limited range of outcomes (e.g., body weight, long- or short-term glycemic markers), and the biological mechanisms of these outcomes are not yet clear. Additionally, no in vivo study has reported the effects of this rare sugar on healthy people as being preventive of weight gain. Recently, Lee et al. [16] demonstrated the anti-adipogenic effects of D-allulose in 3T3-L1 adipocytes. Similarly, since a reduction in sugar intake may require sugar substitutes, Moon et al. [17] investigated the effect of a 50% substitution of glucose with D-allulose on 3T3-L1 adipocytes and found that D-allulose could suppress adipocyte differentiation and lipid accumulation through modulating adipogenic transcription factors. However, there are no data regarding the effect of D-allulose against adipose dysfunction, which is caused by excessive fat storage within adipose tissue. Furthermore, it remains to be confirmed whether the use of D-allulose can be useful in the prevention and treatment of adipose tissue alterations.



In our study, using a simple and validated in vitro experimental model, we evaluated the preventive effects of D-allulose on lipid accumulation in murine adipocytes exposed to palmitic acid (PA), a saturated fatty acid able to produce adipocyte hypertrophy. Under our experimental conditions, fully differentiated 3T3-L1 adipocytes were pretreated with D-allulose, which was added to the medium at different concentrations in substitution of the same amount of glucose, and then exposed to PA, with the aim of investigating the main molecular pathways involved in adipogenesis, the inflammatory process, and ER stress. Additionally, the same pathways were evaluated for cells treated with D-allulose after exposure to PA in order to also evaluate the potential therapeutic effects of this rare sugar.




2. Results


2.1. D-Allulose Protects against PA-Induced Hypertrophy


It is widely known that in obesity, high free fatty acid (FFA) levels determine a hypertrophic expansion of the adipose tissue, with a consequent increase in the incidence of several metabolic complications [1]. Thus, to examine the effects of D-allulose against PA-induced hypertrophy in 3T3-L1 adipocytes, the accumulation of intracellular fat was first evaluated via the histological technique of Oil Red O staining (Figure 1). The results obtained showed that treatment with high concentrations of PA (1 mM) for 24 h causes a significant increase in lipid droplets compared to control cells, thus demonstrating the lipotoxic state induced by PA in adipose tissue. The pretreatment with D-allulose, at all tested concentrations (1–10–20 mM), conversely, in a dose-dependent way, reduced the hypertrophic state triggered by PA. Treatment with D-allulose alone did not show, however, any significant change compared to the control cells (Figure S1).



Subsequently, in order to assess the mechanism through which D-allulose is able to prevent the accumulation of intracellular lipids, thus reducing the hypertrophy condition in adipose tissue, we investigated the main markers involved in adipogenic differentiation. In particular, during the early stages of differentiation, the activation of CCAAT enhancer binding protein beta (C/EBP-β) occurs, determining the expression of peroxisome proliferator-activated receptor gamma (PPARγ), considered the master regulator of the adipogenesis process [18,19], thus starting the differentiation process. Subsequently, these factors cooperate to determine the complete adipocyte differentiation by the expression of genes typical of mature adipocytes, such as fatty-acid-binding protein 4 (FABP4) and fatty acid synthase (FASN) [18].



First, Western blot analysis was employed to investigate D-allulose’s effects on the expression of C/EBP-β (Figure 2A) and PPARγ (Figure 2B) induced by PA. The results obtained confirm that PA exposure determines a strong enhancement in C/EBP-β and PPARγ levels compared to untreated control cells. Conversely, pretreatment with D-allulose, in a dose-dependent way, reduced the PA effect, restoring the protein levels of C/EBP-β and PPARγ to those of the control cells. Also in this case, treatment with D-allulose alone did not induce any change with respect to basal levels; moreover, low/very low concentrations of glucose, corresponding to the glucose amount present in the treatments with D-allulose, do not affect PPARγ expression (Figure S2).



Subsequently, to further confirm the observed effects, we also examined, via real-time PCR, the expression levels of FABP4 (Figure 2C), Sterol regulatory element-binding protein 1 (SREBP-1) (Figure 2D), and FASN (Figure 2E), downstream genes of the PPARγ pathway involved in fatty acid uptake and lipid accumulation in adipose tissue [20]. The data obtained show a marked increase in FABP4, SREBP-1, and FASN gene expression in response to PA, whereas D-allulose pretreatment dose-dependently reduced these mRNA levels with values comparable to those of the control cells for the highest concentration of D-allulose used (20 mM).



These results thus demonstrate how the replacement of glucose in the medium with D-allulose prevents the hypertrophic condition induced by PA in adipose tissue, modulating the expression of some of the most important markers involved in the adipogenesis process and therefore reducing excessive lipid accumulation in adipose tissue.




2.2. D-Allulose Prevents NF-kB Pathway Activation Induced by PA in Adipocytes


Recent evidence has demonstrated how the hypertrophic adipocyte causes very significant functional alterations in adipose tissue, with a consequent increase in the expression and secretion of adipokines with pro-inflammatory action, able to cause a systemic state of low-grade chronic inflammation, to worsen insulin sensitivity, and to contribute to the development of metabolic and cardiovascular complications associated with obesity [21].



Therefore, in order to study the D-allulose effect on PA-induced low-grade inflammation in adipose tissue, we examined the activation of the NF-κB inflammatory pathway, the most important pathway involved in the inflammatory process.



Under homeostatic conditions, in fact, NF-ᴋB is located in the cytoplasm, in an inactive form, linked to its high affinity inhibitor IᴋB. In the presence of activating stimuli, instead, a signal cascade is induced with a consequent dissociation from IᴋB and nuclear translocation, where it determines the expression of genes coding for proinflammatory proteins [22].



The results reported in Figure 3A show how exposure to PA determines the activation of NF-ᴋB in 3T3-L1 cells, as demonstrated by higher p65 nuclear levels compared to the control. Conversely, the D-allulose pretreatment was able to significantly reduce, starting from the lowest tested concentration (1 mM), the PA effect on nuclear NF-κB levels in a dose-dependent way.



Subsequently, the mechanism responsible for D-allulose’s effects on NF-κB inhibition was further verified by evaluating the cytoplasmic levels of phosphorylated IKK α/β, the main NF-κB activators.



As shown in Figure 3B, in our experimental conditions, PA exposure was able to activate (phosphorylate) IKK α/β. Conversely, D-allulose pretreatment dose-dependently inhibited the IKK α/β phosphorylation induced by PA, thus leading to the NF-κB pathway inhibition shown previously.



Additionally, in order to confirm the transcriptional activity of NF-κB, IL-6, and IL-8 gene expression was evaluated via real-time PCR. These represent, in fact, some of the main cytokines released following an inflammatory stimulus and are able to regulate several aspects of metabolism, including lipolysis, energy expenditure, and glucose disposal in adipose tissue [23].The results obtained also show how, in this case, exposure to PA determines a significant increase in IL-6 and IL-8 compared to the control, while pretreatment with D-allulose, at all tested concentrations, was able to reduce the levels of these important pro-inflammatory cytokines in a statistically significant way (Figure 3C,D). Treatment with D-allulose alone did not show any effect with respect to basal levels (Figure S3).




2.3. D-Allulose Protects against PA-Induced Oxidative Stress and Activates the Nrf2 Pathway in Hypertrophic Adipocytes


It is widely known that low-grade inflammation in adipose tissue is strongly associated with oxidative stress enhancement [24]. The increase in proinflammatory adipocytokine and chemokine (i.e., TNF-α, IL-1β, MCP-1) production from adipose tissue determines, in fact, lower antioxidant defenses, resulting in ROS overproduction and systemic oxidative stress [25].



Several studies have also shown that elevated ROS levels could trigger many cellular signaling pathways, inducing damage to DNA, proteins, and cells, and lead to the development of several metabolic diseases [26]. Based on these considerations, given the D-allulose ability to reduce the inflammatory condition induced by PA in hypertrophic adipocytes, we examined its ability to influence oxidative stress by evaluating intracellular ROS levels.



The results reported in Figure 4A show how the lipotoxicity state induced by PA determined a significant increase in ROS levels compared to those of the control cells. On the other hand, pretreatment with D-allulose has been able to significantly reduce intracellular ROS levels starting from 1 mM, restoring them to basal conditions with the highest concentration tested. D-allulose alone did not affect ROS basal levels (Figure S4A).



Subsequently, in order to determine the potential mechanism underlying D-allulose’s protective effects, we evaluated the nuclear translocation of Nrf2, an important transcription factor with the ability to regulate the expression of antioxidant and detoxifying genes, thereby influencing the maintenance of homeostasis and redox balance in several cells and tissues [27]. Under normal conditions, Nrf2 is inactive, sequestered in the cytoplasm by the inhibitory protein Keap-1. The action of stressful agents causes, instead, the cleavage of Nrf2/Keap-1, resulting in the nuclear translocation of Nrf2 and its subsequent association with the antioxidant responsive element (ARE) sequence, activating the transcription of genes encoding for phase II detoxifying and antioxidant proteins [28].



The results obtained show how the PA exposition results in a significant inhibition of Nrf2 activation/translocation compared to control cells. In contrast, pretreatment with D-allulose, in a dose-dependent way, was able to significantly increase the Nrf2 nuclear levels both in cells exposed and not exposed to PA (Figure 4B and Figure S4B, respectively). Furthermore, we assessed the gene expression of heme oxygenase-1 (HO-1), a widely recognized antioxidant enzyme that reflects Nrf2 transcriptional activity, to confirm D-allulose’s ability to trigger an antioxidant adaptive response. As reported in Figure 4C, the lipotoxicity state, induced by PA treatment, determines a significative reduction in HO-1 basal levels. Conversely, the D-allulose pretreatment, at all tested concentrations, results in an increase in HO-1 mRNA expression, both in the PA-treated cells and in the unexposed ones (Figure S4C). In summary, therefore, these findings provide evidence that the activation of the Nrf2 pathway contributes to D-allulose’s protective effect against a PA-induced lipotoxicity state in adipose tissue.




2.4. D-Allulose Prevents ER Stress in Hypertrophic Adipocytes


A growing body of evidence supports the theory that oxidative stress and ER stress are interconnected [26]. Alterations to the intracellular redox state can determine, in fact, many changes in the protein folding mechanism and enhance the production of misfolded proteins, causing, consequently, ER stress. Therefore, to resolve this condition, cells activate an intrinsic adaptive mechanism called the “unfolded protein response” (UPR), which triggers several pathways [PERK (PKR-like ER kinase), IRE1 (inositol-requiring enzyme 1), and ATF6 (activating transcription factor 6)], aimed to remove misfolded proteins and to improve the protein folding mechanism, in order to maintain ER homeostasis [29].



In our experimental conditions, PA determined ER stress, inducing XBP-1s and p-EIF2α expression, compared to control cells, demonstrating the activation of the transcription of genes related to UPR in the presence of a lipotoxicity state, aiming to correct the misfolding protein accumulation within the ER lumen. Conversely, D-allulose pretreatment significantly and dose-dependently inhibited the activation of XBP-1s (Figure 5A,B) and p-EIF2α (Figure 5A–C) induced by PA, thus demonstrating the attenuation of the UPR response.



Subsequently, in order to confirm and further investigate the molecular mechanisms underlying UPR signaling pathway activation, we evaluated the gene expression levels of Glucose Regulated Protein 78 (GRP78) and CCAAT enhancer binding protein (C/EBP) homologous protein (CHOP), two of the main markers involved in this process. GRP78, in fact, is a chaperone molecule involved in the folding of proteins in the endoplasmic reticulum, while CHOP is responsible for the apoptotic response mediated by ER stress [30,31]. The results demonstrate how, under our experimental conditions, PA exposure induced GRP78 and CHOP gene expression, compared to controls, thus also confirming the activation of signaling events involved in the UPR response at a transcriptional level. D-allulose pretreatment, on the other hand, was able to significantly reduce the mRNA levels of GRP78 (Figure 5D) and CHOP (Figure 5E), induced by PA, starting from the lowest concentration tested (1 mM). Additionally, treatment with D-allulose alone did not show any change with respect to the basal levels of the ER-stress markers; moreover, low/very low concentrations of glucose, corresponding to the glucose amount present in the treatments with D-allulose, do not affect p-EIF2α levels (Figure S5). These data, therefore, further confirm the ability of D-allulose to reduce the ER stress caused by a lipotoxicity state induced in adipose tissue, through the inhibition of signaling pathways characteristic of the UPR response.




2.5. D-Allulose Ameliorates Adipocyte Dysfunction Induced by PA


As demonstrated above, excessive FFA levels are involved in the development of a lipotoxicity state that contributes to a chronic low-grade inflammatory condition and ER stress, thereby providing a direct link between obesity and several metabolic complications [32]. In order to further investigate D-allulose’s effects against obesity and related disorders, additional experiments were carried out, adding D-allulose in post treatment. Therefore, the cells were exposed for 24 h to 1 mM PA and then treated with a medium containing D-allulose (1–10–20 mM) for a further 24 h. In this step, the expression levels of PPARγ, NF-κB, and p-EIF2α were examined as representative markers of adipogenesis, inflammation, and ER stress. The results (Figure 6) show that the post treatment with D-allulose, at all tested concentrations and in a dose-dependent manner, was able to reduce the effects of PA, with a consequent reduction in the adipogenesis marker PPARγ, on the NF-κB inflammatory pathway, and, finally, the p-EIF2α levels, with a consequent inhibition of the UPR response and the restoration of ER homeostasis. Therefore, D-allulose was also able to protect adipocytes after PA-induced lipotoxicity, in the same way as was demonstrated for pretreatment conditions.





3. Discussion


Many studies have shown that a low-calorie diet has health benefits, improving weight loss, reducing cholesterol and triglycerides levels, preventing coronary heart disease, and slowing diabetes progression [33]. In this regard, there has been a high interest in natural sweeteners such as D-allulose, and in vitro and in vivo studies have demonstrated its metabolic effects as a regulator of glucose and fat metabolism, with antihyperglycemic, antihyperlipidemic, and anti-inflammatory properties and consequent effects against obesity and its pathological consequences [34]. Furthermore, D-allulose reduced weight and BMI and weight change in overweight or obese patients with T2DM after 8 weeks of supplementation [35].



Our results demonstrate that treatment with D-allulose in substitution of glucose was able to prevent, at all the concentrations tested, adipocyte hypertrophy induced by high concentrations of PA (Figure 1). In fact, it reduced lipid accumulation in adipocytes exposed to PA in a dose-dependent way. Interestingly, we confirmed that D-allulose effects were associated with reduced C/EBP-β and PPARγ expression, important adipogenic factors [34]. To the same extent, we further demonstrated that D-allulose reduced PA-induced FABP4, SREBP1, and FASN gene expression, which plays a key role in fatty acid transportation and metabolism, and lipid storage in adipose tissue [36]. D-allulose’s effects on adipocyte dysfunction have been demonstrated in other dysfunctional disorders or treatment conditions. Chen and coworkers reported that the concomitant supplementation of D-allulose and high carbohydrate intake inhibited fat accumulation in rats with a minimum body weight increase, less epididymal fat, and smaller adipose cell size [37]. Similarly, D-allulose reduced C/EBP-β and PPARγ expression during the adipogenesis process in murine adipocytes [17].



In obesity, the abnormal expansion of adipose tissue is accompanied by inflammatory changes, contributing to the onset of a chronic low-grade systemic inflammation state [38]. Our data show that PA activated the NF-κB pathway via pIKK α/β and induced the transcription machinery of genes involved in inflammation, such as IL-6 and IL-8. Inversely, in our experimental conditions, D-allulose pretreatment was able to inhibit the NF-κB inflammatory pathway induced by PA (Figure 3A,B). These effects were also confirmed at a transcriptional level, since D-allulose reduced, in a dose-dependent way, the gene expression of IL-6 and IL-8 (Figure 3C,D).



It is known that saturated long-chain fatty acids, such as PA, accumulated into adipocytes, are metabolized into lysophosphatidylcholine, diacylglycerol, and ceramides. In hypertrophic and dysfunctional adipocytes, high concentrations of these compounds induce PKC activation and ER stress [39,40]. In our experimental conditions, PA induced ROS levels [41], whereas D-allulose pretreatment prevented ROS production in adipocytes exposed to PA in a dose-dependent way. This effect is probably mediated by the ability of D-allulose to activate an antioxidant adaptive response via Nrf2/HO-1 pathway activation (Figure 4). Additionally, we confirmed that PA exposure produced ER stress, as reported elsewhere [41], inducing typical markers of this adaptive response, such as XBP-1s and p-EIF2a, as well as the mRNA levels of GRP-78 and CHOP, which initiate the UPR to restore cellular homeostasis. Also, in this case, D-allulose pretreatment reduced, in a dose-dependent way, ER stress markers, restoring their levels to those of the control at the higher concentration tested. These data have also been confirmed in other experimental models, since naturally occurring rare sugars have been demonstrated to bear free radical scavenger activities and to reduce ER stress [42].



In our study, we additionally performed a set of experiments involving D-allulose post treatment in order to evaluate its efficacy not only in a preventive approach but also in a therapeutic one. With this aim, we selected representative markers of adipogenesis, inflammation, and ER stress to compare D-allulose effects during the two different treatment periods. D-Allulose treatment after PA exposure exerted the same effects of pretreatment, since it dose-dependently reduced the levels of the main adipogenesis marker PPARγ. Additionally, D-allulose post treatment was also effective in reducing NF-κB nuclear translocation and ER stress activation at all the concentrations tested. Also, in vivo studies in genetically obese C57BL/6J-ob/ob mice demonstrated that D-allulose treatment alters the networks of inflammatory response and lipid metabolism [43] via the modulation of 103 differentially expressed genes involved in the inflammatory response, molecular transport, and lipid metabolism [43].



One aspect of our research that deserves discussion is the choice of D-allulose concentration range used in our experiments. Daniel et al. [44] hypothesize that a mean intake of D-allulose of about 400 mg/kg·bw per day from enriched products could be expected for adult individuals. The literature reports the results of clinical studies conducted using very different doses of D-allulose, even up to 15 g per day. For example, in the paper by Fukunaga et al. [45], a diabetic diet containing 8.5 g D-allulose was found to improve postprandial glucose levels in type two diabetics compared with a normal diabetic diet. A recent metanalysis by Yuma et al. [46] reported a comparison between a D-allulose intake group and a control group, showing that both the 5 g and 10 g intake groups had a significantly smaller area under the curve of postprandial blood glucose levels. Franchi et al. [47] assessed the effects of D-allulose in non-diabetic Westerners given D-allulose (2.5, 5.0, 7.5, 10.0 g), demonstrating an early dose-dependent reduction in plasma glucose and insulin levels, as well as decreased postprandial glucose and insulin excursion. Finally, in a small clinical study in people with impaired glucose metabolism, an increase in total and LDL-cholesterol was observed after a 12-week intake of 15 g D-allulose per day [48]. However, regarding the development of side effects following D-allulose ingestion, Han et al. [19] reported the results of a non-randomized controlled trial carried out on healthy and young subjects and showed that increasing the total daily D-allulose intake gradually to 1.0 g/kg·bw for regular ingestion resulted in incidences of severe nausea, abdominal pain, headache, anorexia, and diarrheal symptoms. Based on these results, the authors suggested that a maximum single dose and maximum total daily intake of D-allulose of 0.4 g/kg·bw and 0.9 g/kg·bw, respectively, may be taken into consideration. In our study, we used concentrations ranging between 1 and 20 mM. In all experiments, the beneficial effect of D-allulose against PA-induced lipotoxicity was statistically evident already at a dose as low as 1 mM, mimicking a plasmatic concentration that may be obtained through the consumption of allulose-based foods or allulose dietary supplementation. On the other hand, the higher dose employed in our study (20 mM) seems to remain below the potential plasma concentrations of D-allulose capable of inducing gastrointestinal side effects, and, at the same time, allows us to more clearly highlight the molecular mechanisms that underlie the protective effects of D-allulose against adipocyte dysfunction.




4. Materials and Methods


4.1. Reagents


Dimethyl sulfoxide (DMSO), 2-propanol, ethanol, and methanol, in their highest commercially available purity grade, were purchased from VWR (Milan, Italy). D-allulose (molecular formula, C6H12O6), palmitic acid (PA), bovine serum albumin (BSA), fetal bovine serum (FBS), Dulbecco′s Modified Eagle′s Medium without glucose, 3-iso-butyl-1 methylxanthine (IBMX), dexamethasone (DEX), and all the other chemicals, unless otherwise specified, were purchased from Merck life Science (Milan, Italy).



Lipid-containing medium was prepared via conjugation of PA to BSA using a modified method set in our laboratory [49]. Briefly, PA was first dissolved in ethanol at 200 mmol/L and then combined with 10% FFA-free BSA to a 4 mM final concentration at 60 °C before use. Then, the mixture was gently agitated to dissolve the PA-albumin complexes, pH was adjusted to 7.4 with 1 N NaOH, and, finally, the solution was filter-sterilized. Final ethanol concentration was 0.05% w/w.




4.2. Cell Culture and Treatments


The 3T3-L1 murine preadipocytes were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco’s Modified Essential Medium (DMEM) supplemented with 10% newborn calf serum, 4 mm L-glutamine, 100-unit/mL penicillin/streptomycin and 25 mm HEPES buffer. The cells were maintained at 37 °C in a humidified atmosphere with 95% air and 5% CO2.



To achieve mature adipocytes, 3T3-L1 cells were seeded in DMEM growth medium, supplemented with 10% FBS, 4 mM L-glutamine, 100 U/mL penicillin/streptomycin solution, and 25 mM HEPES buffer, at 1.3 × 104 cells/cm2 in multiwell plate and cultured for 10 days after confluence.



In detail, during the differentiation process, the cells were treated for the first 4 days in DMEM growth medium containing prodifferentiation agents (0.5 mM IBMX, 1 μΜ DEX, and 1 μg/mL insulin); subsequently, from day 4 to day 7, we added a medium containing only 1 μg/mL insulin, while from day 7 to day 10, the cells were maintained in an insulin-free DMEM up the total differentiation in mature adipocytes. In the experiments, cells were always used within the 20th passage.



To evaluate the protective effect of D-allulose against a lipotoxicity state induced in adipose tissue, fully differentiated 3T3-L1 adipocytes were subjected to pretreatment for 24 h with a medium containing D-allulose at three different concentrations (1–10–20 mM), prepared by replacing the total amount of glucose in the DMEM (25 mM) with the corresponding concentration of D-allulose. The medium containing D-allulose was always freshly prepared and immediately used. After this incubation time, 3T3-L1 cells were subject to rapid washing with Dulbecco’s phosphate-buffered solution (DPBS) and then, in order to investigate lipotoxicity, were either exposed or not for 24 h to PA 1 mM.



Moreover, in order to investigate D-allulose’s effect towards a lipotoxicity state already induced in adipose tissue, the totally differentiated 3T3-L1 cells were firstly exposed for 24 h to 1 mM PA and then treated, for further 24 h, with the medium containing D-allulose (1–10–20 mM), prepared as previously described.



For all experiments, cells treated with DMEM (containing 25 mM of glucose) and exposed only to the PA vehicle were used as controls.



D-Allulose concentrations used in our experiments (1–10–20 mM) were selected according to previous in vitro studies on adipocytes [16]; these D-allulose amounts, added to the medium in substitution of the same amounts of glucose and tested on 3T3-L1 adipocytes not exposed to PA under the same experimental conditions, produced no change, in comparison with controls, in cellular lipid accumulation and in the markers of adipogenesis, inflammation, oxidative stress, and ER stress. Furthermore, no significant metabolic changes were found in 3T3-L1 cells when cultured in a medium containing different concentrations of glucose (5–15–25 mM), simulating the glucose amounts present in D-allulose treatments (see Supplemental Materials).




4.3. Oil Red O Staining


D-allulose’s effect on adipogenesis was assessed via Oil Red O histological staining technique according to the method described by Molonia and coworkers [50]. After staining, the cells were photographed (40× magnification) and the extent of lipid accumulation was determined by eluting the Oil Red O stain retained in the cells with 100% isopropanol. The lipid accumulation was finally quantified via spectrophotometric analysis at 490 nm, and results were expressed as fold change against control.




4.4. Cell Lysate Preparation


After the appropriate treatments, 3T3-L1 cells were rinsed with DPBS and harvested with a scraper. Total, nuclear, or cytoplasmic proteins were extracted, as previously described [51]. Briefly, to obtain nuclear and cytosolic extracts, cells were incubated for 15 min at 4 °C in a hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, and 5% glycerol) supplemented with protease inhibitors (1 μg/mL leupeptine, 2 μg/mL aprotinine, 1 mM benzamidine, and 5 mM NaF) and 1 mM dithiothreitol (DTT) and treated with 0.60% Igepal. Following centrifugation at 13,000 rpm for 1 min at 4 °C, the supernatant was collected as the cytoplasmic extract, while nuclear proteins were extracted from the pellet using a hypertonic buffer (20 mM HEPES, 400 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 0.1 mM EDTA, and 10% glycerol) containing the same protease inhibitors and DTT. Alternatively, total lysate was prepared by treating harvested cells with a lysis buffer (10 mM Tris–HCl, 1 mM EDTANa2, 150 mM NaCl, 5% glycerol, 0.1% SDS, and 1% Tryton) supplemented with protease inhibitors (1 μg/mL leupeptine, 2 μg/mL aprotinine, 1 mM benzamidine, and 5 mM NaF) and 1 mM DTT. The protein fractions were stored at −20 °C until further use, and the protein concentration in lysates was assessed using the Bradford assay [52].




4.5. Immunoblotting


For immunoblot analyses, the proteic lysates were denatured in 4× SDS-PAGE sample buffer (260 mM Tris–HCl, pH 8.0, 40% (v/v) glycerol, 9.2% (w/v) SDS, 0.04% bromo-phenol blue, and 2-mercaptoethanol as reducing agent) and subjected to SDS-PAGE on 10–12% acrylamide/ bisacrylamide gels. After separation the proteins were transferred to Polyvinylidene Difluoride (PVDF) membranes (Hybond-P PVDF, Amersham Bioscience, Milan, Italy). Membranes were then incubated overnight with specific primary antibodies: mouse anti-PPAR-γ monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:1500), rabbit anti- C/EBPβ (LAP) polyclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:1000), rabbit anti-NF-κB p65 polyclonal antibody (Invitrogen, Waltham, MA,USA) (1:1000), rabbit anti-Phospho-IKK α/β (Ser176/180) monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:1000), rabbit anti-Nrf2 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:1000), rabbit anti-XBP-1s (E9V3E) monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:500), rabbit anti-Phospho-EIF2α (Ser51) (D9G8) monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:500), rabbit anti-β-Actin monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:6000), rabbit anti-Lamin-B monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) (1:1500), followed by 2 h incubation with peroxidase-conjugated secondary antibody HRP labeled goat antirabbit Ig (Cell Signaling Technology, Danvers, MA, USA) (1:6000), goat anti-Mouse IgM Secondary Antibody, HRP conjugate (Cell Signaling Technology, Danvers, MA, USA) (1:6000) and visualized with an ECL plus detection system (Amersham Biosciences, Milan, Italy). The protein bands were detected using high-performance chemiluminescence film (Amersham Hyperfilm™ ECL; GE Healthcare Life Sciences, Little Chalfont, UK). Quantitative analysis was performed via densitometry. The equivalent loading of proteins in each well was confirmed via Ponceau staining and β-actin or Lamin B control.




4.6. Real-Time PCR


Total cellular RNA was extracted using E.Z.N.A.® Total RNA kit according to manufacturer’s instruction (OMEGA Bio-Tek, VWR,Norcross, GA, USA), quantified via Quanti-iT TM RNA assay kit QUBIT (Invitrogen, Milan, Italy), and reverse-transcribed with M-MLV Reverse Transcriptase. Quantitative real-time polymerase chain reaction (PCR; Applied Biosystems 7300 Real-Time PCR System, CA, USA) coupled with SYBR green chemistry (SYBR green JumpStart Taq Ready Mix) was performed for identification of mRNA levels of FABP4 (FW 5′-AAG GTG AAG AGC ATC ATA ACC CT-3′, RV 5′-TCA CGC CTT TCA TAA CAC ATT CC-3′) [53], SREBP-1 (FW 5′-TGG CTT GGT GAT GCT ATG TT -3′, RV 5′- TAA GGG GTT GGG AGT AGA GG -3′) [54], FASN (FW 5′-GGA GGT GGT GAT AGC CGG TAT-3′, RV 5′- TGG GTA ATC CAT AGA GCC CAG-3′) [55], IL-6 (FW 5′-GAT GGA TGC TAC CAA ACT GGA T-3′, RV 5′-CCA GGT AGC TAT GGT ACT CCA GA-3′) [53], IL-8 (FW 5′- GCA CTT GGG AAG TTA ACG CA-3′, RV 5′- GCA CAG TGT CCC TAT AGC CC-3′) [51], HO-1 (FW 5′-ACA TCG ACA GCC CCA CCA AGT TCA A-3′, RV 5′-CTG ACG AAG TGA CG CCA TCT GTG AG-3′) [56], CHOP (FW 5′-CGGAACCTGAGGAGAGAGTG-3’, RV 5′-TATAGGTGCCCCCAATTTCA-3′) [57], GRP78 (FW 5′-GGATGCGGACATTGAAGACT-3’, RV 5′-TCCCAACGAAAGTTCCTGAG-3’) [58]. 18S rRNA (FW 5′-GTAACCCGTTGAACCCCATT-3′, RV 5′-CCATCCAATCGGTAGTAGCG-3′) [59] was used as reference gene. Data were elaborated by SDS 1.3.1 software (Applied Biosystems, Foster City, CA, USA) and expressed as threshold cycle (Ct). The fold increase in mRNA expression compared with control cells was determined using the 2−ΔΔCt method [60].




4.7. ROS Measurement via Dichlorodihydro-Fluorescein Diacetate Assay


The intracellular reactive oxygen species (ROS) levels were measured using dichloro-dihydro-fluorescein diacetate (DCFH-DA) according to the method previously described [61]. Briefly, following treatment, the cells were washed twice with DPBS and incubated, in the dark, with DCFH-DA 50 μM at 37 °C for 30 min. The lipophilic non-fluorescent DCFH-DA readily crosses the cell membrane through passive diffusion followed by deacetylation. The deacylated product is the non-fluorescent oxidant-sensitive DCHF, which is oxidized later by intracellular ROS to form highly fluorescent DCF, which is measured. The intensity of fluorescence was detected at an excitation wavelength of 485 nm and an emission wavelength of 530 nm using a microplate reader (GloMax® Discover System-TM397, Madison, WI, USA). The fluorescence intensity is directly proportional to the ROS amount. ROS levels were expressed as DCF relative fluorescence intensity per mg of proteins against control.




4.8. Statistical Analysis


All the experiments were performed in triplicate and repeated three times. Results are expressed as mean ± SD from three experiments and statistically analyzed via one-way ANOVA test, followed by Tukey’s HSD, using the statistical software ezANOVA version 0.985 (https://people.cas.sc.edu/rorden/ezanova/index.html (accessed on 6 November 2023)). Differences in groups and treatments were considered significant for p < 0.05.





5. Conclusions


Although we are aware that the adipose tissue is a complex and heterogeneous organ, with many cell types and circulating factors interacting through different signaling pathways, the present findings suggest that D-allulose, when used as substitute for glucose in the diet, might have an important protective role in adipocyte functions and help to clarify the molecular mechanism of action of this sugar as a preventive or therapeutic compound against PA lipotoxicity through the modulation of specific cellular pathways connected to lipid transport and metabolism systems. However, we recognize that these data may not fully reflect the effects of D-allulose in our organism; therefore, further studies will be necessary to support these data in co-culture systems and/or in vivo.
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Figure 1. D-allulose effect on PA-induced lipid accumulation. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. (A) Staining with Oil Red O (original magnification at 40×). Representative images of three independent experiments. (B) Lipids were extracted with isopropanol and expressed as relative content vs. controls. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 
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Figure 2. D-allulose’s effect on adipogenesis markers. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. (A,B) C/EBP-β and PPARγ protein levels; the densitometry results are reported as fold change compared to controls, and the intensity values are normalized to the corresponding value of β-actin. In (B), bands are cropped from original Western blot images for illustrative purposes; the uncropped images are available in the Supplementary Material. (C–E) FABP4, SREBP-1, and FASN mRNA expression was analyzed via real-time PCR, and data are expressed as 2−ΔΔCt and normalized to controls; 18S rRNA was used as housekeeping gene. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 






Figure 2. D-allulose’s effect on adipogenesis markers. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. (A,B) C/EBP-β and PPARγ protein levels; the densitometry results are reported as fold change compared to controls, and the intensity values are normalized to the corresponding value of β-actin. In (B), bands are cropped from original Western blot images for illustrative purposes; the uncropped images are available in the Supplementary Material. (C–E) FABP4, SREBP-1, and FASN mRNA expression was analyzed via real-time PCR, and data are expressed as 2−ΔΔCt and normalized to controls; 18S rRNA was used as housekeeping gene. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05).



[image: Ijms 25 04059 g002]







[image: Ijms 25 04059 g003] 





Figure 3. D-allulose effect on NF-κB pathway. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. (A,B) Nuclear NF-κB and cytoplasmatic pIKK α/β protein levels—the densitometry results are reported as fold change compared to controls, and the intensity values of NF-κB and pIKK α/β proteins were normalized to the corresponding value of lamin-B and β-actin, respectively. (C,D) IL-6 and IL-8 mRNA expression was analyzed via real-time PCR, and data are expressed as 2−ΔΔCt and normalized to controls; 18S rRNA was used as housekeeping gene. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 
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Figure 4. D-allulose’s effect on intracellular ROS level generation and Nrf2 pathway activation. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. (A) Intracellular ROS levels; the results are reported as % change in DCF fluorescence intensity/mg of proteins against control. (B) Modulation of Nrf2 nuclear levels; the densitometry results are reported as fold change compared to controls, and the intensity value of Nrf2 was normalized to the corresponding value of lamin-B. Bands were cropped from original Western blot image for illustration purposes; the uncropped images are available in the Supplementary Material. (C) HO-1 mRNA levels; data are expressed as 2−ΔΔCt and normalized to controls; 18S rRNA was used as housekeeping gene. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 
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Figure 5. D-allulose’s effects on PA-induced ER stress. Totally differentiated 3T3-L1 cells were cultured for 24 h in a medium containing D-allulose (1–10–20 mM) and exposed for 24 h to 1 mM PA. Cells treated with the PA vehicle alone were used as controls. XBP-1s (A,B) and p-EIF2α (A,C) protein levels; the densitometry results are reported as fold change compared to CTR, and the intensity values were normalized to the corresponding value of β-actin. (D) GRP-78 and (E) CHOP mRNA expression was analyzed via real-time PCR, and data are expressed as 2−ΔΔCt and normalized to controls; 18S rRNA was used as housekeeping gene. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 
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Figure 6. D-allulose ameliorates PA-induced adipocyte dysfunction. Totally differentiated 3T3-L1 cells were exposed for 24 h to 1 mM PA and then treated with medium containing D-allulose (1–10–20 mM) for further 24 h. Cells treated with the PA vehicle alone were used as controls. PPARγ (A), Nuclear NF-κB (B), and p-EIF2α (C) protein levels—the densitometry results are reported as fold change compared to controls. The intensity values of PPARγ, NF-κB, and p-EIF2α proteins were normalized to the corresponding value of β-actin or Lamin-B. All data are expressed as mean ± SD of three independent experiments (n = 3), each performed in triplicate. Means with the same letter are not significantly different from each other (p > 0.05). 
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