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Abstract 

High plasma levels of the sphingolipid intermediates ceramide (Cer) and sphingosine-1-phosphate 

(S1P) are suggested to be involved in the development of insulin resistance (IR). Recent evidence 

indicates that advanced glycation endproducts (AGEs) can alter the sphingolipids metabolism 

equilibrium. Since enzymes responsible for sphingolipid rheostat maintenance are highly expressed 

in liver, we thus investigated whether AGEs accumulation can affect hepatic sphingolipids 

metabolism in insulin resistant mice. 

Two different models of IR were examined: genetically diabetic LeptrDb-/- (DbDb) and diet-induced 

insulin resistant C57Bl/6J mice fed a 60% trans-fat diet (HFD). In addition, a group of HFD mice was 

supplemented with the anti-AGEs compound pyridoxamine. AGEs were evaluated in the liver by 

western blotting. Cer and S1P were measured by UHPLC-MS/MS. The expression of RAGE and of 

enzymes involved in sphingolipid metabolism were assessed by RT-PCR and western blotting. 

HEPG2 cells were used to study the effect of the major AGE Nε-(carboxymethyl)lysine (CML)-

albumin on sphingolipid metabolism and the role of the receptor of AGEs (RAGE).  

High levels of AGEs and RAGE were detected in the liver of both DbDb and HFD mice in comparison 

to controls. The expression of enzymes of sphingolipid metabolism was altered in both models, 

accompanied by increased levels of Cer and S1P. Specifically, ceramide synthase 5 and 

sphingosine kinase 1 were increased, while neutral ceramidase was reduced. Pyridoxamine 

supplementation to HFD mice diminished hepatic AGEs and prevented alterations of sphingolipid 

metabolism and the development of IR. CML administration to HepG2 cells evoked alterations similar 

to those observed in vivo, that were in part mediated by the binding to RAGE.  

The present study shows a direct involvement of AGEs in alterations of sphingolipid metabolism 

associated to the development of IR. The modulation of sphingolipids metabolism through the 

prevention of AGEs accumulation by pyridoxamine may reduce the development of IR.  
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Introduction 

The development of insulin resistance (IR) is tightly associated with the presence of obesity. Indeed, 

diet-induced obesity is accompanied by modifications of lipid metabolism with altered composition 

in lipid intermediates that exert detrimental effects in several organs [1]. In particular, the levels of 

the sphingolipid intermediates ceramide (Cer), sphingosine (Sph) and sphingosine-1-phosphate 

(S1P) have been reported to be unbalanced in metabolic diseases [2]. Under physiological 

conditions, Cer/Sph/S1P concentrations are tightly regulated by the activity of coordinated enzymes 

in a kind of equilibrium, the so called “sphingolipids rheostat”, in which Sph represents the centre of 

a balance with Cer and S1P at the opposite extremes [3]. Cer and S1P levels are found to be 

increased in the plasma of obese and diabetic patients [4–6], It has been demonstrated that the 

disturbance of the Cer/Sph/S1P equilibrium exerts a key role in inflammatory response and IR onset 

[7,8]. The enzymes regulating the sphingolipids metabolism are largely expressed in the 

gastrointestinal system with the highest levels in the liver [9], were Cer and S1P have been involved 

in the development of NASH and hepatic insulin resistance [10]. 

In this context, some studies have demonstrated that the inhibition of Cer synthesis prevents lipid-

induced IR, diet-induced IR, and hepatic steatosis [11,12]. Moreover, S1P either acts inside the cell 

as a second messenger in several pathways or can be secreted out of the cell and exert a paracrine 

action through the binding to five specific receptors (S1PR1-5) [2,8], some of which are suggested 

to be involved in inflammation, fibrosis, and disruption of insulin signalling [8,11].   

Recent in vitro studies have shown that advanced glycation endproducts (AGEs) can alter 

sphingolipid metabolism [13,14], possibly through the binding with their specific receptor RAGE [15]. 

AGEs are derived from glycation reactions between sugars or lipids and proteins, resulting in 

functionally compromised glycated proteins. In addition to the direct impairment of protein function, 

AGEs can also exert a pro-inflammatory action through the binding to RAGE [16]. 

We recently demonstrated that AGEs accumulate in target tissues of IR, such as liver, brain, and 

skeletal muscle of mice exposed to diets rich in either sugars or saturated fats, and in genetically-

induced obesity [17–20]. In addition, we also showed that the accumulation of AGEs has been 

associated to enhanced lipid synthesis, due to deregulation of the lipogenic SCAP/SREBP signalling, 

resulting in intracellular lipids deposition [17–19,21].  

Studies in both animals and humans have demonstrated the direct involvement of AGEs and AGE-

RAGE signalling in liver and adipose tissue inflammation and impaired insulin signalling [22–24]. 

Indeed, the inhibition of AGEs production in obese mice  by the anti-glycation agent pyridoxamine 

reduces intracellular lipid synthesis mediated by sterol regulatory element binding protein 1c 

(SREBP1c), as well as adiposity and IR [18,25].  Specifically, SREBP1c activation mainly produces 

palmitic acid which is the substrate for the synthesis of C18-Sph that is rapidly converted to C18-

S1P by the sphingosine kinases (SphK) or reacylated to C16-Cer by the ceramide synthases (CerS) 



[2]. In recent years, the palmitate-derived C16-Cer and C18-S1P have been identified as principal 

mediators of obesity-related IR [8,26,27].  

However, the role of AGEs on sphingolipid metabolism disequilibrium in in vivo models of IR has 

never been explored, so far. 

In the present study we thus investigated the presence of hepatic sphingolipid rheostat alterations 

in rodent models of IR and we evaluated the causal role of AGEs through strategies aimed to prevent 

AGEs production or to block AGE-RAGE signalling. 

 

Materials and methods 

Animals 

For the genetically-induced IR model, the liver of non-insulin dependent diabetic C57BLKS-LeptrDb 

(DbDb) mice (Charles River, Maastricht, the Netherlands), for which physiological parameters and 

IR was previously reported [22], was here analysed. Mice were cared in compliance with the local 

ethics committee (Maastricht University) on the use of laboratory animals. At 13 weeks of age DbDb 

mice and their wild type (WT) counterpart (n = 4-6 per group) were sacrificed, plasma was collected 

and liver was removed and sectioned for following analysis. 

For the diet-induced IR model, we used male C57Bl/6j mice (Charles River Laboratories, Calco, 

Italy) of 4 weeks of age were cared in compliance with the European Council directives (No. 

86/609/EEC) and with the Principles of Laboratory Animal Care (NIH No. 85-23, revised 1985). The 

scientific project was approved by the Ethical Committee of the Turin University (permit number: 

D.M. 94/ 2012-B). Mice were divided into four groups: a group fed with a standard diet and drinking 

tapwater (SD group, n = 12), a group fed with a 60% fat diet (HFD group, n = 16). Standard diet 

(Sniff Spezialdiäten GmbH, Soest, Germany) composition was 68% of calories in carbohydrates 

(36.2% from corn starch, 14.9% from dextrin and 11% from sucrose), 13% of calories in fat (soybean 

oil) and 19% of calories from proteins. HFD diet (Sniff Spezialdiäten GmbH, Soest, Germany) 

composition was 25% of calories in carbohydrates (12,4% from maltodextrin and 12,6% from 

sucrose), 59% of calories in fat (5% from soybean, 54% from hydrogenated coconut oil) and 15% of 

calories from proteins. After four weeks of dietary intervention two subgroups of SD and HFD diet 

started pyridoxamine supplementation in the drinking water for the remaining eight weeks (SD+P, n 

= 6; HFD+P, n = 8). All groups received drink and food ad libitum. Body weight and food intake were 

recorded weekly. Fasting glycemia was measured at the start of the protocol and every 4 weeks by 

saphenous vein puncture using a glucometer (GlucoGmeter, Menarini Diagnostics). After 10 weeks, 

mice were sacrificed by cardiac exsanguination. Liver was collected divided into two parts, the first 

was cryoprotected in Optimal Cutting Temperature compound and the other one frozen in N2 for 

cryostatic preparations.  

 

Oral glucose tolerance test 



One day before the diet-induced IR mice were due to be killed, the oral glucose tolerance test 

(OGTT) was performed after a fasting period of 6 h by administering glucose (2 g/kg) by oral gavage. 

Once before administration and 15, 30, 60 and 120 min afterward, blood was collected from the 

saphenous vein, and glucose concentration was measured with a conventional Glucometer 

(GlucoGmeter; Menarini Diagnostics, Florence, Italy). 

 

CML incubation on HepG2 cell line 

HepG2 cells were cultured in DMEM (1 g/L glucose) supplemented with 20% FCS, 1% 

penicillin/streptomycin, and 1% non-essential amino acids. CML-modified albumin was prepared by 

incubating human serum albumin with and without 3 mM glyoxylic acid for 24 h at 37 °C. Albumin 

incubated without glyoxylic acids served as control-albumin. HepG2 cells were cultured and 

incubated with 0.5 μM control-albumin and modified CML-albumin during different time periods. In 

addition, to assess whether CML affects gene expression of sphingolipids enzymes via the RAGE 

pathway, HepG2 cells were pre-incubated with RAGE antibody (R&D, Minneapolis, USA) (5 μg/ml) 

to block membranous RAGE, and subsequently incubated with modified CML-albumin.  

 

mRNA extracts and PCR analysis 

Total RNA was extracted from HepG2 cells and mice livers using TRIzol (Invitrogen, Bleiswijk, the 

Netherlands) and was reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad, 

Veenendaal, the Netherlands). The expression of target genes was measured quantitatively by real-

time PCR using SYBR Green mix (Bioline, London, U.K.). All primer sets used are listed in 

Supplementary Table 1. mRNA expression levels were normalized to two reference genes 

(cyclophilin A and β2-microglobulin), and data were analysed with the ΔCT method. Data are 

expressed as normalized gene expression levels relative to wild-type RAGE+/+ LeptrDb+/+ mice. 

 

Total, nuclear, and cytosolic protein extracts 

Total proteins were obtained from 10% (w/v) mice liver homogenates in RIPA buffer (0.5% Nonidet 

P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mmol/l EDTA, and protease inhibitors). After 40 

min of incubation in ice, samples were sonicated and centrifuged at 15,000g at 4 °C for 40 min. 

Supernatants were collected and stored at -80 °C until use. 

Cytosolic and nuclear proteins were extracted from livers homogenized at 10% (wt/vol) in a 

homogenization buffer containing 20 mM HEPES (pH 7.9), 1 mM MgCl2, 0.5 mM EDTA, 1% Nonidet 

P-40, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 5 μg/ml aprotinin, 2.5 μg/ml leupeptin and 2 mM 

NaVO3. Homogenates were centrifuged at 1000g for 5 min at 4 °C. Supernatants were centrifuged 

at 10,000g at 4 °C for 40 min to isolate the cytosolic fraction. The pelleted nuclei were resuspended 

in extraction buffer containing 20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 300 mM NaCl, 0.2 mM EDTA, 

20% glycerol, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 5 μg/ml aprotinin, 2.5 μg/ml leupeptin and 2 



mM NaVO3 and incubated on ice for 30 min for high-salt extraction, followed by centrifugation at 

15,000g for 20 min at 4 °C. The resulting supernatants were collected and stored at −80 °C. Protein 

content was determined using the Bradford assay (Bio-Rad, Hercules, CA, USA).  

 

UHPLC-MSMS analysis for sphingolipids rheostat intermediates concentrations 

The analysis of sphingolipids was performed using a Nexera (Shimadzu) UHPLC coupled through 

an ESI source to a QTRAP5500 triple quadrupole analyser (Sciex).  

The chromatographic separation was achieved with a kinetex column (1.7 µm, 100 × 2.1 mm, 100 

Å, Phenomenex) with 0.1% formic acid in water/acetonitrile 8/2 (eluent A) and 0.1% formic acid in 

isopropanol/acetonitrile 8/2 (solvent B). Flow rate was set at 400 µL min-1 and the separation gradient 

was from 5 to 100% of B in 5 minutes, followed by column recondition. The LC column effluent was 

delivered to the ion source, using air as both 1 and 2 gas (40 and 45 arbitrary units respectively). 

Source ion voltage was 4.5 kV. 

The multiple reaction monitoring (MRM) transitions and parameters were: C16-Cer (m/z) 538@264 

with collision energy (CE) 15%; C18-Sph (m/z) 300@282 CE 13%; C18-S1P (m/z) 380@264, CE 

21%. The lower limit of detection (LLOQ) was 0.50 µg/L for all analytes. 

 

Western blotting analysis 

Through SDS-PAGE we separated equal amounts of proteins and electrotransferred to nitrocellulose 

membrane (GE-Healthcare Europe, Milano, Italy). After, membranes were probed with primary 

antibodies, listed in Supplementary Table 2, followed by incubation with appropriated horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad). The detection of proteins was 

obtained with Clarity Western ECL substrate (Bio-Rad) and quantified by densitometric analysis 

software (Quantity-One; Bio-Rad). Results were normalized with respect to densitometric value of 

mouse anti-β-actin (Santa Cruz Biotechnology) for total and cytosolic extracts and mouse anti-

histone H3 (Abcam) for nuclear proteins and then expressed as fold of control mice value. 

 

Oil Red O staining 

Lipid accumulation in the liver was evaluated by Oil Red O staining on 7-μm liver cryostatic sections. 

Stained tissues were viewed under an Olympus Bx4I microscope (×10, x20 magnification) with an 

AxioCamMR5 photographic attachment (Zeiss, Gottingen, Germany). 

 

Stanalysis 

The Shapiro-Wilk test was used to assess the normality of the variable distributions. One-way 

ANOVA followed by Bonferroni's post-hoc test was adopted for comparison among the experimental 

groups. Data were expressed as mean ± SEM. Statistical tests were performed with GraphPad Prism 



7.0 software package (GraphPad Software, San Diego, CA, USA). Threshold for statistical 

significance was set to P<0.05. 

 

Materials 

All compounds were purchased from Sigma Chemical, unless otherwise stated.  

 

Results 

Genetically-induced insulin resistant mice accumulate AGEs in the liver 

To investigate the alterations of sphingolipid intermediates in IR and the role of AGEs, we analysed 

livers from the DbDb mouse model that was described before [22]. At 13 weeks of age, DbDb mice 

were obese and insulin resistant as compared to the wild type counterpart [22]. The livers of DbDb 

mice, compared to WT, showed significantly higher amounts of the AGEs CML- and MG-protein 

adducts as revealed by western blotting (Figure 1A). The gene and protein expression of RAGE 

was markedly increased in the livers of DbDb mice (Figure 1B). 

 

Genetically-induced insulin resistant mice have impaired hepatic sphingolipids metabolism 

In liver homogenates of DbDb mice, the palmitoyl-derived sphingolipid metabolism intermediate 

C16-Cer (N-palmitoylsphingosine) was increased and C18-S1P (D-erythro-sphingosine-1-

phosphate) tended to be increased (P=0.199), while C18-Sph (D-erythro-sphingosine) was unaltered 

(Figure 2A), in comparison to WT mice.  

We next analysed the protein expression of the enzymes responsible for the synthesis and 

degradation of Cer (Figure 2) and S1P (Figure 3). In DbDb mice we found markedly increased gene 

and protein expression of the ceramide synthase 5 (CerS5) (Figure 2B) and depletion of the mRNA 

and protein of the neutral ceramidase (nCdase) (Figure 2C), accounting for both enhanced synthesis 

and reduced degradation of Cer, respectively.  

Moreover, in the liver of DbDb mice we found alterations of the two enzymes responsible for the 

phosphorylation of Sph to form S1P, with increased protein expression of the sphingosine kinase 1 

(SphK1) (Figure 3A) and increased gene and protein expression of the sphingosine kinase 2 

(SphK2) (Figure 3B), compared to WT.  

Since the elevation of S1P is reported to exert extracellular effects through the binding to specific 

receptors (S1PR1-5) involved in inflammation and modulation of insulin signalling, we determined 

the gene expression of some of these specific receptors. We found an upregulation of S1PR1 

expression in the liver of DbDb mice compared to WT (Figure 3C), while the expression of S1PR3 

showed a reduction, although this was not statistical significance (Figure 3D). 

 

Diet-induced glucose intolerance and lipid accumulation are prevented by pyridoxamine 



Since we observed increased hepatic CML levels in the livers of DbDb mice in parallel with 

alterations of the sphingolipid rheostat, we hypothesized that AGEs could contribute to sphingolipid 

deregulation. To go deeper into the role of AGEs in sphingolipid rheostat, we used the AGEs inhibitor 

pyridoxamine, However, since DbDb mice develop very high abnormal circulating levels of leptin [28] 

which have been proved to interfere with expression and activity of ceramide synthesizing and 

degrading enzymes [29], we decided to use a HFD-induced model of obesity.  

During the ten weeks of dietary manipulation, the HFD mice had a markedly faster weight gain 

(Figure 4A) and developed glucose intolerance (Figure 4B), compared to SD mice. Interestingly, 

the weight gain of HFD was markedly reduced and glucose intolerance was completely prevented 

by pyridoxamine supplementation. Similarly, the hepatic steatosis induced by HFD was effectively 

corrected by pyridoxamine (Figure 4C). 

The lipid accumulation induced  by the HFD was likely to be the consequence of the enhanced 

lipogenesis observed in terms of deregulated activation of the SCAP/SREBP pathway with increased 

expression of the SREBP cleavage activating protein SCAP (Figure 4D), increased expression and 

nuclear translocation of the transcription factor SREBP1c (Figure 4E), and increased protein levels 

of its main target genes fatty acid synthase (FASN) and acetyl coenzyme A carboxylase (ACC), as 

compared to SD mice livers (Figure 4F). The treatment of HFD fed mice with pyridoxamine 

normalized SCAP/SREBP lipogenic pathway activation. 

Notably, the accumulation of both CML- and MG-glycated proteins (Figure 5A) and the increased 

expression of RAGE (Figure 5B) in the liver of HFD mice were completely abolished by 

pyridoxamine administration. 

 

Diet-induced insulin resistant mice have impaired hepatic sphingolipids metabolism which is 

prevented by pyridoxamine 

We next determined whether sphingolipid rheostat was influenced by the HFD. The analysis with 

UHPLC-MS/MS showed that the Cer/Sph/S1P equilibrium was moved towards higher C16-Cer and 

C18-S1P levels, with concomitant marked reduction of C18-Sph levels (Figure 6A), similarly to what 

was observed in the DbDb model. Interestingly, the pyridoxamine administration shifted the 

equilibrium back to the centre of the balance, by reducing Cer and inducing an increase in Sph level 

over the SD values. 

In accordance, we found significantly increased protein expression of the CerS5 in HFD, compared 

to SD-fed mice (Figure 6B). The pyridoxamine supplementation decreased levels of CerS5. The 

protein level of the Cer degrading enzyme nCdase in HFD was reduced in comparison to SD mice, 

accounting for an impaired Cer degradation (Figure 6C). The pyridoxamine supplementation 

effectively enhanced the protein expression of nCdase. 

On the other side of the balance, the protein level of SphK1 was strongly increased in HFD mice 

livers in comparison to SD (Figure 6D), and the pyridoxamine supplementation effectively limited 



this increase. In addition, the HFD induced a significantly decrease of SphK2 protein levels and the 

pyridoxamine supplementation reversed the HFD-induced SphK2 downregulation (Figure 6E).  

Moreover, the protein levels of the S1P receptors 1 and 3 were modified by the HFD with increased 

S1PR1 and reduction of S1PR3 in the liver as compared to SD mice levels (Figure 6F,G). 

Pyridoxamine normalized the expression of these S1P receptors in HFD-fed mice. 

 

Diet-induced insulin resistant mice have impaired hepatic insulin signalling which is 

prevented by pyridoxamine 

Finally, since increased Cer and S1P levels, together with S1P receptors, have been associated to 

the development of IR, we performed analysis on the phosphorylation status of the main molecules 

involved in insulin signalling: insulin receptor substrate 1 (IRS) (Figure 7A), Akt (Figure 7B), and 

GSK-3β (Figure 7C). We found a marked inhibition of insulin signalling in the liver of HFD mice   and 

this effect was attenuated by pyridoxamine.  

 

CML induces alteration of the sphingolipid enzymes in HepG2 cells through RAGE binding 

To confirm the direct involvement of AGEs in sphingolipid metabolism alterations and the possible 

role of CML-RAGE signalling, we therefore studied the effects of exogenous CML on gene 

expression of the enzymes involved in regulation of sphingolipids metabolism in HepG2 cells. As 

shown in Figure 8, the incubation of HepG2 cells with CML-albumin showed similar alterations as 

those found in the DbDb model in the gene expression of CerS5 (Figure 8A), although not  statistical 

significant (P=0.484), and nCdase (Figure 8B). On the other hand, CML-albumin induced increased 

expression of SphK1 (Figure 8C). The blocking of RAGE by a RAGE antibody, effectively reduced 

the RAGE self-regulated transcription (Figure 8E) and was able to prevent the CML-induced 

alterations of CerS5 and of SphK1. Instead, SphK2 expression only showed a slight trend to 

reduction (P=0.240) in response to CML treatment that was not detectable when RAGE was blocked 

(Figure 8D). In contrast, the downregulation of nCdase induced by CML seemed not to be 

dependent on RAGE. 

 

Discussion. 

In the present study we have shown that AGEs are involved in the dysregulation of sphingolipid 

metabolism in the liver and IR. Specifically, in two different murine models of obesity and IR we 

showed hepatic alterations of the sphingolipid rheostat, with increased levels of Cer and S1P and 

depletion of Sph. Our in vivo results in obese mice showed that the prevention of AGEs accumulation 

by pyridoxamine in the liver preserve the sphingolipid rheostat, accompanied by an improvement of 

insulin signalling. Moreover, our in vitro experiments in HepG2 cells confirmed that CML influence 

sphingolipids metabolism through alterations of gene expression of the main enzymes involved in 



the Cer-Sph-S1P rheostat, similar to those observed in the liver of DbDb and HFD murine models. 

Blockage of RAGE is partially effective in the prevention of some of the observed alterations. 

  

Under physiological conditions it is fundamental to control for the maintenance of a balanced lipid 

and glucose metabolism. The sphingolipid rheostat is maintained by the activity of several enzymes 

and can be perturbed under damaging or pathological conditions such as in obesity. Indeed, in DbDb 

and HFD-fed mice we found an imbalance of the sphingolipid rheostat as indicated by markedly 

increased gene and protein expression of the CerS5, accounting for the enhanced specific synthesis 

of C16-Cer.  The increase in Cer synthesis may also be due to reduced degradation by the depletion 

of the nCdase, as has been shown in INS-1 cells [30,31]. In accordance with our results, increases 

of CerS5 expression and C16-Cer have been previously observed in white adipose tissue after high-

fat diet feeding [32]. Conversely, the genetic inhibition of CerS5 is sufficient to ameliorate obesity 

and its comorbidities, contributing to maintenance of glucose homeostasis and reduction of white 

adipose tissue inflammation after a high-fat diet challenge [32]. 

We found in the HFD model that the prevention of AGEs production by pyridoxamine strongly 

enhanced Cer degradation, indicating that AGEs alter sphingolipid metabolism. In accordance,  

direct effect of AGEs on Cer production has been demonstrated in many cultured cell types, including  

pericytes, fibroblasts, and cardiomiocytes [15,33–35]. Moreover, as assessed in CML-BSA-treated 

mesangial cells and in glomeruli isolated from STZ-diabetic rats, AGEs exert biphasic effects on both 

Cdase and SphK1 expression and activity, which are dose- and time- dependent [13].  

We showed the involvement of RAGE in increased gene expression of the Cer synthesizing 

enzymes, while no contribution of RAGE seems to be involved in altered expression of the Cer 

degrading enzymes. The RAGE-dependent increase of Cer production is in line with data in RAGE 

overexpressing mice [15]. 

In addition to altered expression of the Cer synthesizing and degrading enzymes in the liver of both 

DbDb and HFD mice,we found also increased expression of the SphK1. The protein level of the 

SphK2 was increased in the DbDB, but decreased in the liver of the HFD model and in CML-treated 

HepG2 cells. Most importantly, altered expression of SphK1 and SphK2 was effectively prevented 

by pyridoxamine. In line, increased expression and activity of SphK1 were previously detected in the 

kidney of DbDb mice associated to fibrosis, and the treatment of cultured mesangial cells with AGEs 

has been able to induce SphK1 expression and consequent increase of S1P levels, leading to the 

onset of an inflammatory response. In accordance, the treatment with polydatin, a natural antioxidant 

compound with anti-glycation properties, showed a reduction of SphK1 expression and profibrotic 

and proinflammatory signalling in both kidney and mesangial cells [14]. 

The direct interaction between AGEs and SphK1 activity and their role in the fibrotic process has 

been demonstrated in a recent elegant work by Chen et al. [36] in which they showed that the 

treatment of glomerular mesangial cells with AGEs-BSA induces SphK1 expression and activity and 



increase S1P levels. The effect of AGEs is, at least in part, mediated by AGE-RAGE binding [36]. 

Furthermore, in an animal model of type 1 diabetes, the anti-glycation compound aminoguanidine 

prevented the overexpression of SphK1 and the production of S1P in the kidney, accompanied by 

the amelioration of renal injury and fibrosis. The proposed mechanism was a decrease of SphK1 

ubiquitination and degradation, thus leading to a prolonged activity [36]. 

The induced SphK1 expression leads to the exit of S1P in the extracellular space resulting in 

induction of the proinflammatory NFkB signalling with activation of TNF-alpha and MCP-1. In a rat 

model of fructose diet-induced hepatosteatosis increased expressions of S1PR1 and S1PR3 have 

been detected in the liver associated to enhanced NFkB activation and IL-6 and TNF-alpha levels 

[11]. In particular, previous works demonstrated that the S1P receptor-1 (S1PR1) was responsible 

for the inflammatory response activation on HepG2 cells [11,37]. 

We found and increased expression of S1PR1 in the liver of DbDb mice and HFD mice, while S1PR3 

was reduced. This is in accordance with studies demonstrating different mechanisms of regulation 

and action of these two S1P receptors depending on specific metabolic conditions [38]. Of interest, 

the reduction of AGEs accumulation by pyridoxamine in the liver of HFD mice was associated with 

a normalisation of the expression of both the analyzed S1P receptors. 

The here observed ability of pyridoxamine to reduce lipid synthesis and preserve the expression 

levels of the sphingolipids metabolism enzymes finally results in the prevention of liver lipotoxicity 

and insulin signalling impairment. 

 

Conclusions. 

Taken together, the results of the current study show that the accumulation of AGEs in the liver in 

different models of IR influences the lipid metabolism and in particular the sphingolipid rheostat. The 

mechanisms of AGEs in the imbalance of the rheostat are likely to be due to both the direct effect of 

AGEs and to the activation of RAGE signalling leading to alterations of the expression of the 

enzymes involved in the maintenance of the sphingolipid metabolism equilibrium. The precise link 

between AGEs or AGE-RAGE signalling and the transcriptional effects on the genes encoding for 

the sphingolipid rheostat enzymes still needs to be investigated. 

In summary, the AGEs production is a link between alterations in sphingolipid metabolism and the 

IR development in liver tissue. The AGEs-sphingolipid rheostat axis may be a novel therapeutic 

target and preventive strategy for lipid metabolism disturbances and IR.  
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Figure legends. 

Figure 1. Accumulation of AGEs and RAGE expression in liver of DbDb mice. Western blotting 

analysis for CML- and MG-protein adducts in the liver. Histograms of the  densitometric analysis 

normalized for β-actin content and presented as fold-change of WT value (A). Gene and protein 

expression of RAGE evaluated by RT-PCR and western blotting, respectively, in liver extracts (B). 

Data are means ± SEM of 4-6 mice per group. Statistical significance: *P<0,05 vs. WT. 

 

Figure 2. Sphingolipid rheostat intermediates in the liver of WT and DbDb mice and 

expression of enzymes responsible for Cer synthesis and degradation. UHPLC-MS/MS 

analysis of C16-Cer, C18-Sph, and C18-S1P (A). Gene and protein expression of CerS5 (B) and 

nCdase (C) analysed by RT-PCR and western blotting in liver extracts. Data are means ± SEM of 4-

6 mice per group. Statistical significance: *P<0,05; **P<0,01 vs. WT. 

 

Figure 3. Expression of enzymes for S1P synthesis and degradation and S1P receptors in the 

liver of WT and DbDb mice. Gene and protein expression of SphK1 (A) and SphK2 (B) and protein 

expression of S1PR1 (C) and S1PR3 (D), analysed by RT-PCR and western blotting in liver extracts. 

Data are means ± SEM of 4-6 mice per group. Statistical significance: *P<0,05 vs. WT. 

 

Figure 4. Weight gain, OGTT, plasma lipid profile, liver lipid accumulation, and liver 

lipogenesis of HFD mice. Body weight increase during 10 weeks of C57 mice fed a standard diet 

(SD), a high-trans-fat diet (HFD), supplemented or not with pyridoxamine (150 mg/kg) in the drinking 

water (HFD+P) starting at the 4 week of diet (A). OGTT performed at the tenth week of dietary 

manipulation monitoring the blood glucose for 2 hours after 2mg/kg glucose loading by gavage in 6 

hrs. fasting mice (B). Plasma (C) and hepatic (D) lipid profile. Oil red O staining in liver sections for 

the evaluation of neutral lipid deposition (E). Evaluation of the hepatic lipogenesis through analysis 

of the SCAP/SREBP1c pathway activation (F-H): representative western blotting for the amount of 

SCAP (F), for the cytosolic and nuclear content of SREBP1c (G), and for the protein levels of FASN 

and ACC (H). Histograms report the densitometric analysis normalized for α-tubulin or histone H3 

content and presented as fold-change of SD value. Data are means ± SEM of 6-8 mice. Statistical 

significance: **P<0,01; ***P<0,001 vs. SD; §P<0,05; §§P<0,01; §§§P<0,001 vs. HFD. 

 

Figure 5. AGEs accumulation and RAGE expression in liver of HFD mice. Western blotting of 

CML- and MG-protein adducts (A), and protein expression of RAGE evaluated by RT-PCR and 

western blotting, respectively (B), in liver extracts of C57BL6/J mice fed a standard diet (SD) or a 

high-trans-fat diet (HFD), supplemented or not with pyridoxamine (HFD+P). Histograms report the 

densitometric analysis normalized for α-tubulin content and presented as fold-change of WT value. 



Data are means ± SEM of 6-8 mice per group. Statistical significance: *P<0,05 vs. WT; §§P<0,01 

vs. HFD. 

 

Figure 6. Sphingolipid metabolism intermediates content and expression of enzymes for 

ceramide synthesis and degradation and for S1P synthesis, and of S1P receptors in liver of 

HFD mice. C16-Cer, C18-Sph, and C18- S1P, evaluated by UHPLC-MS/MS in liver homogenates 

(A). Protein expression evaluated by western blotting analysis for CerS5 (B), nCdase (C), SphK1 

(D), SphK2 (E), S1PR1 (F), and S1PR3 (G) in liver extracts. Data are means ± SEM of 6-8 mice. 

Statistical significance: *P<0,05; ***P<0,001 vs. SD; §P<0,05; §§P<0,01; §§§P<0,001 vs. HFD. 

 

Figure 7. Insulin signalling in liver of HFD mice. Western blotting of the phosphorylated and total 

forms of IRS (A), Akt (B), and GSK-3β (C) in liver extracts of C57 mice fed a standard diet (SD), a 

high-trans-fat diet (HFD), supplemented or not with pyridoxamine. Data are means ± SEM of 6-8 

mice. Statistical significance: *P<0,05; ***P<0,001 vs. SD; §P<0,05; §§§P<0,001 vs. HFD. 

 

Figure 8. Expression of sphingolipids metabolism enzymes and RAGE in CML-treated HepG2 

cells.  Gene expression of CerS5 (A), nCdase (B), SphK1(C), SphK2 (D), and RAGE (E) analysed 

by RT-PCR in mRNA extracts of HepG2 cells incubated with control-albumin (BSA), modified CML-

albumin (CML-BSA), and modified CML-albumin with pre-incubation with RAGE antibody (CML-

BSA+RAGE Ab). Data are means ± SEM of three separate experiments. Statistical significance: 

*P<0,05 vs. BSA. 
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