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Abstract

:

Leptin modulates insulin signaling and this involves the Akt pathway, which is influenced by changes in the inflammatory environment and with leptin regulating cytokine synthesis. We evaluated the association between activation of the insulin-signaling pathway and alterations in pro- and anti-inflammatory cytokine levels in inguinal fat and liver of chronic central leptin infused (L), pair-fed (PF), and control rats. Signal transducer and activator of transcription 3 (STAT3) phosphorylation was increased in inguinal fat and reduced in liver of L rats. Phosphorylation of c-Jun N-terminal kinase (JNK) and nuclear factor kappa B (NFkB) was increased in inguinal fat of L rats, together with a pro-inflammatory cytokine profile, while in the liver activation of JNK and NFkB were reduced and an anti-inflammatory pattern was found. Phosphorylation of the insulin receptor, Akt and mechanistic target of rapamycin was decreased in inguinal fat and increased in liver of L rats. There was a direct relationship between pSTAT3 and JNK and a negative correlation of Akt with pSTAT3 and JNK in both tissues. These results indicate that the effects of chronically increased leptin on insulin-related signaling are tissue-specific and suggest that inflammation plays a relevant role in the crosstalk between leptin and insulin signaling.
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1. Introduction


Leptin and insulin are major signal molecules involved in the regulation of body weight and energy homeostasis, acting on the hypothalamus and peripheral tissues. Their signaling pathways are linked at different levels, including insulin receptor substrate (IRS) and phosphatidylinositol 3-kinase (PI3K). Leptin exerts insulin-related metabolic actions through phosphorylation of Janus kinase 2 (JAK2) that can activate IRS and subsequently PI3K [1]. The activation of this pathway triggers Akt and mechanistic target of rapamycin (mTOR), which integrates intracellular signaling and extracellular signals, such as nutrients, acting as a key regulator of cellular metabolism [2].



Although the role of central signaling crosstalk between these hormones on the maintenance of body weight and energy homeostasis is better characterized, the regulation by leptin of insulin’s actions and sensitivity also plays a key role in peripheral tissues, contributing to the regulation of energy homeostasis [3]. Leptin normally improves systemic insulin sensitivity and body glucose utilization, but this adipokine has differential effects in modulating glucose utilization depending on the tissue. For example, it augments glucose usage in brown adipose tissue (BAT) and skeletal muscle and insulin sensitivity in liver, but suppresses glucose use in white adipose tissue (WAT) [4]. These tissue-specific effects, together with oxygen usage contribute to the decrease in whole body adiposity by increasing energy consumption in BAT and muscle while reducing energy storage in WAT.



Inflammatory cytokines can impair insulin signaling in some peripheral tissue, with stress stimuli, such as increased interleukins, exacerbating the progressive development of hyperglycemia and the activation of c-jun N-terminal kinase activation (JNK) and nuclear factor kappa B (NFκB), factors involved in the reduction of insulin sensitivity [5]. In this regard, leptin activates signal transducer and activator of transcription 3 (STAT3) which can increase p38 mitogen-activated protein kinase (p38-MAPK), and in turn activating JNK [6]. This pathway augments the synthesis of proinflammatory cytokines directly or through potentiating STAT3 activation that may also enhance cytokine synthesis. These events inhibit insulin signaling at several levels, including IRS and PI3K [7,8]. The increase in the inflammatory response caused by leptin promotes the release of macrophage chemoattractant proteins, causing insulin resistance and inducing an increase in cytokines, aggravating this situation. Moreover, insulin resistance increases the synthesis of inflammatory cytokines in adipocytes, exacerbating this state [9].



Here we have analyzed the effect of chronic exposure to increased leptin levels on insulin-related signaling in inguinal fat and liver of Wistar male rats and the relationship with the inflammatory environment and leptin signaling. As it is important to distinguish between the direct effects of leptin from those due to decreased food intake that can modify insulin sensitivity and cytokine synthesis [10], a group of pair-fed rats was included. Variations in the activation of inflammatory targets and tissue cytokine pattern and their possible association with changes in insulin signaling were examined. Finally, the potential contribution of inguinal fat and liver to the circulating cytokine levels was also assessed.




2. Materials and Methods


2.1. Materials


All reagents were from Merck (Darmstadt, Germany) unless otherwise stated. Antibodies against actin were from Thermo Fisher Scientific (Waltham, MA, USA), forkhead box protein O1 (FOXO1) from Cell Signaling Technology (Danvers, MA, USA) and phosphorylated (p) phosphatase and tensin homolog on chromosome 10 (PTEN) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The Immun-Star Western C kit was from Bio-Rad Laboratories (Hercules, CA, USA). The secondary antibodies conjugated with horseradish-peroxidase were purchased from Thermo Fisher Scientific.




2.2. Animals


This study was designed and performed according to the European Communities Council Directive (2010/63/UE) and the Spanish Royal Decree 53/2013 concerning the protection of experimental animals. It was approved by the Ethical Committee of Animal Experimentation of the Universidad de Alcalá (PROEX018/16, 14 June 2016). The number of animals used in this study was reduced to the minimum required. A total of fifteen male Wistar rats (250 ± 10 g) purchased from Harlan Laboratories (Barcelona, Spain) were housed individually under controlled dark-light cycles (12 h/12 h), temperature (22 °C) and humidity (50%) and had access to water ad libitum. Animals were anesthetized using 4 mg of ketamine/100 g of body weight (bw) and 0.5 mg of xylazine/100 g bw throughout surgical procedures.




2.3. Experimental Design


After a fasting period of 12 h, rats were anesthetized and placed in a stereotaxic apparatus and treated, as described [11]. On the day of surgery, a cannula attached to an osmotic minipump (Alzet, Durect Corp., Cupertino, CA, USA) containing either saline or leptin was implanted into the right cerebral ventricle (−0.3 mm anteroposterior, 1.1 mm lateral from Bregma). Experimental animals were treated icv for 14 days with either saline with 1% BSA or leptin dissolved in saline with BSA (12 μg/day). We incorporated a pair-fed group that received the same amount of chow by the leptin-treated group the day before. This resulted in three groups: chronic saline with 1% BSA (control, C), pair-fed rats with chronic saline with 1% BSA (PF) and chronic leptin (L) with five animals per group. Animals were euthanized by decapitation at 8.00 h and the inguinal fat and whole liver, without removal of the lipids, were dissected, weighed and prepared for biochemical determinations. Peripheral blood was collected and centrifuged at 1800× g for 10 min at 4 °C and serum was aliquoted and frozen at −80 °C until processed.




2.4. Tissue Homogenization and Protein Quantification


For detection of pThr308Akt, Akt, FOXO1, interleukin (IL)-1β, (IL)-4, IL-13, IL-17A, phosphorylated (p) insulin receptor (p-IR), pSer636-IRS1, IRS1, pThr183/Tyr185-JNK, JNK, pThr180/Tyr182-p38MAPK, p38MAPK, monocyte chemoattractant protein (MCP)-1, pSer2448-mTOR, mTOR, pSer536-nuclear factor kappa B (pSer536-NFkB), NFkB, pSer380/Thr382/383-PTEN, pSer727 signal transducer and activator of transcription 3 (pSer727STAT3) and STAT3, thirty mg of inguinal fat and liver were homogenized on ice in 400 μL of lysis buffer (Merck). The lysates were frozen during 16 h at −80 °C. Later, samples were centrifuged at 12,000× g for 5 min at 4 °C and the supernatants kept at −80 °C until assayed [12]. Protein levels were measured by the Bradford procedure (Bio-Rad Laboratories).




2.5. Western Blotting


Western blotting was performed as previously described [13]. Twenty µg of protein were resolved on 10% sodium dodecyl sulphate-denaturing polyacrylamide gels, transferred to polyvinylidene difluoride membranes that were then incubated with antibodies against FOXO1 and pSer380Thr382-383PTEN. Peroxidase activity was detected by using an ECL system (Bio-Rad Laboratories) and chemiluminescent signal quantified with ImageQuant Las 4000 Software (GE Healthcare Life Sciences, Barcelona, Spain). Gel loading variability for these proteins were normalized with actin.




2.6. Phosphorylation of Insulin Receptor


The solid phase sandwich ELISA was from Assay Solution (Woburn, MA, USA) and detects phosphorylated insulin receptor β protein. Briefly, after incubation with the tissue lysates, insulin receptor β protein was bound by the coated monoclonal antibody. Following washing, a detection antibody coupled to biotin was incubated. A streptavidin-HRP complex was added and after extensive washing, tetramethylbenzidine was added to develop color. The absorbance is proportional to the quantity of insulin receptor phosphorylated.




2.7. Multiplexed Bead Immunoassays


Phosphorylated and total levels of Akt, IRS1, JNK, mTOR, NFκB, p38MAPK and STAT3 in inguinal fat and liver, as well as serum and tissue levels of IL-1β, IL-4, IL-13, IL-17A and MCP-1, were measured by multiplexed bead immunoassays (Bio-Rad Laboratories and Merck), as stated [14]. Concisely, antibodies coupled to magnetic beads and lysates were incubated overnight at 4 °C. Subsequently, after washing with a magnetic separation block (Merck), the corresponding antibodies coupled to biotin were added. After incubation for 30 min at room temperature, a streptavidin-phycoerythrin complex was added and incubated during the same-time period. At least 50 beads per analyte were examined in the Bio-Plex suspension array system 200 (Bio-Rad Laboratories). Raw data (median fluorescence intensity, MFI) were evaluated with the Bio-Plex Manager Software 4.1 (Bio-Rad Laboratories).




2.8. Statistical Analysis


Statistical analyses were carried out using Statview (Statview 5.01, SAS Institute, Cary, NC, USA) software. To detect differences in the parameters analyzed one-way ANOVAs were performed and then Bonferroni post hoc tests were employed. Data are represented as mean ± standard error of the mean (SEM). Linear regression analysis was employed to determine the relationships between specific parameters. In all analyses p < 0.05 was considered significant. Graphs were made using the software GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. General Characteristics of the Experimental Groups


We have previously reported that food intake and body weight gain were reduced in the PF and L groups. In addition, we also previously demonstrated that serum leptin levels were increased in rats treated centrally with leptin [15] and that serum insulin and IL-6 concentrations did not change after leptin infusion [16]. Here, we show that the percentage of inguinal fat mass was reduced in L rats and no differences in the percentage of liver weight were found among the experimental groups (Table 1).



Serum IL-1β and IL-4 concentrations were increased in L rats compared to the C and PF groups. Serum IL-17 and MCP-1 levels remained unchanged, and IL-13 was augmented in PF and L, being higher in the L group with respect to PF rats (Table 1).




3.2. Leptin Modifies the Activation of Inflammatory Targets and Cytokine Levels in Inguinal Fat and Liver in an Opposed Manner


We first determined the phosphorylation of STAT3 at Ser727 in inguinal fat and found an augment in L compared to C and PF rats (Figure 1A). Phosphorylation of p38MAPK, JNK and NFκB was increased in L rats compared to the C and PF groups (Figure 1B–D, respectively). When we analyzed the pro- and anti-inflammatory cytokines in this fat depot, we observed an increase in IL-1β levels in L rats with respect to the other groups (Figure 1E), whereas IL-17A levels remained unchanged (Figure 1F). Levels of MCP were augmented in L compared to C and PF (Figure 1G). No differences in IL-4 concentrations were found (Figure 1H) and IL-13 levels were reduced in both PF and L rats, with this reduction being more pronounced in the L group (Figure 1I).



We next analyzed the same parameters in the liver. STAT3 phosphorylation was diminished in L rats compared to the other groups (Figure 2A) and no change in p38MAPK activation was found (Figure 2B). Phosphorylation of JNK was reduced in the L group compared to PF rats (Figure 2C) and NFκB activation was decreased in L with respect to C and PF animals (Figure 2D). Hepatic levels of IL-1β and IL-17A were reduced in both PF and L groups (Figure 2E,F, respectively). MCP-1 protein levels were not different between the three groups (Figure 2G) and IL-4 concentrations were augmented in the L group compared to C and PF rats (Figure 2H). Finally, hepatic IL-13 concentrations were increased in L compared to C rats (Figure 2I).




3.3. Inguinal IRS1/PI3K Signaling Is Reduced in Leptin-Treated Rats


Phosphorylation of the insulin receptor was reduced in inguinal fat of the PF and L groups (Figure 3A). Phosphorylation of IRS1 on serine residues attenuates the PI3K pathway [17] and we found an increase in PF and L, with this being greater in the L group (Figure 3B), whereas Akt activation was diminished in both PF and L animals (Figure 3C). Phosphorylation of PTEN was unchanged (Figure 3D) and mTOR phosphorylation in Ser2448 was decreased in L with respect to C and PF rats (Figure 3E). Relative FOXO1 protein concentrations were increased in the L group compared to C rats (Figure 3F).




3.4. Chronic Leptin Exposure Increases Hepatic IRS1/PI3K Signaling


Activation of insulin receptor was augmented in the L group compared to C and PF rats (Figure 4A), and phosphorylation of IRS1 at Ser636 reduced in L rats (Figure 4B). Akt activation, measured as phosphorylation at Thr307, was augmented in the L group with respect to C and PF rats (Figure 4C) and PTEN phosphorylation was similar in all experimental groups (Figure 4D). Phosphorylation of mTOR was increased in L rats compared to the PF group (Figure 4E). Relative FOXO1 protein levels did not show significant differences among the three experimental groups (Figure 4F).




3.5. Changes in Akt Activation Are Inversely Related to STAT3 and JNK Phosphorylation


As leptin is involved in the regulation of several inflammatory mediators that may attenuate insulin-related signaling [18,19], we analyzed the possible relationship among STAT3, JNK and Akt phosphorylation in inguinal fat and liver. Linear regression analyses showed a positive correlation of pSTAT3 with pJNK in fat and liver (Figure 5A,D, respectively) and inverse of pAkt with pSTAT3 (Figure 5B,E, respectively) and JNK (Figure 5C,F, respectively).





4. Discussion


Leptin regulates substrate utilization in a tissues-specific manner, suppressing glucose use in WAT and promoting it in other tissues such as liver, with these changes paralleling insulin sensitivity in these tissues [20]. This study demonstrates that chronic central leptin infusion caused opposite responses in insulin signaling in inguinal fat and liver that appear to be related to the local inflammatory environment. Moreover, a direct effect of leptin most likely occurs, since most of the analyzed parameters did not differ between pair-fed rats and controls. Finally, our results suggest that both tissues may contribute to the changes in circulating cytokine levels observed in leptin-treated rats.



One of the most important findings shown here is the activation of several inflammatory targets in inguinal fat. This could be related to the susceptibility of adipose tissue to changes in circulating leptin levels. Indeed, we previously reported hyperleptinemia in this experimental model [13], a situation that provokes immunometabolic changes in different cell types, including adipose tissue resident macrophages. We found an increase in phosphorylation of p38MAPK, JNK and NFκB together with an augment in the tissue concentrations of proinflammatory cytokines.



Leptin activates immune cells through the MAPK pathway that activates NFκB, which participates in the intracellular signal transduction and production of inflammatory cytokines and chemokines [21]. Under normal conditions adipose tissue macrophages present an anti-inflammatory phenotype; however, after leptin administration, a polarization to a proinflammatory phenotype of these cells takes place [22], which could at least partially explain, the cytokine pattern observed in inguinal fat in response to leptin. Once activated macrophages, in combination with adipocytes and other cell types, could promote macrophage recruitment and synthesis of proinflammatory cytokines [23].



Central leptin infusion did not activate inflammatory targets in the liver, but reduced phosphorylation of NFκB. Leptin administration was reported to promote PI3K-dependent increase in hepatic fatty acid oxidation and decrease in triglyceride levels. These actions on liver-resident immune cells are required for these metabolic effects, as myeloid cell-specific deletion of the leptin receptor or depletion of liver Kupffer cells reduced these metabolic effects, whereas deletion of leptin receptors in hepatocytes did not affect hepatic metabolism [24]. In addition, the liver is less vulnerable than adipose tissue to the increase in inflammatory macrophages after the development of diet-induced obesity [25], which could explain the absence of an inflammatory profile here.



The inverse pattern in STAT3 activation in these tissues after leptin administration is a relevant finding of this study. STAT3 phosphorylated on Ser727 coordinates innate immune mitochondrial reprogramming and inflammatory cell metabolism. The increase in STAT3 phosphorylation in inguinal fat may be due to serine 727 residue being embedded in a consensus cyclin-dependent kinase and MAPK motif and is phosphorylated by p38MAPK and JNK, among other kinases [26]. In addition, the rise in STAT3 activation can trigger inflammation in fat as this phosphorylation is required for IL-1β synthesis [27].



The reduction in hepatic STAT3 phosphorylation could be related to an anti-inflammatory cytokine pattern since its activation is key in chronic low-grade inflammation [28]. STAT3 is an important transcription factor in the differentiation of T helper 17 (Th17) cells, involved in chronic inflammation. The differentiation of Th17 cells is regulated by multiple cytokines, including IL-4 [29]. These cells secrete interleukins, stimulating the production of pro-inflammatory molecules implicated in the pathogenesis of metabolic diseases [30]. Hence, the reduction in hepatic levels of IL-17, together with the increase in IL-4 could be involved in the anti-inflammatory profile found in the liver of leptin-treated rats. Although no changes in the activation of p38MAPK or JNK were found in the liver, which could explain the decrease in STAT3 activation, the reduction in NFκB phosphorylation could be involved since NFkB-dependent activation of STAT3 has been reported [31]. Furthermore, chronic leptin infusion reduces fat mass and abolishes hepatic STAT-3 phosphorylation in response to acute leptin injection [32].



The reduction in fat depots observed in this study is probably due to leptin’s sup-pression of glucose metabolism [4] and insulin sensitivity. In adipose tissue, insulin pro-motes glucose transport and lipogenesis and inhibits lipolysis, reducing substrate supply for gluconeogenesis in the liver [33], whereas a decrease in insulin sensitivity could alter these pathways, causing metabolic disturbances and inflammation. Although most of the effects of leptin infusion differed from those in pair-feed animals, and thus are most likely not due to the reduction in food intake, pair-fed rats had reduced insulin signaling in inguinal fat, although this reduction was less than that in leptin-treated rats. Acute fasting can improve insulin signaling, but reduction of food intake during long periods can augment insulin resistance [34]. This effect was reported to be due to a diminution in the phosphorylation of insulin receptor and Akt, as found here.



Inflammation participates in the regulation of feeding and body gain, but it can also provoke insulin resistance independently of modifications in body weight. We found a reduction in the phosphorylation of the insulin receptor, IRS1 in serine 636 and Akt, together with an increase in p38MAPK and JNK activation in fat of leptin-treated rats leading to inhibition of insulin’s actions in adipose cells [35]. On the other hand, phosphorylation on serine residues of IRS1 and JNK can interfere with insulin signaling [17] by favoring the degradation of IRS1 and promoting IRS1 serine phosphorylation in WAT, thus decreasing signal transduction and increasing inflammation [36]. Another mechanism is mediated by STAT3 phosphorylation at serine 727 that impairs insulin signaling, inhibiting insulin-stimulated Akt phosphorylation [37]. Here an inverse inflammatory pattern was found in the liver, and this could explain the increased activation of the PI3K/Akt pathway. Indeed, pharmacological downregulation of p38MAPK and JNK in type 2 diabetic rats was associated with the potentiation of hepatic insulin signaling [38].



The PI3K/Akt pathway also regulates cytokine expression. We found reduced mTOR phosphorylation in inguinal fat and increased in the liver of leptin-treated rats. Several studies have reported that the mTOR complex 1 (mTORC1) constrains immune cell activation by upregulation of anti-inflammatory interleukins and inhibition of proinflammatory cytokines [39,40]. Our results suggest that the increase in inflammatory cytokines in inguinal fat could be due, at least in part, to increased FOXO1. When mTOR is activated, it stimulates FOXO1 phosphorylation and translocation to the cytosol and degraded, enabling genes, such as those for the proinflammatory factors IL-1β and MCP-1, among others, to be expressed [41], whereas downregulation of the Akt pathway reduces IL-4 production stabilizing FOXO1 complexes [42]. In brief, the PI3K/AKT pathway inhibits FoxO1 via phosphorylation and subsequent nuclear exclusion allowing the expression of targeted genes, whereas activation of stress-activated kinases, such as JNK and MAPK, maintains an inflammatory status and dysregulates metabolism by antagonizing insulin signaling transduction [43,44].



Our study has several limitations. It demonstrates that leptin modifies activation of insulin signaling associated to modifications in inflammatory targets, however, it remains to be elucidated to what degree the inflammatory cascade and leptin signaling contribute to the differential activation of insulin targets in fat and liver after leptin infusion. Moreover, measuring the tissue levels of a cytokine does not necessarily reflect their contribution to circulating levels. One must also take into consideration that the leptin dose and duration of treatment could also affect the outcomes described here. This dose and time period were chosen as they were previously reported to provoke changes in peripheral insulin sensitivity [45]; however, we cannot discard the possibility that the dose-response of different tissues to this leptin treatment, including that of liver and inguinal fat, differs. Lower leptin doses than the used here have been shown to improve insulin sensitivity, while decreasing the in vivo insulin action in WAT, including decreasing insulin receptor phosphorylation and activation of the downstream insulin pathway [46]. The time at which these parameters are measured will also clearly affect the outcome as leptin treatment produces changes in weight gain and effects on other tissues [47,48] that could in turn affect those tissues analyzed here. However, this does not negate the observation that liver and inguinal adipose tissue have differential responses to central leptin treatment at this timepoint. Finally, we did not examine cytokine expression and protein levels in other tissues, such as skeletal muscle, that can also affect the circulating cytokine profile.




5. Conclusions


As summarized in Figure 6, our results suggest that an increase in leptin levels is implicated in changes in the activation of several inflammatory mediators, as well as in the cytokine profile in inguinal fat and liver through modifications in leptin-related signaling. These changes in the inflammatory environment could vary insulin-related signaling in both locations. Differential changes in STAT3 phosphorylation could indicate that this factor is a molecular target that controls inflammatory pathways and local cytokine levels, inversely modifying the activation of insulin pathway in inguinal fat and liver. These findings could indicate that the previously reported tissue-specific effects of leptin on glucose utilization may be governed by variations in inflammation and subsequently in insulin sensitivity and suggest that pharmacological intervention of leptin signaling might be a strategy for controlling pathophysiological situations where insulin sensitivity is altered.







Author Contributions


Conceptualization, V.B. and J.A.; methodology, A.C.-C., S.G.-C., S.C. and Á.M.-R.; validation, V.B. and L.M.F.; formal analysis, V.B., J.A.C. and J.A.; investigation, V.B., L.M.F. and J.A.C.; data curation, V.B., A.C.-C., S.G.-C. and Á.M.-R.; writing—original draft preparation, V.B. and J.A.; writing—review and editing, V.B., L.M.F., J.A.C. and J.A.; supervision, V.B.; funding acquisition, L.M.F., J.A.C. and J.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Spanish Ministry of Science and Innovation with the help of European FEDER funding (FIS PI19/00166), Ministerio de Economía y Competitividad (BFU2017-82565-C2-1-R) and the Network Center for Biomedical Research on Obesity and Nutrition (CIBEROBN) Instituto Carlos III. S.C. was supported by CIBEROBN and A.C.-C. by Comunidad de Madrid (PEJ-2019-TL_BMD-13560).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethical Committee of Animal Experimentation of the Universidad de Alcalá (PROEX018/16, 14 June 2016).




Informed Consent Statement


Not applicable.




Data Availability Statement


All relevant data are included within the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Park, H.K.; Ahima, R.S. Leptin signaling. F1000Prime Rep. 2014, 6, 73. [Google Scholar] [CrossRef]

	



Wu, C.W.; Storey, K.B. mTOR Signaling in Metabolic Stress Adaptation. Biomolecules 2021, 11, 681. [Google Scholar] [CrossRef]

	



Borer, K.T. Counterregulation of insulin by leptin as key component of autonomic regulation of body weight. World J. Diabetes 2014, 5, 606–629. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.L.; Chinookoswong, N.; Scully, S.; Qi, M.; Shi, Z.Q. Differential effects of leptin in regulation of tissue glucose utilization in vivo. Endocrinology 1999, 140, 2117–2124. [Google Scholar] [CrossRef] [PubMed]

	



Garg, R.; Kumariya, S.; Katekar, R.; Verma, S.; Goand, U.K.; Gayen, J.R. JNK signaling pathway in metabolic disorders: An emerging therapeutic target. Eur. J. Pharmacol. 2021, 901, 174079. [Google Scholar] [CrossRef]

	



El-Zein, O.; Usta, J.; El Moussawi, L.; Kreydiyyeh, S.I. Leptin inhibits the Na(+)/K(+) ATPase in Caco-2 cells via PKC and p38MAPK. Cell. Signal. 2015, 27, 416–423. [Google Scholar] [CrossRef]

	



Kim, K.; Kim, H.Y.; Son, E.J.; Heo, J.; Cheong, J. Oleic acid inhibits hepatic insulin signaling through deregulation of STAT3 activation and C/EBPalpha expression. Cell. Signal. 2009, 21, 1269–1276. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.W.; Chen, P.H.; Yen, J.H. Inhibiting adipose tissue M1 cytokine expression decreases DPP4 activity and insulin resistance in a type 2 diabetes mellitus mouse model. PLoS ONE 2021, 16, e0252153. [Google Scholar] [CrossRef] [PubMed]

	



Jung, T.W.; Park, J.; Sun, J.L.; Ahn, S.H.; Abd El-Aty, A.M.; Hacimuftuoglu, A.; Kim, H.C.; Shim, J.H.; Shin, S.; Jeong, J.H. Administration of kynurenic acid reduces hyperlipidemia-induced inflammation and insulin resistance in skeletal muscle and adipocytes. Mol. Cell. Endocrinol. 2020, 518, 110928. [Google Scholar] [CrossRef]

	



Dalmas, E.; Rouault, C.; Abdennour, M.; Rovere, C.; Rizkalla, S.; Bar-Hen, A.; Nahon, J.L.; Bouillot, J.L.; Guerre-Millo, M.; Clément, K.; et al. Variations in circulating inflammatory factors are related to changes in calorie and carbohydrate intakes early in the course of surgery-induced weight reduction. Am. J. Clin. Nutr. 2011, 94, 450–458. [Google Scholar] [CrossRef]

	



Burgos-Ramos, E.; Canelles, S.; Rodríguez, A.; Frago, L.M.; Gómez-Ambrosi, J.; Chowen, J.A.; Frühbeck, G.; Argente, J.; Barrios, V. The increase in fiber size in male rat gastrocnemius after chronic central leptin infusion is related to activation of insulin signaling. Mol. Cell. Endocrinol. 2018, 470, 48–59. [Google Scholar] [CrossRef] [PubMed]

	



Perianes-Cachero, A.; Burgos-Ramos, E.; Puebla-Jiménez, L.; Canelles, S.; Viveros, M.P.; Mela, V.; Chowen, J.A.; Argente, J.; Arilla-Ferreiro, E.; Barrios, V. Leptin-induced downregulation of the rat hippocampal somatostatinergic system may potentiate its anorexigenic effects. Neurochem. Int. 2012, 61, 1385–1396. [Google Scholar] [CrossRef]

	



García-Cáceres, C.; Fuente-Martín, E.; Burgos-Ramos, E.; Granado, M.; Frago, L.M.; Barrios, V.; Horvath, T.; Argente, J.; Chowen, J.A. Differential acute and chronic effects of leptin on hypothalamic astrocyte morphology and synaptic protein levels. Endocrinology 2011, 152, 1809–1818. [Google Scholar] [CrossRef] [PubMed]

	



Khan, S.S.; Smith, M.S.; Reda, D.; Suffredini, A.F.; McCoy, J.P., Jr. Multiplex bead array assays for detection of soluble cytokines: Comparisons of sensitivity and quantitative values among kits from multiple manufacturers. Cytometry B Clin. Cytom. 2004, 61, 35–39. [Google Scholar] [CrossRef] [PubMed]

	



Burgos-Ramos, E.; Sackmann-Sala, L.; Baquedano, E.; Cruz-Topete, D.; Barrios, V.; Argente, J.; Kopchick, J.J. Central leptin and insulin administration modulates serum cytokine- and lipoprotein-related markers. Metabolism 2012, 61, 1646–1657. [Google Scholar] [CrossRef]

	



Burgos-Ramos, E.; Canelles, S.; Rodríguez, A.; Gómez-Ambrosi, J.; Frago, L.M.; Chowen, J.A.; Frühbeck, G.; Argente, J.; Barrios, V. Chronic central leptin infusion modulates the glycemia response to insulin administration in male rats through regulation of hepatic glucose metabolism. Mol. Cell. Endocrinol. 2015, 415, 157–172. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Gao, Z.; Yin, J.; Quon, M.J.; Ye, J. S6K directly phosphorylates IRS-1 on Ser-270 to promote insulin resistance in response to TNF-(alpha) signaling through IKK2. J. Biol. Chem. 2008, 283, 35375–35382. [Google Scholar] [CrossRef]

	



Kim, H.G.; Jin, S.W.; Kim, Y.A.; Khanal, T.; Lee, G.H.; Kim, S.J.; Rhee, S.D.; Chung, Y.C.; Hwang, Y.J.; Jeong, T.C.; et al. Leptin induces CREB-dependent aromatase activation through COX-2 expression in breast cancer cells. Food Chem. Toxicol. 2017, 106, 232–241. [Google Scholar] [CrossRef] [PubMed]

	



Bugler-Lamb, A.R.; Hasib, A.; Weng, X.; Hennayake, C.K.; Lin, C.; McCrimmon, R.J.; Stimson, R.H.; Ashford, M.L.J.; Wasserman, D.H.; Kang, L. Adipocyte integrin-linked kinase plays a key role in the development of diet-induced adipose insulin resistance in male mice. Mol. Metab. 2021, 49, 101197. [Google Scholar] [CrossRef]

	



Ceddia, R.B.; Koistinen, H.A.; Zierath, J.R.; Sweeney, G. Analysis of paradoxical observations on the association between leptin and insulin resistance. FASEB J. 2002, 16, 1163–1176. [Google Scholar] [CrossRef]

	



Dreyer, M.G.; Juge-Aubry, C.E.; Gabay, C.; Lang, U.; Rohner-Jeanrenaud, F.; Dayer, J.M.; Meier, C.A. Leptin activates the promoter of the interleukin-1 receptor antagonist through p42/44 mitogen-activated protein kinase and a composite nuclear factor kappaB/PU.1. binding site. Biochem. J. 2003, 370, 591–599. [Google Scholar] [CrossRef]

	



Souza-Almeida, G.; Palhinha, L.; Liechocki, S.; da Silva Pereira, J.A.; Reis, P.A.; Dib, P.R.B.; Hottz, E.D.; Gameiro, J.; Vallochi, A.L.; de Almeida, C.J.; et al. Peripheral leptin signaling persists in innate immune cells during diet-induced obesity. J. Leukoc. Biol. 2021, 109, 1131–1138. [Google Scholar] [CrossRef]

	



Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated with macrophage accumulation in adipose tissue. J. Clin. Invest. 2003, 112, 1796–1808. [Google Scholar] [CrossRef] [PubMed]

	



Metlakunta, A.; Huang, W.; Stefanovic-Racic, M.; Dedousis, N.; Sipula, I.; O’Doherty, R.M. Kupffer cells facilitate the acute effects of leptin on hepatic lipid metabolism. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E11–E18. [Google Scholar] [CrossRef]

	



de Meijer, V.E.; Sverdlov, D.Y.; Le, H.D.; Popov, Y.; Puder, M. Tissue-specific differences in inflammatory infiltrate and matrix metalloproteinase expression in adipose tissue and liver of mice with diet-induced obesity. Hepatol. Res. 2012, 42, 601–610. [Google Scholar] [CrossRef] [PubMed]

	



Huynh, J.; Chand, A.; Gough, D.; Ernst, M. Therapeutically exploiting STAT3 activity in cancer—Using tissue repair as a road map. Nat. Rev. Cancer 2019, 19, 82–96. [Google Scholar] [CrossRef] [PubMed]

	



Balic, J.J.; Albargy, H.; Luu, K.; Kirby, F.J.; Jayasekara, W.S.N.; Mansell, F.; Garama, D.J.; De Nardo, D.; Baschuk, N.; Louis, C.; et al. STAT3 serine phosphorylation is required for TLR4 metabolic reprogramming and IL-1β expression. Nat. Commun. 2020, 11, 3816. [Google Scholar] [CrossRef]

	



Margină, D.; Ungurianu, A.; Purdel, C.; Tsoukalas, D.; Sarandi, E.; Thanasoula, M.; Tekos, F.; Mesnage, R.; Kouretas, D.; Tsatsakis, A. Chronic inflammation in the context of everyday life: Dietary changes as mitigating factors. Int. J. Environ. Res. Public Health 2020, 17, 4135. [Google Scholar] [CrossRef]

	



Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of effector CD4 T cell populations (*). Annu. Rev. Immunol. 2010, 28, 445–489. [Google Scholar] [CrossRef]

	



Zhang, S.; Gang, X.; Yang, S.; Cui, M.; Sun, L.; Li, Z.; Wang, G. The alterations in and the role of the Th17/Treg balance in metabolic diseases. Front. Immunol. 2021, 12, 678355. [Google Scholar] [CrossRef]

	



Soutto, M.; Bhat, N.; Khalafi, S.; Zhu, S.; Poveda, J.; Garcia-Buitrago, M.; Zaika, A.; El-Rifai, W. NF-kB-dependent activation of STAT3 by H. pylori is suppressed by TFF1. Cancer Cell Int. 2021, 21, 444. [Google Scholar] [CrossRef] [PubMed]

	



Benomar, Y.; Wetzler, S.; Larue-Achagiotis, C.; Djiane, J.; Tomé, D.; Taouis, M. In vivo leptin infusion impairs insulin and leptin signalling in liver and hypothalamus. Mol. Cell. Endocrinol. 2005, 242, 59–66. [Google Scholar] [CrossRef]

	



Perry, R.J.; Camporez, J.G.; Kursawe, R.; Titchenell, P.M.; Zhang, D.; Perry, C.J.; Jurczak, M.J.; Abudukadier, A.; Han, M.S.; Zhang, X.M.; et al. Hepatic acetyl CoA links adipose tissue inflammation to hepatic insulin resistance and type 2 diabetes. Cell 2015, 160, 745–758. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, A.; Fernández, Y.; Fernández, R.; Ordóñez, P.; Moreno, M.; Díaz, F.; Patterson, A.M.; González, C. Effect of food restriction on the insulin signalling pathway in rat skeletal muscle and adipose tissue. J. Nutr. Biochem. 2005, 16, 602–609. [Google Scholar] [CrossRef]

	



Kobashi, C.; Asamizu, S.; Ishiki, M.; Iwata, M.; Usui, I.; Yamazaki, K.; Tobe, K.; Kobayashi, M.; Urakaze, M. Inhibitory effect of IL-8 on insulin action in human adipocytes via MAP kinase pathway. J. Inflamm. (Lond). 2009, 6, 25. [Google Scholar] [CrossRef]

	



Li, H.; Wang, C.; Zhao, J.; Guo, C. JNK downregulation improves olanzapine-induced insulin resistance by suppressing IRS1(Ser307) phosphorylation and reducing inflammation. Biomed. Pharmacother. 2021, 142, 112071. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.H.; Yoon, M.S.; Chen, J. Signal transducer and activator of transcription 3 (STAT3) mediates amino acid inhibition of insulin signaling through serine 727 phosphorylation. J. Biol. Chem. 2009, 284, 35425–35432. [Google Scholar] [CrossRef]

	



Cui, X.; Qian, D.W.; Jiang, S.; Shang, E.X.; Zhu, Z.H.; Duan, J.A. Scutellariae radix and coptidis rhizoma improve glucose and lipid metabolism in T2DM rats via regulation of the metabolic profiling and MAPK/PI3K/Akt signaling pathway. Int. J. Mol. Sci. 2018, 19, 3634. [Google Scholar] [CrossRef] [PubMed]

	



Weichhart, T.; Säemann, M.D. The PI3K/Akt/mTOR pathway in innate immune cells: Emerging therapeutic applications. Ann. Rheum. Dis. 2008, 67 (Suppl 3), 70–74. [Google Scholar] [CrossRef] [PubMed]

	



Ao, N.; Ma, Z.; Yang, J.; Jin, S.; Zhang, K.; Luo, E.; Du, J. Liraglutide ameliorates lipotoxicity-induced inflammation through the mTORC1 signalling pathway. Peptides 2020, 133, 170375. [Google Scholar] [CrossRef]

	



Chen, L.; Gao, B.; Zhang, Y.; Lu, H.; Li, X.; Pan, L.; Yin, L.; Zhi, X. PAR2 promotes M1 macrophage polarization and inflammation via FOXO1 pathway. J. Cell. Biochem. 2019, 120, 9799–9809. [Google Scholar] [CrossRef] [PubMed]

	



Kubota, T.; Inoue, M.; Kubota, N.; Takamoto, I.; Mineyama, T.; Iwayama, K.; Tokuyama, K.; Moroi, M.; Ueki, K.; Yamauchi, T.; et al. Downregulation of macrophage Irs2 by hyperinsulinemia impairs IL-4-indeuced M2a-subtype macrophage activation in obesity. Nat. Commun. 2018, 9, 4863. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, M.; Accili, D. All roads lead to FoxO. Cell Metab. 2005, 1, 215–216. [Google Scholar] [CrossRef] [PubMed]

	



Kassouf, T.; Sumara, G. Impact of conventional and atypical MAPKs on the development of metabolic diseases. Biomolecules 2020, 10, 1256. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.Y.; Higginbotham, D.A.; Judd, R.L.; White, B.D. Central leptin increases insulin sensitivity in streptozotocin-induced diabetic rats. Am. J. Physiol. Endocrinol. Metab. 2002, 282, E1084–E1091. [Google Scholar] [CrossRef] [PubMed]

	



Bonzón-Kulichenko, E.; Fernández-Agulló, T.; Moltó, E.; Serrano, R.; Fernández, A.; Ros, M.; Carrascosa, J.M.; Arribas, C.; Martínez, C.; Andrés, A.; et al. Regulation of insulin-stimulated glucose uptake in rat white adipose tissue upon chronic central leptin infusion: Effects on adiposity. Endocrinology 2011, 152, 1366–1377. [Google Scholar] [CrossRef]

	



Sahu, A.; Metlakunta, A.S. Hypothalamic phosphatidylinositol 3-kinase-phosphodiesterase 3B-cyclic AMP pathway of leptin signalling is impaired following chronic central leptin infusion. J. Neuroendocrinol. 2005, 17, 720–726. [Google Scholar] [CrossRef]

	



Sahu, A. Resistance to the satiety action of leptin following chronic central leptin infusion is associated with the development of leptin resistance in neuropeptide Y neurones. J. Neuroendocrinol. 2002, 14, 796–804. [Google Scholar] [CrossRef]








[image: Biomolecules 11 01734 g001 550] 





Figure 1. Effect of chronic central leptin infusion on inflammatory markers in inguinal fat. Relative protein levels of (A) signal transducer and activator of transcription 3 (STAT3) phosphorylated (p) at Ser727 (pSer727STAT3), (B) phosphorylated p38 mitogen-activated protein kinase (p38MAPK) at Thr180 and Tyr182 (pThr180Tyr182p38MAPK), (C) c-Jun N-terminal kinase (JNK) phosphorylated at Thr183 and Tyr185 (pThr183Tyr185JNK), and (D) nuclear factor kappa B (NFkB) phosphorylated at Ser536 (pSer536NFkB), and (E) interleukin (IL)1β, (F) IL-17A, (G) monocyte chemoattractant protein-1 (MCP-1), (H) IL-4 and (I) IL-13 content in the inguinal fat of control rats (C), pair-fed rats (PF) and rats receiving a chronic intracerebroventricular leptin infusion (L). Data are presented as means ± SEM. MFI, median fluorescence intensity; NS, non-significant. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Effect of leptin infusion on inflammatory markers in the liver. Relative protein levels of (A) signal transducer and activator of transcription 3 (STAT3) phosphorylated (p) at Ser727 (pSer727STAT3), (B) phosphorylated p38 mitogen-activated protein kinase (p38MAPK) at Thr180 and Tyr182 (pThr180Tyr182p38MAPK), (C) c-Jun N-terminal kinase (JNK) phosphorylated at Thr183 and Tyr185 (pThr183Tyr185JNK), and (D) nuclear factor kappa B (NFkB) phosphorylated at Ser536 (pSer536NFkB), and (E) interleukin (IL)1β, (F) IL-17A, (G) monocyte chemoattractant protein-1 (MCP-1), (H) IL-4 and (I) IL-13 content in the liver of control rats (C), pair-fed rats (PF) and rats receiving a chronic intracerebroventricular leptin infusion (L). Data are presented as means ± SEM. MFI, median fluorescence intensity; NS, non-significant. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Leptin infusion reduces insulin-related signaling in the subcutaneous fat. Relative protein levels of (A) phosphorylated (p) insulin receptor (pIR), (B) insulin receptor substrate 1 (IRS1) phosphorylated at Ser636 (pSer636IRS1), (C) Akt phosphorylated at Thr308 (pThr308Akt), (D) phosphatase and tensin homologue deleted on chromosome 10 (PTEN) phosphorylated at Ser380 and Thr382-383 (pSer380Thr382-383PTEN), (E) mammalian target of rapamycin (mTOR) phosphorylated at Ser2448 (pSer2448mTOR) and (F) forkhead box O1 (FOXO1) in the subcutaneous adipose tissue of control rats (C), pair-fed rats (PF) and rats receiving a chronic intracerebroventricular leptin infusion (L). Data are presented as means ± SEM. AU, absorbance units; DU, densitometry units; MFI, median fluorescence intensity; NS, non-significant. * p < 0.05, ** p < 0.01. 
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Figure 4. Leptin increases hepatic Akt signaling. Relative protein levels of (A) phosphorylated (p) insulin receptor (pIR), (B) insulin receptor substrate 1 (IRS1) phosphorylated at Ser636 (pSer636IRS1), (C) Akt phosphorylated at Thr308 (pThr308Akt), (D) phosphatase and tensin homologue deleted on chromosome 10 (PTEN) phosphorylated at Ser380 and Thr382-383 (pSer380Thr382-383PTEN), (E) mammalian target of rapamycin (mTOR) phosphorylated at Ser2448 (pSer2448mTOR) and (F) forkhead box O1 (FOXO1) in the liver of control rats (C), pair-fed rats (PF) and rats receiving a chronic intracerebroventricular leptin infusion (L). Data are presented as means ± SEM. AU, absorbance units; DU, densitometry units; MFI, median fluorescence intensity; NS, non-significant. * p < 0.05. 
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Figure 5. Correlations between leptin-, inflammatory- and insulin-related targets. (A) Linear correlation between relative protein levels of signal transducer and activator of transcription 3 (STAT3) phosphorylated (p) at Ser727 (pSer727STAT3) and c-Jun N-terminal kinase (JNK) phosphorylated at Thr183 and Tyr185 (pThr183Tyr185JNK) in the inguinal fat. (B) Linear correlation between relative protein levels of Akt phosphorylated at Thr308 (pThr308Akt) and pSer727STAT3 in the inguinal fat. (C) Linear correlation between relative protein levels of pThr308Akt and pThr183Tyr185JNK in the inguinal fat. (D) Linear correlation between relative protein levels of pSer727STAT3 and pThr183Tyr185JNK in the liver. (E) Linear correlation between relative protein levels of pThr308Akt and pSer727STAT3 in the liver. (F) Linear correlation between relative protein levels of pThr308Akt and pThr183Tyr185JNK in the liver. MFI, median fluorescent intensity. The 95% confidence interval is indicated by hatched curves. Correlation coefficients (r) and p values are represented for each analysis. 
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Figure 6. Proposed mechanism of action. Treatment with leptin increases inflammatory pathways in inguinal fat, stimulating proinflammatory cytokines, as IL-1β. In addition, the augment in the activation of STAT3 in this fat depot may increase phosphorylation of p38MAPK and reduce Akt-related signaling, increasing FOXO1 levels that also promote an inflammatory environment. Proinflammatory cytokines activate inflammatory targets and inhibit Akt-related signaling. On the other hand, the reduction in leptin-related signaling in the liver may favor the increase in Akt activation that inhibits FOXO1. This fact could promote an anti-inflammatory environment in the liver of leptin-treated rats. Activation (or increase) and inhibition (or reduction) in inguinal fat (yellow arrows) or liver (brown arrows) is indicated. Akt, protein kinase B; FOXO1, forkhead box O1; JNK, c-Jun N-terminal kinase; IL, interleukin; NFκB, nuclear factor kappa B; p38MAPK, p38 mitogen-activated protein kinase; STAT3, signal transducer and activator of transcription 3. 
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Table 1. Weight of subcutaneous fat and liver and circulating levels of cytokines.
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	Parameter
	Control
	Pair-Fed
	Leptin





	Inguinal fat weight (%)
	1.02 ± 0.08
	0.94 ± 0.09
	0.64 ± 0.08 ** ##



	Liver weight (%)
	3.62 ± 0.23
	3.82 ± 0.13
	3.99 ± 0.10



	Serum IL-1β (pg/mL)
	25.56 ± 2.63
	17.63 ± 2.40
	39.32 ± 4.77 * #



	Serum IL-17A (pg/mL)
	8.95 ± 1.55
	7.51 ± 1.02
	6.40 ± 0.78



	Serum MCP-1 (pg/mL)
	36.96 ± 3.82
	31.48 ± 2.87
	36.86 ± 3.67



	Serum IL-4 (pg/mL)
	3.25 ± 0.31
	2.93 ± 0.60
	11.09 ± 1.00 *** ###



	Serum IL-13 (pg/mL)
	1.95 ± 0.18
	3.13 ± 0.30 *
	5.65 ± 0.62 * #







Values are means ± SEM of five animals. IL, interleukin; MCP-1; monocyte chemoattractant protein-1. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. C; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. PF. The percentage of inguinal fat and liver weight was calculated in relationship to the total rat body weight.
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