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During the last two decades, nonalcoholic fatty liver disease (NAFLD) has emerged as the most common hepatic disease in pediatrics, mainly owing to the rising prevalence of pediatric obesity. Epidemiological studies have shown that the progressive increase in NAFLD prevalence is associated not only with obesity but also with changes in dietary habits experienced by all age groups, characterized by the increased intake of added sugars and certain fatty acids. In this review article, we focus on the effect of oxidized fatty acids deriving from linoleic acid and arachidonic acid on the pathogenesis and progression of NAFLD in youth.
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Clinical and histopathological features of pediatric NAFLD

The term nonalcoholic fatty liver disease (NAFLD) is used to define a syndrome affecting the liver and spanning from the accumulation of triglycerides in the hepatocytes (steatosis) to cirrhosis and hepatocellular carcinoma with steatohepatitis (NASH) and fibrosis representing intermediate stages (1–5). From a pathophysiologic point of view, insulin resistance (IR) plays a key role in the onset of the process and probably also in its progression (1, 6, 7), but the temporal relationship between these two phenomena is difficult to untangle. It has been shown, in fact, that youth with NAFLD tend to show a greater degree of IR than youth with similar degrees of adiposity, visceral fat, and intramyocellular lipids (8). These data demonstrate the effect of NAFLD on IR, but longitudinal studies also show that youth with obesity who develop NAFLD over time tend to have higher degrees of IR as compared with those who do not develop NAFLD (9, 10). Therefore, the relationship between these two entities is rather complex, but it is likely that IR precedes the onset of intrahepatic fat accumulation and the latter eventually contributes to perpetuating IR (9). This is supported by the fact that youth with NAFLD tend to show a higher prevalence of conditions related to IR, such as high triglycerides (TGs) and LDL, and a high prevalence of prediabetes and type 2 diabetes (T2D) (9, 11–13). This phenotype closely resembles that of metabolic syndrome; therefore, some authors have proposed the term metabolic associated fatty liver disease (14) to indicate the metabolic component of the disease (15, 16). The key issue is that early onset NAFLD seems to have a faster and more aggressive progression than the disease in adults. Youth who develop NAFLD around age 13 have, in fact, have 13.6 times higher risk than disease-free youth of similar age and gender to develop end-stage liver disease in their early 20s (17). Moreover, recently, Simon et al. showed in an ~16-year follow-up study that early onset NAFLD is associated with higher rates of cancer-, liver-, and cardiometabolic-specific mortality compared with matched general population controls (14). These data are in agreement with earlier data in youth showing that pediatric NAFLD is associated with an adverse cardiovascular profile characterized by an increase in small-dense lipoprotein particles and a decrease in HDL-cholesterol (18).

This may be because inflammation and fibrosis develop quite early in youth with NAFLD (17). NASH is a key component of the disease as it drives its progression; NASH is triggered by free fatty acids (FFA) that are not esterified into TGs in the liver (19). These FFA bind the TLR-4 receptor on the membrane of liver macrophages starting a cascade of events that leads to tissue damage and fibrosis (19, 20). Another important factor to take into account is that, from a histological point of view, pediatric NAFLD seems to be slightly different from the adult type as it is characterized by chronic portal inflammation (that is absent or mild in adult NASH) and early onset fibrosis (21). In fact, inflammation in adults is localized mainly in the centrilobular portion of the hepatic lobule (borderline zone 3), whereas in youth, the inflammation is localized in the periportal portion of the hepatic lobule (borderline zone 1) (21). How and whether this different distribution contributes to the progression of the disease in youth remains unknown. A reason for this difference may be the different compartmentalization of the pediatric liver as compared with the adult liver, but there are no data supporting this hypothesis.

Steatohepatitis further worsens the degree of insulin resistance, and as the inflammation worsens, the prevalence of prediabetes and T2D increases (11). Importantly, the prevalence of NAFLD differs among different races and ethnicities, with Hispanic people showing the highest rates and non-Hispanic Black (NHB) people showing the lowest rates (9). The latter group seems to be protected against intrahepatic accumulation despite the degree of obesity and IR (15). However, when NHB develop NAFLD (about 13% of NHB with obesity), they show a more severe degree of IR and higher rates of prediabetes and T2D than Hispanic people (16).



Omega-6 polyunsaturated fatty acid (PUFA)-derived oxylipins

Over the last centuries, the amount and quality of fatty acids introduced into the diet have changed (22). In particular, there has been a progressive increase in omega-6 polyunsaturated fatty acids (n-6 PUFA) (22). The main n-6 PUFA is linoleic acid (LA), a fatty acid that can be introduced only through the diet and, therefore, is indicated as an “essential” fatty acid. This is indispensable for brain development and cell membrane formation; therefore, human milk is rich in LA (23). There should be a balance between n-6 and n-3 PUFA, and the ratio between n-6 and n-3 PUFA should be 1:1 (22). This would be the ideal, but it is in practice unrealistic, and the American Heart Association recommends this ratio to be 4:1. Current nutritional habits, though, are far from what is recommended, and the n-6/n-3 PUFA ratio in the American diet is much higher (about 15/1) (24, 25). This is important because n-3 PUFA carries more beneficial effects and are able to counterbalance the detrimental consequences of an excess of n-6 PUFA (26). The main n-3 PUFA is alpha-linoleic acid (ALA), and it is also an essential fatty acid. The n-6 and n-3 PUFA go through the same enzymatic pathway, but the products obtained are different and have different metabolic effects (27). The main product of LA is arachidonic acid (AA), which is a key precursor of prostaglandins, thromboxanes, and leukotrienes (27). Importantly, under certain conditions, such as the subtle inflammation present in individuals with obesity, LA and AA are oxidized through enzymatic and non-enzymatic mechanisms into oxylipins, such as octadecadenoic and oxo-octadecadenoic acids, derived from LA (OXLAM), and hydroxy-eicosatetraenoic acids derived from the oxidation of AA (OXAA).

Studies in youth and adults with NAFLD show that oxylipins plasma concentrations are associated with liver inflammation and injury in individuals with NAFLD/NASH. Studies in adults also show that individuals with biopsy-proven NASH tend to have higher circulating OXLAM than individuals without NASH (28). A similar effect is shown in youth with obesity and NAFLD (29). In fact, in youth with NAFLD and OXLAM are associated with the plasma concentrations of CK-18 and ALT, two biomarkers of liver injury, whereas this association is not present in individuals without NAFLD (29). These data suggest that oxylipins may contribute to or lead to inflammation when NAFLD occurs. This is possible because of the great amounts of n-6 PUFA in the Western diet tend to accumulate in the liver. To date, though, it is still unclear whether LA and AA are accumulated in the liver and then converted into OXLAM and OXAA or if the conversion happens in the adipose tissue and then the oxidized FFA reache the liver. Although this was never proven, the latter hypothesis is not unlikely given the presence of the so-called “sterile inflammation” (or subtle inflammation) in the adipose tissue of individuals with obesity (30). On the other hand, studies looking at the histology of the liver in individuals with NAFLD show that the liver of individuals with NAFLD/NASH is characterized by high concentrations of intrahepatic n-6 PUFA and a low amount of n-3 PUFA (31). Nutritional studies also show that the intake of AA is associated with liver fibrosis in Hispanic youths with NAFLD, and this evidence further corroborates the link between high n-6 PUFA intake and liver injury in the context of NAFLD (32).

Genetic background also modulates the association between oxylipins and NAFLD. In fact, the strongest genetic determinant of NAFLD, the rs738409 variant (33), affects the association between oxylipins and NAFLD with individuals homozygous for the minor at-risk allele (G) showing a strong association between markers of liver injury and intrahepatic fat content (29). This association is weaker or absent in the other genotypes (26). On the other hand, it is of note that oxylipin concentrations are also dependent on the FADS haplotype (34). FADS is the gene coding for the fatty acid desaturase, a rate-limiting enzyme in the processing of the n-6 PUFA. A study in youth shows that the haplotype associated with lower enzymatic activity (AA) determines high concentrations of LA and OXLAM and lower conversion of LA into AA in youth with obesity (34).

Importantly, it is shown that the detrimental effect of oxylipins in youth with obesity may not be limited to the liver but may extend to the pancreatic beta cell (29). In fact, plasma oxylipin concentrations are associated with a lower disposition index, a biomarker of insulin secretion adjusted by insulin sensitivity, and that youth with T2D have higher plasma concentrations of oxylipins (26). This observation may suggest that oxylipins may be a pathogenic link between NAFLD and diabetes (Figure 1).




Figure 1 | The figure depicts the mechanism through which excess n-6 PUFA and lack of n-3 PUFA in the diet may predispose to NAFLD, diabetes, and cardiovascular disease.



More recently, some studies have pointed out that maternal PUFA plasma concentrations affect the liver metabolism of infants. In fact, Wahab et al. show that maternal low n-3 PUFA and high n-6 PUFA plasma concentrations during pregnancy are associated with the accumulation of fat in the liver during early childhood in the offspring (35).



Mechanisms linking oxylipins to liver injury: The role of inflammasomes

Although oxidative stress is recognized as a key mechanism contributing to hepatocyte injury during NASH development, the direct mechanisms by which oxylipins contribute to liver injury in this context remain incompletely understood. In a recent study (36), we used three different isocaloric high-fat diets containing different amounts of LA (low and high) or enriched with oxylipins to mechanistically understand their impact on the development of liver injury. We further aimed to test whether oxylipins directly modulate the oxidative stress response and innate immunity. The findings identified a role of oxylipins in the activation of the NLRP3 inflammasome linking lipid metabolism with innate immune responses, cell death, and inflammation.



Reversing oxylipins ameliorates NAFLD phenotype and insulin resistance

Given the association between oxylipins and NAFLD/NASH, some studies have targeted these compounds to try to ameliorate NAFLD/NASH. In a clinical trial, Zein et al. show that pentoxifylline is effective in reducing the plasma concentrations of OXLAM and OXAA (37). In particular, the authors enrolled 47 subjects in a 12-month double-blind placebo-controlled clinical trial (37). Of them, 21 were given pentoxifylline, and 26 were given placebo (37). Individuals taking pentoxifylline showed a marked reduction of OXLAM and OXAA, although changes in their progenitors, the LA and AA, respectively, were not different between the groups (37). More interestingly, changes in OXLAM and OXAA were associated with an improvement in liver fibrosis and inflammation evaluated through liver biopsy (37). Despite the interest generated by these data, to date, it is still unclear how pentoxifylline acts. One theory is that it could reduce oxidation occurring during inflammation, reducing the generation of oxygen-derived free radicals and OXLAM and OXAA (37).

It has also been observed that pentoxifylline has an inhibitory effect on hepatic macrophage M1 polarization in high fat diet–induced NAFLD, thus suggesting a potential molecular mechanism by which it could ameliorate fatty liver disease (38).

More recently, a proof-of-concept dietary intervention aimed at reducing the ratio between n-6 and n-3 PUFA in the diet has been published (39). Seventeen youth with obesity and NAFLD underwent a low n-6/n-3 PUFA diet for 12 weeks (39). The study showed that an n-6/n-3 PUFA ratio in the diet of 1 to 4 for 12 weeks is associated with the decline in OXLAM (measured in plasma every 4 weeks) and an ~32% reduction of intrahepatic fat content (39). Interestingly, this study showed also an improvement in insulin sensitivity and glucose tolerance. In fact, three out of the four youth with prediabetes reverted their clinical condition at the end of the intervention (39). A follow-up study has also shown that lowering the n-6/n-3 PUFA ratio causes the amelioration of insulin clearance independent of changes in the hepatic content (40). This further strengthens the assumption that changes in OXLAMs can directly affect insulin metabolism. Despite this evidence, also for the dietary intervention, it is unclear what could be the mechanism leading to these changes. It can be hypothesized that lowering the intake of the substrate (LA) may reduce the formation of OXLAM and also that, when the n-6 PUFA concentration is not overwhelmingly higher than the n-3 PUFA concentration, the latter may better counterbalance the proinflammatory effect of n-6 PUFA.



Conclusions

The data present in the literature about the role of n-6 PUFA in the pathogenesis of NAFLD and T2D clearly suggest that therapeutic efforts should be conducted to reduce plasmatic n-6 PUFA and possibly to reduce n-6 PUFA intake in order to prevent those diseases.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

AF is funded by the National Institutes of Health grants R01 DK113592 and R01AA028134. NS is funded by the National Institutes of Health grants R01 DK111038 and R01 MD015974.



Conflict of interest

AF is an employee and stockholder of Novo Nordisk.

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



References

1. Marzuillo, P, Miraglia del Giudice, E, and Santoro, N. Pediatric fatty liver disease: role of ethnicity and genetics. World J Gastroenterol (2014) 20:7347–55. doi: 10.3748/wjg.v20.i23.7347

2. Marzuillo, P, Del Giudice, EM, and Santoro, N. Pediatric non-alcoholic fatty liver disease: New insights and future directions. World J Hepatol (2014) 6:217–25. doi: 10.4254/wjh.v6.i4.217

3. Loomba, R, Sirlin, CB, Schwimmer, JB, and Lavine, JE. Advances in pediatric nonalcoholic fatty liver disease. Hepatology (2009) 50:1282–93. doi: 10.1002/hep.23119

4. Chalasani, N, Younossi, Z, Lavine, JE, Charlton, M, Cusi, K, Rinella, M, et al. The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American association for the study of liver diseases. Hepatology (2018) 67:328–57. doi: 10.1002/hep.29367

5. Angulo, P. Nonalcoholic fatty liver disease. N Engl J Med (2002) 346:1221–31. doi: 10.1056/NEJMra011775

6. Loomba, R, Friedman, SL, and Shulman, GI. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell (2021) 184:2537–64. doi: 10.1016/j.cell.2021.04.015

7. Birkenfeld, AL, and Shulman, GI. Nonalcoholic fatty liver disease, hepatic insulin resistance, and type 2 diabetes. Hepatology (2014) 59:713–23. doi: 10.1002/hep.26672

8. D'Adamo, E, Cali, AM, Weiss, R, Santoro, N, Pierpont, B, Northrup, V, et al. Central role of fatty liver in the pathogenesis of insulin resistance in obese adolescents. Diabetes Care (2010) 33:1817–22. doi: 10.2337/dc10-0284

9. Tricò, D, Caprio, S, Rosaria Umano, G, Pierpont, B, Nouws, J, Galderisi, A, et al. Metabolic features of nonalcoholic fatty liver (NAFL) in obese adolescents: Findings from a multiethnic cohort. Hepatology (2018) 68:1376–90. doi: 10.1002/hep.30035

10. D'Adamo, E, Santoro, N, and Caprio, S. Metabolic syndrome in pediatrics: Old concepts revised, new concepts discussed. Pediatr Clin North Am (2011) 58:1241–55. doi: 10.1016/j.pcl.2011.07.005

11. Newton, KP, Hou, J, Crimmins, NA, Lavine, JE, Barlow, SE, Xanthakos, SA, et al. Prevalence of prediabetes and type 2 diabetes in children with nonalcoholic fatty liver disease. JAMA Pediatr (2016) 170:e161971. doi: 10.1001/jamapediatrics.2016.1971

12. Schwimmer, JB, Deutsch, R, Rauch, JB, Behling, C, Newbury, R, and Lavine, JE. Obesity, insulin resistance, and other clinicopathological correlates of pediatric nonalcoholic fatty liver disease. J Pediatr (2003) 143:500–5. doi: 10.1067/S0022-3476(03)00325-1

13. Shapiro, WL, Noon, SL, and Schwimmer, JB. Recent advances in the epidemiology of nonalcoholic fatty liver disease in children. Pediatr Obes (2021) 16:e12849. doi: 10.1111/ijpo.12849

14. Simon, TG, Roelstraete, B, Hartjes, K, Shah, U, Khalili, H, Arnell, H, et al. Non-alcoholic fatty liver disease in children and young adults is associated with increased long-term mortality. J Hepatol (2021) 75:1034–41. doi: 10.1016/j.jhep.2021.06.034

15. Younossi, ZM, Paik, JM, Al Shabeeb, R, Golabi, P, Younossi, I, and Henry, L. Are there outcome differences between NAFLD and metabolic-associated fatty liver disease? Hepatology (2022). doi: 10.1002/hep.32499

16. Younossi, ZM, Rinella, ME, Sanyal, AJ, Harrison, SA, Brunt, EM, Goodman, Z, et al. From NAFLD to MAFLD: Implications of a premature change in terminology. Hepatology (2021) 73:1194–8. doi: 10.1002/hep.31420

17. Feldstein, AE, Charatcharoenwitthaya, P, Treeprasertsuk, S, Benson, JT, Enders, FB, and Angulo, P. The natural history of non-alcoholic fatty liver disease in children: a follow-up study for up to 20 years. Gut (2009) 58:1538–44. doi: 10.1136/gut.2008.171280

18. D'Adamo, E, Northrup, V, Weiss, R, Santoro, N, Pierpont, B, Savoye, M, et al. Ethnic differences in lipoprotein subclasses in obese adolescents: Importance of liver and intraabdominal fat accretion. Am J Clin Nutr (2010) 92:500–8. doi: 10.3945/ajcn.2010.29270

19. Li, L, Chen, L, Hu, L, Liu, Y, Sun, HY, Tang, J, et al. Nuclear factor high-mobility group box1 mediating the activation of toll-like receptor 4 signaling in hepatocytes in the early stage of nonalcoholic fatty liver disease in mice. Hepatology (2011) 54:1620–30. doi: 10.1002/hep.24552

20. Li, L, Chen, L, and Hu, L. Nuclear factor high-mobility group Box1 mediating the activation of toll-like receptor 4 signaling in hepatocytes in the early stage of non-alcoholic fatty liver disease in mice. J Clin Exp Hepatol (2011) 1:123–4. doi: 10.1016/S0973-6883(11)60136-9

21. Brunt, EM, Kleiner, DE, Wilson, LA, Unalp, A, Behling, CE, Lavine, JE, et al. Portal chronic inflammation in nonalcoholic fatty liver disease (NAFLD): A histologic marker of advanced NAFLD-clinicopathologic correlations from the nonalcoholic steatohepatitis clinical research network. Hepatology (2009) 49:809–20. doi: 10.1002/hep.22724

22. Simopoulos, AP. Human requirement for n-3 polyunsaturated fatty acids. Poult Sci (2000) 79:961–70. doi: 10.1093/ps/79.7.961

23. Gan, J, Zhang, Z, Kurudimov, K, German, JB, and Taha, AY. Distribution of free and esterified oxylipins in cream, cell, and skim fractions of human milk. Lipids (2020) 55:661–70. doi: 10.1002/lipd.12268

24. Keim, SA, and Branum, AM. Dietary intake of polyunsaturated fatty acids and fish among US children 12-60 months of age. Matern Child Nutr (2015) 11:987–98. doi: 10.1111/mcn.12077

25. Sioen, I, Huybrechts, I, Verbeke, W, Camp, JV, and De Henauw, S. N-6 and n-3 PUFA intakes of pre-school children in Flanders, Belgium. Br J Nutr (2007) 98:819–25. doi: 10.1017/S0007114507756544

26. de Oliveira Otto, MC, Wu, JH, Baylin, A, Vaidya, D, Rich, SS, Tsai, MY, et al. Circulating and dietary omega-3 and omega-6 polyunsaturated fatty acids and incidence of CVD in the multi-ethnic study of atherosclerosis. J Am Heart Assoc (2013) 2:e000506. doi: 10.1161/JAHA.113.000506

27. Davinelli, S, Intrieri, M, Corbi, G, and Scapagnini, G. Metabolic indices of polyunsaturated fatty acids: Current evidence, research controversies, and clinical utility. Crit Rev Food Sci Nutr (2021) 61:259–74. doi: 10.1080/10408398.2020.1724871

28. Feldstein, AE, Lopez, R, Tamimi, TA, Yerian, L, Chung, YM, Berk, M, et al. Mass spectrometric profiling of oxidized lipid products in human nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. J Lipid Res (2010) 51:3046–54. doi: 10.1194/jlr.M007096

29. Santoro, N, Caprio, S, Giannini, C, Kim, G, Kursawe, R, Pierpont, B, et al. Oxidized fatty acids: A potential pathogenic link between fatty liver and type 2 diabetes in obese adolescents? Antioxid Redox Signal (2014) 20:383–9. doi: 10.1089/ars.2013.5466

30. Kursawe, R, Dixit, VD, Scherer, PE, Santoro, N, Narayan, D, Gordillo, R, et al. A role of the inflammasome in the low storage capacity of the abdominal subcutaneous adipose tissue in obese adolescents. Diabetes (2016) 65:610–8. doi: 10.2337/db15-1478

31. Puri, P, Baillie, RA, Wiest, MM, Mirshahi, F, Choudhury, J, Cheung, O, et al. A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology (2007) 46:1081–90. doi: 10.1002/hep.21763

32. Jones, RB, Arenaza, L, Rios, C, Plows, JF, Berger, PK, Alderete, TL, et al. PNPLA3 genotype, arachidonic acid intake, and unsaturated fat intake influences liver fibrosis in Hispanic youth with obesity. Nutrients (2021) 13. doi: 10.3390/nu13051621

33. Romeo, S, Kozlitina, J, Xing, C, Pertsemlidis, A, Cox, D, Pennacchio, LA, et al. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat Genet (2008) 40:1461–5. doi: 10.1038/ng.257

34. Tricò, D, Di Sessa, A, Caprio, S, Chalasani, N, Liu, W, Liang, T, et al. Oxidized derivatives of linoleic acid in pediatric metabolic syndrome: Is their pathogenic role modulated by the genetic background and the gut microbiota? Antioxid Redox Signal (2019) 30:241–50. doi: 10.1089/ars.2017.7049

35. Wahab, RJ, Jaddoe, VWV, Mezzoiuso, AG, and Gaillard, R. Maternal polyunsaturated fatty acid concentrations during pregnancy and childhood liver fat accumulation. Clin Nutr (2022) 41:847–54. doi: 10.1016/j.clnu.2022.02.012

36. Schuster, S, Johnson, CD, Hennebelle, M, Holtmann, T, Taha, AY, Kirpich, IA, et al. Oxidized linoleic acid metabolites induce liver mitochondrial dysfunction, apoptosis, and NLRP3 activation in mice. J Lipid Res (2018) 59:1597–609. doi: 10.1194/jlr.M083741

37. Zein, CO, Lopez, R, Fu, X, Kirwan, JP, Yerian, LM, McCullough, AJ, et al. Pentoxifylline decreases oxidized lipid products in nonalcoholic steatohepatitis: new evidence on the potential therapeutic mechanism. Hepatology (2012) 56:1291–9. doi: 10.1002/hep.25778

38. Xu, D, Zhao, W, Feng, Y, Wen, X, Liu, H, and Ping, J. Pentoxifylline attenuates nonalcoholic fatty liver by inhibiting hepatic macrophage polarization to the M1 phenotype. Phytomedicine (2022) 106:154368. doi: 10.1016/j.phymed.2022.154368

39. Van Name, MA, Savoye, M, Chick, JM, Galuppo, BT, Feldstein, AE, Pierpont, B, et al. A low ω-6 to ω-3 PUFA ratio (n-6:n-3 PUFA) diet to treat fatty liver disease in obese youth. J Nutr (2020) 150:2314–21. doi: 10.1093/jn/nxaa183

40. Tricò, D, Galderisi, A, Van Name, MA, Caprio, S, Samuels, S, Li, Z, et al. A low n-6 to n-3 polyunsaturated fatty acid ratio diet improves hyperinsulinaemia by restoring insulin clearance in obese youth. Diabetes Obes Metab (2022) 24:1267–76. doi: 10.1111/dom.14695



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

Copyright © 2022 Santoro and Feldstein. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-1019204-g001.jpg
Genetic factors

PNPLA3, GCKR, TM6SF2
N\ | NAFLD

HEPATOCYTE DAMAGE

LIVER INJURY

NASH

HIGH DIETARY N-6 PUFA

2

Macrophages/ ‘
infl;mmasome activation |

v

ENDOTHELIAL
ACCUMULATION
CcvD

OXYLIPINS

BETA CELL DAMAGE

T2D






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





OEBPS/Images/fendo.2022.1019204_cover.jpg
' frontiers | Frontiers in Endocrinology

The role of oxidized lipid
species in insulin resistance
and NASH in children





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of oxidized lipid species in insulin resistance and NASH in children

      

        		

          Clinical and histopathological features of pediatric NAFLD

        



        		

          Omega-6 polyunsaturated fatty acid (PUFA)-derived oxylipins

        



        		

          Mechanisms linking oxylipins to liver injury: The role of inflammasomes

        



        		

          Reversing oxylipins ameliorates NAFLD phenotype and insulin resistance

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





