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Precision nutrition in MASLD should incorporate metabolic and inflammatory phenotyping












	
	OPINION
published: 11 June 2026
doi: 10.3389/fnut.2026.1820240






[image: image2]

Precision nutrition in MASLD should incorporate metabolic and inflammatory phenotyping

Anastasia Ntikoudi*

Department of Nursing, University of West Attica, Athens, Greece

Edited by
Berenice M. Román Calleja, National Institute of Medical Sciences and Nutrition Salvador Zubirán, Mexico

Reviewed by
Giovanni Tarantino, University of Naples Federico II, Italy
 Saiful Anuar Bin Singar, Old Dominion University, United States

*Correspondence
 Anastasia Ntikoudi, antikoudi@uniwa.gr

Received 28 February 2026
 Revised 18 May 2026
 Accepted 27 May 2026
 Published 11 June 2026
 Corrected 29 July 2026

Citation
 Ntikoudi A (2026) Precision nutrition in MASLD should incorporate metabolic and inflammatory phenotyping. Front. Nutr. 13:1820240. doi: 10.3389/fnut.2026.1820240



Keywords
inflammatory, MASLD, metabolic, nutrition, phenotyping


1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is now recognized as the hepatic manifestation of systemic metabolic dysregulation and represents the most prevalent chronic liver disorder globally. Contemporary clinical practice guidelines emphasize lifestyle modification, particularly dietary intervention and sustained weight reduction, as the cornerstone of management (1, 2). Evidence consistently demonstrates that the magnitude of weight loss correlates with improvement in steatohepatitis features and fibrosis regression in a subset of patients (3). Comprehensive reviews further reinforce that structured dietary modification and physical activity can improve hepatic steatosis and cardiometabolic risk parameters (4, 5). Despite this robust evidence base, clinical response to dietary interventions remains heterogeneous, even among individuals achieving comparable weight reduction.

This variability reflects the biological heterogeneity of MASLD. While insulin resistance is widely recognized as a central pathogenic driver, systemic inflammation, dyslipidemia, adipose tissue dysfunction, and intrahepatic metabolic remodeling contribute in varying degrees to disease progression. Mechanistic studies have demonstrated that liver, muscle, and adipose tissue insulin action is directly related to intrahepatic triglyceride content, highlighting the tight coupling between hepatic fat accumulation and systemic insulin resistance (6, 7). At a molecular level, insulin resistance promotes hepatic de novo lipogenesis, increases substrate oversupply, and disrupts lipid partitioning, reinforcing steatosis and metabolic injury (7, 8). In parallel, inflammatory signaling and immune-mediated pathways amplify hepatocellular damage and fibrogenesis (9, 10).

Beyond intrahepatic mechanisms, MASLD reflects a systemic metabolic disorder characterized by complex interactions between insulin resistance, dyslipidemia, adipose tissue dysfunction, and chronic low-grade inflammation (1, 8, 10). These interconnected processes contribute not only to hepatic steatosis and progression to steatohepatitis, but also to broader cardiometabolic risk, including increased cardiovascular disease burden (1, 4). The relative contribution of these mechanisms varies across individuals, giving rise to clinically heterogeneous phenotypes with potentially different therapeutic responses (8, 10). This biological variability provides a strong rationale for moving beyond uniform dietary prescriptions toward phenotype-informed nutritional strategies (4).

Taken together, these interacting metabolic and inflammatory processes generate clinically distinct phenotypic expressions of MASLD, which may reasonably be expected to influence therapeutic responsiveness. However, most dietary trials apply uniform nutritional regimens without stratifying participants according to baseline metabolic or inflammatory burden. Such an approach may dilute signals in responsive subgroups and limit progress toward precision nutrition.

This Opinion argues that metabolic and inflammatory phenotyping, grounded in accessible clinical biomarkers such as insulin resistance indices, triglyceride-to-HDL cholesterol (TG/HDL-C) ratio, and high-sensitivity C-reactive protein (hs-CRP), should inform dietary strategy selection and future MASLD trial design.



2 Insulin resistance as a heterogeneous driver of MASLD

Insulin resistance is a defining feature of MASLD pathophysiology. Early metabolic investigations demonstrated that insulin action in liver, skeletal muscle, and adipose tissue declines proportionally with increasing intrahepatic triglyceride content, underscoring the systemic nature of hepatic steatosis (6). At a molecular level, impaired insulin signaling enhances hepatic de novo lipogenesis through activation of lipogenic transcription factors while reducing suppression of adipose tissue lipolysis, thereby increasing free fatty acid flux to the liver (8, 10). This metabolic environment promotes triglyceride accumulation within hepatocytes and contributes to progression toward steatohepatitis.

More recent studies provide direct evidence that insulin resistance drives hepatic de novo lipogenesis in MASLD. Korenblat et al. (6) and Smith et al. (7) demonstrated that hepatic de novo lipogenesis is markedly increased in insulin-resistant individuals and strongly correlated with intrahepatic triglyceride content. These findings support the concept that hyperinsulinaemia and hyperglycaemia are not merely associated features but active drivers of hepatic lipid synthesis. Importantly, the contribution of de novo lipogenesis to hepatic fat appears particularly pronounced in metabolically dysregulated states.

Dietary macronutrient composition directly influences these pathways. Excessive intake of simple carbohydrates, particularly fructose, stimulates de novo lipogenesis, whereas saturated fat intake contributes to lipotoxicity and mitochondrial dysfunction (11). A comprehensive review of dietary carbohydrates and fats in NAFLD emphasized that macronutrient quality and metabolic context critically shape hepatic lipid handling (11). However, MASLD is not synonymous with uniform insulin resistance severity. Comparative analyses of surrogate indices, including HOMA-IR, the triglyceride-glucose index, and TG/HDL-C ratio, demonstrated heterogeneity in their discriminative performance across populations (12, 13). Some individuals exhibit profound insulin resistance and atherogenic dyslipidemia, whereas others present with hepatic steatosis despite comparatively modest systemic metabolic impairment.

This heterogeneity has direct implications for nutritional strategy. Interventions primarily targeting glycemic load and insulin sensitivity may yield greater benefit in metabolically dominant phenotypes than in individuals whose disease trajectory is more strongly influenced by inflammatory or genetic mechanisms. Routine reporting of baseline insulin resistance metrics, or validated lipid-based surrogates such as TG/HDL-C ratio, would enhance interpretability of dietary trials and facilitate phenotype-stratified analyses.



3 Systemic inflammation as a critical stratification axis

Chronic low-grade inflammation is increasingly recognized as a pivotal contributor to MASLD progression. Adipose tissue macrophage infiltration, dysregulated adipokine secretion, and cytokine-mediated signaling promote hepatocellular injury and fibrogenesis (9, 10). The pathogenesis of MASLD has been comprehensively reviewed as a convergence of metabolic overload and inflammatory activation, in which lipotoxic intermediates, oxidative stress, and immune signaling drive progression from steatosis to steatohepatitis (10).

High-sensitivity CRP, although not liver-specific, provides a widely available measure of systemic inflammatory tone. A recent population-based, cross-sectional analysis across steatotic liver disease phenotypes demonstrated variation in hs-CRP levels, supporting its relevance for clinical characterization (14). Associations between CRP levels, histological, and elastographic indices of NAFLD in individuals with severe obesity further reinforce the role of inflammatory burden in disease severity (15). Importantly, inflammatory markers do not consistently parallel insulin resistance severity, suggesting partially distinct mechanistic trajectories.

Dietary modulation of inflammation is biologically plausible. Mediterranean-style dietary patterns rich in fiber, polyphenols, and unsaturated fats have demonstrated favorable effects in NAFLD populations (16). Moreover, a systematic evaluation of randomized controlled trials comparing low-fat and low-carbohydrate calorie-restricted diets indicates that while weight reduction remains the principal driver of improvement in liver enzymes and hepatic fat content, no clear consensus exists regarding optimal macronutrient composition, underscoring persistent uncertainty in dietary prescription (17). Given the established links between diet composition, insulin signaling, and inflammatory pathways (11), incorporation of inflammatory stratification into dietary trials represents a logical extension of precision nutrition principles.



4 Discussion

A pragmatic approach to precision nutrition in MASLD may be operationalized through a two-axis stratification model incorporating insulin resistance and systemic inflammatory burden. Such an approach reflects the biological heterogeneity of MASLD and provides a clinically accessible framework to support more targeted dietary strategies.

Insulin resistance may be approximated using surrogate indices such as lipid-derived markers, including the triglyceride-to-HDL cholesterol (TG/HDL-C) ratio, which has been associated with insulin resistance and cardiometabolic risk across diverse populations (18–20). Where feasible, the homeostasis model assessment of insulin resistance (HOMA-IR) may provide additional insight, although its clinical utility is limited by the requirement for fasting insulin measurement and the absence of universally accepted thresholds (21, 22). In parallel, systemic inflammatory burden may be approximated using high-sensitivity C-reactive protein (hs-CRP), with established cardiovascular risk categories (< 1 mg/L, 1–3 mg/L, >3 mg/L) offering a pragmatic framework for stratification in clinically stable individuals (23). Although non-specific, hs-CRP reflects low-grade inflammation that is central to the pathophysiology of steatotic liver disease and its cardiometabolic complications (24).

Integrating these axes yields a pragmatic four-phenotype framework comprising metabolic-dominant, inflammatory-dominant, mixed, and low-burden profiles. This classification is not intended as a rigid taxonomy, but rather as a tool to contextualize inter-individual variability in disease expression and therapeutic responsiveness. This framework is intended as a hypothesis-generating clinical tool rather than a definitive classification system. From a practical perspective, these phenotypes may inform dietary emphasis. Within this framework, dietary strategies may be qualitatively tailored. Individuals with metabolically dominant profiles may derive greater benefit from interventions targeting glycaemic load and insulin sensitivity, whereas inflammatory-dominant phenotypes may respond preferentially to dietary patterns with established anti-inflammatory properties, such as Mediterranean-style diets (4, 16, 25). Mixed phenotypes may require combined strategies that address both metabolic and inflammatory drivers.

These phenotype-informed approaches should complement, rather than replace, established lifestyle recommendations. The magnitude of weight loss remains the principal determinant of histological improvement in MASLD, with consistent evidence demonstrating that greater weight reduction is associated with higher likelihood of steatohepatitis resolution and fibrosis improvement (1, 3). Accordingly, stratification should be viewed as a means of refining dietary composition within a shared therapeutic foundation centered on weight reduction.

From a research perspective, incorporation of baseline metabolic and inflammatory phenotyping into dietary intervention trials may enhance interpretability and reduce apparent heterogeneity in outcomes. Standardized reporting of insulin resistance markers, lipid ratios, and hs-CRP would enable pre-specified subgroup analyses and facilitate exploration of effect modification. Such an approach aligns MASLD nutritional research with broader precision medicine paradigms and may improve identification of phenotype-specific responses to dietary interventions.

A further dimension reinforcing the systemic nature of MASLD is its applicable association with subclinical vascular disease. Accumulating evidence indicates that hepatic steatosis is linked to early atherosclerotic changes through shared mechanisms including insulin resistance, chronic inflammation, oxidative stress, and atherogenic dyslipidemia (26–29). Carotid intima-media thickness (cIMT) is a widely used, non-invasive surrogate marker of subclinical atherosclerosis and cardiovascular risk, and has been shown to be increased in individuals with hepatic steatosis (30). While several studies suggest associations between hepatic steatosis severity, inflammatory mediators, and vascular remodeling, the strength and independence of these relationships vary across populations and study designs (31–34). From a clinical perspective, dietary interventions that improve insulin sensitivity and reduce hepatic fat content may concurrently attenuate systemic inflammation and vascular risk, extending the impact of nutritional strategies beyond the liver.



5 Conclusion

Overall, MASLD represents a biologically heterogeneous condition characterized by variable contributions of insulin resistance and systemic inflammation, mechanisms that are unlikely to respond uniformly to identical dietary prescriptions. Continued reliance on non-stratified nutritional strategies risks obscuring phenotype-dependent responsiveness and limiting therapeutic precision. A pragmatic metabolic-inflammatory phenotyping framework grounded in accessible clinical biomarkers offers a feasible pathway toward operationalizing precision nutrition in MASLD. Prospective validation within stratified clinical trials should therefore be considered a methodological priority to determine whether such an approach enhances therapeutic alignment and improves the interpretability of dietary intervention studies.



Author contributions

AN: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declared that financial support was not received for this work and/or its publication.



Conflict of interest

The author(s) declared that the article was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Correction note

This article has been corrected with minor changes. These changes do not impact the scientific content of the article.



Generative AI statement

The author(s) declared that generative AI was used in the creation of this manuscript. Generative AI was used in the language editing of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.



References

 1. European Association for the Study of the Liver (EASL); European Association for the Study of Diabetes (EASD); European Association for the Study of Obesity (EASO). EASL-EASD-EASO Clinical Practice Guidelines on the management of metabolic dysfunction-associated steatotic liver disease (MASLD). J Hepatol. (2024) 81:492–542. doi: 10.1016/j.jhep.2024.04.031

 2. Younossi ZM, Corey KE, Lim JK, AGA. Clinical practice update on lifestyle modification using diet and exercise to achieve weight loss in the management of nonalcoholic fatty liver disease: expert review. Gastroenterology. (2021) 160:912–8. doi: 10.1053/j.gastro.2020.11.051

 3. Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, Torres-Gonzalez A, Gra-Oramas B, Gonzalez-Fabian L, et al. Weight loss through lifestyle modification significantly reduces features of nonalcoholic steatohepatitis. Gastroenterology. (2015) 149:367–78. doi: 10.1053/j.gastro.2015.04.005

 4. Romero-Gómez M, Zelber-Sagi S, Trenell M. Treatment of NAFLD with diet, physical activity and exercise. J Hepatol. (2017) 67:829–46. doi: 10.1016/j.jhep.2017.05.016

 5. Vancells Lujan P, Viñas Esmel E, Sacanella Meseguer E. Overview of non-alcoholic fatty liver disease (NAFLD) and the role of sugary food consumption and other dietary components in its development. Nutrients. (2021) 13:1442. doi: 10.3390/nu13051442

 6. Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, muscle, and adipose tissue insulin action is directly related to intrahepatic triglyceride content in obese subjects. Gastroenterology. (2008) 134:1369–75. doi: 10.1053/j.gastro.2008.01.075

 7. Smith GI, Shankaran M, Yoshino M, Schweitzer GG, Chondronikola M, Beals JW, et al. Insulin resistance drives hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J Clin Invest. 130:1453–1460. doi: 10.1172/JCI134165

 8. Samuel VT, Shulman GI. Nonalcoholic fatty liver disease as a nexus of metabolic and hepatic diseases. Cell Metab. (2018) 27:22–41. doi: 10.1016/j.cmet.2017.08.002

 9. Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the multiple parallel hits hypothesis. Hepatology. (2010) 52:1836–46. doi: 10.1002/hep.24001

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

 11. Yki-Järvinen H, Luukkonen PK, Hodson L, Moore JB. Dietary carbohydrates and fats in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. (2021) 18:770–86. doi: 10.1038/s41575-021-00472-y

 12. Zeng P, Cai X, Yu X, Gong L. Markers of insulin resistance associated with non-alcoholic fatty liver disease in non-diabetic population. Sci Rep. (2023) 13:20470. doi: 10.1038/s41598-023-47269-4

 13. Wang J, Li H, Wang X, Shi R, Hu J, Zeng X, et al. Association between triglyceride to high-density lipoprotein cholesterol ratio and nonalcoholic fatty liver disease and liver fibrosis in American adults: an observational study from the National Health and Nutrition Examination Survey 2017–2020. Front Endocrinol. (2024) 15:1362396. doi: 10.3389/fendo.2024.1362396

 14. Baek SU, Yoon JH. High-sensitivity C-reactive protein levels in metabolic dysfunction-associated steatotic liver disease (MASLD), metabolic alcohol-associated liver disease (MetALD), and alcoholic liver disease (ALD) with metabolic dysfunction. Biomolecules. (2024) 14:1468. doi: 10.3390/biom14111468

 15. Jamialahmadi T, Bo S, Abbasifard M, et al. Association of C-reactive protein with histological, elastographic, and sonographic indices of non-alcoholic fatty liver disease in individuals with severe obesity. J Health Popul Nutr 42, 30. (2023). doi: 10.1186/s41043-023-00372-8

 16. Haigh L, Kirk C, El Gendy K, Gallacher J, Errington L, Mathers JC, et al. The effectiveness and acceptability of Mediterranean diet and calorie restriction in non-alcoholic fatty liver disease (NAFLD): a systematic review and meta-analysis. Clin Nutr. (2022) 41:1913–31. doi: 10.1016/j.clnu.2022.06.037

 17. Varkaneh HK, Poursoleiman F, Al Masri MK, Alras KA, Shayah Y, Masmoum MD, et al. Low fat diet versus low carbohydrate diet for management of non-alcohol fatty liver disease: a systematic review. Front Nutr. (2022) 9:987921. doi: 10.3389/fnut.2022.987921

 18. McLaughlin T, Abbasi F, Cheal K, Chu J, Lamendola C, Reaven G. Use of metabolic markers to identify overweight individuals who are insulin resistant. Ann Intern Med. (2003) 139:802–9. doi: 10.7326/0003-4819-139-10-200311180-00007

 19. He J, He S, Liu K, Wang Y, Shi D, Chen X. The TG/HDL-C ratio might be a surrogate for insulin resistance in Chinese nonobese women. Int J Endocrinol. (2014) 2014:105168. doi: 10.1155/2014/105168

 20. Murguía-Romero M, Jiménez-Flores JR, Sigrist-Flores SC, Espinoza-Camacho MA, Jiménez-Morales M, Piña E, et al. Plasma triglyceride/HDL-cholesterol ratio, insulin resistance, and cardiometabolic risk in young adults. J Lipid Res. (2013) 54:2795–9. doi: 10.1194/jlr.M040584

 21. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9. doi: 10.1007/BF00280883

 22. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes Care. 27:1487–95. doi: 10.2337/diacare.27.6.1487

 23. Ridker PM, Koenig W, Kastelein JJ, Mach F, Lüscher TF. Has the time finally come to measure hsCRP universally in primary and secondary cardiovascular prevention? Eur Heart J. (2018) 39:4109–111. doi: 10.1093/eurheartj/ehy723

 24. Okekunle AP, Youn J, Song S, Chung GE, Yang SY, Kim YS, et al. Predicted pro-inflammatory hs-CRP score and non-alcoholic fatty liver disease. Gastroenterol Rep. 11:goad059. doi: 10.1093/gastro/goad059

 25. Zelber-Sagi S, Salomone F, Mlynarsky L. The Mediterranean dietary pattern as the diet of choice for non-alcoholic fatty liver disease: evidence and plausible mechanisms. Liver Int. (2017) 37:936–49. doi: 10.1111/liv.13435

 26. Targher G, Day CP, Bonora E. Risk of cardiovascular disease in patients with nonalcoholic fatty liver disease. N Engl J Med. (2010) 363:1341–50. doi: 10.1056/NEJMra0912063

 27. Targher G, Byrne CD, Lonardo A, Zoppini G, Barbui C. Non-alcoholic fatty liver disease and risk of incident cardiovascular disease: a meta-analysis. J Hepatol. (2016) 65:589–600. doi: 10.1016/j.jhep.2016.05.013

 28. Zheng J, Zhou Y, Zhang K, Qi Y, An S, Wang S, et al. Association between nonalcoholic fatty liver disease and subclinical atherosclerosis: a cross-sectional study on population over 40 years old. BMC Cardiovasc Disord. (2018) 18:147. doi: 10.1186/s12872-018-0877-2

 29. Targher G, Byrne CD, Tilg H. MASLD: a systemic metabolic disorder with cardiovascular and malignant complications. Gut. (2024) 73:691–702. doi: 10.1136/gutjnl-023-330595

 30. SY, Jung ES, Jung SW, Koo JS, Kim JH, Yeon JE, et al. Carotid intima-media thickness is increased not only in non-alcoholic fatty liver disease patients but also in alcoholic fatty liver patients. Digestion. (2011) 84:149–55. doi: 10.1159/000326854

 31. Badmus OO, Hinds TD Jr, Stec DE. Mechanisms linking metabolic-associated fatty liver disease (MAFLD) to cardiovascular disease. Curr Hypertens Rep. (2023) 25:151–62. doi: 10.1007/s11906-023-01242-8

 32. Suresh MG, Mohamed S, Geetha HS, Prabhu S, Trivedi N, Mehta PD, et al. Cardiovascular implications in metabolic dysfunction-associated steatotic liver disease (MASLD): a state-of-the-art review. Korean Circ J. (2026) 56:103–30. doi: 10.4070/kcj.2025.0212

 33. Wen W, Fan H, Zhang S, Hu S, Chen C, Tang J, et al. Associations between metabolic dysfunction-associated fatty liver disease and atherosclerotic cardiovascular disease. Am J Med Sci. (2024) 368:557–68. doi: 10.1016/j.amjms.2024.06.022

 34. Wong MYZ, Yap JJL, Sultana R, Cheah M, Goh GBB, Yeo KK. Association between non-alcoholic fatty liver disease and subclinical atherosclerosis in Western and Asian cohorts: an updated meta-analysis. Open Heart. (2021) 8:e001850. doi: 10.1136/openhrt-2021-001850

Copyright
 © 2026 Ntikoudi. 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.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Precision nutrition in MASLD should incorporate metabolic and inflammatory phenotyping



		1 Introduction



		2 Insulin resistance as a heterogeneous driver of MASLD



		3 Systemic inflammation as a critical stratification axis



		4 Discussion



		5 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Correction note



		Generative AI statement



		Publisher's note



		References

















OPS/images/cover.jpg
& | trontiers
in Nutrition

Precision nutrition in MASLD
should incorporate metabolic
and inflammatory phenotyping











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
o Nuton







