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Circulating total and H-specific GDF15 levels are elevated in subjects with MASLD but not in hyperlipidemic but otherwise metabolically healthy subjects with obesity

Chrysoula Boutari1 , Konstantinos Stefanakis1 , Stamatia Simati2 , Valentina Guatibonza-García1, Laura Valenzuela-Vallejo1, Ioanna A. Anastasiou2, Margery A. Connelly3, Alexander Kokkinos2 and Christos S. Mantzoros1, 4, 5  
(1)Department of Medicine, Beth-Israel Deaconess Medical Center, Harvard Medical School, 330 Brookline Ave, SL418, Boston, MA 02215, USA

(2)First Department of Propaedeutic Internal Medicine, Medical School, National and Kapodistrian University of Athens, Laiko General Hospital, Athens, Greece

(3)Labcorp, Morrisville, NC 27560, USA

(4)Department of Medicine, Boston Medical Center, Boston University School of Medicine, Boston, MA 02218, USA

(5)Department of Medicine, Boston VA Healthcare System, Boston, MA 02130, USA

 

 
Christos S. Mantzoros
Email: cmantzor@bidmc.harvard.edu


 Contributed equally


Received: 7 April 2024Accepted: 3 May 2024Published online: 18 May 2024
Abstract
Background
Growth differentiation factor 15 (GDF15) is a mitokine, the role of which, total or H-specific, in modulating energy metabolism and homeostasis in obesity-related diseases, such as metabolic dysfunction associated steatotic liver disease (MASLD), has not been fully elucidated in adult humans. We aimed to investigate the fasting and stimulated levels of GDF15, total and H-specific, glucose-dependent insulinotropic polypeptide (GIP) and C-peptide, in two physiology interventional studies: one focusing on obesity, and the other on MASLD.

Methods
Study 1 investigated individuals with normal weight or with obesity, undergoing a 3-h mixed meal test (MMT); and study 2, examined adults with MASLD and controls undergoing a 120-min oral glucose tolerance test (OGTT). Exploratory correlations of total and H-specific GDF15 with clinical, hormonal and metabolomic/lipidomic parameters were also performed.

Results
In study 1, 15 individuals were included per weight group. Fasting and postprandial total and H-specific GDF15 were similar between groups, whereas GIP was markedly higher in leaner individuals and was upregulated following a MMT. Baseline and postprandial C-peptide were markedly elevated in people with obesity compared with lean subjects. GIP was higher in leaner individuals and was upregulated after a MMT, while C-peptide and its overall AUC after a MMT was markedly elevated in people with obesity compared with lean subjects. In study 2, 27 individuals were evaluated. Fasting total GDF15 was similar, but postprandial total GDF15 levels were significantly higher in MASLD patients compared to controls. GIP and C-peptide remained unaffected. The postprandial course of GDF15 was clustered among those of triglycerides and molecules of the alanine cycle, was robustly elevated under MASLD, and constituted the most notable differentiating molecule between healthy and MASLD status. We also present robust positive correlations of the incremental area under the curve of total and H-specific GDF15 with a plethora of lipid subspecies, which remained significant after adjusting for confounders.

Conclusion
Serum GDF15 levels do not differ in relation to weight status in hyperlipidemic but otherwise metabolically healthy individuals. In contrast, GDF15 levels are significantly increased in MASLD patients at baseline and they remain significantly higher compared to healthy participants during OGTT, pointing to a role for GDF15 as a mitokine with important roles in the pathophysiology and possibly therapeutics of MASLD.
Trial registration ClinicalTrials.gov NCT03986684, NCT04430946.
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Background

                        Metabolic dysfunction-associated steatotic liver disease (MASLD), also known as non-alcoholic fatty liver disease (1) is the most common liver disease, which is present in approximately a third of the global population, and it is strongly associated with insulin resistance and metabolic syndrome [1, 2]. MASLDis characterized by more than 5% liver fat accumulation, and it represents a spectrum of histological characteristics ranging from fat deposition in the hepatocyte to inflammation and hepatocyte damage, known as metabolic dysfunction-associated steatohepatitis (MASH) [3]. MASH could lead to complications including liver fibrosis/cirrhosis, hepatocellular carcinoma, and cardiovascular disease [2]. Although MASLD is an emerging public health concern [4–6], at this time, there is only one, very recently U.S. Food and Drug Administration (FDA) approved, pharmacological treatment, resmetirom, which is a thyroid hormone receptor-beta (THR-beta) agonist [7, 8]; thus, lifestyle modification with caloric-restrictive diets, exercise, weight loss, and the management of the components of metabolic syndrome are the mainstay of treatment for MASLD [9]. Additionally, the gold standard for the diagnosis of MASLD involves liver biopsy, an invasive, expensive, and risky procedure, and there is a lack of non-invasive, accurate, diagnostic tools [10, 11]. Thus, there is an unmet clinical need regarding understanding the underlying pathophysiology and developing novel therapeutic and diagnostic tools for MASLD. Of note, recently a modified Delphi process and several voting rounds in which academic professionals and experts from around the world participated in, were conducted by the American Association for Study of Liver Disease (AASLD), the European Association for Study of the Liver (EASL), and the Asociación Latinoamericana para el Estudio del Hígado (ALEH) and led to a change in the nomenclature and the diagnostic criteria for the disease. The Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD), replaced the old, nonspecific, and even stigmatizing due to the terms “alcohol” and “fat”, MASLD terminology [12, 13].
Growth differentiation factor 15 (GDF15) (previously known as macrophage inhibitor cytokine-1) is a secretory protein that belongs to the transforming growth factor beta (TGFβ) superfamily. It is expressed in the liver, skeletal muscle, adipose tissue, kidney, heart, placenta and in macrophages, among others [14]. GDF15 increases in response to various intra- [15, 16] and extra- [17, 18] cellular stress-related conditions, such as mitochondrial or endoplasmic reticulum (ER) defects, energy/overload states, or infections. In addition, its increase is associated with MASLD, heart failure [19], chronic kidney disease (CKD) [20], pulmonary fibrosis [21], sepsis [18], and cancer [22], as it has been demonstrated in either animal models or humans and may have therapeutic or biomarker potential that needs to be studied further [23]. However, the role of GDF15 in humans remains to be fully elucidated.

                        In animals, GDF15 knockout mice exposed to high-fat diet are more likely to become obese and to have impaired glucose tolerance and lower metabolic rate [24]. In contrast, other studies suggested that GDF15 administration to obese mice resulted in body weight reduction by decreasing food intake [25]. Of note, it has been recently suggested that GDF15 enhances body weight and adiposity reduction in obese mice by stimulating the leptin pathway [26]. Data in humans remain controversial. Although some studies have shown a relationship between GDF15 and obesity and thus proposed a role in modulating energy metabolism and homeostasis [27], others have casted doubts on these findings [28, 29]. In MASLD, GDF15 has been studied in animals and humans [30–34].
In addition, many other peptides have been linked with MASLD. In the past, we have shown, through a targeted hormonal investigation, the differential regulation of GLP-1, activins/follistatins, insulin, and insulin growth factors across a wide range of MASLD pathologies [35]. However, we had not assessed levels of glucose-dependent insulinotropic polypeptide (GIP) and C-peptide, whereas the role of GDF15 remains to be elucidated. GIP is an incretin hormone, released by enteroendocrine K-cells in response to glucose intake, and is an important mediator of the early insulin response [36]. C-peptide is one of the segments of proinsulin, representing endogenous insulin secretion by islet β cells and insulin resistance [37], and it has been shown to be significantly associated with MASLD [38].
To further understand the role of GDF15 in the pathophysiology of obesity-related human diseases and to clarify whether GDF15 levels are associated with MASLD, we investigated circulating total and H-specific GDF15 levels in humans with obesity or MASLD at baseline as well as their changes during a mixed-meal test (MMT) or an oral glucose tolerance test (OGTT), respectively. Additionally, we estimated the corresponding levels of GIP and C-peptide and their response after a meal or an oral glucose load. Furthermore, we utilized a multi-omics approach to explore the potential implications of GDF15 in altering metabolic pathways that could contribute to the pathogenesis of MASLD.

Methods
Study 1: physiology interventional study assessing the postprandial levels of GDF15, GIP, and C-peptide, in individuals with normal-weight versus with obesity following a 600-kcal mixed meal test

                           This study (Study 1) (NCT04430946) aimed to assess primarily the fasting and postprandial levels of GDF15, and secondarily C-peptide, and GIP in individuals with absence of metabolic disease other than obesity, compared with a control group of normal weight participants. A one-arm, interventional study was implemented in apparently healthy (free of type 2 diabetes and other obesity-related comorbidities and with minimal fluctuations in body weight [< 5 kg] in the 3 months prior to study initiation) individuals with normal weight or otherwise healthy individuals with obesity. Participants were voluntarily recruited from the outpatient clinics of the 1st Department of Propaedeutic Internal Medicine, Laiko General Hospital, University of Athens, Greece. In brief, fifteen individuals were recruited per weight group and included in the current analysis. The two groups were age- and sex- matched and were directly compared in terms of their response to the same intervention (see below). The intervention was a high-fat mixed meal containing 600 kcal (80% fat, 19% protein, 1% carbohydrates) following an overnight fast. Inclusion criteria were set as follows: age 18–65; body mass index (BMI) ≥ 30 kg/m2 (individuals with obesity); BMI ≤ 25 kg/m2 (normal-weight individuals); body weight fluctuation < 5 kg in the last 3 months. Exclusion criteria were set as follows: uncontrolled hyper- or hypothyroidism; gastrointestinal disorders leading to malabsorption.

Study 2: pathophysiology interventional case–control study assessing the postprandial levels of GDF15, GIP, and C-peptide, in individuals with early stage MASLD and healthy controls undergoing a 75 g OGTT
This study (Study 2) (NCT03986684) aimed to investigate the fasting and postprandial levels of GDF15, C-peptide, and GIP in individuals with early stage MASLD compared with healthy participants. The design and methods have been previously described in detail [35]. Adult participants were voluntarily recruited from the outpatient clinics of the Second Propaedeutic Department of Internal Medicine, Ippokration Hospital, Aristotle University of Thessaloniki, Greece. Thirty-two individuals were enrolled, with 27 being included in the current analysis (5 participants excluded due to limited amount of serum) and were divided into healthy controls and MASLD patients on the basis of ultrasound and fatty liver index (FLI). FLI is a non-invasive clinical score indicating the likelihood of fatty liver disease [FLI = (e0.953  * loge (triglycerides) + 0.139 * BMI + 0.718 * loge (GGT) + 0.053 * waist circumference − 15.745)/(1+e0.953 * loge (triglycerides) + 0.139 * BMI + 0.718 * loge (GGT) + 0.053 * waist circumference − 15.745) × 100], < 30 or FLI < 60 and normal liver ultrasound imaging [39]. In the MASLD group, we included patients with an FLI ≥ 30 and ultrasound imaging indicating fatty liver, based on the following ultrasound parameters: parenchymal brightness, liver-to-kidney contrast, deep beam attenuation, bright vessel walls, and gallbladder wall definition. Qualitative grades were conveniently labeled mild, moderate, or severe or grade 0 to 3 (with 0 being normal) [40]. People with FLI ≥ 60 and fibrosis-4 score (FIB-4) > 3.25, any secondary cause of fatty liver, alcoholic or drug-induced hepatitis, and viral or autoimmune hepatitis were excluded. All participants underwent a 75-g OGTT following an overnight fast, wherein blood samples were collected immediately before glucose administration and every 30 min postprandially, for up to 120 min. In addition, vital signs (heart rate, blood pressure, temperature), and anthropometric measurements were conducted.
It is worth mentioning that both studies are interventional studies, but also have a cross-sectional component as well. Specifically, they utilized acute interventions (subjects in study 1 underwent MMT and participants in study 2 underwent a 75-g OGTT) rather than prolonged treatments.

Clinical and biochemical measurements
Anthropometric data were measured in the fasting state, in the morning during all visits. Body weight was measured without shoes, and in light clothing, and patient BMI was calculated.
In both studies, after anthropometric assessment, an intravenous cannula was placed in the forearm of each participant before meal consumption and 20 ml of venous blood was drawn immediately before the meal and at 30-min intervals (for a total of 180 min in study 1; and 120 min in study 2). Four ml-EDTA tubes preprepared with the addition of Aprotinin 100 KIU/ml (Nordic Pharma Ltd, Reading, UK) were used for whole blood collection. Blood samples were centrifuged immediately at 4000 rpm at 4 °C in order for separated serum to be obtained. Following centrifuging, tubes were stored at − 80 °C.
Serum fasting glucose, insulin (Study 2 only), HbA1c, lipids, and liver enzymes, were measured using conventional hospital equipment. No patient had a known history of diabetes mellitus, whereas at baseline only 2 patients from Study 2 had levels of HbA1c > 6%

Assays
Total GDF15, H-specific GDF15 (H2O2D variant non-detectable), and C-peptide were measured using two novel enzyme-linked immunosorbent assays (ELISA) (Ansh Labs LLC, Webster, TX, USA) as previously described [28]. GIP was measured by ELISA (Mercodia, Uppsala, Sweden).

Omics measurements
For study 2, metabolomics and lipidomics analysis were measured with nuclear magnetic resonance spectroscopy (NMR) by Labcorp (Morrisville, USA). The complete list of the biomarkers measured and used for the -omics analysis can be found in Supplementary Table 1. NMR spectra were acquired on a Vantera® Clinical Analyzer, a 400 MHz NMR instrument, from fasting EDTA plasma samples as described for the NMR LipoProfile® test (Labcorp, Morrisville, NC) [41]. The LP4 deconvolution algorithm was used to report lipoprotein particle concentrations and sizes, as well as concentrations of metabolites such as total branched-chain amino acids, valine, leucine, and isoleucine, alanine, glucose, citrate, glycine, total ketone bodies, β-hydroxybutyrate, acetoacetate, acetone [42–47]. For more details on omics measurements see Supplementary Material.

Statistical analysis
Statistical analysis was performed with SPSS Version 28.0 (IBM Corp., Armonk, NY), MetaboAnalystR (v. 6.0), Rstudio 2023.12.0 (Posit) using R v. 4.3.1 (The R Foundation), and Prism 9.3.1. (GraphPad Software Inc, La Jolla, CA). All variables were assessed for normality using the Shapiro–Wilk test; results are presented in tables as means ± SD in case of normally distributed variables, or interquartile ranges for non-normally distributed variables. Figures implement mean values ± standard errors of the mean to facilitate readability. An independent samples t-test/Mann Whitney U test depending on normality was performed for baseline characteristics comparisons, followed by ANCOVA to adjust for covariates. To analyze the changes in total and H-specific GDF15, GIP, and C-peptide levels in controls and MASLD during the OGTTs or MMTs a mixed-effects model was fitted, matching for subjects and assigning factors time (MMT or OGTT minutes) and group as repeated measures, with compound symmetry set as repeated covariance type. Time, group, and time * group were set as fixed effects. Post-hoc Fisher’s LSD tests were performed to check for differences between groups. Areas under the curve (AUCs) and incremental AUCs (iAUCs) were calculated using the trapezoid rule. For exploratory correlation analyses, Pearson’s correlation coefficients were calculated, using pairwise matching, and Partial correlations adjusting for covariates i.e., age and BMI, were additionally conducted. There was minimal missingness throughout both datasets, with data for all applicable variables missing completely at random (MCAR) per Little’s MCAR test. Outliers beyond the mean + 3 * SD range within each group were removed. A secondary analysis was performed after imputation using last observation carried forward, which was only applicable to a specific subset of variables with few missing values, and produced identical or overwhelmingly similar results (data not shown).
For the analysis and unsupervised hierarchical clustering of postprandial and hormonal data we implemented an approach using packages dplyr, tidyr, VIM, ggplot2 and reshape2 on R. We first performed an one-way analysis of variance (ANOVA) of all applicable postprandial variables (metabolites, lipids, NMR indices and hormones) to define variables that changed postprandially by group. After applying the Benjamini–Hochberg false discovery rate (BH-FDR) correction to account for multiple comparisons, significant features were averaged across datapoints, z-scored (scaled) and hierarchically clustered to create the heatmap. Intra-cluster features were further plotted across each patient group to display their time-related course across the MMT. For all intra-cluster elements, we ran mixed effects models with fixed effects time, group, and time * group in a manner identical to the one described above for the hormones, also applying the false discovery rate correction. For the 2-dimensional classifiers, PCA biplots were drawn using omics and applicable hormonal features after scaling. If any, missing values in clinical features were imputed according to column means. Plotted vectors were selected from the top loadings’ absolute length and plotted as overlaid arrows over the biplots. PLS-DA was performed on MetaboAnalystR using time * group as a sample grouping factor, which additionally extracted the top features and corresponding VIF values, reflecting the contribution of each variable to component separation.

Ethics
Study 1 was approved by the Institutional and Ethics review boards of Laiko General Hospital, and Study 2 was approved by the Institutional and Ethics review board of Ippokration Hospital. Both studies received exempt status approval by the Beth Israel Deaconess Medical Center (BIDMC) Institutional Review Board (IRB), and conducted in accordance with the Declaration of Helsinki. All participants provided written informed consent. Samples were analyzed blindly at both BIDMC, Boston MA, USA and Ansh Laboratories, Webster, TX in the USA and data were statistically analyzed at BIDMC, Boston MA, USA.
All authors had access to the study data and reviewed and approved the final manuscript.


Results
Study 1
Anthropometric and basic biochemical variables
Baseline characteristics of participants with normal weight and obesity are presented in Table 1. There were expected between-groups differences in body composition and basic lipemic and glycemic indices, with leaner individuals displaying markedly lower BMI (22.1 ± 1.9 kg/m2 vs. 37.8 ± 5.4 kg/m2, p < 0.001), waist (75.8 ± 6.7 cm vs. 109.1 ± 12.5 cm, p < 0.001) and hip circumferences (95.2 ± 5.6 cm vs. 127 [121–134] cm, p < 0.001) compared with the group with obesity. Liver function tests were similar, with the exception of AST which attained significance, being higher in people with obesity when adjusted for BMI and sex (p = 0.025). Total cholesterol was similar between groups, whereas HDL-C was higher in people with normal weight compared with those with obesity and triglycerides were markedly elevated in people with obesity, differences which were primarily BMI- and sex-determined. Insulin, fasting glucose, HOMA-IR, and HbA1c were also higher in people with obesity, with no participants displaying prediabetes.Table 1Study 1 Baseline characteristics


	 	All (n = 30)
	People with normal weight (n = 15)
	People with obesity (n = 15)
	p-valuea
	p-valueb
	p-valuec

	Age (years)
	30.5(28–36)
	29(27.5–33)
	35.8 ± 8.7
	0.092
	0.07
	NA

	Sex (n = female)
	21
	11
	10
	0.715
	NA
	NA

	Anthropometric variables

	Weight (kg)
	87.5 ± 29.1
	62.6 ± 11.2
	112.3 ± 17.4
	< 0.001
	0.397
	< 0.001

	BMI (kg/m2)
	27.6(21.8–37.5)
	22.1 ± 1.9
	37.8 ± 5.4
	< 0.001
	NA
	< 0.001

	Waist circumference (cm)
	93.1 ± 19.7
	75.8 ± 6.7
	109.1 ± 12.5
	< 0.001
	0.387
	< 0.001

	Hip circumference (cm)
	119(95–127)
	95.2 ± 5.6
	127(121–134)
	< 0.001
	0.6
	< 0.001

	Waist/Hip ratio
	0.8 ± 0.1
	0.8 ± 0
	0.8 ± 0.1
	0.091
	0.563
	0.2

	Liver function

	AST (U/L)
	16.5(14–18.8)
	16.7 ± 2.8
	17(14.5–18)
	0.835
	0.025
	0.24

	ALT (U/L)
	15.5(12–21.5)
	14(12–17.5)
	18(14.5–26)
	0.061
	0.231
	0.116

	GGT (U/L)
	15(11–23)
	13(12–19.5)
	19(11–28)
	0.483
	0.122
	0.936

	Lipid profile

	Total cholesterol (mg/dl)
	185.5(161.2–206)
	184(167.5–200.5)
	184.1 ± 31.4
	0.934
	0.174
	0.832

	HDL-C (mg/dl)
	57.3(45.5–72.5)
	67.3 ± 14.2
	45.8(43.5–55.3)
	0.005
	0.095
	0.014

	LDL-C (mg/dl)
	109.7 ± 31.5
	102.9 ± 32.9
	117.1 ± 29.3
	0.229
	0.449
	0.272

	Triglycerides (mg/dl)
	70(57–82.8)
	62.1 ± 21.1
	77(69–121)
	0.008
	0.8
	0.026

	Glucose metabolism

	Insulin (μIU/ml)
	9.4(6.7–14.9)
	6.8 ± 2.3
	15.2(12.5–17.9)
	< 0.001
	0.861
	0.027

	Glucose (mg/dl)
	85(78–89.2)
	80.6 ± 7.4
	88(84.5–90.8)
	0.05
	0.066
	0.176

	HOMA-IR
	5.2 ± 0.2
	5 ± 0.2
	5.3(5.3–5.4)
	0.002
	0.308
	0.004

	HbA1c (%)
	9.4(6.7–14.9)
	6.8 ± 2.3
	15.2(12.5–17.9)
	< 0.001
	0.861
	0.027


Bold values indicate the statistically significant p-values
Data are presented as mean ± SD if normally distributed and as median with IQR if not normally distributed
p-valuea: T-test comparing groups, reflecting the significance of an independent sample T-test for normally distributed variables or a Mann–Whitney U-test for non-normally distributed variables
p-valueb: Analysis of covariance (ANCOVA) between individuals with normal weight versus individuals with obesity adjusted by BMI, and Sex
p-valuec: Analysis of covariance (ANCOVA) between individuals with normal weight versus individuals with obesity adjusted by Waist hip, Sex, Age




The postprandial levels of total and H-specific GDF15 are similar between people with normal weight and obesity following consumption of a high-fat meal

                              Fasting total and H-specific GDF15 were not significantly different between the two groups (p = 0.48 and p = 0.07 respectively) (Fig. 1a, b). Consumption of a meal with elevated caloric fat content resulted in no significant between-groups differences in either total or H-specific GDF15 AUC (p = 0.312 and 0.155, respectively). The iAUC of total GDF15 was likewise similar (p = 0.44), whereas H-specific GDF15 displayed a more accentuated time-related increasing trend in individuals with normal weight (p-time < 0.001) as indicated by a markedly higher iAUC (2336 ± 3720 vs. − 908 ± 3927 in people with normal weight vs. with obesity, respectively; p = 0.02) (Fig. 1).[image: ]
Fig. 1Fasting levels of total and H-specific GDF15, GIP, and C-peptide and their response to a mixed meal test in Study 1. Bars/points, and error bars reflect means ± SEM. Within bar charts, *, **, *** for the unpaired t-test with Welch’s correction comparing columns. Within line graphs, Time, Group and Time * Group for the fixed effects in the linear mixed effects models; and *, **, *** for the post-hoc LSD tests comparing groups within each respective timepoint



GIP is robustly upregulated in people with normal weight whereas C-peptide remains higher in people with obesity, following consumption of a high-fat meal
Fasting levels of GIP were similar across the two groups (p = 0.813). Yet the postprandial secretion of GIP was markedly accentuated in the normal-weight group compared with people with obesity (p-treatment = 0.008), peaking at t = 120 min, in contrast with a delayed secretion and peak at t = 180 min in the obesity group. This was further reflected in the marked differences in postprandial AUC (7480 ± 3457 vs. 4444 ± 1747 pmol/L * min, in people with normal-weight and obesity, respectively; p = 0.006) and iAUC (6781 ± 3597 vs. 3783 ± 1596 likewise; p = 0.008) (Fig. 1c). On the contrary, fasting C-peptide was markedly upregulated in people with obesity (3.6 ± 1.04 ng/mL vs. 1.88 ± 0.49 ng/mL likewise; p < 0.001), potentially indicating a milieu of increased insulin resistance. There was a robust difference in the overall AUC of C-peptide, reflective of the baseline difference, being more pronounced in people with obesity (406 ± 49 vs. 696 ± 189, respectively; p < 0.001), whereas C-peptide iAUC was similar between groups (p = 0.42) (Fig. 1d).


Study 2
Anthropometric and basic biochemical variables
Baseline anthropometric and biochemical of the MASLD and healthy controls (n = 13 and n = 14, respectively) are presented in Table 2. Twenty-seven individuals underwent an OGTT. The controls were more than a decade younger than the MASLD patients (p = 0.002). The mean BMI was 24.7 ± 2.5 kg/m2 for the controls, significantly different from that for MASLD patients (30.1 [29.4–31.4] kg/m2) (p < 0.001). In addition, MASLD patients had significantly larger waist and hip circumferences compared to the controls (p = 0.002 and p = 0.031, respectively). As expected, the MASLD group had the least favorable profile of liver function tests, with significantly higher levels of AST and ALT compared to the control group (p = 0.018 and p = 0.009, respectively) which were primarily BMI- and sex-determined. Lipids were similar between groups, whereas glycemic indices were less favorable in the MASLD group compared to the controls, with significantly higher insulin (p = 0.002), glucose levels (p = 0.006), HOMA-IR (p < 0.001) and HbA1c (p = 0.005) (Table 2).Table 2Study 2 baseline characteristics


	Parameters
	All (n = 27)
	Controls (n = 14)
	MASLD (n = 13)
	p-valuea
	p-valueb
	p-valuec

	Age (years)
	47.8 ± 13.8
	38.5 (30.5–42.5)
	55.6 ± 11
	0.002
	0.002
	NA

	Sex (n = female)
	14
	10
	4
	0.042
	NA
	NA

	Anthropometric variables

	Weight (kg)
	79.8 ± 18.2
	68.3 ± 10
	92.2 ± 17
	< 0.001
	0.661
	< 0.001

	BMI (kg/m2)
	27(24.8–30.1)
	24.7 ± 2.5
	30.1(29.4–31.4)
	< 0.001
	NA
	< 0.001

	Waist circumference (cm)
	98(93–102)
	93 ± 7
	102(98–122)
	0.002
	0.587
	0.041

	Hip circumference (cm)
	106 ± 12
	101 ± 11
	111 ± 11
	0.031
	0.55
	0.043

	Waist/Hip ratio
	1 ± 0.1
	0.9(0.9–0.9)
	1 ± 0.1
	0.09
	0.91
	NA

	Liver function

	AST (U/L)
	28 ± 12
	23 ± 10
	33 ± 12
	0.018
	0.122
	0.16

	ALT (U/L)
	27 ± 14
	16(15–22)
	34 ± 11
	0.009
	0.187
	0.003

	GGT (U/L)
	17(13–23)
	15(12–21)
	19(15–26)
	0.166
	0.377
	0.169

	Lipid profile

	Total cholesterol (mg/dl)
	174 ± 36
	175 ± 24
	172 ± 46
	0.809
	0.61
	0.523

	HDL-C (mg/dl)
	48 ± 14
	51 ± 10
	42(36–46)
	0.333
	0.93
	0.591

	LDL-C (mg/dl)
	106 ± 27
	105 ± 17
	108 ± 36
	0.775
	0.416
	0.801

	Triglycerides (mg/dl)
	104 ± 46
	98 ± 32
	109 ± 57
	0.547
	0.682
	0.95

	Glucose metabolism

	Insulin (μIU/ml)
	18.2 ± 8.1
	13.9 ± 7.2
	22.9 ± 6.4
	0.002
	0.218
	0.006

	Glucose (mg/dl)
	95 ± 13
	88 ± 8
	102 ± 14
	0.006
	0.042
	0.256

	HOMA-IR
	78.6 ± 38.6
	56.1 ± 31.9
	102.9 ± 29.9
	< 0.001
	0.088
	0.009

	HbA1c (%)
	5.4(5–5.7)
	5.1 ± 0.4
	5.8 ± 0.7
	0.005
	0.121
	0.173


Bold values indicate the statistically significant p-values
Data are presented as mean ± SD if normally distributed and as median with IQR if not normally distributed
p-valuea: T-test comparing groups, reflecting the significance of an independent sample T-test for normally distributed variables or a Mann–Whitney U-test for non-normally distributed variables
p-valueb: Analysis of covariance (ANCOVA) between healthy individuals versus individuals with MASLD adjusted by BMI, and Sex
p-valuec: Analysis of covariance (ANCOVA) between healthy versus MASLD subjects adjusted by waist hip, Sex, Age




Fasting total GDF15 levels are markedly elevated in MASLD
Regarding baseline total and H-specific GDF15 levels, total GDF15 was similar between MASLD patients and controls (776.1 ± 296.4 vs. 581.5 ± 230.6 pg/mL, p = 0.09). H-specific GDF15 levels were likewise not significantly different between those groups (Fig. 2a, b). Fasting C-peptide levels were markedly different between MASLD patients compared with controls (1.59 vs. 2.69 ng/mL, p = 0.002) (Fig. 2d), while GIP levels likewise did not differ between the two groups (4.34 vs. 3.37 pmol/L, p = 0.58) (Fig. 2c).[image: ]
Fig. 2Fasting levels of total and H-specific GDF15, GIP, and C-peptide and their response to 75 g OGTT in Study 2. Bars/points, and error bars reflect means ± SEM. Within bar charts, *, **, *** for the unpaired t-test with Welch’s correction comparing columns. Within line graphs, Time, Group and Time * Group for the fixed effects in the linear mixed effects models; and *, **, *** for the post-hoc LSD tests comparing groups within each respective timepoint



Total and H-specific GDF15, C-peptide and GIP in response to 75-g OGTT

                              Postprandial GDF15 increased throughout the MMT in the MASLD group across all timepoints (group = 0.04, between-group post-hocs < 0.05). The AUC for total GDF15 levels was significantly higher in the MASLD group compared to the control group (61,399 ± 26,388 vs. 91,673 ± 34,508 pg/mL * min, p = 0.018) (Fig. 2a). H-specific GDF15 levels were not significantly different between people with MASLD and controls (47,155 ± 36,145 vs. 47,518 ± 23,308 pg/mL * min vs. p = 0.957) (Fig. 2b).
As for the AUCs for C-peptide and GIP levels, they did not differ between the two groups (p = 0.25 and p = 0.567, respectively) (Fig. 2c, d).

Association of GDF15, C-peptide and GIP with markers of the metabolomic/lipidomic profile in all individuals
To further explore any potential pathophysiological role of GDF15, C-peptide, and GIP in metabolomic/lipidomic pathways, we clustered and plotted the postprandial levels of all applicable metabolites, lipids, and features from the 60-variable LabCorp platform, alongside postprandial levels of examined hormones. The fasting and postprandial profiles are presented in Fig. 3. The top variables (omics and hormones) according to ANOVA during the MMT, following the BH-FDR correction, were hierarchically clustered into 5 clusters that pinpointed functionally related and commonly regulated molecules (Fig. 3a, b). Cluster 1 (blue) contained BCAAs and ketogenesis-related molecules and displayed a downward trend until the end of the OGTT for both groups, which was notably steeper in healthy participants compared with MASLD. Cluster 2 (red) contained triglyceride and components of the alanine cycle, alongside GDF15, and was downregulated in healthy participants while remaining relatively stable for MASLD patients. Cluster 3 (green) contained HDLs and was stable in MASLD patients during the OGTT, all the while increasing in healthy participants. MMV markers and glucose metabolism clusters showed an increase until the end of the OGTT for both groups (Fig. 3b). Further examination of omics variables with mixed effects models akin to the ones ran for the hormones (Figs. 1, 2) revealed BCAAs, (valine, leucine, isoleucine), the NMR-based Diabetes Risk Index (DRI) as well as Lactate and glutamine (Fig. 3c–e).[image: ]
Fig. 3Fasting and postprandial metabolipidomic profiles, GDF15, C-peptide and GIP in Study 2. a Hierarchically clustered heatmap of top FDR-corrected metabolite and hormonal variances during the OGTT for both groups. Unsupervised clustering pinpointed 5 distinct clusters which contain functionally related and commonly regulated molecules across healthy and MASLD participants, with distinct time courses elucidated in (b), demonstrating the overall normalized trends of all features (simple lines) and the aggregate average line of each cluster (thicker line). c, d, e Split violin plots of the mixed effects models analysis with factors time (denoting OGTT minutes), group (denoting healthy vs. MASLD) and the time * group interaction, showing only molecules with either significant fixed effect and accompanied by FDR-adjusted corresponding p-values. These molecules also belong to the clusters shown in (a) and (b) and are presented likewise. Within-violin bars represent interquartile ranges, rhombuses means, and error bars standard deviations. Circles represent female and triangles male participants. f PLS-DA of all group-time combinations showcasing a distinct overlay and trend for differentiation between MASLD and healthy, alongside VIP scores of the top significant variables driving this differentiation (g). h and i unsupervised PCA within groups analyses of the circulating metabolipidome during all OGTT timepoints demonstrating vectors of the top 5 significant variables driving OGTT variance across each component, for healthy participants and participants with MASLD, respectively


To fully map data dimensionality and pinpoint the postprandial features separating healthy from MASLD status during the MMT, we performed a partial least squares discriminant analysis on postprandial omics and hormonal data, clustering according to healthy versus MASLD status (Fig. 3f). There was a clear differentiation of the MASLD biochemical profile regardless of meal timepoint, with the top significant variables responsible for this differentiation per variance importance projection scores (VIP) being total GDF15, large LDL particles (L.cLDLP), small LDL particles (S.cLDLP), alanine (Ala), and total BCAA (Fig. 3g). We also present unsupervised principal component analyses of the postprandial omics and hormonal profiles indicating the most significant variables driving OGTT variance across each component for each group, notably indicating HDLs and ApoA1 as significant features in the healthy group, and ApoB, LDL particles and glycine as significant features in the MASLD group (Fig. 3h, i).
To further assess potential relationships of co-regulation between omics variables and hormones, we performed exploratory correlations (Suppl. Tables 2–4) of total and H-specific GDF15, C-peptide, and GIP with 60 lipids and metabolites (Suppl. Table 1) at baseline (fasting) and during the OGTT (AUCs and iAUCs) in Study 2. Our analysis showed a negative relationship between both baseline and AUC total GDF15 with the large LDL particles (L-LDLP), mean LDL size (LDLZ), LDL cholesterol (LDLC), glycine, and the proinflammatory marker GlycA (Suppl. Tables 2, 3). To the contrary, a positive relationship between baseline and AUC total GDF15 and the metabolic malnutrition index (MMX) was observed (Suppl. Tables 2, 3). However, none of these correlations persisted after adjusting for age and BMI (Suppl. Tables 2, 3). The AUC of total GDF15 was positively correlated with large and very large triglyceride-rich lipoprotein particles, the triglyceride size (TRLZ), isoleucine, alanine, and glutamine, ketone bodies, acetone, and the Lipoprotein Insulin Resistance (LP-IR) Score and Diabetes Risk Index (DRI). Of note, the LP-IR Score is a lipoprotein particle-derived score [48] and the DRI was developed by combining the LP-IR Score and the branched chain amino acids (BCAAs), valine (Val) and leucine (Leu) [49]. Both of them have been associated with increased risk of T2D. The AUC of total GDF15 was further negatively correlated with large LDL particles, LDL cholesterol, and H7P HDL cholesterol. These correlations did not persist after adjustments (Suppl. Table 3). However, the iAUC of total GDF15 was positively correlated with a plethora of lipid subspecies and BCAAS, with H-specific GDF15 also being correlated with lipids, correlations which remained significant even after adjustments. (Suppl. Table 4). The significance of all correlation coefficients was however lost upon applying corrections for multiple comparisons.



Discussion
Our study uncovers novel data on the physiology of GDF15, GIP, and C-peptide in leanness, obesity, and MASLD. In study 1, we show that both fasting and postprandial GDF15 levels are unaffected by weight status in healthy individuals, whereas the levels of GIP are markedly elevated in leaner individuals compared with people with obesity and are robustly increased following a high-fat meal. To the contrary, the baseline C-peptide levels and their overall AUC were markedly elevated in people with obesity compared with lean subjects, without any significant difference between the two groups after a fatty meal. Expanding upon the pathophysiology of MASLD through study 2, we further show that MASLD is characterized by higher total but not H-specific GDF15 levels following an OGTT, whereas GIP and C-peptide remain unaffected. We additionally report promising exploratory associations of GDF15 levels with metabolomic and lipidomic variables, indicating negative correlations with LDL particles and the proinflammatory marker GlycA.
The role of GDF15 in obesity remains obscure and is possibly different between humans and animals. GDF15 knockout mice consuming a high-fat diet have worsened glucose tolerance and metabolic rate, indicating a possible protective role of GDF15 in obesity [24], whereas a microarray study has shown that total GDF15 is upregulated in obese mice, rats, and humans [50]. A comprehensive physiology study recently evaluated the postprandial perturbations of GDF15 following glucose or meal loads, caloric restriction, or hypercaloric loads. Specifically, it was shown that GDF15 levels remain unchanged following oral glucose or meal ingestion. A sustained caloric deficit produces marked increases in GDF15 in humans, but not mice, whereas short-term (7 days) hypercaloric loads do not affect GDF15 levels in mice or humans, and longer-term hypercaloric loads (4 weeks) increase GDF15 levels in mice [17]. Herein, both during fasting and following the ingestion of a high-fat meal over 3 h, we show that GDF15 is not significantly different between people with distinct weight status (leanness vs. obesity). It is unclear whether these observations are influenced by underlying metabolic stress and inflammation, which are characteristic of obesity [51], given the nature of GDF15 as a mitokine [52]. However, these outcomes have fueled the development of GDF15 agonists against metabolic disease. YH34160, a novel GDF15 fusion protein, has been shown to effectively reduce body weight, both alone and when used in combination with a glucagon-like peptide 1 (GLP-1) agonist, in diet-induced obese mice [53]. On the other end of the spectrum and in line with our observations, a cross-sectional physiology interventional study comparing operated individuals who had undergone bariatric surgery with unoperated otherwise healthy controls, consuming either liquid carbohydrates, lipids, or a liquid mixed meal, reported that fasting and postprandial GDF15 were not increased or affected by nutrient type and surgery [54].
As we mentioned above, in MASLD, GDF15 has been studied in animals and humans [30, 31]. In mice, it has been suggested that an observed increase of GDF15 levels acts as a compensatory mechanism to prevent MASLD progression [16]. GDF15-knockout mice develop severe hepatic inflammation and fibrosis, while treatment with recombinant GDF15 seems to alleviate inflammation and fibrosis [15, 16]. In humans, GDF15 has been found to be associated with MASLD [15] and GDF15 levels represent an independent determinant of fibrosis severity in MASLD; the more severe the chronic liver disease is, the higher the GDF15 levels are, apparently acting as a compensatory mechanism [30]. However, limitations and controversial results similar to those in obesity have been reported. These conflicting results could be explained, in part, by the existence of GDF15 polymorphisms, i.e. rs1058587, which changes the 202 residue from histidine (H) to aspartic acid (D), and interferes with GDF15 measurements and reported levels [55] although it is not clear whether the variant alters the bioactivity of the molecule [28, 56, 57]. Recently, the possibility to accurately measure the total form of the molecule (irrespectively of the polymorphisms) and the H-specific part of it (without measuring the molecules with polymorphisms) has emerged as a solution to this problem [28, 29].
In this context, higher concentrations of total GDF15 seem to exist in proinflammatory milieus. A recent study in youth with overweight/obesity reported, without discriminating between total and H-specific GDF15, that GDF15 concentrations varied with alterations in liver fat content [31]. Another study using a biopsy-proven MASLD cohort of 190 subjects showed that GDF15 levels are significantly associated with risk of advanced fibrosis even after adjustment for age, sex, smoking habit, and metabolic factors (odds ratio [OR], 4.27; 95% confidence interval [CI] 1.04–17.63), but not with MASH risk [30]. Also, GDF15 concentrations were elevated with increased lipid synthesis in the liver of a mouse model [18]. Our findings are consistent with these previous studies and advance them by reporting both total and H-specific GDF15 at baseline and during OGTT. It can be hypothesized that GDF15 may protect against the inflammatory response in fatty liver disease [16]. Besides, overexpression of GDF15 may attenuate hepatic inflammation and fibrosis [16]. Of note, in hepatocytes, GDF15 expression is considered to be promoted by interleukin (IL)-1β signaling and ER stress which are involved in MASLD development and progression [58, 59]. Thus, GDF15 coordinates tolerance to inflammatory injury, and may be involved in the regulation of lipid metabolism [18]. GDF15 has been shown to be necessary for surviving both bacterial and viral infections, as well as sepsis, since it was needed for hepatic sympathetic outflow and triglyceride availability control [18]. In addition, it has been suggested that GDF15 can dramatically upregulate hepatic fatty acid oxidation and ketogenesis [60, 61].
Circulating levels of total and H-specific GDF15 displayed minor and non-significant variation during an OGTT and reverted to the initial levels by the end of the procedure. This finding is consistent with what has previously been shown regarding total GDF15 in overweight or subjects with obesity [62–64]. Although Patel et al. did not observe any significant change in total GDF15 levels during OGTT, they reported a fall in GDF15 levels an hour after the consumption of a mixed meal [17]. High glucose levels promote GDF15 expression in human endothelial cells [65] and its levels increase during euglycemic hyperinsulinemic clamps [66]. Subsequently, it has been suggested that glucose and insulin are needed for the GDF15 transcription and secretion in the human hepatic cell line HepG2. Despite the above, total and H-specific GDF15 levels do not appear to be affected, even after glucose load during OGTTs. The total GDF15 responses to OGTT differ significantly between healthy and MASLD patients, thus indicating that GDF15 response to a glucose load is relatively dampened in healthy subjects. That has also been observed in another study, which did not discriminate between total and H-specific GDF15, in lean and otherwise healthy overweight subjects [64].
GIP, an incretin promoter of postprandial insulin secretion alongside GLP-1 has been frequently implicated in glucose homeostasis [67, 68] and is being leveraged for the treatment of metabolic disease [69]. GIP has also been suggested to possess an obesogenic role in both animal [70] and human models [71]. In humans, early studies showed that in people with obesity, GIP is more accentuated in response to oral fat compared with glucose, whereas in normal-weight individuals, co-ingestion of fat and glucose produced a less pronounced GIP released compared to fat alone, further suggesting that insulin, which is not released when consuming fat alone, inhibits GIP release [72]. A pioneering study investigating GIP-receptor deficient mice showed that weight and adiposity were physiologically influenced under normocaloric feeding; however, a high-fat diet attenuated body weight and fat mass gain, and preserved normal insulin sensitivity [73].
Although an exaggerated C-peptide response is noted in insulin resistant subjects, as MASLD patients are, compared with the more insulin sensitive group [74], we did not observe a significant difference between the two studied groups. Likewise, there was no difference in GIP. However, in humans, circulating levels of GIP have been shown to be inversely correlated with insulin sensitivity and thus, the postprandial release of GIP has been linked to the presence of MASLD [36]. Interestingly, fasting GIP plasma levels did not differ between biopsy proven MASH patients and control healthy subjects in a HepatoMetabolic Clinic in Italy. Moreover, it has been suggested that, after OGTT, GIP concentrations do not differ significantly between MASLD and healthy individuals [75].

                        It was also explored whether total and H-specific GDF15, C-peptide, and GIP levels either at baseline or during an OGTT (AUC) are associated with any metabolomic/lipidomic pathways. Towards this direction a multi-omics approach was followed and it was checked whether GDF15, C-peptide, and GIP levels correlate with any of the metabolites or lipids in all individuals (subjects with MASLD and controls). Total GDF15 presented a moderately strong negative correlation with LDLZ (the LDL size) and LDLC (the measurement of the cholesterol concentration of the LDL particles). LDL cholesterol is considered as a major risk factor for development of myocardial infarction (MI) and atherosclerotic cardiovascular disease [76]. Also, several studies have suggested that a high concentration of small and dense LDL particles is related to an increased risk for coronary heart disease [77]. On the contrary, GDF15 seems to exert a cardioprotective role [78] and, probably, for this reason the total and H-specific GDF15 levels during the OGTTs were positively correlated with various lipid subspecies; a finding similar to that of our previous study [28]. Plasma cholesterol levels of high-density lipoprotein (HDL) have also been associated with cardioprotection [79]. It has also been suggested that specific HDL particles may be more important in predicting or preventing cardiovascular disease [80]. H7P HDL cholesterol is negatively correlated with the AUC of total GDF15 H-specific, but this correlation was not still significant after adjustments for BMI and age. To this context, a negative correlation between GDF15 and H6P and H7P was recently reported [28].
Alanine along with lactic acid are the traditional hallmarks of defective mitochondrial oxidized phosphorylation (OXPHOS) which has been linked to several cardiovascular diseases [81, 82]. Herein we show a positive correlation between alanine and the AUC of total GDF15. In agreement with this finding, GDF15 is recognized also as a biomarker of endothelial dysfunction, atherosclerosis, and heart failure [78, 83]. Additionally, it appears that GDF15 is induced in the cells by hypoxia and this effect is related in various cells and tissues. Interestingly, GDF15 expression is highly induced in cardiomyocytes after ischemia/reperfusion and in the heart within hours after MI [84]. In accordance with the prior findings is the moderately strong positive correlation between GDF15 and age. Several studies have confirmed the increase of GDF15 levels by ageing and in response to cellular stress and mitochondrial dysfunction [78]. These data and underlying mechanisms need to be studied further.
Perturbations in numerous metabolic and biological pathways in response to a glucose challenge have been demonstrated. Suppression of ketogenesis, proteolysis (ileu), and increased glycolysis (lactate) are regulated via insulin actions and these are attenuated in the insulin-resistant state [85], as MASLD is supposed to be and as we demonstrated using metabolipidomic profiles and unsupervised clustering of functionally related and commonly regulated molecules across healthy and MASLD participants in Study 2. A blunted response in all key axes, proteolysis, lipolysis, ketogenesis, and glycolysis, is observed in insulin resistant states during the OGTT [86], as it was also observed in our study. Similarly, BCAA levels have been shown to decrease more in lean compared to obese subjects [87] and increased concentrations of BCAAs and their metabolites have been found in MASLD and MASH patients [88–90]. Interestingly, a dysregulation of BCAAs metabolism (val, leu, ileu) has been found also in obese adolescents with MASLD performing OGTT as well [91].
We present herein, for the first time the measurements and comparisons of total and H-specific GDF15 levels between healthy adults and MASLD patients as well as their changes during OGTT. Importantly, H-specific has not been studied previously in these groups of subjects and this is one of the novel aspects of the study. Our metabolomic/lipidomic analysis could be considered as an all-embracing and unbiased approach that can motivate further research on GDF15, for which little is known. Additional metabolites, lipid subgroups and even proteomics analysis and mechanistic studies can gain ground in the future. However, we are aware that our study has some limitations, mainly because there are no hepatic histological data available, and due to the small sample size, which was however sufficient to demonstrate statistically significant differences in GDF15 levels between the studied groups. For these reasons, our results should be confirmed in further larger longitudinal studies implementing histological confirmation of MASLD severity.

Conclusions
In conclusion, both fasting and postprandial GDF15 levels are independent of weight status in otherwise healthy individuals. GIP is markedly higher in leaner individuals and is upregulated after a high-fat meal, while C-peptide and its overall AUC after a high fat meal ingestion is markedly elevated in people with obesity compared with lean subjects. For the first time it is shown that total serum GDF15 levels are significantly increased in MASLD patients during OGTT and remain significantly higher compared to otherwise healthy individuals, pointing to a role for GDF15 as a mitokine with important roles in the pathophysiology and possibly therapeutics of MASLD. Consequently, GDF15 may be identified as a potential biomarker for diagnosing MASLD. Future larger, prospective studies are needed to confirm the role of GDF15 in the pathophysiology of MASLD and reveal the potential metabolic links between GDF15 and MASLD in adults.

Acknowledgements
Not applicable.

Author contributions
KS, VG and LV-V analyzed and interpreted the patient data. The sample collection procedure was done by SS and IAA for Study 1 and by CB for Study 2. CB, KS, LV-V and VG were involved in drafting the manuscript. CSM conceptualized the study and its design. All authors read and approved the final manuscript.

Funding
The authors received no financial support for the research, authorship, and/or publication of this article.

Availability of data and materials
The datasets used and analyzed during the current study are available from the corresponding author on reasonable request. The full trial protocol can be accessed at clinicaltrials.gov.

Declarations
Ethics approval and consent to participate
Study 1 was approved by the Institutional and Ethics review boards of Laiko General Hospital, and Study 2 was approved by the Institutional and Ethics review board of Ippokration Hospital. Both studies received exempt status approval by the BIDMC IRB, and conducted in accordance with the Declaration of Helsinki. All participants provided written informed consent. Samples were analyzed blindly at both BIDMC, Boston MA, USA and Ansh Laboratories, Webster, TX in the USA and data were statistically analyzed at BIDMC, Boston MA, USA.

Consent for publication
Not applicable.

Competing interests
CB, KS, VG, LV-V, SS and IAA have nothing to declare. MAC is an employee of and holds stock in Labcorp. AK has received grants through his institution and consulting fees from Novo Nordisk, Pharmaserve Lilly, Elpen pharmaceuticals, as well as consulting fees from Astra Zeneca, MSD, Sanofi, Bausch Health, Ethicon, Galenica Pharma, and Epsilon Health. None is related to the work presented herein. CSM reports grants through his institution from Merck and Boehringer Ingellheim, grants through his institution and personal consulting fees from Coherus Inc., AltrixBio, and reports personal consulting fees and support with research reagents from Ansh Inc., reports personal consulting fees from Genfit, Lumos, Amgen, Corcept, Intercept, 89Bio, AstraZeneca and Regeneron, reports travel support and fees from TMIOA, Elsevier, College Internationale Research Servier and the Cardio Metabolic Health Conference. None is related to the work presented herein.


References
	1.
Tritos NA, Mantzoros CS. Clinical review 97 syndromes of severe insulin resistance. 1998 [cited 2023 Jul 27]. Accessed from https://​academic.​oup.​com/​jcem/​article/​83/​9/​3025/​2865106.


	2.
Polyzos SA, Kountouras J, Mantzoros CS. Obesity and nonalcoholic fatty liver disease: From pathophysiology to therapeutics. Metabolism. 2019;92:82–97.PubMed


	3.
Boutari C, Perakakis N, Mantzoros CS. Association of adipokines with development and progression of nonalcoholic fatty liver disease. Endocrinol Metab. 2018;33:33.


	4.
Boutari C, Mantzoros CSA. update on the epidemiology of obesity and a call to action: as its twin COVID-19 pandemic appears to be receding, the obesity and dysmetabolism pandemic continues to rage on. Metabolism. 2022;133:155217.PubMedPubMedCentral


	5.
Muzurović E, Mikhailidis DP, Mantzoros C. Non-alcoholic fatty liver disease, insulin resistance, metabolic syndrome and their association with vascular risk. Metabolism. 2021;119:154770.PubMed


	6.
Boutari C, Polyzos SA, Mantzoros CS. Addressing the epidemic of fatty liver disease: a call to action, a call to collaboration, a call to moving the field forward. Metab Clin Exp. 2021;122:154781.PubMed


	7.
Polyzos SA, Kang ES, Boutari C, Rhee EJ, Mantzoros CS. Current and emerging pharmacological options for the treatment of nonalcoholic steatohepatitis. Metabolism. 2020;111:154203.


	8.
Madrigal Pharmaceuticals Announces FDA Approval of RezdiffraTM (resmetirom) for the Treatment of Patients with Noncirrhotic Nonalcoholic Steatohepatitis (NASH) with Moderate to Advanced Liver Fibrosis, Madrigal Pharmaceuticals [cited 2024 Mar 15]. Available from https://​ir.​madrigalpharma.​com/​news-releases/​news-release-details/​madrigal-pharmaceuticals-announces-fda-approval-rezdiffratm.


	9.
Valenzuela-Vallejo L, Sanoudou D, Mantzoros CS. Precision medicine in fatty liver disease/non-alcoholic fatty liver disease. J Pers Med. 2023;13:830.PubMedPubMedCentral


	10.
Kanwal F, Shubrook JH, Younossi Z, Natarajan Y, Bugianesi E, Rinella ME, et al. Preparing for the NASH epidemic: a call to action. Metab Clin Exp. 2021;122:154822.PubMed


	11.
Perakakis N, Polyzos SA, Yazdani A, Sala-Vila A, Kountouras J, Anastasilakis AD, et al. Non-invasive diagnosis of non-alcoholic steatohepatitis and fibrosis with the use of omics and supervised learning: a proof of concept study. Metabolism. 2019;101:154005.PubMed


	12.
Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F, et al. A multi-society Delphi consensus statement on new fatty liver disease nomenclature. J Hepatol. 1966;2023:78.


	13.
Kokkorakis M, Boutari C, Katsiki N, Mantzoros CS. From non-alcoholic fatty liver disease (NAFLD) to steatotic liver disease (SLD): an ongoing journey towards refining the terminology for this prevalent metabolic condition and unmet clinical need. Metabolism. 2023;147:155664.PubMed


	14.
Hsiao P-J, Kuo K-K, Shin S-J, Yang Y-H, Lin W-Y, Yang J-F, et al. Significant correlations between severe fatty liver and risk factors for metabolic syndrome. J Gastroenterol Hepatol. 2007;22:2118–23. https://​doi.​org/​10.​1111/​j.​1440-1746.​2006.​04698.​x.CrossrefPubMed


	15.
Chung HK, Ryu D, Kim KS, Chang JY, Kim YK, Yi HS, et al. Growth differentiation factor 15 is a myomitokine governing systemic energy homeostasis. J Cell Biol. 2017;216:149–65.PubMedPubMedCentral


	16.
Kim KH, Kim SH, Han DH, Jo YS, Lee YH, Lee MS. Growth differentiation factor 15 ameliorates nonalcoholic steatohepatitis and related metabolic disorders in mice. Sci Rep. 2018;8:6789.PubMedPubMedCentral


	17.
Patel S, Alvarez-Guaita A, Melvin A, Rimmington D, Dattilo A, Miedzybrodzka EL, et al. GDF15 provides an endocrine signal of nutritional stress in mice and humans. Cell Metab. 2019;29:707-718.e8.PubMedPubMedCentral


	18.
Luan HH, Wang A, Hilliard BK, Carvalho F, Rosen CE, Ahasic AM, et al. GDF15 is an inflammation-induced central mediator of tissue tolerance. Cell. 2019;178:1231-1244e11.PubMedPubMedCentral


	19.
Kempf T, Wollert KC. Growth-differentiation factor-15 in heart failure. Heart Fail Clin. 2009;5:537–47.PubMed


	20.
Mazagova M, Buikema H, Van Buiten A, Duin M, Goris M, Sandovici M, et al. Genetic deletion of growth differentiation factor 15 augments renal damage in both type 1 and type 2 models of diabetes. Am J Physiol Ren Physiol. 2013;305:1249–64.


	21.
Zhang Y, Jiang M, Nouraie M, Roth MG, Tabib T, Winters S, et al. GDF15 is an epithelial-derived biomarker of idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol. 2019;317:L510.PubMedPubMedCentral


	22.
Welsh JB, Sapinoso LM, Kern SG, Brown DA, Liu T, Bauskin AR, et al. Large-scale delineation of secreted protein biomarkers overexpressed in cancer tissue and serum. Proc Natl Acad Sci U S A. 2003;100:3410.PubMedPubMedCentral


	23.
Fujita Y, Taniguchi Y, Shinkai S, Tanaka M, Ito M. Secreted growth differentiation factor 15 as a potential biomarker for mitochondrial dysfunctions in aging and age-related disorders. Geriatr Gerontol Int. 2016;16(Suppl 1):17–29.PubMed


	24.
Tran T, Yang J, Gardner J, Xiong Y. GDF15 deficiency promotes high fat diet-induced obesity in mice. PLoS ONE. 2018;13:e0201584.PubMedPubMedCentral


	25.
Mullican SE, Lin-Schmidt X, Chin C-N, Chavez JA, Furman JL, Armstrong AA, et al. GFRAL is the receptor for GDF15 and the ligand promotes weight loss in mice and nonhuman primates. Nat Med. 2017;23:1150–7.PubMed


	26.
Breit SN, Manandhar R, Zhang H-P, Lee-Ng M, Brown DA, Tsai VW-W. GDF15 enhances body weight and adiposity reduction in obese mice by leveraging the leptin pathway. Cell Metab. 2023;35:1341.PubMed


	27.
Ding Q, Mracek T, Gonzalez-Muniesa P, Kos K, Wilding J, Trayhurn P, et al. Identification of macrophage inhibitory cytokine-1 in adipose tissue and its secretion as an adipokine by human adipocytes. Endocrinology. 2009;150:1688.PubMed


	28.
Valenzuela-Vallejo L, Chrysafi P, Bello-Ramos J, Bsata S, Mantzoros CS. Circulating total and intact GDF-15 levels are not altered in response to weight loss induced by liraglutide or lorcaserin treatment in humans with obesity. Metabolism. 2022;133:155237.PubMed


	29.
Valenzuela-Vallejo L, Chrysafi P, Mantzoros CS. Liraglutide-induced effects on energy intake and glycemic profile are independent of total and intact GDF-15 levels in subjects with obesity and diabetes. Diabetes Metab. 2022;48: 101369.PubMed


	30.
Koo BK, Um SH, Seo DS, Joo SK, Bae JM, Park JH, et al. Growth differentiation factor 15 predicts advanced fibrosis in biopsy-proven non-alcoholic fatty liver disease. Liver Int. 2018;38:695–705. https://​doi.​org/​10.​1111/​liv.​13587.CrossrefPubMed


	31.
Galuppo B, Agazzi C, Pierpont B, Chick J, Li Z, Caprio S, et al. Growth differentiation factor 15 (GDF15) is associated with non-alcoholic fatty liver disease (NAFLD) in youth with overweight or obesity. Nutr Diabetes. 2022;12:9.PubMedPubMedCentral


	32.
Richter MM, Kemp IM, Heebøll S, Winther-Sørensen M, Kjeldsen SAS, Jensen NJ, et al. Glucagon augments the secretion of FGF21 and GDF15 in MASLD by indirect mechanisms. Metabolism [Internet]. 2024;155915. Available from https://​pubmed.​ncbi.​nlm.​nih.​gov/​38631460/​.


	33.
Valenzuela-Vallejo L, Chrysafi P, Kouvari M, Guatibonza-Garcia V, Mylonakis SC, Katsarou A, et al. Circulating hormones in biopsy-proven steatotic liver disease and steatohepatitis: A Multicenter Observational Study. Metabolism. 2023;148:155694.PubMed


	34.
Jurado-Aguilar J, Barroso E, Bernard M, Zhang M, Peyman M, Rada P, et al. GDF15 activates AMPK and inhibits gluconeogenesis and fibrosis in the liver by attenuating the TGF-β1/SMAD3 pathway. Metabolism. 2024;152:155772.PubMed


	35.
Polyzos SA, Perakakis N, Boutari C, Kountouras J, Ghaly W, Anastasilakis AD, et al. Targeted analysis of three hormonal systems identifies molecules associated with the presence and severity of NAFLD. J Clin Endocrinol Metab. 2020;105:e390.PubMed


	36.
Musso G, Gambino R, Pacini G, De Michieli F, Cassader M. Prolonged saturated fat–induced, glucose-dependent insulinotropic polypeptide elevation is associated with adipokine imbalance and liver injury in nonalcoholic steatohepatitis: dysregulated enteroadipocyte axis as a novel feature of fatty liver. Am J Clin Nutr. 2009;89:558–67.PubMed


	37.
Toffolo G, De Grandi F, Cobelli C. Estimation of β-cell sensitivity from intravenous glucose tolerance test C-peptide data: knowledge of the kinetics avoids errors in modeling the secretion. Diabetes. 1995;44:845–54.PubMed


	38.
Atsawarungruangkit A, Chenbhanich J, Dickstein G. C-peptide as a key risk factor for non-alcoholic fatty liver disease in the United States population. World J Gastroenterol. 2018;24:3663–70.PubMedPubMedCentral


	39.
Otgonsuren M, Estep MJ, Hossain N, Younossi E, Frost S, Henry L, et al. A single non-invasive model to diagnose non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). J Gastroenterol Hepatol. 2014;29:2006–13.PubMed


	40.
Dasarathy S, Dasarathy J, Khiyami A, Joseph R, Lopez R, McCullough AJ. Validity of real time ultrasound in the diagnosis of hepatic steatosis: a prospective study. J Hepatol. 2009;51:1061.PubMedPubMedCentral


	41.
Matyus SP, Braun PJ, Wolak-Dinsmore J, Jeyarajah EJ, Shalaurova I, Xu Y, et al. NMR measurement of LDL particle number using the Vantera® Clinical Analyzer. Clin Biochem. 2014;47:203–10.PubMed


	42.
Wolak-Dinsmore J, Gruppen EG, Shalaurova I, Matyus SP, Grant RP, Gegen R, et al. A novel NMR-based assay to measure circulating concentrations of branched-chain amino acids: Elevation in subjects with type 2 diabetes mellitus and association with carotid intima media thickness. Clin Biochem. 2018;54:92–9.PubMed


	43.
Garcia E, Shalaurova I, Matyus SP, Oskardmay DN, Otvos JD, Dullaart RPF, et al. Ketone bodies are mildly elevated in subjects with Type 2 diabetes mellitus and are inversely associated with insulin resistance as measured by the lipoprotein insulin resistance index. J Clin Med. 2020;9:321.PubMedPubMedCentral


	44.
Shalaurova I, Connelly MA, Garvey WT, Otvos JD. Lipoprotein insulin resistance index: a lipoprotein particle-derived measure of insulin resistance. Metab Syndr Relat Disord. 2014;12:422.PubMedPubMedCentral


	45.
Flores-Guerrero JL, Gruppen EG, Connelly MA, Shalaurova I, Otvos JD, Garcia E, et al. A newly developed diabetes risk index, based on lipoprotein subfractions and branched chain amino acids, is associated with incident type 2 diabetes mellitus in the PREVEND cohort. J Clin Med. 2020;2020(9):2781.


	46.
Otvos JD, Shalaurova I, May HT, Muhlestein JB, Wilkins JT, McGarrah RW, et al. Multimarkers of metabolic malnutrition and inflammation and their association with mortality risk in cardiac catheterisation patients: a prospective, longitudinal, observational, cohort study. Lancet Heal Longev. 2023;4:e72-82.


	47.
Otvos JD, Shalaurova I, Wolak-Dinsmore J, Connelly MA, Mackey RH, Stein JH, et al. GlycA: a composite nuclear magnetic resonance biomarker of systemic inflammation. Clin Chem. 2015;61:714–23.PubMed


	48.
Shalaurova I, Connelly MA, Garvey WT, Otvos JD. Lipoprotein insulin resistance index: a lipoprotein particle-derived measure of insulin resistance. Metab Syndr Rel Disord. 2014;12:422.


	49.
Flores-Guerrero JL, Gruppen EG, Connelly MA, Shalaurova I, Otvos JD, Garcia E, et al. Clinical medicine a newly developed diabetes risk index, based on lipoprotein subfractions and branched chain amino acids, is associated with incident type 2 diabetes mellitus in the PREVEND cohort. [cited 2023 Oct 19]. Available from www.​mdpi.​com/​journal/​jcm.


	50.
Xiong Y, Walker K, Min X, Hale C, Tran T, Komorowski R, et al. Long-acting MIC-1/GDF15 molecules to treat obesity: Evidence from mice to monkeys. Sci Transl Med. 2017;9:eaan8732.PubMed


	51.
Mathew H, Farr OM, Mantzoros CS. Metabolic health and weight: understanding metabolically unhealthy normal weight or metabolically healthy obese patients. Metabolism. 2016;65:73–80.PubMed


	52.
Wischhusen J, Melero I, Fridman WH. Growth/differentiation factor-15 (GDF-15): from biomarker to novel targetable immune checkpoint. Front Immunol. 2020;11:542657.


	53.
Lim S, Kim D-H, Yang J, Kyeong Ju M, Kim S, Sim RAB, et al. 235-LB: YH34160, a novel long-acting GDF15 fusion protein, exerts potent and sustained body weight loss in rodent obesity models. Diabetes. 2022. https://​doi.​org/​10.​2337/​db22-235-LB.CrossrefPubMedPubMedCentral


	54.
Martinussen C, Svane MS, Bojsen-Møller KN, Jensen CZ, Kristiansen VB, Bookout AL, et al. Plasma GDF15 levels are similar between subjects after bariatric surgery and matched controls and are unaffected by meals. Am J Physiol Endocrinol Metab. 2021;321:E443–52.PubMed


	55.
Brown DA, Bauskin AR, Fairlie WD, Smith MD, Liu T, Xu N, et al. Antibody-based approach to high-volume genotyping for MIC-1 polymorphism. Biotechniques. 2002;33:118–26.PubMed


	56.
Karusheva Y, Ratcliff M, Melvin A, Mörseburg A, Roth R, Guiu-Jurado E, et al. The common H202D variant in GDF-15 does not affect its bioactivity but can significantly 1 interfere with measurement of its circulating levels. J Appl Lab Med. 2022. https://​doi.​org/​10.​1101/​2022.​01.​03.​22268655.CrossrefPubMed


	57.
Calvert ME, Kalra B, Patel A, Kumar A, Shaw ND. Serum and urine profiles of TGF-β superfamily members in reproductive aged women. Clin Chim Acta. 2022;524:96–100.PubMed


	58.
Tilg H, Moschen AR, Szabo G. Interleukin-1 and inflammasomes in alcoholic liver disease/acute alcoholic hepatitis and nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology. 2016;64:955–65.PubMed


	59.
Dara L, Ji C, Kaplowitz N. The contribution of er stress to liver diseases. Hepatology. 2011;53:1752.PubMed


	60.
Zhang M, Sun W, Qian J, Tang Y. Fasting exacerbates hepatic growth differentiation factor 15 to promote fatty acid β-oxidation and ketogenesis via activating XBP1 signaling in liver. Redox Biol. 2018;16:87.PubMedPubMedCentral


	61.
Zhang Z, Xu X, Tian W, Jiang R, Lu Y, Sun Q, et al. ARRB1 inhibits non-alcoholic steatohepatitis progression by promoting GDF15 maturation. J Hepatol. 2020;72:976–89.PubMed


	62.
O’Rahilly S. GDF15-from biomarker to allostatic hormone. Cell Metab. 2017;26:807–8.PubMed


	63.
Cai L, Li C, Wang Y, Mo Y, Yin J, Ma X. Increased serum GDF15 related to improvement in metabolism by lifestyle intervention among young overweight and obese adults. Diabetes Metab Syndr Obes. 2021. https://​doi.​org/​10.​2147/​DMSO.​S302033.CrossrefPubMedPubMedCentral


	64.
Schernthaner-Reiter MH, Kasses D, Tugendsam C, Riedl M, Peric S, Prager G, et al. Growth differentiation factor 15 increases following oral glucose ingestion: effect of meal composition and obesity. Eur J Endocrinol. 2016;175:623–31.PubMed


	65.
Li J, Yang L, Qin W, Zhang G, Yuan J. Adaptive induction of growth differentiation factor 15 attenuates endothelial cell apoptosis in response to high glucose stimulus. PLoS ONE. 2013;8:65549.


	66.
Karczewska-Kupczewska M, Kowalska I, Nikolajuk A, Adamska A, Otziomek E, Gorska M, et al. Hyperinsulinemia acutely increases serum macrophage inhibitory cytokine-1 concentration in anorexia nervosa and obesity. Clin Endocrinol. 2012. https://​doi.​org/​10.​1111/​j.​1365-2265.​2011.​04139.​x.Crossref


	67.
Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms of incretin hormone action. Cell Metab. 2013;17:819–37.PubMed


	68.
Mastrototaro L, Roden M. Insulin resistance and insulin sensitizing agents. Metabolism. 2021;125:154892.PubMed


	69.
Holst JJ, Rosenkilde MM. GIP as a therapeutic target in diabetes and obesity: insight from incretin co-agonists. J Clin Endocrinol Metab. 2020;105:e2710–6.PubMedPubMedCentral


	70.
Boer GA, Keenan SN, Miotto PM, Holst JJ, Watt MJ. GIP receptor deletion in mice confers resistance to high-fat diet-induced obesity via alterations in energy expenditure and adipose tissue lipid metabolism. Am J Physiol Endocrinol Metab. 2021;320:E835–45.PubMed


	71.
Fukuda M. The role of GIP receptor in the CNS for the pathogenesis of obesity. Diabetes. 2021;70:1929–37.PubMedPubMedCentral


	72.
Creutzfeldt W, Ebert R, Willms B, Frerichs H, Brown JC. Gastric inhibitory polypeptide (GIP) and insulin in obesity: increased response to stimulation and defective feedback control of serum levels. Diabetologia. 1978;14:15–24.PubMed


	73.
Miyawaki K, Yamada Y, Ban N, Ihara Y, Tsukiyama K, Zhou H, et al. Inhibition of gastric inhibitory polypeptide signaling prevents obesity. Nat Med. 2002;8:738–42.PubMed


	74.
Suleiman N, Alkasem M, Hassoun S, Abdalhakam I, Bettahi I, Mir F, et al. Insulin sensitivity variations in apparently healthy Arab male subjects: correlation with insulin and C peptide. BMJ Open Diab Res Care. 2021;9:2039.


	75.
Bernsmeier C, Meyer-Gerspach AC, Blaser LS, Jeker L, Steinert RE, Heim MH, et al. Glucose-induced glucagon-like peptide 1 secretion is deficient in patients with non-alcoholic fatty liver disease. [cited 2023 Feb 8]. Available from www.​plosone.​org.


	76.
Linton MF, Yancey PG, Davies SS, Jerome WG, Linton EF, Song WL, et al. The role of lipids and lipoproteins in atherosclerosis. Science (80-). 2019;111:166–86.


	77.
Austin MA, Rodriguez BL, McKnight B, McNeely MJ, Edwards KL, Curb JD, et al. Low-density lipoprotein particle size, triglycerides, and high-density lipoprotein cholesterol as risk factors for coronary heart disease in older Japanese-American men. Am J Cardiol. 2000;86:412–6.PubMed


	78.
Rochette L, Dogon G, Zeller M, Cottin Y, Vergely C. GDF15 and cardiac cells: current concepts and new insights. Int J Mol Sci. 2021;22:8889.PubMedPubMedCentral


	79.
Davidson WS, Shah AS. High-density lipoprotein subspecies in health and human disease: focus on type 2 diabetes. Methodist Debakey Cardiovasc J. 2019;15:55.PubMedPubMedCentral


	80.
Rohatgi A, Westerterp M, von Eckardstein A, Remaley A, Rye KA. HDL in the 21st century: a multifunctional roadmap for future HDL research. Circulation. 2021;143:2293.PubMedPubMedCentral


	81.
Ballinger SW, Patterson C, Knight-Lozano CA, Burow DL, Conklin CA, Hu Z, et al. Mitochondrial integrity and function in atherogenesis. Circulation. 2002;106:544–9. https://​doi.​org/​10.​1161/​01.​CIR.​0000023921.​93743.​89.CrossrefPubMed


	82.
Corral-Debrinski M, Shoffner JM, Lott MT, Wallace DC. Association of mitochondrial DNA damage with aging and coronary atherosclerotic heart disease. Mutat Res. 1992;275:169–80.PubMed


	83.
Adela R, Banerjee SK. GDF-15 as a target and biomarker for diabetes and cardiovascular diseases: A translational prospective. J Diabetes Res. 2015;2015:1.


	84.
Wollert KC, Kempf T, Wallentin L. Growth differentiation factor 15 as a biomarker in cardiovascular disease. Clin Chem. 2017;63:140–51.PubMed


	85.
Ho JE, Larson MG, Vasan RS, Ghorbani A, Cheng S, Rhee EP, et al. Metabolite profiles during oral glucose challenge. Diabetes. 2013;62:2689–98.PubMedPubMedCentral


	86.
Shaham O, Wei R, Wang TJ, Ricciardi C, Lewis GD, Vasan RS, et al. Metabolic profiling of the human response to a glucose challenge reveals distinct axes of insulin sensitivity. Mol Syst Biol. 2008;4:214.PubMedPubMedCentral


	87.
Geidenstam N, Spégel P, Mulder H, Filipsson K, Ridderstråle M, Danielsson APH. Metabolite profile deviations in an oral glucose tolerance test—a comparison between lean and obese individuals. Obesity. 2014;22:2388–95.PubMed


	88.
Kalhan SC, Guo L, Edmison J, Dasarathy S, McCullough AJ, Hanson RW, et al. Plasma metabolomic profile in nonalcoholic fatty liver disease. Metabolism. 2011;60:404–13.PubMed


	89.
Lake AD, Novak P, Shipkova P, Aranibar N, Robertson DG, Reily MD, et al. Branched chain amino acid metabolism profiles in progressive human nonalcoholic fatty liver disease. Amino Acids. 2015;47:603–15.PubMed


	90.
Cheng S, Wiklund P, Autio R, Borra R, Ojanen X, Xu L, et al. Adipose tissue dysfunction and altered systemic amino acid metabolism are associated with non-alcoholic fatty liver disease. PLoS ONE. 2015;10:12. https://​doi.​org/​10.​1371/​journal.​pone.​0138889.Crossref


	91.
Goffredo M, Santoro N, Tricò D, Giannini C, D’adamo E, Zhao H, et al. A branched-chain amino acid-related metabolic signature characterizes obese adolescents with non-alcoholic fatty liver disease. https://​doi.​org/​10.​3390/​nu9070642CrossrefPubMedPubMedCentral




Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Circulating total and H-specific GDF15 levels are elevated in subjects with MASLD but not in hyperlipidemic but otherwise metabolically healthy subjects with obesity


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2024_2264_Fig1_HTML.png
6000
4000
2000
-2000

(qw/Bd) onv! 61 n_oc 130,

80000
60000
40000

1.00"J

20000

-4000

L

(uw,quy/bd) ONV S1-4a9 [e3oL

% =3

[l =

? e

o

£ ]
=3
B
L ©
o
| o
©
Lo
©
- o

| S .

e o o o o

g8 8 8 8 8

w < < 0l gl

(qw/Bd) g1 409 IeyoL

& & & & & o

8 8 8 8 8

< © ~ -
A._E\m& S1 409 [ejoL Bunsey

G14do [ejoL

MMT minutes

2

0

4000
2000
-2000
-4000

(w/Bd) onv! 51 409 audeds-H

© © ~N
(unw,qw/Bd) ONV §1-4a9 d4193ds-H

Time <0.001
Group =0.147

‘Ii Time » GrcupT'DEZB
T T T T T T T
0 30 60 90 120 150 180

hﬂ

0000
0000
40000
0000
10000

(qw/Bd) g1 4a9 oyoads-H

MMT minutes

-

I

10000

8000
6000

4000
2000

(uw,q/10wd) onV! dID

"

Time <0.001

o (=3 =3 o
=3 =3 =3 =3
=3 =3 =3 =3
© © < ~
(unw,/10wd) 2NV dI9
e ©
g5
9
g g
e o %
o o
o
£
£
*
*
*
*
*
| S N . —
=3 =3 o o
© ©o < o~
(owd) dio

-

:E\m& 2 4a9 é_o»..w.: Bupsey

(nowd) i Bunsey

2 1]

T T T T
90 120 150 180

T
60

MMT minutes

o o
S ©

o o o o
© ¥ «

(unw,wy/bu) onv! epndad-o

- Participants with normal weight
I & Participants with obesity (n

=) =) =) =) o
=3 =1 =3 S
8 6 4

Q
(unw,7uybu) ony apudad-o

0.264

Time <0.001

Group <0.001
Time * Grou
T T T
120 150 180

T
90
MMT minutes

(Twy/Bu) apndad-o

* %k

=

w < © o~ - o
(qwyBu) apndad-o Bunseq

apndad-o

15)

(n

Physiology

Study 1

15)

interventional study





OEBPS/css/envelope.png





OEBPS/images/12933_2024_2264_Fig3_HTML.png
Postprandial trends: one-way ANOVA sig. post-FDR
a Healthy MASLD
0 30 60 9 120 o 30 60 90 120 b Healthy

MASLD

C Cluster1
v tion

Mixed effects models

Significant for time, group, time * group

ot ettt

S Pttt

Sp v Pt atsou

sisouabojey|
svvog i
1 1e3snio 1

. s =

Tina - 0864 | Agp 0501

[hdp <0074
Tive oo = 09801 Adp =080

B EREC I o ) i o . " ) . o
e e
o
. © [T @ Cluster3
N —
............. - e v Male
o0 - L
O e ‘
Total GDF-15 P o e = 0000 A9 =000 N
53 o G 00081 Adp <0074 Healthy
22 s TG00 4420108 -
Aa 55 .. o MASLD
o5 B
23
TRLZ s 8 .. " d
VLR @ Cluster 2
. . S5l Vet Pt gt ‘Spavia petoran ‘Sp Vi Pt ot s Sl Vi Pt LG

LPIR

¢
s
s

L.cHDLP

NHDLC

€ J9)sn|9

- C-peplide

wsiogejow
@s0oni9

Pyruvate

3 ) e e
FES

MMX 2=
S

MMXF @

Temap =011 Agp 0254
G p =008 | Adp 0201

Tena - 0018 A 0056

ol et 11988

S Pt TR

Tina - 0478 | A= 0874

8|
H
H
H

f PLSDA 9 S
o oos

Om
oml
ool
[Cr
om
[Ea!
oot

PC2-20.6% Variance

0

o s
PC1 - 26.4% Variance

o s
PC1-27.94% Variance





OEBPS/images/12933_2024_2264_Fig2_HTML.png
O
)
<

asting

=

o
=3
=3

20000
10000
5000

15

(Qw/Bd) onv! §1 409 [eloL

o

?_En_::m& NV §1-409 [ejoL

150000
100000
50000

2 . 3
* 8 3 R L
U
g g5
* - L ©
o =
E
£
* o
©
* o
©
——
—
=3 =3 =3 =3 =3 >
=3 =3 =3 =3 =]
=3 © © < ~N
e
(Jw/6d) 61 409 1eyoL
e © 9o o o o
e 8 8 8 8
=] © © < ~N

(qw/Bd) G1 409 ejo) Bunsey

G14do [ejoL
o

OGTT minutes

n

S & £ 5 ° g g g s
=3 (=3 =3 o =] (=3 o o
(Tw/Bd) onV1 51 40D doedg-H (uw,yjj0wd) onvt dio
I L I S & o & o
=3 =3 =3
g & B -2 2B B
w 0 o Q
(unw, 7w/Bd) SN §1-409 u9adSH ?_E«._\_o:. ) onv di9
£ 83 o
< s oS o o
L2 § %
g o
2g 8 x
LR | o -8
2 g3 ® 8
Fe o 5
° J i -
° B
F © [
E
17}
g © -8
L o o
—r 1 O Y
I N
(1owd) di9

(w/Bd) 61 4a9 ouroads-H

- -

A._.Em& Sl u_no uc_umnm.: Bupsey

2 (3]

(/1owd) d19 Bunsey

OGTT minutes

0

o
=3
©

(unw,qu/Bu) onv! apndad-9

M

o
k=3
S )

(unw,qwyBu) onV spudad-9

0

1000

§8¢ -8
233
7 7
g g5
E R K
£
. -8
»
g
£
| o
©
L ©
3
_——
| N N —
wn o w
e e
(wy/Bu) spndad-9
*
*
< o« - o

o~
(qwyBu) spndad-o Bunseq

apided-9
]

14)

Hl -+ Non-MASLD (n
[ = MASLD (n

OGTT minutes

Case-

Study 2

13)

control study





OEBPS/css/sidebar.gif





