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PBL and KC conceptualized the clinical study and analytical approach. PBL and KC drafted the manuscript and have primary responsibility for the final content of the manuscript; KC, CP and JAW contributed to the patients' stratification, clinical care, investigation and phenotyping. PBL and NN performed adipose tissue fibrosis analysis, analyzed data, conducted statistical tests, and drafted tables and figures; PB performed liver histology analysis; LG performed the bariatric patient surgery and secured appropriate tissue samples. MJN, DJL, DS selected and determined the fibrosis markers, interpreted results and edited the manuscript. All read and approved the final manuscript. [START_REF] Younossi | Global epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes[END_REF], and a major risk factor for cirrhosis and hepatocellular carcinoma (HCC) [START_REF] Younossi | Association of nonalcoholic fatty liver disease (NAFLD) with hepatocellular carcinoma (HCC) in the United States from 2004 to 2009[END_REF]. NAFLD encompasses different histological lesions from non-inflammatory alcoholic fatty liver (NAFL) and inflammatory to non-alcoholic steatohepatitis (NASH) [START_REF] Chalasani | The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of[END_REF]. The extent of NASH and liver fibrosis are the most important adverse outcomes involved in patient's long-term morbidity and mortality. As such, the early identification of moderate to advanced and advanced liver fibrosis (i.e., histological stages F2-4 and F3-4, respectively) are key to an effective management of NAFLD [START_REF] Hagström | Fibrosis stage but not NASH predicts mortality and time to development of severe liver disease in biopsy-proven NAFLD[END_REF][START_REF] Vilar-Gomez | Fibrosis Severity as a Determinant of Cause-Specific Mortality in Patients With Advanced Nonalcoholic Fatty Liver Disease: A Multi-National Cohort Study[END_REF].

Liver biopsy, the gold standard for the diagnosis of fibrosis, is not only an invasive procedure with potential clinical complications [START_REF] Chalasani | The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of[END_REF], but is also prone to significant sampling errors.

Furthermore, it provides only a static picture that does not allow the dynamic assessment of fibrosis progression that can wax and wane in the course of NAFLD [START_REF] Schuppan | Determinants of fibrosis progression and regression in NASH[END_REF][START_REF] Schuppan | Non-alcoholic steatohepatitis: pathogenesis and novel therapeutic approaches[END_REF]. Non-invasive methods to cross-sectionally assess liver fibrosis have been developed, such as transient elastography (FibroScan) and magnetic resonance elastography (MRE). However, their accuracy is not optimal, especially in severe obesity [START_REF] Younossi | Diagnostic modalities for nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, and associated fibrosis[END_REF].

Therefore, non-invasive biomarkers, to identify patients with NASH and liver fibrosis are a highly active area of research [START_REF] Vilar-Gomez | Fibrosis Severity as a Determinant of Cause-Specific Mortality in Patients With Advanced Nonalcoholic Fatty Liver Disease: A Multi-National Cohort Study[END_REF][START_REF] Schuppan | Determinants of fibrosis progression and regression in NASH[END_REF][START_REF] Xiao | Comparison of laboratory tests, ultrasound, or magnetic resonance elastography to detect fibrosis in patients with nonalcoholic fatty liver disease: A meta-analysis[END_REF][START_REF] Castera | Noninvasive Assessment of Liver Disease in Patients With Nonalcoholic Fatty Liver Disease[END_REF]. Due to their dynamic nature, these biomarkers could also permit to monitor the antifibrotic or anti-inflammatory efficacy of therapeutic interventions, either by life style, pharmacological therapy or bariatric surgery [START_REF] Chalasani | The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of[END_REF][START_REF] Vilar-Gomez | Fibrosis Severity as a Determinant of Cause-Specific Mortality in Patients With Advanced Nonalcoholic Fatty Liver Disease: A Multi-National Cohort Study[END_REF][START_REF] Schuppan | Non-alcoholic steatohepatitis: pathogenesis and novel therapeutic approaches[END_REF].

Recently, molecularly well-defined direct markers of liver collagen deposition and degradation have been established, including naturally processed fragments of the propeptides of type III, and VI procollagens (PRO-C3, PRO-C6). PRO-C3 is an epitope that Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgab897/6461120 by guest on 16 December 2021 A c c e p t e d M a n u s c r i p t is generated during procollagen type III cleavage by the N-propeptidase ADAMTS-2 during collagen fibril deposition [START_REF] Nielsen | The neo-epitope specific PRO-C3 ELISA measures true formation of type III collagen associated with liver and muscle parameters[END_REF] reflecting fibrogenesis, whereas PRO-C6 represents the carboxyterminal propeptide domain of the α3-chain of type VI collagen that is identical to Endotrophin, a mediator of adipose tissue formation [START_REF] Karsdal | Serum endotrophin identifies optimal responders to PPARγ agonists in type 2 diabetes[END_REF]. These two serum markers have been shown to relate to liver fibrosis (and fibrogenesis) in patients with chronic hepatitis C [START_REF] Nielsen | Plasma Pro-C3 (N-terminal type III collagen propeptide) predicts fibrosis progression in patients with chronic hepatitis C[END_REF][START_REF] Karsdal | Fibrogenesis assessed by serological type III collagen formation identifies patients with progressive liver fibrosis and responders to a potential antifibrotic therapy[END_REF] and with type 2 diabetes [START_REF] Karsdal | Serum endotrophin identifies optimal responders to PPARγ agonists in type 2 diabetes[END_REF]. In patients with NAFLD, a less specific procollagen type III propeptide marker, P3NP, discriminated between simple steatosis and fibrotic NASH with an AUROC of 0.85-0.87 [START_REF] Guha | Noninvasive markers of fibrosis in nonalcoholic fatty liver disease: Validating the European Liver Fibrosis Panel and exploring simple markers[END_REF][START_REF] Tanwar | Validation of terminal peptide of procollagen III for the detection and assessment of nonalcoholic steatohepatitis in patients with nonalcoholic fatty liver disease[END_REF]. PRO-C3 was recently incorporated into the ADAPT score together with age, platelets and the presence of type 2 diabetes to predict F3-4 fibrosis in NAFLD with an AUROC of 0.87 [START_REF] Daniels | ADAPT: An algorithm incorporating PRO-C3 accurately identifies patients with NAFLD and advanced fibrosis[END_REF].

Obesity is a well-known risk factor for NAFLD [START_REF] Loomba | The global NAFLD epidemic[END_REF] and the prevalence of NAFLD in patients with severe obesity undergoing bariatric surgery (BS) can reach 75% to 100% [START_REF] Vernon | Systematic review: the epidemiology and natural history of non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in adults[END_REF]. BS provides successful weight loss and metabolic improvement [START_REF] Sjöström | Review of the key results from the Swedish Obese Subjects (SOS) trial -a prospective controlled intervention study of bariatric surgery[END_REF][START_REF] Courcoulas | Seven-Year Weight Trajectories and Health Outcomes in the Longitudinal Assessment of Bariatric Surgery (LABS) Study[END_REF] and associates with histological improvements in liver fibrosis [START_REF] Chavez-Tapia | Bariatric surgery for non-alcoholic steatohepatitis in obese patients. Cochrane Hepato-Biliary Group[END_REF][START_REF] Lassailly | Bariatric Surgery Reduces Features of Nonalcoholic Steatohepatitis in Morbidly Obese Patients[END_REF][START_REF] Nickel | Bariatric Surgery as an Efficient Treatment for Non-Alcoholic Fatty Liver Disease in a Prospective Study with 1-Year Follow-up : BariScan Study[END_REF]. It would be therefore crucial to evaluate the evolution of biomarkers of fibrogenesis after BS.

Interestingly, adipose tissue fibrosis (ATF) is commonly found in obesity, and is considered as a hallmark of adipose tissue dysfunction in subjects with severe obesity [START_REF] Marcelin | Deciphering the cellular interplays underlying obesity-induced adipose tissue fibrosis[END_REF]. ATF in omental depots is correlated with adverse metabolic alterations [START_REF] Michaud | Relevance of omental pericellular adipose tissue collagen in the pathophysiology of human abdominal obesity and related cardiometabolic risk[END_REF], and subcutaneous ATF is negatively associated with 1-year post-bariatric surgery weight-loss [START_REF] Abdennour | Association of Adipose Tissue and Liver Fibrosis with Tissue Stiffness in Morbid Obesity: Links with Diabetes and BMI Loss after Gastric Bypass[END_REF][START_REF] Divoux | Fibrosis in human adipose tissue: composition, distribution, and link with lipid metabolism and fat mass loss[END_REF][START_REF] Bel Lassen | The FAT score, a Fibrosis score of Adipose Tissue: predicting weight loss outcome after gastric bypass[END_REF]. ATF is characterized by an excessive accumulation of numerous ECM components, prominently of type I, III and VI collagens. While PRO-C3 and PRO-C6 seem to be promising biomarkers for the diagnosis of (advanced) fibrosis and metabolic inflammation in NAFLD [START_REF] Karsdal | Serum endotrophin identifies optimal responders to PPARγ agonists in type 2 diabetes[END_REF], both markers have not been studied in severe obesity, and in follow-up after bariatric surgery.

A c c e p t e d M a n u s c r i p t

We aimed to evaluate the correlation between serum PRO-C3 and PRO-C6 with histological liver and subcutaneous as well as visceral adipose tissue fibrosis in a cohort of subjects with severe obesity undergoing BS. We also studied the evolution of serum PRO-C3 and PRO-C6 in relation to weight loss and metabolic parameters post intervention.

Materials and Methods

Study Population

The 158 participants originate from our ongoing BS cohort of patients with severe obesity (Body Mass Index: BMI > 35kg/m 2 ) enrolled in the Nutrition Department at Pitié-Salpêtrière hospital.

Patients were operated in the Surgery Departments of Hôtel-Dieu, Ambroise Paré and Pitié-Salpêtrière hospitals in Paris between 2008 and 2014. Ethical approval was obtained from the Research Ethics Committee of Hôtel-Dieu Hospital (CPP Ile-de-France N°1). Informed written consent was obtained from all subjects and the protocol was registered on http://www.clinicaltrials.gov (NCT01655017, NCT00476658). All patients from our cohort with intermediate to advanced liver fibrosis (stage F2-4) were included. Subjects with F0-1 fibrosis were from a subset of bariatric patients for whom adipose tissue fibrosis data and serum samples were available. Serum PRO-C3 and PRO-C6 levels were measured in these 158 subjects with severe obesity that underwent bariatric surgery (Roux-en-Y gastric bypass: n=102; Sleeve gastrectomy: n=49; Gastric banding n=7).

The overall proportion of subjects with advanced liver fibrosis was 16.5%. The main characteristics of the population are shown on Table 1. The average percent weight loss after bariatric surgery was 16.0 ± 5.0 % at 3 months and 28.40 ± 9.1% at 12 months. 

Clinical, Anthropological and biological Parameters

Patients' clinical, biological and anthropometric characteristics were obtained at baseline (T0), 3 months (T3) and one year (T12) post-surgery. Body composition was evaluated by whole body fanbeam dual energy X-ray absorptiometry (DXA) scan (Hologic Discovery) as described in [START_REF] Abdennour | Association of Adipose Tissue and Liver Fibrosis with Tissue Stiffness in Morbid Obesity: Links with Diabetes and BMI Loss after Gastric Bypass[END_REF]. Blood samples were collected after 12-hour overnight fast. Insulin sensitivity and resistance were estimated with the quantitative insulin sensitivity check index (QUICKI) and the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) as described in [START_REF] Katz | Quantitative insulin sensitivity check index: a simple, accurate method for assessing insulin sensitivity in humans[END_REF][START_REF] Levy | Correct homeostasis model assessment (HOMA) evaluation uses the computer program[END_REF]. Estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease (MDRD) formula (32) Type 2 diabetes was defined as fasting glycemia ≥7.0 mmol/l and/or hemoglobin A1c (HbA1c, glycated hemoglobin) ≥6.5% (≥48 mmol/mol) and/or use of any anti-diabetic treatment according to the American Diabetes Association (ADA) definitions [START_REF]Classification and diagnosis of diabetes[END_REF].

Pro-collagen biomarker assessment

Blood samples were collected after 12-hour overnight fast and stored immediately at -80°C. PRO-C3 and PRO-C6 were retrospectively measured in baseline samples (T0) for 158 patients and also at T3 and T12 for 63 of these subjects. The biomarkers were assessed by ELISAs developed by Nordic Bioscience, Herlev, Denmark. Antibodies have been registered on antibodyregistry.org with the following Research Resource Identifiers (RRID): RRID:AB_2895198 for PRO-C3 and RRID:AB_2895199 for PRO-C6. Briefly, the assays were performed as follows: 96-well pre-coated streptavidin plates (Roche Diagnostics, Mannheim, Germany) were coated with the appropriate biotinylated synthetic peptides and incubated for 30 minutes at 20°C. Twenty µL of standard peptide or pre-diluted serum sample were added to appropriate wells, followed by peroxidase-conjugated specific monoclonal antibodies and incubated for 20 hour at 4 o C. Finally, tetramethylbenzidine (TMB) (cat.438OH, Kem-En-Tec Diagnostics, Taastrup, Denmark) was added, and the plates were incubated for 15 minutes at A c c e p t e d M a n u s c r i p t 20 o C in darkness. All the above incubation steps included shaking at 300 rpm. After each incubation step, the plate was washed five times in washing buffer (20 mM Tris, 50 mM NaCl, pH 7.2). The TMB reaction was stopped by adding 0.18 M H 2 SO 4 as stopping solution and measured at 450 nm with 650 nm as reference. A calibration curve was plotted using a 4-parametric mathematical fit model.

All samples were measured within the measurement range of each assay [START_REF] Nielsen | The neo-epitope specific PRO-C3 ELISA measures true formation of type III collagen associated with liver and muscle parameters[END_REF][START_REF] Sun | Collagen Type III and VI Turnover in Response to Long-Term Immobilization[END_REF].

Liver fibrosis diagnostic score calculation

In order to compare the diagnostic performance of PRO-C3 with previously described diagnostic scores, the AST to platelet ratio index (APRI) and FIB-4 (age, AST, ALT, platelets), were calculated using available preoperative laboratory values [START_REF] Wai | A simple noninvasive index can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C[END_REF][START_REF] Sterling | Development of a simple noninvasive index to predict significant fibrosis in patients with HIV/HCV coinfection[END_REF]. It was recently described that PRO-C3 has a better diagnostic performance when included as part of the ADAPT score. The ADAPT score (age, diabetes, platelets, PRO-C3) was then calculated and previously described cut off value was used [START_REF] Daniels | ADAPT: An algorithm incorporating PRO-C3 accurately identifies patients with NAFLD and advanced fibrosis[END_REF].

Liver histological analysis

Surgical liver biopsies of the left lobe were systemically performed during bariatric surgery using the same standardized procedure with a scalpel blade. Each liver fragment measured at least 1 cm 2 on cut section. Tissue samples were formalin-fixed and paraffin-embedded. Serial sections were stained with hematoxylin & eosin, picrosirius red and Perls' iron stain. Liver biopsies were reviewed by a single liver pathologist (PB). Evaluations were performed using the category classification, NAS and SAF (Steatosis Activity and Fibrosis) scores as previously described [START_REF] Bedossa | Histopathological algorithm and scoring system for evaluation of liver lesions in morbidly obese patients[END_REF][START_REF] Bedossa | Utility and appropriateness of the fatty liver inhibition of progression (FLIP) algorithm and steatosis, activity, and fibrosis (SAF) score in the evaluation of biopsies of nonalcoholic fatty liver disease[END_REF]. Intermediate to Advanced Liver Fibrosis was defined as stages F2-F4 Advanced liver fibrosis was defined as stages F3-F4.
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Adipose tissue histological analysis

Peroperative surgical scAT biopsies (from the periumbilical area), and omental (omAT) adipose tissue biopsies were performed by trained surgeons as described in [START_REF] Karsdal | Fibrogenesis assessed by serological type III collagen formation identifies patients with progressive liver fibrosis and responders to a potential antifibrotic therapy[END_REF]. Post-operatively, a subcutaneous AT biopsy (within the periumbilical area) was obtained at 3 and 12 months post-bariatric surgery (BS) in 28 patients. AT samples were fixed and embedded in paraffin and sliced into 5 µm-thick sections. Collagen was stained with picrosirius-red (which labels mainly the prominent interstitial collagens type I and III), and the total area was scanned at 20 magnification and resolution of 0.24 µm/pixel. Detection thresholds were adjusted with an image-analysis module using Calopix software (Tribvn). Manual delimitation of red stained AT, avoiding blood vessels and staining artifacts was then performed. Total fibrosis quantification was expressed as the ratio of picrosirius-red stained fibrous tissue area to the total tissue surface, as described in [START_REF] Abdennour | Association of Adipose Tissue and Liver Fibrosis with Tissue Stiffness in Morbid Obesity: Links with Diabetes and BMI Loss after Gastric Bypass[END_REF][START_REF] Divoux | Fibrosis in human adipose tissue: composition, distribution, and link with lipid metabolism and fat mass loss[END_REF][START_REF] Henegar | Adipose tissue transcriptomic signature highlights the pathological relevance of extracellular matrix in human obesity[END_REF]. Pericellular fibrosis was measured in 10x250x250μm randomly placed squares and was quantified as the ratio of picrosiriusred stained fibrous tissue area to the total measured surface.

Statistical analysis

Data are expressed as mean ± SD or as numbers and percentages for categorical variables.

Continuous data with a non-Gaussian distribution were log-transformed before analysis. For comparisons of Procollagen levels with liver status, linear regression models adjusted for age, gender, BMI and Type 2 diabetes status were built. Area under the curve, sensibility, specificity, positive predictive value, and negative predictive value for the diagnosis of advanced liver fibrosis (F3-F4) were calculated using the pROC R package [START_REF] Robin | pROC: an opensource package for R and S+ to analyze and compare ROC curves[END_REF] procollagen and other variables. For dynamic post bariatric surgery analysis, relative changes from baseline at T3 and T12 months were computed and relations with procollagen changes were assessed using mixed linear models adjusted for the type of surgery (sleeve, bypass or band) with patients as random effects. All analyses were conducted using R studio software version 1.2.1335 (http://www.r-project.org). P values less than 0.05 were considered to denote statistically significant differences. When appropriate, multiple comparisons adjustments were performed using the false discovery rate method.

Results

PRO-C3 levels correlate to the degree of liver fibrosis and insulin resistance markers in severe obesity

Serum levels of both PRO-C3 and PRO-C6 were significantly higher in patients with significant or advanced liver fibrosis (Figure 1A-B). Patients in the highest quartile of PRO-C3 (Figure 1C) but not PRO-C6 (Figure 1D) had a significantly higher risk of having fibrosis F3-4 (odds ratio 5.8; 95% CI [1.5-29.9]; p=0.017) and F2-4 (odds ratio 3.3; 95% CI [1.1-9.7]; p=0.03), after adjustment for age, gender, BMI and diabetes status (Figure 1C). Conversely, the highest quartile of PRO-C6 levels was not associated with an increased risk of fibrosis F3-4 or F2-4 (Figure 1D). Both PRO-C3 (Figure 2A-B indicate a link between circulating PRO-C3 and the insulin resistance profile. PRO-C3 levels also correlated with AST, ALT, and GGT. Importantly, the correlations with liver enzymes remained significant after further adjustment for diabetes status, suggesting that this link is independent of insulin resistance (Figure 4). By contrast, Serum PRO-C6 was not associated with the metabolic markers and liver enzymes. There was no significant correlation between PRO-C3 levels and estimated glomerular function rate (p=0.22)

Diagnostic performance of PRO-C3 and the ADAPT score in a population of individuals with severe obesity

We then evaluated the performance of PRO-C3, alone and as part of the ADAPT score, for the diagnosis of advanced liver fibrosis (F3-F4) and compared it with other commonly used diagnostic scores (APRI and FIB-4). In our population, PRO-C3, APRI, FIB-4 and ADAPT scores yielded an AUC of 0.65, 0.71, 0.74 and 0.78, respectively, for the diagnosis of F3-F4 fibrosis. Thus, the performance of PRO-C3 alone was lower than that of FIB4 and APRI, while PRO-C3 included as part of the ADAPT score had the best diagnostic performance.

When applying the previously described threshold of 6.3287 for the diagnosis of fibrosis F3-4 (41), the sensitivity of the ADAPT score was 0.56 (95%CI 0.36-0.76) with a specificity of 0.91 (95%CI 0.86-0.96). Using this threshold, the ADAPT score had a positive predictive value (PPV) of 56.0% and a negative predictive value (NPV) of 91.2%.

PRO-C3 decreases after bariatric surgery in patients with severe liver fibrosis at baseline

PRO-C3 and PRO-C6 serum levels were measured in 63 patients at baseline, and at 3 and 12 months after BS, to assess their potential to mirror dynamic changes. Levels of both markers decreased significantly after BS (-0.42 ng/ml/month for PRO-C3, p<0.001, and -0.05 ng/ml/month, p=0.01 for PRO-C6). However, the trajectories of PRO-C3 levels displayed major inter-individual variability after bariatric surgery. Importantly, they were dependent on the baseline liver fibrosis stage (significant interaction with baseline liver fibrosis stage; p<0.001). PRO-C3 levels decreased significantly in patients with baseline F3-4 (n=16, p<0.001) or F2-4 (n=42, p<0.001) (Figure 5A andC). Conversely, dynamic changes of PRO-C6 serum levels after BS did not depend on baseline liver fibrosis (Figure 5 B and D).

The decrease of PRO-C3 correlates with improved liver enzymes and metabolic parameters after bariatric surgery

The decrease in PRO-C3 levels after BS correlated with improved serum metabolic parameters (fasting glycemia and triglycerides) and with the decrease of liver enzymes (AST, ALT, GGT) after BS, independently of the type of bariatric surgery. Patients whose PRO-C3 levels decreased, were also the ones that improved their serum liver enzymes and notably, this correlation was also independent of the individuals' weight loss and of fasting glycaemia improvement after BS (Table 2).

Conversely, PRO-C6 levels were not linked with the improvement of post-BS metabolic parameters, including weight loss.

PRO-C3 and PRO-C6 serum levels are not influenced by adipose tissue fibrosis

Since the AT is frequently a site of active collagen deposition in obesity [START_REF] Marcelin | Deciphering the cellular interplays underlying obesity-induced adipose tissue fibrosis[END_REF], we next examined if serum PRO-C3 and PRO-C6 levels were correlated with ATF before and after BS. ATF data evaluated with picrosirius red quantification were available at baseline for the subcutaneous (sc) depots (n=101), and for the omental (om) depots (n=85). For 28 of these patients, scATF data were also available at 3 and 12 months post BS. We found no association between PRO-C3 or PRO-C6 serum levels and ATF at baseline in either subcutaneous or visceral depots. As we described previously [START_REF] Liu | Accumulation and Changes in Composition of Collagens in Subcutaneous Adipose Tissue After Bariatric Surgery[END_REF], subcutaneous ATF increased after bariatric surgery (Supplemental Figure 1 (44)). However, neither changes in PRO-C3 nor in PRO-C6 after BS were correlated with changes in ATF (Table 3).

Altogether, these results strongly suggest that ATF, did not affect PRO-C3 and PRO-C6 serum levels.

A c c e p t e d M a n u s c r i p t Discussion

In this study, we found an association between serum levels of PRO-C3 and advanced liver fibrosis in patients with severe obesity. Interestingly, a significant decrease in PRO-C3 levels after bariatric surgery was only found in patients with intermediate to advanced liver fibrosis (F2-4) at baseline, and this decrease was associated with an improvement of serum liver enzymes and metabolic parameters. We found no such correlations for PRO-C6 levels. Importantly, serum PRO-C3 and PRO-C6 were not influenced by adipose tissue fibrosis in either subcutaneous or omental depots, a common finding in patients with severe obesity in whom the adipose tissue is deeply remodeled. This finding reinforces the reliability of PRO-C3 as a biomarker of liver fibrosis and fibrogenesis in severe obesity.

Recently, PRO-C3 was tested in well-defined cohorts of NAFLD and NASH patients, demonstrating a good positive and negative predictive value for diagnosing advanced stage NASH and liver fibrosis [START_REF] Daniels | ADAPT: An algorithm incorporating PRO-C3 accurately identifies patients with NAFLD and advanced fibrosis[END_REF][START_REF] Boyle | Performance of the PRO-C3 collagen neo-epitope biomarker in non-alcoholic fatty liver disease[END_REF]. Our present study is the first to demonstrate the associations between procollagen markers and NAFLD-severity in patients with severe obesity. A 5-fold increased risk of F3-4 fibrosis for the highest quartile of PRO-C3 compared to the lowest quartile was observed, independently of age, gender, BMI and diabetes status qualifying PRO-C3 also as a useful biomarker for the diagnosis of advanced liver fibrosis in subjects with severe obesity. Our results are in line with recent findings showing that PRO-C3 levels are not affected by BMI [START_REF] Erhardtsen | Determining a healthy reference range and factors potentially influencing PRO-C3 -A biomarker of liver fibrosis[END_REF]. Consistently, we found positive correlations between PRO-C3 levels and liver serum enzymes (AST, ALT, GGT), and also markers of insulin resistance (fasting glucose, HbA1c, HOMA-IR, QUICKI), illustrating the interplay between metabolic impairment, liver injury and PRO-C3, a direct marker of fibrosis and fibrogenesis. The link between AST, ALT and PRO-C3 remained significant after adjustment for diabetes status.

Interestingly, PRO-C3 when included as part of the ADAPT score had the best diagnostic performance compared to other frequently used diagnostic scores (APRI, FIB-4). However, the A c c e p t e d M a n u s c r i p t sensitivity and specificity of the ADAPT score in our cohort were lower than in a previous report [START_REF] Daniels | ADAPT: An Algorithm Incorporating PRO-C3 Accurately Identifies Patients With NAFLD and Advanced Fibrosis[END_REF]. PRO-C6 did not correlate with liver enzymes or insulin resistance markers and its association with fibrosis F2-4 or F3-4 was not significant.

The relevance of both procollagen biomarkers is further illustrated by their changes one year after BS, a surgical procedure known to improve liver status and even fibrosis [START_REF] Chavez-Tapia | Bariatric surgery for non-alcoholic steatohepatitis in obese patients. Cochrane Hepato-Biliary Group[END_REF][START_REF] Lassailly | Bariatric Surgery Reduces Features of Nonalcoholic Steatohepatitis in Morbidly Obese Patients[END_REF]. Both PRO-C3 and PRO-C6 levels significantly decreased after BS. Importantly, a decrease of post-BS PRO-C3 levels was only observed in patients with significant/advanced liver fibrosis F2-4 or F3-4 at baseline. Interestingly, the decrease in PRO-C3 occurred early in the follow up (i.e., at 3 months), and was not correlated with weight loss, suggesting that the attenuation of fibrosis may be independent of the extent of weight loss after BS. The decrease in PRO-C3 was also correlated with the improvement in serum liver enzymes independently of weight loss and glycemic improvement supporting its unique utility as a specific marker to detect the decreased liver fibrogenesis after BS. Similar results were observed in a recent study in patients with Type 2 diabetes where a decrease of PRO-C3 was associated with liver fibrosis improvement after therapy [START_REF] Bril | Use of Plasma Fragments of Propeptides of Type III, V, and VI Procollagen for the Detection of Liver Fibrosis in Type 2 Diabetes[END_REF]. Taken together, these results suggest that the decrease of PRO-C3 indicates attenuated liver fibrogenesis after BS in patients with advanced baseline liver fibrosis.

Collagen deposition is not specific to liver, since fibrosis is also a hallmark of AT alterations, especially in severe obesity [START_REF] Sun | Fibrosis and adipose tissue dysfunction[END_REF]. The fact that we found no link between levels of PRO-C3 or PRO-C6 and ATF, neither in subcutaneous or in omental depots, is important to define the organ specificity of these markers as predictors of liver fibrosis and fibrogenesis (PRO-C3) vs liver and AT metabolic/inflammatory derangement (PRO-C6). We previously observed an increase in AT fibrosis following BS [START_REF] Liu | Accumulation and Changes in Composition of Collagens in Subcutaneous Adipose Tissue After Bariatric Surgery[END_REF]. However, here we found no association between longitudinal changes of our procollagen markers and changes in ATF. The increase in ATF in severe obesity could result from weight cycling, i.e., significant weight alterations, in these patients, while it seems likely that ATF is no longer an active process in patients with severe obesity at the time of BS, since they were Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgab897/6461120 by guest on 16 December 2021 A c c e p t e d M a n u s c r i p t required to maintain a stable weight for at least 3 months. Moreover, the ATF compartment may have a lower collagen turnover compared to fibrotic liver. PRO-C6 is an adipokine that is uniquely cleaved from microfibrillar procollagen type 6, a (minor) component of most connective tissues (ref). Interestingly, its expression in AT is correlated with adipocyte expansion [START_REF] Dankel | COL6A3 expression in adipocytes associates with insulin resistance and depends on PPARγ and adipocyte size[END_REF]. Notably, in our study serum PRO-C6 was not associated with ATF, hepatic fibrosis or components of the NAS score, including steatosis and inflammation, nor did it decline after BS. Instead PRO-C6 diminution correlated only with decrease in triglyceride levels. This is in line with a similar correlation our prior study in patients with type 2 diabetes treated with glitazones [START_REF] Karsdal | Serum endotrophin identifies optimal responders to PPARγ agonists in type 2 diabetes[END_REF]. This may suggest a mechanistic link between peripheral lipid handling and the level or release of PRO-C6 from AT, rather than between Pro-C6 and hepatic pathology.

Our study has some limitations. First, NAFLD-induced liver cirrhosis remains rare, and therefore was not well represented in our cohort. Second, we did not have access to albumin measurements and therefore were not able to calculate the NAFLD fibrosis score and compare it to PRO-C3 and the ADAPT score [START_REF] Angulo | The NAFLD fibrosis score: a noninvasive system that identifies liver fibrosis in patients with NAFLD[END_REF]. Third, although we could correlate the decrease of PRO-C3 with liver enzyme improvement post-BS, we did not have access to longitudinal liver biopsies to evaluate the dynamics of the biomarkers in regards of liver histological changes. Finally, although we had access to a large number of samples of ATF quantification at baseline, we only had 28 patients with serial postoperative biopsies due to the added invasive procedure to which only a patient subgroup consented. This may have limited the statistical power of our adipose tissue follow up analysis.

In conclusion, in patients with severely obesity, serum PRO-C3 levels are significantly elevated with advanced liver fibrosis and decrease after bariatric surgery, without being affected by adipose tissue fibrosis. PRO-C3 could constitute a relevant biomarker for the diagnosis and the monitoring of NAFLD induced liver fibrosis in patients with severe obesity. 
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  ) and PRO-C6 (Figure 3A-B) levels correlated significantly with the histological NAFLD activity score (NAS), and with lobular inflammation. The correlations with hepatocyte ballooning and steatosis are shown in Figure 2C-D for PRO-C3 and Figure 3C-D for PRO-C6. We next examined associations between PRO-C3 and PRO-C6 and serum markers of insulin resistance, as well as serum liver enzymes such as Aspartate Aminotransferase (AST), Alanine Aminotransferase (ALT) and Gamma-Glutamyl Transferase (GGT). PRO-C3 correlated positively with fasting glycemia, HbA1c, HOMA-IR, and triglycerides, and negatively with QUICKI, after adjustment for age, gender and BMI. These results Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgab897/6461120 by guest on 16 December 2021 A c c e p t e d M a n u s c r i p t
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 1 Fig. 1. PRO-C3 is associated with advanced liver fibrosis in subjects with severe obesity
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 45 Fig. 4. PRO-C3 is associated with serum liver enzymes and insulin resistance markers
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Table 1 . Characteristics of the studied population

 1 

		All n=158	(F0-1) n=81	(F2-4) N=77	p	(F0-2) n=132	(F3-4) N=26	p
	Baseline							
	Age (years-old)	42.0 (12.0)	38.4 (10.2) 45.8 (12.5) <0.01	40.5 (11.5)	49.7 (11.4)	<0.01
	Female	103 (65.2%)	62 (76.5%) 41 (53.2%) <0.01	88 (66.7%)	15 (57.7%)	0.51
	Diabetes	73 (46.2%)	22 (27.2%) 51 (66.2%) <0.01	51 (38.6%)	22 (84.6%)	<0.01
	Type of surgery:				<0.01			0.13
	Gastric banding	7 (4.4%)	5 (6.2%)	2 (2.6%)		6 (4.5%)	1 (3.8%)	
	RYGB	102 (64.6%)	42 (51.9%) 60 (77.9%)		81 (61.4%)	21 (80.8%)	
	Sleeve	49 (31.0%)	34 (42.0%) 15 (19.5%)		45 (34.1%)	4 (15.4%)	
	BMI (kg/m 2 )	47.2 (7.4) 46.0 (6.9)	48.5 (7.7)	0.03	47.2 (7.3) 47.1 (8.0)	0.95
	Fat mass (%)	47.1 (5.4) 47.6 (5.3)	46.5 (5.5)	0.25	47.5 (5.1) 44.9 (6.4)	0.07
	Fasting glycemia (mmol/l)	6.5 (2.6)	5.7 (1.6)	7.4 (3.1)	<0.01	6.1 (2.3)	8.4 (3.1) <0.01
	HbA1C (%)	6.7 (1.5)	6.2 (1.3)	7.1 (1.5)	<0.01	6.5 (1.4)	7.6 (1.6) <0.01
	HOMA-IR	2.7 (1.2)	2.5 (1.0)	3.1 (1.2)	0.01	2.6 (1.0)	3.3 (1.7)	0.11
	QUICKI	0.133 (0.01)	0.135 (0.01)	0.129 (0.01)	<0.01	0.134 (0.01)	0.127 (0.01)	0.04
	Triglycerides (mmol/l)	1.8 (1.2)	1.6 (1.2)	2.1 (1.1)	<0.01	1.7 (1.1)	2.3 (1.3)	0.05
	HDL cholesterol (mmol/l)	1.1 (0.3)	1.1 (0.3)	1.0 (0.3)	0.04	1.1 (0.3)	1.0 (0.4)	0.28
	ALT (UI/l)	42.8 (38.8)	32.1 (18.3) 54.2 (50.1) <0.01	38.2 (23.1)	66.0 (76.9)	0.02
	AST (UI/l)	33.5 (15.9)	27.7 (8.5) 39.6 (19.4) <0.01	31.1 (11.7)	45.6 (26.1)	0.01
	GGT (UI/l)	67.8 (181.6)	43.4 (46.7)	93.9 (254.8)	<0.01	50.5 (48.7)	154.7 (428.9)	0.01
	Estimated							
	glomerular filtration rate	97.4 (27.4)	95.0 (19.9) 99.9 (33.7)	0.28	98.7 (27.2)	90.8 (28.3)	0.20
	(mL/min)							
	NAFLD status:				<0.01			<0.01
	Normal	23 (14.6%)	21 (26.2%)	2 (2.6%)		23 (17.6%)	0 (0.0%)	
	NAFLD	56 (35.7%)	40 (50.0%) 16 (20.8%)		52 (39.7%)	4 (15.4%)	
	NASH	78 (49.7%)	19 (23.8%) 59 (76.6%)		56 (42.7%)	22 (84.6%)	
	Liver Fibrosis				<0.01			<0.01

Results are expressed as mean (SD) for continuous data and n (%) for categorical data. P values result from Student's t test for continuous data and Chi2 or Fisher's exact test for categorical data between the 2 groups. BMI: Body Mass Index; RYGB: Roux-en-Y Gastric Bypass; NAFLD: Non-Alcoholic Fatty Liver Disease; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; QUICKI: quantitative insulin sensitivity check index. Estimated glomerular filtration rate was estimated using the Modification of Diet in Renal Disease (MDRD) formula.

Table 2 . Dynamic changes of PRO-C3 and PRO-C6 in relation to the improvement of metabolic/liver parameters after bariatric surgery

 2 Relative changes from baseline were computed at 3 months and 12 months post BS for the indicated parameters. Regression coefficients (beta) and p values were calculated with a mixed linear model with patients as random effects and type of surgery (model 1) and type of surgery + glycemia and weight % changes (model2) as fixed effects. BMI: Body Mass Index; QUICKI: quantitative insulin sensitivity check index; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance.

	N=63

Table 3 . PRO-C3 and PRO-C6 and adipose tissue fibrosis

 3 Baseline partial correlations are adjusted for age, gender and BMI.For post bariatric surgery changes, relative changes from baseline were computed at T3 months and T12 months for all variables. Regression coefficients and p values were calculated with a mixed linear model with patients as random effects and adjustment for the type of surgery. omAT: omental adipose tissue. scAT: subcutaneous adipose tissue Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgab897/6461120 by guest on 16 December 2021
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