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Introduction

Rheumatoid arthritis (RA) is the most common inflammatory joint disease, characterized by joint inflammation with impairment in physical functions and quality of life, including depression [START_REF] Fakra | Rheumatoid arthritis and depression[END_REF][START_REF] Heinimann | Long-Term Increase of Radiographic Damage and Disability in Patients with RA in Relation to Disease Duration in the Era of Biologics. Results from the SCQM Cohort[END_REF]. All international recommendations proposed using methotrexate (MTX) as the first line to treat RA [START_REF] Smolen | EULAR recommendations for the management of rheumatoid arthritis with synthetic and biological disease-modifying antirheumatic drugs: 2019 update[END_REF]. MTX is an antifolate agent with a chemical structure close to folic and folinic acid, but its exact mechanism of action is still unclear [START_REF] Cronstein | Methotrexate and its mechanisms of action in inflammatory arthritis[END_REF]. Administered orally or by subcutaneous injection in low doses, MTX reduces inflammation through many mechanisms, some dependent on folate deficiency [START_REF] Cronstein | Methotrexate and its mechanisms of action in inflammatory arthritis[END_REF]. MTX is metabolized in multiple forms of polyglutamate derivates (MTX-PG). They are potentially involved in MTX efficacy and their half-life (1-4 weeks) is longer than MTX (4h) [START_REF] Angelis-Stoforidis | Methotrexate polyglutamate levels in circulating erythrocytes and polymorphs correlate with clinical efficacy in rheumatoid arthritis[END_REF].

Even if MTX shows excellent efficacy in RA treatment [START_REF] Müller | Effectiveness, tolerability, and safety of subcutaneous methotrexate in early rheumatoid arthritis: A retrospective analysis of realworld data from the St. Gallen cohort[END_REF], 7% to 30% of patients discontinue MTX in the first year due to its toxicity [START_REF] Peterc | How to Get the Most from Methotrexate (MTX) Treatment for Your Rheumatoid Arthritis Patient?-MTX in the Treat-to-Target Strategy[END_REF]. More common adverse events are gastrointestinal, hepatic, and haematology toxicity [START_REF] Albrecht | Side effects and management of side effects of methotrexate in rheumatoid arthritis[END_REF]. Folate deficiency is associated with these side effects of MTX. Even at a low dose, FA supplementation reduced the frequency of gastrointestinal and hepatic events [START_REF] Shea | Folic acid and folinic acid for reducing side effects in patients receiving methotrexate for rheumatoid arthritis[END_REF] and reduced MTX discontinuation [START_REF] Van Ede | Effect of folic or folinic acid supplementation on the toxicity and efficacy of methotrexate in rheumatoid arthritis: a forty-eight week, multicenter, randomized, double-blind, placebocontrolled study[END_REF]. Although MTX side effects may decrease by supplementation in FA, the current guideline on folate administration is not precisely established [START_REF] Peterc | How to Get the Most from Methotrexate (MTX) Treatment for Your Rheumatoid Arthritis Patient?-MTX in the Treat-to-Target Strategy[END_REF]. According to pharmacokinetics, it is considered that it is better to administer the FA and MTX sequentially because FA would inhibit the therapeutic effects of MTX. Accordingly, FA is administrated at a distance to MTX with no defined recommendation for its dosing (5-25mg/week) or time point of administration (1-3 days after MTX application).

However, no clinical study showed that co-administration of FA with MTX reduced the treatment efficacy.

The rat adjuvant-induced arthritis (AIA) model was used to investigate the effect of coadministration for two main reasons. Firstly, rat AIA is a widely used model of RA as it shares some characteristics with RA [START_REF] Dalix | Improvement of Pain Management by Nefopam in a Rat Adjuvant-Induced Arthritis Model[END_REF][START_REF] Courbon | Early Subchondral Bone Loss at Arthritis Onset Predicted Late Arthritis Severity in a Rat Arthritis Model: EARLY BONE LOSS AT ARTHRITIS[END_REF]. Secondly, rat AIA is a robust model with a high prevalence of arthritis, which is an advantage for investigating the effect of a drug to reduce arthritis [START_REF] Dalix | Improvement of Pain Management by Nefopam in a Rat Adjuvant-Induced Arthritis Model[END_REF][START_REF] Courbon | Early Subchondral Bone Loss at Arthritis Onset Predicted Late Arthritis Severity in a Rat Arthritis Model: EARLY BONE LOSS AT ARTHRITIS[END_REF].This study aimed to assess the impact on the efficacy of MTX and FA coadministration compared to MTX with FA applied one day after MTX in the AIA model. Moreover, MTX metabolism and putative side effect were investigated.

Methods

Animals

The Ethical Committee approved this study for Animal Experiments of Saint-Etienne University (agreement number: 42-18-0801). Experiments were conducted using 6-week-old Lewis female rats (Charles River Laboratories, L'arbresle, France). Animals were housed with 12/12h light/dark cycles and ad libitum food and water access. Mycobacterium butyricum (Difco Laboratories, Detroit, MI, US) dissolved in 200 µl sterile mineral oil (5 mg/ml) was injected at the base of the tail to induce arthritis. The day (D) of arthritis induction was considered D0.

MTX and FA treatment

Animals were randomly divided into three groups. The first group of rats was treated with MTX only (n=13), the second group received MTX and FA on the same day (n=14), and the third group received FA one day after MTX administration (n=14). Treatment began on D9, one day before arthritis onset in this model. MTX (Metoject ® 25mg/0.5ml, dissolved in NaCl 0.9%) was administrated intraperitoneally (IP) at 1 mg/kg (13) every three days, and FA (FA pill was dissolved in DMSO) was delivered IP at 0.17 mg/kg, according to the dosage found in patients.

Historical rat AIA non-treated group

According to an ethical recommendation to reduce the number of animals and improve the animal welfare and the fact that our primary investigation was to assess the effect of coadministration versus delayed administration of FA with MTX, we used a historical rat AIA non-treated group from some of our previous work (n=18) [START_REF] Dalix | Improvement of Pain Management by Nefopam in a Rat Adjuvant-Induced Arthritis Model[END_REF]. This group was used as a comparator to assess the effect of MTX in this model.

Clinical Monitoring

Arthritis severity was measured by two representative parameters: arthritic index (AI) based on joint swelling and animal mobility and ankle circumference (AC). As previously used [START_REF] Dalix | Improvement of Pain Management by Nefopam in a Rat Adjuvant-Induced Arthritis Model[END_REF][START_REF] Courbon | Early Subchondral Bone Loss at Arthritis Onset Predicted Late Arthritis Severity in a Rat Arthritis Model: EARLY BONE LOSS AT ARTHRITIS[END_REF][START_REF] Caire | YAP/TAZ: Key Players for Rheumatoid Arthritis Severity by Driving Fibroblast Like Synoviocytes Phenotype and Fibro-Inflammatory Response[END_REF], the AI was 0 for no change, 1 for minor erythema, 2 for low to moderate erythema or swelling, 3 for pronounced oedema with limited joint usage, and 4 for excess oedema without joint usage. Anteroposterior and later-lateral measurements estimated ankle perimeter with a calliper. Body weight was also measured every day since the protocol began.

Microcomputed Tomography

Quantification was performed on navicular bone as previously reported [START_REF] Courbon | Early Subchondral Bone Loss at Arthritis Onset Predicted Late Arthritis Severity in a Rat Arthritis Model: EARLY BONE LOSS AT ARTHRITIS[END_REF]. Rat ankles were scanned ex vivo with a microcomputed tomography (µ-CT; VivaCT40, Scanco, Brüttisellen, Switzerland) to reconstruct 70 kVp (peak kilovoltage) under a resolution of 12.5µm.

Segmentation parameters for reconstruction and trabecular analysis were (sigma/support/threshold) 0.5/2/230 for trabecular bone and 0.5/2/248 for cortical bone.

Blood samples

Blood cell count was performed on blood samples collected during the sacrifice. Erythrocytes were isolated and lysed to assess MTX-PG dosage (n=7 per group). Transaminases and creatinine were assessed in plasma (n=14 per group).

Statistical Analysis

All statistical analyses were performed using R software. According to normality, the Student's test or Wilcoxon test were performed. Results were considered significantly different when p<0.05. Since the historical group was not performed simultaneously as the experiment, no statistical test was performed.

Results

No influence of folic acid delivery on the efficacy of MTX in arthritis severity in the AIA model Arthritis developed at D10 in all groups with a similar AI and AC evolution in MTX groups during all experiments (Figure 1 A,B). At D17, arthritis severity was lower in MTX groups (AI (mean and standard deviation): 1.4 ± 1.6; AC: 35 ± 7 mm) compared to AIA historical group (AI: 3.3 ± 0.6; AC: 42 ± 4 mm). The body weight gain was comparable between all MTX groups and higher than the historical group (Figure 1C).

No influence of folic acid delivery on MTX-PG1 MTX-PG1 was the only form found in the three treated groups, with no difference in MTX-PG concentration between the MTX groups (Figure 1D). However, there was a disparity in MTX-PG1 concentrations intra-groups. This heterogeneity could be explained since a negative correlation was observed between MTX-PG1 concentration and AI (Figure 1E) in MTX (Spearman coefficient: ρ=0.81; p<0.05) and MTX+FA co-administration (ρ=0.97; p<0.001) groups. However, this correlation was not observed in the group with delayed administration of MTX and FA (ρ=0.66; p=0.1).

No influence of folic acid delivery on bone loss in the AIA model

Total ankle reconstruction showed a trend to decrease bone loss in MTX groups compared to the historical group (Supplementary Figure S1A). However, navicular bone erosion and bone loss parameters showed no difference between MTX groups and the historical group (Supplementary Figure S1B-D). Indeed, cortical porosity was around 0.40 ± 0.15, and bone volume/total volume was around 0.22 ± 0.1 for the four groups.

No impact of co-administration of folic acid with methotrexate on haematological and hepatic effects Haematology parameters were not influenced by FA delivery in all MTX treated groups (Figure 2A-G). Moreover, metabolic parameters such as transaminases (ALAT and ASAT) and creatinine were similar in all MTX treated groups (Figure 2H-J). Liver histology showed an absence of hepatotoxicity in all treated groups (data not shown).

Discussion

As previously described in another arthritis mouse model, MTX was influential in the rat AIA model with a substantial decrease in joint inflammation without a delayed onset [START_REF] Goff | A combination of methotrexate and zoledronic acid prevents bone erosions and systemic bone mass loss in collagen induced arthritis[END_REF]. Our main result is that co-administration of MTX with FA has the same efficacy as FA administrated after MTX, with a similar arthritis onset and a similar level of MTX-PG1 concentrations. Only form 1 of MTX-PG was detected in erythrocytes, as it is the first product of MTX metabolization.

The lack of detection of others forms was probably due to the short time period of MTX treatment, as previously clearly demonstrated in humans [START_REF] De Rotte | Methotrexate polyglutamates in erythrocytes are associated with lower disease activity in patients with rheumatoid arthritis[END_REF]. However, the duration of the treatment was sufficient to reduce arthritis severity in our model. MTX anti-inflammatory effects are not entirely dependent on folate antagonism pathways, which could explain why FA co-administration did not impact MTX efficacy (4). However, we observed that FA administrated the same day or one day after MTX had a slight trend to reduce MTX efficacy on arthritis progression. This indicated that folate administrated was able to interact with MTX, which is required in order to reduce MTX side effects. We did not observe any difference in haematological and hepatic effects on co-administration compared to delayed MTX and FA.

However, MTX side effects appear after a folate deficiency in the organism, which might not have been reached in our model. Indeed, the short exposition of co-administration is not enough to investigate MTX side effects. Moreover, MTX metabolism in rodents might not be exactly like humans. For instance, the usual transaminases level is much higher in rodents than humans.

However, MTX appeared to be metabolised in the same way as in humans. Indeed, polyglutamation of MTX was observed in our model as an indicator of treatment efficacy. Then, we confirmed that MTX was efficient in our model which is widely used for its rapid development of arthritis, high prevalence, and similarities with RA [START_REF] Dalix | Improvement of Pain Management by Nefopam in a Rat Adjuvant-Induced Arthritis Model[END_REF][START_REF] Courbon | Early Subchondral Bone Loss at Arthritis Onset Predicted Late Arthritis Severity in a Rat Arthritis Model: EARLY BONE LOSS AT ARTHRITIS[END_REF]. Moreover, MTX and folate metabolism did not appear to be impaired in our model.

Our data suggested that FA co-administration with MTX did not reduce MTX efficacy. A specific new formulation combined FA and MTX should be tested to confirm our rodent data in a clinical trial. The translation of these data to humans is therefore not expected to have a significant impact on bioavailability of MTX and then MTX efficacy. As non-adherence to MTX therapy is mainly due to side effects, co-administration of FA with MTX should improve treatment tolerance. It should then be helpful to improve compliance to MTX treatment and by this way the efficacy. 
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 2 Figure 2. MTX ± FA effect on haematology and hepatic parameters. A-G: Complete blood count at D17 in AIA rats. White blood cells (A) concentration (G/L), lymphocytes (B) concentration (G/L), neutrophils (C) concentration (G/L), red blood cells (D) concentration (T/L), mean corpuscular volume (E) concentration (fL), haemoglobin (F) concentration (g/dL), and platelets (G) concentration (G/L) in MTX, MTX + FA and MTX + FA (1d) groups. H-J: Transaminases and creatinine dosage in serum at D17 in AIA rats. ALAT (H) concentration (U/L), ASAT (I) concentration (U/L), and creatinine (J) concentration (mg/dL) in MTX, MTX + FA and MTX + FA (1d) groups. MTX group included 13 AIA rats, MTX + FA and MTX + FA (1d) groups included each 14 AIA rats for each graph. All data are presented as mean ± SD. MTX: methotrexate; FA: folic acid; AIA: adjuvant-induced arthritis; D: day.
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