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Elbow trauma can lead to post-traumatic joint contracture (PTJC), which is characterized by loss of motion associated with capsule/ligament fibrosis and cartilage damage. Unfortunately, current therapies are often unsuccessful or cause complications. This study aimed to determine the effects of prophylactically administered simvastatin (SV) and losartan (LS) in two preclinical models of elbow PTJC: an in vivo elbow-specific rat injury model and an in vitro collagen gel contraction assay. The in vivo elbow rat (n = 3–10/group) injury model evaluated the effects of orally administered SV and LS at two dosing strategies [i.e., low dose/high frequency/short duration (D1) vs. high dose/low frequency/long duration (D2)] on post-mortem elbow range of motion (via biomechanical testing) as well as capsule fibrosis and cartilage damage (via histopathology). The in vitro gel contraction assay coupled with live/dead staining (n = 3–19/group) evaluated the effects of SV and LS at various concentrations (i.e., 1, 10, 100 µM) and durations (i.e., continuous, short, or delayed) on the contractibility and viability of fibroblasts/myofibroblasts [i.e., NIH3T3 fibroblasts with endogenous transforming growth factor-beta 1 (TGFβ1)]. In vivo, no drug strategy prevented elbow contracture biomechanically. Histologically, only SV-D2 modestly reduced capsule fibrosis but maintained elevated cellularity and tissue hypertrophy, and both SV strategies lessened cartilage damage. SV modest benefits were localized to the anterior region, not the posterior, of the joint. Neither LS strategy had meaningful benefits in capsule nor cartilage. In vitro, irrespective of the presence of TGFβ1, SV (≥10 μM) prevented gel contraction partly by decreasing cell viability (100 μM). In contrast, LS did not prevent gel contraction or affect cell viability. This study demonstrates that SV, but not LS, might be suitable prophylactic drug therapy in two preclinical models of elbow PTJC. Results provide initial insight to guide future preclinical studies aimed at preventing or mitigating elbow PTJC.
Keywords: post-traumatic joint contracture, rat elbow, gel contraction, simvastatin, losartan
1 INTRODUCTION
Elbow trauma can lead to the debilitating condition of post-traumatic joint contracture (PTJC) in ∼8–50% of afflicted elbows (Anakwe et al., 2011; Myden and Hildebrand, 2011; Monument et al., 2013; Wessel et al., 2019; Hildebrand et al., 2021). An elbow affected by PTJC becomes contracted and stiff, leading to reduced range of motion and function (Anakwe et al., 2011; Myden and Hildebrand, 2011; Monument et al., 2013; Wessel et al., 2019; David et al., 2021; Hildebrand et al., 2021). Elbow PTJC is largely associated with capsule fibrosis, but can involve injury to other soft tissues like muscle, ligament, and cartilage (Monument et al., 2013; David et al., 2021; Hildebrand et al., 2021; Pooley and Van der Linden, 2021). When severe elbow PTJC develops, procedures removing the fibrotic capsule (i.e., capsulotomy) or treating arthritic cartilage (e.g., joint fusion or arthroplasty) serve as surgical options to improve forearm function (Monument et al., 2013; David et al., 2021; Hildebrand et al., 2021; Papadopoulos et al., 2021; Pooley and Van der Linden, 2021). However, the prognosis of these strategies is largely unpredictable, and these strategies are often unsuccessful in restoring full-motion/function and/or are associated with surgical revisions or complications (Monument et al., 2013; David et al., 2021; Hildebrand et al., 2021; Papadopoulos et al., 2021; Pooley and Van der Linden, 2021). Importantly, these approaches fail to address the biological underpinnings of PTJC, especially during the immediate-early biological response post-trauma (Monument et al., 2013; David et al., 2021; Hildebrand et al., 2021). Thus, novel disease-modifying strategies are needed to prevent or mitigate elbow PTJC.
Successful preventative treatments for elbow PTJC will likely depend on the disease severity at the time of intervention and the soft tissues (e.g., capsule and cartilage) responding to the aberrant biomechanical and biochemical stimuli post-trauma. Further, since these stimuli can cause joint-wide changes, it is important to consider the impact of injury and treatment on spatial changes in soft tissues at tissue and cellular levels. Similar to other fibrotic diseases, these aberrant stimuli are thought to drive a sustained increase in the number of myofibroblasts in the capsule that contract the tissue and deposit fibrotic matrix (e.g., collagen and proteoglycan), leading to fibrosis, stiffness, and loss of elbow motion (Monument et al., 2013; David et al., 2021; Hildebrand et al., 2021). In the cartilage, aberrant stimuli post-trauma might drive chondrocytes to overproduce proinflammatory, profibrotic, and catabolic factors, as well as activate chondrocyte proliferation and death (Zuscik et al., 2008; Anderson et al., 2011; Goldring, 2012; David et al., 2017). Consequentially, irreversible changes can occur to cartilage composition (e.g., loss of proteoglycan) and structure (e.g., surface fibrillation), leading to cartilage erosions (Zuscik et al., 2008; Anderson et al., 2011; Goldring, 2012; David et al., 2017). Taken together, preventative strategies modulating the immediate-to-early injury response of fibroblasts/myofibroblasts and chondrocytes in the capsule and cartilage, respectively, will reduce soft tissue damage and elbow contracture.
In the search for preventative treatments for elbow PTJC, two FDA-approved drugs, namely simvastatin (SV) and losartan (LS), offer potential options because of their pleiotropic effects in multiple organs and diseases. Classically, SV targets the mevalonate pathway, which is an essential pathway for cell health and metabolism (Stancu and Sima, 2001); whereas LS is an antagonist for the angiotensin II receptor type 1 (Bernasconi and Nyström, 2018), which modulates the renin-angiotensin physiologic system. These properties have led to the primary clinical use of SV and LS to treat hypercholesterolemia and hypertension, respectively, although these drugs have recently been considered for treating arthritis due to their potential ability to suppress inflammation in the joint capsule and synovial fluid, resulting in reduced cartilage damage (Cojocaru et al., 2013; Veronese et al., 2019; Wu et al., 2019, 2020). Additional preclinical studies show benefits of administration of both drugs in other diseases, including cartilage damage and joint swelling in the knee (Price et al., 2007; Yudoh and Karasawa, 2010; Aktas et al., 2011; Chen R. et al., 2015; Hamilton et al., 2018; Huard et al., 2018; Utsunomiya et al., 2020; Logan et al., 2021) and tissue fibrosis in the knee (Baranowski et al., 2019), lungs (Bagnato et al., 2013; Guo et al., 2015), muscle (Bedair et al., 2008; Burks et al., 2011; Kobayashi et al., 2013; Davis et al., 2015; Whitehead et al., 2015; Huard et al., 2018), and heart (Varo et al., 1999; Spurney et al., 2011; Sun et al., 2015; Böckmann et al., 2019; Kuo et al., 2019). Collectively, the aforementioned studies in the knee and other soft-tissues holistically suggest that both drugs might modulate fibroblasts/myofibroblasts and chondrocytes biology in the elbow joint post-trauma. Despite these pleiotropic benefits in other organ-tissues and diseases, both SV and LS’s impact on elbow PTJC remains unknown.
Therefore, this study aimed to evaluate the effects of SV and LS in two established preclinical models of contracture. Two SV and LS dosing strategies were tested in an elbow-specific rat injury model in vivo, which normally causes loss of elbow function, capsule fibrosis, and mild arthritis (Lake et al., 2016; Dunham et al., 2017a; Dunham et al., 2017b; Dunham et al., 2018a; Dunham et al., 2018b; Dunham et al., 2019; Dunham et al., 2020; Dunham et al., 2021; Reiter et al., 2019; Reiter et al., 2021a; Reiter et al., 2021b). The in vivo model provides translatability of SV and LS therapy and joint-wide impact on multiple soft tissues (i.e., capsule and cartilage). Additionally, SV and LS were evaluated in a collagen gel contraction model in vitro, serving to mimic elbow capsule contraction in vivo (Hildebrand et al., 2014). The in vitro model allows for manipulation of experimental conditions on capsule cells of interest (i.e., fibroblasts/myofibroblasts). Overall, we hypothesized that SV and LS would prevent: 1) elbow contracture, capsule fibrosis, and cartilage damage in vivo; and 2) gel contraction of fibroblasts/myofibroblasts in vitro.
2 METHODS
2.1 In Vivo Rat Elbow Injury Model
2.1.1 Animals, Surgery, and Drug Strategies
In this IACUC-approved study, male Long-Evans rats (n = 35; 330–370 g; Charles River Laboratories International, Wilmington, MA) were subjected to an established elbow injury model (Lake et al., 2016; Dunham et al., 2017b); male rats were selected because this PTJC model was developed using males and few sex-based differences have been observed (Reiter et al., 2021b). Briefly, unilateral elbows were subjected to anterior capsulotomy and transection of the lateral collateral ligament followed by a period of immobilization (0–42 days post-injury via bandage/wraps) and then free mobilization (i.e., unrestricted cage activity; 42–84 days post-injury) (Figure 1A). Immediately after injury, rats received either no drugs (INJ; n = 9) or one of two drug dosing strategies (D1 or D2; n = 3–5/group) administered via oral gavage: 1) LS-D1; 2) SV-D1; (iii); LS-D2; and 4) SV-D2. For D1, each drug was given 1x/daily for 3 weeks at 20 mg/kg and 30 mg/kg for LS and SV, respectively. For D2, each drug was given 3x/week for 6 weeks at 40 mg/kg and 60 mg/kg for LS and SV, respectively. Based on previous preclinical studies (Varo et al., 1999; Bedair et al., 2008; Aktas et al., 2011; Burks et al., 2011; Spurney et al., 2011; Bagnato et al., 2013; Kobayashi et al., 2013; Davis et al., 2015; Guo et al., 2015), the respective low and high doses were chosen, and the dosing strategies were categorized by either a low dose/high frequency/short duration (D1) or high dose/low frequency/long duration (D2); due to the difference in doses for each drug, no direct comparison between drug-treated groups is evaluated herein. Oral gavage was chosen as the delivery route to better control for the drug dose administered at a given time. Powdered forms of SV and LS were mixed with sterile water and adjusted for the weight of each rat. Elbows from uninjured, age-matched rats served as controls (Control; n = 10). After the free mobilization period, rats were humanely euthanized, and elbows were harvested for post-mortem biomechanical and histopathological analysis.
[image: Figure 1]FIGURE 1 | Experimental design for in vivo rat elbow injury model. (A) Summary of experimental groups, timeline, and post-mortem analysis. Control is uninjured, age-matched animals. For drug strategies, INJ is an injury with no treatment, while losartan (LS) and simvastatin (SV) represent injury plus LS and SV, respectively; dosage strategy 1 (D1) and dosing strategy 2 (D2) represents the treatment strategies of low dose/high frequency/short duration vs. high dose/low frequency/long duration, respectively. (B) Images depicting the ex vivo flexion-extension biomechanical testing set-up and the quantitative angular measurements obtained. In this elbow injury model, elbow contracture is characterized by i) decrease in the total range of motion, ii) increase in max extension angle (which translates into decreased elbow extension), and iii) unaltered max flexion. The total range of motion is calculated by determining the angle difference between max extension and max flexion. (C) Schematic of an elbow mid-sagittal section with the corresponding anatomical location of the capsule and cartilage for histopathology.
2.1.2 Biomechanical Testing
Biomechanical analysis on ex vivo elbows from Control (n = 10), INJ (n = 9), D1 (n = 5/drug), and D2 (n = 3/drug) was performed as described previously (Lake et al., 2016; Dunham et al., 2017b; Reiter et al., 2019). Elbows were tested in flexion-extension to measure the maximum flexion, maximum extension, and range of motion (ROM), which collectively describe elbow motion (Figure 1B).
2.1.3 Capsule and Cartilage Histological Semi-Quantitative Scoring
Following biomechanical testing, elbows (n = 3/group) were histologically processed for paraffin embedding, sectioned (mid-sagittal), and then stained with hematoxylin and eosin (H&E) and toluidine-blue (Tol-Blue) as previously performed (Lake et al., 2016; Dunham et al., 2017b, 2018a). Each section (n = 3 sections/stain/elbow) was blinded and semi-quantitatively scored by a musculoskeletal histopathologist (N.H.) using an adaptation of published metrics (Branchet-Gumila et al., 1999; Lake et al., 2016; Dar et al., 2017; Dunham et al., 2017b, 2018a). The semi-quantitative assessment of capsule and cartilage (Supplementary Table S1) included the characterization of cellular (e.g., cell number and type) and tissue (e.g., adhesions, fibrosis, thickness, and proteoglycans) level changes in both anterior and posterior anatomical joint regions (Figure 1C). For each histological section, a semi-quantitative metric was derived from a musculoskeletal histopathologist assessment. After evaluation, numerical scores for each elbow and group were averaged, converted into symbolic representation (−, +, ++, +++, or ++++), and then used for comparisons among groups.
2.1.4 Cartilage Histomorphometry
Cartilage histomorphometry on the humerus was deployed using a method derived from previous techniques (Fukui et al., 2014; Dar et al., 2017; David et al., 2017). Briefly, sections (n = 1 representative section/elbow; chosen due to minimal slide to slide variation in histology scoring) were scanned under identical settings at 20x magnification (460 nm/pixel) using the NanoZoomer 2.0-HT System slide scanner (C9600-12; Hamamatsu, Shizuoka, Japan). Cartilage regions were defined in, and exported from, NanoZoomer Digital Pathology software (NDP-view2, Hamamatsu) and then processed through a semi-automatic script in MATLAB (Mathworks, Natick, MA). The following parameters were determined within the articular and calcified cartilages: 1) the number of chondrocytes; 2) the number of proteoglycan-rich chondrocytes (i.e., chondrocytes with intense pericellular Tol-Blue+ staining); 3) the number of empty lacunae; 4) the cartilage area; and 5) the proteoglycan-rich cartilage area (Tol-Blue+ staining). To obtain proteoglycan-rich cartilage, images were first color normalized to account for histological staining variation (i.e., scaled to each image’s white background and subchondral bone intensity) and then thresholded to remove non-proteoglycan rich pixels (based on average RGB pixel intensities for the subchondral bone). Proteoglycan amount was quantified by exploiting Tol-Blue’s metachromatic staining properties, where a darker Tol-Blue stain (i.e., lower average RGB pixel intensity) indicates more proteoglycan (Sridharan and Shankar, 2012).
2.2 In Vitro Gel Contraction and Live/Dead Assays
2.2.1 Cell and Gel Culture
NIH3T3 fibroblasts (Sigma, St. Louis, MO) and transforming growth factor-beta one (TGFβ1; R&D Systems, Minneapolis, MN) were used as the cell line and profibrotic/contraction stimuli, respectively. This model system is routinely used to study the transdifferentiation of fibroblasts into myofibroblasts (Abdalla et al., 2013; Gutiérrez et al., 2015; Negmadjanov et al., 2015). Further, NIH3T3 fibroblasts were chosen in this study because primary capsule cells from rat or human tissue are not easily obtained, isolated, and expanded for high-throughput analysis. Briefly, NIH3T3 fibroblasts were cultured in media comprised of DMEM/High Glucose +10% fetal bovine serum and 1% penicillin-streptomycin (Fisher Scientific, Waltham, MA). Upon reaching ∼80% confluency, NIH3T3 fibroblasts were trypsinized and mixed into neutralized (pH 7; 300 mOsm) rat-tail collagen solution (collagen concentration of 1.5 mg/ml) at a density of 5 × 105 cells/ml following previous methods (Cross et al., 2010; Iannucci et al., 2019). The collagen-cell mixture (500 µL) was then cast into uncoated 24-well plates (Midwest Scientific, Valley Park, MO) and polymerized for 1 h at 37°C before adding fresh media. After 24 h, gels were released from the wells using a sterile spatula to initiate spontaneous, free-floating gel contraction (Figure 2A). Immediately after releasing gels, SV or LS was added (1, 10, or 100 µM) with and without TGFβ1 (10 ng/ml) 1) every day (continuous), 2) for the first 2 days only (short), or 3) every day after a 2-days delay (delayed) (Figure 2B; n = 3–12 gels/group). These concentrations were chosen based on previous preclinical work and to test a range of concentrations several orders of magnitudes apart (Watson et al., 1998; Fürst et al., 2002; Porter et al., 2004; Watts et al., 2005; Benoit et al., 2008; Monzack et al., 2009; Burks et al., 2011; Copaja et al., 2011; Jia et al., 2016; Olschewski et al., 2018). Gels cultured in drug-free media with and without TGFβ1 served as controls (n = 12–19 gels/group). Culture media was changed every 2 days. Powdered SV, LS, and TGFβ1 were mixed into culture media following manufacture guidelines. A subset of gels (n = 2–3 gels/group) in drug-free media were supplemented with only the reconstitution solvents for SV (i.e., 0.001% dimethyl sulfoxide) and TGFβ1 (i.e., 0.002 mM hydrochloric acid) to verify that these solvents without drugs did not alter gel contraction.
[image: Figure 2]FIGURE 2 | Experimental design for in vitro NIH3T3 fibroblast-embedded gel contraction. (A) Imaging set-up used to monitor gel contraction. Representative images of collagen gel (1.5 mg/ml) contraction by embedded NIH3T3 fibroblasts (5 × 105 cells/ml) with and without TGFβ1 (10 ng/ml) over time. Note: Day 0 is not shown as the gels are approximately the same size as the well, and intermediate timepoints are sizes in between the days shown. (B) Quantification of gel contraction and drug dosing strategies used. Results are shown as average ± SEM (n = 12 for No TGFβ1; n = 19 for + TGFβ1). Note: star = live/dead assay. (C) Representative images of live, dead, and total cell staining used to quantify cell number (# of nuclei) and viability (% viable).
2.2.2 Collagen Gel Contraction Dynamics
Gels were imaged daily to monitor changes in gel contraction (i.e., gel area) by positioning an iPhone 5s (Apple, Cupertino, CA) below the culture plate resting on a custom-built stand (Figure 2A). Gel area was quantified using a custom MATLAB script, with results shown as a fraction of the initial gel area (Figure 2B).
2.2.3 Cell Viability in Collagen Gels
After 6 days of continuous drug treatment with or without TGFβ1, gels (n = 4–11 gels/group) were stained with calcein-AM (2 μM; Fisher Scientific, Waltham, MA; FITC filter cube), ethidium homodimer-1 (4 μM; Fisher Scientific; TRITC filter cube), and Hoescht (2.5 μg/ml; Fisher Scientific; DAPI filter cube) dyes to identify live, dead, and total cells, respectively (Figure 2C). Gels were imaged within the gel interior (depths of ∼40 and ∼100 µm) at ×10 magnification (PlanFluor DLL 10x 0.30/16.00 mm; Nikon, Calgary, Canada) using an epifluorescent microscope (BZ-X810; Keyence, Itasca, IL). Cell number and viability at each gel depth was quantified and then averaged to obtain a representative gel value using a custom MATLAB script.
2.3 Statistics
Biomechanical data for INJ and Control were published previously and included for comparison (Reiter et al., 2019) but their histological sections were subjected to the analysis protocol herein (Dunham et al., 2017b). Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA). For in vivo data, one-way ANOVA with Dunnett’s post-hoc test was performed to detect differences in biomechanical and cartilage histomorphometry parameters between INJ and drug-treated groups compared to Control. Of note, samples from LS-D2 were excluded from semi-quantitative scoring (n = 1) and histomorphometry (n = 2) because of histological processing errors and section folding. For in vitro data analysis, one-way ANOVA with Dunnett’s post-hoc test (against the respective drug-free condition) was performed for each parameter. Statistical significance was set at p ≤ 0.05, while trends were identified as 0.05 < p ≤ 0.10.
3 RESULTS
3.1 In Vivo Rat Injury Model
3.1.1 Rat Health and Elbow Biomechanics
No visible adverse side effects assessed by a veterinarian nor differences in rat weights among groups were observed (data not shown). Biomechanical testing revealed significantly decreased elbow range of motion (∼22%; Figure 3A) and extension motion (i.e., larger maximum extension values; ∼145%; Figure 3B) in INJ compared to Control. All drug strategies displayed similar changes in the range of motion and extension motion as in INJ compared to Control (Figures 3A,B). There were no differences in maximum flexion between any experimental group and Control except for LS-D1 (∼5%; Figure 3C). These biomechanics results indicate elbow contracture is not mitigated by drug treatments.
[image: Figure 3]FIGURE 3 | No drug strategy prevented biomechanical measures of elbow contracture. Biomechanical parameters of decreased range of motion (A) and increased max extension (i.e., decreased elbow extension) (B) demonstrate significant elbow contracture in all groups compared to Control; no treatment strategy prevented or improved elbow contracture. Max flexion (C) was largely unaffected by injury and treatment compared to Control. Results are shown as average ± SD; # indicates p < 0.05 significant difference from Control (one way-ANOVA with Dunnett’s post-hoc). Note: Control = uninjured, age-matched; INJ = injury no drug; LS-D1 = losartan dosing strategy 1; LS-D2 = losartan dosing strategy 2; SV-D1 = simvastatin dosing strategy 1; and SV-D2 = simvastatin dosing strategy 2.
3.1.2 Anterior and Posterior Capsule Histopathology
Histopathology analysis revealed that all groups displayed different injury-induced responses at the tissue and cellular level in both the anterior (Table 1; Figure 4) and posterior (Table 1; Supplementary Figure S1) capsule. In the anterior capsule, INJ increased tissue-level parameters of capsule thickness, fibrosis, adhesion, and proteoglycans compared to Control (Table 1; Figure 4). With both LS treatments, similar tissue-level changes occurred in the INJ, except both resulted in a thickened, more fibrotic anterior capsule; LS-D2 also slightly reduced proteoglycans (Table 1; Figure 4). Similarly, both SV treatments had a different response to that observed in INJ (Table 1; Figure 4). SV-D2 slightly reduced fibrosis, proteoglycans, and adhesions compared to INJ, although these metrics were still elevated compared to Control (Table 1; Figure 4). There was no change in vascularity between groups (Table 1).
TABLE 1 | Histological semi-quantitative scoring of the anterior and posterior capsule highlighted altered tissue and cellular properties post-injury and treatment. In the anterior capsule, INJ induced tissue-level thickening, proteoglycan deposition, and development of fibrosis and adhesions; SV-D2 is the only treatment that modestly reduced proteoglycans, adhesions, and fibrosis, albeit with increased tissue thickness, cellularity (predominantly fibroblasts/myofibroblasts), and synovial proliferation. Similar observations were made in the posterior capsule; however, SV-D2 no longer had capsular benefits in reducing tissue fibrosis, adhesions, or proteoglycans. In both anterior and posterior capsules, there was no change in vascularity or the number of mast cells and mononuclear inflammatory cells in any group compared to Control. Note: Histological parameters were semi-quantitatively assessed and given a symbol of either −, +, ++, +++, or ++++, where increases in the number of symbols (+vs. ++++) indicate worse disease severity; details on grading scheme is found in Supplementary Table S1; Control = uninjured, age-matched; INJ = injury no drug; LS-D1 = losartan dosing strategy 1; LS-D2 = losartan dosing strategy 2; SV-D1 = simvastatin dosing strategy 1; and SV-D2 = simvastatin dosing strategy 2.
[image: Table 1][image: Figure 4]FIGURE 4 | SV, but not LS, modestly reduced capsule fibrosis anteriorly, albeit with increased tissue thickness and cellularity. Qualitative histopathology assessment on H&E midsagittal sections of the anterior capsule highlights changes in the overall capsule tissue and cellular morphology. Control capsule displays loosely packed and disorganized tissue with minimal cellularity, whereas injury caused thickened tissue and fibrosis with minimal cells. Treatments displayed increased thickness, cellularity (mostly fibroblasts/myofibroblasts), synovial proliferation (arrows), and fibrosis. However, SV-D2 was the only group able to modestly reduce capsule fibrosis (open star). Note: H = humerus; R = radius; Control = uninjured, age-matched; INJ = injury no drug; LS-D1 = losartan dosing strategy 1; LS-D2 = losartan dosing strategy 2; SV-D1 = simvastatin dosing strategy 1; and SV-D2 = simvastatin dosing strategy 2.
At the cellular level of the anterior capsule, no differences were observed in total cellularity, synovial proliferation, and types of cells (fibroblasts/myofibroblasts, mast cells, or mononuclear inflammatory) in INJ compared to Control (Table 1; Figure 4). In contrast, every drug strategy led to increased cellularity, fibroblasts/myofibroblasts, and synovial proliferation compared to Control (Table 1; Figure 4). No drug strategy resulted in changes to mast or mononuclear inflammatory cells at the time point evaluated (Table 1).
For the posterior capsule, every drug strategy exhibited similar trends but increased scores at the tissue and cellular level compared to the anterior capsule (Table 1; Supplementary Figure S1). Notably, SV-D2 did not reduce fibrosis and adhesions in the posterior capsule as was seen in the anterior capsule (Table 1; Supplementary Figure S1). Collectively, these results indicate that only SV had modest benefits in capsule pathology (i.e., decreased fibrosis, adhesions, and thickening) through modulating the population of fibroblasts/myofibroblasts in the anterior region and not the posterior region.
3.1.3 Anterior and Posterior Cartilage Histopathology
Histopathology assessment of the cartilage highlighted drastic changes at the tissue and cellular level depending on the anatomical location and the drug strategy. In the anterior region of INJ compared to Control, qualitative (Figure 5A) and semi-quantitative scores (Table 2) revealed mild cartilage damage in the form of surface irregularities, but without either a loss of proteoglycans, compromise in the tidemark integrity, or cellular morphological changes. Both LS strategies had a similar level of cartilage damage as INJ, except there was an additional loss of proteoglycans (Table 2; Figure 5A). On the contrary, SV-treated groups showed modestly reduced cartilage damage (Table 2; Figure 5A). While semi-quantitative metrics indicated no drastic changes in chondrocyte cellularity across entire cartilage (Table 2), qualitatively it appeared that injury with or without drug treatments induced subtle yet notable localized cellular morphology changes in the articular cartilage of the humerus (Figure 5A). Chondrocyte hypertrophy and cloning/clustering was observed in localized regions in INJ compared to Control (Figure 5A). For treatments, chondrocytes were somewhat absent in both LS groups while being enlarged and displaying clustering/cloning in both SV strategies (Figure 5A). Histomorphometry of the humerus cartilage revealed that INJ did not alter any parameter compared to Control (Figures 5B–F). However, SV strategies largely increased the overall cartilage area (Figure 5B), the distribution (i.e., area; Figure 5C) and amount (i.e., staining intensity; Figure 5D) of proteoglycan, and the number of proteoglycan-rich chondrocytes (Figure 5E). In contrast, LS strategies exerted no appreciable changes. For all groups, no appreciable changes in humerus cartilage histomorphometry were seen in the number of chondrocytes (Figure 5F) and empty lacunae (data not shown) in the articular cartilage or in any metric in the calcified cartilage (data not shown).
[image: Figure 5]FIGURE 5 | SV, but not LS, reduced cartilage surface irregularities and enhanced proteoglycan content anteriorly. (A) Qualitative histopathology assessment on toluidine blue (Tol-Blue) and hematoxylin and eosin (H&E) midsagittal sections of anterior humerus articular cartilage (AC) and calcified cartilage (CC) demonstrate minor cartilage surface-level fibrillations (white-filled arrow) with injury alone (INJ) compared to Control. Treatment with either LS strategy caused worse visible structural and modest proteoglycan loss (asterisks) changes. In contrast, both SV treatments appeared to reduce the severity of this damage and increased cartilage thickness, proteoglycan content, and proteoglycan-rich chondrocytes (black-filled arrow), as seen in Tol-Blue images. Note the minor loss of chondrocytes (blue circle) and the drastic change in chondrocyte morphology with an enlargement (open arrow) and cloning/clustering (blue-filled arrow) of chondrocytes in the articular cartilage, as seen in H&E images. (B–F) Quantitative cartilage histomorphometry of the humerus articular cartilage at the tissue level largely confirms these qualitative assessments while providing additional insight into cellular level changes in the number of chondrocytes and those with enriched pericellular proteoglycan. Results are shown as mean ± SD; # indicates p ≤ 0.05 significant difference and * indicates 0.05 < p ≤ 0.10 trending significance from Control (one-way ANOVA with Dunnett’s post-hoc). Note: Control = uninjured, age-matched; INJ = injury no drug; LS-D1 = losartan dosing strategy 1; LS-D2 = losartan dosing strategy 2; SV-D1 = simvastatin dosing strategy 1; and SV-D2 = simvastatin dosing strategy 2.
TABLE 2 | Histological semi-quantitative scoring of the anterior and posterior cartilage demonstrated altered tissue and cellular properties post-injury and treatment. In both anterior and posterior cartilage, INJ caused minor surface irregularities compared to Control. In the anterior cartilage, both SV strategies could slightly prevent these minor surface irregularities, whereas LS had no benefit and even caused a loss of proteoglycan matrix staining. Posteriorly, no strategy provided cartilage protection; in fact, SV strategies worsened the severity of cartilage damage. Note: Histological parameters were semi-quantitatively assessed and given a symbol of either −, +, ++, +++, or ++++, where increases in the number of symbols (+vs. ++++) indicate worse disease severity; details on grading scheme is found in Supplementary Table S1; Control = uninjured, age-matched; INJ = injury no drug; LS-D1 = losartan dosing strategy 1; LS-D2 = losartan dosing strategy 2; SV-D1 = simvastatin dosing strategy 1; and SV-D2 = simvastatin dosing strategy 2.
[image: Table 2]Histopathology assessment of the posterior cartilage revealed mostly similar observations to the anterior cartilage. Qualitative (Supplementary Figure S2A) and semi-quantitative analyses (Table 2) showed posterior cartilage damage in INJ and both LS treatment groups compared to Control, including surface fibrillations and loss of proteoglycans; additional diffuse hypercellularity was seen in the LS-D2 group. Contrary to semi-quantitative observations in the anterior cartilage, both SV strategies caused significant cartilage erosions and loss of proteoglycan in the posterior region (Table 2). Qualitative assessment did not reveal striking changes in chondrocyte morphology in most groups, except the slight appearance of empty lacunae with both SV strategies (Supplementary Figure S2A). Articular cartilage histomorphometry (Supplementary Figures S2B–F) largely confirmed these qualitative and semi-quantitative observations with no changes in any parameter evaluated; however, despite erosions and loss of proteoglycan observed qualitatively and semi-quantitatively, there was no overall change in cartilage area or proteoglycans quantitatively. No appreciable cellular and tissue-level cartilage histomorphometry changes were observed in the posterior calcified cartilage (data not shown). Taken together, these results indicate that only SV had modest cartilage protection anteriorly through changes in chondrocyte appearance and extracellular matrix of the articular cartilage and not calcified cartilage.
3.2 In Vitro Gel Contraction
3.2.1 Fibroblasts/Myofibroblasts Cell Contractility and Viability
In vitro studies detected differences across groups in the degree of gel contraction (Figures 6A–C). On day 6 of culture, drug-free gels decreased in area from the initial size without (∼30%) and with (∼95%) TGFβ1 (Figures 6A,B). Irrespective of TGFβ1, continuous SV treatment prevented (i.e., no decreased area; Figures 6A,B) gel contraction at concentrations ≥10 µM compared to drug-free control. In contrast, no concentration of LS prevented gel contraction. Since only SV prevented gel contraction, a subset of SV- and TGFβ1-treated only gels were used to test the effect of timing and duration of SV. Similar inhibition of contraction occurred if SV was delayed and given for a short duration (Figure 6C); however, 10 µM SV no longer inhibited contraction if applied for a short duration. On day 6 after continuous drug treatment with and without TGFβ1, 100 µM SV significantly reduced cell number (∼70–80%; Figures 6D,E) and viability (∼35–45%; Figures 6F,G). In a subset of gels, there was no impact of reconstitution solvents for SV and TGFβ1 on gel contraction (Supplementary Figure S3). Overall, these results indicate that only SV could prevent gel contraction at moderate to high concentrations through modulation of NIH3T3 fibroblasts/myofibroblasts health and contractility.
[image: Figure 6]FIGURE 6 | SV, but not LS, reduced fibroblasts/myofibroblasts contractility and viability in vitro. (A–C) Quantitative assessment of gel contraction area demonstrated that continuous, delayed, and short application of SV, but not LS, reduced contraction without and with TGFβ1 after 6 days. (D–G) Assessment of cell number and viability demonstrated that only continuous 100 µM SV treatment reduced cell number and viability without and with TGFβ1 after 6 days. Results are shown as mean ± SD; # indicates p < 0.05 significant difference from drug-free controls (one way-ANOVA with Dunnett’s post-hoc).
4 DISCUSSION
4.1 Overview
Currently, an unmet clinical need exists for novel therapies to prevent the development of elbow PTJC. Thus, this study tested the effects of prophylactically administered SV and LS in two preclinical models of elbow PTJC. In the rat elbow PTJC model in vivo, SV and LS did not prevent the onset of elbow contracture as indicated from post-mortem biomechanics (Figure 3). However, both drugs modulated capsule and cartilage biology on a region-dependent cellular and tissue level as indicated histologically (Tables 1, 2; Figures 4, 5; Supplementary Figures S1, S2). SV drug delivery appeared to decrease capsule fibrosis and cartilage damage in the joint anteriorly, yet increased damage severity in the posterior region. This observed location-dependent phenotype suggests a complex injury-drug response by which altering the anterior region of the joint with drugs might impact the biological activity in multiple tissues throughout the elbow. Neither LS dose showed any benefits and appeared to increase disease severity in both cartilage and capsule. In vitro, concentrations of SV, but not LS, inhibited fibroblasts/myofibroblast contractility (Figure 6). Considering the in vitro and in vivo data together suggests that both SV and LS can modulate the biological activity and tissue-level properties of capsule and cartilage. However, it appears that drug-induced cellular and tissue level changes do not necessarily translate to the functional level, at least at the single timepoint evaluated, which might have implications for future clinical and preclinical studies of elbow PTJC. Overall, these data provide a foundation of knowledge to understand better SV and LS potential as disease-modifying drugs for elbow PTJC and to guide the future optimization of dosing and delivery strategies.
4.2 SV and LS Induces Pleiotropic Effects on Capsule Biology In Vivo
Elbow PTJC is primarily driven by capsule fibrosis; hence, a study goal was to prevent capsule fibrosis post-trauma, particularly in the anterior region of the elbow since it is the location where the surgically induced injury occurs in the in vivo model (Lake et al., 2016; Dunham et al., 2017b). Indeed, SV given at dosing strategy 2 (60 mg/kg given 3 days/wk for 6 weeks), but not dosing strategy 1 (30 mg/kg given daily for 3 weeks), modestly reduced anterior capsule fibrosis/adhesions, although the capsule was still thick and displayed increased cellularity compared to Control (Figure 4; Table 1). At the cellular level, fibroblasts and/or myofibroblasts were histologically identified as the predominant cell type in the capsule at the timepoint evaluated (Table 1). This is in opposition to inflammatory cells (e.g., monocytes and mast cells) that are commonly implicated in knee contracture (Monument et al., 2013; David et al., 2021), yet shifts in these cell populations could occur at other timepoints post-injury or the signaling between such cells might be altered. It is unclear why SV’s effects were localized anteriorly; however, since the anterior capsule is the primary tissue of interest driving elbow contracture in this model and clinically, the increased disease severity in the posterior joint location may not be as critical. Despite modest benefits of SV, LS given at either dosing strategy 1 (20 mg/kg given daily for 3 weeks) or strategy 2 (40 mg/kg given 3 days/week for 6 weeks) failed to decrease the severity of capsule fibrosis, cartilage damage, or contracture. Given the limited timepoints following trauma and drug therapies assessed herein, it remains unknown if decreased capsule fibrosis, adhesions, and proteoglycans associated with elevated tissue thickness and cellularity indicates a delay or reduction in capsule fibrosis or tissue regeneration.
Since limited knowledge exists regarding elbow specific PTJC, as well as the use of SV and LS for PTJC in other musculoskeletal joints (e.g., knee), careful considerations should be taken when comparing this study to the literature. Nevertheless, our mixed multi-scale results somewhat align with a study by Baranowski et al., that evaluated the effects of orally administered losartan (30 mg/kg/day) and statins (in this case, atorvastatin; 15 mg/kg/day) on capsule fibrosis and joint contracture in a rat knee model of PTJC (Baranowski et al., 2019). Similar to our results, they found no functional benefit, yet both drugs still altered the capsule tissue and cellular properties. At the tissue level, atorvastatin and LS decreased and increased capsular thickness, respectively, while both drugs reduced the total cellularity and proportion of myofibroblasts at the cellular level. The efficacy discrepancy between studies could be due to the joint type, soft-tissue damage from traumatic injury, dosing strategies, timepoints evaluated, or analysis technique. Nevertheless, it appears that SV and LS can modulate the capsule’s biological activity and tissue-level properties of the elbow in a dosing strategy and anatomical location-dependent manner.
4.3 SV, but not LS, Prevents Fibroblasts/Myofibroblasts-Mediated Gel Contraction In Vitro
In this study, the gel contraction model utilizing NIH3T3 fibroblasts and TGFβ1 as a profibrotic factor (Abdalla et al., 2013; Gutiérrez et al., 2015; Negmadjanov et al., 2015) was performed to simulate in vivo capsule contraction (Hildebrand et al., 2014) and evaluate SV and LS’s direct effects on fibroblasts and myofibroblasts. SV, but not LS, reduced gel contraction under conditions with and without TGFβ1 in NIH3T3 fibroblasts/myofibroblasts (Figure 6). SV at higher concentration (100 µM) inhibited gel contraction mostly due to cell death, while SV at a moderate concentration (10 µM) likely altered cell contractility (assessed via extent of gel contraction; Figure 6). Notably, the effects of SV were transient because the gel contraction response was not altered when SV was only given for a short duration (Figure 6). Delayed application of SV (≥10 µM) led to a complete halt in gel contraction, albeit with about ∼60% contraction still occurring prior to applying SV (Figure 6). Generally, our results align with SV’s known influence on the mevalonate pathway (Stancu and Sima, 2001) and fibroblasts/myofibroblasts (i.e., reduced proliferation, viability, and contractility with ≤10 µM) (Fürst et al., 2002; Porter et al., 2004; Watts et al., 2005; Monzack et al., 2009; Burks et al., 2011; Copaja et al., 2011; Kuo et al., 2019). Further, our in vitro gel findings might explain/support the ability of SV to have a potential reduction in anterior capsule fibrosis by modulating fibroblasts/myofibroblasts phenotype (i.e., contractility), metabolism (e.g., deposition of fibrotic matrix), and signaling (e.g., autocrine/paracrine signaling). However, given the systemic administration of drugs in this study, SV’s impacts in vivo might extend beyond the direct effects on fibroblasts/myofibroblasts observed in vitro (e.g., modulating inflammatory cell health and signaling). Surprisingly, LS did not reduce gel contraction in vitro despite its known anti-fibrotic properties (Bedair et al., 2008; Burks et al., 2011; Spurney et al., 2011; Bagnato et al., 2013; Kobayashi et al., 2013; Guo et al., 2015; Huard et al., 2018; Baranowski et al., 2019; Böckmann et al., 2019). Other studies have reported similarly mixed effects, where LS inhibited gel contraction in some culture conditions (Watson et al., 1998; Benoit et al., 2008; Jia et al., 2016) yet also increased cell adhesions/invasion and proliferation (Olschewski et al., 2018). Such mixed results could be due to in vitro vs. in vivo study designs, culture conditions (e.g., collagen and cellular densities), cell type (e.g., primary vs. cell line), use of a single profibrotic factor (e.g., TGFβ1 vs. angiotensin II) and/or the presence of LS target receptor [i.e., angiotensin II type 1, which NIH3T3 fibroblasts minimally express (Heemskerk et al., 1999; De Paolis et al., 2002)]. In a subset of separate gels, angiotensin II (i.e., 10 and 100 ng/ml) was applied and had no impact on gel contraction (Supplementary Figure S3), suggesting a minimal influence of angiotensin II on NIH3T3 fibroblasts/myofibroblasts contractility. However, angiotensin II and LS might exert effects in other cellular activity of NIH3T3 fibroblasts/myofibroblasts that extend beyond gel contraction studied herein (e.g., production of growth factors/cytokines, proliferation, and adhesions/invasion). Collectively, these in vitro findings suggest SV, but not LS, can directly modulate cellular contractility and health of fibroblasts/myofibroblasts embedded within collagen gels, but whether SV can directly impact these cellular processes in vivo remains unknown.
4.4 SV and LS Induces Pleiotropic Effects on Cartilage Biology In Vivo
Elbow trauma can cause damage to other soft tissues in the elbow like cartilage; hence, this study evaluated changes to cartilage in the rat injury model of elbow post-trauma. Similar to the capsule, cartilage exhibited location- and drug-dependent changes. In both the joint’s anterior and posterior region, all cartilage changes occurred in the articular and not calcified cartilage, suggesting direct and localized effects to chondrocytes in the articular cartilage; however, this does not rule out the possibility of intracellular signaling between articular and calcified cartilage with other elbow tissues such as the capsule or subchondral bone. In both the anterior and posterior region, injury alone caused mild surface fibrillations/irregularities (Table 2; Figure 5; Supplementary Figure S2). Surface irregularities in the posterior region was unexpected since the injury model herein causes soft tissue damage to the anterior region of the joint (Lake et al., 2016; Dunham et al., 2017b); this suggests joint-wide changes not previously appreciated in this injury model of PTJC. With treatments, cartilage damage in the anterior region was slightly prevented (e.g., reduced surface irregularities/fibrillation) with both SV strategies, whereas both LS strategies caused further damage (e.g., erosions) (Table 2; Figure 5). There were notable focal regions of chondrocytes in SV treated groups that displayed enhanced clustering (Figure 5A), though this was not a widespread phenomenon across all articular cartilage. Collectively, histological observations of SV cartilage protection might be due to an overall increase in cartilage area combined with enhanced proteoglycan matrix composition in both the extracellular and pericellular matrices around chondrocytes (Figure 5). These observations in SV-treated joints suggest chondrocyte-driven attempts to repair, regeneration, and/or anabolism (Zuscik et al., 2008; Anderson et al., 2011; Goldring, 2012). However, since only one time point was evaluated post-trauma, it is unclear if this chondrocyte response would continue to be beneficial long term. Despite providing modest benefits anteriorly, both SV strategies led to articular cartilage erosions posteriorly (Table 2; Supplementary Figure S2). Although erosions developed, histomorphometric analysis revealed that the total cartilage area did not change; suggesting that the remaining non-eroded articular cartilage increases in area, as seen anteriorly, and could indicate tissue adaptation. Contrary to SV, LS was unable to provide any surface-level protection and led to areas devoid of chondrocytes (Table 2; Supplementary Figure S2).
Given the limited a priori knowledge of elbow-specific cartilage biology, studies from the literature utilizing SV and LS for preventing arthritis in other joints (e.g., the knee) can help interpret this study’s findings. For example, SV is thought to prevent cartilage damage by enhancing chondrogenesis (e.g., increased proteoglycan synthesis) and reducing chondrocyte production of harmful biochemical factors (e.g., inflammatory cytokines and matrix-degrading enzymes) (Yudoh and Karasawa, 2010; Aktas et al., 2011). LS appears to provide similar cartilage structure protection in the knee (Chen R. et al., 2015; Huard et al., 2018; Utsunomiya et al., 2020; Logan et al., 2021) but can also accelerate chondrocyte enlargement/hypertrophy in the growth plate (Chen S. et al., 2015). Contrary to the structural/composition benefits (e.g., prevention of fibrillations and erosions) of drug treatment on cartilage seen in these previous preclinical studies, there was no robust tissue-level improvement with most SV and LS strategies in this study. However, recent work has shown LS at higher dosages can halt cartilage repair and induce cartilage damage in healthy cartilage (Logan et al., 2021), which somewhat aligns with the deleterious effects of LS strategies in this study. Collectively, these discrepancies could be due to the dosing strategy, joint location (e.g., anterior vs. posterior), joint studied (e.g., elbow vs. knee), type of arthritis (e.g., rheumatoid arthritis vs. post-trauma osteoarthritis), and type of traumatic insult (e.g., trauma, immobilization, chemical, or combinations). Furthermore, it is unclear whether the cartilage response was directly or indirectly modulated by capsule biology, or vice versa. Nevertheless, our findings suggest that SV and LS impact the chondrocyte/cartilage injury response, but the full extent of these drugs’ impact on cartilage requires further investigations.
4.5 Future Work
While these data are insightful, many questions remain to be answered that will require further evaluation. Future work could increase sample sizes, modify the dosing strategies, and evaluate other drug toxicity parameters [e.g., pain, liver dysfunction, and muscle damage (MacDonald and Halleck, 2004; Schachter, 2005; Sica et al., 2005)], functional deficiencies [e.g., gait and grip strength (Reiter et al., 2019)], elbow motions [i.e., pronation and supination (Dunham et al., 2017a)], and time points post-trauma. Further, although only male rats were included in this study and previous work showed minor sex-dependent progression of PTJC (Reiter et al., 2021b), the effect of drug treatment in female rats could be different and should be considered. Since drugs were given systemically, knowledge about the pharmacokinetics and bioavailability of drugs within the elbow’s synovial space would be critical for understanding the drug mechanisms of action and optimizing and choosing alternative dosing and delivery strategies (e.g., use of nanoparticles, intra-articular injections, drinking water, or topical application). It is also important to consider that the bioavailability and effects of each drug herein and using alternative dosing and delivery strategies could also be impacted by the in vivo half-life of each drug [e.g., about 1–5 h in humans (MacDonald and Halleck, 2004; Schachter, 2005; Sica et al., 2005)]. Additionally, in vivo work should also evaluate drug concentrations and critical biomarkers of disease (e.g., TGFβ1, matrix degrading enzymes, and proinflammatory cytokines assessed via immunohistochemistry or other analysis techniques) in the cartilage and capsule, as well as the elbow’s synovial space and systemic blood serum. Beyond future in vivo work, the in vitro gel contraction assay would be more impactful if primary cells from the elbow capsule are used and co-culture studies are performed using other cells (e.g., macrophages and mast cells) that might communicate to fibroblasts/myofibroblasts in vivo (Monument et al., 2013; Hildebrand et al., 2014). Finally, understanding the underlying drug mechanism(s) driving capsule and cartilage biology changes will prove vital to fully determining the therapeutic potential of these treatment strategies.
5 CONCLUSION
In conclusion, this study demonstrated that SV, but not LS, can prevent capsule fibrosis and cartilage damage in vivo and cell contractility in vitro. In the rat elbow contracture model, orally administered SV altered histopathological evaluations at the cellular and tissue level in the capsule and cartilage but did not ultimately improve joint function at the single time point evaluated. In the gel contraction assay, SV transiently altered fibroblasts/myofibroblasts contractility. Both preclinical models demonstrated that the success of SV as a treatment for elbow PTJC will be dependent on the dosing strategy. Unfortunately, LS did not elicit a beneficial change in either the in vivo or in vitro system. Overall, results from this study support further investigation and optimization of SV dosing and delivery strategies to serve as a preventative therapy for elbow PTJC.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Institutional Animal Care and Use Committee, Washington University in St. Louis.
AUTHOR CONTRIBUTIONS
MD, AR, CD, and SL designed the study. MD, AR, CD, RC, NH, and AC performed research associated with the in vivo rat injury model. MD, JA, LI, and IS performed research associated with the in vitro gel contraction assay. MD and SL analyzed and interpreted the data. MD and SL wrote the manuscript. All authors reviewed the manuscript.
FUNDING
This work was supported by National Institutes of Health (NIH R01 AR071444). Histopathology processing was assisted by the Washington University Musculoskeletal Research Center (NIH P30 AR074992). Histopathology slide digitalization was supported by the Alafi Neuroimaging Laboratory, the Hope Center for Neurological Disorders, and NIH Shared Instrumentation Grant (NIH S10 RR027552) to Washington University. AC has received support for work outside of the submitted manuscript from Zimmer-Biomet, DePuy, Arthrex, and Wright Medical.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.803403/full#supplementary-material
ABBREVIATIONS
PTJC, post-traumatic joint contracture; SV, simvastatin; LS, losartan; D1, dosing strategy 1 of low dose/high frequency/short duration; D2, dosing strategy 2 of high dose/low frequency/long duration; SV-D1, simvastatin dosing strategy 1; SV-D2, simvastatin dosing strategy 2; LS-D1, losartan dosing strategy 1; LS-D2, losartan dosing strategy 2; INJ, injury no drug; Control, uninjured, age-matched; TGFβ1, transforming growth factor-beta 1.
REFERENCES
 Abdalla, M., Goc, A., Segar, L., and Somanath, P. R. (2013). Akt1 Mediates α-Smooth Muscle Actin Expression and Myofibroblast Differentiation via Myocardin and Serum Response Factor. J. Biol. Chem. 288, 33483–33493. doi:10.1074/jbc.M113.504290
 Aktas, E., Sener, E., and Gocun, P. U. (2011). Mechanically Induced Experimental Knee Osteoarthritis Benefits from Anti-inflammatory and Immunomodulatory Properties of Simvastatin via Inhibition of Matrix Metalloproteinase-3. J. Orthopaed. Traumatol. 12, 145–151. doi:10.1007/s10195-011-0154-y
 Anakwe, R. E., Middleton, S. D., Jenkins, P. J., McQueen, M. M., and Court-Brown, C. M. (2011). Patient-Reported Outcomes after Simple Dislocation of the Elbow. J. Bone Jt. Surg. 93, 1220–1226. doi:10.2106/JBJS.J.00860
 Anderson, D. D., Chubinskaya, S., Guilak, F., Martin, J. a., Oegema, T. R., Olson, S. a., et al. (2011). Post-traumatic Osteoarthritis: Improved Understanding and Opportunities for Early Intervention. J. Orthop. Res. 29, 802–809. doi:10.1002/jor.21359
 Bagnato, G., Bitto, A., Pizzino, G., Irrera, N., Sangari, D., Cinquegrani, M., et al. (2013). Simvastatin Attenuates the Development of Pulmonary and Cutaneous Fibrosis in a Murine Model of Systemic Sclerosis. Rheumatology 52, 1377–1386. doi:10.1093/rheumatology/ket144
 Baranowski, A., Schlemmer, L., Förster, K., Slotina, E., Mickan, T., Truffel, S., et al. (2019). Effects of Losartan and Atorvastatin on the Development of Early Posttraumatic Joint Stiffness in a Rat Model. Dddt Vol. 13, 2603–2618. doi:10.2147/DDDT.S204135
 Bedair, H. S., Karthikeyan, T., Quintero, A., Li, Y., and Huard, J. (2008). Angiotensin II Receptor Blockade Administered after Injury Improves Muscle Regeneration and Decreases Fibrosis in Normal Skeletal Muscle. Am. J. Sports Med. 36, 1548–1554. doi:10.1177/0363546508315470
 Benoit, C., Gu, Y., Zhang, Y., Alexander, J., and Wang, Y. (2008). Contractility of Placental Vascular Smooth Muscle Cells in Response to Stimuli Produced by the Placenta: Roles of ACE vs. Non-ACE and AT1 vs. AT2 in Placental Vessel Cells. Placenta 29, 503–509. doi:10.1016/j.placenta.2008.03.002
 Bernasconi, R., and Nyström, A. (2018). Balance and Circumstance: The Renin Angiotensin System in Wound Healing and Fibrosis. Cel. Signal. 51, 34–46. doi:10.1016/j.cellsig.2018.07.011
 Böckmann, I., Lischka, J., Richter, B., Deppe, J., Rahn, A., Fischer, D.-C., et al. (2019). FGF23-Mediated Activation of Local RAAS Promotes Cardiac Hypertrophy and Fibrosis. Ijms 20, 4634. doi:10.3390/ijms20184634
 Branchet-Gumila, M. C., Boisnic, S., Le Charpentier, Y., Nonotte, I., Montastier, C., and Breton, L. (1999). Neurogenic Modifications Induced by Substance P in an Organ Culture of Human Skin. Skin Pharmacol. Physiol. 12, 211–220. doi:10.1159/000066245
 Burks, T. N., Andres-Mateos, E., Marx, R., Mejias, R., Van Erp, C., Simmers, J. L., et al. (2011). Losartan Restores Skeletal Muscle Remodeling and Protects against Disuse Atrophy in Sarcopenia. Sci. Transl. Med. 3, 82ra37. doi:10.1126/scitranslmed.3002227
 Chen, R., Mian, M., Fu, M., Zhao, J. Y., Yang, L., Li, Y., et al. (2015a). Attenuation of the Progression of Articular Cartilage Degeneration by Inhibition of TGF-β1 Signaling in a Mouse Model of Osteoarthritis. Am. J. Pathol. 185, 2875–2885. doi:10.1016/j.ajpath.2015.07.003
 Chen, S., Grover, M., Sibai, T., Black, J., Rianon, N., Rajagopal, A., et al. (2015b). Losartan Increases Bone Mass and Accelerates Chondrocyte Hypertrophy in Developing Skeleton. Mol. Genet. Metab. 115, 53–60. doi:10.1016/j.ymgme.2015.02.006
 Cojocaru, L., Rusali, A. C., Şuţa, C., Rădulescu, A. M., Şuţa, M., and Craiu, E. (2013). The Role of Simvastatin in the Therapeutic Approach of Rheumatoid Arthritis. Autoimmune Dis. 2013, 1–7. doi:10.1155/2013/326258
 Copaja, M., Venegas, D., Aránguiz, P., Canales, J., Vivar, R., Catalán, M., et al. (2011). Simvastatin Induces Apoptosis by a Rho-dependent Mechanism in Cultured Cardiac Fibroblasts and Myofibroblasts. Toxicol. Appl. Pharmacol. 255, 57–64. doi:10.1016/j.taap.2011.05.016
 Cross, V. L., Zheng, Y., Won Choi, N., Verbridge, S. S., Sutermaster, B. A., Bonassar, L. J., et al. (2010). Dense Type I Collagen Matrices that Support Cellular Remodeling and Microfabrication for Studies of Tumor Angiogenesis and Vasculogenesis In Vitro. Biomaterials 31, 8596–8607. doi:10.1016/j.biomaterials.2010.07.072
 Dar, Q.-A., Schott, E. M., Catheline, S. E., Maynard, R. D., Liu, Z., Kamal, F., et al. (2017). Daily Oral Consumption of Hydrolyzed Type 1 Collagen Is Chondroprotective and Anti-inflammatory in Murine Posttraumatic Osteoarthritis. PLoS One 12, e0174705. doi:10.1371/journal.pone.0174705
 David, M. A., Smith, M. K., Pilachowski, R. N., White, A. T., Locke, R. C., and Price, C. (2017). Early, Focal Changes in Cartilage Cellularity and Structure Following Surgically Induced Meniscal Destabilization in the Mouse. J. Orthop. Res. 35, 537–547. doi:10.1002/jor.23443
 David, M. A., Chamberlain, A. M., and Lake, S. P. (2021). Preclinical Models of Elbow Injury and Pathology. Ann. Jt. 6, 12. doi:10.21037/aoj.2020.02.09
 Davis, M. E., Korn, M. A., Gumucio, J. P., Harning, J. A., Saripalli, A. L., Bedi, A., et al. (2015). Simvastatin Reduces Fibrosis and Protects against Muscle Weakness after Massive Rotator Cuff Tear. J. Shoulder Elbow Surg. 24, 280–287. doi:10.1016/j.jse.2014.06.048
 De Paolis, P., Porcellini, A., Savoia, C., Lombardi, A., Gigante, B., Frati, G., et al. (2002). Functional Cross-Talk between Angiotensin II and Epidermal Growth Factor Receptors in NIH3T3 Fibroblasts. J. Hypertens. 20, 693–699. doi:10.1097/00004872-200204000-00027
 Dunham, C. L., Castile, R. M., Chamberlain, A. M., Galatz, L. M., and Lake, S. P. (2017a). Pronation-Supination Motion Is Altered in a Rat Model of Post-Traumatic Elbow Contracture. J. Biomech. Eng. 139, 071011. doi:10.1115/1.4036472
 Dunham, C. L., Castile, R. M., Havlioglu, N., Chamberlain, A. M., Galatz, L. M., and Lake, S. P. (2017b). Persistent Motion Loss after Free Joint Mobilization in a Rat Model of post-traumatic Elbow Contracture. J. Shoulder Elbow Surg. 26, 611–618. doi:10.1016/j.jse.2016.09.059
 Dunham, C. L., Castile, R. M., Havlioglu, N., Chamberlain, A. M., and Lake, S. P. (2018a). Temporal Patterns of Motion in Flexion-Extension and Pronation-Supination in a Rat Model of Posttraumatic Elbow Contracture. Clin. Orthop. Relat. Res. 476, 1878–1889. doi:10.1097/CORR.0000000000000388
 Dunham, C. L., Chamberlain, A. M., Meyer, G. A., and Lake, S. P. (2018b). Muscle Does Not Drive Persistent Posttraumatic Elbow Contracture in a Rat Model. Muscle Nerve 58, 843–851. doi:10.1002/mus.26344
 Dunham, C. L., Castile, R. M., Chamberlain, A. M., and Lake, S. P. (2019). The Role of Periarticular Soft Tissues in Persistent Motion Loss in a Rat Model of Posttraumatic Elbow Contracture. J. Bone Jt. Surg. 101, e17. doi:10.2106/JBJS.18.00246
 Dunham, C., Havlioglu, N., Chamberlain, A., Lake, S., and Meyer, G. (2020). Adipose Stem Cells Exhibit Mechanical Memory and Reduce Fibrotic Contracture in a Rat Elbow Injury Model. FASEB j. 34, 12976–12990. doi:10.1096/fj.202001274R
 Dunham, C. L., Steenbock, H., Brinckmann, J., Reiter, A. J., Castile, R. M., Chamberlain, A. M., et al. (2021). Increased Volume and Collagen Crosslinks Drive Soft Tissue Contribution to Post‐Traumatic Elbow Contracture in an Animal Model. J. Orthop. Res. 39, 1800–1810. doi:10.1002/jor.24781
 Fürst, J., Haller, T., Chwatal, S., Wöll, E., Dartsch, P., Gschwentner, M., et al. (2002). Simvastatin Inhibits Malignant Transformation Following Expression of the Ha-Ras Oncogene in NIH 3T3 Fibroblasts. Cel. Physiol. Biochem. 12, 19–30. doi:10.1159/000047823
 Fukui, T., Kitamura, N., Kurokawa, T., Yokota, M., Kondo, E., Gong, J. P., et al. (2014). Intra-Articular Administration of Hyaluronic Acid Increases the Volume of the Hyaline Cartilage Regenerated in a Large Osteochondral Defect by Implantation of a Double-Network Gel. J. Mater. Sci. Mater. Med. 25, 1173–1182. doi:10.1007/s10856-013-5139-3
 Goldring, M. B. (2012). Chondrogenesis, Chondrocyte Differentiation, and Articular Cartilage Metabolism in Health and Osteoarthritis. Ther. Adv. Musculoskelet. 4, 269–285. doi:10.1177/1759720X12448454
 Guo, F., Sun, Y., Su, L., Li, S., Liu, Z., Li, J., et al. (2015). Losartan Attenuates Paraquat-Induced Pulmonary Fibrosis in Rats. Hum. Exp. Toxicol. 34, 497–505. doi:10.1177/0960327114543840
 Gutiérrez, J., Droppelmann, C. A., Contreras, O., Takahashi, C., and Brandan, E. (2015). RECK-Mediated β1-Integrin Regulation by TGF-β1 Is Critical for Wound Contraction in Mice. PLoS One 10, e0135005. doi:10.1371/journal.pone.0135005
 Hamilton, K., Dunning, L., Ferrell, W. R., Lockhart, J. C., and MacKenzie, A. (2018). Endothelium-derived Contraction in a Model of Rheumatoid Arthritis Is Mediated via Angiotensin II Type 1 Receptors. Vasc. Pharmacol. 100, 51–57. doi:10.1016/j.vph.2017.11.001
 Heemskerk, F. M. J., Zorad, S., Xu, N., Gutkind, S. J., and Saavedra, J. M. (1999). Characterization of AT2 Receptor Expression in NIH 3T3 Fibroblasts. Cel. Mol. Neurobiol. 19, 277–288. doi:10.1023/a:1006985329240
 Hildebrand, K. A., Zhang, M., Befus, A. D., Salo, P. T., and Hart, D. A. (2014). A Myofibroblast-Mast Cell-Neuropeptide axis of Fibrosis in Post-Traumatic Joint Contractures: An In Vitro Analysis of Mechanistic Components. J. Orthop. Res. 32, 1290–1296. doi:10.1002/jor.22676
 Hildebrand, K. A., Ademola, A., and Hart, D. A. (2021). Nonsurgical Treatments for post-traumatic Elbow Contractures: Approaches for the Prevention of Their Development and Progression. Ann. Jt. 6, 8. doi:10.21037/aoj-20-62
 Huard, J., Bolia, I., Briggs, K., Utsunomiya, H., Lowe, W. R., and Philippon, M. J. (2018). Potential Usefulness of Losartan as an Antifibrotic Agent and Adjunct to Platelet-Rich Plasma Therapy to Improve Muscle Healing and Cartilage Repair and Prevent Adhesion Formation. Orthopedics 41, E591–E597. doi:10.3928/01477447-20180806-05
 Iannucci, L. E., Boys, A. J., McCorry, M. C., Estroff, L. A., and Bonassar, L. J. (2019). Cellular and Chemical Gradients to Engineer the Meniscus‐to‐Bone Insertion. Adv. Healthc. Mater. 8, 1800806. doi:10.1002/adhm.201800806
 Jia, X., Gu, Y., Groome, L. J., Al-Kofahi, M., Alexander, J. S., Li, W., et al. (2016). 1,25(OH)2D3 Induces Placental Vascular Smooth Muscle Cell Relaxation by Phosphorylation of Myosin Phosphatase Target Subunit 1Ser507: Potential Beneficial Effects of Vitamin D on Placental Vasculature in Humans1. Biol. Reprod. 94, 1–8. doi:10.1095/biolreprod.116.138362
 Kobayashi, T., Uehara, K., Ota, S., Tobita, K., Ambrosio, F., Cummins, J. H., et al. (2013). The Timing of Administration of a Clinically Relevant Dose of Losartan Influences the Healing Process after Contusion Induced Muscle Injury. J. Appl. Physiol. 114, 262–273. doi:10.1152/japplphysiol.00140.2011
 Kuo, H.-F., Hsieh, C.-C., Wang, S.-C., Chang, C.-Y., Hung, C.-H., Kuo, P.-L., et al. (2019). Simvastatin Attenuates Cardiac Fibrosis via Regulation of Cardiomyocyte-Derived Exosome Secretion. Jcm 8, 794. doi:10.3390/jcm8060794
 Lake, S. P., Castile, R. M., Borinsky, S., Dunham, C. L., Havlioglu, N., and Galatz, L. M. (2016). Development and Use of an Animal Model to Study post-traumatic Stiffness and Contracture of the Elbow. J. Orthop. Res. 34, 354–364. doi:10.1002/jor.22981
 Logan, C. A., Gao, X., Utsunomiya, H., Scibetta, A. C., Talwar, M., Ravuri, S. K., et al. (2021). The Beneficial Effect of an Intra-articular Injection of Losartan on Microfracture-Mediated Cartilage Repair Is Dose Dependent. Am. J. Sports Med. 49, 2509–2521. doi:10.1177/03635465211008655
 MacDonald, J. S., and Halleck, M. M. (2004). The Toxicology of HMG-CoA Reductase Inhibitors: Prediction of Human Risk. Toxicol. Pathol. 32, 26–41. doi:10.1080/01926230490462057
 Monument, M. J., Hart, D. A., Salo, P. T., Hildebrand, K. A., and Dean Befus, A. (2013). Posttraumatic Elbow Contractures: Targeting Neuroinflammatory Fibrogenic Mechanisms. J. Orthop. Sci. 18, 869–877. doi:10.1007/s00776-013-0447-5
 Monzack, E. L., Gu, X., and Masters, K. S. (2009). Efficacy of Simvastatin Treatment of Valvular Interstitial Cells Varies with the Extracellular Environment. Atvb 29, 246–253. doi:10.1161/ATVBAHA.108.179218
 Myden, C., and Hildebrand, K. (2011). Elbow Joint Contracture after Traumatic Injury. J. Shoulder Elbow Surg. 20, 39–44. doi:10.1016/j.jse.2010.07.013
 Negmadjanov, U., Godic, Z., Rizvi, F., Emelyanova, L., Ross, G., Richards, J., et al. (2015). TGF-β1-Mediated Differentiation of Fibroblasts Is Associated with Increased Mitochondrial Content and Cellular Respiration. PLoS One 10, e0123046. doi:10.1371/journal.pone.0123046
 Olschewski, D. N., Hofschröer, V., Nielsen, N., Seidler, D. G., Schwab, A., and Stock, C. (2018). The Angiotensin II Type 1 Receptor Antagonist Losartan Affects NHE1-Dependent Melanoma Cell Behavior. Cel. Physiol. Biochem. 45, 2560–2576. doi:10.1159/000488274
 Papadopoulos, D., Papatheodorou, L. K., and Sotereanos, D. G. (2021). Elbow Contracture Release. Ann. Jt. 6, 7. doi:10.21037/aoj-19-180
 Pooley, J., and Van der Linden, D. (2021). Clinical and Pathological Perspectives on Elbow Arthritis and Arthroplasty. Ann. Jt. 6, 9. doi:10.21037/aoj-19-178
 Porter, K., Turner, N. A., O’Regan, D. J., Balmforth, A. J., and Ball, S. G. (2004). Simvastatin Reduces Human Atrial Myofibroblast Proliferation Independently of Cholesterol Lowering via Inhibition of RhoA. Cardiovasc. Res. 61, 745–755. doi:10.1016/j.cardiores.2003.11.032
 Price, A., Lockhart, J. C., Ferrell, W. R., Gsell, W., McLean, S., and Sturrock, R. D. (2007). Angiotensin II Type 1 Receptor as a Novel Therapeutic Target in Rheumatoid Arthritis: In Vivo Analyses in Rodent Models of Arthritis and Ex Vivo Analyses in Human Inflammatory Synovitis. Arthritis Rheum. 56, 441–447. doi:10.1002/art.22335
 Reiter, A. J., Kivitz, G. J., Castile, R. M., Cannon, P. C., Lakes, E. H., Jacobs, B. Y., et al. (2019). Functional Measures of Grip Strength and Gait Remain Altered Long-Term in a Rat Model of Post-Traumatic Elbow Contracture. J. Biomech. Eng. 141, 071001. doi:10.1115/1.4043433
 Reiter, A. J., Castile, R. M., Schott, H. R., Kivitz, G. J., Chamberlain, A. M., and Lake, S. P. (2021a). Investigating the Effects of Physical Therapy Timing, Intensity and Duration on Post-Traumatic Joint Contracture in a Rat Elbow Model. Muscle Ligaments Tendons J. 11, 547. doi:10.32098/mltj.03.2021.20
 Reiter, A. J., Schott, H. R., Castile, R. M., Cannon, P. C., Havlioglu, N., Chamberlain, A. M., et al. (2021b). Females and Males Exhibit Similar Functional, Mechanical, and Morphological Outcomes in a Rat Model of Posttraumatic Elbow Contracture. J. Orthop. Res. 39, 2062–2072. doi:10.1002/jor.24918
 Schachter, M. (2005). Chemical, Pharmacokinetic and Pharmacodynamic Properties of Statins: an Update. Fundam. Clin. Pharmacol. 19, 117–125. doi:10.1111/j.1472-8206.2004.00299.x
 Sica, D. A., Gehr, T. W. B., and Ghosh, S. (2005). Clinical Pharmacokinetics of Losartan. Clin. Pharmacokinet. 44, 797–814. doi:10.2165/00003088-200544080-00003
 Spurney, C. F., Sali, A., Guerron, A. D., Iantorno, M., Yu, Q., Gordish-Dressman, H., et al. (2011). Losartan Decreases Cardiac Muscle Fibrosis and Improves Cardiac Function in Dystrophin-Deficient Mdx Mice. J. Cardiovasc. Pharmacol. Ther. 16, 87–95. doi:10.1177/1074248410381757
 Sridharan, G., and Shankar, A. (2012). Toluidine Blue: A Review of its Chemistry and Clinical Utility. J. Oral Maxillofac. Pathol. 16, 251–255. doi:10.4103/0973-029X.99081
 Stancu, C., and Sima, A. (2001). Statins: Mechanism of Action and Effects. J. Cell. Mol. Med. 5, 378–387. doi:10.1111/j.1582-4934.2001.tb00172.x
 Sun, F., Duan, W., Zhang, Y., Zhang, L., Qile, M., Liu, Z., et al. (2015). Simvastatin Alleviates Cardiac Fibrosis Induced by Infarction via Up-Regulation of TGF-β Receptor III Expression. Br. J. Pharmacol. 172, 3779–3792. doi:10.1111/bph.13166
 Utsunomiya, H., Gao, X., Deng, Z., Cheng, H., Nakama, G., Scibetta, A. C., et al. (2020). Biologically Regulated Marrow Stimulation by Blocking TGF-β1 with Losartan Oral Administration Results in Hyaline-like Cartilage Repair: A Rabbit Osteochondral Defect Model. Am. J. Sports Med. 48, 974–984. doi:10.1177/0363546519898681
 Varo, N., Etayo, J. C., Zalba, G., Beaumont, J., Iraburu, M. J., Montiel, C., et al. (1999). Losartan Inhibits the post-transcriptional Synthesis of Collagen Type I and Reverses Left Ventricular Fibrosis in Spontaneously Hypertensive Rats. J. Hypertens. 17, 107–114. doi:10.1097/00004872-199917010-00016
 Veronese, N., Koyanagi, A., Stubbs, B., Cooper, C., Guglielmi, G., Rizzoli, R., et al. (2019). Statin Use and Knee Osteoarthritis Outcomes: A Longitudinal Cohort Study. Arthritis Care Res. 71, 1052–1058. doi:10.1002/acr.23735
 Watson, S., Burnside, T., and Carver, W. (1998). Angiotensin II-Stimulated Collagen Gel Contraction by Heart Fibroblasts: Role of the AT1 Receptor and Tyrosine Kinase Activity. J. Cel. Physiol. 177, 224–231. doi:10.1002/(sici)1097-4652(199811)177:2<224:aid-jcp4>3.0.co;2-p
 Watts, K. L., Sampson, E. M., Schultz, G. S., and Spiteri, M. A. (2005). Simvastatin Inhibits Growth Factor Expression and Modulates Profibrogenic Markers in Lung Fibroblasts. Am. J. Respir. Cel. Mol. Biol. 32, 290–300. doi:10.1165/rcmb.2004-0127OC
 Wessel, L. E., Gu, A., Richardson, S. S., Fufa, D. T., and Osei, D. A. (2019). Elbow Contracture Following Operative Fixation of Fractures about the Elbow. JSES Open Access 3, 261–265. doi:10.1016/j.jses.2019.09.004
 Whitehead, N. P., Kim, M. J., Bible, K. L., Adams, M. E., and Froehner, S. C. (2015). A New Therapeutic Effect of Simvastatin Revealed by Functional Improvement in Muscular Dystrophy. Proc. Natl. Acad. Sci. USA 112, 12864–12869. doi:10.1073/pnas.1509536112
 Wu, Y., Lu, X., Li, M., Zeng, J., Zeng, J., Shen, B., et al. (2019). Renin-angiotensin System in Osteoarthritis: A New Potential Therapy. Int. Immunopharmacol. 75, 105796. doi:10.1016/j.intimp.2019.105796
 Wu, Y., Li, M., Zeng, J., Feng, Z., Yang, J., Shen, B., et al. (2020). Differential Expression of Renin-Angiotensin System-Related Components in Patients with Rheumatoid Arthritis and Osteoarthritis. Am. J. Med. Sci. 359, 17–26. doi:10.1016/j.amjms.2019.10.014
 Yudoh, K., and Karasawa, R. (2010). Statin Prevents Chondrocyte Aging and Degeneration of Articular Cartilage in Osteoarthritis (OA). Aging 2, 990–998. doi:10.18632/aging.100213
 Zuscik, M. J., Hilton, M. J., Zhang, X., Chen, D., and O’Keefe, R. J. (2008). Regulation of Chondrogenesis and Chondrocyte Differentiation by Stress. J. Clin. Invest. 118, 429–438. doi:10.1172/JCI34174
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 David, Reiter, Dunham, Castile, Abraham, Iannucci, Shah, Havlioglu, Chamberlain and Lake. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-803403-g005.gif





OPS/images/fbioe-10-803403-g006.gif





OPS/images/fbioe-10-803403-g003.gif
Fonge oMot B

A T
i % A1
PSFPRF PO PPIP AV FPAE






OPS/images/fbioe-10-803403-g004.gif





OPS/images/fbioe-10-803403-t001.jpg
Level

Tissue

Cellular

Parameter

Thickness

Adhesions

Fibrosis

Proteoglycan Amount
Vascularity

Celluiarity
Synovial Proliferation
Fibroblasts/myofiorobasts

Meast Cells

Mononuclear Inflammatory Cells

Control

44

INJ
-+
-+
-+
+
+

ERas

Anterior Capsule

Ls-Dt
ot
4
ot

e

ot

Ls-D2
e

++
o+

+

++
+

++
+
+

SV-D1

++

++

++
g
%

e

I

Sv-D2

4+

Control

ot

INJ

e
4

4

+

+

R

Posterior Capsule

LSD1  LSD2 sv-Di

R RRRE b
e i s
++ Ees Eees
+ 4 +
+ + +
e 4 Eees
+ + +
++ + e
+ + +
+ + +

SV-D2
o
pes
pans

++

++





OPS/images/fbioe-10-803403-t002.jpg
Level

Tissue

Cellular

Parameter

Structural Damage
Proteoglycan Loss
Tidemark Integrity

Cellularity

Anterior Cartilage

Control INJ Ls-D1 Ls-D2 Sv-D1
- + + + =
= = + ¥ E

8v-D2

Control

INJ

Posterior Cartilage

Ls-D1
+
¥

Ls-D2
+
+

¥

Sv-D1
+
¥

SV-D2
++
¥





OPS/xhtml/nav.xhtml
Contents

		Cover

		Pleiotropic Effects of Simvastatin and Losartan in Preclinical Models of Post-Traumatic Elbow Contracture		1 Introduction

		2 Methods		2.1 In Vivo Rat Elbow Injury Model

		2.2 In Vitro Gel Contraction and Live/Dead Assays

		2.3 Statistics





		3 Results		3.1 In Vivo Rat Injury Model

		3.2 In Vitro Gel Contraction





		4 Discussion		4.1 Overview

		4.2 SV and LS Induces Pleiotropic Effects on Capsule Biology In Vivo

		4.3 SV, but not LS, Prevents Fibroblasts/Myofibroblasts-Mediated Gel Contraction In Vitro

		4.4 SV and LS Induces Pleiotropic Effects on Cartilage Biology In Vivo

		4.5 Future Work





		5 Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Pleiotropic Effects of Simvastatin
and Losartan in Preclinical
Models of Post-Traumatic Elbow
Contracture





OPS/images/fbioe-10-803403-g001.gif





OPS/images/fbioe-10-803403-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





