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Influence of Obesity on the Organization of the Extracellular Matrix and Satellite Cell Functions After Combined Muscle and Thorax Trauma in C57BL/6J Mice
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Obesity has been described as a major factor of health risk in modern society. Next to intricately linked comorbidities like coronary artery disease or diabetes, an influence of obesity on regeneration after muscle injury has been described previously. However, the influence of obesity on tissue regeneration in a combined trauma, merging the more systemic influence of a blunt lung trauma and the local blunt muscle trauma, has not been investigated yet. Therefore, the aim of this study was to investigate the influence of obesity on regeneration in a mouse model that combined both muscle and thorax trauma. Using gene expression analysis, a focus was put on the structure as well as the organization of the extracellular matrix and on functional satellite cell physiology. An increased amount of debris in the lung of obese mice compared to normal weight mice up to 192 h after combined trauma based on visual assessment can be reported which is accompanied by a decreased response of Mmp2 in obese mice. Additionally, a delayed and elongated response of inhibitor genes like Timp1 has been revealed in obese mice. This elongated response to the trauma in obese mice can also be seen in plasma based on increased levels of pro-inflammatory chemo- and cytokines (IL-6, MCP-1, and IL 23) 192 h post trauma. In addition to changes in the lung, morphological analysis of the injured extensor iliotibialis anticus of the left hind leg in lean and diet-induced obese mice revealed deposition of fat in the regenerating muscle in obese animals hindering the structure of a compact muscle. Additionally, decreased activation of satellite cells and changes in organization and build-up of the ECM could be detected, finally leading to a decreased stability of the regenerated muscle in obese mice. Both factors contribute to an attenuated response to the trauma by obese mice which is reflected by a statistically significant decrease in muscle force of obese mice compared to lean mice 192 h post trauma induction.
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GRAPHICAL ABSTRACT. The general workflow of the study is shown starting with the set-up of the trauma resulting with the collection of the tissue. The collected tissues from the injured or control muscle (1), lung tissue (2), and blood (3) were further investigated using various methods listed in this graphical abstract.




INTRODUCTION

The cases of severe obesity are still rising, and a stagnation is not likely within the next decades (Smith and Smith, 2016). Apart from serious negative effects on social acceptance and psychology, obesity has severe effects on physical health and is associated with a massive economic burden (Tremmel et al., 2017). Understanding how obesity influences the development and outcome of common diseases on a molecular level is indispensable for an improved and adapted treatment. Adipose tissue, massively accumulated in obesity, is seen as an endocrine organ that releases various adipocytokines like leptin or adiponectin, free-fatty acids, and sex steroids. Since tissue resident macrophages release pro-inflammatory cytokines like tumor necrosis factor alpha (TNF-α), Interleukin 6 (IL-6), Interleukin 1β (IL-1β), or monocyte chemoattractant protein-1 (MCP-1) (Kershaw and Flier, 2004), obesity is seen as a state of chronic inflammation thereby not only influencing the immune response but also several metabolic processes like energy homeostasis, glucose and lipid metabolism (Coelho et al., 2013). Therefore, the issue of obesity has become a field of focus in the trauma research as well. It has been shown that the treatment and the life expectancy after polytraumatic injuries is highly influenced by additional risk factors like obesity (Hoffmann et al., 2012). However, the influence of obesity on the outcome of combined trauma injuries has not been sufficiently investigated (Rau et al., 2017).

It is known that obesity is associated with increased mortality and morbidity in trauma patients which can most likely be linked with a higher incidence of multiple organ failure, altered posttraumatic inflammatory response and pulmonary complications like pneumonia (Hoffmann et al., 2012; Andruszkow et al., 2013; Mica et al., 2013; Gray and Dieudonne, 2018; Spitler et al., 2018), finally resulting in a significantly increased hospitalization with intensive care unit treatment (Licht et al., 2015). Although it has been shown that there exists a negative correlation between obesity and the outcome after combined trauma injury, the molecular mechanisms remain unclear. Besides adverse effects and complication in the lung, obesity has also been shown to influence the regeneration of skeletal muscle (Brown and Kuk, 2015; D’Souza et al., 2015; Li et al., 2020; Verpoorten et al., 2020).

Obesity has a negative influence on muscle regeneration after blunt muscle trauma due to altered fatty acid metabolism and altered signaling pathways like sonic hedgehog signaling or insulin signaling (Akhmedov and Berdeaux, 2013; Fu et al., 2016; Werner et al., 2018; Xu P. et al., 2018). Satellite cells are key players in muscle regeneration after injury. Satellite cell population consists of paired-box protein Pax7 (PAX7) positive and myogenic factor 5 (MYF5) negative satellite stem cells and committed satellite cells (PAX7+, MYF5+) (Yin et al., 2013). Committed satellite cells are activated after injury, proliferate and finally differentiate into myotubes that mature to newly regenerated myofibers (Flamini et al., 2018). This process is characterized by the expression of the myogenic regulatory transcription factor myoblast determination protein 1 (MYOD) (Yamamoto et al., 2018) and myogenin (MYOG) (Meadows et al., 2011). Since it has been shown that obesity has an influence on the lung (pneumonia) and the skeletal muscle (altered fatty acid metabolism) in a multiple trauma situation, this study uses a combined trauma model to simulate a multiple traumatic injury by inducing a thorax trauma as well as a muscle trauma in the left hind leg. Herein, the lung trauma is supposed to lead to a more systemic response, since it has been shown that lung injury leads to a systemic release of pro-inflammatory cytokines (Hiraiwa and van Eeden, 2014).

Although tissue specific stem cells play a crucial role in the regeneration process of their domestic tissue, interconnected factors are additionally of great importance. The regulation and organization of ECM is a fundamental part of tissue regeneration (Kusindarta and Wihadmadyatami, 2018) and is necessary for the stability of the tissue during and after regeneration. ECM is the non-cellular component of the tissue and consists of different components including collagens, fibronectin, elastin, proteoglycans, and laminin (Frantz et al., 2010; Kular et al., 2014). Apart from a structural function the ECM is involved in the regulation of cell proliferation (Koohestani et al., 2013), cell adhesion (Schlie-Wolter et al., 2013), cell migration (Hartman et al., 2017), and cell differentiation (Smith et al., 2018; Novoseletskaya et al., 2019). Dysregulation and imbalance of the extracellular matrix is associated with cardiac dysfunction (Kim et al., 2000), destruction of cartilage in osteoarthritis (Shi et al., 2019), fibrosis formation (Herrera et al., 2018), and tumor development (Kessenbrock et al., 2010; Wei et al., 2017). Matrix metalloproteinases (MMPs) are enzymes that degrade components of the ECM and play a crucial role in the tissue regeneration process (Bellayr et al., 2009). They are involved in epithelial regeneration (Mohan et al., 2002), mediation and regulation of immune response (Fingleton, 2017; Xu S. et al., 2018) as well as in angiogenesis (Raza and Cornelius, 2000; Song et al., 2016; Sun et al., 2017) and ECM remodeling (Rohani and Parks, 2015). Altered ratios of MMPs and their inhibitors, referred to tissue inhibitors of matrix metalloproteinases (TIMPs), are often connected to impaired healing function (Mu et al., 2013).

Although it has been shown before that obesity has a negative effect on tissue regeneration (Brown and Kuk, 2015; D’Souza et al., 2015; Li et al., 2020; Verpoorten et al., 2020), the mechanisms and effects of diet induced obesity especially on ECM organization, regeneration of the tissue and on functional assessment of the regeneration has not been investigated yet. ECM, which contributes heavily on tissue structure and strength, is often overlooked in studies dealing with tissue regeneration. Therefore, this study addresses this issue focusing on ECM organization and regulation on gene, protein, and functional level after combined blunt lung and muscle trauma as it can be seen in the Graphical Abstract. The analysis of lung tissue after trauma revealed a prolonged and attenuated response to the trauma in obese mice after injury. This was detected in the gene expression analysis of Timp1 and Mmp2, respectively. This shifted and elongated response to the trauma is also seen in the blood. Gene expression analysis of muscle tissue revealed changes in the ECM organization as well as the regeneration process. An increased gene expression of ECM structural proteins was detected in lean animals, which is accompanied by a bimodal response of Lox and Timp1. This hinds toward a hindered build-up of ECM in obese mice during the early and late response to the trauma. Additionally, a decreased activation of satellite cells as a response to traumatic injury (based on Myog and Myod expression) was observed, indicating a decreased regenerative capacity of obese animals. Both findings contribute to a decreased stability of the muscle in obese animals after trauma, which finally results in a decreased regeneration of the muscle force in obese mice 192 h after trauma induction. Furthermore, both findings, the prolonged response in obese animals as well as the decreased activation of satellite cells, are supported by the cyto- and chemokine profile in the blood.



MATERIALS AND METHODS


Animal Model and Breeding

All mouse experiments were approved by the local and state authorities (Ulm University/license number: 1183) and carried out in accordance with local regulations and ARRIVE guidelines. In the context of the application for animal experiments, a power analysis was conducted, and the sample size was calculated (nominal power: 0.8, nominal alpha: 0.025). A mouse model consisting of male, non-genetically modified C57BL/6J mice linking diet-induced obesity (DIO) and a combined trauma injury was used for scientific investigation. Parental animals received either a normal diet (ND, 10% kcal fat; DI12450) or a high-fat diet (HFD, 60% kcal fat, DI12492) 1 week prior to breeding to make the litter higher susceptible for DIO and to influence prenatal development (Tamashiro et al., 2009). Litters were weaned after 3 weeks and received the parental diet. Rearing conditions include a 12 h light/dark cycle at 22.5 ± 1°C with unlimited access to food and water. To assess the success of DIO, body weight was determined. For induction of the multiple traumatic injury 16 ± 1 week old lean and obese male mice were randomly grouped into control and trauma.



Induction of Combined Trauma

Control and trauma mice were treated equally before and after trauma induction with the exception that control mice did not receive a traumatic injury. Anesthesia was carried out in an anesthesia tube using a mixture of 2.5 vol% sevoflurane and 97.5 vol% oxygen. Buprenorphine (0.3 mg/mL) was injected subcutaneously with ongoing anesthesia using a rodent anesthesia mask. Left upper leg and chest area of mice were shaved. To simulate a combined-trauma mouse model a blunt thorax trauma was induced after a blunt skeletal muscle trauma. Muscle trauma was induced in the muscle of the left hind leg extensor iliotibialis anticus using a drop tower apparatus described previously (Werner et al., 2018; Xu P. et al., 2018). The leg was fixed between scaffold and wedge. A weight with a mass of 40 g was dropped from a height of 104 cm leading to a blunt muscle injury evoked by the penetrating wedge. The depth of penetration was limited by a spacer (3 mm) to prevent bone fractures. Subsequent, thorax trauma was induced using a blast wave generator described previously (Knoferl et al., 2004; Kalbitz et al., 2017). Sternum was centrally placed under the cylinder. A high-speed valve which can be triggered manually was connected to a gas cylinder containing compressed air with a pressure reducer adjusted to 13 bar. Tissue samples of lung and muscle were collected from control and trauma mice 1, 6, 24, 72, and 192 h post trauma.



Morphological Evaluation and Collagen Quantification

Muscle tissue of the extensor iliotibialis anticus of the left leg and lung tissue from untreated or injured normal weight (n = 6) and obese mice (n = 6) were collected at different time points. Paraffin-embedded, 5 μm thick cross-sections of skeletal muscle and lung tissue were dried for 24 h at 40°C with subsequent deparaffinization in Roti-Histol® and hydration in decreasing alcohol series before having been used for staining with Hematoxylin and eosin (HE) and Sirius red (SR).


HE Staining

Specimens were stained for 3 min in hematoxylin (Gill No. 3, Sigma-Aldrich, Munich, Germany), washed 2 times with H2O followed by differentiating in acidic alcohol (1% HCl in ethanol) for 3 s and bluing under running tap water for 10 min. Counterstaining was conducted with eosin (Eosin Y, Sigma-Aldrich, Munich, Germany) for 10 s. Dehydration was performed in increasing alcohol series and Roti-Histol®. Finally, sections were mounted with Entellan®. One area per animal was evaluated based on the region of trauma. Six animals were used for each group based on the power analysis conducted for the animal experiment application (license number: 1183). Pictures were taken with the UC30 color camera at X10 and X40 magnification. All stainings were acquired with an Olympus IX81 and analyzed with the Olympus software cellSens Dimensions 2.3 (Build 18987).



SR Staining

Deparaffinized sections were stained in SR solution (0.1% in aqueous saturated picric acid) for 1 h, differentiated in 0.5% acetic acid and counterstained with hematoxylin for 10 min with subsequent differentiation and bluing as previously described (Xu P. et al., 2018). Dehydration was performed in increasing alcohol series and Roti-Histol®. Sections were covered with Entellan®. One area per animal was evaluated based on the region of trauma. Six animals were used for each group based on the power analysis conducted for the animal experiment application (license number: 1183). Pictures were taken with the UC30 color camera at X10 and X40 magnification. All stainings were acquired with an Olympus IX81 and analyzed with the Olympus software cellSens Dimensions 2.3 (Build 18987).



Collagen Quantification

SR stained tissue section were analyzed using the fluorescence based method described by Vogel et al. (2015) based on the analysis of the collagen content within picrosirius red stained tissue with fluorescence microscopy. This was adapted and the collagen content was calculated and normalized to the total area of tissue, which was calculated by the addition of collagen and live cell content. One area per animal was evaluated based on staining of lung and muscle tissue of lean and obese male mice. A Z-stack containing 21 pictures scanning vertically through the tissue was recorded from control mice as well as 192 h after trauma (n = 5). These 21 fields were used to calculate the mean indicating percent positive collagen area. All stainings were acquired with an Olympus IX81 and analyzed with the Olympus software cellSens Dimensions 2.3 (Build 18987).




Gene Expression Analysis

Liquid N2 frozen parts of skeletal muscle of the left leg and lung tissue were crushed, dissolved in 600 μL homogenizer buffer and homogenized using a tissue homogenizer. Subsequent RNA isolation was performed with the RNeasy® Mini Kit (Qiagen®) according to manufacturer specifications (RNeasy Mini Handbook, Protocol: Purification of total RNA from tissue, 06/2012). RNA was eluted in the final step with 30 μL nuclease-free water. Generation of cDNA via reverse transcription was performed with the AffinityScript Multiple Temperature cDNA Synthesis Kit (Agilent Technologies) according to manufacturer specifications. A total amount of 1000 ng purified RNA was used for each reaction.

In SYBRTM Green-based qPCR analysis, Tbp (QT00198443, Qiagen) as well as Rplp (QT00249375, Qiagen) were used as reference genes (Gong et al., 2016). Target genes were Mmp2 (QT00116116, Qiagen), Mmp9 (QT00108815, Qiagen), Timp1 (QT00996282, Qiagen), Lox (QT00098028, Qiagen), Fn1 (QT00135758, Qiagen), Col1a (QT00162204, Qiagen), Col3a (QT01055516, Qiagen) and Acta2 (QT00140119, Qiagen). In muscle, additional genes including Myod (QT00101983, Qiagen), Myog (QT00112378, Qiagen), Myf5 (QT00199507, Qiagen) were investigated. Gene expression profiles were determined in injured lung or muscle of lean and obese control animals as well as 1, 6, 24, 72, and 192 h post-trauma via qPCR (n = 5). Tbp and Rplp were used as housekeeping genes. Gene expression profiles of genes are shown as fold change ± SEM. The ΔΔCT method was used for the depiction of the results. The final graph uses the depiction of the fold change and control mice were excluded from the graph, however, the control level is indicated by a dotted line. Data was analyzed using the log of the fold change and a two-way ANOVA followed by an uncorrected Fisher LSD test (n = 5). The log was used for statistical analysis to avoid skewness of the data.



IHC Staining of Ki67

Paraffin-embedded, 5 μm thick cross-sections of skeletal muscle and lung tissue were dried for 24 h at 40°C with subsequent deparaffinization in Roti-Histol® and hydration in decreasing alcohol series before having been used for Ki67 staining. The samples were boiled for 15 min at 450 W in a microwave using citrate demasking solution (14746, CST). After a cooling period and several washes with water as well as PBS the samples were stained overnight at 4°C with the Ki67 rabbit mAb (12202, CST) at a dilution of 1:250. The sections were washed, and the secondary staining was performed with one drop Histofin Simple Stain Max Po Anti-Rabbit (414142F, medac diagnostika). Sections were incubated for 20 min. The samples were washed and a counterstaining with hemalaun (109249, Sigma-Aldrich) was performed. Finally, sections were mounted with Entellan®. Two areas per animal were evaluated based on trauma region. Four animals were evaluated from each group and a picture was taken with the UC30 color camera at X10 and X40 magnification. All stainings were acquired with an Olympus IX81 and analyzed with the Olympus software cellSens Dimensions 2.3 (Build 18987). Percentage was calculated as Ki67 positive cells normalized to the total amount of cells in the field.



Determination of ex vivo Muscle Force

Ex vivo measurement of muscle force was conducted with male mice using a modified method described by Hakim et al. (2011). Measurement was conducted with control mice as well as 24 and 192 h post trauma. Left extensor iliotibialis anticus was isolated and two loops were attached at the distal and the proximal tendon using surgical suture. The muscle was mounted vertically between two iron hooks. The lower hook was rigid. The upper one was connected to a force transducer and allowed to adjust the muscle tension via a micrometer screw. Force data were recorded on a computer. The construction was submerged in Ringer’s solution (118 mmol/L NaCl, 3.4 mmol/L KCl, 0.8 mmol/L MgSO4, 1.2 mmol/L KH2PO4, 11.1 mmol/L dextrose, 25 mmol/L NaHCO3, 2.5 mmol/L CaCl2, pH 7.4) constantly bubbled with a mixture of 95% O2 and 5% CO2. Muscle tension was set to 10 mN and equilibration was conducted for 10 min. Muscle was extracted from Ringer’s solution and muscle length was changed to generate a tension of 5 mN. Stimulation of muscle was conducted with external cardiac pacemaker at 60 Hz for 5 s with constant recording of generated muscle force. Stimulation of muscle was repeated with varying lengths generating tensions of 8, 10, 12, 15, 18, and 20 mN. The maximal twitch force (Fmax) was determined as the biggest difference between the maximum and the baseline of the recorded peaks. The length generating the maximal twitch force was referred to as optimal muscle length (Lo) and was determined with a caliper. Muscle was removed from hooks, loops were removed and weight and dimensions of muscle were determined with a digital caliper. The data was normalized using the muscle cross sectional area (MCSA). MCSA was calculated with the following equation, adapted from Hakim et al. (2013):
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Gelatin Zymography

Fifty microgram of tissue was used for the preparation of protein extract and dissolved in 0.5 Fml ice-cold NP-40 lysis buffer (50 mM Tris-HCl, 120 mM NaCl, 1% NP-40, 10% Glycerol). The liquid N2 frozen parts of skeletal muscle tissue were homogenized in lysis buffer over ice for 30 min after tissue crushing with a pestle. This homogenate was centrifuged in a microcentrifuge at 16,000 × g for 20 min at 4°C. The supernatant was collected, and the protein concentration was measured with a Pierce BCA Protein Assay Kit (23225, Thermo Fisher Scientific). Ten microgram of protein was used for electrophoresis. Samples resolved in non-reducing sample buffer were loaded on a 10% acrylamide gel containing 5 mg/mL gelatin. After electrophoresis, the gel was placed in renaturing buffer (2.5% Triton X-100, 50 mM Tris-HCl pH 7.5, 5 mM CaCl2, 1 μM ZnCl2) for 30 min at RT. Subsequently, the gel was developed using developing buffer (1% Triton X-100, 50 mM Tris-HCl pH 7.5, 5 mM CaCl2, 1 μM ZnCl2) for 30 min at RT followed by a 16–18 h incubation with fresh developing buffer at 37°C. The gels were stained with Coomassie Blue staining solution, acquired with a Vilber Fusion FX and evaluated with Image J. The muscle samples of five lean and obese male mice, including control mice as well as mice after 1, 6, 24, 72, and 192 h of trauma induction, were measured in triplicates.



LEGENDplex

BioLegend’s bead-based immunoassay LEGENDplex was performed to determine the level of several cyto- and chemokines in plasma. Plasma was obtained by centrifugation of 0.5 mL blood collected into an EDTA coated tube at 800 × g for 5 min at 4°C. A custom version of the mouse inflammation panel (740446, BioLegend) was used with a V-bottom plate. The used analytes were IL-6 (Bead B4), MCP-1 (Bead A8), TNF-α (Bead A7), and IL-23 (Bead A4). The staining and acquisition was carried out according to the manufacturer specifications (LEGENDplexTM, Mouse Inflammation Panel with V-bottom Plate, 05/2020). The analysis was performed with the LegendPlex analysis software v8.0.



Statistical Analysis

Graphpad Prism 7.04 was used for statistical evaluation of the graphs. The used tests for each analysis are depicted below the graph. In general, a two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05) was used if several time or diet-dependent comparisons were performed. If only specific time points were compared as it is the case for the delta change of the muscle force a one-tailed, unpaired t-test was performed (α = 0.05). Data is depicted as Mean ± SEM. Since the data of the gelatin zymography was non-parametric, an unpaired, one-tailed Mann-Whitney test (α = 0.05) was used. The following indicators were used for all statistical tests: ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, ∗∗∗ indicates p < 0.001, **** indicates p < 0.0001.




RESULTS

In order to investigate the influence of obesity on tissue regeneration of muscle of the left hind limb extensor iliotibialis anticus as well as the lung, an established combined trauma model inducing blunt injuries in 16 ± 1 week old male, lean and obese C57BL/6J mice was used (Knoferl et al., 2004) to characterize morphological changes at various time points post trauma induction (Xu P. et al., 2018) and to evaluate gene expression of genes either involved in ECM organization or satellite cell function.

Damage and regeneration process in the lung based on morphological evaluation and collagen quantification is unaffected by diet. Time- and diet-dependent regeneration process of lung tissue was visualized with HE and SR staining (Figure 1) to assess the effect of injury, morphological changes and collagen deposition during the regeneration process.
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FIGURE 1. Morphological evaluation of lung shows restricted clearance of tissue debris in obese mice 192 h after trauma induction. Histology of regeneration process in lung of male lean and obese C57BL/6J mice after induction of blunt thorax trauma (n = 6). (A) Hematoxylin and eosin (HE) staining of lung tissue sections from control animals as well as 1, 6, 24, 72, and 192 h post trauma. Blunt injury led to alveolar (arrow) influx of erythrocytes (asterisk) 1 h post trauma. Further, alveolar contusion (triangle) and influx of immune cells was visible. (B) Sirius red (SR) staining of lung tissue sections from control animals as well as 1, 6, 24, 72, and 192 h post trauma. Interstitial collagen deposition (arrow) was visible 192 h post injury, elevated in obese animals. Pictures were taken with the UC30 color camera at X10 and X40 magnification (OLYMPUS IX81). Scale bar: 200 μm (X10), 50 μm (X40).


Morphology of lung tissue of control animals is similar in lean and obese individuals based on visual evaluation (Figure 1A). Alveolar structure, limited by alveolar epithelial cells, was clearly visible in control animals. The induction of trauma led to a comparable reaction in lean and obese mice including pulmonary contusion, which describes the disruption of alveolar region and blood vessels. As a result, increased influx of erythrocytes (strong pink color) was visible 1, 6, and 24 h post trauma. At later time points an infiltration of immune cells (blue color) responsible for removing tissue debris was detectable 6 and 24 h post trauma respectively in lean and obese mice. In lean mice tissue debris was removed from alveoli, and rebuilding of alveolar compartment was proceeded 72 and 192 h post trauma. Nevertheless, erythrocytes were still visible 192 h post trauma, probably indicating that the regeneration process has not been completed, yet. In contrast, tissue debris in the alveoli was still visible in obese mice 192 h post trauma. Apart from that, structure of alveolar compartment had still not been regenerated. Moreover, erythrocytes were still visible in a huge area 192 h post trauma indicating that the regeneration process is far from being completed. This might indicate an impairment of the clearance of tissue debris in obese animals, which will be further assessed by conducting gene expression analysis.

Assessment of collagen deposition during regeneration process was achieved by an implementation of SR staining (see Figure 1B). Diet-dependent differences in collagen deposition were not detectable in control animals. Also, during the first 72 h of regeneration process, differences in collagen deposition were not visible. However, 192 h post trauma obese animals showed increased areas that are filled with interstitial ECM compared to lean animals. A densitometric analysis based on the fluorescence potency of picrosirius red was used to quantify the amount of collagen (Figure 2). Even though an increase of collagen deposition was detectable in lean and obese mice as a response to trauma (Figure 2A), no difference was detectable in the changes after 192 h between lean and obese animals (Figure 2B).
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FIGURE 2. Collagen deposition in the lung as a response to trauma is independent of diet after 192 h. Determination of collagen content in the lung using picrosirius red staining based on auto-fluorescence properties of the dye. The percent of the positive areas for collagen in control mice as well as 192 h post trauma (n = 5) (A) is depicted next to a graph depicting the differences of the post trauma mice to the respective control mice (B). The data is presented as mean ± SEM. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). **p < 0.01.


Based on the morphological assessment via HE and SR staining, the regeneration process seems not to be completed 192 h post trauma in lean and obese mice. Nevertheless, regeneration of the lung might be delayed in obese animals due to an increased deposition of ECM 192 h post trauma. Quantitative gene expression analysis was conducted to further characterize ongoing regeneration processes with a focus on ECM regulation and its structure.


Diet-Dependent Expression Differences of Genes Encoding for ECM Structure and ECM Organizing Proteins in the Lung After Trauma

A quantitative gene expression analysis was conducted to further investigate the increased interstitial ECM deposition in the lung of obese mice 192 h post trauma (Figure 3). Gene expression analysis of the three ECM structure genes Col1a, Col3a, and Fn1 revealed that only Col1a seemed to be influenced by obesity during its response to the trauma (Figure 3A). Col1a is differentially expressed and statistically significantly decreased in obese mice 6 and 192 h after trauma. Furthermore, Acta2 did not show any differences between lean and obese animals, although a constant increase can be detected in lean animals from 6 to 192 h, which was not visible in obese animals.
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FIGURE 3. Altered response in obese mice to the trauma based on gene expression profiles of (A) ECM structure genes Col1a, Col3a, and Fn1 as well as Acta2 and (B) ECM organizing genes namely Mmp2, Mmp9, Timp1, and Lox in the lung. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.


Genes being involved in organization of the ECM including Lysyl oxidase (Lox), Mmp2, Mmp9, and Timp1 were determined via qPCR in lean and in obese control animals as well as 1, 6, 24, 72, and 192 h post trauma (see Figure 3B). Regarding the gene expression profile of Lox, a bimodal response can be observed with an early response peaking at 6 h post trauma and a late response peaking at 192 h post trauma. The late response is most likely not completed yet, but 192 h was the last observation point of this study. The gene profile was significantly decreased in obese mice compared to lean animals during the early response as well as the late response. This could hint toward a decreased stability of the newly regenerated tissue, since the crosslinking of the generated ECM is not as efficient in obese mice compared to the lean mice. In contrast to the bimodal response of Lox, Timp1 is an early responding gene and its upregulation is peaking 6 h after the induction of the trauma in obese and lean animals. The initial response seems to be non-significantly decreased in obese animals, however this response is elongated. In contrast to lean mice, where the expression of this gene is back to baseline after 24 h, obese mice keep an upregulated level throughout the observation time. This leads to a significantly increased gene level of Timp1 even 192 h post trauma in obese mice compared to lean mice. Timp1 is the inhibitor of various MMPs. Therefore, the gene level of Mmp9 as well as Mmp2 was investigated as well. Mmp9 shows a strong early upregulation 1 h after the induction of the trauma. However, obese and lean animals manage to return to baseline quickly after the initial response. Mmp2 in contrast did not show any response to the trauma in obese animals. This led to a decreased gene expression in obese animals compared to lean mice during all time points. This was shown to be significant 6 h as well as 192 h after trauma.



Damage and Regeneration Process Based on Morphological Evaluation and Collagen Quantification Is Unaffected by Diet in the Muscle

In addition to lung injury, the combined trauma model also included a muscle injury induced in the muscle extensor iliotibialis anticus of the left hind limb.

Comparable to the analysis of lung tissue, the timeline of the regeneration process of muscle tissue was visualized with HE and SR staining (see Figure 4). HE staining (see Figure 4A) gave a first impression about the diet-dependent muscle structure, the extent of infringement and the progression of the regeneration process. SR staining (see Figure 4B) was appraised regarding collagen deposition occurring during regeneration process.
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FIGURE 4. Restricted regeneration of the muscle extensor iliotibialis anticus and decreased density of the regenerated tissue in obese mice 192 h post trauma induction. Histology of regeneration process in muscle extensor iliotibialis anticus of male lean and obese C57BL/6J mice after induction of blunt injury (n = 6). (A) Hematoxylin and eosin (HE) staining of muscle tissue sections from control mice as well as 1, 6, 24, 72, and 192 h post trauma. Obese mice show fat deposition (arrow) between muscle fibers. Blunt injury led to disruption of muscle fibers and influx of erythrocytes and immune cells. Further, necrotic muscle fibers were visible (asterisk). 192 h post trauma newly formed myofibers with centered nuclei could be identified (triangle). (B) Sirius red (SR) staining of muscle tissue sections from control mice as well as 1, 6, 24, 72, and 192 h post trauma. Interstitial collagen deposition (triangle) was visible 192 h post injury in lean and obese mice. Pictures were taken with the UC30 color camera at X10 and X40 magnification (OLYMPUS IX81). Scale bar: 200 μm (X10), 50 μm (X40).


Lean control mice showed clearly separated muscle fascicles and muscle fibers with marginal nuclei. In contrast to this, the functional, consistent muscle structure of obese mice was interrupted by fat depositions. In lean and obese mice induction of trauma led to disruption of muscle fibers and influx of erythrocytes 1–24 h post trauma. Six to twenty four hours post trauma, immune cells infiltrated the damaged tissue. Immune cells remove tissue debris and phagocytized necrotic muscle fibers. Seventy two hours post injury, a high number of cells filling in damage-related spaces was detectable. Most of these immune cells showed a distinct round shape, whereas a minority showed spindle-shaped appearance. The presence of these cells filling the interstitial space led to a compaction of the damaged tissue. 192 h post injury interstitial cells were still visible, whereas the spindle-shaped phenotype was predominant (see Figure 4A).

According to visual assessment, the density of the regenerated muscle fibers is higher in lean animals compared to obese animals. Lower density of the regenerated muscle fibers in obese animals may be caused due to the observed fat depositions and increased interstitial spaces in obese animals. Muscle fibers showed a round shape with nuclei that moved to the center indicating that fibers undergo a stage of regeneration. Although muscle fibers were detected to undergo a stage of regeneration 192 h post trauma, total recovery comparable to structure of control animals was not achieved in both groups (see Figure 4A).

According to the evaluation of SR staining (see Figure 4B) collagen deposition was comparable in lean and obese mice during the regeneration process. Small amounts of collagen were detectable in occurring spaces caused by degraded muscle fibers starting at 72 h post trauma. 192 h post trauma, the regenerating area showed massive interstitial collagen deposition in both, lean and obese mice. However, it becomes apparent that the muscle of lean mice is more compact based on the visual evaluation of the density of the regenerated muscle. The data presented in Figure 5 shows the quantification of collagen in the muscle of control animals as well as 192 h after trauma. An increase of collagen deposition due to the trauma can be observed in lean as well as obese animals. However, no difference in the amount of deposited collagen is detectable between the two diets. This indicates that the compaction of the muscle in lean mice is not based on the influence of collagen.
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FIGURE 5. Collagen deposition in the muscle as a response to trauma is independent of diet 192 h post trauma induction. Determination of collagen content in the muscle using picrosirius red staining based on auto-fluorescence properties of the dye. The percent of the positive areas for collagen in control mice as well as 192 h post trauma (n = 5) (A) is depicted next to a graph depicting the differences of the post trauma mice to the respective control mice (B). The data is presented as mean ± SEM. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01.


Visual evaluation of muscle regeneration process in lean and obese mice showed massive fat deposition in muscle of obese mice, which might also impede the compaction of the muscle in later stage of regeneration.



Decreased Level of ECM-Structure Genes in the Muscle of Obese Mice in Later Stages of the Regeneration Process

Quantitative gene expression analysis was conducted to further characterize the ongoing regeneration processes with a focus on ECM structure (Figure 6). Acta2 was analyzed as a marker for the formation of myofibroblasts (Nagamoto et al., 2000). The gene analysis showed a diet-independent upregulation 72 and 192 h post trauma. However, no difference between the two diets can be detected, indicating a comparable level of myofibroblast formation as a response to the trauma in lean and obese mice.
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FIGURE 6. Altered level of ECM structure genes in obese mice. Gene expression profile of ECM structure genes Col1a, Col3a, and Fn1 as well as Acta2 were determined in injured muscle of lean and obese trauma and control animals. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.


Col1a, Col3a, and Fn1 were analyzed to access the level of genes that encode proteins building up the ECM. All three genes show a statistically significant increase in lean mice 72 h as well as 192 h post trauma. A trend of increasing levels of those genes in the last two time points can also be seen in obese animals, but without statistical significance. The lower magnitude of response in obese animals to the trauma results in a statistical increased level of Col3a after 192 h post trauma in lean animals compared to obese animals. These results contrast with the observation of comparable collagen deposition between the two diets. This hints toward an additional regulatory step of ECM organization that is differentially regulated in obese and lean mice to explain the higher gene level of collagens and fibronectin. In combination with the gene analysis of Acta2 this indicates that although formation of the myofibroblasts is comparable between lean and obese mice the activity of myofibroblasts must be different. Myofibroblasts are differentiated cells, that are responsible for the production of collagens while having the ability to contract (Lowe and Anderson, 2015). Therefore, same formation of these cells accompanied by a decreased production of collagen hints toward a decreased activation of these cells. However, this also hints toward another level of ECM regulation since the endpoint determination of collagen deposition showed no difference between the two diets. Therefore, genes that give insight into the ECM organization were characterized.



Decreased Expression of ECM Organizing Factors in the Muscle of Obese Mice

Gene expression of Lox, Timp1, Mmp2, and Mmp9 was determined to investigate the ongoing mechanisms regarding ECM organization after combined traumatic injury (Figure 7). Assessment of gene expression profile of Lox indicated a significant upregulation in lean mice during all time points post injury. The trend followed an early response peaking 6 h after trauma and a late response peaking 72 h after trauma. This bimodal response curve was also detectable in obese mice, but in a much lower magnitude, which led to a statistically significant decrease of the early response (6 h) and late response (192 h) in obese mice. The decreased level of Lox, encoding for an enzyme responsible for crosslinking collagen and elastin (Kothapalli and Ramamurthi, 2009), might hint toward a decreased build-up of ECM as a response to the trauma. This would result in an instable matrix and decreased stability resulting in an impaired regeneration and decreased muscle force. Besides crosslinking proteins like LOX, degrading enzymes like MMPs and their inhibitors TIMPs are also important for ECM organization. Gene expression of Timp1 significantly increased in lean mice starting at 6 h post trauma throughout the observed regeneration process. This gene also follows a bimodal expression profile peaking at 6 and 72 h. This bimodal expression profile cannot be observed in obese animals leading to statistically significant downregulated levels in these mice at 6 and 72 h post trauma. Nevertheless, obese mice also show a statistically increased level of Timp1 throughout the regeneration process after 6 h. However, they are showing a unimodal profile peaking at 24 h post trauma. Increased levels of Timp1, encoding for an enzyme inhibiting the activity of various MMPs, hint toward a decreased MMP activity, resulting in an increased build-up of the ECM. Regarding the gene expression of Mmp2, an increase was detectable as response to the trauma in lean and obese mice after 192 h. However, this difference was only significant in lean mice. Expression of Mmp2 starts to continuously increase in mice between 24 and 192 h post trauma, resulting in a late response to the trauma. Assessment of gene expression of Mmp9 showed significant upregulation in lean mice 6 and 24 h post trauma. In obese mice, the magnitude of the expression profile of Mmp9 follows lean mice, but always in a weaker and non-significant manner. This gives Mmp9 the role of an early responsive gene to the trauma. Gelatin zymography was performed to investigate the activity of MMP9 and MMP2 in obese and lean animals and translate the gene research to the protein level showing that no significant differences in the activity of MMP9 and MMP2 are detectable in lean and obese mice at the indicated time points after combined trauma induction (Supplementary Figure S1). However, the activity of MMP9 and MMP2 followed the gene profile, with MMP9 being upregulated to control in the earlier time points after trauma, while MMP2 being responsive to the trauma at later time points. 192 h after trauma this leads to a decreased activity of MMP2 in obese mice compared to lean mice, although this difference is not statistically significant.
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FIGURE 7. Decreased early and late response of gene level of ECM organizing genes in obese mice. Gene expression profile of ECM organizing genes Mmp2, Mmp9, Timp1, and Lox were determined in injured muscle of lean and obese control and trauma animals. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.


Analysis of gene expression profiles of various genes involved in ECM-organization showed a bimodal response of Lox and Timp1 peaking at 6 and 72 h, while being significantly decreased in obese mice compared to lean mice. Additionally, a decreased expression level of Mmp9 and Mmp2 could be detected in obese mice, which translates to the protein level with a decreased level of MMP2 activity after 192 h. The changed expression profile in obese mice hint toward a weakened crosslinking of the ECM, which could result in a decreased stability and recovered muscle force in those animals.



Decreased Activation of Satellite Cells During Regeneration in the Muscle in Obese Animals

Gene expression analysis was focused on satellite cells to further investigate differences in regeneration after blunt combined trauma in the muscle of obese and lean mice. Expression levels of satellite cell markers Myf5, Myod, and Myog were determined in lean and obese control mice and 1, 6, 24, 72, and 192 h post trauma respectively (see Figure 8). Gene expression profiling of Myf5 showed a late response to the trauma with increased expression values after 72 and 192 h in lean mice. The fold change in obese mice follows this trend but stays non-significantly below the lean mice. Although there was no significant difference between the diets detectable in expression profile of Myf5, changes in the fold changes of the satellite cell markers Myod and Myog indicated diet-dependent differences in response to injury. Gene expression of Myod was significantly upregulated in lean and obese mice 6 h post trauma. However, the response in obese mice was statistically significantly decreased compared to lean mice. This trend of reduced activation of satellite cells in the obese muscle is continued with the expression profile of Myog, a marker for committed satellite cells. Lean and obese mice upregulate this gene significantly after 72 h as a response to trauma. Nevertheless, this response is decreased in obese mice leading to a statistically significant decrease after 192 h in comparison to the lean mice. This indicates a decreased activation as well as commitment based on the gene profile and hints toward a limited trauma response and could further explain the observed differences in regeneration of the muscle in obese and lean mice after blunt muscle trauma. This decreased activation and limited response is also noticeable among the percentage of dividing cells in the muscle. A Ki67 staining was performed to evaluate the percentage of dividing cells in the trauma region. The percentage of dividing cells is increased in both lean and obese mice as a response to trauma, however, this response is statistically significantly lower in obese mice (Figure 9). The according pictures of the Ki67 staining can be found in Supplementary Figure S2. The decreased percentage of dividing cells in obese mice coincides with the finding of deregulated activation and commitment based on genes of satellite cells and strengthens the theory of decreased stability and recovery of the muscle strength after injury in those mice.
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FIGURE 8. Decreased level of satellite cell activation in obese mice based on gene expression profile of satellite cell genes MyoD, MyoG, and Myf5. These levels were determined in injured muscle of lean and obese control and trauma animals. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.
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FIGURE 9. Decreased proliferationin the tissue after trauma induction based on IHC staining of KI67 in obese animals. Ki67 stainings were evaluated for the percentage of proliferating cells in the trauma muscle in lean and obese control mice as well as 6, 72, and 192 h post trauma. The data is presented as mean ± SEM (n = 4). Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05. Indicators of significance directly above the bars of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.




Decreased Level of Regained Muscle Force in Obese Animals After Blunt Muscle Trauma

The decreased activation and differentiation of the satellite cells in obese mice after trauma as well as the analysis of several genes involved in the organization and the build-up of ECM hints toward a decreased stability of the muscle after injury, which would result in a decreased recovery of muscle strength. This theory of restricted regenerative capacity was approached with the determination of the muscle force in lean and obese control mice 24 h as well as 192 h post trauma (see Figure 10). Time-dependent development of muscle force normalized to MCSA (see Figure 10A) showed a significant, diet-independent decrease after 24 h as a result to blunt-injury. However, the recovery of this muscle force after trauma is different between lean and obese mice. 192 h post trauma muscle force started to increase in lean mice, whereas in obese mice an increase was not detectable. Muscle force determined 192 h post trauma was separately compared between lean and obese mice normalized to the muscle force of the respective control mice (see Figure 10B) to specify this difference showing that the recovery of muscle strength is statistically significantly decreased in obese mice compared to lean mice.
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FIGURE 10. Decreased recovery of the muscle force in obese animals 192 h post trauma. Evaluation of muscle force during regeneration process of injured muscle extensor iliotibialis anticus of lean and obese control mice as well as 24 and 192 h post trauma (n = 6). (A) Time-dependent development of muscle force normalized to muscle cross sectional area (Force/MCSA [mN/cm2] ± SEM). Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). (B) Comparison of Force/MCSA [mN/cm2] between lean and obese mice 192 h post trauma normalized to the respective control. Statistical significance was determined with an unpaired, one-tailed t-test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001.




Increased Level of Inflammatory Cyto- and Chemokines in Obese Animal After 192 h in the Plasma

The level of several pro-inflammatory chemo- and cytokines were measured in the plasma of lean and obese animals to support the findings of an elongated and changed response to trauma in obese mice as it was suggested by the gene expression profile of several genes investigated in this study. The results were normalized to the respective control group (Figure 11). Obese mice did not resolve the inflammation that occurs as a response to the trauma 192 h after trauma. Several factors are still upregulated in obese animals compared to lean mice at that time point, indicating that the inflammation is still ongoing. This can influence the regeneration process of both lung and muscle since the inflammatory milieu can affect the switch of M1 to M2 macrophages. This switch is especially important since M2 macrophages are main drivers in the degradation of collagen to prevent a possible fibrosis (Madsen et al., 2013). Additionally, M1 macrophages directly hinder the activation of satellite cells (Perandini et al., 2018). Therefore, a prolonged inflammatory milieu could explain the reduced commitment level of satellite cells in early stages based on Myod and the decreased activation at later stages based on Myog in obese mice.
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FIGURE 11. Lean animals show resolved inflammation 192 h post trauma induction, while obese mice show elevated levels of IL-23, MCP-1, and IL-6. Legendplex assay was performed to evaluate the level of IL-23, MCP-1, IL-6, and TNFa in the plasma of lean and obese mice. The level of chemo- and cytokines were determined in control mice as well as 6, 72, and 192 h post trauma. The data is normalized to the respective control group and presented as mean ± SEM. The comparison was made between the two diets at each time point using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05.





DISCUSSION

Obesity is associated with an abnormal accumulation of fat in adipose tissue, negatively influencing its function (Longo et al., 2019). This dysfunction is characterized by an altered secretion of adipocytokines (Leal Vde and Mafra, 2013) and inflammatory cytokines (Monteiro and Azevedo, 2010) as well as a restricted lipid metabolism (Sam and Mazzone, 2014), influencing whole body metabolism. In this study the effects of DIO on regeneration of lung and muscle after induction of blunt combined traumatic injury were investigated.

Visual assessment of lung regeneration via HE and SR staining showed delayed regeneration process with higher build-up of interstitial ECM in lung of obese mice 192 h post trauma (Figure 1). However, the level of collagen, which is one of the most abundant components of lung ECM (Balestrini and Niklason, 2015), is not changed in between lean and obese mice (Figure 2). In contrast, the expression levels of proteins involved in the structure as well as the organization of ECM were indicating obesity-associated changes (Figures 3, 4). Both, genes encoding for the structure as well as the organization of the ECM, were deregulated hinting toward a decreased stability of the regenerating tissue. Noticeable in this context was the bimodal response of Lox, a gene encoding for an ECM crosslinking enzyme. This gene was statistically significantly decreased in obese mice during the early and late response to the trauma. Timp1 showed an early upregulation 6 h after trauma induction in both diets. However, the fold change returned to baseline already after 24 h post trauma in lean mice, while obese mice had a significantly increased level throughout the observation time, indicating an elongated response in these mice. The effect of an elongated response can also be seen when analyzing inflammatory factors in the blood. 192 h after the induction of the trauma, elevated levels of pro-inflammatory cyto- and chemokines like IL23, IL6, and MCP-1 are still observable in obese mice indicating ongoing inflammation. Since the inflammation needs to be resolved to start the regeneration process this might be responsible for the increased Timp1 expression. Additionally, increased levels of TIMP1 during inflammation have been reported before (Ulrich et al., 2010). Regarding the evaluation of MMP encoding genes Mmp2 and Mmp9 were analyzed. Mmp9 is an early responding gene and is upregulated in obese and lean mice 1 h after trauma. However, a small, but significant increase 192 h after trauma can be detected in obese mice. This increase is significant in comparison to obese control mice as well as lean mice after trauma. This is intriguing in context with MMP9 being a regulator of the cellular response toward inflammation as it has been shown in a mouse model investigating bone repair (Wang et al., 2013). However, the role of an early responding gene has been shown before in a broad range of lung injuries in different animal models (Yaguchi et al., 1998; Gushima et al., 2001; Tan et al., 2006; Villalta et al., 2014). In a bleomycin-induced fibrotic lung model in rabbits, MMP9 was upregulated in the first response to injury followed by a more chronic upregulation of MMP2 in later stages (Yaguchi et al., 1998). Apart from that, upregulation of MMP9 was described to be closely connected to the neutrophil influx after injury (Yaguchi et al., 1998; Keck et al., 2002; Bradley et al., 2012), whereby MMP9 seems to be involved in disruption of alveolar epithelial membrane enabling neutrophil migration (Yaguchi et al., 1998; Hsu et al., 2015).

Morphological evaluation of muscle regeneration process indicated differences in muscle density, especially at later time points which might be a result of intramuscular fat deposition. Determined gene expression levels of ECM structure as well as organizing proteins revealed significant changes between lean and obese mice. The level of Acta2 was comparable throughout the observed regeneration process between the two diets and is upregulated during later time points. Acta2 is a gene encoding for alpha smooth muscle actin (αSMA) and is used for the determination of myofibroblast formation (Shinde et al., 2017). The formation of these cells can be assumed to be unaltered by the HFD. However, the activity of myofibroblasts seems to be decreased in obese mice, since the level of genes encoding for ECM structure proteins are decreased during the late response to the trauma. The reduced build-up of collagen and ECM is the first contribution to a reduced recovery of muscle strength in obese mice after the regeneration period of 192 h, as it was shown during this study.

This is accompanied by a changed gene profile of ECM organizing proteins. The level of Mmp9 as an early responder and Mmp9 as a late responder gene was comparable between the two diets, although obese animals always stayed below the level of lean mice. It was also shown in this study that these gene expression profiles were translatable to the protein activity level, since a gelatin zymography was performed for MMP9 and MMP2. An increased level of activity was observed during the earlier time points for MMP9, while MMP2 activity increased after 192 h as a response to the trauma. However, Timp1 encoding for an inhibitor of MMPs and Lox encoding for an ECM cross-linking enzyme, were deregulated during the response to the trauma in obesity. Both genes showed a bimodal response to the trauma in lean mice, peaking after 6 h and after 72 h. In contrast to this, both genes were downregulated in obese mice during this early response as well as during the late response. The activity of both genes enhances the crosslinking of the ECM, therefore a decrease of these genes would indicate a reduced stability of the generated ECM and results in the second contribution to a decreased muscle force recovery in obese mice.

The third and final contribution to the decreased recovery of the muscle force in obese mice after 192 h post trauma can be found during the analysis of satellite cell genes, which are responsible for regeneration of the skeletal muscle after injury (Flamini et al., 2018). Myod, Myog as well as Myf5 can be used to differentiate between the different states of satellite cell activation. Myf5 is described as an early marker expressed in activated and committed satellite cells (Yin et al., 2013). During the state of commitment Myod is expressed (Meadows et al., 2011), while Myog is expressed at later time points during the migration and alignment of myoblasts to myocytes (Yamamoto et al., 2018). Although Myf5 should be the first of the stem cell genes to respond to the injury, the gene was increased during later time points, an early response seemed to be absent. Myf5 was shown to be an important factor in the maintenance and replenishment of the muscle stem cell population which might explain the upregulation in later time points (Gunther et al., 2013). The earliest response to the trauma can be observed 6 h after trauma induction in the expression of Myod which shows a significant increase in both diets, but the obese mice show a significantly decreased response. Additionally, Myog is increased 72 and 192 h post injury, with a significantly decreased response in obese mice These differences again hint toward a restricted response to injury in the muscle of obese mice and a constrained response amongst satellite cells, which can lead to the observed functional changes of the regenerated muscle between lean and obese animals.

The functional regeneration process was investigated by measuring the muscle force. Determination of muscle force showed a diet-independent drop in muscle force normalized to MCSA 24 h after trauma in both groups. However, lean mice started to recover from the injury 192 h after injury as the muscle force starts to increase. This effect is not observable in obese mice, where the muscle force is still decreasing 192 h post injury. This leads to a statistically significant difference between lean and obese mice 192 h after trauma. Since it has been shown that this model produces the same impact during trauma between obese and lean mice (Werner et al., 2018), lean mice showed higher regenerative capacity of muscle force compared to obese mice. According to this, the detected differences in gene expression during the regeneration process might influence the later outcome expressed by lower functionality.



CONCLUSION

In conclusion, this study showed the influence of obesity in the organization of the ECM in a combined trauma model in the lung and the muscle. In the lung, this influence is detectable in a visual assessment as well as during gene expression analysis of genes encoding for ECM structure and organizing proteins. The gene analysis revealed a prolonged response to the traumatic injury in obese mice, which is also supported by increased levels of pro-inflammatory cyto- and chemokines in obese mice after 192 h post trauma, indicating that the inflammation as a response to the trauma is not resolved yet.

Additionally, the results presented in this study showed variances between lean and obese mice in the regeneration process of the muscle. Visual assessment showed an increased deposition of fat in the muscle of obese mice in the control state as well as during regeneration after trauma. It was shown that decreased gene levels of ECM structure proteins are detectable in obese mice as a response to the trauma. This is accompanied by decreased levels of genes responsible for encoding proteins that help to build-up ECM. Additionally, gene analysis revealed a decreased activation and differentiation of satellite cells in obese mice. Both observations, the decreased stability due to deregulated ECM build-up as well as the decreased regeneration by satellite cells, contribute to a decreased restoration of the muscle force in obese mice after trauma.

These observation offers several targets for investigating the influence of obesity on the regeneration of tissue after blunt traumatic injury. On the one side, focus can be put on the prolonged response due to inflammatory processes. On the other side, the decreased activation of satellite cells might be a pathway that can be targeted to ensure a better treatment of obese trauma patients. Latter is especially translatable to the human, since a decreased activation of satellite cells during obesity has been described before (D’Souza et al., 2015; Fu et al., 2016). Although the mechanism behind the decreased activation remains unclear, this observation has now been made in several obese mouse studies, including muscle dystrophy, cardiotoxin models and during this study after blunt injury in a mouse model using a combined trauma. It needs to be investigated, how this research is translatable to the human and can be utilized for patients to benefit from it. However, an attenuated response by satellite cells during type 2 diabetes mellitus has been shown in humans before (Deshmukh et al., 2015; Yoon et al., 2015). Differences in the activation potential of satellite cells during obesity might therefore not only be observable in the mouse model, but also in the human. Additionally, increased inflammation in obese patients is a well-known fact, since obesity in general is seen as a chronic inflammation (Trayhurn and Wood, 2004; Galic et al., 2010). Therefore, the reported findings including prolonged response to the trauma, due to the ongoing inflammation, might be translatable to the human patient as well.

Even though satellite impairment, prolonged response to the trauma and increased inflammation in obese mice were presented as separate findings in this study, once translated to the human this becomes one topic that needs to be targeted, since a chronic inflammation certainly impacts the regeneration of any part of the body and has a huge systemic impact on regeneration of lung or the muscle.
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FIGURE S1 | Level of MMP2 and MMP9 activity follows the trend of gene profiling in lean and obese mice without showing significant differences between the diets. Gelatin zymography was performed to determine MMP2 and MMP9 activity in the muscle of lean and obese mice, in control mice as well as 1, 6, 24, 72, and 192 h post trauma (n = 5). The data is normalized to the individual control by subtracting the baseline value of the control group from the determined band intensity of the individual time points.

FIGURE S2 | Decreased number of Ki67 positive cells in regenerated muscle after trauma induction in obese mice based on IHC staining. Ki67 staining in muscle extensor iliotibialis anticus of male lean and obese C57BL/6J mice after induction of blunt injury (n = 4). Ki67 staining was performed in obese and lean control mice as well as 6, 72, and 192 h post trauma. Obese mice show fat deposition (arrow) in between muscle fibers. Exemplary Ki67 positive cells are indicated with a triangle. Pictures were taken with the UC30 color camera at X10 and X40 magnification (OLYMPUS IX81). Scale bar: 200 μm (X10), 50 μm (X40).


ABBREVIATIONS

DIO, Diet-induced obesity; ECM, Extracellular matrix; HE, Hematoxylin and eosin; IL-1β, Interleukin 1β; IL-6, Interleukin 6; Lox, Lysyl oxidase; MMP, Matrix metalloproteinases; Fmax, Maximal twitch force; MCP-1, Monocyte chemoattractant protein-1; MCSA, Muscle cross sectional area; MYOD, Myoblast determination protein 1; MYF5, Myogenic factor 5; MYOG, Myogenin; Lo, Optimal muscle length; PAX7, Paired-box protein Pax7; SR, Sirius red; TIMPs, Tissue inhibitors of matrix metalloproteinases; TNF-α, Tumor necrosis factor alpha.


REFERENCES

Akhmedov, D., and Berdeaux, R. (2013). The effects of obesity on skeletal muscle regeneration. Front. Physiol. 4:371. doi: 10.3389/fphys.2013.00371

Andruszkow, H., Veh, J., Mommsen, P., Zeckey, C., Hildebrand, F., and Frink, M. (2013). Impact of the body mass on complications and outcome in multiple trauma patients: what does the weight weigh? Media. Inflamm. 2013:345702. doi: 10.1155/2013/345702

Balestrini, J. L., and Niklason, L. E. (2015). Extracellular matrix as a driver for lung regeneration. Ann. Biomed. Eng. 43, 568–576. doi: 10.1007/s10439-014-1167-1165

Bellayr, I. H., Mu, X., and Li, Y. (2009). Biochemical insights into the role of matrix metalloproteinases in regeneration: challenges and recent developments. Future Med. Chem. 1, 1095–1111. doi: 10.4155/fmc.09.83

Bradley, L. M., Douglass, M. F., Chatterjee, D., Akira, S., and Baaten, B. J. (2012). Matrix metalloprotease 9 mediates neutrophil migration into the airways in response to influenza virus-induced toll-like receptor signaling. PLoS Pathog. 8:e1002641. doi: 10.1371/journal.ppat.1002641

Brown, R. E., and Kuk, J. L. (2015). Consequences of obesity and weight loss: a devil’s advocate position. Obes. Rev. 16, 77–87. doi: 10.1111/obr.12232

Coelho, M., Oliveira, T., and Fernandes, R. (2013). Biochemistry of adipose tissue: an endocrine organ. Arch. Med. Sci. 9, 191–200. doi: 10.5114/aoms.2013.33181

Deshmukh, A. S., Cox, J., Jensen, L. J., Meissner, F., and Mann, M. (2015). Secretome Analysis of Lipid-Induced Insulin Resistance in Skeletal Muscle Cells by a Combined Experimental and Bioinformatics Workflow. J. Proteome Res. 14, 4885–4895. doi: 10.1021/acs.jproteome.5b00720

D’Souza, D. M., Trajcevski, K. E., Al-Sajee, D., Wang, D. C., Thomas, M., Anderson, J. E., et al. (2015). Diet-induced obesity impairs muscle satellite cell activation and muscle repair through alterations in hepatocyte growth factor signaling. Physiol. Rep. 3:e12506. doi: 10.14814/phy2.12506

Fingleton, B. (2017). Matrix metalloproteinases as regulators of inflammatory processes. Biochim. Biophys. Acta Mol. Cell Res. 1864(11 Pt A), 2036–2042. doi: 10.1016/j.bbamcr.2017.05.010

Flamini, V., Ghadiali, R. S., Antczak, P., Rothwell, A., Turnbull, J. E., and Pisconti, A. (2018). The Satellite Cell Niche Regulates the Balance between Myoblast Differentiation and Self-Renewal via p53. Stem Cell Rep. 10, 970–983. doi: 10.1016/j.stemcr.2018.01.007

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix at a glance. J. Cell Sci. 123(Pt 24), 4195–4200. doi: 10.1242/jcs.023820

Fu, X., Zhu, M., Zhang, S., Foretz, M., Viollet, B., and Du, M. (2016). Obesity Impairs Skeletal Muscle Regeneration Through Inhibition of AMPK. Diabetes 65, 188–200. doi: 10.2337/db15-0647

Galic, S., Oakhill, J. S., and Steinberg, G. R. (2010). Adipose tissue as an endocrine organ. Mol. Cell Endocrinol. 316, 129–139. doi: 10.1016/j.mce.2009.08.018

Gong, H., Sun, L., Chen, B., Han, Y., Pang, J., Wu, W., et al. (2016). Evaluation of candidate reference genes for RT-qPCR studies in three metabolism related tissues of mice after caloric restriction. Sci. Rep. 6:38513. doi: 10.1038/srep38513

Gray, S., and Dieudonne, B. (2018). Optimizing care for trauma patients with obesity. Cureus 10:e3021. doi: 10.7759/cureus.3021

Gunther, S., Kim, J., Kostin, S., Lepper, C., Fan, C. M., and Braun, T. (2013). Myf5-positive satellite cells contribute to Pax7-dependent long-term maintenance of adult muscle stem cells. Cell Stem Cell 13, 590–601. doi: 10.1016/j.stem.2013.07.016

Gushima, Y., Ichikado, K., Suga, M., Okamoto, T., Iyonaga, K., Sato, K., et al. (2001). Expression of matrix metalloproteinases in pigs with hyperoxia-induced acute lung injury. Eur. Respir. J. 18, 827–837. doi: 10.1183/09031936.01.00049201

Hakim, C. H., Li, D., and Duan, D. (2011). Monitoring murine skeletal muscle function for muscle gene therapy. Methods Mol. Biol. 709, 75–89. doi: 10.1007/978-1-61737-982-6_5

Hakim, C. H., Wasala, N. B., and Duan, D. (2013). Evaluation of muscle function of the extensor digitorum longus muscle ex vivo and tibialis anterior muscle in situ in mice. J. Vis. Exp. 72:50183. doi: 10.3791/50183

Hartman, C. D., Isenberg, B. C., Chua, S. G., and Wong, J. Y. (2017). Extracellular matrix type modulates cell migration on mechanical gradients. Exp Cell Res. 359, 361–366. doi: 10.1016/j.yexcr.2017.08.018

Herrera, J., Henke, C. A., and Bitterman, P. B. (2018). Extracellular matrix as a driver of progressive fibrosis. J. Clin. Invest. 128, 45–53. doi: 10.1172/JCI93557

Hiraiwa, K., and van Eeden, S. F. (2014). “Nature and consequences of the systemic inflammatory response induced,” in Lung Inflammation, Ed. K. C. Ong (London: IntechOpen), doi: 10.5772/57392

Hoffmann, M., Lefering, R., Gruber-Rathmann, M., Rueger, J. M., Lehmann, W., and Trauma Registry of the German Society for Trauma Surgery (2012). The impact of BMI on polytrauma outcome. Injury 43, 184–188. doi: 10.1016/j.injury.2011.05.029

Hsu, A. T., Barrett, C. D., DeBusk, G. M., Ellson, C. D., Gautam, S., Talmor, D. S., et al. (2015). Kinetics and role of plasma matrix metalloproteinase-9 expression in acute lung injury and the acute respiratory distress syndrome. Shock 44, 128–136. doi: 10.1097/SHK.0000000000000386

Kalbitz, M., Amann, E. M., Bosch, B., Palmer, A., Schultze, A., Pressmar, J., et al. (2017). Experimental blunt chest trauma-induced myocardial inflammation and alteration of gap-junction protein connexin 43. PLoS One 12:e0187270. doi: 10.1371/journal.pone.0187270

Keck, T., Balcom, J. H. T., Fernandez-del Castillo, C., Antoniu, B. A., and Warshaw, A. L. (2002). Matrix metalloproteinase-9 promotes neutrophil migration and alveolar capillary leakage in pancreatitis-associated lung injury in the rat. Gastroenterology 122, 188–201. doi: 10.1053/gast.2002.30348

Kershaw, E. E., and Flier, J. S. (2004). Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 89, 2548–2556. doi: 10.1210/jc.2004-2395

Kessenbrock, K., Plaks, V., and Werb, Z. (2010). Matrix metalloproteinases: regulators of the tumor microenvironment. Cell 141, 52–67. doi: 10.1016/j.cell.2010.03.015

Kim, H. E., Dalal, S. S., Young, E., Legato, M. J., Weisfeldt, M. L., and D’Armiento, J. (2000). Disruption of the myocardial extracellular matrix leads to cardiac dysfunction. J. Clin. Invest. 106, 857–866. doi: 10.1172/JCI8040

Knoferl, M. W., Liener, U. C., Perl, M., Bruckner, U. B., Kinzl, L., and Gebhard, F. (2004). Blunt chest trauma induces delayed splenic immunosuppression. Shock 22, 51–56. doi: 10.1097/01.shk.0000127684.64611.5c

Koohestani, F., Braundmeier, A. G., Mahdian, A., Seo, J., Bi, J., and Nowak, R. A. (2013). Extracellular matrix collagen alters cell proliferation and cell cycle progression of human uterine leiomyoma smooth muscle cells. PLoS One 8:e75844. doi: 10.1371/journal.pone.0075844

Kothapalli, C. R., and Ramamurthi, A. (2009). Lysyl oxidase enhances elastin synthesis and matrix formation by vascular smooth muscle cells. J. Tissue Eng. Regen. Med. 3, 655–661. doi: 10.1002/term.214

Kular, J. K., Basu, S., and Sharma, R. I. (2014). The extracellular matrix: structure, composition, age-related differences, tools for analysis and applications for tissue engineering. J. Tissue Eng. 5, 2041731414557112. doi: 10.1177/2041731414557112

Kusindarta, D., and Wihadmadyatami, H. (2018). “The Role of Extracellular Matrix in Tissue Regeneration,” in Tissue Regeneration, eds H. Abdelhay and E. Kaoud (Norderstedt: Books on Demand).

Leal Vde, O., and Mafra, D. (2013). Adipokines in obesity. Clin. Chim. Acta 419, 87–94. doi: 10.1016/j.cca.2013.02.003

Li, Y., Chen, H., Ke, Z., Huang, J., Huang, L., Yang, B., et al. (2020). Identification of isotschimgine as a novel farnesoid X receptor agonist with potency for the treatment of obesity in mice. Biochem. Biophys. Res. Commun. 521, 639–645. doi: 10.1016/j.bbrc.2019.10.169

Licht, H., Murray, M., Vassaur, J., Jupiter, D. C., Regner, J. L., and Chaput, C. D. (2015). The relationship of obesity to increasing health-care burden in the setting of orthopaedic polytrauma. J. Bone Joint Surg. Am. 97:e73. doi: 10.2106/JBJS.O.00046

Longo, M., Zatterale, F., Naderi, J., Parrillo, L., Formisano, P., Raciti, G. A., et al. (2019). Adipose tissue dysfunction as determinant of obesity-associated metabolic complications. Int. J. Mol. Sci. 20, doi: 10.3390/ijms20092358

Lowe, J. S., and Anderson, P. G. (2015). “Chapter 5-Contractile Cells,” in Human Histology, eds A. Stevens and J. S. Lowe (New York, NY: Gower Medical Publishing).

Madsen, D. H., Leonard, D., Masedunskas, A., Moyer, A., Jurgensen, H. J., Peters, D. E., et al. (2013). M2-like macrophages are responsible for collagen degradation through a mannose receptor-mediated pathway. J. Cell Biol. 202, 951–966. doi: 10.1083/jcb.201301081

Meadows, E., Flynn, J. M., and Klein, W. H. (2011). Myogenin regulates exercise capacity but is dispensable for skeletal muscle regeneration in adult mdx mice. PLoS One 6:e16184. doi: 10.1371/journal.pone.0016184

Mica, L., Keller, C., Vomela, J., Trentz, O., Plecko, M., and Keel, M. J. (2013). Obesity and overweight as a risk factor for pneumonia in polytrauma patients: a retrospective cohort study. J. Trauma Acute Care Surg. 75, 693–698. doi: 10.1097/TA.0b013e31829a0bdd

Mohan, R., Chintala, S. K., Jung, J. C., Villar, W. V., McCabe, F., Russo, L. A., et al. (2002). Matrix metalloproteinase gelatinase B (MMP-9) coordinates and effects epithelial regeneration. J. Biol. Chem. 277, 2065–2072. doi: 10.1074/jbc.M107611200

Monteiro, R., and Azevedo, I. (2010). Chronic inflammation in obesity and the metabolic syndrome. Media. Inflamm. 2010:289645. doi: 10.1155/2010/289645

Mu, X., Bellayr, I., Pan, H., Choi, Y., and Li, Y. (2013). Regeneration of soft tissues is promoted by MMP1 treatment after digit amputation in mice. PLoS One 8:e59105. doi: 10.1371/journal.pone.0059105

Nagamoto, T., Eguchi, G., and Beebe, D. C. (2000). Alpha-smooth muscle actin expression in cultured lens epithelial cells. Invest. Ophthalmol. Vis. Sci. 41, 1122–1129.

Novoseletskaya, E. S., Grigorieva, O. A., Efimenko, A. Y., and Kalinina, N. I. (2019). Extracellular matrix in the regulation of stem cell differentiation. Biochemistry 84, 232–240. doi: 10.1134/S0006297919030052

Perandini, L. A., Chimin, P., Lutkemeyer, D. D. S., and Camara, N. O. S. (2018). Chronic inflammation in skeletal muscle impairs satellite cells function during regeneration: can physical exercise restore the satellite cell niche? FEBS J. 285, 1973–1984. doi: 10.1111/febs.14417

Rau, C. S., Wu, S. C., Kuo, P. J., Chen, Y. C., Chien, P. C., Hsieh, H. Y., et al. (2017). Polytrauma defined by the new Berlin definition: a validation test based on propensity-score matching approach. Int. J. Environ. Res. Public Health 14:1045. doi: 10.3390/ijerph14091045

Raza, S. L., and Cornelius, L. A. (2000). Matrix metalloproteinases: pro- and anti-angiogenic activities. J. Investig. Dermatol. Symp. Proc. 5, 47–54. doi: 10.1046/j.1087-0024.2000.00004.x

Rohani, M. G., and Parks, W. C. (2015). Matrix remodeling by MMPs during wound repair. Matrix Biol. 4, 113–121. doi: 10.1016/j.matbio.2015.03.002

Sam, S., and Mazzone, T. (2014). Adipose tissue changes in obesity and the impact on metabolic function. Transl. Res. 164, 284–292. doi: 10.1016/j.trsl.2014.05.008

Schlie-Wolter, S., Ngezahayo, A., and Chichkov, B. N. (2013). The selective role of ECM components on cell adhesion, morphology, proliferation and communication in vitro. Exp. Cell Res. 319, 1553–1561. doi: 10.1016/j.yexcr.2013.03.016

Shi, Y., Hu, X., Cheng, J., Zhang, X., Zhao, F., Shi, W., et al. (2019). A small molecule promotes cartilage extracellular matrix generation and inhibits osteoarthritis development. Nat. Commun. 10:1914. doi: 10.1038/s41467-019-09839-x

Shinde, A. V., Humeres, C., and Frangogiannis, N. G. (2017). The role of alpha-smooth muscle actin in fibroblast-mediated matrix contraction and remodeling. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 298–309. doi: 10.1016/j.bbadis.2016.11.006

Smith, K. B., and Smith, M. S. (2016). Obesity statistics. Prim. Care 43, 121–135. doi: 10.1016/j.pop.2015.10.001

Smith, L. R., Cho, S., and Discher, D. E. (2018). Stem cell differentiation is regulated by extracellular matrix mechanics. Physiology 33, 16–25. doi: 10.1152/physiol.00026.2017

Song, Y. H., Shon, S. H., Shan, M., Stroock, A. D., and Fischbach, C. (2016). Adipose-derived stem cells increase angiogenesis through matrix metalloproteinase-dependent collagen remodeling. Integr. Biol. 8, 205–215. doi: 10.1039/c5ib00277j

Spitler, C. A., Hulick, R. M., Graves, M. L., Russell, G. V., and Bergin, P. F. (2018). Obesity in the polytrauma patient. Orthop. Clin. North Am. 49, 307–315. doi: 10.1016/j.ocl.2018.02.004

Sun, C., Feng, S. B., Cao, Z. W., Bei, J. J., Chen, Q., Zhao, W. B., et al. (2017). Up-regulated expression of matrix metalloproteinases in endothelial cells mediates platelet microvesicle-induced angiogenesis. Cell Physiol. Biochem. 41, 2319–2332. doi: 10.1159/000475651

Tamashiro, K. L., Terrillion, C. E., Hyun, J., Koenig, J. I., and Moran, T. H. (2009). Prenatal stress or high-fat diet increases susceptibility to diet-induced obesity in rat offspring. Diabetes 58, 1116–1125. doi: 10.2337/db08-1129

Tan, R. J., Fattman, C. L., Niehouse, L. M., Tobolewski, J. M., Hanford, L. E., Li, Q., et al. (2006). Matrix metalloproteinases promote inflammation and fibrosis in asbestos-induced lung injury in mice. Am. J. Respir. Cell Mol. Biol. 35, 289–297. doi: 10.1165/rcmb.2005-0471OC

Trayhurn, P., and Wood, I. S. (2004). Adipokines: inflammation and the pleiotropic role of white adipose tissue. Br. J. Nutr. 92, 347–355. doi: 10.1079/bjn20041213

Tremmel, M., Gerdtham, U. G., Nilsson, P. M., and Saha, S. (2017). Economic burden of obesity: a systematic literature review. Int. J. Environ. Res. Public Health 14:435. doi: 10.3390/ijerph14040435

Ulrich, D., Ulrich, F., Unglaub, F., Piatkowski, A., and Pallua, N. (2010). Matrix metalloproteinases and tissue inhibitors of metalloproteinases in patients with different types of scars and keloids. J. Plast. Reconstr. Aesthet. Surg. 63, 1015–1021. doi: 10.1016/j.bjps.2009.04.021

Verpoorten, S., Sfyri, P., Scully, D., Mitchell, R., Tzimou, A., Mougios, V., et al. (2020). Loss of CD36 protects against diet-induced obesity but results in impaired muscle stem cell function, delayed muscle regeneration and hepatic steatosis. Acta Physiol. (Oxf). 228:e13395. doi: 10.1111/apha.13395

Villalta, P. C., Rocic, P., and Townsley, M. I. (2014). Role of MMP2 and MMP9 in TRPV4-induced lung injury. Am. J. Physiol. Lung Cell Mol. Physiol. 307, L652–L659. doi: 10.1152/ajplung.00113.2014

Vogel, B., Siebert, H., Hofmann, U., and Frantz, S. (2015). Determination of collagen content within picrosirius red stained paraffin-embedded tissue sections using fluorescence microscopy. MethodsX 2, 124–134. doi: 10.1016/j.mex.2015.02.007

Wang, X., Yu, Y. Y., Lieu, S., Yang, F., Lang, J., Lu, C., et al. (2013). MMP9 regulates the cellular response to inflammation after skeletal injury. Bone 52, 111–119. doi: 10.1016/j.bone.2012.09.018

Wei, B., Zhou, X., Liang, C., Zheng, X., Lei, P., Fang, J., et al. (2017). Human colorectal cancer progression correlates with LOX-induced ECM stiffening. Int. J. Biol. Sci. 13, 1450–1457. doi: 10.7150/ijbs.21230

Werner, J. U., Todter, K., Xu, P., Lockhart, L., Jahnert, M., Gottmann, P., et al. (2018). Comparison of fatty acid and gene profiles in skeletal muscle in normal and obese C57BL/6J mice before and after blunt muscle injury. Front. Physiol. 9:19. doi: 10.3389/fphys.2018.00019

Xu, P., Werner, J. U., Milerski, S., Hamp, C. M., Kuzenko, T., Jahnert, M., et al. (2018). Diet-induced obesity affects muscle regeneration after murine blunt muscle trauma-a broad spectrum analysis. Front. Physiol. 9:674. doi: 10.3389/fphys.2018.00674

Xu, S., Webb, S. E., Lau, T. C. K., and Cheng, S. H. (2018). Matrix metalloproteinases (MMPs) mediate leukocyte recruitment during the inflammatory phase of zebrafish heart regeneration. Sci. Rep. 8:7199. doi: 10.1038/s41598-018-25490-w

Yaguchi, T., Fukuda, Y., Ishizaki, M., and Yamanaka, N. (1998). Immunohistochemical and gelatin zymography studies for matrix metalloproteinases in bleomycin-induced pulmonary fibrosis. Pathol. Int. 48, 954–963. doi: 10.1111/j.1440-1827.1998.tb03866.x

Yamamoto, M., Legendre, N. P., Biswas, A. A., Lawton, A., Yamamoto, S., Tajbakhsh, S., et al. (2018). Loss of MyoD and Myf5 in skeletal muscle stem cells results in altered myogenic programming and failed regeneration. Stem Cell Rep. 10, 956–969. doi: 10.1016/j.stemcr.2018.01.027

Yin, H., Price, F., and Rudnicki, M. A. (2013). Satellite cells and the muscle stem cell niche. Physiol. Rev. 93, 23–67. doi: 10.1152/physrev.00043.2011

Yoon, J. H., Kim, D., Jang, J. H., Ghim, J., Park, S., Song, P., et al. (2015). Proteomic analysis of the palmitate-induced myotube secretome reveals involvement of the annexin A1-formyl peptide receptor 2 (FPR2) pathway in insulin resistance. Mol. Cell Proteom. 14, 882–892. doi: 10.1074/mcp.M114.039651


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 © 2020 Gihring, Gärtner, Liu, Hoenicka, Wabitsch, Knippschild and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Influence of Obesity on the Organization of the Extracellular Matrix and Satellite Cell Functions After Combined Muscle and Thorax Trauma in C57BL/6J Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Animal Model and Breeding



		Induction of Combined Trauma



		Morphological Evaluation and Collagen Quantification



		HE Staining



		SR Staining



		Collagen Quantification







		Gene Expression Analysis



		IHC Staining of Ki67



		Determination of ex vivo Muscle Force



		Gelatin Zymography



		LEGENDplex



		Statistical Analysis







		RESULTS



		Diet-Dependent Expression Differences of Genes Encoding for ECM Structure and ECM Organizing Proteins in the Lung After Trauma



		Damage and Regeneration Process Based on Morphological Evaluation and Collagen Quantification Is Unaffected by Diet in the Muscle



		Decreased Level of ECM-Structure Genes in the Muscle of Obese Mice in Later Stages of the Regeneration Process



		Decreased Expression of ECM Organizing Factors in the Muscle of Obese Mice



		Decreased Activation of Satellite Cells During Regeneration in the Muscle in Obese Animals



		Decreased Level of Regained Muscle Force in Obese Animals After Blunt Muscle Trauma



		Increased Level of Inflammatory Cyto- and Chemokines in Obese Animal After 192 h in the Plasma







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
a' frontiers
in Physiology










OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-11-00849-g011.jpg
Fold change

Fold change

IL-23

*

24

n
—

100 150 200 250

hours after trauma

IL-6
32+
16+

44
24

1+

T T 1 !
100 150 200 250

hours after rauma

T
0 50

-= |ean

Fold change

Fold change

TNFo.

4=
24
1<
0.5 T T T ) 1
0 50 100 150 200 250
hours after trauma
MCP-1
4=
2-
1
0.5 T T T J 1
0 50 100 150 200 250
hours after trauma
-m= Ohese





OPS/images/fphys-11-00849-g010.jpg
- ¢
&,
*®
"¢
6,
L Ll Ll T T
o o o o o o
N T @ % ©
m @2usJiaylp abejuadiad
# 14
e,
* vuﬂv
)
“
o
& — ¢
e,
i vun'
%4
oéoo
I L L) L 1 o
o o o (=] o
o o o o
o w0 - o~

< [;Wwo/Nw] vs OW/32104

B Obese

B |ean





OPS/images/cross.jpg
3,

i





OPS/images/fphys-11-00849-g008.jpg
MyoG

MyoD

t—I1
i i
SWo WO ® W N O
M AN
aBueyo pjo4
H
o
«
¥
—
T T
(=] w

151

aBueyds pjo4

Il lean

Bl obese

f
w

T
-

T T
™ ~N

aBueyo pjo4

£ -






OPS/images/fphys-11-00849-g007.jpg
Fold change

Fold change

150-

1004

504

Mmp2

Fold change

Fold change

Bl lean

154

-
o
1

o
't

Bl obese

Tk






OPS/images/fphys-11-00849-g001a.jpg
obese and lean C57BL/6J mice blunt muscle trauma blunt thorax trauma 1. left extensor
[ iliotibialis anticus

/
_%“left extensor
iliotibialies anticus

Morphological Analysis Morphological Analysis
) IHC = IHC

Gene Analysis
S = qPCR
f\' # Protein Analysis

% s Zymography
FLRE

Functional Analysis

Protein Analysis
Muscle Force

Legendplex






OPS/images/fphys-11-00849-g009.jpg
mm obese

B lean





OPS/images/fphys-11-00849-g004.jpg
72h

——
A S

e

L)

,,

X

T
~

(N2 A
2V {"

b Ay
A






OPS/images/fphys-11-00849-g003.jpg
Col3a

Col1a

r
<
o~

¢
G
¢
>
o~
¢ g
% <
%
v e w9
- - (=] =)
aBueyo pjo4
kS
iy

aBueyo pjo4

34

T
™~ -

abueyo pjo4

B obese

Mmp9

Mmp2

*EEE

15+

T
w

104 xxxx

aBueys pjo4

aBueys pjo4

*x
=
*%

154

%

10
54

*x

aBueyd pjo4

Bl obese

lean





OPS/images/fphys-11-00849-g006.jpg
mHm —H ¥ r— )
* p— :
ﬂ v
o~ :
g
8 3 “
T T T
QEea® © ¥ N o & - =
aBueyo pjo4 aBueyo pjo4
—
+—
«H
o
-
S
&)

L) “
O 0
~ N

125+

abueyo pjo4

aBueyo pjo4

B obese

Bl lean





OPS/images/fphys-11-00849-g005.jpg
m uabe||oo 10} aAljIsod eate ¢

L © w o ®w o
2m11

< uabe||09 1o} aapisod eale 9,

B obese

Il lean





OPS/images/fphys-11-00849-g002.jpg
m uabe||od 10} aApisod eale y

K ¢
nf
Gy
£ ¢
ﬂf
Sy
4
%
4
o)
L 1 1 1 L
o w0 o w0 o
o~ - -

< uabe||oo 10} aAnisod eale 9,

Bl obese

Il lean





OPS/images/fphys-11-00849-g001.jpg
Lean
(X10)

Lean
(X40)

Obese

(X10)

Obese

(X40)

Lean
(X10)

Lean
(X40)

Obese

(X10)

Obese

(X40)

Control

Control

SRS e
B LS

Ay

bR GOER T SR 7“

o






OPS/images/fphys-11-00849-e000.jpg
MCSAfem?] = Tl mass
Pumuscle * Lo

Ponisce = 1,065
5






