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The Dunkin Hartley Guinea Pig Is a Model of Primary Osteoarthritis That Also Exhibits Early Onset Myofiber Remodeling That Resembles Human Musculoskeletal Aging
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Skeletal muscle dysfunction, articular cartilage degeneration, and bone loss occur essentially in parallel during aging. Mechanisms contributing to this systemic musculoskeletal decline remain incompletely understood, limiting progress toward developing effective therapeutics. Because the progression of human musculoskeletal aging is slow, researchers rely on rodent models to identify mechanisms and test interventions. The Dunkin Hartley guinea pig is an outbred strain that begins developing primary osteoarthritis by 4 months of age with a progression and pathology similar to aging humans. The purpose of this study was to determine if skeletal muscle remodeling during the progression of osteoarthritis in these guinea pigs resembles musculoskeletal aging in humans. We compared Dunkin Hartley guinea pigs to Strain 13 guinea pigs, which develop osteoarthritis much later in the lifespan. We measured myofiber type and size, muscle density, and long-term fractional protein synthesis rates of the gastrocnemius and soleus muscles in 5, 9, and 15-month-old guinea pigs. There was an age-related decline in skeletal muscle density, a greater proportion of smaller myofibers, and a decline in type II concomitant with a rise in type I myofibers in the gastrocnemius muscles from Dunkin Hartley guinea pigs only. These changes were accompanied by age-related declines in myofibrillar and mitochondrial protein synthesis in the gastrocnemius and soleus. Collectively, these findings suggest Dunkin Hartley guinea pigs experience myofiber remodeling alongside the progression of osteoarthritis, consistent with human musculoskeletal aging. Thus, Dunkin Hartley guinea pigs may be a model to advance discovery and therapeutic development for human musculoskeletal aging.
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INTRODUCTION

Musculoskeletal aging broadly describes the progressive decline in skeletal muscle, bone, tendon, and articular cartilage that contributes to disability, chronic disease, and impaired quality of life in older adults (Roux et al., 2005; Landi et al., 2013; Batsis et al., 2014; Yokota et al., 2015; Williams et al., 2018; Ogawa et al., 2018). One facet of musculoskeletal aging is sarcopenia, which was initially defined as the age-related loss of muscle mass (Rosenberg, 1989). However, loss of muscle mass does not always explain the age-related decline in muscle function (Hughes et al., 2001). Correspondingly, sarcopenia is now broadly used to describe age-related skeletal muscle remodeling and dysfunction (Clark and Manini, 2008; Fielding et al., 2011; Anker et al., 2016; Cruz-Jentoft et al., 2019). Inclusion of functional loss in the definition of sarcopenia is important because skeletal muscle strength is one of the best predictors of all-cause mortality (García-Hermoso et al., 2018). Diagnostic criteria for sarcopenia vary widely but can include a loss in lean muscle mass, a decrease in strength, impaired gait, or impairment in the ability to complete activities of daily living (Fielding et al., 2011). The prevalence of sarcopenia varies extensively due to the lack of consensus criteria for sarcopenia (Bülow et al., 2019a, b; Langer et al., 2019). However, estimates are that 75% of men and 35% of women over the age of 60 years have age-related skeletal muscle dysfunction; these percentages increase to 88% and 53% of men and women over 80 years old (Batsis et al., 2014). Undoubtedly, the projected increase in the aged population will lead to a growing number of individuals living with skeletal muscle dysfunction, and overall musculoskeletal decline (Dhillon and Hasni, 2017), leading to an increased economic burden (Goates et al., 2019). Given both the health and financial burdens, understanding the etiology and discovering therapies to prevent or mitigate age-related skeletal muscle decline, and promote overall musculoskeletal health with aging, is critical.

Musculoskeletal decline is heterogenous and multifactorial in nature. The decline in skeletal muscle is slow and heterogeneous with the average human over the age of 65 losing 1% muscle mass per year (Hughes et al., 2001). Among the disease drivers of aging (López-Otín et al., 2013; Kennedy et al., 2014), inflammation (Schaap et al., 2006), impaired mitochondrial function (Coen et al., 2019), loss of proteostasis (Fernando et al., 2019), and macromolecular damage (Montes et al., 2017) also are intimately linked to musculoskeletal decline. Additional key contributors to development and progression of the muscle aging phenotype include reduced physical activity (Distefano et al., 2018), loss of motor neurons (Hepple, 2018), and resistance to stimuli that should result in muscle protein anabolism (Cuthbertson et al., 2004; Katsanos et al., 2006; Reidy et al., 2017).

Critical to both discovery and translational research to improve human health is availability of laboratory and pre-clinical models that bear close resemblance to the human condition. Musculoskeletal system components interact mechanically, communicate biochemically, and often decline in parallel collectively contributing to falls, fracture risk, and loss of mobility (Bonewald et al., 2013; DiGirolamo et al., 2013). Additionally, evidence suggests that, with advancing age, skeletal muscle dysfunction does not occur in isolation. For example, age-related loss of skeletal muscle strength/function increases the risk for knee osteoarthritis (OA; Lee et al., 2016), and may contribute to knee OA progression (Shorter et al., 2019). Knee OA also imposes a greater risk of developing skeletal muscle dysfunction (Kemmler et al., 2015; Noehren et al., 2018), establishing the two as key musculoskeletal system components that contribute to age-related decline. Therefore, a preclinical model that mimics the systemic age-related musculoskeletal decline in humans is needed.

The Dunkin Hartley guinea pig is a model of spontaneous (also considered primary or idiopathic) OA that closely resembles the onset and disease progression in humans (Jimenez et al., 1997). When fed ad libitum, this strain of guinea pig becomes overweight/obese (Radakovich et al., 2019) and begins developing knee OA at approximately 3–4 months of age. By 9 months, there are clear decrements in mobility and, by 18 months, mobility is severely constrained (Santangelo et al., 2014). While the exact cause(s) of OA in this model is still under investigation, inflammation is one factor associated with disease progression (Santangelo et al., 2011). Dunkin Hartley guinea pigs develop OA accompanied by increased systemic inflammation at a relatively early age compared to the lifespan of other outbred strains of guinea pigs (15 months compared to a maximal lifespan of 12 years; Gorbunova et al., 2008). Importantly, an age-related increase in inflammation and oxidative stress (i.e., inflammaging) is also associated with human musculoskeletal aging (Zembron-Lacny et al., 2019). However, age-related skeletal muscle changes have yet to be characterized in these guinea pigs. Thus, we sought to determine if Dunkin Hartley guinea pigs develop a muscle phenotype similar to skeletal muscle from aging humans. The purpose of this study was to determine if skeletal muscle remodeling during the progression of OA in Dunkin Hartley guinea pigs resembles skeletal muscle aging in humans. We evaluated skeletal muscle in Dunkin Hartley guinea pigs and Strain 13 guinea pigs, which served as a comparison model as they develop OA later in their lifespan and have better mobility than Dunkin Hartley guinea pigs (Huebner et al., 2002; Santangelo et al., 2014). If the skeletal muscle phenotype in the Dunkin Hartley guinea pig indeed closely models muscle aging in humans, it may serve as a valuable preclinical model for investigating the etiology of systemic musculoskeletal decline and for evaluating intervention efficacy. Therefore, the purpose of this study was to characterize changes in the skeletal muscle phenotype, including whole muscle composition, myofiber type and size distribution, and rates of muscle protein synthesis, in Dunkin Hartley guinea pigs over a time course encompassing the onset and progression of OA (5, 9, and 15 months of age). We hypothesized that, with age, there would be shifts in the muscle composition, myofiber type and size distribution, and rates of muscle protein synthesis that resemble those that occur during musculoskeletal aging in humans.



MATERIALS AND METHODS


Husbandry, Euthanasia, and Tissue Acquisition

All procedures were approved by the Colorado State University Institutional Animal Care and Use Committee (Protocols 16-6755AA and 19-9129A) and were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 18 male Dunkin Hartley were obtained from Charles River Laboratories (Wilmington, MA, United States) and 18 male Strain 13 guinea pigs were obtained from the United States Army Medical Research Institute of Infectious Diseases (Fort Detrick, MD, United States) at approximately 3.5, 7.5, and 13.5 months of age (mo; n = 6 at each age per strain). Animals were maintained at Colorado State University’s Laboratory Animal Resources housing facilities and were monitored daily by a veterinarian. All guinea pigs were singly-housed in solid bottom cages, maintained on a 12–12 h light-dark cycle, and provided ad libitum access to food and water. At the time of euthanasia, the guinea pigs were 5, 9, or 15 mo. Two 15 mo Dunkin Hartley guinea pigs had to be urgently euthanized 1 week prior to harvest due to lung and gastrointestinal complications according to the necropsy conducted by a veterinarian. In accordance with the standards of the American Veterinary Medical Association, animals were anesthetized with a mixture of isoflurane and oxygen; immediately afterward, the anesthetized animals were transferred to a chamber filled with carbon dioxide for euthanasia. To confirm euthanasia, bilateral thoracotomy was performed. After euthanasia, a portion of the belly of gastrocnemius and soleus muscles of one leg was excised, mounted, fixed, and frozen in isopentane in OCT for fluorescent immunohistochemistry for myofiber type and size analysis, while the remaining muscle was snap frozen in liquid nitrogen for isotope analysis. We could not collect these measurements for the two premature deaths of the 15 mo guinea pigs. The other leg was formalin fixed with the knee and ankle joints at 90o prior to being individually dissected at their attachments to the bone. All limbs were fixed and treated in an identical manner to control for the possibility of fixation-related artifacts. The muscles for this leg were used for volumetric analysis, fiber angle, and immunohistochemistry.



Skeletal Muscle Mass, Volume, and Density and Tibia Length

Magnetic resonance imaging (MRI) was used to obtain volume in both heads of the gastrocnemius and soleus, which had been formalin fixed with the knee and ankle joints at 90° prior to being individually dissected at their attachments to the bone. MRI scans were performed at Rocky Mountain Magnetic Resonance of Colorado State University, with a 2.3 T Bruker BioSpec, equipped with a 20.5 cm, 100 mT/m gradient system, using a custom built 3.4 cm internal diameter, single channel RF Litz coil (Doty Scientific Inc, Columbia, SC, United States) tuned to detect 1 H at 100.3 MHz. The excised muscles were weighed and then imaged in groups of 8. In the T1- weighted gradient echo images, a fast low-angle shot sequence was used to acquire volumetric images resolved with 0.5 mm isotropic resolution in three-dimensions: echo time = 4.73 ms; repetition time = 15 ms; field of view = 96.0 mm × 33.5 mm × 29.5 mm; matrix size = 192 × 67 × 59.

The volumetric images were exported as DICOM and Analyze 11§ was used for segmentation and ROI analysis of muscle volume. Muscle mass and volume were utilized to calculate density – mass divided by volume (mg/mm3).

Tibial length was determined using calibrated digital calipers. Measurements were collected on the posterior/caudal aspect of the bone from the intercondylar eminence to the articular surface of the medial malleolus. Measurements were taken in triplicate with the mean recorded.



Fiber Angle

From the formalin fixed limb, both the medial and lateral gastrocnemius heads were stained in India ink, imaged, and analyzed for fiber angle (θ), defined as the angle of the fiber from the muscle’s line of action (Charles et al., 2016). Measurements were made in four different regions of the muscle using ImageJ and an average angle was recorded. This technique allowed for unbiasing regions of muscle due to the heterogeneity of the gastrocnemius, as previously performed in other rodent muscle (Charles et al., 2016). Measurements were quantified in a blinded and randomized fashion by a single observer. Repeatability testing was completed by performing the measurements twice (r2 = 0.5953).



Skeletal Muscle Collagen Content

From the fixed limb and after fiber angle analysis, the gastrocnemius and soleus were paraffin embedded, cross sectioned, and stained with Masson’s Trichrome following an established protocol at the Colorado State University Diagnostic Medicine Center. Masson’s Trichrome staining results in collagen fibers stained blue, nuclei tissue stained black, and background tissue stained red. We imaged the stained cross sections using an upright microscope at 10x magnification and used ImageJ to determine the percentage of area stained blue. To do this, two reviewers set a threshold to quantify the amount of blue present in the cross section and results were subsequently averaged.

Additionally, we used a spectrophotometric method to quantify relative collagen content in tissue using Sirius Red and Fast Green (Chondrex, Inc., Redmond, WA, United States). Portions of the gastrocnemius and soleus were frozen at the time of tissue harvest and 5 μm skeletal muscle cryosections were mounted on microscope slides. Sections were rinsed with 1X phosphate buffered saline (PBS), immersed in the Dye Solution for 30 min at room temperature, and covered to prevent evaporation of the solution. After incubation, we aspirated the solution and then rinsed the tissue section with distilled water. We then applied the Dye Extraction Buffer and then transferred the Buffer to a 96 well plate for spectrophotometric analysis. We measured the OD values at 540 nm and 605 nm and calculated collagenous and non-collagenous using manufacturer instructions.



Histologic Grading of Osteoarthritis

From the fixed limb, knees were decalcified, sectioned coronally at the level of the medial tibial plateau, and paraffin embedded such that a 5 μm intact central section could be stained with toluidine blue. Following recommended published guidelines, the four anatomic compartments of the joint (medial/lateral tibial plateaus and medial/lateral femoral condyles) were scored using a semiquantitative histopathologic grading scheme (OARSI) such that a total joint score was assigned (Radakovich et al., 2019).



Skeletal Muscle Fiber Type and Size Distribution

We employed fluorescent immunohistochemistry to measure fiber type and size distribution in the gastrocnemius and soleus muscles. We cryosectioned portions of both the soleus and gastrocnemius that were embedded in OCT and frozen in isopentane cooled by liquid nitrogen during harvest. We then mounted 5 μm skeletal muscle cryosections on microscope slides, allowed them to air dry for 10 min, fixed them in −20°C acetone for 10 min, and rehydrated them in 1X PBS. We then blocked the samples in 10% normal goat serum (NGS) for 1 h and rinsed them in 1X PBS for 30 s. Samples were incubated in the following primary antibodies diluted in 10% NGS for 2 h at room temperature protected from the light: Laminin: Abcam 11576, 1:500; MyHC I: DHSB BA-F8, 1:50; MyHC IIB: DHSB 10F5, 1:50; MyHC IIA: DHSB 2F7 1:50. Following 3, 5 min rinses in 1X PBS, we incubated the cross sections with secondary antibodies also in 10% NGS for 1 h (ThermoFisher AlexaFluor 350 A21093; 647 A21242; 555 A21426; 488 A21121; concentration: 1:500), applied an anti-fade reagent (Prolong Gold Antifade, ThermoFisher), and adhered cover slips to the microscope slides.

The slides were imaged by the Center of Muscle Biology at the University of Kentucky as described (Wen et al., 2018). Briefly, images were acquired using an upright microscope at 20x magnification (AxioImager M1, Zen2.3 Imaging Software; Zeiss, Göttingen, Germany), which automatically acquires consecutive fields in multiple channels. These fields were stitched together in a mosaic image. The different fiber types were visually identified based on color differences in the merged image. The merged images were then analyzed using MyoVision, software developed by the Center for Muscle Biology at the University of Kentucky. The software used the anti-laminin immunofluorescence to establish line and edge structures, generating fiber outlines to provide the cross-sectional area (CSA) of each fiber. Within each fiber, the software then qualified the fiber type based on the fluorescence. Type I fibers were fluorescent at 647 nm, Type IIA fibers at 488 nm, and Type IIB fibers at 555 nm. Fibers that were negative under all channels were classified as Type IIX. An average of over 1000 myofibers were analyzed per animal for each muscle. To analyze fiber size distribution, fibers were categorized into 250 μm2 bins. The number of fibers in each bin was then divided by the total number of fibers analyzed to determine the percent distribution of each bin.



Skeletal Muscle Protein Synthesis

We used the stable isotope deuterium oxide (2H2O) to measure long-term skeletal muscle protein synthesis rates. 30 days prior to euthanasia, all guinea pigs were given a subcutaneous injection of 0.9% saline enriched with 99% 2H2O equivalent to 3% of their body weight. Drinking water was then enriched with 8% 2H2O to maintain deuterium enrichment of the body water pool during the 30-day labeling period. Body water enrichment was determined from plasma as previously described (Robinson et al., 2011; Scalzo et al., 2014; Konopka et al., 2017).

During tissue harvest, approximately 50 mg of gastrocnemius and soleus were collected and frozen immediately in liquid nitrogen. Tissue was later homogenized and fractionated following an established differential centrifugation protocol (Robinson et al., 2011) with one extra step to acquire a collagen-enriched fraction validated by both western blot and proteomic analysis (Miller et al., 2005).

To determine percentage of deuterium enriched alanine skeletal muscle, we followed previously published procedures (Robinson et al., 2011; Drake et al., 2013; Scalzo et al., 2014; Konopka et al., 2017). Approximately 25–50 mg of skeletal muscle was bead homogenized (Next Advance, Inc., Averill Park, NY, United States) in an isolation buffer containing 100 mM KCl, 40 mM Tris–HCl, 10 mM Tris base, 5 mM MgCl2, 1 mM EDTA, and 1 mM ATP (pH 7.5), with phosphatase and protease inhibitors (HALT; ThermoScientific, Rockford, IL, United States). After homogenization, the samples were centrifuged at 800 g for 10 min at 4°C. The resulting pellet was enriched with collagen and myofibrillar proteins. The supernatant contained mitochondrial and cytosolic proteins. To separate the collagen and myofibrillar proteins, we isolated and washed the pellet with 500 μL of 100% ethanol and rinsed with 500 μL of Milli-Q water twice. We then added 0.3 M NaOH, incubated for 30 min 37°C, centrifuged at 16,300 g for 10 min at 4°C, and transferred the supernatant, which contains myofibrillar proteins, to another tube. We repeated the 0.3 M NaOH incubation to extract any remaining myofibrillar proteins. The remaining collagen pellet was rinsed with Milli-Q water and ethanol. The pellet was then resuspended in 250 μL of 1 M NaOH and placed on a heat block for 15 min at 50°C shaking at 900 rpm. The collagen protein enriched fraction was then incubated in 6 M HCl for 24 h at 120°C for protein hydrolysis.

To precipitate the myofibrillar proteins from the previous supernatant, we added 500 μl of 1 M perchloric acid and centrifuged at 3000 g, 4°C for 20 min. After removing the supernatant, we rinsed the pellet with ethanol and Milli-Q water, resuspended in 250 μL of 1 M NaOH, and placed on a heat block for 15 min at 50°C shaking at 900 rpm. The myofibrillar protein enriched fraction was then incubated in 6 M HCl for 24 h at 120°C for protein hydrolysis.

To isolate the mitochondrial and cytosolic proteins, we centrifuged the supernatant from the initial centrifugation at 9000 g in 4°C for 30 min. The resulting supernatant, containing cytosolic proteins, was removed and placed in a new tube. The resulting pellet, enriched with mitochondrial proteins, was washed in a buffer containing 100 mM KCl, 10 mM Tris–HCl, 10 mM Tris Base, 1 mM MgCl2, 0.1 mM EDTA, and 1.5% BSA. We then rinsed the pellet in ethanol and Milli-Q water, resuspended in 250 μL of 1 M NaOH, and placed on a heat block for 15 min at 50°C shaking at 900 rpm. The mitochondrial protein enriched fraction was then incubated in 6 M HCl for 24 h at 120°C for protein hydrolysis.

The supernatant containing cytosolic proteins was divided into two 400 μl aliquots. We added 400 μl of 14% sulfosalicylic acid to one aliquot and incubated it on ice for 1 h. After incubation, we centrifuged at 16,000 g at 4°C for 10 min, rinsed the pellet with ethanol and Milli-Q water, resuspended the pellet in 250 μL of 1 M NaOH, and placed on a heat block for 15 min at 50°C shaking at 900 rpm. The cytosolic protein enriched fraction was then incubated in 6 M HCl for 24 h at 120°C for protein hydrolysis.

All hydrolysates were ion exchanged, dried in a vacuum, and resuspended in 1 mL of molecular biology grade water. Half of the suspended sample was derivatized by a 1 h incubation of 500 μL acetonitrile, 50 μL K2HPO4, pH 11, and 20 μL of pentafluorobenzyl bromide. Ethyl acetate was added and the organic layer was removed, dried under nitrogen gas, and reconstituted in 200–600 μL ethyl acetate for analysis on an Agilent 7890A GC coupled to an Agilent 5975C MS as previously described (Robinson et al., 2011; Scalzo et al., 2014; Konopka et al., 2017). The newly synthesized fraction of myofibrillar proteins was calculated from the enrichment of alanine bound in muscle proteins over the entire labeling period, divided by the true precursor enrichment, using the plasma deuterium enrichment over the period of measurement with MIDA adjustment (Busch et al., 2006).



Statistics

A two-way ANOVA was performed when outcome measures (body mass, muscle mass and density, fiber angle, and protein synthesis) were assessed at all three ages of 5, 9, and 15 mo, to analyze the main effects of both age and strain. If there was significant main effect of age, we conducted a Tukey’s post hoc test to specifically compare ages within a strain. Due to tissue availability, we only compared 5 and 15 mo guinea pigs for CSA and fiber type, using Student’s independent t-test. To compare CSA distributions, we used Student independent t-tests to analyze differences between ages at each 250 μm2 bin. GraphPad Prism 8.0 (La Jolla, CA, United States) was used for statistical analysis and to create figures. While statistical significance was set a priori at p < 0.05, because of the relatively small sample size, we also chose to report values of p < 0.10 as noteworthy observations. Data are normally distributed and presented as mean ± standard error when data from individual animals cannot be shown (i.e., CSA distribution).




RESULTS


Age Related Changes in Body Mass, Tibia Length, and Joint Degeneration

There was a significant effect of age (p < 0.001) on body mass. Body mass increased with age in both strains, with 9 mo guinea pigs weighing significantly more than 5 mo, and 15 mo guinea pigs tending (p = 0.06) to weigh more than 5 mo (Figure 1A). There was no difference in body mass between 9 and 15 mo animals in either strain, indicating that growth plateaued prior to 9 mo of age. Correspondingly, there was an increase in tibia length with age (p < 0.05), although this was observed predominantly in Strain 13 (interaction effect p < 0.05; Figure 1B). Tibia length did not differ between 9 and 15 mo animals, again reflecting that growth plateaued by 9 mo. Both strains experienced an age-related increase in OA severity as assessed by histologic grading (age effect p < 0.05). Dunkin Hartley guinea pigs had more severe OA than Strain 13 counterparts (strain effect p < 0.05; Figure 1C). Notably, the average knee joint score of 15 mo Strain 13 guinea pigs was no different than 5 mo Dunkin Hartley guinea pigs.
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FIGURE 1. Differences in body mass, tibia length, and whole knee joint histology scores. There was a significant effect of age (p < 0.05) on body mass in both Strain 13 and Dunkin Hartley guinea pigs (A). Dunkin Hartley guinea pigs were significantly heavier than Strain 13 guinea pigs. 15 mo Dunkin Hartley guinea pigs tended to be larger than their 5 mo counterparts (p = 0.0560), while 15 mo Strain 13 guinea pigs were significantly (p < 0.05) larger than 5 mo Strain 13 guinea pigs. However, there was a significant age-related increase in tibia length in Strain 13 guinea pigs (p < 0.05) (B). There was a significant effect of age and strain (p < 0.05) on whole joint histology scores. Dunkin Hartley guinea pigs displayed a significant increase at 9 and 15 mo in OA severity while Strain 13 guinea pigs only displayed a significant increase at 15 mo (C). *denotes p < 0.05 compared to 5 mo. *denotes p < 0.05 compared to 5 mo of the same strain; t denotes p < 0.10 compared to 5 mo of the same strain.




Age Related, Muscle-Specific, and Strain-Specific Differences in Muscle Mass and Density

To determine whether or not there were muscle-specific declines concomitant with the progression of OA, we measured skeletal muscle mass, volume, and density in the hindlimb of the guinea pigs. There was a non-significant positive effect of age on gastrocnemius mass (p = 0.06) in both strains of guinea pigs. Dunkin Hartley guinea pigs had larger gastrocnemii than Strain 13 guinea pigs (p < 0.05; Figure 2A). There was a significant effect of age (p < 0.05) on soleus mass, with 15 mo guinea pigs having greater (p < 0.05) mass than their 5 mo counterparts (Figure 2B). However, there were no differences in either the gastrocnemius or soleus between 9 mo and 15 mo guinea pigs. Similar to the gastrocnemius, Dunkin Hartley guinea pigs had greater soleus mass than Strain 13 guinea pigs (p < 0.05).
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FIGURE 2. Differences in gastrocnemius and soleus mass and mass relative to bodyweight. There was non-significant effect of age on gastrocnemius mass (A) and a significant effect on soleus mass (B). When expressed relative to body mass, there was a non-significant effect of age in both the gastrocnemius (C) and soleus (D). Post hoc analysis revealed no differences in relative muscle mass between the Dunkin Hartley guinea pigs at any age. *denotes p < 0.05 compared to 5 mo, t denotes p < 0.05 compared to 5 mo.


Because there was a significant effect of age on body mass, we also expressed muscle mass relative to body mass. There was a non-significant, negative effect of age on gastrocnemius mass relative body mass (p = 0.06) accounted for by Strain 13 guinea pigs (Figure 2C). However, there was a non-significant, positive effect of age (p = 0.06) on soleus mass relative to body mass (Figure 2D). Dunkin Hartley guinea pigs did have significantly greater soleus mass relative to body mass compared to Strain 13 guinea pigs (Figure 2D). However, there were no significant differences between any age in either the gastrocnemius (Figure 2C) or soleus (Figure 2D) of the Dunkin Hartley guinea pigs.

There was a significant effect of age on gastrocnemius volume, with volume increasing with age (Figure 3A). Similarly, there was a significant increase in soleus volume with age (Figure 3B). There were, however, no differences in volume of either the gastrocnemius or soleus in Strain 13 guinea pigs. There was a significant, negative effect of age on gastrocnemius density, with lower density in 15 mo Dunkin Hartley guinea pigs compared to 5 mo (p < 0.05; Figure 3C). However, this effect was not observed in Strain 13 guinea pigs. There was a significant main effect of age on the soleus density in Dunkin Hartley guinea pigs (p < 0.001), but again, this was not observed in Strain 13 guinea pigs (Figure 3D).
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FIGURE 3. Differences in muscle volume and density. There was a significant, positive effect of age on gastrocnemius (A) and soleus (B) muscle volume, though there was a non-significant interaction in the gastrocnemius, suggesting the increase in volume primarily occurred in Dunkin Hartley guinea pigs. Gastrocnemius density was significantly lower in 9 and 15 mo Dunkin-Hartley guinea pigs compared to 5 mo counterparts, whereas there was no differences observed in Strain 13 guinea pigs (C). In the soleus, muscle density was significantly greater in 9 and 15 mo Dunkin-Hartley guinea pigs compared to 5 mo (D). *denotes p < 0.05 compared to 5 mo.




Age-Related Changes in Myofiber Cross Sectional Area, Size, Distribution, and Fiber Type Composition

There is a decline in myofiber CSA in addition to a greater proportion of type I, or slow, myofibers in aging adults. Accordingly, we measured myofiber CSA and fiber type in both the gastrocnemius and soleus of these guinea pigs. Average CSA of all gastrocnemius myofibers of Dunkin Hartley guinea pigs did not change as a consequence of age (Figure 4). Similarly, there were no age-related differences when mean CSA was measured within each fiber type of the gastrocnemius. We also saw no difference in myofiber CSA in the soleus of Dunkin Hartley guinea pigs (Supplementary Figure 1A). There was a significant (p < 0.05) difference in soleus myofiber CSA between 5 mo and 15 mo Strain 13 guinea pigs (Supplementary Figure 1A), but not in the gastrocnemius (Supplementary Figure 2).
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FIGURE 4. Muscle fiber type-specific CSA averages in the gastrocnemius of Dunkin Hartley guinea pigs. There were no differences between the CSA of skeletal muscle fibers of any type in the gastrocnemii of 5 mo and 15 mo Dunkin Hartley guinea pigs (A–F).


Despite the lack of difference in the average myofiber CSA, there was a change in fiber size distribution in the gastrocnemius of Dunkin Hartley guinea pigs. 15 mo guinea pigs had a greater proportion of 1750 μm2 myofibers and less 2750 μm2 myofibers compared to 5 mo guinea pigs (p < 0.05; Figure 5A). In the soleus, there was no change in myofiber size distribution (Figure 5B). There was no difference in myofiber size distribution of 15 mo Strain 13 guinea pigs compared to 5 mo counterparts in the gastrocnemius (Supplementary Figure 3A). However, 15 mo had a greater proportion of myofibers of 2750 μm2 in the soleus (Supplementary Figure 3B). While there were no differences in CSA in any fiber types in the Dunkin Hartley guinea pigs (Figure 4), 15 mo Dunkin Hartley guinea pigs had a significantly lower proportion type II myofibers and greater proportion of type I myofibers in the gastrocnemius compared to 5 mo (Figure 6A). The lower proportion of type IIB myofibers seems to have accounted for the difference in fiber type composition (p = 0.07; Figure 6B). While we did not observe a difference in type II myofiber content in 15 mo Strain 13 guinea pigs (Supplementary Figure 4), there was a significantly greater proportion of type I myofibers in the gastrocnemius compared to 5 mo counterparts (Supplementary Figure 4).
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FIGURE 5. CSA distribution of all myofibers in both the gastrocnemius and soleus of Dunkin-Hartley guinea pigs. 15 mo guinea pigs had a greater proportion of 1750 μm2 myofibers and less 2750 μm2 myofibers compared to 5 mo guinea pigs (p < 0.05; A). However, there was no difference in myofiber size distribution in the soleus (B). *denotes p < 0.05 compared to 5 mo.
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FIGURE 6. Fiber type composition of the gastrocnemius of Dunkin Hartley guinea pigs. There was a significant greater amount of type I myofibers and lesser amount of type II myofibers in 15 mo Dunkin Hartley guinea pigs compared to 5 mo guinea pigs (A). There is a trend (p = 0.07) for less type IIB myofibers in 15 mo guinea pigs as well (B). The example of fiber typing includes a zoomed in portion to show detail. Laminin was fluorescent at 350 nm, type I fibers were fluorescent at 647 nm, type IIA fibers at 488 nm, and type IIB fibers at 555 nm. Fibers that were negative under all channels were classified as type IIX. Scale bar (bottom left) = 50 μm. (C). *denotes p < 0.05 compared to 5 mo; t denotes p < 0.10 compared to 5 mo.




Skeletal Muscle Architecture and Collagen Content

In addition to changes in skeletal muscle size, humans also experience changes in skeletal muscle structure that impair whole muscle contractile strength. Therefore, we measured fiber angle and collagen content in guinea pig skeletal muscle. There was a non-significant, age-related increase (p = 0.07) in gastrocnemius fiber angle (Figure 7). Dunkin Hartley guinea pigs had a significantly smaller fiber angle than Strain 13 guinea pigs. Using Masson’s Trichrome staining, there was a significant age-related decrease in collagen content in the gastrocnemius, though this difference was predominantly observed between 5 mo and 9 mo Strain 13 guinea pigs (Figure 8A). There were no age-related differences in soleus collagen content (Figure 8B). Results of the spectrophotometric picosirius assay of collagen content, however, indicated that 15 mo guinea pigs had lower collagen content than 5 mo guinea pigs in both the gastrocnemius (p < 0.05; Figure 8D) and soleus (p < 0.05; Figure 8E), and this was only observed in Dunkin Hartley guinea pigs.
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FIGURE 7. Fiber angle of the gastrocnemius. There was a non-significant increase in fiber angle with age in guinea pigs (p = 0.0740). Dunkin-Hartley guinea pigs had a lower fiber angle than Strain 13 guinea pigs.
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FIGURE 8. Collagen content in the guinea pig skeletal muscle. As assessed with Masson’s Trichrome staining, there was a significant age-related decrease in collagen content in the gastrocnemius (A), but not the soleus (B). Representative images of stained 5 and 15 mo gastrocnemius cross sections (C). Assessed with spectrophotometry, collagen content was significantly lower in both the gastrocnemius (D) and soleus (E) of 15 mo Dunkin Hartley guinea pigs compared to 5 mo guinea pigs (p < 0.05). Scale bar (bottom left) = 50 μm. *denotes p < 0.05 compared to 5 mo.




Skeletal Muscle Protein Synthesis

An imbalance in protein turnover (i.e., the balance between protein synthesis and breakdown) contributes to the age-related decline in skeletal muscle mass. Accordingly, we measured to skeletal muscle protein synthesis rates using the stable isotopic tracer 2H2O. In the gastrocnemius, myofibrillar, cytosolic, and mitochondrial fractional synthesis rates (FSR) were all lower in 15 mo guinea pigs compared to 5 mo in Dunkin Hartley guinea pigs only (p < 0.05; Figures 9A–C). In the Dunkin Hartley guinea pigs, myofibrillar protein synthesis was lower in 15 mo compared to 5 mo guinea pigs (p < 0.05; Figure 9A). Cytosolic and mitochondrial FSR were significantly lower at each time point in Dunkin Hartley guinea pigs (Figures 9B,C). There was an age-related decrease (p < 0.05) in collagen FSR in both Strain 13 and Dunkin Hartley guinea pigs (Figure 9D).
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FIGURE 9. Skeletal muscle protein synthesis rates in the gastrocnemius. In all subfractions of the gastrocnemius there was a significant, negative effect (p < 0.05) of age on fractional synthesis rates. In all subfractions except collagen, this age-related decline was present only in Dunkin Hartley guinea pigs (A–C). In the collagen subfraction, there was an age-related decline in FSR in both Strain 13 and Dunkin-Hartley guinea pigs (D). *denotes p < 0.05 compared to 5 mo. n = 2 for DH 15 mo gastrocnemius collagen due to no enrichment levels detected by GC/MS for two samples.


Similar to the gastrocnemius, soleus synthesis rates were slower in the older Dunkin Hartley guinea pigs in each fraction except for collagen (Figure 10). Myofibrillar FSR was lower in the 9 mo and 15 mo compared to the 5 mo Dunkin Hartley guinea pigs (p < 0.05; Figure 10A). In Dunkin Hartley guinea pigs, cytosolic FSR was significantly lower in 9 mo and 15 mo compared to 5 mo guinea pigs (Figure 10B). Mitochondrial FSR was non-significantly lower in 15 mo Dunkin Hartley guinea pigs compared to their 5 mo counterparts (p = 0.07; Figure 10C). No age-related differences in myofibrillar, mitochondrial, or cytosolic FSR were observed in Strain 13 guinea pigs. There were also no significant age-related differences in collagen protein synthesis in the soleus of either Strain 13 or Dunkin Hartley guinea pigs (Figure 10D).
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FIGURE 10. Skeletal muscle protein synthesis rates in the soleus. There was a significant, negative effect (p < 0.05) of age on fractional synthesis rates in the myofibrillar (A) and cytosolic (C) subfractions of the soleus, with 15 mo Dunkin Hartley guinea pigs having significantly slower rates of protein synthesis than 5 mo counterparts. Mitochondrial FSR of the soleus was non-significantly (p = 0.0666) slower in 15 mo Dunkin Hartley guinea pigs compared to 5 mo Dunkin Hartley guinea pigs (B). However, there was no effect (p > 0.10) of age on collagen FSR (D). *denotes p < 0.05 compared to 5 mo; t denotes p < 0.10 compared to 5 mo. n = 3 for DH 15 mo soleus myofibrillar FSR due to no enrichment levels detected by GC/MS in one sample.





DISCUSSION

Musculoskeletal decline is a key contributor to disability (Janssen et al., 2002) and cardiometabolic disease (Hunter et al., 2019), as well as increases the risk of mortality independent of age (Pasco et al., 2017). Obtaining a full understanding of mechanisms contributing to musculoskeletal decline is hampered by complex contributions from systemic components including skeletal muscle, bone, articular cartilage, and tendon, and by the relative absence of preclinical models that closely and comprehensively model the human musculoskeletal aging phenotype. The overall goal of this study was to characterize changes in the skeletal muscle phenotype during a time course that encompasses the onset and progression of joint degeneration in Dunkin Hartley guinea pigs, a model of idiopathic OA. Our findings document, for the first time, evidence of skeletal muscle remodeling in Dunkin Hartley guinea pigs that is consistent with those observed during musculoskeletal aging in humans. Moreover, the lack of changes observed in the comparison Strain 13 group, which is not prone to developing OA this early in the lifespan, suggests that the predominance of the observed age-related skeletal muscle changes is unique to the Dunkin Hartley guinea pigs. During this 10-month period, we observed a decline in type II myofibers, a shift in fiber size distribution favoring smaller muscle fibers, progressive declines in muscle protein synthesis rates, and a decline in gastrocnemius density, which are all observed in human skeletal muscle aging. Moreover, these skeletal muscle changes are accompanied by impairments in other components of the musculoskeletal system, specifically degeneration of articular cartilage (Jimenez et al., 1997). The current study, combined with previous work detailing progression of joint degeneration and inflammation (Santangelo et al., 2011), suggest that Dunkin Hartley guinea pigs may serve as a valuable model of systemic musculoskeletal decline.


Similarities Between Skeletal Muscle Remodeling in Dunkin Hartley Guinea Pigs and Aging Humans

Over the time course of the current study, we observed that Dunkin Hartley guinea pigs have a change in muscle fiber size distribution favoring smaller fibers, fiber type composition shifting toward type I and IIA fibers, lower muscle density, and slower rates of muscle protein synthesis. Collectively, these changes suggest skeletal muscle remodeling that is consistent with the aged skeletal muscle phenotype in humans. Interestingly, these observations occurred by an age (15 mo) that is young relative to the maximal predicted lifespan of other strains of guinea pigs [∼10% of the predicted 12 years (Gorbunova et al., 2008)]. The observed changes in skeletal muscle in this study, along with progression of joint degeneration at a young age relative to predicted species maximal lifespan, presents both strengths and potential limitations as a preclinical model to understand musculoskeletal decline. First, the Dunkin Hartley guinea pig could be valuable to test underlying mechanisms and therapeutic targets to combat age-related skeletal muscle derangements over a short time period. Second, the skeletal muscle remodeling observed in the current study occurred within 10 months, which offers a convenient model to test long-term interventions that might modulate the progression of skeletal muscle decline. In comparison, murine models only begin demonstrating signs of muscle aging well after 20 months of age, much closer to their maximal predicted lifespan [50% of 40 months (Graber et al., 2015; Strong et al., 2016)].

A potential limitation worth noting is that there is growth between the 5 and 9 mo time points. While this is not entirely reflective of human musculoskeletal aging, humans do experience an increase in bodyweight, primarily in adiposity, with age (Batsis et al., 2015). Guinea pigs reach sexual maturity by 2.5 mo and in this study both body mass and muscle mass plateaued by 9 mo (Figures 1,2). Importantly, we observed declines in protein synthesis between 9 and 15 mo of age independent of growth (Figures 9, 10). The continued decline in protein synthesis is, therefore, likely a characteristic of musculoskeletal remodeling associated with overall musculoskeletal decline in the Hartley strain, given a lack of difference in the Strain 13 guinea pigs. Though we did not measure myofiber CSA or distribution in 9 mo guinea pigs, 15 mo Dunkin Hartley guinea pigs had a greater percentage of smaller and slow twitch myofibers which are both observed in older adult humans (Spendiff et al., 2016; Holloway et al., 2018). These myofiber changes by 15 mo indicate that any increases in myofiber CSA that occurred during the period of growth (i.e., from 5 to 9 mo) were lost during OA progression and aging (i.e., from 9 to 15 mo). In future studies, we will focus on mechanisms of musculoskeletal decline after growth plateaus (∼9 mo) to better understand the phenotypic shifts and skeletal muscle strength, that are both consequences of musculoskeletal aging. Moreover, we aim to understand whether or not interventions, such as calorie restriction (Radakovich et al., 2019), may ameliorate the progression of the aged musculoskeletal phenotype we observed in these guinea pigs.

In humans, muscle with mixed fiber types (such as the gastrocnemius or vastus lateralis) are more susceptible to loss of mass compared to muscles comprised primarily type I muscle fibers, such as the soleus, which are generally unaffected by age (Larsson et al., 1978; Lexell et al., 1988). This is likely related to the fact that sarcopenia is associated with the loss of larger, type II muscle fibers and an increase in type I muscle fibers (Nilwik et al., 2013). In humans, type II myofibers atrophy and type I myofibers remain largely unchanged resulting in a shift in myofiber size distribution toward smaller myofibers (Nilwik et al., 2013; Spendiff et al., 2016). We observed the same phenomenon in the gastrocnemius of Dunkin Hartley guinea pigs. From 5 months to 15 months of age, there was a shift toward smaller myofibers. Moreover, there was a lower percentage of type II myofibers and a greater percentage of type I myofibers. These age- and OA-related differences, except for the increased proportion of type I myofibers in the gastrocnemius, were not observed in the Strain 13 guinea pigs. More research is necessary to determine if these changes in muscle composition and myofiber size result in loss of strength and other functional decrements as observed in aging humans (Nilwik et al., 2013).

As humans age, there is generally an increase in fat deposition within (intramuscular triglycerides, IMTG) or around (intermuscular adipose tissue, IMAT) skeletal muscle. Only in Dunkin Hartley guinea pigs did we observe a lower gastrocnemius density in 15 mo guinea pigs compared to 5 mo counterparts (Figure 3C). The only logical explanation for this decreased density is greater fat deposition given that fat has lower density than muscle. However, there was an age-related increase in soleus density between young and older Dunkin Hartley guinea pigs (Figure 3D). The contrasting outcomes in gastrocnemius and soleus densities in young and older guinea pigs could be explained by the fact that type II fibers are at greater risk of lipid spillover due to an inability to switch to from carbohydrate to lipid oxidation (i.e., metabolic inflexibility; Carter et al., 2019). Both IMTG (Coen and Goodpaster, 2012; Rivas et al., 2016) and IMAT (Goodpaster et al., 2001; Scott et al., 2015; Konopka et al., 2018) are negatively associated with skeletal muscle function. It remains unclear, however, if lower density in gastrocnemius is associated with greater concentrations of specific lipid species that impart deleterious effects on skeletal muscle function.

Few published studies include data focused on the influence of age on collagen content in human skeletal muscle. Most suggest there is no change in collagen content with age in humans (Babraj et al., 2005; Haus et al., 2007; Kragstrup et al., 2011), a decrease in collagen turnover (Babraj et al., 2005), and an accumulation of oxidative damage (Haus et al., 2007). In our guinea pigs, the two methods we employed to measure collagen content demonstrated either no difference or lower collagen levels in 15 mo compared to 5 mo guinea pigs (Figure 8). However, there was a precipitous decline in muscle collagen synthesis rate with age (Figures 9D, 10D). Accordingly, collagen breakdown must have sharply declined for there to be similar collagen content. A decline in collagen protein turnover would likely have led to the accumulation of oxidatively damaged/crosslinked collagen and imparted decrements in function as is the case in in humans (Haus et al., 2007). However, further work is needed to measure the age-related differences in oxidatively damaged collagen proteins and muscle strength in these guinea pigs.

In humans, fiber angle has been shown to decrease in the gastrocnemius and soleus with age, which is likely due to decreases of sarcomeres both in series and in parallel (Morse et al., 2005). We observed an age-related increase in fiber angle in the gastrocnemius of both strains (Figure 7), but this could be due to continued body growth between the ages of 5 and 9 mo (Figures 1, 2), and reflect greater muscle size between 5 and 15 mo. These are the first measures to be assessed cross-sectionally in these guinea pig strains, but are similar to those reported in other strains (Powell et al., 1984). Future studies should address the potential relationship between fiber angle and force production and how they change with in this model of musculoskeletal decline.

Humans experience a decline in skeletal muscle mass at a relatively slow rate (∼1% decline per year; Reid et al., 2014) beginning later in the lifespan. In order for there to be a loss of muscle mass, protein breakdown rates must exceed protein synthesis rates. The literature is equivocal on whether or not protein breakdown changes with age (Volpi et al., 2001; Aas et al., 2019) which could be a consequence of relying on static markers. Resting protein synthesis between young and older adults appears not to be different (Volpi et al., 2001). However, with aging there is an impairment in protein synthesis in response to anabolic stimuli such as protein ingestion and exercise (Cuthbertson et al., 2004; Brook et al., 2016; Rivas et al., 2016). As a result, cumulative protein synthesis rates in human skeletal muscle likely decline very slowly with age (Reid et al., 2014). This is in contrast to other rodent models, such as mice and rats, that experience abrupt and sharp changes in protein turnover (Rennie et al., 2010). Using the stable-isotopic tracer deuterium (2H2O), we measured the cumulative protein synthesis over 30 days, capturing both resting and anabolic episodes of protein synthesis in these guinea pigs. 15 mo Dunkin Hartley guinea pigs had lower rates of protein synthesis in all the subfractions of both gastrocnemius and soleus muscles compared to 5 mo counterparts (Figures 9, 10). In comparison, Strain 13 guinea pigs maintained FSR except for the collagen subfraction (Figures 9, 10). Thus, the decline in FSR observed in Dunkin Hartley guinea pigs may be a consequence of the age-related progression of overall musculoskeletal decline. Interestingly, using a similar isotope labeling approach, we recently reported that the Fisher344 Brown Norway (F344BN) rat strain experiences an age-related increase, not decrease, in cumulative skeletal muscle protein synthesis rates between 24 mo, 28 mo, and 30 mo (Miller et al., 2019). This discrepancy in age-related changes in protein synthesis may be influenced by a number of factors including the labeling period (Miller et al., 2015), the rates of protein degradation, and species differences. Regardless, our data support that aging disrupts skeletal muscle protein turnover and this age-related perturbation contributes to overall impairments in protein homeostasis, a well-established driver of aging (López-Otín et al., 2013; Kennedy et al., 2014).

A recent study leveraging 2H2O methods to facilitate long-term assessment of protein synthesis rates found no difference in myofibrillar FSR between young and older adults prior to exercise training, but an age-related impairment in the response to training (Brook et al., 2016). In our study, we found that the declines in FSR (i.e., myofibrillar and mitochondrial subfraction) are consistent with the smaller myofiber size distribution observed through immunohistochemistry as well as lower gastrocnemius muscle density. While statistically significant, the difference in FSR between 5 and 15 mo guinea pigs is small (<1%), which may reflect small differences in the anabolic response to activity and/or feeding and may contribute the similar slow and progressive decline in muscle protein synthesis observed in human musculoskeletal aging.



Potential Mechanisms Underlying the Skeletal Muscle Remodeling in Dunkin Hartley Guinea Pigs

At the moment, there is no clear, established mechanism for the early onset of the skeletal muscle aging phenotype we observed in the Dunkin Hartley guinea pigs. This strain of guinea pig develops primary OA that histologically resembles human OA (Jimenez et al., 1997). Strain 13 guinea pigs do not develop OA this early in their lifespan and did not exhibit most of the age-related differences in skeletal muscle we observed in the Dunkin Hartley guinea pigs. This contrast between strains suggests that OA may influence, or be reflective of, the overall musculoskeletal decline in the Dunkin Hartley guinea pigs. The coexistence of joint degeneration and skeletal muscle remodeling similarly exists in human musculoskeletal aging. However, it is difficult to discern a causal relationship between the two. In humans, knee OA increases the risk for sarcopenia (Kemmler et al., 2015), which may be at least in part due to diminished levels of physical activity (Herbolsheimer et al., 2016). However, we did not monitor spontaneous physical activity in these guinea pigs. Physical activity is known to influence skeletal muscle mass, quality (e.g., fiber type, density), and function (Ubaida-Mohien et al., 2019). Given that knee OA generally decreases physical activity (Miller et al., 2001), we predict that decreases in physical activity may account for some of the skeletal muscle remodeling we observe at a relatively young age in these guinea pigs.

Another mechanism that could explain the early onset muscle aging phenotype is increased systemic inflammation. Compared to a strain of guinea pig that is not prone to primary OA at a young age, Dunkin Hartley guinea pigs have higher levels of the pro-inflammatory mediator interleukin-1β (IL-1β; Santangelo et al., 2011). Interventions such as caloric restriction (Bendele and Hulman, 1991; Radakovich et al., 2019), elicit lower levels of systemic inflammatory markers compared to ad libitum fed controls and delay the onset of OA in this model. In humans, both knee OA and elevated levels of inflammatory mediators are associated with sarcopenia (Schrager et al., 2007; Shorter et al., 2019). Additionally, age-related increases in IL-1β are associated with decrements in peak knee extension torque (Zembron-Lacny et al., 2019). Inflammation is a known disease driver of aging (Franceschi and Campisi, 2014; Kennedy et al., 2014) and implicated in most age-related chronic diseases (Ferrucci and Fabbri, 2018). Therefore, future inquiry will include inflammatory profiling systemically as well as locally in skeletal muscle and other tissues beyond the musculoskeletal system in these guinea pigs to determine if they are a more encompassing model of inflammaging.



Comments, Conclusions, and Future Directions

Laboratory models, by definition, do not provide perfect replications of human clinical conditions. Much of what is currently known about skeletal muscle aging comes from research using models designed to study muscle disuse in either rodents or humans (Morey-Holton et al., 2005; Rudrappa et al., 2016), which have yielded promising insight into mechanisms and therapeutics (Ebert et al., 2019), or models of muscle denervation (Siu and Alway, 2009). Additional insights about potential contributors to muscle loss come from genetic models including the PolgA mutant mouse that develops a frail phenotype (Trifunovic et al., 2004; Hiona et al., 2010, Romanick et al., 2013). Developing a model that more closely mimics the complexity of human disease, in this case the systemic musculoskeletal decline that accompanies advancing age, is important for maximizing success in translational research (Denayer et al., 2014). Collectively, our results suggest that Dunkin Hartley guinea pigs could be a valuable addition to the models currently being used for both discovery and translational research in musculoskeletal aging. Within a relatively short period of time, this unique non-transgenic, outbred model develops aspects of systemic human musculoskeletal aging including progressive inflammation (i.e., inflammaging), joint degeneration (Santangelo et al., 2011, 2014), evidence of declining bone strength (unpublished observations), and the alterations in skeletal muscle phenotype reported here.

While we assessed a number of well-recognized aspects of skeletal muscle remodeling associated with human aging, there are other important components of the aging muscle phenotype we have yet to measure in this unique guinea pig model, most notably muscle function. We predict that the changes in muscle phenotype we observed here would be paralleled by declines in muscle function. The observed loss of type IIB fibers is known to be a key determinant of muscle strength (Nilwik et al., 2013). Furthermore, myofiber size distribution favoring a larger percentage of smaller fibers is also a characteristic of older adults and has potential to impart decreased muscle force production (Spendiff et al., 2016). We have not yet measured changes in spontaneous physical activity, but anticipate doing so in future studies with the prediction that Dunkin Hartley guinea pigs likely model the age-related decline in physical activity typically observed in humans. Dunkin Hartley guinea pigs do experience decrements in gait (i.e., slower gait speed, shorter stride length) compared to Strain 13 guinea pigs, which could be reflective of impaired neuromuscular and musculoskeletal function (Santangelo et al., 2014). It is important to note that the current observations were only in male guinea pigs. Given that the onset and prevalence of decline in muscle function differs between aging males and females (Frontera et al., 2000), investigating the age-related changes in skeletal muscle in female guinea pigs is another important focus of our follow-up studies. We posit that the musculoskeletal decline we have comprehensively characterized in Dunkin Hartley guinea pigs, will provide a valuable platform for contributing to the evolving understanding of human musculoskeletal aging and, hopefully, interventions to improve mobility, independence, and quality of life for aging humans.




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 Colorado State University Institutional Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

This study was conducted at Colorado State University. KH, KS, and RR contributed to the conception and design. All authors contributed to data acquisition and/or interpretation of data. RM and MW wrote the first manuscript draft. All authors critically revised the manuscript and provided intellectual and approved the final version of the manuscript submitted for publication.



FUNDING

This research was supported by NIH/NCATS Colorado CTSA Grant Number UL1 TR002535 awarded to KH, KS, and RR. Contents are the authors’ sole responsibility and do not necessarily represent official NIH views. Additional support came from the Dissertation Enhancement Award of the Department of Health and Exercise Science at Colorado State University, which was award to RM.



ACKNOWLEDGMENTS

We would like to thank Kate Kosmac, Ph.D. and Yuan Wen, Ph.D. of the Center of Muscle Biology of the University of Kentucky under the direction of Charlotte Peterson, Ph.D. for their assistance with immunohistochemistry and image and data acquisition using MyoVision, which is a service offered by the Muscle Immunohistochemistry and Molecular Imaging Core at the University of Kentucky. Benjamin Kohn provided MRI analysis of whole muscle during his tenure in the Department of Chemical and Biological Engineering at Colorado State University. We also thank Benjamin Miller, Ph.D. of the Oklahoma Medical Research Foundation for feedback on study design, data interpretation, and preparation of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2020.571372/full#supplementary-material



REFERENCES

Aas, S. N., Hamarsland, H., Cumming, K. T., Rognlien, S. H., Aase, O. J., Nordseth, M., et al. (2019). The impact of age and frailty on skeletal muscle autophagy markers and specific strength: a cross-sectional comparison. Exp. Gerontol. 125:110687. doi: 10.1016/j.exger.2019.110687

Anker, S. D., Morley, J. E., and Von Haehling, S. (2016). Welcome to the ICD-10 code for sarcopenia. J. Cachexia Sarcopenia Muscle 7, 512–514. doi: 10.1002/jcsm.12147

Babraj, J. A., Cuthbertson, D. J., Smith, K., Langberg, H., Miller, B., Krogsgaard, M. R., et al. (2005). Collagen synthesis in human musculoskeletal tissues and skin. Am. J. Physiol. Endocrinol. Metab. 289, E864–E869. doi: 10.1152/ajpendo.00243.2005

Batsis, J. A., Mackenzie, T. A., Barre, L. K., Lopez-Jimenez, F., and Bartels, S. J. (2014). Sarcopenia, sarcopenic obesity and mortality in older adults: results from the national health and nutrition examination survey III. Eur. J. Clin. Nutr. 68, 1001–1007. doi: 10.1038/ejcn.2014.117

Batsis, J. A., Mackenzie, T. A., Lopez-Jimenez, F., and Bartels, S. J. (2015). Sarcopenia, sarcopenic obesity, and functional impairments in older adults: national health and nutrition examination surveys 1999-2004. Nutr. Res. 35, 1031–1039. doi: 10.1016/j.nutres.2015.09.003

Bendele, A. M., and Hulman, J. F. (1991). Effects of body weight restriction on the development and progression of spontaneous osteoarthritis in guinea pigs. Arthritis Rheum. 34, 1180–1184. doi: 10.1002/art.1780340916

Bonewald, L. F., Kiel, D. P., Clemens, T. L., Esser, K., Orwoll, E. S., O’keefe, R. J., et al. (2013). Forum on bone and skeletal muscle interactions: summary of the proceedings of an ASBMR workshop. J. Bone Miner. Res. 28, 1857–1865. doi: 10.1002/jbmr.1980

Brook, M. S., Wilkinson, D. J., Mitchell, W. K., Lund, J. N., Phillips, B. E., Szewczyk, N. J., et al. (2016). Synchronous deficits in cumulative muscle protein synthesis and ribosomal biogenesis underlie age-related anabolic resistance to exercise in humans. J. Physiol. 594, 7399–7417. doi: 10.1113/jp272857

Bülow, J., Ulijaszek, S. J., and Holm, L. (2019a). Rejuvenation of the term sarcopenia. J. Appl. Physiol. 126, 255–256. doi: 10.1152/japplphysiol.00400.2018

Bülow, J., Ulijaszek, S. J., and Holm, L. (2019b). Last word on viewpoint: rejuvenation of the term sarcopenia. J. Appl. Physiol. 126:263. doi: 10.1152/japplphysiol.00815.2018

Busch, R., Kim, Y. K., Neese, R. A., Schade-Serin, V., Collins, M., Awada, M., et al. (2006). Measurement of protein turnover rates by heavy water labeling of nonessential amino acids. Biochim. Biophys. Acta 1760, 730–744. doi: 10.1016/j.bbagen.2005.12.023

Carter, C. S., Justice, J. N., and Thompson, L. (2019). Lipotoxicity, aging, and muscle contractility: does fiber type matter? Geroscience 41, 297–308. doi: 10.1007/s11357-019-00077-z

Charles, J. P., Cappellari, O., Spence, A. J., Hutchinson, J. R., and Wells, D. J. (2016). Musculoskeletal geometry, muscle architecture and functional specialisations of the mouse hindlimb. PLoS One 11:e0147669. doi: 10.1371/journal.pone.0147669

Clark, B. C., and Manini, T. M. (2008). Sarcopenia != Dynapenia. J. Gerontol. A Biol. Sci. Med. Sci. 63, 829–834. doi: 10.1093/gerona/63.8.829

Coen, P. M., and Goodpaster, B. H. (2012). Role of intramyocelluar lipids in human health. Trends Endocrinol. Metab. 23, 391–398. doi: 10.1016/j.tem.2012.05.009

Coen, P. M., Musci, R. V., Hinkley, J. M., and Miller, B. F. (2019). Mitochondria as a target for mitigating sarcopenia. Front. Physiol. 9:1883. doi: 10.3389/fphys.2018.01883

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyere, O., Cederholm, T., et al. (2019). Sarcopenia: revised European consensus on definition and diagnosis. Age Ageing 48, 16–31. doi: 10.1093/ageing/afy169

Cuthbertson, D., Smith, K., Babraj, J., Leese, G., Waddell, T., Atherton, P., et al. (2004). Anabolic signaling deficits underlie amino acid resistance of wasting, aging muscle. FASEB J. 19, 1–22. doi: 10.1096/fj.04-2640fje

Denayer, T., Stöhr, T., and Roy, M. V. (2014). Animal models in translational medicine: validation and prediction. New Horiz. Transl. Med. 2, 5–11. doi: 10.1016/j.nhtm.2014.08.001

Dhillon, R. J. S., and Hasni, S. (2017). Pathogenesis and management of sarcopenia. Clin. Geriatr. Med. 33, 17–26. doi: 10.1016/j.cger.2016.08.002

DiGirolamo, D. J., Kiel, D. P., and Esser, K. A. (2013). Bone and skeletal muscle: neighbors with close ties. J. Bone Miner. Res. 28, 1509–1518. doi: 10.1002/jbmr.1969

Distefano, G., Standley, R. A., Zhang, X., Carnero, E. A., Yi, F., Cornnell, H. H., et al. (2018). Physical activity unveils the relationship between mitochondrial energetics, muscle quality, and physical function in older adults. J. Cachexia Sarcopenia Muscle 9, 279–294. doi: 10.1002/jcsm.12272

Drake, J. C., Peelor, F. F. III, Biela, L. M., Watkins, M. K., Miller, R. A., Hamilton, K. L., et al. (2013). Assessment of mitochondrial biogenesis and mTORC1 signaling during chronic rapamycin feeding in male and female mice. J. Gerontol. A Biol. Sci. Med. Sci. 68, 1493–1501. doi: 10.1093/gerona/glt047

Ebert, S. M., Al-Zougbi, A., Bodine, S. C., and Adams, C. M. (2019). Skeletal muscle atrophy: discovery of mechanisms and potential therapies. Physiology 34, 232–239. doi: 10.1152/physiol.00003.2019

Fernando, R., Drescher, C., Nowotny, K., Grune, T., and Castro, J. P. (2019). Impaired proteostasis during skeletal muscle aging. Free Radic. Biol. Med. 132, 58–66. doi: 10.1016/j.freeradbiomed.2018.08.037

Ferrucci, L., and Fabbri, E. (2018). Inflammageing: chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol. 15, 505–522. doi: 10.1038/s41569-018-0064-2

Fielding, R. A., Vellas, B., Evans, W. J., Bhasin, S., Morley, J. E., Newman, A. B., et al. (2011). Sarcopenia: an undiagnosed condition in older adults. Current consensus definition: prevalence, etiology, and consequences. International working group on sarcopenia. J. Am. Med. Dir. Assoc. 12, 249–256. doi: 10.1016/j.jamda.2011.01.003

Franceschi, C., and Campisi, J. (2014). Chronic inflammation (inflammaging) and its potential contribution to age-associated diseases. J. Gerontol. A Biol. Sci. Med. Sci. 69, S4–S9. doi: 10.1093/gerona/glu057

Frontera, W. R., Suh, D., Krivickas, L. S., Hughes, V. A., Goldstein, R., and Roubenoff, R. (2000). Skeletal muscle fiber quality in older men and women. Am. J. Physiol. Cell Physiol. 279, C611–C618. doi: 10.1152/ajpcell.2000.279.3.C611

García-Hermoso, A., Cavero-Redondo, I., Ramirez-Velez, R., Ruiz, J. R., Ortega, F. B., Lee, D. C., et al. (2018). Muscular strength as a predictor of all-cause mortality in an apparently healthy population: a systematic review and meta-analysis of data from approximately 2 million men and women. Arch. Phys. Med. Rehabil. 99, 2100–2113.e5. doi: 10.1016/j.apmr.2018.01.008

Goates, S., Du, K., Arensberg, M. B., Gaillard, T., Guralnik, J., and Pereira, S. L. (2019). Economic impact of hospitalizations in US adults with sarcopenia. J. Frailty Aging 8, 93–99. doi: 10.14283/jfa.2019.10

Goodpaster, B. H., Carlson, C. L., Visser, M., Kelley, D. E., Scherzinger, A., Harris, T. B., et al. (2001). Attenuation of skeletal muscle and strength in the elderly: the health ABC study. J. Appl. Physiol. 90, 2157–2165. doi: 10.1152/jappl.2001.90.6.2157

Gorbunova, V., Bozzella, M. J., and Seluanov, A. (2008). Rodents for comparative aging studies: from mice to beavers. Age 30, 111–119. doi: 10.1007/s11357-008-9053-4

Graber, T. G., Kim, J. H., Grange, R. W., Mcloon, L. K., and Thompson, L. V. (2015). C57BL/6 life span study: age-related declines in muscle power production and contractile velocity. Age 37:9773. doi: 10.1007/s11357-015-9773-1

Haus, J. M., Carrithers, J. A., Trappe, S. W., and Trappe, T. A. (2007). Collagen, cross-linking, and advanced glycation end products in aging human skeletal muscle. J. Appl. Physiol. 103, 2068–2076. doi: 10.1152/japplphysiol.00670.2007

Hepple, R. T. (2018). When motor unit expansion in ageing muscle fails, atrophy ensues. J. Physiol. 596, 1545–1546. doi: 10.1113/jp275981

Herbolsheimer, F., Schaap, L. A., Edwards, M. H., Maggi, S., Otero, Á., Timmermans, E. J., et al. (2016). Physical activity patterns among older adults with and without knee osteoarthritis in six European countries. Arthritis Care Res. 68, 228–236. doi: 10.1002/acr.22669

Hiona, A., Sanz, A., Kujoth, G. C., Pamplona, R., Seo, A. Y., Hofer, T., et al. (2010). Mitochondrial DNA mutations induce mitochondrial dysfunction, apoptosis and sarcopenia in skeletal muscle of mitochondrial DNA mutator mice. PLoS One 5:e11468. doi: 10.1371/journal.pone.0011468

Holloway, G., Holwerda, A., Miotto, P., Dirks, M., Verdijk, L., and Loon, L. (2018). Age-associated impairments in mitochondrial ADP sensitivity contribute to redox stress in senescent human skeletal muscle. Cell Rep. 22, 2837–2848. doi: 10.1016/j.celrep.2018.02.069

Huebner, J. L., Hanes, M. A., Beekman, B., Tekoppele, J. M., and Kraus, V. B. (2002). A comparative analysis of bone and cartilage metabolism in two strains of guinea-pig with varying degrees of naturally occurring osteoarthritis. Osteoarthritis Cartilage 10, 758–767. doi: 10.1053/joca.2002.0821

Hughes, V. A., Frontera, W. R., Wood, M., Evans, W. J., Dallal, G. E., Roubenoff, R., et al. (2001). Longitudinal muscle strength changes in older adults: influence of muscle mass, physical activity, and health. J. Gerontol. A Biol. Sci. Med. Sci. 56, B209–B217. doi: 10.1093/gerona/56.5.b209

Hunter, G. R., Singh, H., Carter, S. J., Bryan, D. R., and Fisher, G. (2019). Sarcopenia and its implications for metabolic health. J. Obes. 2019:8031705. doi: 10.1155/2019/8031705

Janssen, I., Heymsfield, S. B., and Ross, R. (2002). Low relative skeletal muscle mass (sarcopenia) in older persons is associated with functional impairment and physical disability. J. Am. Geriatr. Soc. 50, 889–896. doi: 10.1046/j.1532-5415.2002.50216.x

Jimenez, P. A., Glasson, S. S., Trubetskoy, O. V., and Haimes, H. B. (1997). Spontaneous osteoarthritis in Dunkin Hartley guinea pigs: histologic, radiologic, and biochemical changes. Lab. Anim. Sci. 47, 598–601.

Katsanos, C. S., Kobayashi, H., Sheffield-Moore, M., Aarsland, A., and Wolfe, R. R. (2006). A high proportion of leucine is required for optimal stimulation of the rate of muscle protein synthesis by essential amino acids in the elderly. Am. J. Physiol. Endocrinol. Metab. 291, E381–E387. doi: 10.1152/ajpendo.00488.2005

Kemmler, W., Teschler, M., Goisser, S., Bebenek, M., Von Stengel, S., Bollheimer, L. C., et al. (2015). Prevalence of sarcopenia in Germany and the corresponding effect of osteoarthritis in females 70 years and older living in the community: results of the FORMoSA study. Clin. Interv. Aging 10, 1565–1573. doi: 10.2147/cia.s89585

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S., et al. (2014). Geroscience: linking aging to chronic disease. Cell 159, 709–713. doi: 10.1016/j.cell.2014.10.039

Konopka, A. R., Laurin, J. L., Musci, R. V., Wolff, C. A., Reid, J. J., Biela, L. M., et al. (2017). Influence of Nrf2 activators on subcellular skeletal muscle protein and DNA synthesis rates after 6 weeks of milk protein feeding in older adults. Geroscience 39, 175–186. doi: 10.1007/s11357-017-9968-8

Konopka, A. R., Wolff, C. A., Suer, M. K., and Harber, M. P. (2018). Relationship between intermuscular adipose tissue infiltration and myostatin before and after aerobic exercise training. Am. J. Physiol. Regul. Integr. Comp. Physiol. 315, R461–R468. doi: 10.1152/ajpregu.00030.2018

Kragstrup, T. W., Kjaer, M., and Mackey, A. L. (2011). Structural, biochemical, cellular, and functional changes in skeletal muscle extracellular matrix with aging. Scand. J. Med. Sci. Sports 21, 749–757. doi: 10.1111/j.1600-0838.2011.01377.x

Landi, F., Cruz-Jentoft, A. J., Liperoti, R., Russo, A., Giovannini, S., Tosato, M., et al. (2013). Sarcopenia and mortality risk in frail older persons aged 80 years and older: results from ilSIRENTE study. Age Ageing 42, 203–209. doi: 10.1093/ageing/afs194

Langer, H. T., Mossakowski, A. A., Baar, K., Alcazar, J., Martin-Rincon, M., Alegre, L. M., et al. (2019). Commentaries on viewpoint: rejuvenation of the term sarcopenia. J. Appl. Physiol. 126, 257–262. doi: 10.1152/japplphysiol.00816.2018

Larsson, L., Sjodin, B., and Karlsson, J. (1978). Histochemical and biochemical changes in human skeletal muscle with age in sedentary males, age 22–65 years. Acta Physiol. Scand. 103, 31–39. doi: 10.1111/j.1748-1716.1978.tb06187.x

Lee, S. Y., Ro, H. J., Chung, S. G., Kang, S. H., Seo, K. M., and Kim, D. K. (2016). Low skeletal muscle mass in the lower limbs is independently associated to knee osteoarthritis. PLoS One 11:e0166385. doi: 10.1371/journal.pone.0166385

Lexell, J., Taylor, C. C., and Sjöström, M. (1988). What is the cause of the ageing atrophy? J. Neurol. Sci. 84, 275–294. doi: 10.1016/0022-510x(88)90132-3

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Miller, B. F., Baehr, L. M., Musci, R. V., Reid, J. J., Peelor, F. F. III, Hamilton, K. L., et al. (2019). Muscle-specific changes in protein synthesis with aging and reloading after disuse atrophy. J. Cachexia Sarcopenia Muscle 10, 1195–1209. doi: 10.1002/jcsm.12470

Miller, B. F., Olesen, J. L., Hansen, M., Dossing, S., Crameri, R. M., Welling, R. J., et al. (2005). Coordinated collagen and muscle protein synthesis in human patella tendon and quadriceps muscle after exercise. J. Physiol. 567, 1021–1033. doi: 10.1113/jphysiol.2005.093690

Miller, B. F., Wolff, C. A., Peelor, F. F. III, Shipman, P. D., and Hamilton, K. L. (2015). Modeling the contribution of individual proteins to mixed skeletal muscle protein synthetic rates over increasing periods of label incorporation. J. Appl. Physiol. 118, 655–661. doi: 10.1152/japplphysiol.00987.2014

Miller, M. E., Rejeski, W. J., Messier, S. P., and Loeser, R. F. (2001). Modifiers of change in physical functioning in older adults with knee pain: the observational arthritis study in seniors (OASIS). Arthritis Rheum. 45, 331–339. doi: 10.1002/1529-0131

Montes, A. C., Boga, J. A., Bermejo Millo, C., Rubio Gonzalez, A., Potes Ochoa, Y., Vega Naredo, I., et al. (2017). Potential early biomarkers of sarcopenia among independent older adults. Maturitas 104, 117–122. doi: 10.1016/j.maturitas.2017.08.009

Morey-Holton, E., Globus, R. K., Kaplansky, A., and Durnova, G. (2005). The hindlimb unloading rat model: literature overview, technique update and comparison with space flight data. Adv. Space Biol. Med. 10, 7–40. doi: 10.1016/s1569-2574(05)10002-1

Morse, C. I., Thom, J. M., Birch, K. M., and Narici, M. V. (2005). Changes in triceps surae muscle architecture with sarcopenia. Acta Physiol. Scand. 183, 291–298. doi: 10.1111/j.1365-201x.2004.01404.x

Nilwik, R., Snijders, T., Leenders, M., Groen, B. B., Van Kranenburg, J., Verdijk, L. B., et al. (2013). The decline in skeletal muscle mass with aging is mainly attributed to a reduction in type II muscle fiber size. Exp. Gerontol. 48, 492–498. doi: 10.1016/j.exger.2013.02.012

Noehren, B., Kosmac, K., Walton, R. G., Murach, K. A., Lyles, M. F., Loeser, R. F., et al. (2018). Alterations in quadriceps muscle cellular and molecular properties in adults with moderate knee osteoarthritis. Osteoarthritis Cartilage 26, 1359–1368. doi: 10.1016/j.joca.2018.05.011

Ogawa, Y., Kaneko, Y., Sato, T., Shimizu, S., Kanetaka, H., and Hanyu, H. (2018). Sarcopenia and muscle functions at various stages of Alzheimer disease. Front. Neurol. 9:710. doi: 10.3389/fneur.2018.00710

Pasco, J. A., Mohebbi, M., Holloway, K. L., Brennan-Olsen, S. L., Hyde, N. K., and Kotowicz, M. A. (2017). Musculoskeletal decline and mortality: prospective data from the Geelong Osteoporosis Study. J. Cachexia Sarcopenia Muscle 8, 482–489. doi: 10.1002/jcsm.12177

Powell, P. L., Roy, R. R., Kanim, P., Bello, M. A., and Edgerton, V. R. (1984). Predictability of skeletal muscle tension from architectural determinations in guinea pig hindlimbs. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 57, 1715–1721. doi: 10.1152/jappl.1984.57.6.1715

Radakovich, L. B., Marolf, A. J., Culver, L. A., and Santangelo, K. S. (2019). Calorie restriction with regular chow, but not a high-fat diet, delays onset of spontaneous osteoarthritis in the Hartley guinea pig model. Arthritis Res. Ther. 21:145. doi: 10.1186/s13075-019-1925-8

Reid, K. F., Pasha, E., Doros, G., Clark, D. J., Patten, C., Phillips, E. M., et al. (2014). Longitudinal decline of lower extremity muscle power in healthy and mobility-limited older adults: influence of muscle mass, strength, composition, neuromuscular activation and single fiber contractile properties. Eur. J. Appl. Physiol. 114, 29–39. doi: 10.1007/s00421-013-2728-2

Reidy, P. T., Borack, M. S., Markofski, M. M., Dickinson, J. M., Fry, C. S., Deer, R. R., et al. (2017). Post-absorptive muscle protein turnover affects resistance training hypertrophy. Eur. J. Appl. Physiol. 117, 853–866. doi: 10.1007/s00421-017-3566-4

Rennie, M. J., Selby, A., Atherton, P., Smith, K., Kumar, V., Glover, E. L., et al. (2010). Facts, noise and wishful thinking: muscle protein turnover in aging and human disuse atrophy. Scand. J. Med. Sci. Sports 20, 5–9. doi: 10.1111/j.1600-0838.2009.00967.x

Rivas, D. A., Mcdonald, D. J., Rice, N. P., Haran, P. H., Dolnikowski, G. G., and Fielding, R. A. (2016). Diminished anabolic signaling response to insulin induced by intramuscular lipid accumulation is associated with inflammation in aging but not obesity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 310, R561–R569. doi: 10.1152/ajpregu.00198.2015

Robinson, M. M., Turner, S. M., Hellerstein, M. K., Hamilton, K. L., and Miller, B. F. (2011). Long-term synthesis rates of skeletal muscle DNA and protein are higher during aerobic training in older humans than in sedentary young subjects but are not altered by protein supplementation. FASEB J. 25, 3240–3249. doi: 10.1096/fj.11-186437

Romanick, M., Thompson, L. V., and Brown-Borg, H. M. (2013). Murine models of atrophy, cachexia, and sarcopenia in skeletal muscle. Biochim. Biophys. Acta 1832, 1410–1420. doi: 10.1016/j.bbadis.2013.03.011

Rosenberg, I. H. (1989). Summary comments. Am. J. Clin. Nutr. 50, 1231–1233. doi: 10.1093/ajcn/50.5.1231

Roux, C. H., Guillemin, F., Boini, S., Longuetaud, F., Arnault, N., Hercberg, S., et al. (2005). Impact of musculoskeletal disorders on quality of life: an inception cohort study. Ann. Rheum. Dis. 64, 606–611. doi: 10.1136/ard.2004.020784

Rudrappa, S. S., Wilkinson, D. J., Greenhaff, P. L., Smith, K., Idris, I., and Atherton, P. J. (2016). Human skeletal muscle disuse atrophy: effects on muscle protein synthesis, breakdown, and insulin resistance-a qualitative review. Front. Physiol. 7:361. doi: 10.3389/fphys.2016.00361

Santangelo, K. S., Kaeding, A. C., Baker, S. A., and Bertone, A. L. (2014). Quantitative gait analysis detects significant differences in movement between osteoarthritic and nonosteoarthritic guinea pig strains before and after treatment with flunixin meglumine. Arthritis 2014:503519. doi: 10.1155/2014/503519

Santangelo, K. S., Pieczarka, E. M., Nuovo, G. J., Weisbrode, S. E., and Bertone, A. L. (2011). Temporal expression and tissue distribution of interleukin-1beta in two strains of guinea pigs with varying propensity for spontaneous knee osteoarthritis. Osteoarthritis Cartilage 19, 439–448. doi: 10.1016/j.joca.2011.01.004

Scalzo, R. L., Peltonen, G. L., Binns, S. E., Shankaran, M., Giordano, G. R., Hartley, D. A., et al. (2014). Greater muscle protein synthesis and mitochondrial biogenesis in males compared with females during sprint interval training. FASEB J. 28, 2705–2714. doi: 10.1096/fj.13-246595

Schaap, L. A., Pluijm, S. M., Deeg, D. J., and Visser, M. (2006). Inflammatory markers and loss of muscle mass (sarcopenia) and strength. Am. J. Med. 119, 526.e9–526.e17. doi: 10.1016/j.amjmed.2005.10.049

Schrager, M. A., Metter, E. J., Simonsick, E., Ble, A., Bandinelli, S., Lauretani, F., et al. (2007). Sarcopenic obesity and inflammation in the InCHIANTI study. J. Appl. Physiol. 102, 919–925. doi: 10.1152/japplphysiol.00627.2006

Scott, D., Trbojevic, T., Skinner, E., Clark, R. A., Levinger, P., Haines, T. P., et al. (2015). Associations of calf inter- and intra-muscular adipose tissue with cardiometabolic health and physical function in community-dwelling older adults. J. Musculoskelet Neuronal Interact. 15, 350–357.

Shorter, E., Sannicandro, A. J., Poulet, B., and Goljanek-Whysall, K. (2019). Skeletal muscle wasting and its relationship with osteoarthritis: a mini-review of mechanisms and current interventions. Curr. Rheumatol. Rep. 21:40. doi: 10.1007/s11926-019-0839-4

Siu, P. M., and Alway, S. E. (2009). Response and adaptation of skeletal muscle to denervation stress: the role of apoptosis in muscle loss. Front. Biosci. 14, 432–452. doi: 10.2741/3253

Spendiff, S., Vuda, M., Gouspillou, G., Aare, S., Perez, A., Morais, J. A., et al. (2016). Denervation drives mitochondrial dysfunction in skeletal muscle of octogenarians. J. Physiol. 594, 7361–7379. doi: 10.1113/jp272487

Strong, R., Miller, R. A., Antebi, A., Astle, C. M., Bogue, M., Denzel, M. S., et al. (2016). Longer lifespan in male mice treated with a weakly estrogenic agonist, an antioxidant, an alpha-glucosidase inhibitor or a Nrf2-inducer. Aging Cell 15, 872–884. doi: 10.1111/acel.12496

Trifunovic, A., Wredenberg, A., Falkenberg, M., Spelbrink, J. N., Rovio, A. T., Bruder, C. E., et al. (2004). Premature ageing in mice expressing defective mitochondrial DNA polymerase. Nature 429, 417–423. doi: 10.1038/nature02517

Ubaida-Mohien, C., Gonzalez-Freire, M., Lyashkov, A., Moaddel, R., Chia, C. W., Simonsick, E. M., et al. (2019). Physical activity associated proteomics of skeletal muscle: being physically active in daily life may protect skeletal muscle from aging. Front. Physiol. 10:312. doi: 10.3389/fphys.2019.00312

Volpi, E., Sheffield-Moore, M., Rasmussen, B. B., and Wolfe, R. R. (2001). Basal muscle amino acid kinetics and protein synthesis in healthy young and older men. JAMA 286, 1206–1212. doi: 10.1001/jama.286.10.1206

Wen, Y., Murach, K. A., Vechetti, I. J. Jr., Fry, C. S., Vickery, C., Peterson, C. A., et al. (2018). MyoVision: software for automated high-content analysis of skeletal muscle immunohistochemistry. J. Appl. Physiol. 124, 40–51. doi: 10.1152/japplphysiol.00762.2017

Williams, G. R., Deal, A. M., Muss, H. B., Weinberg, M. S., Sanoff, H. K., Guerard, E. J., et al. (2018). Frailty and skeletal muscle in older adults with cancer. J. Geriatr. Oncol. 9, 68–73. doi: 10.1016/j.jgo.2017.08.002

Yokota, R. T., Berger, N., Nusselder, W. J., Robine, J. M., Tafforeau, J., Deboosere, P., et al. (2015). Contribution of chronic diseases to the disability burden in a population 15 years and older, Belgium, 1997-2008. BMC Public Health 15:229. doi: 10.1186/s12889-015-1574-z

Zembron-Lacny, A., Dziubek, W., Wolny-Rokicka, E., Dabrowska, G., and Wozniewski, M. (2019). The relation of inflammaging with skeletal muscle properties in elderly men. Am. J. Mens Health 13:1557988319841934. doi: 10.1177/1557988319841934


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 Musci, Walsh, Konopka, Wolff, Peelor, Reiser, Santangelo and Hamilton. 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/fphys-11-571372-g010.jpg
FSR (%/day)

FSR (%/day)

Soleus B Soleus

o Myofibrillar FSR Mitochondial FSR
| % & t
°e ¢ o
o by — 3
3.5 il %‘ .: .. ‘ .?.
y . 2,0T8T T8
3.0- o ® E\i 2 ® =
._. o® 3 . £ % ° ° :
C ®
2.5- ,‘“:': = ¢ 1] e
o
2.0 | | I | | | v I I | I | |
5 9 15 5 9 15 5 9 15 5 9 15
Months of age Months of age
Significant effect of Age
Significant effect of Strain
Significant interaction
D
Soleus Soleus
Cytosolic FSR Collagen FSR
5- TRy 0.8
o
o ® &
3] e v 2 * o am % 5 ¢ o B
X 0.4- s 8 °®
°® Py N - - ® h
2- 14 o0
‘I.I,z Py ) .. o
" 024 o $3
o
0 | | I I | | 0.0 | | | | | |
5 9 15 5 9 15 5 9 15 5 9 15
Months of age Months of age
Significant effect of Age p=0.09 effect of Strain

p=0.08 interaction

e Strain 13
® Dunkin Hartley





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Dunkin Hartley Guinea Pig Is a Model of Primary Osteoarthritis That Also Exhibits Early Onset Myofiber Remodeling That Resembles Human Musculoskeletal Aging



		INTRODUCTION



		MATERIALS AND METHODS



		Husbandry, Euthanasia, and Tissue Acquisition



		Skeletal Muscle Mass, Volume, and Density and Tibia Length



		Fiber Angle



		Skeletal Muscle Collagen Content



		Histologic Grading of Osteoarthritis



		Skeletal Muscle Fiber Type and Size Distribution



		Skeletal Muscle Protein Synthesis



		Statistics







		RESULTS



		Age Related Changes in Body Mass, Tibia Length, and Joint Degeneration



		Age Related, Muscle-Specific, and Strain-Specific Differences in Muscle Mass and Density



		Age-Related Changes in Myofiber Cross Sectional Area, Size, Distribution, and Fiber Type Composition



		Skeletal Muscle Architecture and Collagen Content



		Skeletal Muscle Protein Synthesis







		DISCUSSION



		Similarities Between Skeletal Muscle Remodeling in Dunkin Hartley Guinea Pigs and Aging Humans



		Potential Mechanisms Underlying the Skeletal Muscle Remodeling in Dunkin Hartley Guinea Pigs



		Comments, Conclusions, and Future Directions







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-11-571372-g007.jpg
Angle (6)

25+

20
o oo :.o
- e ° L]
LRI A o §
[ ] ..
10
5_
0

1 1 1 1 1 1
5 9 15 5 9 15
Months of age

p=0.07 effect of Age
Significant effect of Strain

e Strain 13
® Dunkin Hartley





OPS/images/cover.jpg


OPS/images/fphys-11-571372-g008.jpg
Percent (%)

Percent (%)

Gastrocnemius Collagen
Content (Masson’s)

20—
151 ¢ * o
* o
104 =— o o9
o 00 A2 .
o of
° "_ [ *® F %
51 e .. .. °
0 | | | | | |
5 9 15 5 9 15
Months of age
Significant effect of Age
Gastrocnemius Collagen
Content (Picosirius)
4.5+
o
40 e o *
[ ] (I ] 4
- ¢ =
.O.
o ©
35 o @ -4
Y [ J
[ J
3.0 | | | |
5 15 5 15
Months of age
Significant effect of Age

p=0.11 effect of Strain

Percent (%)

Percent (%)

C

Soleus Collagen 5 mo Gastrocnemius

Content (Masson’s)

154
e Strain 13
. °* . e Dunkin Hartley
7 o ' . @
- 2a
5- o oo ®
e o . &
0O——T—T1 L ?'%"."‘%g
5 9 15 5 9 15 qu.’q.d
Months of age s ‘. ®, S £
%ﬂ o\
R 5
m‘ P Vs
Soleus Collagen
Content (Picosirius)
4.5
° e Strain 13
Y [
. e Dunkin Hartley
404 2. o0 —
o =-' .” *
]
o
3.5 o o
o
3.0 | | | |
5 15 5 15
Months of age
Significant effect of Age
Significant effect of Strain

Significant interaction

15 mo Gastrocnemius
Strain 13

Dunkin Hartley






OPS/images/fphys-11-571372-g005.jpg
Percent of myofibers (%)

20—

15=

Dunkin Hartley
Gastrocnemius Muscle Fiber
CSA Distribution

-o- 5 months

-#- 15 months

PRSEN °.>
‘b‘)’\ "'""m‘i‘%‘i\

Myofiber size (|.|m2)

W

Percent of myofibers (%)

25—

20—

15—

B

Dunkin Hartley
Soleus Muscle Fiber
CSA Distribution

-o- 5 months
I -#- 15 months

0=

\\i
~

°) ‘)QQ °) 6

Myofiber size (pmz)






OPS/images/fphys-11-571372-g006.jpg
Percent of
total myofibers (%)

Fiber Type of Gastrochemius

100- %*
80— PS
u
60- * =
40— m
m
20-
jﬂ i
0- I |

2
2D &R Qﬁo

Percent of
Type Il myofibers (%)

Type Il Myofiber Composition
80- t

[ |
60-
| | o | |
o
o :
40—
oo
20-

B 5mo
] 15mo







OPS/images/fphys-11-571372-g003.jpg
Gastrocnemius Volume

2500

2000

1500-

1000-

Volume (mm?3)

500

* %

e 3
' 4

¢
® g,
L LA

0

| | | 1 1 |
5 9 15 5 9 15
Months of age
Significant effect of Age

Significant effect of Strain

p=0.08 interaction

Gastrocnemius Density

1.4

1.3

1.2+

Density (mg/mm?)

>

* %

ocle o o

*

o
®
@l
— ®
..
®

°
8
g

1%

Si

| | 1 | | |
5 9 15 5 9 15
Months of age

gnificant effect of Strain
Significant interaction

Soleus Volume

400 *
® -
= 300- b a0
t”’E ® -:  y
= -
© 200- . o
= ¢ &
S 100 % ¥
0 | | | | | |
5 9 15 5 9 15
Months of age
Significant effect of Age
Significant effect of Strain
p=0.13 interaction
D .
Soleus Density
1.2 * %
”E 1.0- 0. °°
o
S e m :0: -
i 08 % & ¢ ° o
B ° g.:
o 0.6- J
o o
0.4 I | | | | I
5 9 15 5 9 15
Months of age
Significant effect of Age

p=0.08 interaction

e Strain13
® Dunkin Hartley






OPS/images/fphys-11-571372-g004.jpg
A

CSA (um?)

CSA (um?)

All Fiber CSA
3500-
3000- H
25004 =
®
T )
2000-
15OC | |
5 15
Months of age
Type IIB CSA
5000
4000
o
30004 _S°_
o
2000
©
1000
0 I |
5 15

Months of age

B Type | CSA
2000-
([
1500 oo
&
E ®
i"— 1000 o
)
&)
500
0 | |
5 15
Months of age
E Type IIX CSA
5000-
4500-
& 4000-
g
o
< 35001 ¢
N
O 3000
[ ° O
2500- PY
2000 | |
5 15
Months of age

Type lIA CSA
3000
@
& 2500- °
S
=
> ”
O 2000- ®
@
1500 | |
5 15
Months of age
F Hybrid CSA
4000
( I
3000 o
t
([
E"— 2000 o
N
(&)
1000-
0 I |
5 15
Months of age






OPS/images/fphys-11-571372-g001.jpg
A B C .
Body Mass Tibia Length Wr-lole Knee Joint
* t Histology Score
1200~ 52- & 60-
* % .
* * ° o W . o e Strain 13
& ) 8 ¢
= — 50— oo S o ° A . e Hartley
10 s o T $ o a3 . o
E [ J @ @ ~ q o0 @] ° o ®
S s - . £ 48+ ° o [=) . *
o o T8 =) . ° 17 % &
800 o ¢ . o oo @ I 20-
— = 46 - & "
.O [ ] eo® < : ’ ?
° o el
cnn AA -
wud | | | | | | as | | | | | | 0- | | 1
5 9 15 5 9 15 5 9 15 5 9 15 5 9 15 5 9 15
Months of age Months of age Months of age
Significant effect of Age Significant effect of Age Significant effect of Age
Significant effect of Strain Significant effect of Strain Significant effect of Strain
Significant interaction Significant interaction

t indicates p<0.10





OPS/images/fphys-11-571372-g002.jpg
Grams

Grams

Gastrocnemius Mass Soleus Mass

2500- 400- * % _
. e Strain 13
o © 300— * * ® Dunkin Hartley
2000- e 22 . « 2%
%o & o o
o 5& - A . £ 200- Ol T o
% o o o -~ O
e ) M o
1500 &® O 3
100
o
1000 | 1 | | | | 0 | | | | | |
5 9 15 5 9 15 5 9 15 5 9 15
Months of age Months of age
p=0.06 effect of Age Significant effect of Age
Significant effect of Strain Significant effect of Strain
D
Gastrocnemius Mass Soleus Mass
Relative to Bodyweight Relative to Bodyweight
2.5- 0.30-
oo * ® t ®
o ~ & ° ® @
:. %o . 4 0.25 : " oo .
2.0- H ; ?.- Py t o O : . T .
o ° .~ g : — ® O @
© [ : @ °
1.5- ® 0.20- ®¢ =*- .
> o
o .. ®
[
1.0 | | | I I I 0.15 | | | | I 1
5 9 15 5 9 15 5 9 15 5 9 15
Months of age Months of age
p=0.06 effect of Age p=0.06 effect of Age
Significant effect of Strain

t indicates p<0.10





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-11-571372-g009.jpg
A

FSR (%/day)

FSR (%/day)

Gastrocnemius
Myofibrillar FSR

4_
* %
3- o
O o
® o '-: (a) "
2_ , b * @ “ ~
o
1_
0 | | | | | |
5 9 15 5 9 15
Months of age
Significant effect of Age
Significant interaction
Gastrocnemius
Cytosolic FSR
3_
. o * *
T
> * 5_ °® ap
o o O = 4
=gy
®

o

| | | | | |
5 9 15 5 9 15
Months of age

Significant effect of Age
Significant interaction

FSR (%/day)

FSR (%/day)

Gastrocnemius

Mitochondrial FSR

2-| da
*

* *

e o
o JY°%

o doo

Y

®
Ny
®

1
5 9 15 5 9 15

Months of age

Significant effect of Age

Significant interaction

Gastrocnemius
Collagen FSR

o of

@
SNy
@

I | |
5 9 15 5 9 15
Months of age

Significant effect of Age
p=0.09 effect of Strain

e Strain 13
® Dunkin Hartley





