Castration results in a substantial proinflammatory-associated myopathy in the 3xTg-AD mouse model of Alzheimer’s disease
Purpose
Alzheimer’s disease (AD) is a deadly neurological disease affecting 11% of the aged population. In addition to cognitive deficits, AD patients are plagued by problems with their skeletal muscles (myopathy) that include significant loss of muscle tissue, low muscle strength (i.e. muscle weakness), and the inability to effectively regulate whole body metabolic parameter (e.g., cannot effectively regulate blood glucose). These problems with the skeletal muscle are deeply problematic for AD patients because they compromise patient independence and overall health. Given AD prevalence is expected to double by 2050, the problems with the skeletal muscle are a major public health problem. However, therapeutic interventions that preserve the health of the skeletal muscle in AD patients are lacking because the factors that regulate severity of the problems with skeletal muscle remain largely unknown. Accordingly, the purpose of this study was to determine the contribution of testosterone to the severity of muscle problems during AD. 

Background and Context
1. Problems with the skeletal muscle in AD patients significantly reduce patient independence and overall health, thereby contributing to a heavy financial burden on the healthcare system 
Skeletal muscle is an extremely important organ that plays crucial roles in a person’s functional independence and overall health through processes such as the ability to walk up and down stairs (i.e. locomotion) and the ability to regulate health-related processes such as removing excess glucose from the blood1,2. Unfortunately, AD patients have several problems with their skeletal muscle including loss of muscle tissue, low muscle strength (i.e. muscle weakness), and the inability to regulate whole-body processes such as removing glucose from the blood, thereby contributing to the loss of patient independence, increased risk of the patient acquiring other health complications, and ultimately the risk of an early death3–12. In addition to those consequences to the patient, the problems with skeletal muscle in AD patients contribute to a substantial burden on the healthcare system. For example, the problems with skeletal muscle accelerate the decline to brain function and memory7,13, resulting in expensive assistive care and a $305 billion annual burden to treat dementia in the United States14. Moreover, the annual cost to treat muscle tissue loss (a single component of the problems with skeletal muscle during AD) in the United States is ~$19 billion15, meaning problems with skeletal muscle compound health care expenses in AD patients. Because the incidence of AD in the United States will double by 205016, it is imperative to define the factors regulating the severity of the problems with skeletal muscle in AD patients. 

2. Factors regulating severity of the problems with the skeletal muscle in AD patients are unknown 
AD is classically defined as the accumulation of Amyloid Beta into plaques and deposition of Tau into tangles within brain tissue. Work in humans and preclinical rodent models of AD have shown that those classical Amyloid beta and Tau tangle features of AD are sufficient to induce problems with the skeletal muscle. Specific problems noted at the muscle cell level include lower mitochondrial function in human AD patients and in the 3xTg-AD and 5xFAD preclinical mouse models of the disease12,17–19. Other problems include disruptions to the nerves ability to tell the muscle to contract resulting in subsequent muscle weakness in the 3xTg-AD and 5xFAD preclinical mouse models17,18. At the molecular level, genes and proteins involved in inflammation, fat utilization, and mitochondrial function are altered in the problematic muscles of AD patients compared to healthy controls12,20. There are also alterations to several pathways that cause muscle tissue to waste away in the 3xTg-AD and APP/PS1 mutant mouse models of AD including higher levels of Myostatin and mildly higher Transforming Growth Factor Beta (TGFβ)-SMAD signaling18,21. 
While these problems with skeletal muscle typically worsen as the problems in the brain during AD get worse10–12,18,22, there is significant heterogeneity observed in regards to the severity of the problems with the skeletal muscle. This means the severity of the problems with skeletal muscle is highly dependent on factors outside of the problems that occur in the brain. For instance, male 3xTg-AD mice have very minimal problems with the muscle even though they develop significant problems within their brain and exhibit learning and memory issues18,23. Conversely, female 3xTg-AD mice have slightly more severe problems with their skeletal muscle even though they develop substantially more problems within their brain compared to males. Collectively, these data show that while problems within the brain during AD can cause problems with the skeletal muscle, factors outside of the brain influence severity of the problems with skeletal muscle. However, those factors influencing severity of the problems with skeletal muscle are unknown.   

3. Testosterone is a likely factor that regulates the severity of the problems with skeletal muscle during AD and may render the muscle unresponsive to adjuvant therapies that are designed to improve muscle health 
	Hypogonadism (low testosterone levels) is a highly prevalent problem in men with AD compared to those of similar age that lack neurological or memory issues24–26. Hypogonadism is also a primary risk factor for developing AD24, meaning hypogonadism is largely present prior to developing the problems with skeletal muscle and remains as the problems worsen. Hypogonadism is important for men with AD as previous work27–3233 suggest the changes induced within the muscle by low testosterone would exacerbate the problems with skeletal muscle that occur as a consequence to the issue caused by AD within the brain. For example, low testosterone in the dementia-free state promotes a proinflammatory state within muscle tissue, disrupts the processes that control how well mitochondria function, and disrupts the contact between the nerve and the muscle, which are all problems that occur in the muscle during AD. If compounding the problems within skeletal muscle by low testosterone does occur, it may also render adjuvant therapies less effective at improving skeletal muscle health, including resistance exercise. For instance, if low testosterone and AD both cause a proinflammatory state inside the muscle, it could render the muscle less responsive to a bout of resistance exercise as is observed in other disease states where muscle inflammation is a problem (e.g., cancer)34. Thus, it is likely that low testosterone significantly compounds the problems with skeletal muscle during AD. Accordingly, the purpose of this study was to determine the extent that low testosterone during AD regulates problems with skeletal muscle 

Methods
Twelve-month-old male dementia-free wild type (WT) mice and twelve-month-old male 3xTg-AD mice containing AD brain pathology were each randomized into two groups. One group from each type of mouse was subjected to castration surgery where the testicles were removed, thus effectively lowering testosterone levels resulting in a hypogonadal state. The other group from each type of mouse was subjected to a sham surgery where the testicles and testosterone production remained normal. Starting the study at twelve months of age was chosen to mimic the onset of hypogonadism at mid-life, which is a risk factor for developing AD and subsequently the problems with skeletal muscle later in life24. Grip strength testing was used to determine upper body strength, and testing occurred at 3 months post-surgery and 6 months post-surgery. All additional measures and procedures were made only at 18 months of age (6 months post-surgery), which is roughly equivalent to a 60-year-old human. When all mice reached 18 months of age, they were subjected to a single bout of electrically evoked muscle contractions to mimic a bout of resistance exercise, thus allowing us to determine the extent that muscle responds to a bout of resistance exercise under these experimental conditions. The contractions were only elicited on muscles of one leg so that the contralateral leg muscles could serve as internal control muscle. After the contractions procedure, muscles were extracted and weighed to determine how much muscle tissue was lost because of the castration surgery. The responsiveness of the muscle to the contractions was determined by assessing how many genes were altered in the muscle in response to the contractions as changes in muscle gene expression contribute to the muscles ability to positively adapt to long term resistance exercise training35.  

Results
1. Inducing a hypogonadal state in male 3xTg-AD mice results in severe problems with the skeletal muscle
At 18 months of age (6 months post-surgery), the wild type (WT) dementia-free castrated mice and non-castrated 3xTg-AD mice had modest deficits in both absolute grip strength and grip strength normalized to the weight of the mouse (body mass) compared to the non-castrated dementia-free wild type mice (Figure 1A-B). Both absolute grip strength and grip strength normalized to body mass was ~50% lower in castrated 3xTg-AD mice compared to all other groups (Fig 1A-B). In addition to strength losses, weights (mass) of the prominent muscles of the lower leg, gastrocnemius (calf muscle) and tibialis anterior (shin muscle), normalized to the size of the animals (tibia length) were also significantly lower in the castrated 3xTg-AD mice compared to all other groups (Fig 2A-B). Thus, lower grip strength did not appear to be due to neural deficits alone.     

Figure 1: (A) Absolute forelimb grip strength and (B) forelimb grip strength relative to body mass in dementia-free Wild Type (WT) and 3xTg-AD mice at 18 months of age (6 months after a sham or castration surgery). N=6-7/group. *P<0.0004. Data are mean ± SD.
Figure 2. (A) Gastrocnemius mass normalized to tibia length and (B) tibialis anterior mass normalized to tibia length in dementia-free wild type (WT) and 3xTg-AD mice at 18 months of age (6 months after a sham or castration surgery). N=6-7/group. *P≤0.0012. Data are mean ± SD.

2. The muscle weakness noted in castrated 3xTg-AD mice worsens across timeFigure 3. % change in grip strength between 3- and 6-months post-surgery in dementia-free wild type (WT) mice and 3xTg-AD mice. N=6-7/group. *P<0.0001. Data are mean ± SD.

We assessed whether muscle strength decreases across time following castration by measuring the percentage change in grip strength from 3 months post-surgery to the final grip strength at 6 months post-surgery. Grip strength was steady from 3 to 6 months post-surgery in all groups except the castrated 3xTg-AD group, which continued to decline across the time frame (Figure 3). Notably, the dementia-free wild type (WT) castrated group exhibited lower grip strength compared to the dementia-free wild type sham group at 3 months post-surgery, however this difference remained steady from 3 to 6 months resulting in no percentage change across that time frame.

3. Hypogonadism during AD renders the muscle less responsive to a bout of resistance exercise
The contractions model of resistance exercise was employed because it induces similar molecular events that occur in the muscle of humans following a bout of resistance exercise including conserved changes to types of genes that are altered36. Four hours after the contractions, RNA from the non-contracted and contracted TA muscles was subjected to RNA sequencing as changes to the types of genes expressed in muscle after exercise contribute to long-term training adaptations35. Contractions in the castrated dementia-free wild type (WT) group altered 1,311 genes (Figure 4), including several genes known to be involved with the exercise adaption (e.g., Myc)36,37. Contractions in the castrated 3xTg-AD group altered only 80 genes (Figure 4), suggesting muscle may not adapt to training as well under these conditions35. Figure 4. Number of contraction-sensitive differentially expressed genes (DEGs) in dementia-free wild type (WT) castrated mice and 3xTg-AD castrated mice. N=5-7/group.


4. The muscle of castrated 3xTg-AD mice is characterized by a prominent proinflammatory gene expression profile 
	To assess possible reasons for why the muscle of castrated 3xTg-AD mice was less responsive to the bout of exercise, we compared the gene expression patterns in the non-contracted tibialis anterior muscle of dementia-free wild type castrated mice to the patterns in the tibialis anterior of the castrated 3xTg-AD mice. There were over 1000 genes that differed between the two groups. In silico analysis of those different genes showed that those genes altered in the castrated 3xTg-AD mice were primarily related to inflammatory processes. Specifically, several genes known to cause muscle tissue to waste away and/or cause muscle weakness were elevated in castrated 3xTg-AD mice compared to the castrated dementia-free wild type group.  




Conclusions and Implications 

While AD is considered a lethal neurological disease, the problems with skeletal muscle that accompany the disease have profound effects on patient independence and health. Our work describes the first factor (testosterone) outside of the brain that regulates the severity of the problems that occur with skeletal muscle during AD. These outcomes are expected to have profound effects on how men with AD are treated. Specifically, our data suggest that treating the hypogonadism may be a key strategy to mitigate the problems with skeletal muscle during AD and ultimately improve independence and well being. The need to treat hypogonadism is even more evident by our work as we showed the muscle is less responsive to adjuvant therapies that typically improve muscle health, including resistance exercise. Thus, our data suggest treating the hypogonadism in men with AD will limit problems with muscle that typically occur in those patients, and treating the hypogonadism will also render the muscle more responsive to therapies designed to improve muscle health. 

Despite the profound impact this work is likely to have on the AD population, there are limitations that should be noted. First, we employed an extreme model of hypogonadism in the present study (i.e. castration), which may not translate to all hypogonadal men with AD. Although we show muscle is less responsive to a bout of resistance exercise when a hypogonadal state occurs during AD, it is unknown whether the muscle is less responsive at earlier time points following induction of the hypogonadal state. Lastly, the specific role of inflammation to the regulation of problems with skeletal muscle was not assessed. Addressing these limitations in future work will optimize the treatment of hypogonadal men with AD leading to improvements in their health and wellbeing, while at the same time reducing the financial burden on the healthcare system. 
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