
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
It is well established that immune function declines with 
aging. Immunosenescence of both the innate and 
adaptive immune systems results in increased 
susceptibility to infection, as well as increased severity 
of infection in the elderly. Influenza (flu) tends to be 
particularly problematic in the elderly with increased 
risk for serious complications and hospitalization. 
Approximately 90% of flu-related deaths occur in the 
elderly [1], with influenza and pneumonia being the 
seventh leading cause of death among persons over 65 
years old in the United States [2]. Even when death is 
avoided, elderly have increased risk of morbidity and 
disability from flu infection. Flu-related hospitalizations  
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are associated with increased loss of independence [3] 
and long term declines in activities of daily living are 
observed post flu infection among nursing home 
residents [4]. Further, flu is among the leading causes of 
catastrophic disability and dramatic losses of activities 
of daily living in the elderly [5]. While it is known that 
prolonged hospitalization of the elderly is associated 
with decreased muscle mass and strength; flu infections, 
independent of hospitalization, have some degree of 
muscle involvement with myalgia among the common 
symptoms even in uncomplicated infections [6].  
 
While myalgia is a common non-pulmonary symptom 
of flu infection, other myopathies are less commonly 
reported. Interestingly, despite increased clinical 
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Abstract: Although the  influenza virus only  infects the respiratory system, myalgias are commonly experienced during
infection.  In  addition  to  a  greater  risk  of  hospitalization  and  death,  older  adults  are more  likely  to  develop  disability
following  influenza  infection;  however,  this  relationship  is  understudied. We  hypothesized  that  upon  challenge with
influenza, aging would be associated with functional impairments, as well as upregulation of skeletal muscle inflammatory
and  atrophy  genes.  Infected  young  and  aged mice  demonstrated  decreased mobility  and  altered  gait  kinetics.  These
declines  were  more  prominent  in  hind  limbs  and  in  aged  mice.  Skeletal  muscle  expression  of  genes  involved  in
inflammation,  as  well  as muscle  atrophy  and  proteolysis,  increased  during  influenza  infection  with  an  elevated  and
prolonged peak  in aged mice.  Infection also decreased expression of positive regulators of muscle mass and myogenesis
components to a greater degree in aged mice. Gene expression correlated to influenza‐induced body mass loss, although
evidence  did  not  support  direct muscle  infection.  Overall,  influenza  leads  to mobility  impairments with  induction  of
inflammatory  and muscle  degradation  genes  and  downregulation  of  positive  regulators  of muscle.  These  effects  are
augmented and prolonged with aging, providing a molecular  link between  influenza  infection, decreased  resilience and
increased risk of disability in the elderly.  
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severity in the elderly, most flu associated myopathies 
are reported in pediatrics [7, 8], though it is possible, 
and quite likely, that elderly myopathies are under 
reported and not the primary focus of care due to other 
more life-threatening complications. In pediatric 
populations the most common flu-associated myopathy 
is acute myositis, characterized by severe calf pain, 
difficulty walking, and altered gait that generally 
resolves on its own within 30 days, but more commonly 
within a week [7, 8]. Less frequently acute myositis has 
also been reported in both adults [9] and the elderly 
[10]. In a range of ages, elevated circulating markers of 
muscle damage, such as creatine kinase (CK), 
myoglobin, and lactate dehydrogenase, have been 
reported during flu infection [7-13]. Additionally, 
during flu pandemics there have been cases of 
rhabdomyolysis reported [14-16] and muscle biopsies 
have confirmed atrophic/necrotic muscle fibers, though 
inflammatory cell infiltration seems less common [7, 
17]. Furthermore, during the 2009 H1N1 flu pandemic, 
elevated serum CK was associated with worse flu 
outcomes (length of intensive care unit stay, increased 
pulmonary, kidney, and other non-pulmonary 
complications) [11].  
 
Nevertheless, the flu virus demonstrates great 
specificity for pulmonary epithelial cells, with all 
evidence indicating that in all or nearly all cases active 
infection remains limited to the respiratory system [6]. 
Thus, while a wealth of literature indicates symptomatic 
or functional muscle involvement with pulmonary flu 
infection, it is unclear if these complications only occur 
in severe infections or if they are under reported and 
under studied in less severe infections. The limited 
research regarding flu-induced myopathy pathogenesis 
is controversial; direct viral infection of the muscle and 
immune-mediated cytokine storm induced muscle 
damage are among the top hypotheses. While some in 
vitro studies have shown that myoblasts and myotubes 
may be susceptible to infection and might produce live 
viral progeny [18-20], isolation of virus from muscle 
biopsies is rare [12, 21-23]. In vivo murine experiments 
showed that a non-permissive infection is possible in 
mature muscle fibers, though this is more likely with 
intramuscular inoculation [24-26], so the clinical 
relevance of these experiments remains entirely unclear.  
 
While the pathogenesis of flu-associated myalgia and 
myopathy has yet to be determined, their clinical 
significance is apparent. Though flu-induced 
myopathies in pediatric cases are not long lasting 
conditions with permanent effects, it is possible that due 
to decreased resilience in the elderly flu-induced 
myopathies may be prolonged and have lasting effects; 
leading to the increased disability and loss of 

independence observed post flu [3-5, 27]. As the aging 
population continues to grow, emphasis on extending 
healthspan and increasing resilience is necessary [28]. 
Flu and possibly other respiratory tract infections may 
represent an under reported risk factor predisposing 
elderly to sarcopenia, frailty, and overall decreased 
resilience. Here, in a well-validated murine model of flu 
infection, we aimed to characterize flu effects on 
skeletal muscle, both from a functional and molecular 
perspective, in both young and aged mice. We 
hypothesized that during flu infection aging would be 
associated with diminished mobility and functional 
performance together with upregulation of skeletal 
muscle inflammatory and atrophy genes.  
 
RESULTS 
 
Following influenza infection aged mice have 
prolonged weight loss and elevated lung viral titers 
 
Young and aged mice were infected intranasally with a 
sublethal dose (500 EID50) of influenza A/PR/8/34 
(PR8). Percent weight loss following infection is more 
severe and prolonged in aged mice (Fig 1A). While 
young mice begin to gain body mass by 10 days post 
infection (DPI), aged mice do not recover as quickly 
and differences between young and aged mice exist on 
10-15 DPI. In the aged groups, increased weight loss is 
accompanied by slower viral clearance (Fig 1B) as 
measured by influenza polymerase (PA) copies in 
whole lung tissue via RT-qPCR. Although weight loss 
is a common marker used for pathogenicity in mice, it is 
rarely considered as a relevant outcome measure and 
mechanisms involved remain unknown.  
 
Influenza infection induces impairments in 
voluntary locomotor activity and gait parameters in 
young and aged mice 
 
To assess functional decrements associated with flu 
infection, we examined both voluntary activity levels, 
as well as more sensitive postural and kinematic gait 
alterations. Decreased voluntary locomotor activity was 
evident by 3 DPI in both young and aged mice as 
assessed by beam breaks in the open field test (Fig 2A). 
Diminished activity persisted through 20 DPI. Aged 
mice had fewer beam breaks per minute than their 
young counterparts on 11 (77.9% fewer), 15 (67.5% 
fewer), and 20 DPI (63.1% fewer) indicating that flu-
induced decreased voluntary locomotor activity is more 
pronounced and prolonged in aged mice. 
 
More detailed analysis of walking patterns was 
performed using the DigiGait system, which employs 
ventral  plane  videography  to  assess  both  spatial  and  
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temporal indices of gait at a given speed. Preliminary 
studies determined that 16cm/s was a speed that both 
young and aged mice could complete without difficulty 
and have consistent gait patterns for analysis (data not 
shown). Throughout the course of flu infection, no 
significant changes in stride, swing, or stance duration 
were observed (data not shown); however, alterations in 
postural components and acceleration parameters 
existed. By 7 DPI mice reduced stance width of both the 
fore (Fig 2B) and hind (Fig 2E) limbs by 15% and 13%, 
respectively, compared to baseline. Interestingly, aged 
mice initially had a wider fore limb stance, but these 
differences were concealed later in the infection. More 
pronounced differences in flu-induced gait alterations 
between the young and aged mice were observed in the 
midline distance of the fore (Fig 2C) and hind limbs 
(Fig 2F) later in infection, with hind limb midline 
distance being 46% narrower in aged mice compared 
to young mice on 20 DPI. This indicates aged mice are 
reaching less from their center with every step, 
perhaps due to increased muscle and joint pain 
limiting mobility. Additionally, later in the infection 
aged mice have increased stride length variability in 
the hind limbs compared to the young mice (Fig 2J). 
Gait symmetry index of the fore/hind limbs (Fig 2D) 
was increased in both young and aged mice at 11 DPI 
and 15 DPI  as  well,  indicating  a  greater  number  of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
steps were taken with the fore limbs compared to the 
hind limbs.  
  
Acceleration and deceleration measures were also 
affected by flu infection. The maximal rate of change of 
paw area contact during the braking phase (Max dA/dt), 
or how rapidly the mouse decelerates, is decreased in 
the fore (Fig 2H) and hind limbs (Fig 2K) later in the 
infection, though more pronounced in the hind limbs. 
Similarly, the maximal rate of change in paw area 
contact during the propulsion phase (Min dA/dt), or 
how rapidly the mouse propels itself into the next step, 
is decreased in the hind limbs by 7 DPI, but recovered 
by 20 DPI (Fig 2L). Both acceleration and deceleration 
are important parameters indicating the rate of force 
development, an important component of muscle health 
and quality. Interestingly, decreased Max dA/dt was 
still evident at 20 DPI. 
 
Taken together, alterations in gait include decreased 
force development accompanied by decreased reaching 
distance and a narrower stance, more marked in the hind 
limbs and in aged mice. Diminished voluntary 
locomotor activity is prolonged in the aged mice as 
well. Functional impairments may be indicative of flu-
induced muscle inflammation and damage, and that this 
is more severe and prolonged in aged mice.  

Figure 1. Prolonged weight loss and elevated lung viral titers in aged mice during influenza infection.  Young
and  aged  C57BL/6  mice  were  intranasally  infected  with  500  EID50  of  PR8  influenza.  (A)  Weight  loss  was  monitored
throughout  the  infection  and  percent weight  loss was  calculated  from  day  0  prior  to  infection.  Significant weight  loss
(compared to day 0) was observed day 6 through 15 (not indicated in figure) and differences between young and aged mice
were observed at time points  indicated (* = p<0.05). Data shown as mean ± SEM and analyzed via two‐way ANOVA with
Bonferroni post hoc corrections. (B) On day 0, 3, 7, 11, and 15 whole lung tissue was harvested and RNA was isolated. Total
influenza  PA  copy  number was  determined  via  RT‐qPCR.  Significant  viral  burden was  observed  following  flu  infection
(compared  to day 0, p<0.05,  indicated by brackets  above data)  and differences between  young  and  aged mice  at  time
points  indicated  (* = p<0.05).Data analyzed via  two‐way ANOVA with Bonferroni post hoc corrections. Data shown  from
one independent experiment with individual samples as dots, mean and SEM indicated by line and error bars, respectively. 
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Figure 2. Influenza infection induced functional decrements in voluntary locomotor activity and gait kinematics that is
more pronounced in the hind limbs and in the aged mice. Young and aged C57BL/6 mice were  intranasally  infected with 500
EID50 of PR8 influenza. On days 0, 3, 7, 11, 15, and 20 mice were tested for functional performance. (A) Spontaneous voluntary activity
was assessed via the open field test on a photobeam activity system. Beam breaks were recorded as mice traveled at 16”x16” open
field and locomotor activity was assessed as beam breaks per minute. Gait parameters were assessed utilizing DigiGait, a ventral plane
videography treadmill system. Postural gait parameters (Stance width of the fore (B) and hind (E) limbs and midline distance of the fore
(C) and hind (F) limbs) were altered during flu infection with more prominent differences in the hind limbs of aged mice. Kinematic gait
parameters were also altered with flu infection. Gait symmetry of the fore/hind limbs (D) was increased. Stride length variability of the
fore limb (G) did not change, however the aged mice had increased stride length variability in the hind limbs later in the infection (J).
Maximal rate of change of paw area contact during the breaking phase (Max dA/dt) and propulsion phase (Min dA/dt) is altered in the
fore (H and I, respectively) and hind limbs (K and L, respectively) with more dramatic results in the hind limbs. All data analyzed via two‐
way ANOVA with  Bonferroni  post  hoc  corrections with  effect  of  flu  infection  over  time  (compared  to  day  0,  p<0.05)  indicated  by
brackets above data and differences between young and aged mice (p<0.05) at time points indicated by asterisk.  
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Influenza infection induces altered inflammatory 
gene expression in skeletal muscle 
 
Since alterations in gait were primarily in hind limbs, 
the gastrocnemius (gastroc) muscle gene expression was 
further examined over the course of flu infection in 
young and aged mice. As hypothesized, inflammatory 
gene expression in the gastroc was altered over the 
course of the flu infection. By 7 DPI flu induced 
increased gene expression of interleukin (IL)-6 (IL6) 
and IL-6 receptor alpha (IL6RA) (Fig 3A and Fig 3B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IL6RA expression remained elevated by 3.6 fold in the 
aged mice at 11 DPI while the young mice returned to 
baseline expression levels. Aged gastroc had 2.7 fold 
increased expression of tumor necrosis factor (TNF) at 
baseline and these differences were intensified on 15 
DPI with 6.7 fold greater expression of TNF in aged 
gastroc (Fig 2C). IL-6 and TNF are two key 
inflammatory mediators in skeletal muscle degeneration 
and repair, signaling through STAT3 and NFκB, 
respectively, that have vast effects on pro-inflammatory 
signaling, protein degradation,  and  atrophy  gene  induc- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.  Influenza  infection  induced  muscle‐localized  inflammatory  gene  expression  in  the
gastrocnemius  that  is  prolonged  and  elevated  in  aged mice.  Young  and  aged  C57BL/6 mice  were
intranasally infected with 500 EID50 of PR8 influenza. At day 0, 3, 7, 11, and 15, mice fasted for 4‐6 hours prior to
sacrifice and gastrocnemius muscle was harvested and RNA was isolated. Gene expression was analyzed via RT‐
qPCR  and  normalized  to  reference  genes  and  expression  of  young mice  at  day  0  to  indicate  fold  changes.
Influenza  induced  increased expression of  IL6 (A) and  IL6RA  (B).  Increased TNF (C) and CXCL10  (D) expression
was observed in the aged mice. All data was log‐transformed and analyzed via two‐way ANOVA with Bonferroni
post hoc corrections with effect of  flu  infection over  time  (compared  to day 0, p<0.05)  indicated by brackets
above data and differences between young and aged mice (p<0.05) at time points indicated by asterisk.  
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tion (reviewed in [29]). Additionally, a dramatic 43 fold 
increase in expression of chemokine (C-X-C Motif) 
Ligand 10 (CXCL10), a predominant player in T helper 
(Th) 1 responses that recruits immune cells, particularly 
T lymphocytes expressing its receptor CXCR3, into 
tissue, was observed in the aged gastroc at 11 DPI (Fig 
3D). Prolonged and exaggerated levels of CXCL10 
would  increase  immune  cell  recruitment  and  muscle  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inflammation, and potentially impair muscle 
regeneration processes.  
 
Taking these results collectively, flu induced lingering 
inflammation in the aged muscle. As it is known that 
these inflammatory mediators signal through NFκB and 
other pathways that induce muscle atrophy and protein 
degradation, we next examined the expression of genes 
involved in these processes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4.  Influenza  infection  induced  gastrocnemius  expression  ubiquitin  proteasome  pathway
components that is more dramatic in aged mice. Young and aged C57BL/6 mice were intranasally infected
with 500 EID50 of PR8  influenza. At day 0, 3, 7, 11, and 15, mice were fasted for 4‐6 hours prior to sacrifice and
gastrocnemius muscle was  harvested  and  RNA was  isolated. Gene  expression was  analyzed  via  RT‐qPCR  and
normalized to reference genes and expression of young mice at day 0 to indicate fold changes. Influenza induced
increased  skeletal muscle  expression  of  negative muscle  regulators  (Myostatin  (MSTN,  C)  and  Forkhead  box
protein O1 (FOXO1, D), as well as ubiquitin proteasome components (Atrogin1 (A), MuRF1 (B), Ubiquitin B (UBB,
E), and Ubiquitin C (UBC, F). All data was log‐transformed and analyzed via two‐way ANOVA with Bonferroni post
hoc corrections with effect of  flu  infection over  time  (compared  to day 0, p<0.05)  indicated by brackets above
data and differences between young and aged mice (p<0.05) at time points indicated by asterisk.  
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Increased expression of protein degradation and 
muscle atrophy genes post influenza infection is 
prolonged in aged mice 
 
Although there are many pathways involved in protein 
degradation and atrophy, we focused on the ubiquitin 
proteasome pathway, primarily the muscle-specific E3 
ubiquitin ligases atrogin-1 (also known as muscle 
atrophy F-box (MAFbx)) and muscle RING finger 1 
(MuRF1), as the majority of literature to date shows 
increased atrogin-1 and/or MuRF1 expression at some 
point during almost all conditions of muscle wasting 
and atrophy [30]. As part of the ubiquitin proteasome 
pathway, atrogin-1 and MuRF1 control the 
ubiquitination and therefore degradation of specific 
target proteins in response to key signals. Key initiators 
of these pathways include inflammatory cytokines, as 
well as myostatin, glucocorticoids, FoxO transcription 
factors, and others. Following flu infection, we 
observed increased gastroc gene expression of both 
myostatin (MSTN) and FOXO1 at 7 DPI (Fig 4C and 
4D), by 2.0 and 2.3 fold change, respectively. FOXO1 
remained elevated at 11 DPI, while MSTN elevation 
was only transient. Interestingly, FOXO1 was elevated 
in the young compared to aged mice at baseline and 3 
DPI.  
 
Corresponding with elevated cytokines, myostatin, and 
FOXO1 gene expression, both ATROGIN1 and MuRF1 
gene expression were elevated with flu infection at 7 
DPI  by 2.1 and 5.3 fold, respectively. Moreover, in 
accordance with the prolonged inflammation, aged mice 
ATROGIN1 and MuRF1 expression remained elevated 
at 11 DPI (Fig 4A and Fig 4B). While in young mice 
ATROGIN1 and MuRF1 expression was already 
decreased to below baseline levels (-2.6 and -2.3 fold, 
respectively) at this time point, aged mice expression 
remained elevated 2.3 and 2.5 fold, respectively. 
Interestingly, ATROGIN1 was downregulated by 15 
DPI, perhaps indicating an attempt to limit muscle 
degradation and begin repair processes. Baseline 
expression of MuRF1 was decreased in aged mice, 
while no significant baseline differences existed in 
ATROGIN1 expression. The influence of atrogin-1 and 
MuRF1 mRNA and protein expression on solely age-
related muscle loss has yet to be resolved; some murine 
studies agree with our findings and show baseline 
suppression [31], while others have shown increased 
expression [32], and human studies have shown no 
differences [33, 34].  Nonetheless, induction of atrogin-
1 and MuRF1 in response to flu infection indicates 
increased ubiquitination and proteolysis within the 
muscle. Furthermore, expression  of  two  ubiquitin  pro- 
 

teasome encoding genes, ubiquitin B (UBB) and 
ubiquitin C (UBC), was also increased with flu infection 
with a 2.6 and 3.6 fold increase at 7 DPI (Fig 4E and 
Fig 4F). Similarly, these increases were more dramatic 
and prolonged in aged mice. In young mice UBC 
expression peaked at 7 DPI, while aged mice continued 
increasing expression to a staggering 9.8 fold increase 
at 11 DPI.  The increased levels of UBB and UBC, as 
well as ATROGIN1 and MuRF-1 indicate a catabolic 
environment of increased proteolysis, promoting muscle 
atrophy.  
 
Influenza infection decreases expression of positive 
regulators of muscle growth  
 
Increased atrogin1/MuRF-1 pathway components, as 
well as increased inflammatory cytokines, are 
associated with diminished muscle growth; however, 
following injury or atrophy muscle generally has a 
remarkable capacity to regenerate and repair. Muscle 
regeneration through myogenesis is regulated at many 
key steps by myogenic regulatory factors (MRFs), 
myocyte enhancer binding factors 2 (Mef2), and other 
growth factors. Thus, we next examined the gene 
expression of positive regulators of muscle growth 
following flu infection to determine if repair processes 
are suppressed during this time and/or if muscle 
regeneration follows flu-induced atrophic responses. 
At 7 DPI when atrophy and ubiquitin genes are 
upregulated, gastroc IGF1 expression is reduced in 
both young and aged mice (Fig 5A). This was transient 
in the young mice, but remained downregulated in the 
aged mice through 11 DPI. During flu infection 
gastroc PAX7, a marker of satellite cells which are 
critical for adding myonuclei and regenerating muscle 
tissue, expression is decreased at 7 DPI in both young 
and aged mice, but to a greater degree in aged mice, 
less than one fold reduction compared to ~3.5 fold 
reduction in the aged (Fig 5D). Similarly at this time 
the expression of both MYOD1 and MYOG, key MRFs, 
was decreased to a greater degree, with approximately 
7 and 2 fold reductions, respectively, in the aged mice 
(Fig 5E and 5F). MEF2C, which acts in concert with 
the MRFs to control DNA binding and transcriptional 
regulation, was also suppressed at this time point and 
remained suppressed at 11 DPI in the aged mice (Fig 
5B).  
 
In summary, flu suppressed positive regulators of 
muscle mass and regeneration with concurrent increases 
in negative regulators. Additionally, these responses 
were greater and/or prolonged in the aged mice.  
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Figure 5.  Influenza  infection  reduced gastrocnemius expression of positive  regulators of muscle mass and
myogenic  regulatory  factors  to a greater degree  in aged mice.  Young and aged C57BL/6 mice were  intranasally
infected with 500 EID50 of PR8  influenza. At day 0, 3, 7, 11, and 15, mice were  fasted for 4‐6 hours prior to sacrifice and
gastrocnemius muscle was harvested and RNA was isolated. Gene expression was analyzed via RT‐qPCR and normalized to
reference  genes  and  expression  of  young mice  at  day  0  to  indicate  fold  changes.  Influenza  reduced  skeletal muscle
expression of  insulin‐like growth factor 1 (IGF1, A), myocyte enhancer binding factor 2C (MEF2C, B), paired box protein 7
(PAX7, C), myogenic differentiation 1 (MYOD1, D), and myogenin (MYOG, E). All data was log‐transformed and analyzed via
two‐way ANOVA with Bonferroni post hoc corrections with effect of  flu  infection over  time  (compared  to day 0, p<0.05)
indicated by brackets above data and differences between young and aged mice (p<0.05) at time points indicated by asterisk.  
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Figure 6.  Influenza‐induced weight  loss correlated with gastrocnemius gene expression of ubiquitin proteasome
pathway  components.  Percent  body mass  loss  at  time  of  sacrifice  and  corresponding  gastrocnemius  gene  expression was
analyzed via univariate  linear regression for all genes that showed significant time effects. Young and aged mice were analyzed
separately to determine if relationships vary with age. FOXO1 (A), IL6RA (B), UBB (C), UBC (D), MURF1 (E), ATROGIN1 (F), and IGF1
(G) were significantly correlated with percent body mass in either young or aged, or both (Young (Y) and aged (A) mice regression
analysis p and R2 values  indicated to right of graph, bolded  if significant (p<0.05)), while no relationship was seen with percent
body mass and expression of IL6, TNF, CXCL10, MEF2C, PAX7, MYOD1, and MYOG (data not shown).  
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Influenza-induced weight loss is correlated with 
gastroc gene expression of ubiquitin proteasome 
components 
 
In order to determine if flu-induced weight loss was 
associated with muscle degradation, we performed 
correlation analysis on all variables that exhibited a 
time effect over the course of the flu infection. 
Indeed, multiple variables had significant correlations 
and age interactions were evident (Fig 6). In both 
young and aged mice FOXO1 (Fig 6A), IL6RA (Fig 
6B), UBB (Fig 6C), UBC (Fig 6D), and MuRF1 (Fig 
6E) were significantly correlated with percent body 
mass where UBC accounted for the greatest variation 
with R2 = 0.487 and 0.541 in young and aged mice, 
respectively (Fig 6D). Interestingly, a significant 
correlation was observed with IGF1 expression in 
young mice that was not evident in aged mice (Fig 
6G), and the opposite was observed with ATROGIN1 
expression (Fig 6F).  
 
Further, all variables that had any significant 
correlations per age group were placed in a step-wise 
multiple regression analysis to determine if multiple 
variables could account for greater variability. In young 
mice UBC, IGF1, and MuRF1 expression accounted for 
approximately 71% of variability seen in body mass 
changes (adjusted R2= 0.714, p=0.007), with additional 
variables not adding significantly to the model. In 
contrast, in aged mice UBC expression accounted for 
approximately 58% of the variability in body mass 
(adjusted R2= 0.576, p<0.001) with no other variables 
tested (ATROGIN1, MuRF1, IL6RA, UBB, and FOXO1) 
adding significantly to the model. 
 
Negligible viral copies detected in the gastrocnemius 
post influenza infection in vivo 
 
Since flu-induced weight loss was correlated with 
gastroc gene expression, we next examined a potential 
mechanism; direct infection of the skeletal muscle in 
vivo. RNA harvested from the gastroc was probed for 
the flu PA similar to as performed on whole lung tissue. 
Though rare case studies have identified virus particles 
in muscle biopsies of influenza infected humans with 
myalgia, this highly unusual finding may be limited to 
critically ill and preterminal cases [12, 21-23]. Indeed, 
flu PA was not detectable in the majority of gastroc 
tissue and the few samples that had detectable levels of 
flu PA had only negligible levels (Fig 7A). Since there 
was an upregulation of muscle degradation genes in all 
mice by day 7 post infection, the mechanism of direct 
infection occurring during a natural infection is not 
supported by these results. 

In vitro myoblasts do not harbor active influenza 
infection 
 
To further investigate the possibility that direct 
infection of skeletal muscle could occur, we harvested 
leg skeletal muscle (gastroc, vastus medialis, vastus 
lateralis, soleus, and anterior tibialis) of uninfected 
young and aged mice. Myoblasts were harvested, 
grown, purified, and re-plated prior to infection. 
Myoblasts were incubated for 1 hour with 0 EID50, 10 
EID50, or 100 EID50 PR8. Supernatants were collected 
at 24, 48, and 72 hours post infection and 
cytokine/chemokine concentration were determined via 
multiplex (Fig 7C, 7D, 7E, and 7F). IL-6 secretion was 
significantly greater from the aged myoblasts, (age 
effect: p<0.001), but was not affected by infection or 
infection over time (infection effect: p=0.600, 
infection*time interaction effect: p=0.583, Fig 7C). The 
same pattern was observed for CXCL10 (age: p<0.001, 
infection: p=0.609, infection*time: p =0.684, Fig 7D), 
CXCL1 (age: p<0.001, infection: p=0.865, 
infection*time: p =0.121, Fig 7E), and CCL2 (age: 
p<0.001, infection: p=0.921, infection*time: p =0.263, 
Fig 7F). Thus, cytokine secretion was affected by age, 
but not by flu infection. Myoblasts were harvested and 
RNA was extracted at 96 hours post infection to probe 
for flu PA copies as previously done. Though some 
studies [18-20] show that myoblasts can be infected by 
influenza in vitro, our results indicate that both young 
and aged myoblasts are not susceptible to a productive 
flu infection (Fig 7B).  
 
DISCUSSION 
 
Studies addressing the pathophysiology of flu infection 
typically focus on respiratory and immune systems, 
while those seeking to understand aging-related declines 
in mobility performance emphasize muscle biology and 
relevant neural systems. Nevertheless, it has become 
clear that systems-based approaches are essential to 
both aging research and clinical care of the elderly since 
a failure to think more broadly fails to consider 
crosscutting biological themes and motifs in aging and 
also ignores crucial bidirectional signals between 
different systems and tissues. With these considerations 
in mind, we have investigated the potential clinical 
significance of flu-associated myalgia and myopathies 
in relation to flu-induced disability in the elderly. 
Indeed, we have shown that flu infection induces both 
functional decrements and upregulation of muscle 
inflammation and atrophy gene expression that is more 
pronounced with aging, indicating the impact of flu 
infection on muscle may directly predispose elderly for 
catastrophic disability and sarcopenia. Additionally,  the  
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functional alterations observed during flu infection may 
increase risk of falls and other musculoskeletal injuries. 
Thus, here we  have  identified  flu  infection  as  a  pre- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

viously unrecognized, but potentially targetable, inducer 
of muscle atrophy potentially leading to decreased 
resilience in the elderly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The pathogenesis of  influenza‐induced myopathies  is  likely not direct  infection of skeletal muscle in
vivo as viral copies are not seen in the gastrocnemius muscle. Young and aged C57BL/6 mice were intranasally infected
with 500 EID50 of PR8 influenza. (A) On day 0, 3, 7, 11, and 15 whole gastrocnemius was harvested and RNA was isolated. Total
number  of  copies  of  influenza  PA  was  determined  via  RT‐qPCR  with  a  positive  control  used  (infected mice  lung  tissue).
Uninfected young and aged murine myoblasts were  incubated with 0, 10, or 100 EID50 PR8  influenza  for one hour and  then
were cultured  in growth media. Myoblast supernatant was analyzed for chemokine/cytokines via multiplex assay. Detectable
cytokines were analyzed by 3‐way ANOVA (age x infection condition x time point). While a significant age effect was observed
(p<0.05), there was no effect of infection and no interaction of infection and time for myoblast secretion of IL6 (C), CXCL10 (D),
CXCL1 (E), and CCL2 (F). At 96 hr post infection, total RNA from the myoblast culture was extracted and total number of copies
of influenza PA was determined via RT‐qPCR. No viral copies were present in in vitro myoblast cultures (B).  
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Aged mice have more severe and prolonged weight 
loss, as well as increased lung viral titers and delayed 
viral clearance following sublethal flu infection [35]. 
Similarly, voluntary locomotor activity is decreased 
with flu infection, and this reduction is prolonged in 
aged mice. However, since it is possible that voluntary 
activity could be diminished due to general flu-induced 
malaise, we analyzed gait patterns to assess more 
specific flu-induced alterations in functional 
performance. We showed that aged mice initially had a 
wider fore limb stance compared to young mice, but this 
was decreased with flu. It is known that elderly 
generally increase stance width to increase stability [36, 
37], though this relationship is not yet established in 
mice. Midline distance was also decreased with flu 
infection and this was more dramatic in the hind limbs 
of the aged mice. Narrower steps with flu infection 
likely lead to decreased balance, potentially leading to 
increased risk for injury, as narrower stride width is 
associated with increased fall risk in elderly humans 
[36]. Stride length variability and gait symmetry index 
also increased with flu infection and is more prominent 
in the aged mice. Indeed, gait variability is also a 
predisposing factor for falls in elderly [38, 39]. 
Additionally, we showed decrements in acceleration 
and deceleration parameters with flu infection in both 
young and aged mice. Declines in the rate of force 
development and power output are evident in the 
elderly, and more importantly, are strong predictors of 
functional status and falling risk [40, 41]. Thus, many 
flu-induced functional alterations could be particularly 
problematic for already at-risk elderly.  
 
Since functional alterations were primarily in the hind 
limbs we examined the gastroc, a large mixed fiber type 
muscle, for flu induced alterations in gene expression. 
Importantly, we demonstrated that flu-induced 
functional decrements were associated with increased 
inflammatory and atrophy gene expression. Both young 
and aged gastroc had increased expression of IL6 and 
IL6RA by 7 DPI, while IL6RA expression remained 
elevated at 11 DPI only in aged mice. Additionally, 
TNF expression was only increased in the aged mice. 
Though the relationship between IL-6 and muscle 
inflammation and regeneration is not completely clear, 
higher expression of IL-6 and TNF in elderly skeletal 
muscle is associated with decreased muscular strength 
[42]. Further, it has been demonstrated that elderly 
humans have elevated expression of inflammatory 
mediators, particularly IL-6 and TNFα, and 
dysregulated signaling responses that lead to an 
increased inflammatory milieu and impaired 
myogenesis [43]. This low grade inflammation with 
aging also impairs postprandial muscle protein synthesis 
[44]. In addition to the common inflammatory 

mediators in muscle, CXCL10 expression was 
dramatically increased only in the aged mice. While 
CXCL10 is predominantly associated with a Th1 
response, it has been recently identified in inflammatory 
myopathies [45, 46], and secretion of CXCL10 from 
human fetal skeletal muscle cells is induced by 
treatment with either interferon (IFN)-γ or TNFα [45]. 
The dramatic increase in CXCL10 expression in the 
aged mice contributes to exaggerated and prolonged 
gastroc inflammation. Thus, our results agree with 
previous research utilizing chemical [47] or exercise 
injury [43] and suggests that flu induces muscle 
inflammation in the aged that is heightened and 
prolonged potentially leading to further muscle damage 
and diminished regeneration.  
 
Indeed, lingering inflammation in the aged was 
accompanied by increased and prolonged expression of 
atrophy and protein degradation genes. At 7 DPI both 
young and aged mice gastroc had increased expression 
of ATROGIN1 and MuRF1; however, at 11 DPI while 
young mice downregulated expression, aged mice 
atrophy gene expression remained elevated. Similarly, 
both UBB and UBC expression was significantly higher 
in aged mice at 11 DPI. Proteins targeted for 
degradation that lead to muscle atrophy by atrogin-1 
include myogenic regulatory factor MyoD and 
eukaryotic translation initiation factor 3 subunit f (eIF3-
f), while MuRF1 preferentially targets myosin heavy 
chains and other myofibrillar proteins, though these 
targets are likely not exclusive to either ligase [30]. 
Further, in many instances, UBC acts in concert with 
atrogin1 and MuRF-1 through FOXO dependent 
pathways [48] suggesting that the increased FOXO1 
expression may tie together these proteolytic pathways 
in our flu induced muscle atrophy model. Moreover, 
increased UBC expression has been one of the most 
prominent mRNA increases observed in multiple 
muscle wasting disorders [49], so it is not surprising 
that UBC expression was the highest correlated gene 
with weight loss. Indeed, multiple atrophy and 
degradation genes were correlated with flu-induced 
weight loss, suggesting flu-induced weight loss is at 
least partly due to muscle degradation and atrophy. 
Interestingly, IGF1 was negatively correlated with 
weight loss in young mice only. Also, in the step-wise 
multiple regression model, the addition of IGF1 
accounted for greater explanation of variability in 
weight loss in the young mice; however, this was not 
observed in the aged mice, suggesting anabolic signals 
are not strong contributors to percent weight loss and 
recovery in aged mice. Indeed, this lack of relationship 
observed with IGF1 expression in the aged mice is 
likely attributable to anabolic resistance, a more recent 
concept described as the diminished response in aged 
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muscle to many anabolic stimuli including branched 
chain amino acids and exercise [50, 51].  
 
The observed suppression of positive regulators of 
muscle mass further tips the protein synthesis and 
protein degradation balance; and these were greater 
suppressed and prolonged in the aged mice. IGF1 and 
MEF2C suppression was prolonged to 11 DPI in the 
aged mice, and peak suppression of PAX7, MYOD1, and 
MYOG was greater in aged mice compared to young 
mice. Certainly, IGF1 has been of particular interest in 
aging research over the years, and low circulating levels 
of IGF1, particularly in combination with elevated IL-6, 
have been associated with decreased muscle strength 
and increased prevalence of sarcopenia [52]. Thus flu 
induces these unfavorable responses in muscle tissue 
itself, predisposing the aged muscle to sarcopenic 
conditions. Surprisingly, no upregulation of positive 
regulators was evident during our time course, 
suggesting muscle mass may not be recovered. 
 
Together our results suggest that flu induces functional 
decrements, as well as muscle inflammation, 
proteolysis, and atrophy, and that these changes are 
augmented and prolonged with aging. The pathogenesis 
behind this effect still remains unknown. Despite some 
studies suggesting direct infection of muscle cells [18-
20], we showed no viral copies in gastroc muscle in 
vivo throughout the infection. Additionally, myoblasts 
were not susceptible to a productive infection in vitro. 
Desdouits et al. [19] reported that human myoblasts 
were less susceptible to flu infection than myotubes and 
response was variable among donors and flu strain, 
however many reports regarding productivity of 
infection in myoblasts and myotubes are conflicting 
[18-20, 53]. Further, it is important to note that mature 
muscle fibers are much different than myoblasts and 
myotubes, where these immature muscle cells exist only 
transiently. Satellite cells are only present in great 
quantities in early postnatal development and decrease 
dramatically in adulthood, accounting for 30-35% then 
2-7%, respectively, of sublaminal nuclei on myofibers 
[54]. Supporting this, Nevalainen et al. [53] showed that 
mature muscle fibers do not produce viral progeny, 
though a non-permissive infection occurs. Indeed, in 
vivo studies have shown that a non-permissive infection 
may occur in the skeletal muscle [25], though this 
seems more likely when intramuscular flu infection 
models are used [24, 26]. Since we performed intranasal 
infections, similar to the natural route of infection in 
humans, it is unlikely this would occur; however, it is 
still possible that this non-permissive infection leads to 
viral copies below our detectible limit and direct viral 
infection, or perhaps the presence of viral particles, may 
contribute to muscle degradation. Collectively, the lack 

of in vivo evidence to suggest that mature muscle fibers 
are susceptible to infection and that this would actually 
occur during a natural flu infection leads us to conclude 
further research is necessary to determine the 
mechanism behind flu-induced muscle inflammation 
and degradation. 
 
In summary, this manuscript is the first to identify in a 
controlled experiment setting flu-induced muscle 
inflammation and atrophy as well as functional 
impairment. Further, these effects are prolonged with 
aging, providing a molecular link to flu infection and 
disability in the elderly, together with some initial 
insights into the mechanism which may underlie aging-
related declines in resilience. We have demonstrated 
that key inflammatory signals, and key ubiquitin 
proteasome components, both atrogin1 and MuRF1, as 
well as ubiquitin B and ubiquitin C, are upregulated. As 
it is known that muscle repair is diminished with aging, 
it is likely these muscle losses are not easily 
recoverable. Thus, future research may be able to target 
these pathways to prevent flu-induced atrophy and 
potential loss of quality of life in the elderly.  
 
METHODS 
 
Mice. Young (2.5-4 month old) C57BL/6 male mice 
were obtained from Charles River Laboratories and 
aged (19-22 month old) C57BL/6 male mice were 
obtained through the National Institute on Aging rodent 
colony. All mice were housed in a climate controlled 
environment with 12:12 light:dark cycle and fed 
standard rodent chow and water ad libitum. All 
procedures were approved by the University of 
Connecticut Medical School IACUC (protocol 100705) 
and carried out in accordance with these regulations. All 
mice underwent gross pathological examination at time 
of sacrifice and animals with obvious pathology were 
excluded from the study.  
 
Viral infection. Mice were anesthetized with isoflurane 
and intranasally inoculated with 50μl of 500 EID50 of 
influenza virus A/PR/8/34 (PR8). Mice were weighed 
daily to monitor infection progression. At time points 
indicated, whole lung tissue was homogenized and 
RNA was isolated via RNeasy Mini Kit (Qiagen Inc., 
Valencia, CA). RNA was reverse transcribed with 
iScript cDNA synthesis Kit (Bio-Rad Laboratories, Inc., 
Hercules, CA) and flu viral copies were detected via 
reverse transcription quantitative PCR of flu acid 
polymerase (PA).  
 
Voluntary locomotor activity. Spontaneous voluntary 
locomotor activity was measured via open field test at 
time points indicated. All tests were performed between 
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6-8am to control for diurnal variations. Following 
acclimation to the dim-lit testing room (at least 1 hour), 
mice were placed in the center of the photobeam 
activity system-open field (PAS-OF, 16”x16”x15” 
acrylic animal enclosure, San Diego Instruments, San 
Diego, CA) and their activity was recorded for 20 
minutes. The first 5 minutes was excluded as this is 
generally considered to be exploratory behavior rather 
than general voluntary locomotor activity. The number 
of beam breaks per minute during the last 15 minutes 
was then used to assess voluntary locomotor activity.  
  
Gait analysis. Gait analysis was performed using the 
DigiGait instrument (Mouse Specifics, Inc, Quincy, 
MA) and software (DigiGait Imager 4.0.0 and DigiGait 
Analysis 11.5, Mouse Specifics, Inc). The DigiGait 
instrument consists of a clear treadmill with a high-
speed camera mounted underneath that collects images 
at 147 frames per second for high resolution of postural 
temporal gait parameters. Mice run within a 2” wide 
acrylic running chamber at set speeds. The ventral plane 
videos are analyzed with the DigiGait software which 
identifies portions of the paw that are in contact with the 
treadmill belt to produce both postural and kinematic 
gait parameters. Mice were introduced to the DigiGait 
system at a low speed (10cm/sec) briefly (30 seconds) 
prior to the initial testing. Mice were allowed to 
acclimate to the dim-lit room for 1 hour prior to each 
testing period and all tests were performed between 6-
8am. Mice ran at the testing speed (16cm/sec) until 
approximately 5 seconds of consecutive walking was 
recorded and this video segment was analyzed via 
DigiGait software.  
 
Gastrocnemius Reverse-Transcription quantitative PCR 
(RT-qPCR). At the time points indicated for 
gastrocnemius gene expression mice were fasted with 
the exception of water for 4-6 hours prior to sacrifice to 
minimize potential confounding results due to 
postprandial muscle protein synthesis. The 
gastrocnemius muscle was dissected and placed in 
RNAlater (Qiagen Inc.) overnight at 4°C. RNAlater was 
removed and gastrocnemius was frozen at 80°C until 
RNA extraction. The muscle was homogenized and 
RNA was extracted via RNeasy Fibrous Tissue Mini Kit 
(Qiagen Inc.). RNA quantity and quality was assessed 
with Nanodrop 2000c (Thermo Scientific, Waltham, 
MA) and was reverse transcribed via iScript Advanced 
cDNA synthesis Kit (Bio-Rad Laboratories, Inc.). RT-
qPCR was performed using custom designed PCR 
plates with predesigned commercially available primers 
(Bio-Rad Laboratories, Inc.). Gene expression was 
calculated via a modified Pflaffl method utilizing 
multiple reference genes (RPS18 and TBP, which 
showed the least variability between conditions and thus 

suitable reference genes) and normalized to gene 
expression of young mice at Day 0 prior to infection to 
give comparable fold changes. 
 
In vitro myoblast culture and infection. Harvested leg 
skeletal muscle (gastroc, vastus medialis, vastus 
lateralis, soleus, anterior tibialis) from uninfected young 
and aged mice was incubated in collagenase type IIA 
and dissociated in growth media (Dulbecco modified 
Eagle’s medium (D-MEM) supplemented with 20% 
fetal bovine serum (FBS), 1% penicillin/streptomycin, 
5ng/mL basic fibroblast growth factor (bFGF)) and 
grown on extracellular matrix-coated plates 
(extracellular matrix, Sigma-Aldrich Corp., St. Louis, 
MO). When myoblasts reached 50-60% confluency, 
they were purified via plating on an uncoated Petri dish 
to remove any adherent fibroblasts. Myoblasts were 
then seeded at 150,000 cells per well in coated 6-well 
plates and allowed to grow to 50-60% confluency prior 
to infection. For infections, myoblasts were washed 
twice with phosphate buffered saline (PBS) and 
incubated for one hour with 0, 10, or 100 EID50 PR8 in 
D-MEM supplemented with 1% penicillin/strepto- 
mycin. Then myoblasts were washed twice with PBS 
and cultured with growth media for the remaining days. 
Culture media at time points indicated was analyzed for 
cytokine/chemokine concentrations via multiplex 
(25Plex Magnetic Bead Panel, EMD Millipore, 
Billerica, MA). Most cytokine/chemokines were below 
detectable limits (GCSF, GMCSF, IFNγ, IL10, 
IL12p40, IL12p70, IL13, IL15, IL17, IL1β, IL1α, IL2, 
IL4, IL5, IL7, IL9, MIP1β, MIP1α, MIP2, RANTES, 
TNFα). Total RNA was extracted via TRIzol (Ambion, 
Life Technologies, Grand Island, NY) according to 
manufacturer’s recommendation. RNA was reverse 
transcribed and flu viral copies were detected via real-
time quantitative PCR of flu PA. 
 
Statistical analysis. Weight loss, viral titers, functional 
performance, and log-transformed gastroc gene 
expression results were analyzed via 2-way ANOVA 
(age x time point) with Bonferroni post hoc corrections 
when indicated with significance set a p<0.05. Genes 
were considered differentially expressed if fold changes 
were ≥ 2 and p<0.05. In vitro myoblast supernatant and 
RNA were analyzed via 3-way ANOVA (age x 
infection condition x time point) and 2-way ANOVA 
(age x infection condition), respectively, with 
Bonferroni post hoc corrections when indicated with 
significance set at p≤0.05. Univariate linear regression 
was used to compare the relationship between gastroc 
gene expression and percentage weight loss 
independently for each variable that showed time 
effects with significance set at p<0.05. Step-wise 
multiple regression analysis was used to determine if 
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multiple variables could better predict percent weight 
loss.  
 
ACKNOWLEDGEMENTS 
 
The authors thank April Masters, M.S., Erica Lorenzo, 
Sandra Jastrzebski, and Judy Kalinowski for their 
assistance with experiments.  
 
Funding 
 
Work was supported by National Institutes of Health 
(NIH)-National Institute of Aging (NIA) P01 grant 
AG02160 (L. Haynes). S. Pan was supported by 
American Federation of Aging Research (AFAR) 
Medical Student Training in Aging Research (MSTAR) 
program. G. Kuchel is the Citicorp Chair in Geriatrics 
and Gerontology. 
 
Conflict of interest statement 
 
The authors have no conflicting financial interests. 
 
REFERENCES 
 
1.  Thompson WW,  Shay DK, Weintraub  E,  Brammer  L,  Cox N, 
Anderson  LJ and Fukuda K. Mortality associated with  influenza 
and respiratory syncytial virus in the United States. JAMA. 2003; 
289:179‐186. 
2. Heron M. Deaths: leading causes for 2010. Natl Vital Stat Rep. 
2013; 62:1‐96. 
3. Falsey AR, Hennessey PA, Formica MA, Cox C and Walsh EE. 
Respiratory  syncytial  virus  infection  in  elderly  and  high‐risk 
adults. The New England  journal of medicine. 2005; 352:1749‐
1759. 
4.  Gozalo  PL,  Pop‐Vicas  A,  Feng  Z,  Gravenstein  S  and Mor  V. 
Effect of influenza on functional decline. Journal of the American 
Geriatrics Society. 2012; 60:1260‐1267. 
5.  Ferrucci  L,  Guralnik  JM,  Pahor M,  Corti MC  and  Havlik  RJ. 
Hospital  diagnoses,  Medicare  charges,  and  nursing  home 
admissions  in  the  year  when  older  persons  become  severely 
disabled. JAMA. 1997; 277:728‐734. 
6. Kuiken T and Taubenberger JK. Pathology of human influenza 
revisited. Vaccine. 2008; 26 Suppl 4:D59‐66. 
7.  Agyeman  P,  Duppenthaler  A,  Heininger  U  and  Aebi  C. 
Influenza‐associated  myositis  in  children.  Infection.  2004; 
32:199‐203. 
8. Ferrarini A, Lava SA, Simonetti GD, Ramelli GP and Bianchetti 
MG.  Influenzavirus B‐associated acute benign myalgia cruris: an 
outbreak  report  and  review  of  the  literature.  Neuromuscular 
disorders : NMD. 2014; 24:342‐346. 
9. Gibson  SB, Majersik  JJ,  Smith  AG  and  Bromberg MB.  Three 
cases of acute myositis  in adults  following  influenza‐like  illness 
during  the  H1N1  pandemic.  Journal  of  neurosciences  in  rural 
practice. 2013; 4:51‐54. 
10. Yoshino M, Suzuki S, Adachi K, Fukayama M and Inamatsu T. 
High  incidence  of  acute  myositis  with  type  A  influenza  virus 

infection  in the elderly.  Internal medicine  (Tokyo, Japan). 2000; 
39:431‐432. 
11. Borgatta B, Perez M, Rello  J, Vidaur  L,  Lorente  L,  Socias  L, 
Pozo  JC,  Pozo  J,  Garnacho‐Montero  J,  Rello  J  and  p  HNGS. 
Elevation of creatine kinase  is associated with worse outcomes 
in 2009 pH1N1  influenza A  infection. Intensive Care Med. 2012; 
38:1152‐1161. 
12.  Kessler  HA,  Trenholme  GM,  Vogelzang  NJ,  Patterson  R, 
Semel  JD,  Harris  AA  and  Levin  S.  Elevated  creatine 
phosphokinase  levels  associated  with  influenza  A/Texas/1/77 
infection. Scand J Infect Dis. 1983; 15:7‐10. 
13. Sertogullarindan B, Ozbay B, Gunini H, Sunnetcioglu A, Arisoy 
A,  Bilgin HM, Mermit  Cilingir  B, Duran M,  Yildiz H,  Ekin  S  and 
Baran  A.  Clinical  and  prognostic  features  of  patients  with 
pandemic  2009  influenza  A  (H1N1)  virus  in  the  intensive  care 
unit. African health sciences. 2011; 11:163‐170. 
14.  Abe  M,  Higuchi  T,  Okada  K,  Kaizu  K  and  Matsumoto  K. 
Clinical study of influenza‐associated rhabdomyolysis with acute 
renal failure. Clinical nephrology. 2006; 66:166‐170. 
15. D'Silva D, Hewagama S, Doherty R, Korman TM and Buttery J. 
Melting  muscles:  novel  H1N1  influenza  A  associated 
rhabdomyolysis.  The Pediatric  infectious disease  journal. 2009; 
28:1138‐1139. 
16.  Fadila  MF  and  Wool  KJ.  Rhabdomyolysis  secondary  to 
influenza a infection: a case report and review of the literature. 
N Am J Med Sci. 2015; 7:122‐124. 
17.  Lorenzoni  PJ,  Kay  CS,  Scola  RH,  Carraro  Junior  H  and 
Werneck  LC. Muscle biopsy  features  in  critical  ill patients with 
2009  influenza  A  (H1N1)  virus  infection.  Arq  Neuropsiquiatr. 
2012; 70:325‐329. 
18. Baquero‐Perez B, Kuchipudi SV, Ho J, Sebastian S, Puranik A, 
Howard W, Brookes SM, Brown  IH and Chang KC. Chicken and 
duck  myotubes  are  highly  susceptible  and  permissive  to 
influenza  virus  infection.  Journal  of  virology.  2015;  89:2494‐
2506. 
19.  Desdouits  M,  Munier  S,  Prevost  MC,  Jeannin  P,  Butler‐
Browne G, Ozden S, Gessain A, Van Der Werf S, Naffakh N and 
Ceccaldi PE. Productive  infection of human skeletal muscle cells 
by pandemic and seasonal  influenza A(H1N1) viruses. PloS one. 
2013; 8:e79628. 
20.  Servidei  S,  Miranda  AF  and  Gamboa  ET.  Infectivity  of 
influenza  B  virus  in  cultured  human  muscle.  Acta 
neuropathologica. 1987; 73:67‐76. 
21.  Farrell  MK,  Partin  JC  and  Bove  KE.  Epidemic  influenza 
myopathy in Cincinnati in 1977. J Pediatr. 1980; 96:545‐551. 
22. Gamboa ET, Eastwood AB, Hays AP, Maxwell J and Penn AS. 
Isolation  of  influenza  virus  from  muscle  in  myoglobinuric 
polymyositis. Neurology. 1979; 29:1323‐1335. 
23.  Kessler  HA,  Trenholme  GM,  Harris  AA  and  Levin  S.  Acute 
myopathy  associated  with  influenza  A/Texas/1/77  infection. 
Isolation of virus  from a muscle biopsy  specimen.  JAMA. 1980; 
243:461‐462. 
24.  Davis  LE  and  Kornfeld  M.  Experimental  influenza  B  viral 
myositis. J Neurol Sci. 2001; 187:61‐67. 
25. Davis LE, Kornfeld M, Daniels RS and Skehel JJ. Experimental 
influenza  causes  a non‐permissive  viral  infection of brain,  liver 
and muscle. J Neurovirol. 2000; 6:529‐536. 
26.  Inokuchi T, Hiromatsu Y,  Ishii K, Kasho T, Abe T, Goto T and 
Kaji M. Myositis  induced by  influenza A  in mice. Kurume Med J. 
1984; 31:209‐216. 

  
www.impactaging.com                    634                                          AGING, April 2016, Vol. 8 No.4



27. Barker WH, Borisute H and Cox C. A study of  the  impact of 
influenza on the functional status of frail older people. Archives 
of internal medicine. 1998; 158:645‐650. 
28.  Whitson  HE,  Duan‐Porter  WD,  Schmader  KE,  Morey  MC, 
Cohen  HJ  and  Colon‐Emeric  CS.  Physical  Resilience  in  Older 
Adults:  Systematic  Review  and  Development  of  an  Emerging 
Construct. J Gerontol A Biol Sci Med Sci. 2015; pii: glv202. 
29.  Jackman  RW  and  Kandarian  SC.  The  molecular  basis  of 
skeletal  muscle  atrophy.  Am  J  Physiol  Cell  Physiol.  2004; 
287:C834‐843. 
30. Bodine SC and Baehr LM. Skeletal muscle atrophy and the E3 
ubiquitin  ligases  MuRF1  and  MAFbx/atrogin‐1.  Am  J  Physiol 
Endocrinol Metab. 2014; 307:E469‐484. 
31.  Edstrom  E,  Altun M,  Hagglund M  and  Ulfhake  B.  Atrogin‐
1/MAFbx and MuRF1 are downregulated in aging‐related loss of 
skeletal muscle. J Gerontol A Biol Sci Med Sci. 2006; 61:663‐674. 
32.  Clavel  S,  Coldefy AS,  Kurkdjian  E,  Salles  J, Margaritis  I  and 
Derijard  B.  Atrophy‐related  ubiquitin  ligases,  atrogin‐1  and 
MuRF1  are  up‐regulated  in  aged  rat  Tibialis  Anterior  muscle. 
Mech Ageing Dev. 2006; 127:794‐801. 
33. Whitman  SA, Wacker MJ,  Richmond  SR  and  Godard MP. 
Contributions  of  the  ubiquitin‐proteasome  pathway  and 
apoptosis  to human  skeletal muscle wasting with age. Pflugers 
Arch. 2005; 450:437‐446. 
34.  Leger  B,  Derave W,  De  Bock  K,  Hespel  P  and  Russell  AP. 
Human sarcopenia reveals an  increase  in SOCS‐3 and myostatin 
and  a  reduced efficiency of Akt phosphorylation. Rejuvenation 
research. 2008; 11:163‐175B. 
35.  Toapanta  FR  and Ross  TM.  Impaired  immune  responses  in 
the lungs of aged mice following influenza infection. Respiratory 
research. 2009; 10:112. 
36. Ko SU, Gunter KB, Costello M, Aum H, MacDonald S, White 
KN, Snow CM and Hayes WC. Stride width discriminates gait of 
side‐fallers  compared  to  other‐directed  fallers  during 
overground walking. Journal of aging and health. 2007; 19:200‐
212. 
37. Schrager MA, Kelly VE, Price R, Ferrucci L and Shumway‐Cook 
A.  The  effects  of  age  on medio‐lateral  stability  during  normal 
and narrow base walking. Gait Posture. 2008; 28:466‐471. 
38.  Mortaza  N,  Abu  Osman  NA  and  Mehdikhani  N.  Are  the 
spatio‐temporal  parameters  of  gait  capable  of  distinguishing  a 
faller  from a non‐faller elderly? Eur  J Phys Rehabil Med. 2014; 
50:677‐691. 
39. Mbourou GA, Lajoie Y and Teasdale N. Step length variability 
at  gait  initiation  in  elderly  fallers  and  non‐fallers,  and  young 
adults. Gerontology. 2003; 49:21‐26. 
40. Skelton DA, Kennedy J and Rutherford OM. Explosive power 
and  asymmetry  in  leg muscle  function  in  frequent  fallers  and 
non‐fallers aged over 65. Age and ageing. 2002; 31:119‐125. 
41. Caserotti P, Aagaard P, Larsen  JB and Puggaard L. Explosive 
heavy‐resistance  training  in old and very old adults: changes  in 
rapid muscle force, strength and power. Scand J Med Sci Sports. 
2008; 18:773‐782. 
42.  Patel  HP,  Al‐Shanti  N,  Davies  LC,  Barton  SJ,  Grounds MD, 
Tellam  RL,  Stewart  CE,  Cooper  C  and  Sayer  AA.  Lean  mass, 
muscle  strength  and  gene  expression  in  community  dwelling 
older  men:  findings  from  the  Hertfordshire  Sarcopenia  Study 
(HSS). Calcif Tissue Int. 2014; 95:308‐316. 
43. Merritt EK, Stec MJ, Thalacker‐Mercer A, Windham ST, Cross 
JM,  Shelley DP, Craig  Tuggle  S, Kosek DJ, Kim  JS  and Bamman 
MM. Heightened muscle inflammation susceptibility may impair 

regenerative  capacity  in  aging  humans.  Journal  of  applied 
physiology (Bethesda, Md : 1985). 2013; 115:937‐948. 
44. Balage M, Averous J, Remond D, Bos C, Pujos‐Guillot E, Papet 
I, Mosoni L, Combaret L and Dardevet D. Presence of low‐grade 
inflammation  impaired  postprandial  stimulation  of  muscle 
protein synthesis in old rats. J Nutr Biochem. 2010; 21:325‐331. 
45.  Crescioli  C,  Sottili  M,  Bonini  P,  Cosmi  L,  Chiarugi  P, 
Romagnani P, Vannelli GB, Colletti M, Isidori AM, Serio M, Lenzi 
A  and  Di  Luigi  L.  Inflammatory  response  in  human  skeletal 
muscle cells: CXCL10 as a potential therapeutic target. Eur J Cell 
Biol. 2012; 91:139‐149. 
46. De Paepe B, Creus KK and De Bleecker JL. Role of cytokines 
and  chemokines  in  idiopathic  inflammatory  myopathies.  Curr 
Opin Rheumatol. 2009; 21:610‐616. 
47. van der Poel C, Gosselin LE, Schertzer JD, Ryall JG, Swiderski 
K,  Wondemaghen  M  and  Lynch  GS.  Ageing  prolongs 
inflammatory  marker  expression  in  regenerating  rat  skeletal 
muscles after injury. J Inflamm (Lond). 2011; 8:41. 
48.  Zheng B, Ohkawa  S,  Li H, Roberts‐Wilson  TK  and  Price  SR. 
FOXO3a mediates  signaling crosstalk  that coordinates ubiquitin 
and  atrogin‐1/MAFbx  expression  during  glucocorticoid‐induced 
skeletal muscle  atrophy.  FASEB  journal  :  official  publication  of 
the Federation of American Societies  for Experimental Biology. 
2010; 24:2660‐2669. 
49. Marinovic  AC,  Zheng  B, Mitch WE  and  Price  SR. Ubiquitin 
(UbC) expression  in muscle cells  is  increased by glucocorticoids 
through  a mechanism  involving  Sp1  and MEK1.  The  Journal of 
biological chemistry. 2002; 277:16673‐16681. 
50. Burd NA, Gorissen SH and van Loon LJ. Anabolic resistance of 
muscle protein synthesis with aging. Exercise and sport sciences 
reviews. 2013; 41:169‐173. 
51. Drummond MJ, Dreyer HC,  Pennings B,  Fry CS, Dhanani  S, 
Dillon  EL,  Sheffield‐Moore  M,  Volpi  E  and  Rasmussen  BB. 
Skeletal muscle protein anabolic response to resistance exercise 
and  essential  amino  acids  is  delayed  with  aging.  Journal  of 
applied physiology (Bethesda, Md : 1985). 2008; 104:1452‐1461. 
52. Barbieri M, Ferrucci L, Ragno E, Corsi A, Bandinelli S, Bonafe 
M,  Olivieri  F,  Giovagnetti  S,  Franceschi  C,  Guralnik  JM  and 
Paolisso  G.  Chronic  inflammation  and  the  effect  of  IGF‐I  on 
muscle  strength  and  power  in  older  persons.  Am  J  Physiol 
Endocrinol Metab. 2003; 284:E481‐487. 
53.  Nevalainen M,  Nissinen  M,  Kaakinen  M  and  Metsikko  K. 
Influenza  virus  infection  in multinucleated  skeletal myofibers. 
Exp Cell Res. 2010; 316:1784‐1794. 
54. Yin H, Price F and Rudnicki MA. Satellite cells and the muscle 
stem cell niche. Physiol Rev. 2013; 93:23‐67. 
 
 
 
 
 
 
 

  
www.impactaging.com                    635                                          AGING, April 2016, Vol. 8 No.4


