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Abstract

In chronic obstructive pulmonary disease (COPD), lower limb dysfunction is associated with reduced exercise
capacity, increased hospitalizations and mortality. We investigated sex differences in the prevalence of
quadriceps dysfunction and fibre abnormalities in a large COPD cohort, controlling for the normal sex
differences in health. We compared existing data from 76 male and 38 female COPD patients where each
variable was expressed as a function of gender-specific normal values (obtained from 16 male and |14 female
controls). Female COPD patients had lower quadriceps muscle strength and peak workload on a maximal
incremental cycle ergometry protocol compared to male patients. Female patients had a smaller type Il fibre
cross-sectional area (CSA) compared to male patients, suggesting a greater female preponderance to fibre
atrophy, although this result was largely driven by a few male patients with a large type Il fibre CSA. Female
patients had significantly higher concentrations of a number of plasma pro-inflammatory cytokines including
tumour necrosis factor alpha and interleukin 8 (IL8), but not lower levels of physical activity or arterial
oxygenation, compared to males. Our data confirm results from a previous small study and suggest that female
COPD patients have a greater prevalence of muscle wasting and weakness. Larger studies investigating sex
differences in COPD-related muscle atrophy and weakness are needed, as the results will have implications for
monitoring in clinical practice and for design of clinical trials evaluating novel muscle anabolic agents.
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part in the pathogenesis of COPD.? Only one small
study has investigated sex differences in the preva-
lence of skeletal muscle dysfunction and abnormal-
ities in COPD.'° Female patients had more evidence
of muscle damage, less evidence of muscle regenera-
tion and more muscle dysfunction than male patients.
Sex differences in health, seen in the control group,
were not accounted for, thus the reported differences
between female and male COPD patients could sim-
ply have reflected normal gender differences.

We have previously collected clinical and quadri-
ceps biopsy data from the largest single centre cohort
of COPD patients.” We reanalysed these data to deter-
mine whether there were sex differences in the pre-
valence of quadriceps muscle dysfunction and fibre
abnormalities in COPD patients, over and above sex
differences in our healthy age-matched controls, and
if so, whether differences could be attributed to sex
differences in potential aetiological factors.

Methods

Data from our prior study” were reanalysed. The orig-
inal study was approved by the Royal Brompton and
Harefield NHS Trust and Ealing and West London
Mental Health Trust Research Ethics Committees
(06/Q0404/35 and 06/Q0410/54), and participants
gave written informed consent. The cohort consisted
of 114 COPD patients (76 male and 38 female) and 30
healthy matched controls (16 male and 14 female).
Exclusion criteria were diagnoses of heart, renal or
liver failure; systemic inflammatory, metabolic or
neuromuscular disorders; use of warfarin; or a mod-
erate/severe exacerbation (i.e. requiring intervention)
within the preceding 4 weeks. Post-bronchodilator
spirometry, lung volumes (plethysmography), carbon
monoxide diffusion capacity and resting arterialized
capillary earlobe blood gas tensions were measured
using previously described techniques.'' ™ Fat-free
mass index (FFMI) was calculated from bioelectrical
impedance measurements (using the Bodystat 1500,
UK) taken after the subject had rested for 20 minutes
lying supine.'* A low FFMI was defined as an FFMI
less than 15 kg/m? in women and less than 16 kg/m? in
men according to previously published cut-offs in the
work by Schols et al.'® Physical activity, that is, loco-
motion, standing, sitting and lying time over 12 hours
on 2 days was measured using the DynaPort acceler-
ometer (McRoberts BV, Netherlands), as previously
described.'® Quadriceps strength was measured as
supine isometric maximal voluntary contraction

(MVC)' in the dominant leg. Quadriceps endurance
(Tgo) was assessed by time for force decline to 80% of
initial force during repetitive magnetic femoral nerve
stimulation in the dominant leg as described in the
work by Swallow et al.'"® Whole body exercise per-
formance was assessed by a 6-minute walk test
according to American Thoracic Society (ATS)
guidelines'? and by symptom-limited incremental
cycle ergometry with metabolic testing, as we have
done previously.?® Percutaneous biopsy of the vastus
lateralis of quadriceps was performed using the Berg-
strom technique®' on an occasion separate from
strength and cycle tests. Muscle samples were stored
as previously described® until cryosectioning. Detec-
tion of type I, I/Ila, Ila and IIx fibres in a sample of at
least 100 fibres (to calculate fibre type proportions
and median fibre cross-sectional area (CSA)) was
done with immunohistochemistry as described in the
work by Natanek et al.”

Variables analysed

Patient demographics and COPD disease severity
measures. Includes smoking history (pack-years), cur-
rent medication, lung function (including FEV
TLco), arterial partial pressures of oxygen and carbon
dioxide, health-related quality of life (SF36 and
SGRQ scores).

Body composition. Body mass index (BMI), fat-free
mass (FFM) and fat-free mass index (FFMI, kg/m?),
low or normal FFMI (low defined as <15 kg/m? in
females and <16 kg/m? in males??), fat mass (FM, kg)
and fat mass index (FMI, kg/m?).

Quadriceps function. Quadriceps strength measured as
MVC and Ty, (time in seconds for muscle force to
drop from initial force (30% of MVC) to 80% of the
initial force with repetitive magnetic stimulation of
the femoral nerve).

Quadriceps fibre characteristics. Proportion of slow-
twitch, oxidative type I; fast-twitch, oxidative/glyco-
lytic type Ila; and fast-twitch, glycolytic type IIx
fibres and median CSA per fibre type (um?) as
assessed by immunohistochemistry of frozen trans-
verse muscle sections.

Whole body exercise performance and daily physical
activity. Six-minute walk distance (6 MW, m) and peak
oxygen consumption (VO,, ml/kg/min) from an incre-
mental cycle ergometry protocol, expressed as a per-
centage predicted®® which corrects for sex. Time
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spent in locomotion and standing (minutes over 12
hours) and movement intensity in m/s> from acceler-
ometer readings over 2 days.

Selected markers of systemic and muscle inflammation.
Plasma concentrations of a number of pro-
inflammatory cytokines and the anti-inflammatory
cytokine IL-10 and soluble tumour necrosis factor
alpha receptors I and II (TNF-«RI and II) were avail-
able from luminex quantifications (performed by GSK
laboratories, UK). Muscle NF-xB p65 and p50 and AP-
1 c-Jun subunit bound to DNA were quantified by
transcription factor assays run on nuclear extracts
(Panomics lab, Fremont, California, USA). Muscle
TNF-« transcript levels were quantified by qPCR.

Normalization

Male and female controls were matched in terms of
demographic data as previously reported.> However,
some measurements, for example height, were
expected to differ by gender in normal subjects (see
Online Supplemental Table E1). In those cases, raw
data for each patient (for variables not already sub-
jected to any normalization) were divided by the
mean or median value (depending on distribution) for
the same variable from controls of the same sex, to
give ‘normalized values’. Where there were well-
validated existing prediction equations that correct for
sex, for example, differing equations that convert 6-
minute walk distance,** peak oxygen consumption on
incremental cycle ergometry?® and quadriceps
MVC?® to a % predicted for females and for males,
these were used as a method of normalization, allow-
ing % predicted for female and male COPD patients
to be compared directly. This was because we consid-
ered this a more accurate and sophisticated correction
than dividing by the mean or median value of the
same sex control group. Certain variables, such as
physical activity levels, would not be expected to
have a systematic bias between healthy females and
males, but variation between individuals as a result of
other factors. For these variables, it was logical to
compare absolute (not normalized) values between
patients of different sexes.

Statistical analysis

This was carried out using Microsoft® Excel 2011 and
GraphPad Prism version 7.00 for Mac, GraphPad
Software, La Jolla California USA, http://www.graph
pad.com. Data distribution was determined through

visual inspection of graphed data, D’Agostino and
Pearson, Shapiro—Wilk and KS normality tests. Group
differences were tested using unpaired ¢-tests or
Mann—Whitney for normally and non-normally dis-
tributed data, respectively. Pearson’s correlation coef-
ficient and y? statistics were calculated to determine
significance of linear correlations and differences in
proportion. Level of significance was determined to
5% (o = 0.05). Comparisons of proportions were per-
formed using Fisher’s exact test.

Results

Demographics and clinical parameters in COPD
patients and controls are shown in Table 1.

Healthy controls

As expected, healthy males were taller and heavier
and had greater muscle mass and quadriceps strength
(MVC) than healthy females (Table 1). Minor fibre
type proportion differences existed between the two
sexes (Table 2), consistent with previous reports.*®
Fibre CSA did not differ between sexes in the controls
(Figure 2(c) and Table 2). Female controls had a 15%
higher 6 MW % predicted (p = 0.02; Table 1) and
spent significantly more time standing than the male
controls (298 (82) minutes/12 hours vs. 219 (126)
minutes/12 hours, p = 0.02; Figure 3(b)). Plasma
interferon gamma (IFNy) and TNF-o were the only
markers of inflammation different in female than
male controls, where levels were higher in females
(p = 0.01 and 0.047, respectively).

COPD patients

Lung function, smoking history and exacerbations. Male
and female patients were matched in their lung dis-
ease severity, yet female patients reported less smoke
exposure than male patients (37.5 vs. 50 pack-years,
p = <0.0001). Three percent of both female and male
patients had GOLD I COPD, 37% of females and 25%
of males had GOLD II COPD, 37% of females and
34% of males had GOLD III COPD and 24% of
females and 37% of males had GOLD IV COPD.
There were no statistically significant differences
between the percentages of females and males at each
GOLD stage. The proportion of female and male
patients in chronic respiratory failure (PaO, <8kPa)
were identical at 16% and of female and male patients
using long term oxygen therapy (LTOT) were not
significantly different (55% and 8%, respectively, p
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Table 2. Fibre characteristics in quadriceps of COPD and controls, split by sex.?

Fibre type Type | Type I/lla Type lla Type lIx
Fibre type proportions (%)
Control (n = 30)
Females 57 (48) 3 (0) 40 (37) 0 (1)°
Males 48 (39) I (0) 45 (34) 4 (8)°
Patients (n = 114)
Females 30 (18) 5(1) 58 (53) 3(5°
Males 31 (23) 3(I) 61 (53) 59)°
Normalized patient values (n = |14)
Females 0.5 (0.3) 2.4 (0.3)° 1.4 (0.9) 2.5 (0.8)
Males 0.6 (0.5) 0.9 (0.5)° 1.4 (0.8) 1.0 (0.4)

Median fibre cross-sectional area (um?)

Control (n = 30)

Females 5120 (4570) 5220 (4520) 3440 (2870) 4660 (3900)

Males 5830 (5117) 5490 (4860) 4480 (4060) 4790 (4340)
Patients (n = 114)

Females 4970 (3476) 4670 (3280)° 3300 (1610)° 2380 (1650)°

Males 5340 (4590) 5390 (4630)° 4370 (1570)¢ 3130 (2270)°
Normalized patient values (n = 114)

Females 0.90 (0.50) 0.89 (0.47) 0.84 (0.41)° 0.49 (0.31)°

Males 0.89 (0.27) 0.93 (0.28) 0.89 (0.32)¢ 0.59 (0.34)°

COPD: chronic obstructive pulmonary disease.
*Values are median (interquartile range).

®p < 0.01: statistically significant differences between males and females within patient or within control group calculated with the

Mann—Whitney U test.

p < 0.05: statistically significant differences between males and females within patient or within control group calculated with the Mann—

Whitney U test.

dp < 0.0001: statistically significant differences between males and females within patient or within control group calculated with the

Mann—-Whitney U test.

°p < 0.005: statistically significant differences between males and females within patient or within control group calculated with the

Mann—Whitney U test.

=0.71, Online Supplemental Table E2). Thirteen per-
cent (5/38) of the female and 21% (16/76) of the male
patients were current smokers (ns). There were no
significant sex differences in drug treatment (Online
Supplemental Table E2), exacerbation number (1 (3)
vs. 2 (3) exacerbations/year), nor proportion of fre-
quent exacerbators ((>2 per year), 42% vs. 29%, ns).

Body composition, quadriceps function and fibre
characteristics. Nutritional depletion, judged by a
reduced FFMI, was prevalent in both female and male
patients (58% and 42%, respectively, p = 0.12;
Table 1), whereas a low BMI (<18 kg/m?) was less
prevalent in both female and male patients (3% and
1%, respectively, p > 0.99; Table 1). FM and FMI
were not significantly different between female and
male patients (females 23.2 (13.9) kg vs. males 23.7
(10.3) kg, p = 0.94 and females 8.8 (5.2) vs. males 7.7

(3.0), p = 0.058, respectively). Absolute (not normal-
ized) values of quadriceps strength (MVC), MVC/
BMI and MVC/FFM were lower in female compared
to male patients (196 (118) N vs. 255 (130) N, p <
0.0001 (see Table 1); 0.90 (0.42) vs. 1.28 (0.44), p <
0.0001; and 0.53 (0.22) vs. 0.67 (0.37), p = 0.0014,
respectively). There was a significantly higher preva-
lence of an MVC/BMI ratio of <1.2, a known negative
prognosticator in COPD,” in female compared to male
patients (82% in females vs. 32% in males, p <
0.0001). Similarly, normalized quadriceps MVC was
lower in female compared to male patients 0.69 (0.39)
vs. 0.83 (0.33), p = 0.04; Figure 1(a)), and normalized
quadriceps MVC/BMI and MVC/FFM values (mus-
cle strength per unit body/muscle mass) were both
significantly lower in COPD females than COPD
males (Figure 1(a)). Quadriceps MVC as % predicted,
calculated using existing prediction equations from
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the work of Seymour et al.?> (hence corrected for sex),
confirmed that quadriceps strength was lower in
female compared to male patients (58 (26) % pre-
dicted vs. 74 (25) % predicted, p < 0.0001, Online
Supplemental Figure E1). Tgg, both absolute and nor-
malized, were not significantly different between
female and male patients (85 (63) s vs. 80 (25), p =
0.32, and 0.55 (0.44) vs. 0.59 (0.24), p = 0.74).

As described previously in this cohort, the COPD
patients had a reduced type I fibre and an increased
type II fibre proportion, compared to healthy age-
matched controls® (Figure 2(a) and Table 2). Prior to
normalization, the only sex difference in fibre type
proportions was that female patients had a slightly
lower type 1Ix fibre proportion than male patients (3

(5) % vs. 5 (9) %, p = 0.037; Table 2), which is
unlikely to be clinically significant. The normalized
value comparison revealed that female patients had a
slightly higher proportion of hybrid type I/Ila fibres
compared to male patients (2 (3) vs. 1 (2), respectively,
p = 0.04; Figure 2(b)), but no significant differences in
any other fibre type. Prior to normalization, female
patients had a significantly smaller CSA of Ila fibres
compared to male patients (3300 (1610) vs. 4370
(1570) um?, p = <0.0001). Female patients also had
a smaller CSA of hybrid type I/Ila fibres (4670 (3280)
vs. 5390 (4630) um?, p = 0.003) and IIx fibres (2380
(1650) vs. 3130 (2270) um?, p = 0.03) compared to
male patients (Figure 2(c) and Table 2), although this
was based on small numbers of fibres as I/Ila and IIx
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fibres were a minor proportion of total fibres. Female
COPD patients also had a smaller normalized type Ila
CSA (0.84 vs. 0.89 fold change, p = <0.0001) and type
IIx fibre CSA (0.49 vs. 0.59 fold change, p = 0.03), and
therefore smaller CSA of the type Il fibre combined
(0.84 vs. 0.90, p = 0.003) compared to male patients
(Figure 2(d) and Table 2).

Exercise performance. Female patients achieved a
lower absolute peak workload on maximal cycle ergo-
metry than male patients (42 (26) W vs. 55 (35) W,
p = 0.008; Figure 1(c)); a result that remained statis-
tically significant when peak workload was normal-
ized to sex-specific control values (0.3 (0.2) vs.
0.4 (0.3), p = 0.0007; Figure 1(d)). However, female
COPD patients had a higher % predicted 6 MW

performance and peak VO, on maximal cycle
ergometry compared to male patients (6 M W 84%
predicted vs. 76% predicted, p = 0.02 and % peak
VO, 49% predicted vs. 44% predicted, p = 0.05;
Figure 1(b)). There was a significantly higher propor-
tion of female patients than male patients citing leg
discomfort (rather than breathlessness) as the reason
for stopping cycling (36% vs. 13%, p = 0.01).

Factors that may contribute to skeletal muscle dysfunction

C! Resting blood gas tensions. There were no signif-
icant differences in resting arterial partial pressures of
oxygen and carbon dioxide between male and female
patients (Online Supplemental Figure E2A).

C2 Daily physical activity. Female COPD patients
spent significantly more time standing than male
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patients (229 (150) minutes/12 hours vs. 161 (100)
minutes/12 hours, p = 0.007; Online Supplemental
Figure E2B), but the movement intensity was not
significantly different between female and male
patients (2.3 (11.7) m/s* vs. 2.0 (6.9) m/s*). MVC/
BMI, MVC/FFM and MVC as % predicted were cor-
related with locomotion time (but not standing time)
in female patients (r = 0.40, p = 0.03; r =044, p =
0.01; and » = 0.45, p = 0.01, respectively; Online
Supplemental Figure E3A) but not in males (r =
0.1, p = 0.43 and » = 0.02, p = 0.83, respectively).
There were no significant correlations between phys-
ical activity measures and fibre CSA in either female
or male patient groups.

C3 Systemic levels of inflammation. There were no
significant differences in plasma pro-inflammatory
cytokine levels between male and female COPD
patients (data not shown). Since there were differ-
ences between healthy male and female in levels of
systemic inflammation and activation of muscle
inflammatory cascades (either statistically significant
or trends), levels of inflammation in patients
normalized for sex-specific values were compared.
Female patients had significantly higher levels of nor-
malized pro-inflammatory cytokines granulocyte
monocyte colony stimulating factor, TNF-o;, IFNy and
interleukins (IL) 2, 4, 5, 8, and anti-inflammatory IL-
10 while there were no significant differences in IL-
1B, IL6, C-reactive protein (CRP) levels or soluble
TNF-oRI or RII (Figure 3(a) and (b) and Table 3).
Fat mass and fat mass index were positively corre-
lated with plasma CRP concentration in both females
and males (females » = 0.46, p = 0.004, males r =
0.38, p = 0.01, and females » = 0.50, p = 0.01, males
r = 0.40, p = 0.0004, respectively). There were no
significant correlations between levels of pro-
inflammatory cytokines and either MVC/BMI,
MVC/FFM or type II fibre CSA in female patients.
In male patients, there was a modest positive correla-
tion between plasma CRP and type IIx fibre CSA (r =
0.38, p = 0.002; Online Supplemental Figure E3B).

C4 Muscle inflammation/inflammatory cascades.
Absolute levels of muscle NF-kB p50, p65 or AP-1
DNA binding were not significantly different between
female and male patients. However, COPD females
had a significantly lower normalized muscle NF-xB
p50 level than male patients (0.6 vs. 1.1, p = 0.003),
but there were no significant differences in normal-
ized muscle NF-xB p65 or AP-1 DNA binding
(Figure 3(c)) nor muscle TNF-a mRNA levels

between groups (Figure 3(d)). There was no correla-
tion between muscle NF-«kB p50 binding and fibre
CSA in male patients.

Discussion
Summary of main findings

Female COPD patients have a greater prevalence of
signs of type II fibre atrophy and loss of quadriceps
strength compared to their male counterparts, above
and beyond the normal sex differences in health. The
finding of smaller type II fibres in female compared to
male patients was, however, largely driven by the
effect of three male COPD patients who had large
type Il fibre CSAs, even relative to male controls.
Consistent with greater evidence of muscle fibre
wasting and weakness, female patients achieved a
lower peak workload on cycle ergometry than male
patients, and a larger proportion of female patients
cited leg muscle discomfort as the reason for stopping
cycling compared with male patients. However, inter-
estingly female patients had a greater percentage pre-
dicted 6 MW performance and peak oxygen
consumption on cycle ergometry than their male
counterparts. The reductions in muscle fibre size,
muscle strength and peak workload occurred in
female patients despite them having a lower pack-
year smoking history and longer periods spent stand-
ing, which when carrying a load requires quadriceps
activity, than male patients. However, this sex differ-
ence occurred in the presence of increased circulating
pro-inflammatory cytokines in female compared to
male patients (once normalized for sex differences
in cytokines seen in the healthy controls). Although
COPD females had evidence of a slightly increased
early type I to type II fibre shift, there was no differ-
ence in the pure fibre type proportions nor Tgg. Mus-
cle levels of NF-kB p50, relative to levels in their
same sex counterparts, were lower in female than
male patients.

Comparison with existing literature on the subject

Our findings of female COPD patients demonstrating
lower muscle strength and greater muscle atrophy are
consistent with those of Ausin et al.'® However, with
our larger sample size, we did not find that male
patients had a greater type II fibre proportion as the
previous study reports'® but data supporting a subtle
increase in fibre type switch in females with COPD.
Like the previous study, we found that female COPD
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Figure 3. Systemic and muscle markers of inflammation in female and male COPD patients. (a) Levels of plasma pro-
inflammatory cytokines in female and male COPD patients, normalized to sex-specific control values. (b) Levels of plasma
anti-inflammatory markers in female and male COPD patients, normalized to sex-specific control values. (c) Markers of
inflammatory cascades within muscle in female and male COPD patients, normalized to sex-specific control values.

(d) Muscle levels of TNF-o mRNA in female and male COPD patients, normalized to sex-specific control values. COPD:
chronic obstructive pulmonary disease. TNF-aRI: tumour necrosis factor alpha receptor I; IFNy: interferon gamma;

IL: interleukin; GMCSF: granulocyte monocyte colony stimulating factor; CRP: C-reactive protein; TNF-oRIl: tumour

necrosis factor alpha receptor II.

patients have relative higher systemic inflammatory
markers than males but we did not find direct correla-
tions between increased markers of systemic inflam-
mation and fibre atrophy, nor indeed between
physical activity levels and fibre atrophy, in either
sex. This suggests that any contribution of systemic
inflammation or physical activity to fibre atrophy is
moderated by other influences so that simple linear
associations are not evident.

The reduction in peak workload on a maximal
incremental cycle protocol in female compared to
male patients is consistent with a previous report from
Yquel et al.>” However, it is notable that we did not

see the differences between male and female COPD
patients in muscle fibre size and muscle strength
translating to greater reductions in % predicted 6
MW and peak VO, on cycle ergometry in the female
patients. Published predictive equations have a high
variability in their predictive power, suggesting that
other factors not included in the calculations play an
important role in the distance walked. It may be that
using % predicted values introduces a sex difference
not dependent on muscle function and mass but on
other factors. However, with height (hence leg
length), weight and lung function having such an
effect on exercise performance using uncorrected
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Table 3. Levels of systemic inflammation values in male and female COPD patients normalized to sex-specific control

values.

Normalized values

Females Males
Systemic markers pro-inflammatory Median IQR Median IQR p Value
IL-18 1.5 0.6 1.3 1.1 0.13
IL-2 34 2.2 2.0 1.1 <0.0001
IL-4 4.0 1.5 1.2 0.7 <0.0001
IL-5 3.5 2.3 1.6 0.6 <0.0001
IL-8 2.5 2.0 1.3 0.8 <0.0001
GMCSF 2.3 1.6 1.2 0.7 <0.0001
TNF-o 34 1.9 1.3 0.7 <0.0001
IFNy 3.0 1.5 1.0 0.4 <0.0001
CRP 3.0 58 3.6 7.6 0.19
Anti-inflammatory
IL-10 2.8 1.5 2.0 0.9 0.03
Soluble TNF-«RI 0.55 0.52 0.37
Soluble TNF-«RII 0.84 0.80 0.87
Muscle markers Normalized values
TNF-o 0.6 1.0 0.8 0.8 0.25
NF-xB65 1.0 0.7 0.9 0.8 0.47
NF-xB50 0.7 0.8 1.1 1.1 0.004
AP-1 0.6 0.6 0.5 0.6 0.86

IL: interleukin; GMCSF: granulocyte monocyte colony stimulating factor; IFNy: interferon gamma; TNF: tumour necrosis factor; AP-1:
activator protein |; CRP: C-reactive protein; TNF-oRIl: tumour necrosis factor alpha receptor Il; TNF-oRI: tumour necrosis factor

alpha receptor I; COPD: chronic obstructive pulmonary disease.

values to compare male and female patients would
have been less satisfactory. Furthermore, there are
advantages of smaller fibre size to performance mea-
sured as peak oxygen consumption, namely smaller
diffusion distance for oxygen,”® which may explain
our results.

The canonical NF-kB pathway that signals in
response to inflammation is dependent on heterodi-
mers of p65 and p50 units translocating to the
nucleus to induce transcription promoting skeletal
muscle protein degradation’” and inhibiting myo-
genesis,’? at least with acute pathway activation. The
fact that there were no differences in p60 DNA bind-
ing in males and females suggests that activation of
the canonical NF-kB pathway in muscle is similar in
males and females, despite the increased plasma lev-
els of pro-inflammatory cytokines in female patients.
The non-canonical NF-kB pathway associated with
muscle disuse atrophy is dependent on p50 (and
Bcl3) subunits not p65 subunits.*’ There was evi-
dence of increased pS0 DNA binding, despite the

fact there was less evidence of fibre atrophy, in male,
compared to female, patients. Increased activation of
the non-canonical NF-kB pathway is therefore
unlikely to account for the greater prevalence of
fibre atrophy seen in females. This also suggests that
there are differences in activation of signalling
mechanisms in the locomotor muscle of male and
female COPD patients. The influence of oestrogens
and menopause on skeletal muscle inflammation,
damage and regeneration®” and differences in mus-
cle protein synthesis/protein metabolism between
sexes”> are well described and are good examples
of how the biology of muscle damage and repair
differs between the sexes. Sex hormones also mod-
ulate systemic inflammation; for example, andro-
gens have been shown to suppress the immune
systern.34 Therefore, the sex differences we report
could reflect differences in sex hormone levels
between female and male COPD patients, which
would support the use of androgenic agents, such
as selective androgen receptor modulators, in the
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treatment of COPD-related muscle wasting, particu-
larly in females.

Study limitations

This is a cross-sectional study and therefore we are
unable to comment on sex differences in rate of mus-
cle fibre atrophy over time. It is possible, therefore,
that the finding of more fibre atrophy and weakness in
female patients was not a genuine sex difference, but
that it was related to another factor, for example, that
diffusion abnormalities develop earlier in female than
male patients, that causes muscle atrophy and weak-
ness. Although our sample size was large for a single
cohort including biopsy data, there was still a rela-
tively small number of patients, particularly females,
and therefore it cannot be discounted that the sex
differences relate to sampling bias of females who
had greater evidence of fibre atrophy and weakness
than the average female COPD population. Our con-
trol sample is also small and therefore may not be
representative, although it is larger than the previous
similar study and many other COPD muscle studies.
The female controls had less cigarette exposure than
the male controls which, if it affected the physiologi-
cal variables we measured, may also have confounded
genuine sex differences. For these reasons, we were
careful only to normalize to control values where
there was previous literature supporting the observed
sex differences we found in our controls. Had there
been measurements of thigh muscle CSA or another
measurement of lower limb muscle mass, it would
have been preferable to correct our strength data to
one of these measurements, particularly as muscula-
ture versus adipose tissue distribution in the lower
limb is likely to be different in females and males.
We did replicate our findings of greater quadriceps
weakness in female patients when MVC was con-
verted to a % predicted value, using validated equa-
tions for expected values in females and males,
although these equations again use global rather than
lower limb muscle mass. Analyses of the minority
fibre types in quadriceps, for example, hybrid I/Ila
fibres and type IIx fibres were likely to be underpow-
ered because of the small number of these fibres per
subject. The multiple comparisons we made increased
the possibility of false positive results; however, on
the whole, our significant results were consistent
using a number of similar parameters, for example,
consistent between MVC, MVC/BMI, MVC/FFM
and MVC % predicted giving us confidence that they

were not random positive results. Had we measured
circulating sex hormone levels in female and male
patients, this would have been valuable to examine
whether these could account for the observed sex dif-
ferences and which, if any, physiological measure-
ments correlated with androgen and oestrogen
levels. From the age of our female patients, it is likely
that the majority were postmenopausal; therefore our
results cannot be assumed to generalize to compari-
sons of premenopausal female and age-matched male
patients. It would have been useful to have had data
on menopausal status and hormone replacement ther-
apy (HRT) use from our female patients and controls.

Implications for clinical practice

We have confirmed a previous report that female
COPD patients appear more prone to quadriceps fibre
atrophy and weakness than their male counterparts
and identified that, in COPD, there are sex differences
in aetiological factors and downstream signalling
pathways that influence skeletal muscle structure and
function. Further studies confirming sex differences
in a larger patient cohort with a large comparative
control population are required to see if these results
hold, and whether the wasting and weakness in
females is associated with androgen levels. These
studies are necessary as the results would have impli-
cations for monitoring of patients in clinical practice,
for stratification of participants in clinical trials of
new treatments for COPD-related muscle atrophy,
including new androgenic agents.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.

Funding

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication of
this article: The original data collection was funded by a
Wellcome Trust Clinical Research Training Fellowship
(WT 079686/Z/06/Z) and a grant from GlaxoSmithKline.

Supplemental material

Supplemental material for this article is available online.

References

1. Agusti A and Soriano JB. COPD as a systemic disease.
COPD 2008; 5: 133-138.



Chronic Respiratory Disease

10.

11.

12.

13.

14.

15.

Natanek SA, Gosker HR, Slot IG, et al. Heterogeneity
of quadriceps muscle phenotype in chronic obstructive
pulmonary disease (COPD); implications for stratified
medicine? Muscle Nerve 2013; 48: 488—497.

. Singer J, Yelin EH, Katz PP, et al. Respiratory and

skeletal muscle strength in chronic obstructive pul-
monary disease: impact on exercise capacity and lower
extremity function. J Cardiopulm Rehabil Prev 2011;
31: 111-119.

Marquis K, Debigare R, Lacasse Y, et al. Midthigh
muscle cross-sectional area is a better predictor of mor-
tality than body mass index in patients with chronic
obstructive pulmonary disease. Am J Respir Crit Care
Med 2002; 166: 809-813.

. Swallow EB, Reyes D, Hopkinson NS, et al. Quadri-

ceps strength predicts mortality in patients with mod-
erate to severe chronic obstructive pulmonary disease.
Thorax 2007; 62: 115-120.

. Patel MS, Natanek SA, Stratakos G, et al. Vastus later-

alis fiber shift is an independent predictor of mortality
in COPD. Am J Respir Crit Care Med 2014; 190:
350-352.

. Townsend EA, Miller VM and Prakash YS. Sex dif-

ferences and sex steroids in lung health and disease.
Endocr Rev 2012; 33: 1-47.

Faner R, Gonzalez N, Cruz T, et al. Systemic inflam-
matory response to smoking in chronic obstructive pul-
monary disease: evidence of a gender effect. PloS One
2014; 9: €97491.

Tam A, Morrish D, Wadsworth S, et al. The role of
female hormones on lung function in chronic lung dis-
eases. BMC Women’s Health 2011; 11: 24.

Ausin P, Martinez-Llorens J, Sabate-Bresco M, et al.
Sex differences in function and structure of the quad-
riceps muscle in chronic obstructive pulmonary dis-
ease patients. Chron Respir Dis 2017; 14: 127-139.
Miller MR, Hankinson J, Brusasco V, et al. Standardi-
sation of spirometry. Eur Respir J 2005; 26: 319-338.
Wanger J, Clausen JL, Coates A, et al. Standardisation
of the measurement of lung volumes. Eur Respir J
2005; 26: 511-522.

Macintyre N, Crapo RO, Viegi G, et al. Standardisa-
tion of the single-breath determination of carbon mon-
oxide uptake in the lung. Eur Respir J 2005; 26:
720-735.

Steiner MC, Barton RL, Singh SJ, et al. Bedside meth-
ods versus dual energy X-ray absorptiometry for body
composition measurement in COPD. Eur Respir J
2002; 19: 626-631.

Schols AM, Soeters PB, Dingemans AM, et al. Preva-
lence and characteristics of nutritional depletion in

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

patients with stable COPD eligible for pulmonary reha-
bilitation. Am Rev Respir Dis 1993; 147: 1151-1156.
Pitta F, Troosters T, Spruit MA, et al. Activity moni-
toring for assessment of physical activities in daily life
in patients with chronic obstructive pulmonary disease.
Arch Phys Med Rehabil 2005; 86: 1979—1985.
Edwards RH, Young A, Hosking GP, et al. Human
skeletal muscle function: description of tests and nor-
mal values. Clin Sci Mol Med 1977; 52: 283-290.
Swallow EB, Gosker HR, Ward KA, et al. A novel
technique for nonvolitional assessment of quadriceps
muscle endurance in humans. J Appl Physiol 2007;
103: 739-74e.

ATS Committee on Proficiency Standards for Clinical
Pulmonary Function Laboratories. ATS statement:
guidelines for the six-minute walk test. 4m J Res Crit
Care Med 2002; 166: 111-117.

Hopkinson NS, Man WD, Dayer MJ, et al. Acute effect
of oral steroids on muscle function in chronic obstruc-
tive pulmonary disease. Eur Respir J 2004; 24:
137-142.

Bergstrom J. Percutaneous needle biopsy of skeletal
muscle in physiological and clinical research. Scand
J Clin Lab Invest 1975; 35: 609-616.

Vanltallie TB, Yang MU, Heymsfield SB and ET
AL. Height-normalised indices of the body’s
fat-free mass and fat mass: potentially useful indi-
cators of nutritional status. Am J Clin Nutr 1990;
52: 953-959.

Hansen JE, Sue DY and Wasserman K. Predicted val-
ues for clinical exercise testing. Am Rev Respir Dis
1984; 129: S49-S55.

Enright PL and Sherrill DL. Reference equations for
the six-minute walk in healthy adults. Am J Respir Crit
Care Med 1998; 158: 1384-1387.

Seymour JM, Spruit MA, Hopkinson NS, et al. The
prevalence of quadriceps weakness in COPD and the
relationship with disease severity. Eur Respir J 2010;
36(1): 81-88.

Staron RS, Hagerman FC, Hikida RS, et al. Fiber type
composition of the vastus lateralis muscle of young
men and women. J Histochem Cytochem 2000; 48:
623-629.

Yquel RJ, Tessonneau F, Poirier M, et al. Peak
anaerobic power in patients with COPD: gender
related differences. Eur J Appl Physiol 2006; 97:
307-315.

Hill A. Trials and trails in physiology. London:
Edward Arnold, 1965.

Bodine SC, Latres E, Baumhueter S, et al. Identi-
fication of ubiquitin ligases required for skeletal



Sharanya et al.

13

30.

31.

muscle atrophy. Science (New York, NY) 2001; 294:
1704-1708.

Wang H, Hertlein E, Bakkar N, et al. NF-kappaB reg-
ulation of YY1 inhibits skeletal myogenesis through
transcriptional silencing of myofibrillar genes. Mol
Cell Biol 2007; 27: 4374-4387.

Hunter RB and Kandarian SC. Disruption of either the
Nfkbl or the Bcl3 gene inhibits skeletal muscle atro-
phy. J Clin Invest 2004; 114: 1504-1511.

32.

33.

34.

Velders M and Diel P. How sex hormones promote
skeletal muscle regeneration. Sports Med (Auckland,
NZ) 2013; 43: 1089-1100.

Markofski MM and Volpi E. Protein metabolism in
women and men: similarities and disparities. Curr
Opin Clin Nutr Metab Care 2011; 14: 93-97.
Trigunaite A, Dimo J and Jorgensen TN. Suppressive
effects of androgens on the immune system. Cell
Immunol 2015; 294: 87-94.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


