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Abstract
Background/Aims: Smoking is a major risk factor for several cardiovascular and pulmonary 
diseases, and it has also been associated with the loss of skeletal muscle mass and strength 
leading to sarcopenia. The aim of this is study is to analyze the effects of cigarette smoking 
on the diaphragm muscle histopathology of postmortem samples from patients without 
respiratory diseases. Methods: Diaphragm samples were stained with hematoxylin and eosin 
for histopathological analysis. Picrosirius stain was used to highlight the collagen fibers. 
Results: Cigarette smokers had an increase of histopathological alterations as abnormal 
cytoplasm, abnormal fiber size and shape, and central nucleus. Additionally, smokers had an 
increase of collagen fibers on diaphragm muscle. Conclusion: Smoking may influence in a 
negatively fashion the diaphragm musculature.
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Introduction

Tobacco use is a major public health problem because smoking is a major risk factor for 
cardiovascular disease, chronic obstructive pulmonary disease (COPD), and lung cancer [1, 
2]. It has also been associated with other debilitating conditions such as sarcopenia [3-7].

Sarcopenia describes the loss of skeletal muscle mass and strength that occurs with 
advancing age leading to increased risk of falls and fractures, loss of independence, mobility 
disorders, and increased risk of death [8]. Interestingly, experimental studies showed that 
even respiratory muscles as the diaphragm have sarcopenia with the advancing age [9-11].

Decreased function of the diaphragm muscle, the main inspiratory muscle, may 
contribute significantly to the increased susceptibility to respiratory complications, such as 
pneumonia and respiratory infections during aging [9, 12, 13].

Although, it is suggested that oxidative stress and chronic inflammation due to cigarette 
smoking in aged skeletal muscle activate signaling pathways that are related to the imbalance 
between protein synthesis and breakdown, causing fibers abnormalities and atrophy leading 
to sarcopenia [6, 14, 15], there is still unclear evidences about the effects of smoking on 
diaphragm structure during aging.

Therefore, this study aimed to analyze the effects of cigarette smoking on the diaphragm 
histopathology of postmortem samples from patients without respiratory pathologies.

Materials and Methods

Study subjects
Ethical approval was obtained from the review board for human studies at the University of São Paulo 

Medical School (São Paulo, Brazil). The study was consistent with the Helsinki Declaration. Consent was 
obtained from the next of kin. Hospital charts were reviewed by a physician. Subjects with the following 
conditions, which may affect the muscular structure [16-18], were excluded: postmortem interval > 24h, 
Hepatitis B and C, HIV, heart failure, neuromuscular disease, myopathy, and respiratory pathologies (e.g. 
COPD). We included subjects with a smoking history of  > 20 years in the smoking group (heavy smokers) 
[16]. Inclusion criterion for controls was never had smoked, and a lack of respiratory pathology in the 
history and at autopsy.

Pathological assessment and histochemical techniques
All samples were provided from the São Paulo Autopsy Service of University of São Paulo Medical 

School. Samples were collected at approximately 5 cm from the central tendon (midcostal region) to avoid 
the muscle fibers that radiate toward this tendon insert, which may influence the collagen analysis, as 
previous described [16, 19]. The blocks were cut with a microtome (6 μm – thick section) [16]. Transverse 
sections were mounted on a glass slide and stained with picrosirius red for collagen fibers and hematoxylin 
and eosin (H&E) for histopathology [16, 19]. Histopathological analysis was conducted by two experienced 
morphologists blinded to all clinical data to avoid bias [20].

Quantification of collagen and abnormal myofibers
Twenty randomly selected fields were analyzed with a light microscope (Zeiss, x100 magnifications), 

with both standard filter (blue) and polarized filter (dark red), for each staining technique, i.e. a total of 
40 scanned images per patient, using an image analysis program (Axio Vision Software, Zeiss). For volume 
density (Vv) of the collagen fibers (in both standard and polarized filters) and abnormal myofibers (standard 
filter), the photomicrographs of the diaphragm were analyzed using the Image J software (version 1.47, 
National Institutes of Health) by a stereological test-system with 336 points and values were expressed 
as a percentage [16, 21, 22]. We used a test-system with 336 points because we are analyzing small 
structures regarding abnormal morphology in images with ×100 increase [16, 21]. Table 1 summarizes the 
characteristics of normal muscle fibers, as well as, abnormal muscle morphology (adapted from [16]).
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The Vv was estimated for the collagen fibers, 
central nucleus, abnormal cytoplasm, and abnormal size 
and/or shape as: (Vv [structure] = PP [structure]/PT), 
where PP is the number of points that hit the structure, 
and PT is the total test-points [22]. Additionally, we 
analyzed the cross-sectional area (µm²) of 10 normal 
muscle fibers in each H&E staining scanned images 
using Axio Vision software (100x magnification), i.e. a 
total of 200 normal muscle fibers per patient.

Statistical Analysis
Data were expressed as mean ± standard 

error (SEM) for continuous variables, and absolute 
and relative frequencies for categorical ones. We 
initially conducted unpaired Student’s t-test to 
examine whether the groups were different regarding 
demographics and pathological continuous variables. 
We used X2 tests or Fisher exact test when appropriate 
for categorical variables. To test whether the myofiber 
size distributions were different between the groups, 
the Kolmogorov-Smirnov test was used [16, 23].

The statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Prism, Inc., San 
Diego, CA). The alpha level was set at the 0.05 level, and all tests were two-tailed.

Results

From the 39 biopsies gathered in the postmortem study undertaken, 23 met the inclusion 
and exclusion criteria for the Smoker and Control groups and could be age- and sex-matched 
(Table 2). This sample size is sufficient to answer our research question, as has already been 
demonstrated in the literature with COPD patients with a history of more than 20 years 
of smoking [16]. However, we highlight that none of the subjects included in the studied 
groups showed any evidence of respiratory pathology. Eleven of the 23 included patients had 
pulmonary edema deaths due to cardiovascular complications. Although patients had stayed 
in bed for at least one day before death, none of them experienced mechanical ventilation.

H&E sections revealed a variety of abnormalities that were significantly increased with 
smoking (Fig. 1). Smokers diaphragm had a significant higher percentage of central nucleus 
(8.97±0.16 versus 6.95±0.05%) and abnormal size and shape (3.72±0.07 versus 2.78±0.04%) 
with a wide range of small fibers, suggesting atrophy. However, the most predominant 
feature was an abnormal cytoplasm in smokers (12.56±0.22 versus 3.51±0.08%). Common 
observations of abnormal cytoplasm were loss of cytoplasm integrity and inflammatory 
infiltrates.

Table 1. Characteristics of the diaphragm muscle in the hematoxylin and eosin stained sections

of three largest fibers in the field), angled fiber (resembling a “c” or “s”)

Table 2. Patient characteristics. F: female. M: 
male. BMI: body mass index. No.: number. Data 
expressed as mean ± SEM. *p<0.05
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In cross-sections of the diaphragm 
stained with picrosirius red under 
polarized filter (Fig. 2), collagen was in the 
endomysium, perimysium, epimysium, and 
vessel walls. The only other structures that 
stained positively for collagen were nerve 
sheaths, which were not included in the 
point counting. Point counting revealed 
a greater percentage of collagen fibers in 
samples from the smoking group compared 
with the controls (20.21±0.14 versus 
15.32±0.08%, respectively).

We observed that smoker patients had 
a significant decrease (p<0.001) in normal 
fiber area of the diaphragm when compared 
to the control group (1, 147±18.26 versus 1, 
284±17.66 µm², respectively). Additionally, 
the Kolmogorov-Smirnov test showed their 
cumulative distributions to be different 
(p<0.001), with a greater proportion of 
smaller fibers in the smokers’ samples (Fig. 
3).

Discussion

Our study analyzed the effects of 
smoking on the diaphragm histology of 
human postmortem samples. Previous 
studies characterized the muscle fibers as 
homogenous fibers with polygonal shape 
and peripheral nucleus [16, 24]. However, 
Scott et al. [16] observed abnormal fibers 

Fig. 1. Percentage of (A) 
central nucleus (black 
arrow); (B) abnormal 
size and shape (black 
arrow indicates a small 
fiber); and (C) abnormal 
cytoplasm (black arrow 
indicates the ruptured 
cytoplasm) in the studied 
groups. Representative 
photomicrographs for 
both groups in each 
analysis are shown 
(Scale bars = 50 µm). 
Data are mean ± SEM 
values.
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Fig. 2. Cross-sectional images of the diaphragm 
muscle stained with the Picrosirius technique in 
both blue filter (standard) and polarized filter (dark 
red), showing the collagen fibers in both control and 
smoker group (scale bars = 50 μm). Representative 
graphic was obtained after stereological analysis. 
Data are mean ± SEM values.
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in the diaphragm of COPD patients that 
smoked more than 20 years. These patients 
had a decrease in cross-sectional area, 
suggesting muscle wasting, followed by 
migration of the peripheral nucleus to a 
central nucleus, increased inflammatory 
infiltrates which may lead to degradation 
of muscle fibers (ruptured cytoplasm) and 
increased fibrosis as previously suggested 
as histopathological changes of COPD due to 
oxidative damage and chronic inflammation 
[25-31]. In our study, we observed the same 
characteristics in non-COPD smokers when 
compared to control group.

Interestingly, Barreiro et al. [32] have 
investigated oxidative stress in skeletal 
muscles of human smokers and guinea pigs 
chronically exposed to cigarette smoke (CS). 
Compared with control subjects, protein 
oxidation and carbonylated contractile 
protein levels were increased in quadriceps 
of smokers and patients with COPD and 
in limb muscles of CS-exposed animals. 
Additionally, muscle force of quadriceps was 
mildly but significantly reduced in smokers 
compared with control subjects [32]. 
These results suggest that CS causes direct 
oxidative damage to muscle proteins, which 
might contribute to muscle dysfunction 
in smokers and in patients with COPD. In 
addition, Petersen et al. [6] found lower 
muscle protein synthesis rates and higher 
muscle atrophy F-box (MAFbx/atrogin-1) 
expression in the muscle of smokers 
compared with that of non-smokers and 
concluded that smoking impairs the muscle 
protein synthesis processes and increases 
the expression of genes associated with 
impaired muscle. Moreover, in chronic 
smoking, the number of inflammatory cells (e.g. neutrophils) increase, as well inflammatory 
mediators (e.g. tumour necrosis factor alpha, interleukins, and  nuclear factor kappa B) [33-
37]. We highlight in our results a great number of inflammatory infiltrates surrounding, 
mainly, fibers with abnormal cytoplasm. So, we suggest that the increase of inflammatory 
cells and its mediators combined with oxidative damage may contribute to diaphragm 
muscle histopathology in smokers, independent of respiratory diseases (e.g. COPD), which 
may explain our results [6, 14, 32-38].

Finally, smoker patients had a significant increase of collagen accumulation when 
compared to controls, indicating fibrosis. Diaphragm injury is characterized by structural 
abnormalities and fibrosis leading to loss of force-generation with a more prolonged time 
course of recovery, corresponding to the need to regenerate or repair the injury [39-41]. 
If exertional muscle injury is chronically repeated, regeneration may be compromised 
resulting in the pathological, long-term accumulation of collagen [40, 42]. An association 
between collagen accumulation and injury of the human diaphragm has also been reported 
in the histopathology of both COPD and sudden infant death syndrome [16, 43].

Fig. 3. Cross-sectional area. (A) Total cross-sectional 
area (μm²) between the groups. Data are mean ± 
SEM values. (B) Cumulative distribution of myofiber 
cross-sectional areas in smoking patients and 
control subjects. Representative photomicrographs 
are shown above (scale bars = 50 μm). Note the 
increased proportion of small fibers in the smoking 
group as well as an inflammatory infiltrate (black 
arrow).
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However, our results should be examined considering the study limitations. We did not 
follow participants during life, and clinical variables were evaluated postmortem through 
Hospital charts. To increase the reliability of these data, we included only participants who 
had contact with the next of kin and excluded individuals when the informant provided 
conflicting information when compared to Hospital records during the clinical interview.  In 
addition, several conditions could potentially affect the musculature, for instance, the aging 
process [9-11, 44]. Most of our patients had more than 70 years and a prevalence of death from 
pulmonary edema. According to previous clinical and experimental studies, the diaphragm 
strength decreases with aging which is dependent of histological and neurotrophic alterations 
[9-11, 44]. However, despite the age and cause of death we observed significant alterations 
between the groups. On the other hand, we might have over-represented individuals 
with pulmonary edema death due to cardiovascular diseases, and further studies should 
analyze the diaphragm of smokers across the aging process considering the cause of death. 
Although we assessed the muscle histopathology with only H&E and picrosirius staining 
techniques, these methods were previous used to evaluate the diaphragm histology [16, 
39]. Nevertheless, we encourage future studies to add molecular and immunohistochemical 
analyzes to verify the modulatory effects of smoking on the diaphragm muscle. Regarding 
collagen analysis, using a polarized filter, we can see in both groups the presence of type 
I (red), intermediate (yellow/orange), and type III (green) collagen fibers [45]. However, 
we analyzed the total collagen deposit despite the type of fiber. We encourage studies to 
elucidate the presence of each type of collagen fibers, as well as enzymes responsible for 
muscle repair and remodeling in response to injury (e.g. metalloproteinases) caused by 
different intensities of smoking (light, moderate, and heavy).

Although our study has limitations, we also have some advantages. We presented 
clinical and histopathological data from heavy smokers who had not showed any evidence of 
respiratory pathology. Previous study included only COPD patients with a heavy intensity of 
smoking [16].  However, respiratory diseases as COPD are responsible for structural changes 
in the diaphragm muscle [16, 25-31]. Additionally, we did not included patients with HIV and 
Hepatitis as viral diseases, mainly HIV, may negatively affect the musculature [18]. Regarding 
the postmortem period, our methodology was in accordance with previous studies which 
demonstrated that store the sample less than 24 hours of postmortem interval is essential 
to maintain the muscular integrity [17, 19]. In addition, our histopathological assessment 
consisted from predeterminate muscular abnormalities, which allows for the accuracy of 
our findings in H&E sections [16, 28, 29]. Moreover, we investigated the collagen deposit 
under polarized filter, which provides a more accurate analysis of collagen content in the 
diaphragm, which has not been fully explored in previous studies [16, 39].

Conclusion

In conclusion, we described the association of smoking and diaphragm injury in a 
sample of Brazilian individuals. Accordingly, further studies are needed regarding the 
physiological and molecular mechanisms involving diaphragm injury and smoking for a 
better understanding of our results.
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