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Abstract
The aim of this prospective cohort study was to explore the effect of statins on long-term respiratory symptoms and pulmonary 
fibrosis in coronavirus disease 2019 (COVID-19) patients with diabetes mellitus (DM). Patients were recruited from three tertiary 
hospitals, categorized into Statin or Non-statin groups, and assessed on days 0, 28, and 90 after symptoms onset to record the duration 
of symptoms. Pulmonary fibrosis was scored at baseline and follow-up time points by high-resolution computed tomography scans. 
Each group comprised 176 patients after propensity score matching. Data analysis revealed that the odds of having cough and dyspnea 
were significantly higher in the Non-statin group compared to the Statin group during the follow-up period. Overall, there was no 
significant difference in the change in pulmonary fibrosis score between groups. However, Non-statin patients with > 5 years of DM 
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were more likely to exhibit a significantly higher fibrosis score during the follow-up period as compared to their peers in the Statin 
group. Our results suggest that the use of statins is associated with a lower risk of developing chronic cough and dyspnea in diabetic 
patients with COVID-19, and may reduce pulmonary fibrosis associated with COVID-19 in patients with long-term (> 5 years) DM.

Graphical Abstract

Keywords COVID-19 · Diabetes mellitus · Statins · Post-acute COVID-19 syndrome · Pulmonary fibrosis

Introduction

Coronavirus disease 2019 (COVID-19) caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has spread uncontrollably around the world with consider-
able impacts on public health and the international economy 
(Peterson and Walker 2022; Walls et al. 2020). This high 
virulence is due to multiple mechanisms allowing SARS-
CoV-2 to manipulate host immune responses, thus prolong-
ing viral clearance periods in patients (Taefehshokr et al. 
2020). The virus primarily targets the respiratory system 
and mainly enters respiratory cells by binding to cell surface 
receptor proteins such as angiotensin-converting enzyme 2 
(ACE2) and neuropilin-1 (Kouhpayeh et al. 2021; Kyrou 
et al. 2021; Shojaei et al. 2020b; Siri et al. 2021; Walls et al. 
2020). ACE2 is recognized as a non-immune receptor for 
SARS-CoV-2 and binds to the viral S protein receptor-bind-
ing motif at its N-terminal extracellular catalytic domain 
(Gawish et al. 2022; Jackson et al. 2022). Most COVID-
19 patients present with mild to moderate symptoms but 
roughly one-sixth develop severe pneumonia, of which 

approximately 5% ultimately develop acute respiratory 
distress syndrome, septic shock, or multiple organ failure 
(Centers for Disease Control and Prevention 2020; Peymani 
et al. 2021). Evidence suggests that some patients experience 
long-term symptoms and pulmonary fibrosis after recovery 
from the acute phase of COVID-19 has emerged; an unde-
sirable pathologic phenomenon known as long COVID or 
post-acute COVID-19 syndrome (PCS) (Jutant et al. 2022). 
PCS is affected by multiple factors such as dysregulated 
inflammation, organ damage, and the presence of certain 
pre-existing conditions, including diabetes mellitus (DM) 
(Habibzadeh et al. 2021; Raveendran and Misra 2021).

DM is a common underlying disease in COVID-19 
patients and one of the leading causes of morbidity and 
mortality worldwide (Centers for Disease Control and Pre-
vention 2020, 2022; Drozdzal et al. 2021; Guo et al. 2020). 
COVID-19 might put DM patients at risk of hyperglycemia, 
which consequently might modulate immune and inflamma-
tory responses (Lim et al. 2021). Furthermore, the dysregu-
lated immune system and pro-inflammatory state in DM, 
characterized by excessive and improper cytokine responses, 
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might predispose COVID-19 patients to severe respiratory 
symptoms, organ damage, and poor clinical outcomes (Hus-
sain et al. 2020; Lim et al. 2021). Thus, DM could augment 
the prolonged inflammatory response in COVID-19, thereby 
potentially promoting pulmonary fibrosis that can lead to 
long-term respiratory symptoms as seen in PCS patients 
(Raveendran and Misra 2021). In addition, there are several 
common main risk factors for severe COVID-19 and idi-
opathic pulmonary fibrosis that include increasing age, male 
sex, and associated comorbidities such as DM (George et al. 
2020; Lechowicz et al. 2020). Therefore, the control of DM 
by glucose-lowering medications and the prevention of dis-
ease complications by lipid-lowering agents such as statins 
need special attention in COVID-19 patients.

Statins are well-known cholesterol-lowering medica-
tions recommended by the American Diabetes Association 
for nearly all DM patients (Ahmadi et al. 2020; American 
Diabetes Association Professional Practice Committee 
2022). Their principal mechanism of action is blocking the 
mevalonate pathway by competitively inhibiting 3-hydroxy-
3-methylglutaryl coenzyme A reductase (Adhyaru and 
Jacobson 2018; Shojaei et al. 2020a). Beyond their lipid-
lowering effects, these agents show pleiotropic immu-
nomodulatory, anti-inflammatory, anti-fibrotic, and anti-
cancer effects (Ahmadi et al. 2020; Alizadeh et al. 2017; 
Emami et al. 2019; Liao and Laufs 2005; Schaafsma et al. 
2011a). Moreover, statins suppress HIV replication through 
upregulation of p21 in CD4 T cells (Elahi et al. 2016), and 
inhibit respiratory syncytial virus replication as well as load 
in mice (Gower and Graham 2001), indicating anti-viral 
properties. Statins could potentially limit the exaggerated 
inflammatory response by amplifying ACE2 expression and 
inhibiting Toll-like receptor nuclear factor κB and NOD-like 
receptors family pyrin domain containing 3 inflammasomes 
(Drozdzal et al. 2021; Lee et al. 2020). Recent investigations 
have shown strong evidence for the anti-fibrotic effects of 
statins in airway resident cells and improved clinical out-
comes in idiopathic pulmonary fibrosis patients using statins 
(Kreuter et al. 2017; Schaafsma et al. 2011b; Watts et al. 
2005). Moreover, statins may potentially affect COVID-19 
pathogenesis via targeting autophagy and apoptosis of host 
cells and virulence of SARS-CoV-2 (Han et al. 2018; Peng 
et al. 2018). Hence, the use of statins has attracted much 
attention as an adjunctive therapy to mitigate dysregulated 
inflammation and improve the clinical outcomes of COVID-
19 patients (Scheen 2021).

Based on the scale of the pandemic, the health burden of 
PCS and fibrotic lung disease following COVID-19 is likely 
to be high. At the same time, despite the scientific rationale 
for using statins in COVID-19 patients, the effects of statins 
on long-term respiratory symptoms and pulmonary fibrosis 
have not been characterized yet. Therefore, we followed up 
on our previous retrospective investigation on the impact of 

statins on COVID-19 (Peymani et al. 2021) and designed 
this prospective cohort study to specifically evaluate the 
effects of statins on the duration of respiratory symptoms 
and changes in pulmonary fibrosis using high-resolution 
computed tomography in COVID-19 patients with DM over 
a three-month follow-up period.

Materials and Methods

Study Design and Patients

This multi-center prospective cohort study was conducted 
between May and December 2021 in three tertiary hospitals 
in Iran: The Karoon Hospital (Gotvand city), Razi Hospi-
tal (Rasht city), and Golestan Hospital (Ahvaz city). This 
study was conducted at the same time as the fourth and fifth 
waves of the COVID-19 pandemic, and based on the avail-
able data the delta variant was becoming the dominant strain 
in that period of time (Yavarian et al. 2022). This work was 
approved by the Shiraz University of Medical Sciences (IR.
SUMS.REC.1399.151) and the Institutional Review Board 
of the relevant centers. Written informed consent was 
obtained from all the participants.

COVID-19 patients with diabetes who met the inclu-
sion criteria were included in Statin or Non-statin groups 
and followed up for three months after initial symptoms to 
assess the potential effects of statins on long-term respira-
tory symptoms and pulmonary fibrosis. Inclusion criteria 
were: (a) 18 < age (years) < 85; (b) confirmed diagnosis of 
diabetes mellitus based on American Diabetes Associa-
tion guidelines (American Diabetes Association 2021); (c) 
confirmed diagnosis of COVID-19 defined as a laboratory-
confirmed SARS-CoV-2 infection through real-time reverse-
transcriptase polymerase chain reaction; (d) presenting with 
at least one of the following respiratory symptoms: cough, 
dyspnea, chest discomfort, anosmia, ageusia, fever, sweat-
ing, fatigue, myalgia, arthralgia, or headache. Patients with 
chronic respiratory disease, active hepatic disease, deafness, 
blindness, intellectual disability, and critical cases were 
excluded.

Baseline Assessment and Follow‑Up

Baseline demographics, comorbidities, and blood labora-
tory test results were collected from the electronic medical 
records systems during the first visit. Initial signs, symp-
toms, and the presence of abnormal sounds in auscultation 
were also recorded. Modified Medical Research Council 
(mMRC) Dyspnea Scale and cough symptom score (CSS) 
were used to score the severity of dyspnea and cough, 
respectively.
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All patients were offered two follow-up interviews on 
days 28 and 90 after presenting initial symptoms on day 
0. Additionally, a clinic follow-up card was given to each 
patient to record the exact initiation and end date of symp-
toms. Also, patients with available baseline and follow-up 
high-resolution computed tomography scans (HRCTs) were 
included in HRCT analysis to evaluate pulmonary fibrosis.

Review of HRCT Images

Pulmonary fibrosis in HRCT images was scored from 0 to 30 
based on a method described by Camiciottoli et al. (2007). 
Briefly, the total score is equal to the score for all types 
of lesions (ground-glass opacities = 1; linear opacities = 2; 
interlobular septal thickening = 3; reticulation = 4; honey-
combing and bronchiectasis = 5) plus the extent score for 
each type of lesions (1–3 involved pulmonary segments = 1; 
4–9 segments = 2; more than 9 segments = 3). All images 
were reviewed randomly by an expert radiologist and an 
experienced research assistant, who were blinded to the 
study groups.

Statistical Analysis

Propensity score matching was performed through a 1:1 
greedy matching algorithm to limit potential residual 

confounding factors. In observational studies, it is impos-
sible to have control over confounder variables at the begin-
ning of the study. Therefore, confounder effects should be 
removed by matching. Covariates in the propensity analy-
ses included age, sex, obesity, Charlson comorbidity index, 
smoking status, use of insulin, diabetes duration, serum level 
of glycosylated hemoglobin, history of liver disease, renal 
disease, hypertension, cardiovascular disease, and cerebro-
vascular disease.

Continuous data are reported as mean and standard devia-
tion (SD) or median and interquartile range [IQR], and cat-
egorical data are shown as numbers and percentages. The χ2 
test, Student t test, and Mann–Whitney U tests were used for 
comparative analysis of baseline characteristics. Using the 
Kaplan–Meier (log-rank) test, patients in two groups were 
compared in terms of time to becoming symptom-free. On 
bivariate analysis, odds ratios along with their 95% confi-
dence intervals (95%CIs) were calculated using a marginal 
model via generalized estimation equation. Marginal mod-
els are substitutions of repeated measurement analysis in 
follow-up studies when the response variable does not have a 
normal distribution. We also conducted a subgroup analysis 
to explore how statins in combination with certain factors 
affect pulmonary fibrosis.

Fig. 1  Flow diagram of enrollment and follow-up of diabetic patients with COVID-19 in the statin and non-statin groups
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IBM SPSS Statistics (IBM Corporation, version 19.0) and 
GraphPad Prism software version 8.0.2 (GraphPad Software, 
San Diego, California, USA), R version (4.1.0) were used to 

perform data analysis. Differences were considered statisti-
cally significant when p-values ≤ 0.05.

Table 1  Demographics and 
baseline characteristics of 
diabetic patients infected with 
SARS-CoV-2

Data are presented as mean ± standard deviation, median [inter quartile range], or number (percentage)
NSAIDs non-steroidal anti-inflammatory drugs; NA not applicable
*HbA1c value is 7% or higher

Characteristic Non-statin (n = 176) Statin (n = 176) p-Value

Female 120 (68.2) 128 (72.7) 0.41
Age, years 61 [54–66] 62 [56–66] 0.21
Body mass index, kg/m2 28.3 (3) 28.7(2.8) 0.16
Smoker 23 (13.1) 20 (11.4) 0.62
Duration of diabetes, years 4 [3–7] 5 [4–7] 0.12
Poor-controlled diabetes* 58 (33) 43 (24.4) 0.077
Number of comorbidities 2 [1–2] 2 [1–2] 0.15
Hypertension 87(49.4) 99 (56) 0.24
Cardiovascular disease 25 (14.2) 36 (20.5) 0.005
Cerebrovascular disease 9 (5.1) 14 (8) 0.38
Chronic kidney disease 24 (13.6) 26 (14.8) 0.43
Liver disease 10 (5.7) 12 (6.8) 0.66
Charleston comorbidity index score 4.4 (1.2) 4.6 (1.5) 0.22
Laboratory tests
 White blood cell count; ×  109/L 8.1 [6.6–9.3] 7.3[6.4–8.6] 0.07
 Neutrophil count; ×  109/L 6.1 [5.1–7.2] 5.7 [4.9–6.6] 0.034
 Lymphocytes count; ×  109/L 1.4 [1.1–1.8] 1.4 [1.1–1.8] 0.81
 Platelets count; ×  109/L 284 [235–350] 270 [214–321] 0.028
 Haemoglobin; g/L 12.1 [11.3–13] 11.8 [10.8–12.7] 0.061
 Serum creatinine; µmol/L 1.1 [0.9–1.2] 1.09 [1–1.27] 0.22
 Triglyceride; mg/dL 157 [134–182] 153 [126–182] 0.01
 Cholesterol; mg/dL 172 [155–197] 168 [150–189] 0.12
 LDL; mg/dL 95 [76–116] 89 [60–104] 0.001
 HDL; mg/dL 32 [25–40] 35 [23–42] 0.19
 Aspartate aminotransferase; U/L 25.6 [17.8–39.3] 29.4 [19.3–44.6] 0.17
 Alanine aminotransferase; U/L 19.3 [15.2–30.7] 22.8 [18.1–31.9] 0.19
 ESR 37 [26.2–51.7] 32 [22–46.5] 0.089
 d-dimer, µg/mL 0.5 [0.4–0.7] 0.5 [0.4–1.1] 0.18
 C-reactive protein; mg/dL 12.7 [11.7–35] 23 [11.2–37] 0.99
 HbA1c 7.9 [6.7–7.4] 8.1 [7.5–9.5] 0.082

Medications
 Atorvastatin NA 148 (84.1) NA
 Rosuvastatin NA 17 (9.7) NA
 Simvastatin NA 8 (4.5) NA
 Other statins NA 3 (1.7) NA
 Insulin 64 (36.4) 60 (34.1) 0.73
 Metformin 98 (55.7) 86 (48.9) 0.24
 Other oral diabetes medications 53 (30.1) 60 (34.1) 0.42
 Antihypertensive of any type 73 (41.5) 80 (45.5) 0.51
 Anti-coagulant and anti-platelet 62 (35.2) 57 (32.4) 0.65
 NSAIDs 69 (39.2) 74 (42) 0.66
 Proton pump inhibitors/antacids 51 (29) 59 (33.5) 0.42
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Results

Participants

A total of 652 diabetic patients with confirmed COVID-
19 was assessed for participation eligibility (Fig. 1). After 

excluding 134 patients, 518 patients were included in the 
study. A hundred and seventy-six out of 263 patients in the 
Statin group and 206 out of 255 patients in the Non-statin 
group successfully attended the first and second follow-up 
interviews. After propensity matching, 176 patients from 
each group were included in the data analysis.

Table 2  The frequency of initial and persistent symptoms, and the results of marginal model (GEE estimation) analysis in statin and non-statin 
patient groups

Data are presented as absolute numbers and (percentages); each group contained a total of 176 patients
CI confidence interval; GEE generalized estimation equation; N non-statin group; OR odds ration; S statin group

Onset (Day 0) Day 28 Day 90 GEE estimation (statin vs non-statin)

Symptoms N S N S N S OR 95% CI for OR p-value

Fever/sweating 105 (59.7) 91 (51.7) 43 (24.4) 33 (18.8) 21 (11.9) 16 (9.1) 1.29 0.94–1.78 0.11
Fatigue 89 (50.6) 79 (44.9) 39 (22.2) 33 (18.8) 12 (6.8) 7 (4) 1.24 0.91–1.71 0.18
Myalgia/arthralgia 50 (28.4) 56 (31.8) 24 (13.6) 26 (14.8) 7 (4) 9 (5.1) 0.86 0.57–1.31 0.49
Headache 48 (27.3) 61 (34.7) 21 (11.9) 25 (14.2) 10 (5.7) 6 (3.4) 0.84 0.55–1.27 0.41
Cough 106 (60.2) 91 (51.7) 30 (17) 20 (11.4) 10 (5.7) 5 (2.8) 1.35 1.01–1.81 0.046
Dyspnea 97 (55.1) 81 (46) 45 (25.6) 36 (20.5) 21 (11.9) 10 (5.7) 1.42 1.02–1.98 0.037
Chest discomfort 48 (27.3) 37 (21) 30 (17) 14 (8) 7 (4) 3 (1.7) 1.58 0.99–2.51 0.052
Anosmia/ageusia 77 (43.8) 87 (49.4) 35 (19.9) 39 (22.2) 19 (10.8) 17 (9.7) 1.24 0.91–1.71 0.18
Abnormal sound on 

auscultation
76 (43.2) 70 (39.8) 40 (22.7) 25 (14.2) 24 (13.6) 13 (7.4) 0.86 0.57–1.31 0.49

Fig. 2  Kaplan–Meier curves 
showing the symptom-free 
percentage of patients in each 
group during the study
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Table 1 summarizes the demographics, clinical back-
grounds, and laboratory test results of patients in each group. 
Females with controlled diabetes were the dominant popula-
tion, while hypertension was the most common comorbidity. 
Patients in the Statin group had significantly lower serum 
levels of LDL cholesterol, triglycerides, and platelets.

Respiratory Symptoms

The frequency of occurring respiratory symptoms is sum-
marized in Table 2. Cough was the most common initial 
symptom in both groups, followed by fever/sweating 
and dyspnea. Cough in the Statin group dropped from 
60.2% to 11.4% and 5.7% on days 28 and 90 of follow-up, 

respectively. In patients who did not receive statins, cough 
prevalence decreased from 51.7% to 17% and 5.7%. Simi-
larly, there was a dramatic reduction in the presence of 
dyspnea and other symptoms throughout the follow-up 
period. Further data analysis revealed that the odds of hav-
ing a cough during the follow-up period were higher in 
patients not using statins compared to those who did (OR: 
1.35, CI 95%: 1.01–1.81; p = 0.046). In addition, patients 
in the Non-satin group were more likely to present with 
dyspnea (OR:1.42, CI 95%: 1.01–1.81; p = 0.046). How-
ever, there were no statistically significant differences in 
experiencing other symptoms between groups throughout 
the follow-up period.

Fig. 3  Comparison of the dyspnea (A) and cough (B) severity in the 
statin and non-statin groups. Violin plots are showing the distribution 
of the Medical Research Council (mMRC) dyspnea scale and cough 

symptom score (CSS) at different time points. Solid and dotted lines 
represent the median values and quartiles, respectively. **Significant 
difference (p < 0.001); ns not significant

Table 3  Baseline and follow-up 
HRCT findings in statin and 
non-statin groups

Data are presented as mean ± standard deviation or median [inter quartile range]

HRCT features Non-statin group (n = 42) Statin group
(n = 51)

Initial Follow-up Initial Follow-up

Ground glass opacity 35 (83.3) 20 (47.6) 41 (80.4) 23 (45.1)
Affected segments 6 [3–8] 4 [2.25–6] 6 [4.5–10] 4 [3–6]
Linear opacity 33 (78.6) 20 (47.6) 40 (78.4) 19 (37.3)
Affected segments 4 [3–5.5] 2 [1.25–3] 3.5 [2–5.75] 3 [1–4]
Interlobular septal thickening 15 (35.7) 7 (16.7) 12 (23.5) 4 (7.8)
Affected segments 2 [1–2] 1.5 [1–2] 2 [1–2] 1 [1–2]
Reticulation 17 (40.5) 11 (26.2) 14 (27.5) 7 (13.7)
Affected segments 1 [1–2] 1 [1–1] 1 [1–2] 1 [1–1]
Honeycombing / Bronchiectasis 6 (14.3) 3 (7.1) 6 (11.8) 4 (7.8)
Affected segments 2 [1–2] 1 [1–1] 2 [1–3.25] 1 [1–1]
Pulmonary fibrosis score 8 [6–12] 5 [0–8] 8 [6–11] 5 [0–6]
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Figure 2 shows a Kaplan–Meier analysis of the time 
to a respiratory symptom-free day in each group (cough, 
dyspnea, chest pain). The results revealed a trend toward 
an earlier resolution of cough in the Statin group (HR: 
0.68, 95% CI: 0.48–0.94, pLog-rank: 0.016). On the other 
hand, there were no significant differences in time to the 
first symptom-free day of dyspnea or chest pain symp-
toms between our study groups.

The baseline and follow-up severities of cough and 
dyspnea are shown in Fig. 3A, B. The baseline median 
(M) cough CSS score of Non-statin patients was 3 (Q1 = 2, 
Q3 = 4), which was significantly higher than in the statin 
group (M = 2, Q1 = 2, Q3 = 3; p = 0.003). No other sig-
nificant differences in CSS or mMRC dyspnea severity 
scores could be observed between groups throughout the 
follow-up period (p > 0.05 for all).

Pulmonary Fibrosis Scores

Fifty-one patients in the statin group and 42 in the non-
statin group underwent both initial and follow-up HRCTs, 

which were taken 6 ± 3.2 and 51.9 ± 17.7 days after the 
onset of symptoms, respectively; HRCT imaging data are 
listed in Table 3. The most common findings were ground 
glass opacity, linear opacity, and reticulation in both groups. 
Most of the cases showed improvement in HRCT features 
and reduction in the involved segments over the study time 
course (Fig. 4). The initial median pulmonary fibrosis score 
was 8 for the non-statin [IQR = 6–12] as well as the statin 
[IQR = 6–11] group, which dropped to 5 [IQR = 0–8 and 
IQR = 0–6, respectively] in both groups as assessed in the 
follow-up HRCTs; no significant differences in pulmonary 
fibrosis score were observed between groups (β = 1.225, 95% 
CI = –0.47–2.92; p = 0.15).

Further subgroup analysis was performed by categorizing 
participants into subsets based on shared characteristics such 
as the use of metformin, insulin, non-steroidal anti-inflam-
matory drugs, duration of DM, and the control status of DM 
(Table 4). These analyses revealed that Non-statin patients 
suffering from DM > 5  years were more likely to have 
a higher fibrosis score during the follow-up period (2.43 
scores higher on average, SEM = 3.36) compared to Statin 

Fig. 4  Representative images of axial sections of initial and follow-
up HRCT scans of the lungs in COVID-19 patients with diabetes 
mellitus in statin (a and b) and non-statin (c and d) groups. a1 Ini-
tial HRCT image (fourth day of manifestations) of the lungs of a 
52-year-old male (Statin group) complaining of dyspnea and cough. 
The image shows consolidation and ground glass opacity (GGO) in 
the anterior (red arrows) and posterior segments (blue arrows) of the 
upper lobes of both lungs, and the superior segment of the lower lobe 
of the right lung (yellow arrow). a2 The same patient came in on day 
61 with a persistent cough. The follow-up HRCT showed significant 
regression of consolidation and GGO, without evidence of fibrotic 
changes. b1 Initial HRCT image (third day of manifestations) of the 
lungs of a 64-year-old female (Statin group) presenting with dysp-
nea shows an extensive airspace consolidation mainly in the poste-
rior segments of the upper lobes in both lungs (red rectangle), diffuse 
GGOs, and reticular opacities as shown in the superior segment of 
the lower lobe of the right lung (red arrow). b2 Although follow-up 
HRCT images on day 43 show prominent regression of consolida-

tion to GGOs, both lungs still have opacities. The dyspnea improved 
32  days after initiation. c1 Initial HRCT image (third day of mani-
festations) of the lungs of a 62-year-old female (Non-statin group) 
presenting with cough and dyspnea revealed diffuse GGOs in both 
lungs associated with fine linear opacity. c2 Follow-up HRCT image 
on the 38th day of manifestations shows linear opacity (red arrow) 
and subpleural opacity in the superior segments of the bilateral lower 
lobes (blue arrows). The cough disappeared after two months, but the 
dyspnea persisted throughout the follow-up period. d1 Initial HRCT 
image (fifth day of manifestations) of the lungs of a 59-year-old male 
(Non-statin group) presenting with fever, cough, and dyspnea. Exten-
sive bilateral GGOs (red arrows) and consolidation are seen. d2 The 
second HRCT obtained 82 days later shows interlobular septal thick-
ening (red arrows) and bronchial wall thickening (blue arrow) in the 
anterior segment of the upper lobe of the right lung and a significant 
reduction of GGO in both lungs. Dyspnea and cough persisted for 59 
and 55 days, respectively
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patients with a similar DM history (95% CI = –0.47–2.92, 
p = 0.041).

Discussion

This multicenter prospective study revealed that the use of 
statins is associated with lower odds of cough and dysp-
nea over a three-month follow-up period after the onset of 
COVID-19 in patients with diabetes. Moreover, patients on 
statins experienced substantially lower cough severity com-
pared to non-users. Despite the improvement in severity and 
duration of symptoms, Statin and Non-statin patients showed 
no significant differences in the improvement of pulmonary 
fibrosis score as assessed by HRCT, with the exception of 
statin users suffering from DM > 5 years who exhibited sig-
nificant improvement in pulmonary fibrosis as compared to 
non-statin patients with chronic DM. There is a paucity of 
prospective studies that have assessed the effects of statins 
on manifestations of COVID-19 or pulmonary fibrosis in 
DM patients, whereas retrospective studies mainly focused 
on assessing the mortality rate and reported controversial 
results. In a French nationwide observational study involv-
ing 2449 DM patients hospitalized for COVID-19, routine 
statin treatment was shown to be significantly associated 
with increased mortality (Cariou et al. 2021). In contrast, 
others reported that in-patient statin use was associated with 
a considerable reduction in the mortality rate of COVID-19 
patients with DM (Lohia et al. 2021; Saeed et al. 2020). So, 
there appears to be a lack of consensus on the impact of 
statins on clinical outcomes in DM patients with COVID-19. 

Our current findings provide further evidence for the benefi-
cial effects of statin use in these patients.

We observed positive effects of statins on the frequency, 
severity, and duration of cough. Cough is distressing to 
patients, causes social isolation, and increases the risk of 
community transmission by respiratory droplets (Dhand and 
Li 2020; Hulme et al. 2019). Chronic cough in PCS might 
result from different mechanisms such as the hematogenous 
spread of inflammatory mediators, the use of specific types 
of medications, the invasion of vagal sensory neurons by 
SARS-CoV-2, or a neuroinflammatory response leading 
to peripheral and central hypersensitivity of cough path-
ways (Song et al. 2021). Furthermore, pulmonary fibrosis 
could increase cough reflex sensitivity due to mechanical 
stimulation of the chest wall (Jones et al. 2011). In con-
trast to a cough that can persist after the flu or a common 
cold, chronic cough in PCS is often accompanied by other 
associated presentations, which could indicate a common 
pathological mechanism such as pulmonary fibrosis (Song 
et al. 2021). As evident from our results, patients in the non-
statins group were more likely to have dyspnea throughout 
the follow-up period compared to the statin group. Hypo-
thetically, more pronounced or sustained pulmonary fibrosis 
in non-statin patients (as compared to statin users) could be 
a possible explanation for the higher frequency of chronic 
cough and dyspnea in this group.

However, the analysis of follow-up CT images indicated 
no statistically significant differences in pulmonary fibro-
sis score between the overall population of the statin and 
non-statin groups; of note, this could be related to the rela-
tively low number of assessed HRCTs. Interestingly, further 

Table 4  Subgroup analyses of 
HRCTs to explore the effects of 
statins on pulmonary fibrosis 
score

* Controlled diabetes is defined as HbA1c value of 7% or higher
NSAIDs non-steroidal anti-inflammatory drugs

Variables N β 95% CI p-value

Non-statin Statin Upper Lower

Metformin Yes 24 22 1.73 –0.53 3.99 0.134
No 18 29 0.33 –2.23 2.88 0.801

Insulin Yes 28 19 1.59 –1.58 4.76 0.325
No 24 32 0.948 –0.89 2.79 0.314

NSAIDs* Yes 19 22 0.309 –1.84 2.46 0.779
No 23 29 1.99 –0.47 4.46 0.113

NSAIDs and Metformin Yes 12 9 1.57 –1.47 4.61 0.311
No 30 42 1.221 –0.819 3.25 0.238

NSAIDs and Insulin Yes 5 9 –1/12 –5.26 3.02 0.595
No 37 42 1/512 –0.316 3.341 0.105

Diabetes duration  > 5 years 13 14 2.43 0.12 4.74 0.041
 ≤ 5 years 29 37 0.353 –2.62 3.33 0.816

Controlled diabetes Yes 13 13 0.462 –2.30 3.22 0.743
No 29 38 1.53 0.57 3.64 0.152
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subgroup data analysis revealed that patients with long-term 
(> 5 years) diabetes in the non-statin group were more likely 
to have a higher fibrosis score during the follow-up period 
compared to statin group patients with a similar DM history. 
This observation further supports the long-term pleiotropic 
effects of statins as demonstrated in other diseases, including 
cancer (Shojaei et al. 2020a). Although, to the best of our 
knowledge, no publications on the effects of statins on the 
progression of pulmonary fibrosis in COVID-19 patients are 
currently available, several clinical and basic science investi-
gations have demonstrated that statins exert significant anti-
fibrotic effects in airway resident (mesenchymal) cells and 
could be beneficial in the treatment of pulmonary disorders 
characterized by fibrosis (Kou et al. 2022; Schaafsma et al. 
2011b). Statins may alleviate post-COVID pulmonary fibro-
sis by targeting transforming growth factor (TGF)-β signal-
ing, a multifunctional cytokine with profibrogenic effects 
that is elevated during and after COVID-19 (Pawlos et al. 
2021). This cytokine is associated with post-COVID-19 
pulmonary fibrosis by promoting lung tissue remodeling 
and connective tissue deposition among fibroblasts and 
epithelial cells. On the other hand, statins are believed to 
suppress epithelial–mesenchymal transition by attenuating 
TGF-β signaling (Yang et al. 2013). It is also worth men-
tioning that the effects of statins on fibrosis could, at least 
in part, be related to the regulation of cellular autophagy 
(Ghavami et al. 2012, 2014; Shojaei et al.2020a). Indeed, 
several previous investigations have shown that fibrosis 
could be regulated via autophagy in various organs, includ-
ing the lung and heart (Alizadeh et al. 2018; Ghavami et al. 
2015, 2018). Recent studies revealed that pulmonary fibro-
sis is associated with insufficient autophagy, which lead to 
injury and senescence of alveolar epithelial cells, facili-
tates epithelial-mesenchymal transformation, and promotes 
fibroblasts trans-differentiation into myofibroblasts (Araya 
et al. 2013). Thus, the restoration of impaired autophagy 
can inhibit fibroblast differentiation and collagen deposition 
and prevent pulmonary fibrosis, and it has been shown that 
statins could pulmonary airway inflammation by upregulat-
ing autophagy in animal models (Gu et al. 2017). There-
fore, the lower pulmonary fibrosis score after the onset of 
COVID-19 in long-term DM patients on statins may be due 
to pleiotropic anti-fibrotic effects of statins, possibly through 
the regulation of autophagy.

The combination of COVID-19 and diabetes could 
amplify the inflammatory response and contribute to a more 
severe disease state (Yang et al. 2020). This inflammatory 
condition is characterized by an increase in serum inflamma-
tory markers, which prognosticate subsequent critical illness 
in COVID-19 patients. Thus, the empirical findings from our 
study could be attributed to the well-known anti-inflamma-
tory and immunomodulating effects of statins that are medi-
ated by their impact on immune cells and downregulation 

of plasma concentrations of inflammatory mediators such as 
C-reactive protein (CRP), tumor necrosis factor, interleukin 
(IL)-1, and IL-6 (Ahmadi et al. 2020; Kim et al. 2019; Satny 
et al. 2021). Baseline laboratory tests indicated that patients 
in the Non-statin group had significantly higher blood neu-
trophil and platelet counts. Neutrophils play a crucial role in 
COVID-19 pathogenesis, particularly in those patients with 
severe disease courses (Reusch et al. 2021). For example, 
neutrophils enhance the degranulation of primary granules 
and promote the release of pro-inflammatory cytokines dur-
ing SARS-CoV-2 infection (Parackova et al. 2020). Addi-
tionally, identified neutrophil activators and effectors were 
identified as early biomarkers of severe COVID-19 (Mei-
zlish et al. 2021). The inflammatory state is enhanced in 
DM patients because hyperglycemia induces neutrophils to 
release neutrophil extracellular traps (NETs), which in turn 
contribute to the cytokine storm in COVID-19 (Santos et al. 
2021). Interestingly, high levels of IL-6 have been shown 
to induce the systemic release of NETs in other inflamma-
tory diseases of respiratory disease such as severe asthma 
and chronic obstructive pulmonary disease (Lachowicz-
Scroggins et al. 2019; Winslow et al. 2021), and statins may 
reduce IL-6 release under inflammatory conditions (Lopp-
now et al. 2011). The possible association between the ben-
eficial effects of statins and IL-6 release in our patients is a 
subject of our future studies. We also observed a trend for 
higher median WBC count, hemoglobin, and CRP levels in 
Non-statin vs Statin patients; however, these apparent dif-
ferences did not reach statistical significance. In support of 
our findings, a recent randomized clinical trial revealed that 
add-on treatment with atorvastatin in hospitalized COVID-
19 patients without prior use of statins led to a significant 
reduction of CRP levels (Davoodi et al. 2021), indicating 
this might represent one of the possible anti-inflammatory 
mechanisms of statin therapy in our patient population.

Our research involved a relatively large study popula-
tion of COVID-19 patients with DM from three hospitals 
across Iran. Moreover, this is the first prospective study 
that assessed the effects of statins on pulmonary fibro-
sis and long-term symptoms of COVID-19. It may pro-
vide another useful pleiotropic application of statins and 
hopefully further future mechanistic investigations open 
avenues for decreasing the post-COVID-19 effect on the 
pulmonary functions of DM patients.

Conclusions

Our work revealed that the use of statins in DM patients 
with COVID-19 is associated with a lower risk of develop-
ing long-term cough and dyspnea. We could not confirm 
the significant effects of statins on pulmonary fibrosis in 
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our general study population. However, our results do sug-
gest that statins reduce pulmonary fibrosis associated with 
COVID-19 in long-term (> 5 years) DM patients. Thus, 
statin therapy appears to be beneficial in DM patients diag-
nosed with COVID-19, and our findings warrant the pur-
suit of randomized control trials to verify the therapeutic 
impact of statin use on clinical outcomes and pulmonary 
fibrosis in these patients.

Acknowledgements We thank Science Impact (Winnipeg, Canada) for 
post-editing the final manuscript.

Author Contributions Conceptualization, SG, PM, and MS; methodol-
ogy, SG, PM, and MS, AH, TD; software, TD, and MS; formal analysis 
and visualization, TD, MS AH; investigation, FA, AS, MA, and NA; 
data curation, TD, MS; writing—original draft preparation, FA, MS; 
and OV; writing—review and editing, SG, PM; supervision, SG, PM, 
and MS.

Funding MJL acknowledges the generous support by the Silesian Uni-
versity of Technology grant for Ground-Breaking Research no. 32/007/
SDU/10-21-02.

Data Availability The dataset used to support the findings of this study 
is available from the corresponding author upon reasoned request.

Declarations 

Conflict of Interest The authors declare that they have no conflict of 
interest.

Ethics Approval This study was approved by the Shiraz University 
of Medical Sciences (IR.SUMS.REC.1399.151) and the Institutional 
Review Board of the relevant centers.

Consent to Participate Written informed consent was obtained from 
all the participants.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adhyaru BB, Jacobson TA (2018) Safety and efficacy of statin 
therapy. Nat Rev Cardiol 15:757–769. https:// doi. org/ 10. 1038/ 
s41569- 018- 0098-5

Ahmadi M, Amiri S, Pecic S et  al (2020) Pleiotropic effects of 
statins: a focus on cancer. Biochim Biophys Acta Mol Basis 
Dis 1866:165968. https:// doi. org/ 10. 1016/j. bbadis. 2020. 165968

Alizadeh J, Zeki AA, Mirzaei N et al (2017) Mevalonate cascade 
inhibition by simvastatin induces the intrinsic apoptosis 

pathway via depletion of isoprenoids in tumor cells. Sci Rep 
7:44841. https:// doi. org/ 10. 1038/ srep4 4841

Alizadeh J, Glogowska A, Thliveris J et al (2018) Autophagy modu-
lates transforming growth factor beta 1 induced epithelial to 
mesenchymal transition in non-small cell lung cancer cells. 
Biochim Biophys Acta Mol Cell Res 1865:749–768. https:// 
doi. org/ 10. 1016/j. bbamcr. 2018. 02. 007

American Diabetes Association (2021) 2. Classification and diag-
nosis of diabetes: standards of medical care in diabetes-2021. 
Diabetes Care 44(Suppl 1):S15–S33. https:// doi. org/ 10. 2337/ 
dc21- s002

American Diabetes Association Professional Practice Committee 
(2022) 10. Cardiovascular disease and risk management: stand-
ards of medical care in diabetes-2022. Diabetes Care 45(Suppl 
1):S144–S174. https:// doi. org/ 10. 2337/ dc22- er05

Araya J, Kojima J, Takasaka N et al (2013) Insufficient autophagy in 
idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Phys-
iol 304:L56–L69. https:// doi. org/ 10. 1152/ ajplu ng. 00213. 2012

Camiciottoli G, Orlandi I, Bartolucci M et al (2007) Lung CT den-
sitometry in systemic sclerosis: correlation with lung function, 
exercise testing, and quality of life. Chest 131:672–681. https:// 
doi. org/ 10. 1378/ chest. 06- 1401

Cariou B, Goronflot T, Rimbert A et al (2021) Routine use of statins 
and increased COVID-19 related mortality in inpatients with 
type 2 diabetes: results from the CORONADO study. Diabetes 
Metab 47:101202. https:// doi. org/ 10. 1016/j. diabet. 2020. 10. 001

Centers for Disease Control and Prevention (2020) Interim clinical 
guidance for management of patients with confirmed coronavi-
rus disease (COVID-19). https:// stacks. cdc. gov/ view/ cdc/ 89980

Centers for Disease Control and Prevention (2022) Underlying medi-
cal conditions associated with higher risk for severe COVID-
19: information for healthcare professionals [Online]. https:// 
www. cdc. gov/ coron avirus/ 2019- ncov/ hcp/ clini cal- care/ under 
lying condi tions. html. Accessed 17/05/2022

Davoodi L, Jafarpour H, Oladi Z et al (2021) Atorvastatin therapy 
in COVID-19 adult inpatients: a double-blind, randomized con-
trolled trial. Int J Cardiol Heart Vasc 36:100875. https:// doi. org/ 
10. 1016/j. ijcha. 2021. 100875

Dhand R, Li J (2020) Coughs and sneezes: their role in transmission 
of respiratory viral infections, including SARS-CoV-2. Am J 
Respir Critical Care Med 202:651–659. https:// doi. org/ 10. 1164/ 
rccm. 202004- 1263pp

Drozdzal S, Rosik J, Lechowicz K et al (2021) An update on drugs 
with therapeutic potential for SARS-CoV-2 (COVID-19) treat-
ment. Drug Resist Updat 59:100794. https:// doi. org/ 10. 1016/j. 
drup. 2021. 100794

Elahi S, Weiss RH, Merani S (2016) Atorvastatin restricts HIV rep-
lication in CD4+ T cells by upregulation of p21. AIDS 30:171–
183. https:// doi. org/ 10. 1097/ QAD. 00000 00000 000917

Emami A, Shojaei S, Da Silva Rosa SC et al (2019) Mechanisms of 
simvastatin myotoxicity: the role of autophagy flux inhibition. 
Eur J Pharmacol 862:172616. https:// doi. org/ 10. 1016/j. ejphar. 
2019. 172616

Gawish R, Starkl P, Pimenov L et al (2022) ACE2 is the critical 
in vivo receptor for SARS-CoV-2 in a novel COVID-19 mouse 
model with TNF- and IFNgamma-driven immunopathology. 
Elife 11:e74623. https:// doi. org/ 10. 7554/ elife. 74623

George PM, Wells AU, Jenkins RG (2020) Pulmonary fibrosis and 
COVID-19: the potential role for antifibrotic therapy. Lancet 
Respir Med 8:807–815. https:// doi. org/ 10. 1016/ s2213- 2600(20) 
30225-3

Ghavami S, Mutawe MM, Schaafsma D et al (2012) Geranylgera-
nyl transferase 1 modulates autophagy and apoptosis in human 
airway smooth muscle. Am J Physiol Lung Cell Mol Physiol 
302:L420–L428. https:// doi. org/ 10. 1152/ ajplu ng. 00312. 2011

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41569-018-0098-5
https://doi.org/10.1038/s41569-018-0098-5
https://doi.org/10.1016/j.bbadis.2020.165968
https://doi.org/10.1038/srep44841
https://doi.org/10.1016/j.bbamcr.2018.02.007
https://doi.org/10.1016/j.bbamcr.2018.02.007
https://doi.org/10.2337/dc21-s002
https://doi.org/10.2337/dc21-s002
https://doi.org/10.2337/dc22-er05
https://doi.org/10.1152/ajplung.00213.2012
https://doi.org/10.1378/chest.06-1401
https://doi.org/10.1378/chest.06-1401
https://doi.org/10.1016/j.diabet.2020.10.001
https://stacks.cdc.gov/view/cdc/89980
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/underlyingconditions.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/underlyingconditions.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/underlyingconditions.html
https://doi.org/10.1016/j.ijcha.2021.100875
https://doi.org/10.1016/j.ijcha.2021.100875
https://doi.org/10.1164/rccm.202004-1263pp
https://doi.org/10.1164/rccm.202004-1263pp
https://doi.org/10.1016/j.drup.2021.100794
https://doi.org/10.1016/j.drup.2021.100794
https://doi.org/10.1097/QAD.0000000000000917
https://doi.org/10.1016/j.ejphar.2019.172616
https://doi.org/10.1016/j.ejphar.2019.172616
https://doi.org/10.7554/elife.74623
https://doi.org/10.1016/s2213-2600(20)30225-3
https://doi.org/10.1016/s2213-2600(20)30225-3
https://doi.org/10.1152/ajplung.00312.2011


 Archivum Immunologiae et Therapiae Experimentalis            (2023) 71:8 

1 3

    8  Page 12 of 13

Ghavami S, Sharma P, Yeganeh B et al (2014) Airway mesenchy-
mal cell death by mevalonate cascade inhibition: integration of 
autophagy, unfolded protein response and apoptosis focusing on 
Bcl2 family proteins. Biochim Biophys Acta 1843:1259–1271. 
https:// doi. org/ 10. 1016/j. bbamcr. 2014. 03. 006

Ghavami S, Cunnington RH, Gupta S et al (2015) Autophagy is a 
regulator of TGF-beta1-induced fibrogenesis in primary human 
atrial myofibroblasts. Cell Death Dis 6:e1696. https:// doi. org/ 
10. 1038/ cddis. 2015. 36

Ghavami S, Yeganeh B, Zeki AA et al (2018) Autophagy and the 
unfolded protein response promote profibrotic effects of TGF-
beta1 in human lung fibroblasts. Am J Physiol Lung Cell Mol 
Physiol 314:L493–L504. https:// doi. org/ 10. 1152/ ajplu ng. 00372. 
2017

Gower TL, Graham BS (2001) Antiviral activity of lovastatin against 
respiratory syncytial virus in vivo and in vitro. Antimicrob 
Agents Chemother 45:1231–1237. https:// doi. org/ 10. 1128/ 
AAC. 45.4. 1231- 1237. 2001

Gu W, Cui R, Ding T et al (2017) Simvastatin alleviates airway 
inf lammation and remodelling through up-regulation of 
autophagy in mouse models of asthma. Respirology 22:533–
541. https:// doi. org/ 10. 1111/ resp. 12926

Guo W, Li M, Dong Y et al (2020) Diabetes is a risk factor for the 
progression and prognosis of COVID-19. Diabetes Metab Res 
Rev 36:e3319. https:// doi. org/ 10. 1002/ dmrr. 3319

Habibzadeh P, Dastsooz H, Eshraghi M et al (2021) Autophagy: 
the potential link between SARS-CoV-2 and cancer. Cancers 
13:5721. https:// doi. org/ 10. 3390/ cance rs132 25721

Han F, Xiao QQ, Peng S et al (2018) Atorvastatin ameliorates LPS-
induced inflammatory response by autophagy via AKT/mTOR 
signaling pathway. J Cell Biochem 119:1604–1615. https:// doi. 
org/ 10. 1002/ jcb. 26320

Hulme K, Dogan S, Parker SM et al (2019) ‘Chronic cough, cause 
unknown’: a qualitative study of patient perspectives of chronic 
refractory cough. J Health Psychol 24:707–716. https:// doi. org/ 
10. 1177/ 13591 05316 684204

Hussain A, Bhowmik B, Do Vale Moreira NC (2020) COVID-19 
and diabetes: Knowledge in progress. Diabetes Res Clin Pract 
162:108142. https:// doi. org/ 10. 1016/j. diabr es. 2020. 108142

Jackson CB, Farzan M, Chen B et al (2022) Mechanisms of SARS-
CoV-2 entry into cells. Nat Rev Mol Cell Biol 23:3–20. https:// 
doi. org/ 10. 1038/ s41580- 021- 00418-x

Jones RM, Hilldrup S, Hope-Gill BD et al (2011) Mechanical induc-
tion of cough in idiopathic pulmonary fibrosis. Cough 7:2. 
https:// doi. org/ 10. 1186/ 1745- 9974-7-2

Jutant EM, Meyrignac O, Beurnier A et al (2022) Respiratory symp-
toms and radiological findings in post-acute COVID-19 syn-
drome. ERJ Open Res 8:00479–02021. https:// doi. org/ 10. 1183/ 
23120 541. 00479- 2021

Kim SW, Kang HJ, Jhon M et al (2019) Statins and Inflammation: 
New therapeutic opportunities in psychiatry. Front Psychiatry 
10:103. https:// doi. org/ 10. 3389/ fpsyt. 2019. 00103

Kou L, Kou P, Luo G et al (2022) Progress of statin therapy in 
the treatment of idiopathic pulmonary fibrosis. Oxid Med Cell 
Longev 2022:6197219. https:// doi. org/ 10. 1155/ 2022/ 61972 19

Kouhpayeh HR, Tabasi F, Dehvari M et  al (2021) Association 
between angiotensinogen (AGT), angiotensin-converting 
enzyme (ACE) and angiotensin-II receptor 1 (AGTR1) poly-
morphisms and COVID-19 infection in the southeast of Iran: 
a preliminary case–control study. Transl Med Commun 6:26. 
https:// doi. org/ 10. 1186/ s41231- 021- 00106-0

Kreuter M, Bonella F, Maher TM et al (2017) Effect of statins on 
disease-related outcomes in patients with idiopathic pulmonary 
fibrosis. Thorax 72:148–153. https:// doi. org/ 10. 1136/ thora 
xjnl- 2016- 208819

Kyrou I, Randeva HS, Spandidos DA et al (2021) Not only ACE2-
the quest for additional host cell mediators of SARS-CoV-2 
infection: neuropilin-1 (NRP1) as a novel SARS-CoV-2 host 
cell entry mediator implicated in COVID-19. Signal Transduct 
Target Ther 6:21. https:// doi. org/ 10. 1038/ s41392- 020- 00460-9

Lachowicz-Scroggins ME, Dunican EM, Charbit AR et al (2019) 
Extracellular DNA, neutrophil extracellular traps, and inflam-
masome activation in severe asthma. Am J Respir Crit Care Med 
199:1076–1085. https:// doi. org/ 10. 1164/ rccm. 201810- 1869OC

Lechowicz K, Drożdżal S, Machaj F et al (2020) COVID-19: the 
potential treatment of pulmonary fibrosis associated with 
SARS-CoV-2 infection. J Clin Med 9:1917. https:// doi. org/ 10. 
3390/ jcm90 61917

Lee KCH, Sewa DW, Phua GC (2020) Potential role of statins in 
COVID-19. Int J Infect Dis 96:615–617. https:// doi. org/ 10. 1016/j. 
ijid. 2020. 05. 115

Liao JK, Laufs U (2005) Pleiotropic effects of statins. Annu Rev Phar-
macol Toxicol 45:89–118. https:// doi. org/ 10. 1146/ annur ev. pharm 
tox. 45. 120403. 095748

Lim S, Bae JH, Kwon HS et al (2021) COVID-19 and diabetes melli-
tus: from pathophysiology to clinical management. Nat Rev Endo-
crinol 17:11–30. https:// doi. org/ 10. 1038/ s41574- 020- 00435-4

Lohia P, Kapur S, Benjaram S et al (2021) Statins and clinical out-
comes in hospitalized COVID-19 patients with and without dia-
betes mellitus: a retrospective cohort study with propensity score 
matching. Cardiovasc Diabetol 20:140. https:// doi. org/ 10. 1186/ 
s12933- 021- 01336-0

Loppnow H, Zhang L, Buerke M et al (2011) Statins potently reduce 
the cytokine-mediated IL-6 release in SMC/MNC cocultures. J 
Cell Mol Med 15:994–1004. https:// doi. org/ 10. 1111/j. 1582- 4934. 
2010. 01036.x

Meizlish ML, Pine AB, Bishai JD et al (2021) A neutrophil activa-
tion signature predicts critical illness and mortality in COVID-19. 
Blood Adv 5:1164–1177. https:// doi. org/ 10. 1182/ blood advan ces. 
20200 03568

Parackova Z, Zentsova I, Bloomfield M et al (2020) Disharmonic 
inflammatory signatures in COVID-19: Augmented neutrophils’ 
but impaired monocytes’ and dendritic cells’ responsiveness. Cells 
9:2206. https:// doi. org/ 10. 3390/ cells 91022 06

Pawlos A, Niedzielski M, Gorzelak-Pabiś P et al (2021) COVID-19: 
Direct and Indirect mechanisms of statins. Int J Mol Sci 22:4177. 
https:// doi. org/ 10. 3390/ ijms2 20841 77

Peng S, Xu LW, Che XY et al (2018) Atorvastatin inhibits inflamma-
tory response, attenuates lipid deposition, and improves the stabil-
ity of vulnerable atherosclerotic plaques by modulating autophagy. 
Front Pharmacol 9:438. https:// doi. org/ 10. 3389/ fphar. 2018. 00438

Peterson CL, Walker C (2022) Universal health care and political econ-
omy, neoliberalism and effects of COVID-19: a view of systems 
and complexity. J Eval Clin Pract 28:338–340. https:// doi. org/ 10. 
1111/ jep. 13631

Peymani P, Dehesh T, Aligolighasemabadi F et al (2021) Statins in 
patients with COVID-19: a retrospective cohort study in Iranian 
COVID-19 patients. Transl Med Commun 6:3. https:// doi. org/ 10. 
1186/ s41231- 021- 00082-5

Raveendran A, Misra A (2021) Post COVID-19 syndrome (“Long 
COVID”) and diabetes: challenges in diagnosis and management. 
Diabetes Metab Syndr 15:102235. https:// doi. org/ 10. 1016/j. dsx. 
2021. 102235

Reusch N, De Domenico E, Bonaguro L et al (2021) Neutrophils in 
COVID-19. Front Immunol 12:652470. https:// doi. org/ 10. 3389/ 
fimmu. 2021. 652470

Saeed O, Castagna F, Agalliu I et al (2020) Statin use and in-hospital 
mortality in patients with diabetes mellitus and COVID-19. J 
Am Heart Assoc 9:e018475. https:// doi. org/ 10. 1161/ JAHA. 120. 
018475

https://doi.org/10.1016/j.bbamcr.2014.03.006
https://doi.org/10.1038/cddis.2015.36
https://doi.org/10.1038/cddis.2015.36
https://doi.org/10.1152/ajplung.00372.2017
https://doi.org/10.1152/ajplung.00372.2017
https://doi.org/10.1128/AAC.45.4.1231-1237.2001
https://doi.org/10.1128/AAC.45.4.1231-1237.2001
https://doi.org/10.1111/resp.12926
https://doi.org/10.1002/dmrr.3319
https://doi.org/10.3390/cancers13225721
https://doi.org/10.1002/jcb.26320
https://doi.org/10.1002/jcb.26320
https://doi.org/10.1177/1359105316684204
https://doi.org/10.1177/1359105316684204
https://doi.org/10.1016/j.diabres.2020.108142
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1186/1745-9974-7-2
https://doi.org/10.1183/23120541.00479-2021
https://doi.org/10.1183/23120541.00479-2021
https://doi.org/10.3389/fpsyt.2019.00103
https://doi.org/10.1155/2022/6197219
https://doi.org/10.1186/s41231-021-00106-0
https://doi.org/10.1136/thoraxjnl-2016-208819
https://doi.org/10.1136/thoraxjnl-2016-208819
https://doi.org/10.1038/s41392-020-00460-9
https://doi.org/10.1164/rccm.201810-1869OC
https://doi.org/10.3390/jcm9061917
https://doi.org/10.3390/jcm9061917
https://doi.org/10.1016/j.ijid.2020.05.115
https://doi.org/10.1016/j.ijid.2020.05.115
https://doi.org/10.1146/annurev.pharmtox.45.120403.095748
https://doi.org/10.1146/annurev.pharmtox.45.120403.095748
https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1186/s12933-021-01336-0
https://doi.org/10.1186/s12933-021-01336-0
https://doi.org/10.1111/j.1582-4934.2010.01036.x
https://doi.org/10.1111/j.1582-4934.2010.01036.x
https://doi.org/10.1182/bloodadvances.2020003568
https://doi.org/10.1182/bloodadvances.2020003568
https://doi.org/10.3390/cells9102206
https://doi.org/10.3390/ijms22084177
https://doi.org/10.3389/fphar.2018.00438
https://doi.org/10.1111/jep.13631
https://doi.org/10.1111/jep.13631
https://doi.org/10.1186/s41231-021-00082-5
https://doi.org/10.1186/s41231-021-00082-5
https://doi.org/10.1016/j.dsx.2021.102235
https://doi.org/10.1016/j.dsx.2021.102235
https://doi.org/10.3389/fimmu.2021.652470
https://doi.org/10.3389/fimmu.2021.652470
https://doi.org/10.1161/JAHA.120.018475
https://doi.org/10.1161/JAHA.120.018475


Archivum Immunologiae et Therapiae Experimentalis            (2023) 71:8  

1 3

Page 13 of 13     8 

Santos A, Magro DO, Evangelista-Poderoso R et al (2021) Diabetes, 
obesity, and insulin resistance in COVID-19: molecular interre-
lationship and therapeutic implications. Diabetol Metab Syndr 
13:23. https:// doi. org/ 10. 1186/ s13098- 021- 00639-2

Satny M, Hubacek JA, Vrablik M (2021) Statins and inflamma-
tion. Curr Atheroscler Rep 23:80. https:// doi. org/ 10. 1007/ 
s11883- 021- 00977-6

Schaafsma D, Dueck G, Ghavami S et al (2011a) The mevalonate 
cascade as a target to suppress extracellular matrix synthesis by 
human airway smooth muscle. Am J Respir Cell Mol Biol 44:394–
403. https:// doi. org/ 10. 1165/ rcmb. 2010- 0052oc

Schaafsma D, Mcneill KD, Mutawe MM et  al (2011b) Simvas-
tatin inhibits TGFbeta1-induced fibronectin in human air-
way fibroblasts. Respir Res 12:113. https:// doi. org/ 10. 1186/ 
1465- 9921- 12- 113

Scheen AJ (2021) Statins and clinical outcomes with COVID-19: meta-
analyses of observational studies. Diabetes Metab 47:101220. 
https:// doi. org/ 10. 1016/j. diabet. 2020. 101220

Shojaei S, Koleini N, Samiei E et al (2020a) Simvastatin increases 
temozolomide-induced cell death by targeting the fusion of 
autophagosomes and lysosomes. FEBS J 287:1005–1034. https:// 
doi. org/ 10. 1111/ febs. 15069

Shojaei S, Suresh M, Klionsky DJ et al (2020b) Autophagy and SARS-
CoV-2 infection: a possible smart targeting of the autophagy path-
way. Virulence 11:805–810. https:// doi. org/ 10. 1080/ 21505 594. 
2020. 17800 88

Siri M, Dastghaib S, Zamani M et al (2021) Autophagy, unfolded pro-
tein response, and neuropilin-1 cross-talk in SARS-CoV-2 infec-
tion: what can be learned from other coronaviruses. Int J Mol Sci 
22:5992. https:// doi. org/ 10. 3390/ ijms2 21159 92

Song WJ, Hui CKM, Hull JH et  al (2021) Confronting COVID-
19-associated cough and the post-COVID syndrome: role of viral 
neurotropism, neuroinflammation, and neuroimmune responses. 

Lancet Respir Med 9:533–544. https:// doi. org/ 10. 1016/ s2213- 
2600(21) 00125-9

Taefehshokr N, Taefehshokr S, Hemmat N et al (2020) Covid-19: per-
spectives on innate immune evasion. Front Immunol 11:580641. 
https:// doi. org/ 10. 3389/ fimmu. 2020. 580641

Walls AC, Park YJ, Tortorici MA et al (2020) Structure, function, and 
antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181:281-
292.e6. https:// doi. org/ 10. 1016/j. cell. 2020. 02. 058

Watts KL, Sampson EM, Schultz GS et al (2005) Simvastatin inhibits 
growth factor expression and modulates profibrogenic markers in 
lung fibroblasts. Am J Respir Cell Mol Biol 32:290–300. https:// 
doi. org/ 10. 1165/ rcmb. 2004- 0127oc

Winslow S, Odqvist L, Diver S et al (2021) Multi-omics links IL-6 
trans-signalling with neutrophil extracellular trap formation 
and Haemophilus infection in COPD. Eur Respir J 58:2003312. 
https:// doi. org/ 10. 1183/ 13993 003. 03312- 2020

Yang T, Chen M, Sun T (2013) Simvastatin attenuates TGF-β1-induced 
epithelial–mesenchymal transition in human alveolar epithelial 
cells. Cell Physiol Biochem 31:863–874. https:// doi. org/ 10. 1159/ 
00035 0104

Yang J, Zheng Y, Gou X et al (2020) Prevalence of comorbidities and 
its effects in patients infected with SARS-CoV-2: a systematic 
review and meta-analysis. Int J Infect Dis 94:91–95. https:// doi. 
org/ 10. 1016/j. ijid. 2020. 03. 017

Yavarian J, Nejati A, Salimi V et al (2022) Whole genome sequenc-
ing of SARS-CoV2 strains circulating in Iran during five waves 
of pandemic. PLoS ONE 17:e0267847. https:// doi. org/ 10. 1371/ 
journ al. pone. 02678 47

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s13098-021-00639-2
https://doi.org/10.1007/s11883-021-00977-6
https://doi.org/10.1007/s11883-021-00977-6
https://doi.org/10.1165/rcmb.2010-0052oc
https://doi.org/10.1186/1465-9921-12-113
https://doi.org/10.1186/1465-9921-12-113
https://doi.org/10.1016/j.diabet.2020.101220
https://doi.org/10.1111/febs.15069
https://doi.org/10.1111/febs.15069
https://doi.org/10.1080/21505594.2020.1780088
https://doi.org/10.1080/21505594.2020.1780088
https://doi.org/10.3390/ijms22115992
https://doi.org/10.1016/s2213-2600(21)00125-9
https://doi.org/10.1016/s2213-2600(21)00125-9
https://doi.org/10.3389/fimmu.2020.580641
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1165/rcmb.2004-0127oc
https://doi.org/10.1165/rcmb.2004-0127oc
https://doi.org/10.1183/13993003.03312-2020
https://doi.org/10.1159/000350104
https://doi.org/10.1159/000350104
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1371/journal.pone.0267847
https://doi.org/10.1371/journal.pone.0267847

	The Effects of Statins on Respiratory Symptoms and Pulmonary Fibrosis in COVID-19 Patients with Diabetes Mellitus: A Longitudinal Multicenter Study
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methods
	Study Design and Patients
	Baseline Assessment and Follow-Up
	Review of HRCT Images
	Statistical Analysis

	Results
	Participants
	Respiratory Symptoms
	Pulmonary Fibrosis Scores

	Discussion
	Conclusions
	Acknowledgements 
	References


