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Background: Given the role that T lymphocytes play on the pathogenesis of allergic asthma, drugs targeting Th2
and Th17 cells may be a hopeful therapeutic strategy. This study aimed to evaluate the effect of rosuvastatin
treatment on cytokine production and lung inflammation in allergic asthma.
Methods: The animals were assigned into control (C), asthmatic (A), hyperlipidemic (H), asthmatic-hyperlipidemic (AH), rosuvastatin (40 mg/kg/day intraperitoneally, for 3 weeks)-treated asthmatic (AR), rosuvastatintreated hyperlipidemic (HR) and rosuvastatin-treated asthmatic-hyperlipidemic (AHR) groups (n = 6 in each
group). The levels of IL-4, IFN-γ and IL-17, total and differential WBC counts in bronchoalveolar lavage fluid
(BALF), Th1/Th2 balance, and pathological changes were evaluated.
Results: The BALF level of IL-4 in A, H and AH groups, and IL-17A in A and AH groups were significantly higher
than that in C group (p < 0.05 to p < 0.001). IFN-γ level and Th1/Th2 balance (IFN‑γ/IL-4 ratio) in A and AH
groups were significantly decreased (p < 0.05 to p < 0.01). Inflammatory cells infiltration, muscle hypertrophy and emphysema were also observed in A and AH groups. The BALF levels of IL-4 in AR, HR and AHR
groups, IFN-γ level in HR group, and IL-17A level in AR and AHR groups showed a significant improvement
compared to that of A, H and AH groups (p < 0.05 to p < 0.001). Rosuvastatin treatment increased Th1/Th2
balance in all treated groups (p < 0.05 to p < 0.01), decreased total WBC counts, neutrophilia, eosinophilia
and lung inflammation in AR and AHR groups, and improved muscle hypertrophy and emphysema in AHR
group.
Conclusions: Rosuvastatin treatment improved lung pathological changes by suppression of Th2 and Th17mediated cytokines which was unrelated to its lipid-lowering activity. Therefore, rosuvastatin might be a candidate immunomodulatory drug for treatment of patients with allergic asthma.

1. Introduction
Asthma is a chronic inflammatory disorder of the airways with an
alteration in the balance of T helper (Th)1/Th2, and an imbalance of
regulatory T cells (Tregs)/Th17 ratio. The inflammatory responses in
asthmatic airways are mainly mediated by activated Th2 cells, particularly interleukin (IL)-4, IL-5 and IL-13. Th1 cells can inhibit the development of Th2 cells, reducing the Th2-induced asthmatic response

[1]. The Th17 cells are a subset of pro-inflammatory T helper cells
which promote the release of other pre‑inflammatory cytokines, recruit
neutrophils, promote secretion of mucus by the mucous glands, and
strengthen the airway hyper-responsiveness [2].
Hyperlipidemia is a potential risk factor for asthma independent of
obesity [3] and associate with an elevated ratio of IL‐4/IFN‐γ cells, and
switching of the T-cell responses from a healing Th1 response to a nonhealing Th2 response in animal study [4]. Lipid rafts act as signaling

Abbreviations: Th, T helper; Tregs, regulatory T cells; IL, interleukin; HMG–CoA, 3-hydroxy-3-methylglutaryl-CoA; BALF, bronchoalveolar lavage fluid; TC, total
cholesterol; TG, triglycerides; LDL-C, low density lipoprotein; HDL-C, high density lipoprotein; ANOVA, analyzed by the one-way analysis of variance; VCAM,
vascular cell adhesion molecule
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platforms, connecting molecules essential for activation of immune
cells [5]. Therefore, crosstalk between lipid metabolism and host immunity may affect allergic diseases. Accordingly, the existence of close
interactions between pathophysiology of asthma and hyperlipidemia
conditions is suggested [6]. The studies reported inconsistent findings
regarding the effect of hyperlipidemia on immune system [7–10]. Up to
date, only a few and inconsistent studies have explored the relationship
between lipid profiles and allergic asthma.
Statins, the 3-hydroxy-3-methylglutaryl-CoA (HMG–CoA) reductase
inhibitors, are one class of lipid-lowering medications that potentially
could be used as an alternative treatment for patients with chronic
respiratory diseases, which possibly mediated by other pleiotropic actions such as antioxidant, anti-inflammatory and immunomodulatory
effects [11]. The novel immunomodulatory aspects of statins in conjunction with the wide use of these medications highlight the importance of examining the potential effects of these medications [12].
Rosuvastatin is a synthetic statin that has a high affinity for the active
site of HMG–CoA reductase and exhibits greater potency in inhibiting
enzyme activity and cholesterol synthesis in vitro than other statins
[13]. This statin showed higher pleiotrophic effects such as anti-oxidant, anti-inflammatory and immunomodulatory properties than other
statins [11].
The present study aimed to examine the possible interaction of
hyperlipidemia on allergic asthma, and evaluate the effect of rosuvastatin as a potential anti-inflammatory agent on allergic asthma through
measurement of IL-4, IFN-γ and IL-17A levels, total white blood cell
(WBC), eosinophil and neutrophil counts in bronchoalveolar lavage
fluid (BALF), Th1/Th2 balance, and pathological changes in asthmatic,
hyperlipidemic and asthmatic-hyperlipidemic rat models. This study
was conducted in three different conditions, which has not been done
before.

hyperlipidemic (AHR) groups. Treated groups received 40 mg/kg/day
rosuvastatin (Sigma Chemical Ltd, UK) intraperitoneally for 3 weeks
[14], (Fig. 1).
For hyperlipidemia induction, rats received normal diet plus 10%
ethanol (Sanaeh Shemicali Daro Hamon Teb Markazi, Zarandieh, Iran)
and 10% fructose (Sigma Chemical Ltd, UK) in drinking water during
9 weeks [14]. Each rat in all groups averagely drank 40 ml/day
drinking water which was not significantly different among experimental groups. After 9 weeks, sensitization of animals with ovalbumin
(Sigma Chemical Ltd, UK, 98% pure) in the A, AH, AR and AHR groups
was performed using previously described standard protocol [14].
2.2. Determination of lipid profile
At the end of 12 weeks period, the rats were anesthetized by intrapritoneal administration of ketamine (50 mg/kg) and xylazine (5 mg/
kg). Blood samples (5 ml per rat) were taken out by cardiac puncture and
centrifuged at 2000 revolution per minute (rpm) for 10 min. The serum
was collected using pasture pipette and stored at −20 °C and thawed just
before use for the determination of blood lipids. Serum total cholesterol
(TC), triglycerides (TG), Low density lipoprotein (LDL-C) and high density
lipoprotein (HDL-C) were measured on the basis of colorimetric method
for single point measurement using colorimetric kits (Pars Azmoon Co,
Iran) following the manufacturer’s instructions.
2.3. Measurement of BALF IL-4, IFN-γ and IL-17A levels
For BALF preparation, immediately after blood sample collection
through cardiac puncture and opening the chest, the left lung was
clamped and preserved for histological analysis. A cannula carefully
introduced into the trachea and the right lung lavage was performed
with one mL normal saline for five times (total 5 ml), [15,16]. After
BALF centrifugation (3500 rpm at 4 °C for 10 min), supernatant was
collected and stored at −70 °C until analysis. Finally, BALF levels of IL4, IFN-γ (Bioassay Technology Laboratory, China) and IL-17A (Karmania Pars Gene, Iran) were measured by commercial ELISA kits [17].

2. Materials and methods
2.1. Animals
Forty-two male Wistar rats (8 weeks old and weighing 140–160 g)
were obtained from Animal house, School of Medicine, Mashhad
University of Medical Sciences, Mashhad, Iran and were placed in
plexiglas cages (n = 3 per cage) under controlled conditions of 12 h
light/dark cycle, 22 ± 2 °C and humidity of 54 ± 2%. Food and water
were provided ad libitum throughout the experimental period. This
experimental study was done according to the Ethics Committee
Guidelines of Mashhad University of Medical Sciences for Animal
Experiments (number 940997).
Animals were randomly divided into seven groups (n = 6 in each
group) as: control (C), asthmatic (A), hyperlipidemic (H), asthmatichyperlipidemic (AH), rosuvastatin-treated asthmatic (AR), rosuvastatintreated hyperlipidemic (HR) and rosuvastatin-treated asthmatic-

2.4. Total WBC, eosinophil and neutrophil counts in BALF
One mL of BALF was stained with Turk solution and counted by
Neubauer chamber. The smear of centrifuged BALF was examined
under a light microscope and eosinophils and neutrophils were counted
and classified based on their appearance. After determining total WBC,
eosinophil and neutrophil counts, the absolute number of each type of
WBC was calculated by multiplying the percentage of each subset in an
individual sample by the total number of cells in that sample [14].

Fig. 1. Time table of the study and protocol of animal sensitization and treatment. Lower panel shows the method of animal sensitization and upper panel indicates
the method for hyperlipidemia induction and treatment with rosuvastatin.
2

Cytokine 128 (2020) 154993

S. Saadat, et al.

2.5. Lung histopathological evaluation

3. Results

After bronchoalveolar lavage had been performed, the left lung was
removed. The specimens were fixed in 10% formalin (37%, Merck,
Germany), embedded in paraffin and were cut into 4 μm slices and stained
with hematoxylin-eosin (H&E) solution. Subsequently, the histology slides
were viewed under a light microscope. Lung pathologic changes of different
groups such as inflammation, muscle hypertrophy and emphysema were
evaluated. The scoring of pathological changes was: 0, no pathological
changes; 1, patchy changes; 2, local changes; and 3, severe changes, [17].

3.1. Serum lipid profile
The serum levels of TC, TG and LDL-C in H and AH groups were
significantly higher than C group (p < 0.05 to p < 0.001, Fig. 2).
There were no significant difference in the lipid profile between H and
AH groups. A significant reduction in the serum level of TC was seen in
HR and AHR groups compared to H and AH groups (p < 0.01 for both
cases, Fig. 2a). Rosuvastatin treatment decreased serum level of TG in
AR (p < 0.05), HR, and AHR groups compared to A, H and AH groups
respectively (p < 0.001 for both cases, Fig. 2b). A significant reduction
in the serum level of LDL-C was seen in AHR group compared to AH
group (p < 0.05, Fig. 2c).

2.6. Statistical analysis
Data were analyzed by the one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test and results were presented as mean ± SEM. Values of p < 0.05 were considered statistically significant. Ranked data were presented as box plots showing the
minimum, first quartile, median, third quartile and maximum of the
lung pathological changes. For comparison of the lung pathological
results, the Kruskal-Wallis test and the Mann-Whitney U test were used.
The percentage change for each variable was calculated in nontreated groups, using the following equations:

3.2. BALF levels of IL-4, IFN-γ and IL-17A
The BALF level of IL-4 in A, H and AH groups was significantly
higher than that in C group (p < 0.05 for A group and p < 0.001 for
H and AH groups, Fig. 3a). The percent change of IL-4 in AH/C was
significantly higher than that of H/C (p < 0.05, Fig. 4a). The BALF
level of IL-4 in AR, HR and AHR groups showed significant decrease
compared to those of A, H and AH groups (p < 0.05 to p < 0.001,
Fig. 3a).
Compared to C group, the BALF level of IFN-γ in A and AH groups
was significantly decreased (p < 0.01 and p < 0.05, respectively),
while IFN-γ level in H group was increased (p < 0.05, Fig. 3b). The

A/C, H/C or AH/C
(Value in A, H or AH groups Value in C group) × 100
=
Value in C group
And in treated groups as follows:

AR/A, HR/H or AHR/AH =

(Value in AR, HR or AHR groups Value in A, H or AH groups) × 100
Value in A, H or AH groups
percent change of BALF IFN-γ level in AH/C was significantly lower
than those of A/C (p < 0.05), and higher than those of H/C
(p < 0.001, Fig. 4b). The BALF level of IFN-γ in HR group showed a
significant decrease compared to that of H group (p < 0.05, Fig. 3b).
The percent change of IFN-γ level in AHR/AH was significantly higher
than that of HR/H (p < 0.001, Fig. 4b).
The Th1/Th2 balance (IFN‑γ/IL-4 ratio) was decreased in A and AH
groups compared to that of C group (p < 0.01 and p < 0.05, respectively, Fig. 3c). The percent change of Th1/Th2 (IFN‑γ/IL-4) ratio
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Fig. 2. The lipid profiles of total cholesterol
(a), triglycerides (b), LDL-C (c), and HDL-C
(d) in the control (C), asthmatic (A), hyperlipidemic (H), asthmatic-hyperlipidemic
(AH), rosuvastatin-treated asthmatic (AR),
rosuvastatin-treated hyperlipidemic (HR),
and rosuvastatin-treated asthmatic-hyperlipidemic (AHR) groups. Data are shown as
mean ± SEM (n = 6 in each group).
*;P < 0.05, **;P < 0.01 and
***;P < 0.001 compared to control group.
+;P < 0.05, ++;P < 0.01 and ++
+;P < 0.001 compared to untreated
groups. Statistical analysis were performed
using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple
comparison test.
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Fig. 3. The levels of IL-4 (a) and IFN-γ (b),
Th1/Th2 balance (IFN‑γ/IL-4 ratio), (c), and
IL-17A level (d) in BALF of the control (C),
asthmatic (A), hyperlipidemic (H), asthmatic-hyperlipidemic (AH), rosuvastatintreated asthmatic (AR), rosuvastatin-treated
hyperlipidemic (HR), and rosuvastatintreated asthmatic-hyperlipidemic (AHR)
groups. Data are shown as mean ± SEM
(n = 6 in each group). *;P < 0.05,
**;P < 0.01 and ***;P < 0.001 compared
to control group. +;P < 0.05 compared to
untreated groups. Statistical analysis were
performed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test.
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group. Statistical analysis were performed
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in AH/C was significantly higher than that of H/C (p < 0.001, Fig. 3c).
Rosuvastatin treatment increased the Th1/Th2 balance (IFN‑γ/IL-4
ratio) in AR, HR and AHR groups compared to those of A, H and AH
groups (p < 0.05 for AR and AHR groups, and p < 0.01 for HR group,
Fig. 3c). The percent change of Th1/Th2 (IFN‑γ/IL-4) ratio in AHR/AH
was significantly higher than that of HR/H (p < 0.05, Fig. 3c).
The BALF value of IL-17A in A and AH groups was significantly
higher than that in C group (p < 0.05 for both groups, Fig. 3d). The
percent change of IL-17A level in AH/C was significantly higher than
that of H/C (p < 0.05, Fig. 4d). The BALF level of IL-17A in AR and
AHR groups showed a significant decrease compared to those of A and
AH groups (p < 0.05 for both groups, Fig. 3d). The percent change of
IL-17A level in AHR/AH was significantly higher than that of HR/H
(p < 0.05, Fig. 4d).

3.3. Total WBC, eosinophil and neutrophil counts in BALF
Total WBC, eosinophil and neutrophil counts of A and AH groups
were significantly higher than those of controls (p < 0.001 for all
cases, Fig. 5a–c). A higher number of neutrophils was also seen in H
group compared to C group (p < 0.05, Fig. 5c). Significant reduction
in total WBC, eosinophil and neutrophil were seen in AR and AHR
groups compared to A and AH groups (p < 0.01 for all cases,
Fig. 5a–c).
3.4. Lung histopathological changes
Inflammatory cell infiltration in peribronchial and perivascular
areas, airway epithelial thickening, bronchial dilation and airspace
enlargement were observed in A and AH groups (Fig. 6b and d). H
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group showed only a patchy change in inflammatory cell infiltration
(Fig. 6c). The pathological changes of lung including inflammation,
muscle hypertrophy and emphysema in A and AH groups were significantly higher than those of C group (p < 0.05 to p < 0.001,
Fig. 7).
Reduced inflammatory cell infiltration in the peribronchial and
perivascular areas was observed in AR and AHR groups (Fig. 6e and g).
Rosuvastatin treatment decreased lung inflammation in AR and AHR
groups, and improved muscle hypertrophy and emphysema in AHR
group compared to untreated groups (p < 0.05 to p < 0.001, Fig. 7).
The percent change of muscle hypertrophy in AHR/AH was significantly higher than that of HR/H (p < 0.05, Fig. 8b).

change of IFN-γ in asthmatic-hyperlipidemic group relative to control
group (AH/C) was significantly lower than those of asthmatic group
relative to control group (A/C) which could be due to hyperlipidemia
condition. The percent change of IL-4, IFN-γ, IL-17A and IFN-γ/IL-4
ratio in asthmatic-hyperlipidemic group relative to control group (AH/
C) was significantly higher than those of hyperlipidemic group relative
to control group (H/C) which shows that this increase in AH group was
due to allergic asthma condition.
Increase in total WBC counts, especially BALF eosinophilia, is a
characteristic of allergic asthma [11]. In this study, rosuvastatin reduced total WBC counts, neutrophilia and eosinophilia in BALF. In the
mice models of ovalbumin-induced asthma, treatment with simvastatin
[23] and rosuvastatin [14,24] reduced the total WBC, lymphocyte,
macrophage, neutrophil and eosinophil counts in BALF dose-dependently. Rosuvastatin also improved peripheral eosinophilia in asthmatic
patients [25] which supported the results of this study.
Beyond blood lipid lowering, systemic treatment with rosuvastatin
decreased IL-4 level in all treated groups, and IL-17 level in AR and
AHR groups. The percent changes in IFN-γ, IL-17A and IFN-γ/IL-4 ratio
in treated asthmatic-hyperlipidemic group relative to untreated asthmatic-hyperlipidemic group (AHR/AH) was significantly higher than
those of treated hyperlipidemic group relative to untreated hyperlipidemic group (HR/H) indicating the response to rosuvastatin treatment
in AHR group was due to the improvement of allergic asthma conditions. Moreover, pathological changes including inflammation, muscle
hypertrophy and emphysema were improved in the AR and AHR
groups.
In fact the effect of treatment with simvastatin, lovastatin, fluvastatin and rosuvastatin on reduction of Th2 cytokines levels in a mouse
allergic asthma model were shown previously [5,23,24,26–28]. Antiinflammatory effects of pravastatin and pitavastatin through RhoA inhibition and suppression of inflammatory cytokine production were
also demonstrated. Simvastatin and lovastatin also reduced serum
cholesterol level and Rho expression in the lungs of murine model of
asthma [29,30]. Therefore, inhibition of HMG-CoA reductase and the
RhoA/Rho-kinase pathway may be considered as a useful target for the
treatment of allergies and asthma. In another study, pravastatin

4. Discussion
The results of the present study showed an increase in total WBC,
eosinophil and neutrophil counts, and the levels of IL-4 and IL-17A, and
a decrease in IFN-γ level and IFN-γ/IL-4 ratio in BALF of asthmatic
group. Moreover, pathological changes including inflammation, muscle
hypertrophy and emphysema confirmed allergic asthma induction in
the current study similar to the results of previous studies [14,17,18]. In
this study, induction of hyperlipidemia caused a significant increase in
the serum levels of TC, TG and LDL-C compared to controls. The
ethanol-fructose combined diet significantly worsened plasma lipid
profiles in rats which was in line with the previous study [14]. Hyperlipidemia also resulted in increased levels of IL-4 and IFN-γ in BALF
which has been reported previously in rats [19,20] and human [21,22]
with hyperlipidemia.
Alternation in lipid metabolism and abnormalities in lipid profile
have a potent influence on immunity and inflammation [19,22]. IL-4
stimulates lipolysis by enhancing the activity of hormone-sensitive lipase and it may participate in lipid metabolism [19].
In this study, induction of hyperlipidemia together with allergic
asthma caused a significant increase in total WBC, eosinophil and
neutrophil counts, and the levels of IL-4 and IL-17A, and a significant
decrease in IFN-γ level and IFN-γ/IL-4 ratio in BALF which may be due
to allergic asthma, hyperlipidemia or both conditions. The percent
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Fig. 6. Photographs of a lung specimen in the control (a), asthmatic (b), hyperlipidemic (c), asthmatic-hyperlipidemic (d), rosuvastatin-treated asthmatic (e),
rosuvastatin-treated hyperlipidemic (f), and rosuvastatin-treated asthmatic-hyperlipidemic (g) groups. BD: bronchial dilation, Emp.: emphysema, Inf.: inflammatory
cell infiltration, and MH: muscular hypertrophy (Magnification: 10 × 20; scale bar: 200 μm).

suppressed airway inflammation by inhibiting IL-17 production [31].
The role of IL-17 in immune responses has been recently highlighted,
but whether rosuvastatin affect IL17 production has not been well

studied. In other animal models, rosuvastatin ameliorated Th17/Treg
functional imbalance in hypertensive patients with carotid atherosclerosis [32]. Rosuvastatin treatment also reduced Th2 and Th17 cell
6
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group (AHR/AH). Data are shown as
mean ± SEM (n = 6 in each group).
$;P < 0.05 compared to AR/A group.
Statistical analysis were performed using
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test.
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cytokines in a dextran sulfate sodium-induced colitis model [33] which
was in line with the findings of the present study.
The inflammatory cell infiltration in the airways, allergic airway
inflammation and airway remodeling are related to expression of vascular cell adhesion molecule (VCAM)-1 in endothelial cells by antigen.
Th2-mediated cytokines such as IL-4 increases VCAM-1 expression in
the airway endothelial cells [26]. In this study, rosuvastatin treatment
ameliorated lung inflammation, smooth muscle hypertrophy and emphysema by suppressing Th2 and Th17-mediated cytokines. Given the
major role that T lymphocytes play on the pathogenesis of allergic
asthma, drugs targeting Th2 and Th17 cells may be a candidate therapeutic strategy.
There are a few limitations to this study that need to be addressed in
further studies. First, only one dose of rosuvastatin has been studied. It
has already been shown that the pleiotropic effect of rosuvastatin is

dose-dependent. In previous studies, the administration of rosuvastatin
at dose of 40 mg/kg showed an anti-hyperlipidemic effect, whereas
higher doses induced adverse effects [34]. Second, currently there is no
reference drug that can be administrated simultaneously to treat hyperlipidemia and allergic asthma.
5. Conclusions
Rosuvastatin
showed
the
anti-inflammatory
and
immunomodulatory effects on allergic asthma model which was unrelated
to its lipid-lowering activity. The therapeutic effect of rosuvastatin on
allergic asthma is not only due to its lipid lowering effect because it
affects both non-hyperlipidemic and hyperlipidemic asthmatic groups.
Therefore, rosuvastatin might be a candidate immunomodulatory drug
for the treatment of patients with allergic asthma.
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