
Chlorogenic Acid Inhibits Progressive 
Pulmonary Fibrosis in a Diabetic Rat Model

Abstract
Background: Chlorogenic acid (CGA) is known to have 
antifibrotic and hypoglycemic effects and may play a role in 
preventing diabetes-induced pulmonary fibrosis. This study 
aimed to determine the effect and optimum dose of CGA on 
diabetes-induced pulmonary fibrosis.
Methods: Thirty Wistar rats (two-month-old, 150-200 grams) 
were randomly divided into six groups, namely control, six weeks 
diabetes mellitus (DM1), eight weeks DM (DM2), and three DM2 
groups (CGA1, CGA2, and CGA3) who received CGA doses of 
12.5, 25, and 50 mg/Kg BW, respectively. After six weeks, CGA 
was administered intraperitoneally for 14 consecutive days. Lung 
tissues were taken for TGF-β1, CTGF, SMAD7, Collagen-1, and 
α-SMA mRNA expression analysis and paraffin embedding. 
Data were analyzed using one-way ANOVA and the Kruskal-
Wallis test. P<0.05 was considered statistically significant.
Results: TGF-β1 expression in the CGA1 group (1.01±0.10) was 
lower than the DM1 (1.33±0.25, P=0.05) and DM2 (1.33±0.20, 
P=0.021) groups. α-SMA expression in the CGA1 group (median 
0.60, IQR: 0.34-0.64) was lower than the DM1 (median 0.44, 
IQR: 0.42-0.80) and DM2 (median 0.76, IQR: 0.66-1.10) groups. 
Collagen-1 expression in the CGA1 group (0.75±0.13) was 
lower than the DM1 (P=0.24) and DM2 (P=0.26) groups, but 
not statistically significant. CTGF expression in CGA groups 
was lower than the DM groups (P=0.088), but not statistically 
significant. There was an increase in SMAD7 expression in 
CGA groups (P=0.286). Histological analysis showed fibrosis 
improvement in the CGA1 group compared to the DM groups.
Conclusion: CGA (12.5 mg/Kg BW) inhibited the expression 
of profibrotic factors and increased antifibrotic factors in 
DM-induced rats.
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What’s Known

• Chlorogenic acid (CGA) has 
the potential to prevent bleomycin-
induced pulmonary fibrosis by inhibiting 
endoplasmic reticulum stress.
• CGA has hypoglycemic and antifibrotic 
effects on diabetic cardiomyopathy.

What’s New

• Low-dose CGA inhibits diabetes-
induced pulmonary fibrosis by reducing 
TGF-β1 mRNA expression.
• Hypoglycemic effect of CGA might 
not be dose-dependent. 
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Introduction

Diabetes mellitus (DM) is a chronic metabolic condition 
characterized by high blood glucose levels (BGL), which may 
lead to multiple organ damage.1 As a major complication, DM 
affects the respiratory system, especially the lungs. Recent 
clinical studies indicated that DM causes chronic progressive 
diseases such as pulmonary fibrosis; however, the mechanism 

IJMS
Vol 49, No 2, February 2024

Copyright: ©Iranian Journal of Medical Sciences. This is an open-access article distributed under the terms of the Creative Commons 
Attribution-NoDerivatives 4.0 International License. This license allows reusers to copy and distribute the material in any medium or 

format in unadapted form only, and only so long as attribution is given to the creator. The license allows for commercial use.

https://orcid.org/0009-0002-7834-5669
https://orcid.org/0000-0003-1694-2054


Chlorogenic acid inhibits diabetes-induced pulmonary fibrosis

Iran J Med Sci February 2024; Vol 49 No 2 111

involved has not yet been elucidated.2-4 The 
disease causes structural damage to the lungs, 
stiffening of lung tissue, and ultimately loss of 
lung function.2, 5 Several studies reported that 
pulmonary disorder causes loss of elastic recoil 
in the lungs of patients with type I DM and 
reduces forced vital capacity, total lung capacity, 
and carbon monoxide diffusion capacity.4-7

It is suggested that lung tissue damage in 
DM patients is caused by increased reactive 
oxygen and/or nitrogen species or a decrease in 
antioxidant capacity. Oxidative stress activates 
nuclear factor kappa B (NF-κB), which in 
turn induces transcription of proinflammatory 
cytokines.8 Oxidative stress is also associated 
with activation and production of transforming 
growth factor-beta 1 (TGF-β1). Activation of TGF-
β1 induces fibroblast proliferation, increases 
the expression of connective tissue growth 
factor (CTGF), conversion of fibroblasts into 
myofibroblasts, and accumulation of extracellular 
matrix. It also causes pulmonary parenchymal 
fibrosis characterized by the accumulation of type 
1 collagen (collagen-1), fibronectin, and alpha-
smooth muscle actin (α-SMA).7-9 Myofibroblasts 
play an important role in fibrosis by forming fibrotic 
foci. They are responsible for the synthesis and 
deposition of the extracellular matrix, as well as 
changes in contractile properties of lung tissue 
that lead to changes in tissue structure and 
subsequent loss of lung function.10

There have been various studies on the anti-
fibrotic effect of several antidiabetic drugs,11, 12 
but there are no studies on their ability to reduce 
the occurrence of organ damage. One such 
drug is metformin, which has shown beneficial 
effects on lung fibrosis, independent of its 
hypoglycemic effect.13 Chlorogenic acid (CGA) 
is a phenolic compound widely found in some 
fruits and coffee. CGA is a potent antioxidant, 
because it has two phenol groups as free radical 
scavengers.14 Studies have not only shown 
the antidiabetic and antilipidemic effects of 
CGA,15 but also its anti-fibrotic effect on various 
organs.16-18 To the best of our knowledge, to date, 
no studies have investigated the effect of CGA 
on diabetes-induced pulmonary fibrosis. The 
present study, therefore, aimed to determine the 
effect and optimum dose of CGA on diabetes-
induced pulmonary fibrosis.

Materials and Methods

Rat Model of Diabetes 
A quasi-experimental study was conducted 

in 2020 at the Faculty of Medicine, Gadjah Mada 
University (Yogyakarta, Indonesia). The study 
was carried out and reported in accordance 

with the Animal Welfare Guidelines of Gadjah 
Mada University, the Forum for Ethical Review 
Committees in the Asian and Western Pacific 
Region (FERCAP), and Improving the Reporting 
of Animal Experiments (ARRIVE).19 In addition, 
the study was approved by the Ethics Committee 
of Gadjah Mada University (number: KE/
FK/1087/EC/2020).

Thirty male Wistar rats (two months old, 
150-200 g) were used in the experiments. The 
sample size was determined using the Federer 
formula. The rats were housed under controlled 
conditions, 12:12 hours light-dark cycle, and 
access to food and water ad libitum. Based on 
the type of treatment and time of euthanasia, the 
animals were randomly divided into six groups 
(five rats per group), namely control, DM1 (DM 
for six weeks), DM2 (DM for eight weeks), CGA1 
(DM2 group treated with CGA 12.5 mg/Kg body 
weight [BW]), CGA2 (DM2 group treated with 
CGA 25 mg/Kg BW), and CGA3 (DM2 group 
treated with CGA 50 mg/Kg BW).

Diabetes was induced by intraperitoneal 
injection of a single-dose streptozotocin 
(Cayman Chemical, Michigan, USA) dissolved 
in sodium citrate buffer at a dose of 60 mg/
Kg BW. BGL was evaluated on day six post-
injection to confirm diabetes (pre-CGA). 
Diabetes was confirmed when BGL was higher 
than 250 mg/dL. Rats that received the same 
volume of 0.9% sodium chloride were used as 
controls and euthanized at week eight. CGA 
(part number: C3878, Sigma-Aldrich) was 
dissolved in phosphate-buffered saline (PBS) 
and intraperitoneally administered at a dose of 
12.5 mg/Kg  BW (CGA1), 25 mg/Kg  BW (CGA2), 
and 50 mg/Kg  BW (CGA3) for 14 consecutive 
days, starting from week six after the induction 
of diabetes. The DM2 group also received PBS 
as a vehicle during the same period.

Prior to euthanasia, the BGL of all rats was 
assessed for the hypoglycemic effect of CGA 
(post-CGA). The rats in the DM1 group (after six 
weeks) and all other groups (after eight weeks) 
were sacrificed by intramuscular ketamine 
injection (part number: KTM100, PT. Bernofarm 
Pharmaceutical, Indonesia) at a dose of 100 
mg/Kg BW. The abdomen and thorax were then 
opened, and the left ventricle was perfused with 
0.9% sodium chloride. The lungs were removed 
and fixed in neutral buffered formalin for paraffin 
embedding. In addition, 100 mL FavorPrep™ RNA 
stabilization solution (part number: FARSS 001, 
Favorgen®, Taiwan) was used for RNA extraction.

RNA Extraction and Reverse Transcriptase 
Polymerase Chain Reaction (RT-PCR)

RNA from the lung tissues was isolated using 
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an RNA stabilization solution according to the 
manufacturer’s protocol. RNA concentrations 
were quantified using a NanoDrop® 
spectrophotometer. The RNA was synthesized 
to cDNA using ExcelRT™ Reverse Transcription 
Kit II, 100 Rxn (part number: RP1400, Smobio 
Technology, Inc., Taiwan). PCR was performed in 
35 cycles at 25 °C for 10 minutes (denaturation), 
42 °C for 50 minutes (annealing), and 85 °C for 
5 minutes (extension). cDNA samples were then 
stored at -20 °C.

RT-PCR was performed to amplify the cDNA 
of TGF-β1, CTGF, collagen-1, α-SMA, and 
hypoxanthine-guanine phosphoribosyltransferase 
1 (HPRT1) as housekeeping genes. The 
sequence of primers and PCR conditions are 
presented in table 1. RT-PCR was performed by 
mixing cDNA, primers, water, and GoTaq®Green 
Master Mix (part number: M7122, Promega 
Corporation, Wisconsin, USA). PCR products 
were analyzed on 2% agarose gel with 
AccuBand™ 100 bp+3K DNA ladder II (part 
number: DM2400, Smobio Technology, Inc., 
Taiwan). Gene expressions were quantified 
using densitometry analysis with ImageJ® 
software and then normalized by HPRT1.

Histopathological Evaluations
Tissue sections (4 μm thick) were 

deparaffinized and stained with hematoxylin 
and eosin (H&E) or Sirius red (SR). The H&E- 
and SR-stained slides were examined across 
the entire visual field of the lung tissue using 
Olympus CX22 light microscope (at least ×100 
magnification). The H&E slides were examined 
at ×400 magnification. A descriptive analysis 
was performed by comparing representative 
images from all study groups.

Immunohistochemical Staining of α-SMA
After deparaffinization, the slides were heated 

in citrate buffer for 15 min, incubated in 3% H2O2 
in PBS for endogenous peroxidase inhibition, and 

incubated in blocking solution using rabbit-DAB 
(Poly-HRP) detection IHC kit (Catalog number: 
IHC0007; FineTest®, Wuhan, China). The slides 
were then incubated at 4 °C overnight with an 
anti-smooth muscle actin-specific antibody (part 
number: FNab08038, dilution: 1/500; FineTest®, 
Wuhan, China). Then, the slides were incubated 
with species-specific secondary antibodies 
at room temperature for one hour, followed 
by incubation with a DAB working solution. 
Hematoxylin was then used for counterstaining. 
The slides were examined across the entire visual 
field of the lung tissue using an Olympus CX22 
light microscope (at least ×100 magnification). A 
descriptive analysis was performed by comparing 
representative images from all study groups.

Statistical Analysis 
Data were analyzed using IBM SPSS 

Statistics for Windows, version 23.0 (IBM Corp, 
Armonk, NY, United States). The normality of 
numeric data was analyzed using the Shapiro-
Wilk test. One-way analysis of variance (ANOVA) 
and the Kruskal-Wallis test were used to assess 
normal and non-normal distribution of data, 
respectively. When needed, further analysis 
including the least significant difference (LSD) 
test for one-way ANOVA or the Dunn-Bonferroni 
test for the Kruskal-Wallis test were performed. 
Paired sample t test was used to compare pre- 
and post-CGA BGL. P<0.05 was considered 
statistically significant.

Results

Blood Glucose Levels
Initially, induction of diabetes was confirmed 

by evaluating BGL on day six after administration 
of streptozotocin (pre-CGA). The results showed 
a significant increase in BGL in all DM and 
CGA groups compared to the control group 
(DM1: P=0.037, DM2: P=0.002, CGA1: P=0.011, 
CGA2: P=0.002, CGA3: P=0.007) (table 2).  

Table 1: Sequence of primers and corresponding polymerase chain reaction (PCR) conditions
Gene Primer sequence PCR conditions
TGF-β1 5’-GACCGCAACAACGCAATCTA-3’ (forward)

5’-TTCCGTCTCCTTGGTTCAGC-3’ (reverse)
35 cycles at 94 °C for 10 s, 63 °C for 20 s, 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

CTGF 5’-CGTAGACGGTAAAGCAATGG-3’ (forward)
5’-AGTCAAAGAAGCAGCAAACAC-3’ (reverse)

35 cycles at 94 °C for 10 s, 53 °C for 20 s, 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

Collagen-1 5’-CAACCTCAAGAAGTCCCTGC-3’ (forward)
5’-AGGTGAATCGACTGTTGCCT-3’ (reverse)

35 cycles at 94 °C for 10 s, 54 °C for 20 s, 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

α-SMA 5’-CCCAGACACCAGGGAGTGAT-3’ (forward)
5’-CGTTAGCAAGGTCGGATGCT-3’ (reverse)

35 cycles at 94 °C for 10 s, 65 °C for 20 s, 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

SMAD7 5’-TTCTTCATGGTGTGCGGAGGTC-3’ (forward)
5’-GCTCCAGAAGAAGTTGGGAATCTGA-3’ (reverse)

35 cycles at 94 °C for 10 s, 53 °C for 20 s, 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

HPRT1 5’-AGACGTTCTAGTCCTGTGGC-3’ (forward)
5’-ATCAAAAGGGACGCAGCAAC-3’ (reverse)

35 cycles at 94 °C for 10 s, 51 °C for 20s , 72 °C 
for 60 s, and last extension at 72 °C for 10 min.

TGF-β1: Transforming growth factor beta 1; CTGF: Connective tissue growth factor; α-SMA: Alpha smooth muscle actin; SMAD7: 
Suppressor of mothers against decapentaplegic homolog 7; HPRT1: Hypoxanthine-guanine phosphoribosyltransferase 1
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The hypoglycemic effect of CGA in all 
treatment groups was verified using BGL taken 
immediately before euthanasia (post-CGA) 
(table 2). All CGA groups had lower BGL than 
the DM2 group, especially CGA1 (P≤0.001) and 
CGA2 (P=0.001). BGL in the CGA3 group was 
also lower than the DM2 group (P=0.092), but 
not statistically significant. 

Pre- and post-CGA BGL were compared 
to determine the significance of the glucose-
lowering effect of CGA. Post-CGA BGL of the 
control, DM1, and DM2 groups were higher 
than pre-CGA levels, although not statistically 
significant (control: P= 0.124, DM1: P=0.045, 
DM2: P=0.328) (table 2). Therefore, the results 
showed that the increase in BGL was not due 
to interventions. In the groups receiving CGA, 
especially CGA1 and CGA2, post-CGA BGL 
were lower than the pre-CGA levels, although 
not statistically significant (CGA1: P=0.418, 
CGA2: P=0.328). However, the CGA3 group did 
not show a glucose-lowering effect compared 
to its pre-CGA levels (P=0.094). Despite the 
inadequate glucose-lowering effect of CGA, our 
results suggest that hypoglycemia might not be 
dose-dependent.

Histopathological Evaluations 
Histology of the lungs of DM-induced rats was 

examined by H&E staining. Lung tissue sections 
of the control group showed numerous alveoli, 
visible alveolar sacs, thin alveolar septa, and 
a minimum number of alveolar macrophages 
(figure 1). In the DM1 group, tissue sections 
showed thickening of alveolar septa filled with 
cellular infiltration, many alveolar macrophages 
in the lumen or interstitial area loaded with 
phagocytosed particles, and collapsed or 
even obliterated alveoli. In addition, scattered 
interstitial hemorrhage was observed. These 
results were especially noticeable in the DM2 
group, confirming the success of the DM-induced 
pulmonary fibrosis model. In contrast, the lung 
structure of the CGA1 group appeared similar 

to the control group, but we could still observe 
interstitial hemorrhage and scattered alveolar 
macrophages. However, the lung structure of the 
CGA2 and CGA3 groups was similar to those 
of the DM groups. Based on the histological 
findings, CGA at a dose of 12.5 mg/Kg  
BW showed the best antifibrotic effects.

The Expression of Profibrotic and Antifibrotic 
Factors 

As shown in figure 2, diabetes caused an 
increase in the expression of profibrotic factors 
within eight weeks, such as TGF-β1 (DM2: 
1.33±0.20, P=0.014) and CTGF (0.95±0.09). 
Treatment with 12.5 mg/Kg BW CGA (1.01±0.10) 
significantly lowered TGF-β1 mRNA expression 
in the CGA1 group compared to the DM2 group 
(P=0.021) and DM1 group (1.33±0.25, P=0.05). 
This confirms the antifibrotic effect of CGA. 
Treatment with 25 and 50 mg/Kg BW CGA 
increased TGF-β1 mRNA expression in the 
CGA2 and CGA3 groups by more than 1.5- and 
two-fold (1.47±0.14, P=0.014 and 1.89±0.51, 
P=0.01; respectively) compared to the control 
group (0.92±0.34). There was no significant 
difference in CTGF mRNA expression between 
the groups (figure 2B). However, the expressions 
were generally lower in the CGA groups (CGA1: 
0.60±0.24, CGA2: 0.76±0.09, CGA3: 0.52±0.49) 
than the DM groups (DM1: 0.78±0.18, DM2: 
0.95±0.09). The SMAD7 (suppressor of mothers 
against decapentaplegic 7) expression was 
lower in the DM groups than the control group 
(DM1: 0.72±0.15, P=0.33; DM2: 0.58±0.11, 
P=0.13). Moreover, the expression was higher in 
the CGA groups, especially in the CGA1 group 
(CGA1: 1.04±0.27, CGA2: 0.78±0.16, CGA3: 
0.93±0.28) than both DM1 (CGA1: P=0.13, 
CGA2: P=0.74, CGA3: P=0.62) and DM2 (CGA1: 
P=0.04, CGA2: P=0.76, CGA3: P=0.26) groups 
(figure 2C). 

Myofibroblasts Transformation and Collagen 
Synthesis

Table 2: Average blood glucose levels in pre-and post-treatment with chlorogenic acid (CGA)
Groups Pre-CGA (day 6) Post-CGA (euthanasia) P value
Control 126.8±48.4 199±35.6 0.124
DM1 322.8±49.9* 448.40±101.8** 0.045***
DM2 429.6±184.8* 550.20±80.9** 0.328
CGA1 387.25±216.8* 290.75±34.2#,± 0.418
CGA2 457.5±155.4* 331.25±76.3#,± 0.328
CGA3 405.5±110.5* 463.83±87.0**,£,$ 0.094
Data are expressed as mean±SD. DM1: Diabetes for six weeks; DM2: Diabetes for eight weeks; CGA1: DM2 group treated 
with CGA 12.5 mg/Kg BW; CGA2: DM2 group treated with CGA 25 mg/Kg BW; CGA3: DM2 group treated with CGA 50 mg/
Kg BW. *, **, #, ±, £, $: P values determined using a one-way ANOVA test followed by an LSD test. ***: Pre- and post-CGA  
P values determined using paired sample t test; P<0.05 vs. pre-CGA of controls; *P<0.05 vs. pre-CGA of controls; **P<0.05 
vs. post-CGA of controls; #P<0.05 vs. post-CGA of DM1; ±P<0.05 vs. post-CGA of DM2; £P<0.05 vs. post-CGA of CGA1; 
$P<0.05 vs. post-CGA of CGA2; ***P<0.05
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The results showed no significant difference 
in the α-SMA mRNA expression (a marker of 
myofibroblast transformation) between the groups 
(P=0.199). However, there was an increase in the 
expression of α-SMA in DM groups compared to 
the control group (DM1: median 0.44, interquartile 
range [IQR] 0.42-0.80; DM2: median 0.76, IQR 
0.66-1.10) (figure 3A). These were similar to the 
results of immunohistochemical staining that 
showed a higher expression of α-SMA in the 
peribronchiolar and perivascular regions of DM1 
and DM2 groups than the control group (figure 3C).  
After treatment with CGA, a reduction in the 
expression of α-SMA was found in the CGA1 
(median 0.60, IQR 0.34-0.64) and CGA2 
(median 0.53, IQR 0.41-0.64) groups compared 
to DM1 and DM2. However, α-SMA mRNA 
expression was slightly increased in the CGA3 
group (median 1.06, IQR 0.46-1.23) compared to 
the DM2 group.

The expression of collagen-1 in the DM groups 
(DM1: 0.96±0.21, P=0.10; DM2: 1.16±0.10, 

P=0.11) were higher than the control group 
(0.65±0.10) (figure 3A). Deposition of collagen 
fiber in the peribronchiolar region and thickening 
of the interalveolar septum were observed in the 
DM groups (figure 3C). The results of RT-PCR 
showed a lower expression of collagen-1 in the 
CGA1 group (0.75±0.13) than the DM groups 
(DM1: P=0.24, DM2: P=0.26). The lung structure 
of the CGA1 group was also similar to the control 
group, but the interalveolar septum was thicker 
(figure 3C). The expression of collagen-1 in the 
CGA3 group (1.24±0.31) was higher than the 
DM groups (DM1: P=0.13; DM2: P=0.12), and 
even the CGA1 group (P=0.01) (figure 3A). In the 
CGA3 group, significant deposition of collagen 
fiber in the peribronchiolar and perivascular 
regions and thickening of interalveolar septal 
were observed (figure 3C). This indicates that 
the effect of CGA in lowering BGL and reducing 
lung fibrosis might not be dose-dependent. 
However, treatment with 12.5 mg/Kg BW CGA 
was slightly more effective than in higher doses.

Figure 1: A magnified view of the lung structure stained with hematoxylin-eosin (×100 and ×400 magnification with 100 μm and 
50 μm scale bar, respectively). Yellow triangles show interalveolar septa (notice the difference in thickness between groups). 
Stars show thickening of interalveolar septa filled with inflammatory cells (notice collapsed or obliterated alveoli in the DM1, 
DM2, CGA2, and CGA3 groups). Black triangles represent interstitial hemorrhage. Arrows show alveolar macrophages in the 
interstitial and alveolar lumen. B: Bronchioles; BV: Blood vessels; S: Alveolar sacs.
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Figure 2: Comparison between the mRNA expression of TGF-β1 and CTGF (profibrotic factors) and SMAD7 (antifibrotic factor) 
between the groups. P values were determined using a one-way ANOVA test. (A, B) Significant differences were found in the 
mRNA expression of TGF-β1 between the CGA1 group and DM groups, but no significant difference was observed in the mRNA 
expression of CTGF between the groups. (C) A significant difference was observed in the mRNA expression of SMAD7 between 
the CGA1 and DM2 groups. (D) Results of electrophoresis for the mRNA expressions of TGF-β1, CTGF, and SMAD7. TGF-β1: 
Transforming growth factor beta 1; CTGF: Connective tissue growth factors; HPRT1: Hypoxanthine phosphoribosyl transferase 
1; SMAD7: Suppressor of mothers against decapentaplegic 7; *P<0.05 vs. control; **P<0.05 vs. DM1; ***P<0.05 vs. DM2

Figure 3: A comparison between the mRNA expression of α-SMA and collagen-1 between the groups. (A) α-SMA data are 
presented in box plots and expressed as median with IQR. P values are determined using the Kruskal-Wallis test. No significant 
difference was observed in the mRNA expression of α-SMA between the groups. Collagen-1 data are obtained using one-way 
ANOVA and expressed as mean±SD. (*P<0.05 vs. control, **P<0.05 vs. CGA1). (B) Results of electrophoresis for the mRNA 
expressions of α-SMA and collagen-1. (C) A magnified view of the lung structure after immunohistochemical staining of α-SMA 
and Sirius red staining (×400 and ×100 magnification with 50 μm and 100 μm scale bar, respectively). Black triangles represent 
the deposition of collagen fiber. B: Bronchioles; BV: Blood vessels; S: Alveolar sacs; α-SMA: Alpha-smooth muscle actin.
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Discussion

Diabetes was induced by a single-dose of 
streptozotocin to cause pulmonary fibrosis in 
rats. Six days after the induction, compared 
to controls, a uniform increase in BGL was 
observed. In line with a previous study,20 
histological analyses showed that diabetes was 
successfully induced after six and eight weeks. 
The results showed thickened alveolar septa 
filled with cellular infiltration and the collapse of 
some air sacs, while some others were dilated. 
We also observed attenuation of the epithelial 
lining of the bronchioles in certain areas, as well 
as pulmonary congestion of blood vessels with 
thickened walls. The expression of fibrotic (TGF-
β1, CTGF, α-SMA, collagen 1) and antifibrotic 
(SMAD7) factors were evaluated. There 
was a consistent increase in the expression 
of profibrotic factors and a decrease in the 
antifibrotic factor in the DM groups, whose effect 
was time-dependent.

Based on BGL, a similar hypoglycemic effect 
of CGA, especially at doses of 12.5 and 25 mg/
Kg BW, in all treatment groups compared to 
controls was confirmed. However, treatment 
with 50 mg/Kg BW CGA showed lower BGL, 
but the difference compared to other doses 
was not statistically significant. To the best of 
our knowledge, for the first time, we found that 
the hypoglycemic effect of CGA might not be 
dose-dependent. In the case of type 1 diabetes, 
these findings demonstrated the role of CGA 
in lowering BGL by increasing insulin secretion 
from active pancreatic beta cells. These results 
are supported by an in vitro study using an 
INS-1E cell line, reporting that CGA in a dose 
of 50 g/mL (equivalent to the effect of 5 mM 
glucose) increased insulin secretion.21

To further evaluate the role of CGA in lowering 
BGL, we compared pre- and post-CGA glucose 
levels. The results showed that BGL increased 
in the control and DM groups, while it decreased 
in the CGA1 and CGA2 groups, though the 
difference was not statistically significant. 
Moreover, the increase in the CGA3 group was 
not statistically significant. These results may 
indicate the lack of hypoglycemic effect of CGA 
at a dose of 50 mg/Kg BW. In contrast, Bagdas 
and others showed that the administration of 
CGA at a dose of 50 mg/Kg BW for 15 days 
significantly decreased BGL.22 The difference 
in results could be attributed to the timing and 
dose of CGA administration. In another study, 
Bagdas and others reported no hypoglycemic 
effect after seven days of CGA administration 
at a dose of 100 mg/Kg BW.23 As mentioned 
earlier, increasing insulin secretion is one of the 

hypoglycemic mechanisms of CGA.21 This may 
be related to the effect of stress on vital organs 
due to long-term drug use22, 23 that might further 
damage pancreatic cells.24

Histological features of the CGA-treated 
groups were also evaluated. The results showed 
that lung tissue repair was similar in both the 
CGA1 and control groups. However, fibrosis was 
still observed in the CGA2 and CGA3 groups. 
These results were consistent with the mRNA 
expression of the TGF-β1 gene as the main 
profibrotic factor. TGF-β1 mRNA expression 
was the lowest in the CGA1 group, while the 
expression in the CGA2 and CGA3 groups 
was higher than in the DM groups. The effect 
of CGA on reducing TGF-β1 expression can 
be influenced by the effect of hypoglycemia 
or directly due to the inhibition of endoplasmic 
reticulum stress. A previous study demonstrated 
the proliferation of RLE-6TN cells induced by 
TGF-β1. Furthermore, CGA administration could 
significantly inhibit the expression of GRP78 
(glucose-regulated protein-78), downregulate 
the level of phosphorylation of PERK (PKR-like 
endoplasmic reticulum kinase), and activate 
AFT-6 (activating transcription factor 6).18 
Hypoglycemia can also reduce the expression of 
TGF-β1 by decreasing inflammatory mediators. 
In hyperglycemia, activation of NF-κB due 
to oxidative stress causes an increase in 
genes encoding proinflammatory cytokines 
such as tumor necrosing factor alpha (TNF-
α), monocyte chemotactic protein-1 (MCP1), 
and several other chemokines; leading to the 
accumulation of inflammatory cells and activation 
of macrophages.7 Activated macrophages 
secrete TGF-β1, as the most potent profibrotic 
factor, and activate monocytes and fibroblasts 
through fibroblast growth factor-2 (FGF-2) and 
the mitogen-activated protein kinase (MAPK) 
pathway, resulting in the induction of fibrosis.7, 9, 25 

The expression of TGF-β1 mRNA in the 
CGA2 and CGA3 groups may be related to the 
prooxidative state due to the dose of CGA. A 
follow-up study by Bagdas and others on the 
adverse effects of CGA showed that CGA at a 
dose of ≥50 mg for a prolonged period could 
cause a genotoxic effect due to prooxidants, as 
evidenced by increased micronuclei formation. 
The prooxidant effect is enhanced in the liver, 
kidney, and bone marrow.26 Some studies 
showed that high doses of certain phenolic 
compounds (e.g., kaempferol, caffeic acid, 
quercetin, and ferulic acid) can cause genotoxic 
and prooxidant effects, especially in the 
presence of metal ions.27-33 Phenolic compounds 
can exhibit prooxidant effects, especially in 
systems containing iron or copper, to catalyze 
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redox cycles and form phenolic radicals which 
damage lipids and DNA.34 Another characteristic 
of fibrosis, namely alveolar collapse as observed 
in the histological results of the CGA2 and CGA3 
groups in our study, may be due to the release 
of free radicals by leukocytes in the inflamed 
area, causing an increase in lipid peroxidase 
which hydrolyzes surfactant lipids, and in turn 
a decrease in alveolar surface tension.20 High 
levels of lipid peroxidase were reported with 
the administration of CGA at a dose of 100 mg/ 
Kg BW in the liver and kidneys.26 However, the 
association of these genotoxic and cytotoxic 
effects with increasing BGL is not yet known.

The expression of CTGF, another profibrotic 
agent that acts as a cofactor of TGF-β1 in 
fibroblasts, was also evaluated. CTGF plays a role 
in the transcriptional activation of COL1A2 and 
α-SMA expression in myofibroblast formation.35 
A decrease in CTGF mRNA expression in 
the treatment groups was observed, but the 
decrease was not statistically significant 
compared to DM groups. CTGF itself is activated 
by TGF-β1 and plays a role in the production, 
adhesion, and contraction of the extracellular 
matrix by acting as a pro-adhesive molecule 
of integrins and proteoglycans.35 In pulmonary 
fibrosis, however, inhibition of CTGF can prevent 
and reverse the fibrosis process through the 
mechanism of anti-CTGF monoclonal antibody 
FG-3019.36 In line with the results of a previous 
study, we found a decrease in CTGF mRNA 
expression in the CGA groups.37 Qin and others 
reported that CGA administration could inhibit 
the expression of CTGF and fibronectin as one 
of the effector molecules in the mechanism of 
cardiac fibrosis. CGA activates the cyclic GMP/
protein kinase G (cGMP/PKG) pathway to block 
nuclear translocation of P-SMAD2/3 induced by 
hyperglycemia, thereby reducing the expression 
of fibrosis-related genes in cardiac fibroblasts 
without relying on the cardiac hypoglycemic 
mechanism of CGA.37

A previous study showed that elevated levels 
of SMAD7 partially protect the lungs during the 
initial stages of diabetes by inhibiting SMAD-
dependent TGFβ1 gene activation in a diabetic 
rat model. Therefore, elevated SMAD7 levels 
might delay the onset of fibrosis in the lungs 
when other organs such as kidneys and liver 
are already affecteded.7 Our results showed 
lower SMAD7 mRNA expression in the DM2 
group than the DM1 group. Moreover, CGA-
treated groups exhibited higher SMAD7 mRNA 
expression than DM groups, especially the lower 
CGA dose group. Studies on liver fibrosis have 
shown the beneficial effect of CGA in promoting 
SMAD7 mRNA and protein levels in a model of 

CCl4-induced liver fibrosis and Schistosoma 
japonicum cercaria.38, 39 However, we found no 
other studies on the effect of CGA in promoting 
SMAD7 expression in the lungs of animal models 
of diabetes.

In the present study, we also demonstrated 
the role of CGA in reducing mRNA expression in 
fibrosis-related genes (collagen-1 and α-SMA), 
especially in the CGA1 group. Histological 
image analysis of the H&E-stained lungs 
of DM groups, CGA2, and CGA3 showed 
thickening of the interalveolar septum filled with 
proinflammatory cells and profibrotic factors, 
whereas the CGA1 group showed a thinner 
interalveolar septum. These results were 
verified by SR staining that showed the tissue 
structure of the CGA1 group was similar to the 
control group with less deposition of collagen. In 
addition, immunohistochemical staining showed 
reduced α-SMA expression compared to the 
DM, CGA2, and CGA3 groups; where TGF-
β1 mainly affected the modulation of the main 
profibrotic factors collagen-1 and α-SMA.35, 40 
The decrease in these factors may be caused 
by the downstream mechanism of the TGF-
β1 pathway or directly due to the expression 
of collagen-1 and α-SMA. The role of CGA in 
inhibiting the expression of collagen-1 and 
α-SMA were reported in rat liver fibrosis induced 
by carbon tetrachloride.16 

As a limitation of our study, we did not evaluate 
the exact CGA mechanism of inflammatory and 
oxidation pathways in the lungs. 

Conclusion

The role of CGA in inhibiting diabetes-
induced progressive pulmonary fibrosis were 
demonstrated. CGA at a dose of 12.5 mg/ Kg BW 
reduced the expression of profibrotic factors and 
increased antifibrotic factors in rats. The results of 
H&E staining showed that lung tissue structure at 
the low-dose CGA was similar to the control group, 
with less deposition of collagen (SR staining), 
and reduced expression of myofibroblasts. Our 
findings provide a better understanding of the 
effect of low-dose CGA on hypoglycemia and 
fibrosis in diabetes complications.
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