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Abstract. Aerobic glycolysis has been shown to contribute to the 
abnormal activation of lung fibroblasts with excessive collagen 
deposition in lipopolysaccharide  (LPS)‑induced pulmonary 
fibrosis. Targeting aerobic glycolysis in lung fibroblasts might 
therefore be considered as a promising therapeutic approach 
for LPS‑induced pulmonary fibrosis. In the present study, 
the aim was to investigate whether metformin, a widely used 
agent for treating type 2 diabetes, could alleviate LPS‑induced 
lung fibroblast collagen synthesis and its potential underlying 
mechanisms. Different concentrations of metformin were used 
to treat the human lung fibroblast MRC‑5 cells after LPS chal‑
lenge. Indicators of aerobic glycolysis in MRC‑5 cells were 
detected by measuring glucose consumption and lactate levels 
in culture medium in addition to lactate dehydrogenase activity 
in cellular lysates. The glucose consumption, lactate levels and 
the lactate dehydrogenase activity were measured respectively 
using colorimetric/fluorometric and ELISA kits. The effects of 
metformin in AMP‑activated protein kinase (AMPK) activa‑
tion was assessed by mitochondrial complex  I activity kits. 
Collagen I, α‑smooth muscle actin (α‑SMA) and collagen III 
were used as markers of collagen synthesis, which was measured 
using western blotting, whereas phosphorylated (p‑) AMPK, 
AMPK, 6‑phosphofructo‑2‑kinase/fructose‑2,6‑biphosphatase 3 
(PFKFB3) and mTOR were detected by western blotting. 
Metformin significantly decreased mitochondrial complex I 
activity and upregulated the expression of p‑AMPK/AMPK 

protein in a concentration‑dependent manner. Furthermore, the 
aerobic glycolysis mediated by PFKFB3 and collagen synthesis 
in LPS‑treated MRC‑5  cells was gradually inhibited with 
increasing concentrations of metformin. However, this inhibitory 
role of metformin on PFKFB3‑meditaed aerobic glycolysis and 
collagen synthesis was prevented by treatments with 3BDO and 
compound C, which are specific mTOR activator and AMPK 
inhibitor, respectively. Taken together, the findings from this 
study suggested that metformin may prevent PFKFB3‑associated 
aerobic glycolysis from enhancing collagen synthesis in lung 
fibroblasts via regulating the AMPK/mTOR pathway.

Introduction

Lipopolysaccharide (LPS) has been reported to induce 
sepsis‑associated pulmonary fibrosis by directly activating the 
lung fibroblasts and promoting their proliferation, transforma‑
tion and subsequent collagen synthesis (1‑3). Pulmonary fibrosis 
contributes significantly to the high mortality rates in patients 
with respiratory distress syndrome (ARDS) (4). Previous studies 
have demonstrated that sepsis‑related pulmonary fibrosis and its 
severe form, ARDS, are closely associated with metabolic altera‑
tions (5,6). Aerobic glycolysis and the Warburg effect have been 
proposed as an important pathogenic mechanism in the devel‑
opment of pulmonary fibrosis (7,8). Notably, it has been reported 
that pulmonary aerobic glycolysis in the LPS‑treated mouse 
model contributes to the abnormal activation of lung fibroblasts 
with excessive collagen deposition  (9). Furthermore, phos‑
phofructokinase‑2/fructose‑2, 6‑bisphosphatase 3 (PFKFB3), 
which is a critical regulatory enzyme for glycolysis, could 
modulate fructose‑2, 6‑bisphosphate (Fru‑2,6‑BP) synthesis, 
enhance glucose absorption and promote lactate production 
in a positive manner (10). In addition, PFKFB3‑driven aerobic 
glycolysis has been reported to promote pulmonary collagen 
synthesis (5). Targeting PFKFB3‑mediated aerobic glycolysis 
in lung fibroblasts may therefore serve as a potentially effective 
therapy for LPS‑induced pulmonary fibrosis.

Metformin, which is a biguanide anti‑hyperglycemic 
agent (11), has been demonstrated to alleviate pulmonary fibrosis 
in vivo and in vitro. For example, Gamad et al (12) demon‑
strated that metformin could attenuate bleomycin‑induced 
pulmonary fibrosis in rats. Wang et al (13) demonstrated that 
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metformin can protect lungs in radiation‑induced pulmonary 
fibrosis by ameliorating collagen formation. The present study 
hypothesized therefore that metformin may serve a crucial 
role in reducing LPS‑mediated pulmonary fibrosis. However, 
the underlying mechanism remains largely unclear.

Previous studies demonstrated that metformin could modu‑
late glycolysis by activating the AMP‑activated protein kinase 
(AMPK) (14). Briefly, metformin has been shown to directly 
prohibit respiratory‑chain complex  1 of the mitochondrial 
electron transport chain, resulting in the decrease in adenosine 
triphosphate  (ATP) synthesis and subsequent increased 
adenosine monophosphate (AMP)/ATP or adenosine diphosphate 
(ADP)/ATP ratio, leading to AMPK activation by binding to either 
AMP or ADP (15,16). Mammalian target of rapamycin (mTOR), 
a downstream target of AMPK, can regulate protein synthesis 
and cell proliferation via the phosphorylation of eukaryotic 
translation initiation factor 4E binding protein 1 (4E‑BP1) (17‑19). 
However, enhanced AMPK activity can inhibit rat mesangial cell 
proliferation and extracellular matrix deposition in high glucose 
condition with phosphorylation of mTOR and 4E‑BP1 (20). A 
previous study demonstrated that mTOR activation can promote 
collagen synthesis in LPS‑challenged lung fibroblasts by upregu‑
lating the PFKFB3‑meditaed aerobic glycolysis (9). The present 
study therefore hypothesized that metformin, an AMPK agonist, 
may alleviate the LPS‑induced pulmonary fibrosis by regulating 
PFKFB3‑mediated aerobic glycolysis.

The present study aimed to verify the hypothesis that 
pharmacological interventions on the AMPK/mTOR pathway 
to alleviate PFKFB3‑related aerobic glycolysis by metformin 
could reduce collagen synthesis in an in vitro cellular model of 
LPS‑treated lung fibroblasts.

Materials and methods

Regents and antibodies. LPS from Escherichia coli O127:B8 
was purchased from Sigma‑Aldrich; Merch  KGaA. The 
mTOR activator 3‑benzyl‑5‑((2‑nitrophenoxy) methyl)‑dihy‑
drofuran‑2(3H)‑one (3BDO; cat. no. S8317) and the AMPK 
inhibitor compound  C (cat.  no.  S7306) were obtained 
from Selleck Chemicals. The primary antibodies used for 
western blotting were the following: Anti‑AMPKα (1:1,000; 
cat. no. ab32047; Abcam), anti‑phosphorylated‑AMPKαThr172 
(p‑AMPKα; 1:1,000; cat.   no.  ab133448; Abcam), 
anti‑4E‑BP1(1:2,000; cat. no. ab32024; Abcam), anti‑phos‑
phorylated‑4E‑BP1 (p‑4E‑BP1; 1:1,000; cat. no. ab278686; 
Abcam), anti‑PFKFB3 (1:2,000; cat.  no.  ab218121; 
Abcam), anti‑mTOR (1:1,000, cat. no. 2983; Cell Signaling 
Technology, Inc.), anti‑phosphorylated‑mTOR (p‑mTOR, 
1:1,000; cat.  no.  2971; Cell Signaling Technology, Inc.), 
anti‑collagen  I (1:1,000; cat.  no.  ab260043; Abcam), 
anti‑α‑smooth muscle actin (α‑SMA, 1:1,000; cat. no. 19245; 
Cell Signaling Technology, Inc.), anti‑collagen Ⅲ (1:1,000; 
cat.  no.  ab184993; Abcam) and anti‑GAPDH (1:2,000; 
cat. no. 5174; Cell Signaling Technology, Inc.). Horseradish 
peroxidase‑conjugated goat anti‑rabbit secondary antibodies 
(1:2,000; cat. no. A0208; Beyotime Institute of Biotechnology) 
were used in this study.

Experimental design and treatment. The human lung fibroblast 
MRC‑5 cell line was obtained from The Cell Bank of Type 

Culture Collection of The Chinese Academy of Sciences. Cells 
were cultured in minimum essential medium (MEM; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin 
and 100 µg/ml streptomycin (Thermo Fisher Scientific, Inc.) 
and placed at 37˚C in a humidified incubator containing 
5% CO2. MRC‑5 cells were seeded into 6‑well culture plates 
at the density of 3x105 cells/well. The medium was changed 
for serum‑free MEM for starvation overnight after reaching 
70%  confluence, and for complete medium containing 
10% FBS. Cells were then treated with a concentration gradient 
of metformin (1, 5 and 10 mM; Selleck Chemicals) for 30 min 
and incubated with LPS (1 µg/ml) for 48 h. To further investi‑
gate the relationship between AMPK and mTOR, MRC‑5 cells 
were treated with 3BDO (60 µM; Selleck Chemicals) or the 
AMPK‑inhibitor compound C (50 µM; Selleck Chemicals) for 
30 min, followed by metformin (10 mM) for 4 h and LPS 
(1 µg/ml) for 48 h as reported by Wu et al (21). The IC50 of 
lactate levels was 6.0 mM, the IC50 of LDH activation was 
4.7 mM and the IC50 of glucose consumption was 6.3 mM 
(Fig. S1).

Lactate dehydrogenase (LDH) activity assay. The activity 
of LDH, which is a key enzyme in the last step of glycolytic 
pathway (9). LDH activity in the MRC‑5 cell lysate was measured 
using the LDH Enzymatic Assay Kit (cat.  no.  A020‑2‑2; 
Nanjing Jiancheng Bioengineering Institute) according to the 
manufacturers' instructions.

Measurement of glucose consumption and lactate in culture 
medium. Glucose and lactate concentration in culture 
medium were measured with the Glucose and Lactate 
Colorimetric/Fluorometric Assay Kits (cat.  nos.  K606 
and K607, respectively; both from BioVision, Inc.), respec‑
tively, according to the manufacturers' instructions.

Mitochondrial complex  I activity assay. Mitochondrial 
complex I activity was measured with the Complex I Activity 
Assay kit (cat.  no.  ab109721; Abcam) according to the 
manufacturers' instructions. The extracted cell proteins were 
loaded onto 96‑well plates and incubated with mitochon‑
drial complex I antibody for 3 h at room temperature. Each 
experiment was performed in five parallel wells and the mean 
optical density (OD 450 nm) values were measured using the 
Nano Drop spectrophotometer.

Western blotting. Cells were lysed using RIPA lysis buffer at 
4˚C (cat. no. P0013C; Beyotime Institute of Biotechnology) 
supplemented with protease and phosphatase inhibitors 
(Roche Diagnostics) and then centrifuged at 12,000 x g for 
15 min at 4˚C. Protein concentration was determined with 
the bicinchoninic acid assay (Thermo Fisher Scientific, Inc.). 
Proteins (50 µg) were separated by 6‑12% SDS‑PAGE, trans‑
ferred onto PVDF membranes, membranes were blocked with 
5% bovine serum albumin (cat. no. ST025; Beyotime Institute 
of Biotechnology) in TBS with 0.1% Tween‑20 for 1 h at room 
temperature and then incubated with primary antibodies at 
4˚C for 15 h. Membranes were then incubated with secondary 
antibodies at room temperature for 1 h. Bands were detected 
using enhanced chemiluminescence substrate (Beyotime 
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Institute of Biotechnology). Relative expression levels were 
normalized to endogenous control using ImageLab™ software 
version 2.0.0.27 (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Data were presented as the means ± stan‑
dard deviation and analyzed using GraphPad Prism 7 software 
(GraphPad Software, Inc.). One‑way ANOVA followed by 
Tukey's post hoc test was used for comparison of three groups 
or more. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Metformin inhibits collagen synthesis in LPS‑treated 
lung fibroblasts by regulating PFKFB3‑mediated aerobic 
glycolysis. In the present study, metformin at the concentra‑
tion of 10 mM could successfully decrease the expression 
of α‑SMA, collagen  III and collagen  I in lung fibroblasts 
following LPS treatment, which indicated the inhibition of 
collagen synthesis (Fig. 1A‑D). Furthermore, LPS treatment 
significantly increased cell glucose consumption (Fig. 1E), 

Figure 1. Metformin inhibits collagen synthesis in LPS‑treated lung fibroblasts by regulating PFKFB3‑mediated aerobic glycolysis. Lung fibroblasts were 
pre‑treated with metformin at different concentrations (1, 5 and 10 mM) for 4 h and incubated with LPS (1 µg/ml) for 48 h. (A) Representative western blotting 
image and quantitative analysis showing the expression of (B) collagen I, (C) α‑SMA and (D) collagen III in lung fibroblasts. Changes in (E) glucose consump‑
tion, (F) lactate in cell culture medium and (G) intracellular LDH activity following treatment with different concentrations of metformin. (H) Representative 
western blotting images and (I) quantitative analysis showing the expression of PFKFB3 in lung fibroblasts. Data were expressed as the means ± standard error 
of the mean (n=3). **P<0.01 vs. Control group. #P<0.05 and ##P<0.01 vs. LPS group. PFKFB3, 6‑phosphofructo‑2‑kinase/fructose‑2, 6‑biphosphatase 3; LPS, 
lipopolysaccharide; α‑SMA, α‑smooth muscle actin; LDH, lactate dehydrogenase.
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enhanced lactate production (Fig. 1F) and promoted LDH 
activation (Fig.  1G), all of which could be reversed with 
metformin treatment at the concentration of 10 mM. This 
finding suggested that metformin may inhibit collagen 
synthesis by regulating aerobic glycolysis in LPS‑treated 

lung fibroblasts. Furthermore, LPS significantly upregulated 
PFKFB3 expression in MRC‑5 cells compared with negative 
controls. However, PFKFB3 expression in lung fibroblasts was 
decreased and returned to the baseline level following treat‑
ment with 10 mM metformin (Fig. 1H and I). These results 

Figure 2. Metformin inhibits collagen synthesis in LPS‑treated lung fibroblasts by blocking the activation of the mTOR/PFKFB3 signaling pathway. Lung 
fibroblasts were pre‑treated with mTOR activator 3BDO at a concentration of 60 µM for 30 min, followed by metformin treatment (10 mM) for 4 h and 
LPS (1 µg/ml) for 48 h. (A) Representative western blotting images and (B) quantitative analysis showing the expression of (B) p‑mTOR/mTOR in lung 
fibroblasts. (C) Representative western blotting images and (D) quantitative analysis showing the expression of p‑4E‑BP1/4EBP1 protein in lung fibro‑
blasts. (E) Representative western blotting images and (F) quantitative analysis showing the expression of PFKFB3 protein. (G) Representative western 
blotting images and quantitative analysis showing the expression of (H) collagen I, (I) α‑SMA, (J) collagen III in lung fibroblasts. Data were expressed 
as the means ± standard error of the mean (n=3). **P<0.01 vs. Control group. ##P<0.01 vs. LPS group. mTOR, mammalian target of rapamycin; PFKFB3, 
6‑phosphofructo‑2‑kinase/fructose‑2, 6‑biphosphatase 3; α‑SMA, α‑smooth muscle actin; LPS, lipopolysaccharide; p‑, phosphorylated.
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indicated that metformin may successfully inhibit collagen 
synthesis in LPS‑treated lung fibroblasts by regulating 
PFKFB3‑mediated aerobic glycolysis.

Metformin suppresses collagen synthesis in LPS‑treated lung 
fibroblasts by blocking the activation of the mTOR/PFKFB3 
signaling pathway. Activation of the mTOR signaling pathway 
promotes aerobic glycolysis in the lung fibroblasts by upregu‑
lating PFKFB3 expression (9). In the present study, expression 
of mTOR downstream pathway proteins, including p‑mTOR 
(mTOR activation) and p‑4E‑BP1 (4E‑BP1 activation), was 
significantly increased after LPS treatment; however, treat‑
ment with metformin reversed these effects (Fig. 2A‑D). The 
mTOR activator 3BDO was subsequently used to better char‑
acterize the essential role of mTOR in LPS‑induced PFKFB3 
overexpression. The results demonstrated that 3BDO could 
inhibit the function of metformin to decrease the expression 
of p‑mTOR, p‑4E‑BP1 and PFKFB3 (Fig. 2A‑D), indicating 
that mTOR activation may upregulate PFKFB3 expression 
in LPS‑treated lung fibroblasts. In addition, 3BDO could 
also reverse the effects of metformin to decrease collagen 
synthesis (Fig. 2G‑J). These results suggested that metformin 
may inhibit collagen synthesis in LPS‑treated lung fibroblasts 
by regulating the mTOR/PFKFB3 pathway.

Metformin activates mitochondrial complex  I/p‑AMPK 
expression in LPS‑treated lung fibroblasts. Metformin 
promotes AMPK phosphorylation by decreasing the activity of 
mitochondrial complex I (22). In the present study, the activity 
of mitochondrial complex  I was increased in LPS‑treated 
lung fibroblasts, whereas it was decreased after treatment 
with metformin for 48  h in a concentration‑dependent 
manner (Fig. 3A). In addition, p‑AMPK protein expression 
was significantly decreased in LPS‑treated lung fibroblasts; 
however, its expression gradually increased after treatment 
with increasing concentrations of metformin. Treatment with 
10 mM metformin could stimulate p‑AMPK expression back 
to normal baseline level (Fig. 3B and C). Taken together, these 
findings indicated that 10 mM metformin could successfully 
activate p‑AMPK expression in LPS‑treated lung fibroblasts.

Metformin inhibits collagen synthesis in lung fibroblasts 
by regulating AMPK/mTOR pathway. To better investigate 
the regulatory role of metformin on aerobic glycolysis in 
LPS‑treated lung fibroblasts, the AMPK inhibitor compound C 

was administered with metformin to LPS‑treated lung 
fibroblasts. The results demonstrated that pre‑treatment with 
compound C could reverse the inhibitory effect of metformin 
on the PFKFB3‑mediated aerobic glycolysis in lung fibro‑
blasts, as indicated by the higher levels of glucose consumption 
(Fig. 4A), increased lactate production (Fig. 4B) and enhanced 
LDH activation (Fig. 4C) as well as the increase in PFKFB3 
expression (Fig. 4D and E). In addition, compound C success‑
fully prevented metformin from upregulating p‑AMPK 
(Fig. 4F and G) and downregulating p‑mTOR (Fig. 4H and I) 
and p‑4E‑BP1 (Fig. 4J and K) in LPS‑treated lung fibroblasts. 
Furthermore, the decrease in collagen synthesis, as indicated 
by reduced α‑SMA, collagen I and collagen III expression due 
to metformin treatment of LPS‑induced lung fibroblasts, was 
abolished after treatment with compound C (Fig. 4L‑O). These 
results suggested that metformin may prevent PFKFB3‑related 
aerobic glycolysis from enhancing collagen synthesis in lung 
fibroblasts by regulating AMPK/mTOR pathway.

Discussion

Previous studies have reported that metformin can alleviate 
bleomycin‑induced idiopathic pulmonary fibrosis both in vivo 
and in  vitro  (12,23). However, whether metformin could 
have the same protective effect in inhibiting LPS‑associated 
pulmonary fibrosis are still unknown and the underlying 
mechanism remains unclear. The results from the present 
study demonstrated that 10 mM metformin could successfully 
inhibit collagen synthesis in LPS‑treated lung fibroblasts, 
which was similar to a previous studies reporting that 
10 mM metformin can inhibit TGF‑β‑induced myofibroblast 
collagen synthesis (24). Abnormality in glucose metabolism, 
especially aerobic glycolysis, has been considered to serve a 
crucial role in the aberrant activation of lung fibroblasts and 
to contribute to the development and deterioration of pulmo‑
nary fibrosis (25,26). PFKFB3 protein initiates the aerobic 
glycolysis by improving glucose uptake, enhancing LDH 
activity and increasing lactate production (27). In addition, 
the PFKFB3‑mediated glycolytic reprogramming has been 
reported to promote the extracellular matrix production by 
lung fibroblasts (9,28). In the present study, 10 mM metformin 
inhibited the PFKFB3‑mediated aerobic glycolysis, as 
evidenced by the decreased glucose uptake, inhibited LDH 
activity and decreased lactate production in lung fibroblasts 
following LPS treatment. Taken together, these results 

Figure 3. Metformin activates mitochondrial complex I/p‑AMPK expression in LPS‑treated lung fibroblasts. Lung fibroblasts were pre‑treated with metformin 
at different concentrations (1, 5 and 10 mM) for 4 h and incubated with LPS (1 µg/ml) for 48 h. (A) Mitochondrial complex I activity at different concentra‑
tions of metformin. (B) Representative western blotting images and (C) quantitative analysis showing the expression of p‑AMPK and AMPK protein in lung 
fibroblasts. Data were expressed as the means ± standard error of the mean (n=3). **P<0.01 vs. Control group. #P<0.05 and ##P<0.01 vs. LPS group. LPS, 
lipopolysaccharide; p, phosphorylated.
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provide direct evidence that metformin may prevent collagen 
synthesis by lung fibroblasts via regulating PFKFB3‑mediated 
glycolysis, suggesting that a pharmacological intervention of 
metformin may have some potential therapeutic significance 
for LPS‑induced pulmonary fibrosis.

Emerging evidence has demonstrated that the mTOR 
signaling pathway is vital in both the aerobic glycolysis (29,30) 
and collagen synthesis of lung fibroblasts (31,32). Previous 
studies confirmed that mTOR activation promotes aerobic 
glycolysis, mostly by upregulating PFKFB3 expression (33,34). 
In addition, active 4E‑BP1, as the mTOR downstream target, is 
negatively associated with glycolysis (35). In the present study, 
10 mM metformin successfully inhibited mTOR and 4‑EBP1 
activation. However, the mTOR activator 3BDO prevented 
metformin from decreasing PFKFB3 expression and inhibiting 

collagen synthesis in LPS‑treated lung fibroblasts. These find‑
ings indicated that metformin may reverse PFKFB3‑mediated 
collagen synthesis in LPS‑treated lung fibroblasts through 
regulating the mTOR pathway.

Metformin affects cell aerobic glycolysis metabolism by 
mainly regulating the AMPK activation (36). Mitochondrial 
complex I as the direct target of metformin can negatively regu‑
late the phosphorylation of AMPK (23), and AMPK activation 
is frequently downregulated in pulmonary fibrosis (37). These 
results were also observed in the present study where AMPK 
expression was decreased in LPS‑associated lung fibroblasts. 
In the present study, 10 mM metformin successfully activated 
the AMPK signaling pathway in LPS‑treated lung fibroblasts by 
inhibiting the complex I activity and promoting p‑AMPK expres‑
sion. Subsequently, AMPK, which is cell energy regulator, may 

Figure 4. Metformin prevents collagen synthesis in lung fibroblasts by regulating AMPK/mTOR pathway. Lung fibroblasts were pre‑treated with the AMPK 
inhibitor compound C at a concentration of 50 µM for 30 min, followed by metformin treatment (10 mM) for 4 h and LPS (1 µg/ml) for 48 h. (A) Changes in 
glucose consumption, (B) lactate in cell culture medium and (C) intracellular LDH activity. (D) Representative western blotting images and (E) quantitative 
analysis showing the expression of PFKFB3 protein. (F) Representative western blotting images and (G) quantitative analysis showing the expression of 
p‑AMPK/AMPK. (H) Representative western blotting images and (I) quantitative analysis showing the expression of p‑mTOR/mTOR. (J) Representative 
western blotting images and (K) quantitative analysis showing the expression of p‑4E‑BP1/4E‑BP1 in lung fibroblasts. (L) Representative western blotting 
images and quantitative analysis showing the expression of (M) collagen I, (N) α‑SMA and (O) collagen III protein in lung fibroblasts. Data were expressed as 
the means ± standard error of the mean (n=3). **P<0.01 vs. Control group. ##P<0.01 vs. LPS group. mTOR, mammalian target of rapamycin; LPS, lipopolysac‑
charide; p, phosphorylated; LDH, lactate dehydrogenase; PFKFB3, 6‑phosphofructo‑2‑kinase/fructose‑2, 6‑biphosphatase 3; α‑SMA, α‑smooth muscle actin.
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inhibit aerobic glycolysis by regulating the mTOR pathway (38). 
Furthermore, AMPK activation by metformin leads to the phos‑
phorylation and activation of the tuberous sclerosis complex 1/2, 
which in turn inhibits mTOR phosphorylation and activa‑
tion (39). In the present study, after blocking AMPK expression 
with compound C with resultant activation of mTOR pathway, 
metformin unexpectedly failed to inhibit collagen synthesis and 
PFKFB3 expression in LPS‑treated lung fibroblasts. In addition, 
the PFKFB3‑mediated aerobic glycolysis (indicated by glucose 
uptake and lactate production) in LPS‑treated lung fibroblasts 
was also not inhibited with the co‑administration of compound C 
and metformin. Taken together, these findings suggested that 
metformin efficacy to attenuate collagen synthesis in LPS‑treated 
lung fibroblasts may be mediated by aerobic glycolysis inhibition 
and AMPK activation. This result was consistent with a previous 
study reporting that metformin can alleviate sepsis‑induced 
acute lung injury via restoring AMPK‑dependent suppression 
of mTOR (21). The results from the present study demonstrated 
that metformin could prevent PFKFB3‑related aerobic glycolysis 
from enhancing collagen synthesis in lung fibroblasts by regu‑
lating AMPK/mTOR pathway.

In the present study, MRC‑5  cells were treated with 
serum‑free MEM for overnight starvation prior to LPS treat‑
ment in order to synchronize cultured cells in the G1 phase and 
improve cell sensitivity to LPS treatment. A previous study 
reported that autophagy is enhanced and becomes a driving 
force for oxidative phosphorylation and ATP production 
when glycolysis is inhibited (40). In addition, LPS promotes 
lung fibroblast proliferation through autophagy inhibition 
via activation of the PI3K‑Akt‑mTOR pathway (41), which in 
turn mediates lung fibroblast aerobic glycolysis and collagen 
synthesis in LPS‑induced pulmonary fibrosis (9). Subsequently, 
LPS promotes the aerobic glycolysis by suppressing lung fibro‑
blast autophagy that contributes to pulmonary fibrosis.

The present study had some limitations. Firstly, pulmonary 
fibrosis is not limited to fibroblast activation with collagen fiber 
secretion and deposition (42). Previous studies have reported 
that numerous types of cell, including alveolar epithelium and 
macrophages, are also actively implicated in the etiopatho‑
genesis of pulmonary fibrosis (43). The present study mainly 
focused on the regulation of lung fibroblasts by metformin 
following LPS exposure and failed to investigate the potential 
effect of metformin in other types of cell. Secondly, it takes 
at least 30 days for LPS to induce typical pulmonary fibrosis 
in mice (32). However, we observed the effect of metformin 
on aerobic glycolysis in lung fibroblasts after LPS exposure 
for only 48 h, which may not mirror the effect of a single 
dose of metformin on pulmonary fibrosis for a longer time 
in vivo. It remains unclear whether the effects of metformin 
on pulmonary fibrosis is transient or long‑term. Although 
Wang et al  (44) reported that metformin inhibits collagen 
synthesis in TGF‑β1‑stimulated HFL‑1 cells for 72 h, how 
long the effect of metformin on LPS‑treated lung fibroblasts 
lasts for remains unknown. In addition, only cell experiments 
were performed in the present study, which may not reflect 
the mechanism in animal models. The effect and duration of 
metformin on animal models of pulmonary fibrosis should 
therefore be further investigated.

In conclusion, the present study demonstrated that 
metformin may decrease collagen synthesis in LPS‑treated 

lung fibroblasts via inhibiting PFKFB3‑related aerobic 
glycolysis and regulating AMPK/mTOR pathway.
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