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I-I. ABSTRACT 

 

Heme oxygenase-1 (HO-1) can exert anti-inflammatory and antioxidant effects. Acute lung 

injury (ALI) is associated with increased inflammation and influx of proinflammatory cells 

and mediators in the airspaces and lung parenchyma. In this study, we demonstrate that 

pterostilbene 4-β-glucoside (4-PG), the glycosylated form of the antioxidant pterostilbene 

(PTER), can protect against lipopolysaccharide- (LPS-) or Pseudomonas aeruginosa- (P. 

aeruginosa-) induced ALI when applied as a pretreatment or therapeutic post-treatment, via 

the induction of HO-1. To determine whether HO-1 mediates the antioxidant and anti-

inflammatory effects of 4-PG, we subjected mice genetically deficient in Hmox-1 to LPS-

induced ALI and evaluated histological changes, HO-1 expression, and proinflammatory 

cytokine levels in bronchoalveolar lavage (BAL) fluid. 4-PG exhibited protective effects on 

LPS- or P. aeruginosa-induced ALI by ameliorating pathological changes in lung tissue and 

decreasing proinflammatory cytokines. In addition, HO-1 expression was significantly 

increased by 4-PG in cells and in mouse lung tissues. The glycosylated form of pterostilbene 

(4-PG) was more effective than PTER in inducing HO-1 expression. Genetic deletion 

of Hmox-1 abolished the protective effects of 4-PG against LPS-induced inflammatory 

responses. Furthermore, we found that 4-PG decreased both intracellular ROS levels and 

mitochondrial (mt) ROS production in a manner dependent on HO-1. Pharmacological 

application of the HO-1 reaction product carbon monoxide (CO), but not biliverdin or iron, 

conferred protection in Hmox-1-deficient macrophages. Taken together, these results 

demonstrate that 4-PG can increase HO-1 expression, which plays a critical role in 

ameliorating intracellular and mitochondrial ROS production, as well as in downregulating 



inflammatory responses induced by LPS. Therefore, these findings strongly suggest that HO-

1 mediates the antioxidant and anti-inflammatory effects of 4-PG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I-II. INTRODUCTION 

 

Sepsis-induced acute lung injury (ALI), an acute inflammatory disorder associated with 

alveolar-capillary barrier dysfunction, exhibits high rates of morbidity and mortality, despite 

modern clinical practices in critical care medicine [1-3]. Thus, there is an urgent need to 

develop effective treatments for ALI.  

Several studies have indicated that dietary polyphenols including curcumin and resveratrol 

(3, 5, 4’-trihydroxystilbene) can exert protective effects in ALI by reducing the inflammatory 

response and enhancing antioxidant status [4, 5]. Resveratrol exhibits anti-inflammatory 

effects via suppression of the inflammatory cascade [6] and by reducing the release of 

inflammatory mediators including TNF-��and IL-8 [7]. Pterostilbene (PTER; 3, 5-dimethoxy-

4’-hydroxystilbene) is a phytoalexin and a natural dimethylated analog of resveratrol, which 

has been demonstrated to possess various resveratrol-like activities [8, 9]. PTER is a primary 

antioxidant component of blueberries [10]. Moreover, accumulating studies have shown that 

PTER can exert anti-inflammatory [11], anti-carcinogenic [12] and anti-oxidant properties 

[10]. Glycosylation of bioactive compounds can enhance their intestinal absorption, as well 

as improve their bio- and pharmacological properties [13]. In our previous study, we 

demonstrated that treatment with the glycosylation product of PTER (pterostilbene 4’-�-

glucoside, 4-PG) can attenuate dextran sulfate sodium-induced colitis in mice via 

upregulation of tristetraprolin (TTP) [14, 15]. However, whether 4-PG can exert a protective 

effect in endotoxin-induced ALI remains unclear. Furthermore, the underlying mechanism(s) 

by which 4-PG regulates inflammatory responses remain largely unknown.  

 



Heme oxygenase (HO) catalyzes the first and rate-limiting step in the oxidative 

degradation of heme to generate biliverdin-IX�, carbon monoxide, and iron. The stress-

responsive protein, heme oxygenase-1 (HO-1) responds to induction by stimulants such as 

pro-inflammatory cytokines, heat shock, heavy metals and oxidants [16, 17]. The antioxidant 

and anti-inflammatory effects of PTER have been shown to require activation of HO-1 [11, 

18]. For example, recent evidence indicates that PTER treatment can alleviate cerebral 

ischemia/reperfusion (I/R) injury via the activation of HO-1-dependent signaling [19]. 

However, whether HO-1 mediates the anti-inflammatory effects of 4-PG remains unclear.  

In the present study, we demonstrate that 4-PG can attenuate oxidative stress and 

inflammatory responses in LPS-activated murine RAW 264.7 macrophages, and in mouse 

models of LPS- or P. aeruginosa-induced ALI, via the enhancement of HO-1. Additionally, 

after LPS-challenge, 4-PG displayed greater benefit with respect to the activation of HO-1 

and anti-inflammatory responses, than that of its parent compound PTER. Thus, 4-PG may 

have potential therapeutic value for the treatment of ALI. 

 

 

 

 

 

 



I-III. MATERIALS AND METHODS 

1. Reagents and Chemicals  

Pterostilbene 4-β-glucoside (4-PG) was donated from Okayama University of Science, Dept. 

of Life Science. Pterostilbene (PETR) was purchased from Tokyo Chemical Industry (TCI), 

Japan. 4-PG and PTER were dissolved in DMSO, as described previously [14]. 

Lipopolysaccharide (LPS), carbon monoxide-releasing molecule- (CORM-) 2, bilirubin, and 

ammonium iron (II) sulfate hexahydrate were purchased from Sigma-Aldrich, (St. Louis, MO, 

USA). Antibody against HO-1 was purchased from Enzo Life Sciences (Farmingdale, NY, 

USA), and antibody against β-actin was purchased from Cell Signaling (Danvers, MA, USA). 

siRNA against HO-1 was from Santa Cruz Biotechnology (Santa Cruz, CA). Zinc 

protoporphyrin IX (ZnPP) was from Frontier Scientific (Logan, UT, USA). 

 

2. Cell Culture 

Mouse macrophage RAW 264.7 cells (KCLB, Seoul, Korea) were cultured in DMEM 

containing 10% FBS and 1% penicillin-streptomycin solution, at 37°C in humidified 

incubators containing an atmosphere of 5% CO2. RAW 264.7 cells were pretreated with 4-PG 

(10 μM) and then stimulated with LPS (100 ng/ml). For silencing the HO-1 gene, RAW 264.7 

cells were transfected with siRNA against mouse HO-1 using Lipofectamine 2000 

(Invitrogen, CA) according to the manufacturer’s protocol. Human macrophage U937 cells 

and human lung epithelial A549 cells (KCLB, Seoul, Korea) were cultured in RPMI 1640 

medium (Gibco, Grand Island, NY, USA), containing 10% FBS and 1% penicillin-

streptomycin, at 37°C in humidified incubators containing an atmosphere of 5% CO2. Bone 



marrow-derived macrophages (BMDM) from Hmox-1+/+ and Hmox-1−/− mice were isolated 

as previously described [14]. Peripheral blood mononuclear cells (PBMC) were isolated from 

the blood by centrifugation on Ficoll-Paque Plus density gradient medium (GE Healthcare, 

Little Chalfont, UK). The PBMC layer was collected and centrifuged at 2000 rpm for 20 

minutes to remove the remaining Ficoll solution. PBMC were collected in DMEM and plated. 

 

3.  Animals 

BALB/c Hmox-1−/− mice were obtained by Dr. Mark A. Perrella (Brigham and Women’s 

Hospital, Boston, MA). Mice were bred in the animal facility at the University of Ulsan and 

were born and housed in the same room under specific pathogen-free conditions at 18–24°C 

and 40–70% humidity, with a 12 h light-dark cycle. All mice were handled in accordance 

with guideline of the Institutional Animal Care and Use Committee (IACUC) of the 

University of Ulsan. 

 

4.  LPS-induced ALI and 4-PG Treatment 

Hmox-1+/+ (n=30) and Hmox-1−/− (n=30) mice (8–10 weeks old, 20–25 g) were randomly 

divided into six groups ( n=5, in each group): control and LPS-, LPS + 4-PG-, LPS + PTER-, 

4-PG-, and PTER-treated groups. For induction of ALI, LPS (2.5 mg/kg) was applied once by 

intranasal administration in mice and then mice were sacrificed after 24 h. To evaluate the 

preventive effects of 4-PG and PTER, 4-PG (10 mg/kg, i.p.) or PTER (10 mg/kg, i.p.) was 

injected for 4 days prior to LPS challenge. After 24 h, bronchoalveolar lavage (BAL) fluid 

was collected by flushing the lung with 1 ml of PBS. To assess the therapeutic effects of 4-PG 

and PTER on LPS-induced ALI, 8-week-old C57BL/6 mice were challenged with LPS 



(2.5 mg/kg) by intranasal administration. After 5 h, mice were post-treated with 4-PG 

(10 mg/kg, i.p.) or PTER (10 mg/kg, i.p.) for an additional 19 h in the presence or absence of 

LPS stimulation. After 24 h, bronchoalveolar lavage (BAL) fluid was collected by flushing 

the lung with 1 ml of 1x PBS (Gibco, Grand Island, NY, USA), and the number of cells in 

BAL fluid was measured using a hemocytometer. Lung tissues were harvested to observe the 

pathological changes by H&E staining and to measure the expression of proinflammatory 

cytokines as well as chemokines by RT-PCR, Western blot, and ELISA. 

5.  Pseudomonas aeruginosa-Induced ALI and 4-PG Treatment 

To estimate the therapeutic effects of 4-PG on Pseudomonas aeruginosa-induced ALI, 8-

week-old C57BL/6 mice were randomly dived into five groups: Control, P. aeruginosa, P. 

aeruginosa + 4-PG 6 h, P. aeruginosa + 4-PG 12 h, and P. aeruginosa + 4-PG 18 h. To 

construct the P. aeruginosa-induced pneumonia mouse model, mice were treated with P. 

aeruginosa (1 × 107 CFU in 20 μl PBS per mouse) through intranasal instillation for 24 h. 

After administration of P. aeruginosa, mice were post-treated with 4-PG at 6, 12, and 18 h 

(10 mg/kg, i.p.), respectively. After 24 h, mice were sacrificed and bronchoalveolar lavage 

(BAL) fluid was collected by flushing the lung with 1 ml of PBS, and the number of cells in 

BAL fluid was measured by using a hemocytometer and proinflammatory cytokines by 

ELISA. Lung tissues were harvested to observe the neutrophil infiltration by MPO 

measurement. 

 

 

 



6.  Lung Wet-to-Dry Weight Ratio 

To measure the lung edema in Pseudomonas aeruginosa pneumonia, whole-lung tissues were 

collected, and surface blood was removed. Then, the weights of samples were recorded as the 

wet weight, and tissues were dried for 72 h at 65°C and recorded as the dry weight. 

Pulmonary edema was expressed as a wet/dry weight ratio for each individual mouse lung. 

 

7.  Myeloperoxidase (MPO) Assay 

To measure neutrophil infiltration into lung tissues, MPO enzyme activity in lung tissues was 

measured using the Mouse Myeloperoxidase DuoSet kit (R&D Systems, Minneapolis, MN). 

 

8.  MTT Assay 

To perform MTT assay, RAW 264.7 cells were grown in a 96-well plate. After reaching 70% 

confluence, the cells were treated with 4-PG at the indicated concentrations (5, 10, 15, 20, 

and 40 μM) or PTER at the indicated concentrations (10, 15, 20, and 40 μM) for 8 h. The 

cells were incubated with MTT (thiazolyl blue tetrazolium bromide, Sigma-Aldrich) for 4 h. 

To quantify cell viability, MTT formazan was eluted with 100% isopropanol and the optical 

density of samples was read at 570 nm on a spectrophotometer. 

 

9.  RNA Isolation and Reverse Transcription-Polymerase Chain Reaction 

Total RNA was isolated from RAW 264.7 cells and lung tissues using TRIzol reagent 

(Invitrogen). 2 μg of total RNA was used to synthesize cDNA by using M-MLV reverse 

transcriptase (Promega). The synthesized cDNA was subject to PCR-based amplification. The 



following primers were mouse GAPDH (f-aggccggtgctgagtatgtc, r-tgcctgcttcaccttct), mouse 

TNF-α (f-agcccacgtcgtagcaaaccaccaa, r-acacccattcccttcacagagcaat), mouse IL-6 (f-

gtggaaatgagaaaagagttgt, r-cctcttggttgaagatatgaat), mouse IL-1β (f-ctgtgtctttcccgtggacc, r-

cagctcatatgggtccgaca), mouse CXCL1 (f-gctgggattcacctcaagaa, r-gcacttcttttcgcacaaca), 

mouse CXCL2 (f-cagactccagccacacttca, r-aggcacatcaggtacgatcc), mouse Hmox-1 (f-

tcccagacaccgctcctccag, r-ggatttggggctggtttc) and mouse 18S (f-cagtgaaactgcgaatggct, r-

tgccttccttggatgtggta), human GAPDH (f-ccacccatggcaaattccatggca, r-

tctagacggcaggtcaggtccacc), human HO-1 (f-cttcgcccctgtctacttcc, r-gtccttggtgtcatgggtca), 

human IL-6 (f-ctctatggagaactaaaagt, r-actgcatagccactttccat), and human TNF-α (f-

gagcactgaaagcatgatccg, r-aaagtagacctgcccagactcgg). To perform real-time quantitative PCR 

(RT-qPCR), the synthesized cDNA was amplified with SYBR Green qPCR Master Mix (2x, 

USB Production; Affymetrix) on an ABI 7500 Fast Real-Time PCR System (Applied 

Biosystems, Carlsbad, CA). The following RT-qPCR primers were mouse GAPDH (f-

cggcctcaccccatttg, r-gggaagcccatcaccatct), mouse TRX1 (f-atggtgaagatcgagagc, r-

ggcatattcagtaatagaggc), mouse NQO1 (f-agctggaagctgcagacctg, r-cctttcagaatggctggca), and 

mouse GCLC (f-atctgcaaaggcggcaac, r-actcctctgcagctggctc). 

 

10.  Dual Luciferase Assay 

For dual luciferase assay, RAW 264.7 cells were grown in a 96-well plate, and then cells were 

cotransduced with a pCignal Lenti-ARE reporter (Qiagen, Hilden, Germany) and pCignal 

Lenti-TK-Renilla (Qiagen, Hilden, Germany). After 72 h, cells were treated with 10 μM 4-PG 

for 8 h. Treated cells were lysed with passive lysis buffer (Promega, Fitchburg, WI, USA) and 

mixed with luciferase assay reagents (Promega). The chemiluminescent signal was detected 

using a SpectraMax L Microplate reader (Molecular Devices, Sunnyvale, CA). Firefly 



luciferase was normalized to Renilla luciferase in each sample. 

 

11.  Western Blot 

Total proteins extracted from harvested tissues and cells were prepared in mammalian lysis 

buffer containing phosphatase and protease inhibitors, and the protein concentration was 

determined using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). The 

protein was fractionated on polyacrylamide-SDS gels and transferred to polyvinylidene 

difluoride membranes. The membrane was blocked with 5% nonfat milk in phosphate-

buffered saline Tween 20 (PBS-T) and then incubated with a primary antibody against HO-1 

(1 : 2000 v/v in PBS-T, Enzo Life Sciences, USA) or β-actin (1 : 2500 v/v in PBS-T, Cell 

Signaling Technology, MA) followed by incubation with a secondary antibody. Antibody 

binding was visualized with an ECL chemiluminescence system (GE Healthcare Bio-

Sciences, Little Chalfont, UK). 

 

12.  Enzyme-Linked Immunosorbent Assays (ELISA) 

Cytokines were analyzed in cell culture supernatants or BAL fluid recovered from mice. The 

concentrations of IL-6 and TNF-α were measured by using BioLegend MAX™ ELISA kits 

according to the manufacturer’s instructions (BioLegend, San Diego, USA). 

 

13.  Intracellular ROS Measurement 

RAW 264.7 cells were pretreated with 4-PG (10 μM) for 6 h or with ZnPP (10 μM) for 30 min, 

respectively, followed by stimulation with LPS (100 ng/ml) for an additional 4 h. Then, 

cultured medium was replaced with PBS containing 5 μM CM-H2DCFDA (C6827, Invitrogen, 

CA) for 45 min at 37°C. Intracellular ROS was assessed using a flow cytometer with a 

fluorescence-activated cell sorter (FACSCanto II), and data was analyzed by FlowJo V10 



software (Tree Star Inc., San Carlos, CA). To evaluate ROS by confocal microscopy, RAW 

264.7 cells were grown in a confocal 4-well chamber. After reaching 70% confluence, the 

cells were transfected with siHO-1 RNA for 36 h and then incubated with 10 μM 4-PG for 6 h 

and cultured in medium with 100 ng·ml−1LPS for an additional 4 h. Cells were stained with 

10 μM CM-H2DCFDA (Invitrogen, C6827) for 1 h and then washed four times with PBS. 

Images were obtained using an Olympus FV1200 confocal microscope (Olympus, Tokyo, 

Japan). 

 

14.  Mitochondrial ROS Measurement 

To perform mtROS measurement by FACS, RAW 264.7 cells were grown in 6-well plates. 

After reaching 80% confluence, the cells were incubated to 10 μM 4-PG for 6 h and cultured 

in medium with 100 ng/ml LPS for an additional 4 h in the absence or presence of ZnPP 

(10 μM). Hmox-1+/+ and Hmox-1−/− BMDM were pretreated with 4-PG (10 μM) or 

MitoTEMPO (100 μM) (Billerica, MA, USA) for 6 h or 30 min, respectively, then cells were 

stimulated with LPS (100 ng/ml) for another 4 h. A549 cells were pretreated with 4-PG 

(10 μM) for 4 h or with MitoTEMPO (100 μM) for 30 min, respectively, and then stimulated 

with LPS (10 μg/ml) for an additional 6 h. After treatment, cells were stained with MitoSOX 

Red (5 μM) for 30 min and then washed four times with PBS. mtROS was assessed by using 

flow cytometry with a fluorescence-activated cell sorter (FACSCanto II), and data was 

analyzed by FlowJo V10 software (Tree Star Inc., San Carlos, CA). 

 

 

 



15.  Histology 

Lung tissues were fixed in formalin solution, neutral buffered at 10%, and then embedded in 

paraffin, cut into 5 μm thick sections, and stained with hematoxylin and eosin. Severity of 

lung injury was evaluated and scored in a blinded manner based on four aspects: congestion 

of alveolar-capillary membrane, hemorrhage, infiltration or aggregation of neutrophils in the 

air space or the vessel wall, and thickness of the alveolar wall/hyaline membrane formation. 

Each of the four components was assessed ranging from 0 to 4, whereby a higher number is 

more severe. All of scores were added to generate a clinical score that categorized from 0 to 

16 [31]. 

 

16.  Statistical Analysis 

For statistical comparisons, all values were expressed as mean ± SD. Statistical differences 

between samples were assessed by ANOVA with post hoc Tukey’s honestly significant 

difference (HSD) test. Moreover, for statistical differences between groups in Hmox-1+/+ and 

Hmox-1−/− genotypes, as well as in scRNA and siHO-1-transfected cells, data were assessed 

by two-way ANOVA with Bonferroni post-tests. Data were analyzed and presented with 

GraphPad Prism software version 5.03 (San Diego, CA). Probability values of p ≤ 0 05 were 

considered to represent a statistically significant change. 

 

 

 

 



I-IV. RESULTS and FIGURES 

4-PG Prevents LPS-Induced Acute Injury and Upregulates HO-1 Expression. 

To investigate the anti-inflammatory effects of 4-PG and PTER, we first established an LPS-

induced ALI model in mice. 10 week-old mice were injected with 4-PG (10 mg/kg, i.p.) or 

PTER (10 mg/kg, i.p.) for 4 days prior to the intranasal administration of LPS (2.5 mg/kg) for 

24 h. (see Figure 1A for experimental design, and Fig. 1B for compound structures). 

Subsequently, we analyzed the protective effect of 4-PG on LPS-induced ALI. Lung 

histology was determined by hematoxylin and eosin (H&E) staining of lung sections. 

Administration of LPS caused lung injury in mice, reflected by thickening of the alveolar 

septum and inflammatory cell infiltration (Figure 1C). Treatment with 4-PG or PTER 

substantially reduced LPS-induced lung injury (Figure 1C). Previous studies have 

demonstrated that endotoxin-induced pro-inflammatory cytokines such as TNF-���IL-1� and 

IL-6 can contribute to the development of ALI [20-22]. Moreover, activation of circulating 

neutrophils and their transmigration into the alveolar airspace are associated with 

development of ALI. Neutrophil sequestration into the alveolar compartment is regulated by 

CXC chemokine receptor (CXCR2) and its ligands (CXC chemokine ligand CXCL1-8) [23]. 

Thus, we next assessed the mRNA expression of pro-inflammatory cytokines and chemokines 

(TNF-�� IL-6, IL-1�, CXCL1 and CXCL2) in lung tissue. As expected, 4-PG and PTER 

significantly attenuated the expression of inflammation-associated cytokines and chemokines 

(Figure 1D and 1E). Additionally, 4-PG was more effective than PTER at decreasing the 

TNF-�� IL-6 and CXCL1 mRNA expression. Subsequently, we evaluated HO-1 levels in lung 

tissues, and found that 4-PG significantly induced both mRNA and protein levels of HO-1. 



Interestingly, compared with the administration of PTER, 4-PG was more potent with regard 

to enhancing HO-1 expression (Figure 1F and 1G).   

 

 



Figure 1. 4-PG prevents LPS-induced acute lung injury and upregulates HO-1 

expression. (a) The scheme depicts the experimental protocol used to assess the protective 

effect of pterostilbene 4′-glucoside (4-PG) and pterostilbene (PTER) on LPS-induced ALI. 

10-week-old mice were injected with 4-PG (10 mg/kg, i.p.) and PTER (10 mg/kg, i.p.) for 4 

days prior to intranasal administration of LPS (2.5 mg/kg) for 24 h. (b) Chemical structures 

of 4-PG and PTER. (c) Lung sections were stained with hematoxylin and eosin (H&E) for 

morphological evaluation, and the representative lung sections of each group are shown. 

Scale bar = 100 μm. (left). Quantitative analysis of histologic lung section by lung injury 

score for six experimental groups. The score generates the average of two independent 

investigators (right). (d, e) The mRNA expression of proinflammatory cytokines and 

chemokines (TNF-α, IL-6, IL-1β, CXCL1, and CXCL2) in lung tissues was detected by RT-

PCR. Furthermore, mRNA and protein levels of HO-1 were assessed by RT-PCR (f, left: 

HO-1mRNA levels, right: quantification of the relative band density) and Western blotting (g, 

left: HO-1 protein levels, right: quantification of the relative band density) from lung tissues, 

respectively. 18S andβ-actin were used as internal controls. Data were expressed asmean ± 

SD(n = 5per group); p < 0 01and p < 0 001. Comparisons were made by one-way 

ANOVA with Tukey posthoc tests. 



4-PG Exhibits Therapeutic Effects in LPS- or P.aeruginosa-Induced Acute Lung Injury. 

Next, to evaluate the therapeutic effects of 4-PG on LPS-induced ALI, mice were challenged 

with LPS via intranasal administration for 5 h, and then treated with 4-PG or PTER for 

another 19 h (Figure 2A). To investigate the effects of 4-PG or PTER post-treatment on LPS-

induced pulmonary inflammation, bronchoalveolar lavage (BAL) fluid and lung tissues were 

analyzed at 24 h after LPS administration. In BAL fluid, the number of total cells was 

increased after LPS challenge. However, this increase was attenuated by 4-PG or PTER post-

treatment (Figure 2B). The activity of myeloperoxidase (MPO), a major component of 

neutrophil cytoplasmic granules, can serve as a marker of infiltrated neutrophils in lung 

tissues. MPO activity was therefore analyzed to determine the extent of neutrophil infiltration 

in lung tissues. 4-PG or PTER post-treatment prevented LPS-induced MPO activity (Figure 

2C). Lung histology revealed lung injury in the LPS-treated group. However, treatment with 

4-PG or PTER after LPS administration effectively reduced MPO content in lung tissue 

(Figure 2D). We next detected the levels of pro-inflammatory cytokines, TNF-� and IL-6, in 

BAL fluid. The protein levels of TNF-� and IL-6 significantly increased at 24 h of LPS 

administration, whereas post-treatment with 4-PG or PTER substantially reduced pro-

inflammatory cytokines (Figure 2E and F). Additionally, we analyzed the mRNA levels of 

pro-inflammatory cytokines, TNF-��� IL-6, and IL-1� and chemokines, CXCL1 and CXCL2, 

in lung tissues. 4-PG or PTER post-treatment significantly reduced the increase of pro-

inflammatory cytokines and chemokines during LPS-induced pulmonary inflammation 

(Figure 2G). P. aeruginosa is a bacterial pathogen causing acute and chronic pulmonary 

infection in immunocompromised people [24]. Human pneumonia is modeled with 

experimental infections of animals, most frequently mice. Mouse models are leading to 



important discoveries relevant to pneumonia, and several approaches to establishing 

pneumonia in mice have been developed [25]. Based on these reports, to evaluate whether 4-

PG protects against P. aeruginosa induced pneumonia, 8 week-old mice received P. 

aeruginosa (1×107 CFU) by intranasal instillation for 24 hours, and these mice were post-

treated with 4-PG (10 mg/kg, i.p.) at 6, 12, and 18 hour, respectively, after the administration 

of P. aeruginosa (Figure 2H). We first examined the cell account in BAL fluid, and observed 

that compared with 24 hour-infection of P. aeruginosa alone, the post-treatment of 4-PG at 6 

hour dramatically reduced the cell counts, while the mice post-treated with 4-PG at late time, 

12 and 18 h, showed no significant differences in BAL fluid cell number (Figure 2I). 

Subsequently, we found that the increased activity of MPO in P. aeruginosa induced 

pneumonia group, was significantly reduced in after the post-treatment of 4-PG groups at 6 

and 12h, while the post-treatment group at 18h, showed no significant changes in MPO 

concentration (Figure 2J). Furthermore, we detected pro-inflammatory cytokines, TNF-� and 

IL-6, and similar results were obtained that the secreted protein levels of TNF-� and IL-6 in 

BAL fluid were dramatically decreased under the treatment of 4-PG at 6h after the 

stimulation of P. aeruginosa. However, the post-treatment at 12 and 18h showed no 

significant differences compared with group treated with P. aeruginosa alone (Figure 2K and 

2L). Then, we estimated the wet-to-dry weight ratio of the lung tissues, and observed that P. 

aeruginosa infected mice elicited a significant rise in wet/dry ratio when compared with PBS 

treated mice, while the mice post treated with 4-PG at 6h significantly decreased the wet to 

dry lung weight ratio. In comparison, no significant differences were observed at late time, 12 

and 18 h, post-treatment (Figure 2M). These data strongly suggest that 4-PG and PTER can 

also exhibit therapeutic effects in LPS- or P. aeruginosa- induced ALI. Additionally, 



according to the time course experiments, we found that the feasible therapeutic application 

of 4-PG in ALI is early time (6 hour) but not late time (12 and 18 hour) administration. These 

data suggest that 4-PG or PTER post-treatment can also exhibit therapeutic effects in LPS- or 

P. aeruginosa- induced ALI. 



 

 

 



Figure 2. 4-PG and PTER exhibit therapeutic effects in LPS- or P. aeruginosa-induced 

acute lung injury. (a–g) C57BL/6 mice were challenged with LPS (2.5 mg/kg) by intranasal 

exposure for 24 h. 4-PG (10 mg/kg per day, i.p.) and PTER (10 mg/kg per day, i.p.) were 

administered 5 h after LPS challenge. (b) Representative lung histology was shown by 

hematoxylin and eosin- (H&E-) stained lung sections from six experimental groups (left). 

Quantitative analysis of histologic lung section by lung injury score for six experimental 

groups. The score generates the average of two independent investigators (right). (c and d) 

BAL fluid and lung tissues were harvested after treatment with LPS for 24 h and then (c) 

analyzed for total cells in BAL fluid. (d) Neutrophil infiltration into lung tissues was 

measured by activity of myeloperoxidase (MPO) in lung tissues. (e and f) The secreted levels 

of TNF-α and IL-6 in BAL fluid were analyzed by ELISA, respectively. (g) The mRNA 

levels of TNF-α, IL-6, IL-1β, CXCL1, and CXCL2 in lung tissues were detected by RT-PCR. 

(h–m) C57BL/6 mice were instilled P. aeruginosa (1 × 107 CFU/mouse) by intranasal 

exposure for 24 h. After instillation of P. aeruginosa, mice were post-treated with 4-PG (10 

mg/kg, i.p.) at 6, 12, and 18 h, respectively. After 24 h, BAL fluid and lung tissues were 

collected and then (i) analyzed for total cells in BAL fluid. (j) Neutrophil infiltration into lung 

tissues was analyzed by MPO in lung tissues. (k and l) The levels of TNF-α and IL-6 in BAL 

fluid were analyzed by ELISA, respectively. (m) The wet-to-dry weight ratio of whole lungs 

was determined on 24 h after the stimulation of P. aeruginosa. Data were expressed as means 

± SD, n = 3. p < 0 05, p < 0 01, and p < 0 001. 



4-PG Induces HO-1 mRNA and Protein Expression in Macrophages and Lung 

Epithelial Cells. 

To define whether 4-PG enhances the expression of HO-1 in vitro, we first assessed the 

cytotoxic effect of 4-PG on murine macrophage RAW 264.7 cells. Cells were treated with 4-

PG at various concentrations (0, 5, 10, 20 and 40 �M) to detect cell viability using the MTT 

assay. As shown in Figure 3A, no cellular toxicity was observed with the treatment of 4-PG at 

doses of 5 and 10 �M for 8 h, while significant cytotoxicity was detected at 20 �M. We 

therefore used 4-PG at a maximum concentration of 10 �M in subsequent experiments. RAW 

264.7 cells were treated with 4-PG at the indicated concentrations (0, 1, 5 and 10 �M) and 

time points (0, 2, 4 and 8 h) to evaluate HO-1 expression. 4-PG significantly increased HO-1 

mRNA and protein levels (Figure 3B-E). In addition, the optimal expression of HO-1 

enhanced by 4-PG (10 �M) was observed after 8 h treatment (Figure 3D-E). To confirm 

whether 4-PG can induce HO-1 expression in human macrophages, human peripheral blood 

mononuclear cells (PBMC) and human monocyte cell line, U937 cells, were treated with 4-

PG (10 �M) at various time points (0, 2, 4 and 8 hours). We found that 4-PG significantly and 

time-dependently increased the expression of HO-1 in human macrophages (Figure 3F and 

3G). Then, we performed a dual luciferase assay to determine the activity of the antioxidant 

response element (ARE), which has been identified as a major regulatory element of the HO-

1 promoter, after treatment of cells with 4-PG (Figure 3H). 4-PG treatment significantly 

increased the activity of the ARE, as determined by luciferase activity. To evaluate whether 4-

PG can induce other anti-oxidant genes, we measured the expression of the anti-oxidant 

genes, thioredoxin-1 (TRX-1), Glutamate-cysteine ligase catalytic subunit (GCLC) and 

NAD(P)H dehydrogenase quinone 1(NQO1) in RAW 264.7 cells. As expected, these anti-



oxidant genes were significantly increased by the treatment of 4-PG (Figure 3I). Furthermore, 

we detected the anti-inflammatory effects of 4-PG on human monocytes and lung epithelial 

cell line, A549 cells, respectively. 4-PG significantly decreased the mRNA expression of 

TNF-� and IL-6 in the presence of LPS (Figure 3J, 3K and 3L). According to these results, 

we clearly demonstrated that 4-PG has the potential of increasing the expression of HO-1 in 

mouse and human macrophage cells, and that additionally, 4-PG exerts efficient anti-

inflammatory effects on macrophages and lung epithelial cells. 



 

Figure 3. 4-PG induces HO-1 mRNA and protein expression in macrophages and lung 

epithelial cells. (a) RAW264.7 cells were treated with 4-PG at various concentrations (0, 5, 

10, 20, and 40 μM) for 8 h, and cell viability was determined by MTT assay. To evaluate the 

beneficial effect of 4-PG on HO-1 induction, cells were treated with 4-PG (0, 1, 5, and 10 

μM) at the indicated concentrations for 8 h. The mRNA and protein levels of HO-1 were 

measured by RT-PCR (b) and Western blotting (c). RAW264.7 cells were treated with 4-PG 

(10 μM) at the indicated time points (0, 2, 4, and 8 h). The mRNA and protein levels of HO-1 

were determined by RT-PCR (d) and Western blotting (e). (f and g) PBMC and U937 cells 



were treated with 4-PG at the indicated concentrations (0, 1, 5, and 10 μM) for 8 h. The 

mRNA and protein levels of HO-1 were determined by RT-PCR (top) and Western blotting 

(bottom). GAPDH and β-actin were used as internal controls. (h) RAW 264.7 cells were co-

transduced with a pCignal Lenti-ARE reporter and pCignal Lenti-TK-Renilla. After treatment 

with 4-PG, luciferase activity was analyzed. The expression levels obtained from pCignal 

Lenti-ARE reporter-transduced cells without 4-PG treatment were normalized to 1. (i) RAW 

264.7 cells were treated with 4-PG (10 μM) for 8 h. Several antioxidative genes including 

TRX1, GCLC, and NQO1 were measured by RT-qPCR. (j and k) PBMC and U937 cells 

were pretreated with 4-PG (10 μM) for 6 h followed by the stimulation of LPS (100 ng/ml) 

for another 4 h. (l) A549 cells pretreated with 4-PG (10 μM) for 4 h and then stimulated with 

LPS (10 μg/ml) for 6 h. The mRNA levels of HO-1, TNF-α, and IL-6 were determined by 

RT-PCR. Data were expressed as mean ± SD (n = 5 determined in five independent 

experiments). One-way ANOVA with Tukey post hoc tests were performed; p < 0 05, p < 

0 01, and p < 0 001 vs. the vehicle control group. 



Antioxidant Effects of 4-PG Are Mediated by HO-1 Activation. 

In a previous study, we found that 4-PG exhibits antioxidant effects on LPS-induced 

oxidative stress [14]. However, the precise mechanisms by which 4-PG prevents oxidative 

stress remain unclear. To evaluate whether the antioxidant effect of 4-PG is mediated by HO-

1, RAW 264.7 cells were pretreated with 4-PG (10 �M) for 6 h followed by LPS challenge 

(100 ng/ml) for another 4 h. Subsequently, intracellular ROS were detected by DCF-DA 

staining, and measured by confocal microscopy and flow cytometry, respectively (Figure 4A 

and 4B). We found that cells pretreated with 4-PG exhibited markedly decreased intracellular 

ROS production in response to LPS. Several studies have demonstrated that mtROS serve as 

important regulators of the inflammatory response in the innate immune system [26-28]. 

Based on these reports, we next tested whether 4-PG could decrease mtROS production in 

response to LPS. As expected, 4-PG significantly decreased the amount of mtROS (Figure 

4C). To evaluate whether the suppression of ROS level was associated with the activation of 

HO-1, RAW 264.7 cells were pre-treated with HO-1 activity inhibitor, Zinc protoporphyrin-

IX (ZnPP). Interestingly, the antioxidant effects of 4-PG was almost completely abolished in 

ZnPP-treated cells during LPS challenge (Figure 4). These results suggest that LPS-induced 

intracellular ROS and mtROS were suppressed by pretreatment with 4-PG, the effect of 

which was critically mediated by HO-1 activation.  

 

 

 



 

 

 

 



Figure 4. The antioxidant effect of 4-PG is mediated by HO-1 activation. (a and b) To 

evaluate whether the antioxidant effect of 4-PG was mediated by the activation of HO-1, 

RAW 264.7 cells were pretreated with the HO-1 inhibitor, ZnPP (5 μM), for 30 min followed 

by the incubation of 4-PG (10 μM) for 6 h. Then, cells were challenged with LPS (100 ng/ml) 

for another 4 h. The production of intracellular ROS was detected by staining DCF-DA using 

confocal microscopy (a) and flow cytometry (b). Scale bar = 10 μm. (c) Mitochondrial ROS 

was stained with MitoSOX and measured by flow cytometry. Here, the fold change of 

fluorescence intensity is presented as mean ± SD (n = 5 determined in five independent 

experiments); p < 0 01 and p < 0 001. Comparisons were made by one-way ANOVA 

with Tukey post hoc tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 



HO-1 Is Necessary for Antioxidant and Anti-Inflammatory Effect of 4-PG. 

HO-1 exerts antioxidant and anti-inflammatory effects in several diseases [29,30]. We next 

evaluated whether the antioxidant and anti-inflammatory effects of 4-PG were associated 

with HO-1 induction. RAW 264.7 cells were first transfected with scramble RNA (scRNA) 

and siRNA targeting Hmox-1 (siHmox-1). Following 36 h incubation, cells were pretreated 

with 4-PG (10 �M) for 6 h followed by LPS (100 ng/ml) challenge for another 4 h, and then 

cells were stained with DCF-DA, to detect intracellular ROS by confocal microscopy. After 

stimulation with LPS, cells transfected with scRNA showed significant decrease of ROS 

levels after administration of 4-PG, whereas the antioxidant effect of 4-PG was abolished in 

siHO-1 transfected cells (Figure 5A). Next, we investigated whether HO-1 mediated the anti-

inflammatory effect of 4-PG. As shown in Figure 5B, cells transfected with siRNA against 

Hmox-1 (siHmox-1) exhibited significantly decreased HO-1 expression compared with cells 

transfected with scramble RNA (scRNA). In addition, we also observed that 4-PG 

significantly reduced both mRNA and secreted levels of pro-inflammatory cytokines (TNF-� 

and IL-6) in response to LPS stimulation, which was more effective than treatment with 

PTER (Figure 5C-E). However, the anti-inflammatory effects of both 4-PG and PTER were 

abrogated in HO-1 knockdown cells (Figure 5C-5E). Furthermore, to examine the anti-

oxidant effects of 4-PG on primary macrophages, bone marrow derived macrophages 

(BMDMs) extracted from Hmox-1+/+ and Hmox-1-/- mice, were pretreated with 4-PG or 

MitoTEMPO, a mitochondria targeted antioxidant, and then were stimulated with LPS to 

detect mitochondrial ROS by flow cytometry. In BMDM isolated from wild type mice, 4-PG 

and MitoTEMPO significantly decreased the mitochondrial ROS in the presence of LPS. 

However, compared with the Hmox-1+/+ mice, the anti-oxidant effect of 4-PG was abolished 



in BMDM from Hmox-1-/- mice (Figure 5F and 5G). Moreover, to confirm whether the anti-

oxidant effect of 4-PG was also exerted in lung epithelial cells, we pre-treated A549 cells 

with 4-PG and MitoTEMPO during stimulation with LPS. Similar results were obtained from 

A549 cells, such that 4-PG and MitoTEMPO dramatically decreased mitochondrial ROS 

production during LPS challenge (Figure 5I and 5J). Then, we examined the anti-

inflammatory effects of 4-PG on BMDM and A549 cells. 4-PG and MitoTEMPO exerted 

similar effects in decreasing the mRNA expression of TNF-� in wild type BMDM, while in 

Hmox-1-/- BMDM, the anti-inflammatory effects were abrogated in the stimulation of LPS 

(Figure 5H). In A549 cells, we also observed that 4-PG and MitoTEMPO significantly 

decreased the mRNA expression of TNF-� in response to LPS. HO-1 catalyzes the rate-

limiting step in the metabolic conversion of heme to biliverdin and thereby constitutes a 

major intracellular source of iron and carbon monoxide (CO) [16]. Biliverdin is subsequently 

reduced to bilirubin by the enzyme NAD(P)H biliverdin reductase [17]. Physiological 

concentrations of CO and biliverdin/bilirubin have been reported to exert anti-oxidant, anti-

inflammatory and anti-apoptotic effects [17]. Heme-derived iron induces the expression of 

ferritin heavy chain, which mediates the cytoprotective effect of HO-1, by oxidizing the 

sequestered iron and thereby neutralizing the toxicity of iron [31]. Moreover, a recent study 

demonstrated that the induction of ferritin heavy chain (FTH) in response to polymicrobial 

infections was critical to establish disease tolerance to sepsis, and that the protective effect of 

FTH was exerted via countering iron-dependent oxidative inhibition of the liver glucose-6-

phosphatase (G6Pase) to sustain endogenous glucose production via liver gluconeogenesis 

[32]. To identify whether the anti-inflammatory effect of 4-PG was mediated by these 

catabolites, bone marrow-derived macrophages (BMDMs) isolated from Hmox-1+/+ or 



Hmox-1-/- mice were pretreated with 4-PG (10 μM) followed by challenge with LPS (100 

ng/ml). Additionally, the Hmox-1-/- BMDMs were pretreated with 4-PG in the addition of one 

of three metabolic by-products of heme including CO, derived from CO-releasing molecule 

(CORM)-2 (20 μM), bilirubin (5 μM), or iron as ferrous sulfate (10 μM), prior to stimulation 

with LPS (Figure 5L and 5M). Consistent with observations in RAW 264.7 cells, LPS-

stimulated BMDMs displayed significant increase of secreted pro-inflammatory cytokines, 

TNF-� and IL-6 (Figure 5L and M), while under the treatment with 4-PG, these secreted pr

o-inflammatory cytokines were remarkably decreased in Hmox-1+/+ BMDMs. However, in 

Hmox-1-/- BMDMs, the anti-inflammatory effect of 4-PG was abolished (Figure 5L and 5

M). Interestingly, we observed that CO, one of the major HO-1 catabolites, protected 

against LPS-induced inflammation, even in BMDMs that were derived from Hmox-1-/- mice. 

However, addition of bilirubin and ferrous sulfate did not exert significant beneficial effects 

in decreasing pro-inflammatory cytokines (Figure 5F and 5G). These results indicate that 

HO-1 plays a critical role in contributing to the anti-oxidant and anti-inflammatory effects of 

4-PG. Moreover, CO, as one of the HO-1 catalytic products, can prevent the LPS-induced 

inflammatory response, and exhibits similar anti-inflammatory effects as 4-PG. These results 

present that HO-1 plays a critical role in contributing to the antioxidant and anti-

inflammatory effects of 4-PG. Moreover, 4-PG was more effective at attenuating the 

inflammatory responses than PTER.  

 

 

 



 

 



 

Figure 5. HO-1 is necessary for antioxidant and anti-inflammatory effects of 4-PG. 

RAW 264.7 cells were transfected with scramble RNA (scRNA) and siRNA against HO-1 

(siHmox-1) for 36 h and then pretreated with either 4-PG (10 μM) or PTER (10 μM) for 6 h 

followed by stimulation of LPS (100 ng/ml) for another 4 h. (a) The production of ROS was 

determined by confocal microscopy. Scale bar = 10 μm. (b) The mRNA and protein levels of 

HO-1 were determined by RT-PCR and Western blot, respectively. The conditioned 

supernatants were harvested, and the secreted levels of TNF-α (c) and IL-6 (d) in Hmox-1+/+ 

and Hmox-1−/− BMDM were assessed by ELISA. (e) mRNA levels of HO-1, TNF-α, and IL-

6 were determined by RT-PCR. (f–h) BMDMs, extracted from Hmox-1+/+ and Hmox-1−/− 

mice, were pretreated with 4-PG (10 μM) for 6 h and MitoTEMPO (100 μM) for 30 min, 

respectively, and then cells were stimulated with LPS (100 ng/ml) for an additional 4 h. (i–k) 

A549 cells were pretreated with 4-PG (10 μM) for 4 h or with MitoTEMPO (100 μM) for 30 

min, respectively, and then stimulated with LPS (10 μg/ml) for an additional 6 h. (f and i) 

Mitochondrial ROS were stained with MitoSOX and measured by flow cytometry. (g and j) 

The fold change of fluorescence intensity is presented as mean ± SD (n = 5, determined in 

five independent experiments). (h and k) The mRNA level of TNF-α was determined by RT-



PCR. (l and m) BMDMs isolated from Hmox-1+/+ and Hmox-1−/− mice were pretreated with 

4-PG (10 μM) for 6 h followed by the challenge of LPS (100 ng/ml) for 4 h, and for Hmox-

1−/− BMDMs, cells were copretreated with 4-PG (10 μM) and HO-1 catabolites such as CO-

releasing molecule- (CORM-) 2 (20 μM), bilirubin (5 μM), and ferrous sulfate (10 μM), 

respectively, in the presence of LPS stimulation. Data were expressed as mean ± SD (n = 5 

determined in five independent experiments); p < 0 001. NS: not significant. Comparisons 

between scRNA and siHO-1-transfected groups were made by two-way ANOVA with 

Bonferroni post-tests. 

 

 

 

 

 

 

 

 

 

 

 



HO-1 Deficiency Abolished the Anti-Inflammatory Function of 4-PG in an ALI Mouse 

Model. 

To evaluate whether the anti-inflammatory effects of 4-PG and PTER were mediated by HO-

1 in an ALI mouse model, we established an LPS-induced ALI model in Hmox-1+/+ and 

Hmox-1-/- mice. Under normal conditions, the lung histology of Hmox-1-/- mice was 

comparable with that of Hmox-1+/+ mice (Figure 6A). However, LPS administration in 

Hmox-1-/- mice caused much more lung damage than in Hmox-1+/+ mice. 4-PG remarkably 

reduced lung injury in wild-type mice, but failed to protect Hmox-1-/- mice from LPS-induced 

lung injury. We next measured the expression of HO-1 in lung tissues of LPS-challenged 

mice, and observed that wild-type (Hmox-1+/+) mice displayed greater expression of HO-1 

mRNA and protein levels upon administration of 4-PG, than after PTER administration 

(Figure 6B and C). In BAL fluid, we measured secreted levels of the pro-inflammatory 

cytokines, TNF-��and IL-6. 4-PG significantly attenuated the expression of TNF-��and IL-6 

in Hmox-1+/+ mice, which was more effective than PTER. However, in Hmox-1-/- mice 

subjected to LPS-induced ALI, the anti-inflammatory effects of 4-PG and PTER were 

abolished (Figure 6D and E). We conclude that HO-1 plays a pivotal role in mediating the 

protective effects of 4-PG in the ALI mouse model, and that 4-PG exhibits greater beneficial 

effects with respect to induction of HO-1 and the anti-inflammatory response than PTER. 

 

 

 

 



 

 

 

 

 

 



Figure 6 HO-1 deficiency abolished the anti-inflammatory effect of 4-PG in a mouse 

model of acute lung injury. 10-week-old Hmox-1+/+ and Hmox-1−/− mice were injected with 

4-PG (10 mg/kg, i.p.) and PTER (10 mg/kg, i.p) for 4 days prior to intranasal administration 

of LPS (2.5 mg/kg) for 24 h. (a) Lung sections were stained with hematoxylin and eosin 

(H&E) for morphological evaluation, and the representative lung sections of each group are 

shown. Scale bar = 100 μm. The mRNA and protein levels of HO-1 from lung tissues were 

determined by RT-PCR (b) and Western blotting (c), respectively. BAL fluid was recovered 

after 24 h stimulation of LPS, and secreted levels of IL-6 (d) and TNF-α (e) in BAL fluid 

were measured by ELISA. (f) Schematic diagram of proposed pathways. 4-PG has the 

protective and therapeutic effects in LPS-induced ALI by increasing HO-1 expression and 

reducing oxidative stress. Data were expressed as mean ± SD (n = 5 per group); p < 0 001. 

NS: not significant. Comparisons between genotypes at HO-1 were made by two-way 

ANOVA with Bonferroni post-tests. 

 

 

 

 

 

 

 

 

 



I-V. DISCUSSION  

Numerous studies have demonstrated that HO-1 and its reaction products can exert anti-

oxidant, anti-apoptotic and immune-modulatory functions in various models of cell and tissue 

injury [18, 33-35]. Furthermore, the HO-1 inducing compound cobalt-protoporphyrin (Co-

PPIX) has been shown to significantly inhibit the expression of the pro-inflammatory 

mediators TNF-� and high mobility group box-1 (HMGB1) induced by LPS in mice, and 

thus alleviate the pathogenesis of ALI [36]. In addition, a recent study has shown that PTER, 

the natural dimethylated analog of resveratrol, can attenuate cerebral I/R injury by reducing 

mitochondrial oxidative damage via the activation of HO-1 signaling [19]. PTER has also 

been reported to downregulate inflammatory iNOS and COX-2 gene expression in 

macrophages by inhibiting the activation of NF-�B [37]. In our previous study, we observed 

that the glycosylation product of PTER (4-PG) exerts anti-inflammatory effects in a dextran 

sulfate sodium-induced colitis model [14]. However, whether 4-PG can protect against 

endotoxin-induced acute lung injury (ALI) through the upregulation of HO-1 is still unknown.  

In the present study, we demonstrated that 4-PG treatment significantly enhanced HO-1 

expression in mouse lung tissues. Additionally, 4-PG exerted protective effects via the 

downregulation of pro-inflammatory cytokines and chemokines, as well as by ameliorating 

pathological changes in an LPS-induced ALI model in mice (Figure 1). These data suggest 

that both 4-PG and PTER exhibit anti-inflammatory effects in LPS-induced ALI, and that 4-

PG was more effective than PTER with respect to increasing HO-1 expression and decreasing 

pro-inflammatory cytokines production in lung tissue. Due to previous studies which 

suggested that pterostilbene has therapeutic effects in diabetes and cardiovascular diseases 



via the activation of Nrf2 signaling [18, 38], we sought to identify the novel therapeutic effect 

of 4-PG and PTER in LPS-induced ALI (Figure 2). Additionally, pneumonia represents a 

medical and public health priority, and advances against this disease will require improved 

knowledge of biological mechanisms. P. aeruginosa infection in the hospital manifests 

primarily as acute lung infection in patients in the intensive care unit (ICU). Models of 

pseudomonal pneumonia have highlighted the importance of classic P. aeruginosa virulence 

factors such as proteases, flagella, pili and LPS O side chains [24]. To assess the protective 

effects of 4-PG on P. aeruginosa-induced pneumonia, in this study, in addition to the 

endotoxin-induced ALI animal model, we also infected mice with P. aeruginosa by intranasal 

instillation to establish a pneumonia mouse model, and then post-treated with 4-PG at diverse 

time points (Figure 2). In mice injected with 4-PG at 5 or 6 hours after stimulation with LPS 

or P. aeruginosa, respectively, the protective effects of 4-PG were evident in significantly 

attenuating pathological changes of lung tissues, including the infiltration of neutrophils, as 

well as the expression of pro-inflammatory cytokines and chemokines. These results strongly 

demonstrate that 4-PG exerts not only preventive but also therapeutic effects on endotoxin 

and bacteria-induced ALI. Moreover, we also observed that early treatment of 4-PG 

associates with better outcomes of protection against lung injury than the late treatment. In 

the present study, we demonstrated the beneficial effects of 4-PG on induction of HO-1 in 

mouse macrophage cells as well as in human macrophage cells.  

 Several studies have indicated that PTER enhances HO-1 expression by increasing the 

nuclear translocation of Nrf2 [18, 39-41]. The PI3K-AKT signaling pathway was also shown 

to mediate the upregulation of HO-1 expression by resveratrol [42]. Despite our findings 

suggested that 4-PG induces the expression of HO-1, the precise mechanism remains to be 



elucidated in the further study.  

Overproduction of ROS by NADPH oxidase (NOX) isoforms has been implicated in airway 

and lung damage and consequently, in the pathogenesis of several respiratory inflammatory 

diseases, including acute respiratory distress syndrome, asthma, cystic fibrosis, and chronic 

obstructive pulmonary disease [43]. Although ROS are generated primarily by NOX in 

response to stimulation with LPS, mtROS have also been proposed as important regulators of 

the inflammatory response in the innate immune system [26-28]. The mitochondria-targeted 

antioxidant Mito-TEMPO, which can effectively reduce the levels of mtROS, significantly 

decreased LPS-induced pro-inflammatory cytokines (TNF-�, IL-1�, IL-6) and inflammatory 

mediators (iNOS and COX-2) in microglia cells [44].  PTER exhibits anti-oxidative effects 

via increasing antioxidant enzymes such as superoxide dismutase-1 (SOD1) and 

peroxiredoxin-4 (PRDX4) [45]. We observed that 4-PG exerts an anti-oxidative effect on 

suppressing intracellular ROS and mtROS levels, in cells which were stimulated by LPS 

(Figure 4). We also demonstrated, by chemical inhibition of HO activity (using ZnPPIX) or 

genetic interference of HO-1 using siHO-1, that the antioxidant effects of 4-PG were 

dependent on HO-1.  

ROS can initiate inflammatory responses in the airways and lungs through the activation of 

redox-sensitive transcription factors, including activator protein (AP-1), hypoxia-inducible 

factor (HIF)-1, and nuclear factor-kappa-B (NF-�B) [46]. In addition, overexpression of HO-

1 protects against TNF-�-mediated airway inflammation via reducing oxidative stress, and 

inhibiting adhesion molecules and IL-6 expression in both cultured human tracheal smooth 

cells and the airways of mice [47]. Based on these reports, we evaluated whether HO-1 

mediates anti-inflammatory effects of 4-PG in vitro and in vivo. We found that 4-PG 



significantly decreased LPS-induced pro-inflammatory cytokines (TNF-� and IL-6) mRNA 

and protein levels. However, in HO-1 knockdown cells or Hmox-1 deleted mice, the 

protective and therapeutic effects of 4-PG were abolished, and the pathological changes in 

lung tissues were more severe in response to LPS challenge. Moreover, we also observed that 

4-PG was more effective than PTER at downregulating TNF-� and IL-6. In light of these 

results, we conclude that 4-PG exerts anti-inflammatory effects, which are primarily 

mediated by HO-1. It is well known that HO-1, a key metabolic enzyme, catalyzes the 

degradation of heme, and generates biologically-active reaction by-products including 

biliverdin, ferrous iron, and carbon monoxide (CO) [16]. To identify which catabolites of 

HO-1 play an important role in attenuating the inflammatory responses induced by LPS, we 

pre-treated BMDMs derived from HO-1-/- mice with bilirubin, ferrous sulfate or CORM2, in 

the presence of 4-PG. Following stimulation with LPS, we found that only CO (as CORM2) 

exerts an influence on reducing pro-inflammatory cytokines. However, the other two 

catabolites of HO-1, iron (as ferrous sulfate) and bilirubin, exerted slight but not significant 

anti-inflammatory effects during LPS challenge. These results suggest that CO, generated 

from HO-1, may mediate the anti-inflammatory effect of 4-PG. In a previous study, we have 

demonstrated that tristetraprolin (TTP) plays a crucial role in mediating the protective effect 

of 4-PG and CO in DSS-induced colitis [14, 35]. 

HO-1 and TTP have also been shown to be functionally linked in mediating the anti-

inflammatory function of nicotine. Nicotine enhances the expression of HO-1, and HO-1-

dependent STAT3 signaling increases TTP levels, which in turn inhibits LPS-induced TNF-  

production [48]. According to these reports, further studies will be required to clarify whether 

4PG-induced TTP expression is regulated by the HO-1/ STAT3 signaling pathway.  



In conclusion, our results demonstrate for the first time that the antioxidant and anti-

inflammatory effects of 4-PG are mediated by the activation of HO-1, and that 4-PG is more 

effective than PTER in conferring anti-inflammatory protection. Additionally, Hmox-1 

deficiency abolished the protective and therapeutic effects of 4-PG against lung pathologic 

changes in LPS- or P. aeruginosa- induced ALI.  These findings establish that 4-PG can 

exert critical protective effects in ALI via HO-1 activation, and provide an avenue for 

therapeutic intervention of respiratory inflammatory diseases. 
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Metformin-induced Tristetraprolin Alleviates Hepatic Steatosis via 

Increasing Lipophagy and Inhibiting Inflammation 

 

 

 

 

 

 



II-I. ABSTRACT 

Metformin (N, N-dimethylbiganode), a kind of anti-diabetic drug, is known to attenuate 

hepatic steatosis by autophagy-induced lipid clearance. Although metformin attenuates 

hepatic steatosis through autophagic pathway, little is known about the mechanism of 

metformin-induced lipid clearance by lipophagy. We investigate the relationship between 

tristetraprolin (TTP), which promotes degradation of target genes, and transcription factor EB 

(TFEB), a master regulator of lysosomal biogenesis, in metformin-induced lipophagy. In this 

study, we show that metformin inhibits mechanistic target of rapamycin complex 1 

(mTORC1) signaling and then activates TFEB through TTP-mediated degradation of ras 

homolog enriched in brain (Rheb) in mouse liver cell line and mouse primary hepatocytes. 

We also investigate that metformin-induced TFEB activation via TTP-mediated mTORC1 

inhibition induces lipophagy in oleic acid (OA)-stimulated liver cell line and mouse primary 

hepatocytes. To demonstrate the role of TTP in metformin effects in high fat diet-induced 

liver disease, Ttp+/+ and Ttp -/- mice were fed a high fat diet in the presence or absence of 

metformin. Ttp-/- mice abolished metformin-induced therapeutic effects in liver 

disease. Taken together, we show that metformin induces TFEB nuclear translocation via 

mTORC1 signaling inhibition. Moreover, TTP is required for metformin-induced TFEB 

activation to promote high fat diet-induced liver disease. 

 

 

 



II-II. INTRODUCTION 

The major hallmark of non-alcoholic fatty liver disease (NAFLD) is the accumulation of 

triglyceride (TG) within liver [1]. In addition, NAFLD is associated with non-alcoholic 

steatohepatitis (NASH) and liver cirrhosis as well as obesity and metabolic diseases, such as 

type 2 diabetes, hyperlipidemia and cardiovascular diseases [2 and 3]. Despite intense study, 

there is no clear treatment of NAFLD and there is a need to develop effective therapies. 

 Metformin is an anti-diabetic drug belonging to the biguanide class and inhibits complex I 

of the electron transport chain by sequentially lowering the cellular energy charge and then 

activating adenosine monophosphate-activated protein kinase (AMPK), which is serine-

threonine protein kinase [4]. It has been reported that metformin attenuated hepatic steatosis, 

and metformin-mediated attenuation of hepatic steatosis is associated with autophagy, which 

serves as a housekeeper in the continuous recycling mechanism of cellular contents [5 and 6]. 

Regarding the alleviation of hepatic steatosis, metformin-induced autophagy has been 

reported to be regulated by AMPK [6] and sirtuin 1 (SIRT1), which is an NAD+-dependent 

deacetylase [5]. However, in the liver, autophagy-mediated lipid mobilization, termed 

lipophagy, by metformin is not clear. Although metformin induces lipophagy in adipocyte, 

the exact mechanism is not still entirely clear. 

It has been reported that transcription factor EB (TFEB) regulated genes of autophagy and 

lysosomal biogenesis through activation of the CLEAR (Coordinated Lysosomal Expression 

and Regulation) network and activated lipophagy [7 and 8]. Lysosome-localized mechanistic 

target of rapamycin complex 1 (mTORC1), which controls various cellular processes such as 

cell growth, metabolism and autophagy, regulates the activation of TFEB by adjusting the 



phosphorylation of TFEB [9 and 10]. Regarding regulation of mTORC1, ras homolog 

enriched in brain (Rheb), a small GTPase, has been known to binds and regulates mTORC1 

in the tuberous sclerosis complex (TSC)-independent manner [11 and 12]. Also, we 

previously found that tristetraprolin (TTP) degraded Rheb. TTP is an AU-rich element 

(ARE)-binding protein that promotes degradation of target genes such as pro-inflammatory 

mediators, TNF-α, IL-3 and COX-2 [13–15]. We previously found that metformin induced 

the expression of TTP [16]. However, whether the metformin-induced TTP degrades Rheb 

and inhibits mTORC1 by degraded Rheb to activate TFEB is uncharacterized.  

Here, we demonstrate that metformin induces TFEB nuclear translocation via mTORC1 

signaling inhibition. Moreover, TTP is required for metformin-induced TFEB activation to 

promote lipophagy through Rheb degradation-induced mTORC1 inhibition in vitro. 

Regarding regulation of TTP by metformin, we show that metformin activates AMPK and 

then activates SIRT1, thereby activating via deacetylation. Specifically, we show that TTP 

plays an important role in metformin-induced attenuation of liver disease in vivo. TTP loss 

abrogates the therapeutic effects of metformin. Overall, our data suggest that metformin 

induces TFEB nuclear translocation via mTORC1 signaling inhibition. Moreover, TTP is 

required for metformin-induced TFEB activation to promote lipophagy and to attenuate high 

fat diet-induced liver disease. 

 

 

 

 



II-III. MATERIALS AND METHODS 

1. Reagents 

Metformin, sodium oleate, chloroquine, compound C and EX527 were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Torin 1 was from Tocris Bioscience (Ellisville, MO, 

USA). 

 

2. Animals 

Ttp -/- mice were provided by Dr. Perry J Blackshear (Laboratory of Signal Transduction, 

National Institute of Environmental Health Sciences, USA). Animals were maintained in a 

specific pathogen-free facility. Animal studies were approved by the University of Ulsan 

Animal Care and Use Committee. The mice were maintained under specific pathogen-free 

conditions at 18-24  and 40-70% humidity, with a 12 h light-dark cycle. To construct high 

fat diet (HFD; Research Diet, New Brunswick, NJ)-induced liver disease model, 60% HFD 

was initially administered to Ttp+/+and Ttp -/- mice for 8 weeks. Mice from the metformin and 

HFD+metformin groups were given metformin (200 mg/kg, oral administration) for every 

day for 4 weeks. After 8 weeks, mice were sacrificed and liver tissues, as well as serum for 

histology and molecular assays, were collected. 

 

3. Cells  

Mouse liver cell line AML12 cells (ATCC, Manassas, VA, USA) were cultured in 

DMEM/F12 (Gibco, Grand Island, NY, USA) supplemented with 10% FBS and 1% 



penicillin-streptomycin. Cell cultures were grown at 37  in humidified incubators 

containing an atmosphere of 5% CO2. 

 

4. Measurement of lipid by Oil Red O staining and BODIPY  

Primary hepatocytes were grown in a 12-well plate. After reaching 70% confluence, the cells 

were exposed to 200 μM sodium oleate for 18 h after pretreatment with or without 2 mM 

metformin for 12 h, followed by fixation with formalin solution, neutral buffered, 10% 

(Sigma, St. Louis, MO, USA) for 30 min. Fixed cells were washed three times with PBS and 

stained with Oil Red O (Sigma, St. Louis, MO, USA) solution (working solution, 0.5 g Oil 

Red O powder dissolved in isopropanol) for 50 min at room temperature. Red-stained lipid 

droplets were subsequently observed with a light microscope. To quantify Oil Red O content 

levels, Oil Red O was eluates with 100 % isopropanol and the density of samples were read at 

520nm on spectrophotometer. To perform BODIPY (Thermo scientific, Madison, WI, USA) 

staining, AML12 and primary hepatocyte were grown in a confocal chamber were incubated 

to 2 mM metformin for 12 h and then cultured in medium with 200 μM sodium oleate for an 

additional 18 h. Lipid droplets were stained with 2μg/ml BODIPY for 1 h and then fixed with 

formalin solution for 30 min. The cells were washed four times with PBS followed by DAPI 

(Sigma, St. Louis, MO, USA) staining. Image of the cells were obtained using a confocal 

microscope. 

 

 

 



5. RNA isolation and RT-PCR Reverse Transcription-Polymerase Chain Reaction  

Total RNA was isolated from AML12 cells, primary hepatocyte and liver tissues using by 

TRIzol reagent (Invitogen, CA, USA). 2 �g of total RNA was used to synthesize cDNA by 

using M-MLV reverse transcriptase (Promega, WI, USA).  The synthesized cDNA was 

subject to the PCR-based amplification. The following primers were mouse GAPDH (f-

aggccggtgctgagtatgtc, r-tgcctgcttcaccttct), mouse TNF-α (f-agcccacgtcgtagcaaaccaccaa, r-

acacccattcccttcacagagcaat), mouse TTP (f-ctctgccatctacgagagcc, r-gatggagtccgagtttatgttcc), 

mouse Rheb, mouse SIRT1 (f-gcaacagcatcttgcctgat, r-gtgctactggtctcactt) and mouse 18S (f-

cagtgaaactgcgaatggct, r-tgccttccttggatgtggta). To analyze real-time quantitative PCR (RT-

qPCR), the synthesized cDNA was amplified with SYBR Green qPCR Master Mix on an ABI 

7500 Fast Real-Time PCR System (Applied Biosystems, CA, USA), The following RT-qPCR 

primers were mouse GAPDH (f-cggcctcaccccatttg, r-gggaagcccatcaccatct), mouse ATGL (f-

gccacagcgctggtcact, r-cctccttggacacctcaataatg), mouse HSL (f-aggcctcagtgtgaccgcca, r-

gccccacgcaactctgggtc), mouse PPAR� (f-tgtggggataaagcatcagg, r-ccggcagttaagatcacacc), 

mouse MCOLN1 (f-gcgcctatgacaccatcaa, r-tatcctggactgctcgat), mouse TPP (f-

aagccaggcctacatactcaga, r-ccaagtgcttcctgcagtttaga), mouse LAMP1 (f-

taatggccagcttctctgcctcctt, r-aggctggggtcagaaacattttctt), mouse CatB (f-ttagcgctctcacttccactacc, 

r-tgcttgctaccttcctctggtta) and mouse CatD (f-aactgctggacatcgcttgct, r-cattcttcacgtaggtgctgga). 

 

6. Western blot 

The total proteins in harvested tissues and cells were prepared by mammalian lysis buffer 

containing phosphatase and protease inhibitors, and the protein concentration was determined 

using the BCA protein assay kit (Pierce Biotechnology, IL, USA). The protein was 



fractionated on polyacrylamide-SDS gel and transferred to polyvinylidene difluoride 

membrane. The membrane was blocked with 5% nonfat milk in phosphate buffered saline-

Tween 20 (PBS-T), and then the membrane was incubated overnight with primary antibody 

against TTP (Sigma, St. Louis, MO, USA), p-P70S6 kinase, P70S6 kinase, p-S6 ribosomal 

protein, S6 ribosomal protein, Rheb, TFEB, PARP, p-AMPK, AMPK (Cell Signaling 

Technology, Beverly, MA), SIRT1 (Millipore, Germany) and �-actin (Thermo scientific, 

Madison, WI, USA) followed by incubation with secondary antibody. Antibody binding was 

visualized with an ECL chemiluminescence system (GE Healthcare Bio-Sciences, Little 

Chalfont, UK). 

 

7. Histological Examination  

Segments of liver tissues were fixed in 10% buffered formalin for histological analysis. 

Tissue sections were subjected to hematoxylin and eosin (H&E) and Nile Red staining. 

 

8. Measurement of Triglyceride 

Triglycerides (TGs) contents of liver were measured with the TG colorimetric assay kit 

(Cayman Chemical, Ann Arbor, MI). Briefly, liver tissues (50 mg) were homogenized in 200 

μl diluted Standard Diluents. After centrifugation for 10 min at 10,000 × g, supernatants were 

obtained. Before assaying, tissue samples required dilutions of at least 1:5, and 10 μl 

supernatant was used for the assay. 

 

 



9. Transfection 

pEGFP-N1-TFEB and pmRFP-LC3 were purchased from Addgene (Cambridge, MA, USA). 

Primary hepatocyte and AML12 cells were transfected with pEGFP-N1-TFEB and pmRFP-

LC3 using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) in accordance with the 

manufacturer's protocol. To knock down the TFEB gene, AML12 cells were transfected with 

scramble siRNA (scRNA) (Ambion, Austin, TX) and mouse TFEB siRNA (Santa Cruz 

Biotechnology, Santa Cruz, CA) using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) 

method according to the manufacturer’s protocol. After 24-48h, plasmids- or siRNA- 

transfected cells were assayed fluorescence microscopy, qRT-PCR or immunoblotting.  

 

10. Subcellular fractionation 

The nuclear fraction was extracted from cells using nuclear/cytosol fractionation kit 

(Biovision, Mountain View, CA, USA). Cells were harvested, and subcellular fractionation 

was performed according to the manufacturer’s instructions. Briefly, Cell pellets were 

resuspended in cytosolic extraction buffer A (CEB-A) and incubated for 10 min on ice prior 

to addition of CEB-B. After 1 min, vortexing and then the lysates were centrifuged at 4°C for 

5 min at 16,000 × g in a microcentrifuge, and the supernatants were kept as the cytoplasmic 

fractions. The nuclear pellet was resuspended in nuclear extraction buffer (NEB) and 

vortexed for 20 s. This step was repeated every 10 min five times. The nuclear pellet was 

centrifuged at 4°C for 10 min at 16,000 × g, and the supernatant was kept as a nuclear 

fraction. The cytoplasmic and nuclear fractions were subjected to Western blotting. Antibody 

against PARP and �-actin was used to assess the successful fractionation.  

 



11. Isolation of primary hepatocytes  

The inferior vena cava was cannulated and perfused at 4 ml/min. The portal vein was 

sectioned to allow flow through the liver. The liver was first perfused with Ca2+ and Mg2+-

free Hank's buffered salt solution (HBSS) (GIBCO) containing 0.5 mM EGTA and 10 mM 

Hepes at pH 7.4, followed by perfusion with collagenase type I (0.8 mg/ml) in Williams’ 

Medium E (Thermo Fisher Scientific, Waltham, MA, USA) for 3 min at 4 ml/min. The liver 

was dissected, and hepatocytes were isolated by mechanical dissection, filtered through a 

sterile 100-μm nylon cell strainer (BD Falcon, San Jose, CA, USA), and washed twice by 

centrifugation at 50 g for 3 min each. Then, the pellet was mixed using 40% Percoll, followed 

by centrifuge at 150 g for 7 min. The pellets were washed with DMEM supplemented with 

10% FBS, and then cells were seeded into a Primaria plates (BD Biosciences, Mississauga, 

ON, Canada). After 4 h, the medium was replaced with fresh medium. 

 

12. Statistical analysis  

All values are expressed as mean ± SEM. A Student's t-test was used to evaluate differences 

between the samples of interest and the corresponding controls. Differences between groups 

were assessed by one-way ANOVA. 

 

 

 

 

 

 

 



II-IV. RESULTS 

 

TTP is associated with metformin-induced lipid clearance in hepatocyte 

In our previous study, we investigated that treatment with metformin increases TTP 

expression [16]. Also, it has been reported that metformin attenuated hepatic steatosis. To test 

whether that hepatic TTP expression is mediated in metformin-induced fat reduction, we 

pretreated Ttp+/+and Ttp-/- primary hepatocyte with 2 mM metformin for 12 h, followed by 

treatment 200 �M oleic acid (OA) for 18 h (Figure 7A). We stained lipid droplets with Oil 

Red O (ORO) and quantified them with a spectrophotometry. Treatment with 200 �M OA for 

primary hepatocytes significantly increased intracellular lipid accumulation in Ttp+/+ primary 

hepatocyte. However, pretreatment with 2 mM metformin significantly attenuated OA-

induced lipid accumulation in Ttp+/+ primary hepatocyte. In Ttp-/- primary hepatocyte, 

metformin-induced effect of lipid clearance was not detected in Ttp-/- primary hepatocyte 

(Figure 7A). To confirm the role of the TTP on attenuating of liver disease by metformin in 

vivo, Ttp+/+and Ttp-/- mice were fed a normal chow diet (NCD) or high fat diet (HFD) for 4 

weeks prior to oral administration of metformin (200 mg/kg) another for 4 weeks (Figure 7 

and Figure 8). We investigated whether the association of TTP in metformin-induced lipid 

metabolism. Administration of metformin increased lipid metabolism-related genes such as 

ATGL, HSL and PPAR��in both Ttp+/+and Ttp-/- mice (Figure 7B). HFD-fed Ttp+/+ mice 

showed greater lipid accumulation in the liver compared to control mice, as revealed by H&E 

staining of liver sections. We confirmed that administration of metformin significantly 

reduced lipid accumulation in HFD-fed Ttp+/+ mice liver. HFD-fed Ttp-/- mice not showed 

lipid accumulation in the liver and effect of metformin. While HFD-fed Ttp-/- mice not 



detected lipid increasing, infiltration of neutrophil increased in HFD-fed Ttp-/- mice liver 

(Figure 8A). We stained lipid droplets with Nile Red. The HFD-fed group significantly 

increased lipid droplet in Ttp+/+ mice liver. However, administration of metformin 

significantly attenuated HFD-induced lipid accumulation in Ttp+/+ mice liver. In Ttp-/- mice 

liver, the increased lipid droplet in liver by HFD-fed mouse was not detected. Also, 

metformin-induced effect was not detected in Ttp-/- mice liver (Figure 8B). Similar to Nile 

Red staining, while fed-HFD mice significantly increased the triglyceride (TG) of liver, 

administration of metformin significantly decreased hepatic TG in Ttp+/+ mice. The increased 

hepatic TG by HFD-fed mouse was not detected. Metformin-induced-effect was not detected 

in Ttp-/- mice liver (Figure 8C). These results indicate that TTP expression is critical role to 

metformin-induced attenuating of liver disease in HFD-fed mice. When genetically deletion 

in TTP (Ttp-/-), HFD-induced liver impairment is accelerating, triggering development of 

liver disease pathogenesis. Also, we investigate TTP expression is associated with 

metformin-induced lipid clearance in expression of lipid metabolism-related genes-

independent manner in hepatocyte. 

 

 

 

 

 

 

 



 

Figure 7. TTP is associated with metformin-induced lipid clearance in hepatocyte 

(A) Ttp+/+and Ttp-/- primary hepatocytes were exposed to 200 μM sodium oleate for 18 h after 

pretreatment with or without 2 mM metformin for 12 h, followed by stained with Oil Red O. 

Red-stained lipid droplets were subsequently observed with a light microscope (left). 

Quantitative analysis of Oil Red O content level (right). Ttp+/+and Ttp-/- mice were fed an 

NCD or HFD for 8 weeks. After 4 weeks, mice were given metformin (200 mg/kg, oral 

administration) for every day for 4 weeks. (B) The lipolysis-related genes (ATGL, HSL and 

PPAR�) from Ttp+/+and Ttp-/- liver were measured by qRT-PCR. Data were presented as 

mean±SD (n=3). *, P<0.05; **, P<0.01; ***, P<0.001; NS, statistically not significant. 



 

Figure 8. TTP is associated with metformin-induced attenuation of liver disease 

Ttp+/+and Ttp-/- mice were fed an NCD or HFD for 8 weeks. After 4 weeks, mice were given 

metformin (200 mg/kg, oral administration) for every day for 4 weeks. (A and B) Liver 

sections were stained with H&E and Nile red for morphological evaluation and lipid 

accumulation, respectively. (B) Liver triglyceride was measured. Data were presented as 

mean±SD (n=3). ***, P<0.001; NS, statistically not significant. 

 

 

 

 

 



Metformin induces lipophagy in hepatocyte 

We next investigated the mechanism by metformin-mediated lipid reduction. Although 

metformin induces lipophagy in adipocyte [17], metformin-induced lipophagy is unknown in 

liver. To test the metformin-induced fat reduction, we pretreated AML12 cells and primary 

hepatocyte with 2 mM metformin for 12 h, followed by treatment 200 �M oleic acid (OA) for 

18 h. We stained lipid droplets with BODIPY, lipid probe. Treatment with 200 �M OA for 

primary hepatocytes significantly increased intracellular lipid accumulation. Pretreatment 

with 2 mM metformin significantly attenuated OA-induced lipid accumulation (Figure 9A). 

To verify relation of lipophagy, we treated AML12 cells with metformin at indicated 

concentrations (1 and 2 mM). The genes of lysosomal markers, including LAMP1, MCOLN1, 

TPP, CatB and CatD, and expression of LAMP1 protein, using LAMP1 antibody and 

lysotracker, were significantly increased by metformin treatment in dose dependent manner 

(1 and 2 mM) (Figure 9B and Figure 10). To confirm the metformin-induced lipophagy, we 

stained BODIPY and lysotracker and then checked the co-localization of lysosomes with 

BODIPY. Metformin increased co-localization of lipid with lysosomes (Figure 9C). To 

confirm the metformin-induced autophagy, we treated AML12 cells with metformin at 

indicated concentrations (0.5, 1, 2 mM). The Beclin 1, Atg 7and LC3 I conversion form LC 3 

II were significantly increased by metformin treatment in dose-dependent manner. To 

evaluate whether the co-localization of LC3 with lipid was mediated by metformin, AML12 

cells were transfected with pmRFP-LC3, and then stained BODIPY. Metformin increased co-

localization of lipid with LC3 (Figure 9E). To verify autophagic flux under the metformin 

treatment, we pretreated AML12 cells with 10 �M chloroquine (CQ), an inhibitor of 

lysosome, for 1 h, followed by treatment 2 mM metformin for 12 h. The treatment of CQ 



further increased the conversion of LC 3 I to LC 3 II more than metformin treatment alone 

(Figure 9F). These results indicate that metformin induces lipophagy in hepatocyte.  

 

Figure 9. Metformin induces lipophagy in hepatocyte 

(A) AML12 and primary hepatocyte were pretreated with metformin (2 mM) for 12 h 

followed by the stimulation of sodium oleate (200 μM). Lipid accumulation was assessed by 

BODIPY staining (green) and nuclei were stained with DAPI (blue). (B) AML12 cells were 

treated with metformin (1 and 2 mM) for 12 h. The mRNA expression of lysosomal genes 



was measured by qRT-PCR. (C) Co-localization of lysosome with lipid was analyzed by 

BODIPY (green) and Lysotracker (red) staining. (D) AML12 cells were treated with 

metformin (0.5, 1 and 2 mM) for 12 h. The protein expression of LC3, Beclin 1 and ATG7 

was detected by western blot. (E) AML12 cell were transfected with pmRFP-LC3, and then 

treated with metformin and sodium oleate. Co-localization of LC3 with lipid was analyzed by 

BODIPY (green) staining. (F) AML12 cells were pretreated with chloroquine (10 μM) and 

then treated metformin (2 mM). The autophagic flux was measured by western blot. Data 

were presented as mean±SD (n=3). *, P<0.05; **, P<0.01. 

 

Figure 10. Metformin induces lysosomal biogenesis 

(A) AML12 cells were treated with metformin (1 and 2 mM) for 6 h. The expression of 

LAMP1 were measured by western blot. (B) AML12 cells were treated with metformin or 

Torin1. The lysosomes were measured by Lysotracker staining. 

 



Metformin induces TFEB nuclear translocation via TTP 

It has been reported that transcription factor EB (TFEB) regulated genes of autophagy and 

lysosomal biogenesis and then activated lipophagy. Lysosome-localized mechanistic target of 

rapamycin complex 1 (mTORC1), which controls autophagy, regulates the activation of 

TFEB by adjusting the phosphorylation of TFEB. Regarding regulation of mTORC1, ras 

homolog enriched in brain (Rheb), a small GTPase, has been known to binds and regulates 

mTORC1 in the tuberous sclerosis complex-independent manner. Also, we previously found 

that tristetraprolin (TTP) degraded Rheb. However, whether the metformin-induced TTP 

degrades Rheb and inhibits mTORC1 by degraded Rheb to activate TFEB is uncharacterized. 

To assess whether induction of TTP expression by metformin treatment in mouse liver cell 

line AML12, AML12 cells was measured after treatment with metformin at various 

concentrations (1, 2 and 4 mM). Metformin increased TTP protein levels in dose-dependent 

manners (Figure 11A). Given that metformin is considered to be a drug that induces mimic of 

starvation status, that inactivates mTORC1, we hypothesized that metformin activates TFEB. 

We treated AML12 cells with metformin at indicated concentrations (0.5, 1 and 2 mM) to 

evaluate the nuclear translocation of TFEB. As shown in Figure11 B and Figure12, the 

nuclear translocation of TFEB was dramatically increased by metformin treatment. The 

starvation is used as a positive control for nuclear translocation of TFEB by mTORC1 

inhibition. To test whether that TTP expression is mediated the nuclear translocation of TFEB 

by metformin treatment, we treated Ttp+/+and Ttp-/- primary hepatocyte with 2 mM 

metformin for 6 h. Treatment with metformin significantly enhanced the nuclear translocation 

of TFEB in Ttp+/+ primary hepatocyte. However, Ttp-/- primary hepatocyte did not show the 

nuclear translocation of TFEB by metformin treatment (Figure 11C and D). These results 



indicate that the nuclear translocation of TFEB is enhanced by metformin treatment. Also, 

TTP expression is mediated metformin-induced TFEB activation. 

 

Figure 11. Metformin induces TFEB nuclear translocation via TTP 

(A) AML12 cells were treated with metformin (1, 2 and 4 mM) for 6 h. The protein 

expression of TTP measured by western blot (top). The bar graph represents the 

densitometric ratio of the respective TTP to �-actin (bottom). (B)AML12 cells were 

incubated with metformin (0.5, 1 and 2 mM) or starved (STV). Cells were fractionated into 

cytosol and nuclear. The protein expression of TFEB was analyzed by western blot. (C) 

Ttp+/+and Ttp-/- primary hepatocytes were treated to metformin or STV. The protein 



expression of TFEB in cytosol and nuclear fraction was measured by western blot. (D) 

Ttp+/+and Ttp-/- primary hepatocytes were transfected with EGFP-TFEB, and then treated 

with metformin or Torin 1. TFEB localization was analyzed by confocal fluorescence 

microscopy. Data were presented as mean±SD (n=3). **, P<0.01; ***, P<0.001; NS, 

statistically not significant. 

 

Figure 12. Metformin induces TFEB activation in AML12 cells 

(A) AML12 cells were transfected with EGFP-TFEB, and then treated with metformin or 

Torin 1. TFEB localization was analyzed by confocal fluorescence microscopy. Data were 

presented as mean±SD (n=3). **, P<0.01. 

 

 

 



Metformin induces TTP-mediated Rheb degradation through AMPK activation 

We previously found that tristetraprolin (TTP) degraded Rheb. However, whether the 

metformin-induced TTP degrades Rheb is unknown. We treated AML12 cells with metformin 

at indicated concentrations (1, 2, 4 and 8 mM) to evaluate TTP induction, Rheb degradation 

and mTORC1 inhibition. Consistent with Figure Figure 3, The induction of TTP was 

increased by metformin (Figure 13A and Figure 14A). The inhibition of Rheb and mTORC1 

were significantly increased by metformin treatment in dose dependent manner (Figure 4A 

and supplementary figure 4A). Similar to western blotting, we investigated that treatment of 

metformin increased degradation of Rheb mRNA (Figure 13A). To test whether that TTP is 

induced the inhibition of Rheb by metformin treatment, we treated Ttp+/+and Ttp-/- primary 

hepatocyte with 2 mM metformin for 6 h. Treatment with metformin significantly increased 

inhibition of Rheb in Ttp+/+ primary hepatocyte. However, Ttp-/- primary hepatocyte did not 

show the inhibition of Rheb by metformin treatment (Figure 13B and C). These results 

indicate that the inhibition of Rheb is enhanced by metformin-induced TTP. We previously 

reported that treatment with metformin increases TTP expression by AMPK activation [19]. 

To confirm the role of the AMPK on TTP-induced Rheb decrease by metformin, we 

pretreated AML12 cells with 20 �M compound C, an inhibitor of AMPK, for 30 min, 

followed by treatment 2 mM metformin for 6 h. (Figure 13D-F). Compound C-treated 

AML12 cells did not exhibit the inhibition of Rheb by metformin treatment (Figure 13D and 

E). We also founded that treatment of compound C significantly reduced the nuclear 

translocation of TFEB by metformin treatment (Figure 13F). These results indicated that 

AMPK is critical role in metformin-induced TTP, followed by the nuclear translocation of 

TFEB.\ 



 

Figure 13. Metformin induces TTP-mediated Rheb mRNA degradation through AMPK 

activation 

(A) AML12 cells were treated with metformin (1, 2, 4 and 8 mM) for 6 h. (B and C) 

Ttp+/+and Ttp-/- primary hepatocytes were treated to metformin for 6 h. The mRNA 

expression of TTP and Rheb were measured by RT-PCR. (C) The protein expression of TTP 

and Rheb were measured by western blot. (D-F) AML12 cells were pretreated with 

compound C (10 μM) for 30 min, and then treated with metformin for 6 h. (D)The RNA 

expression of TTP and Rheb were measured by RT-PCR. (E) The protein expression of TTP, 

Rheb and p-AMPK were analyzed by western blot. (F) The nuclear translocation of TFEB 

were measured by western blot in nuclear and cytosolic fraction. 

 

 



 

Figure 14. Metformin induces degradation of Rheb and inactivation of mTORC1 

signaling 

(A) AML12 cells were treated with metformin (1, 2, 4 and 8 mM). The protein expression of 

TTP, Rheb, p-S6K, S6K, p-S6 and S6 were measured by western blot. 

 

 

 

 

 

 



AMPK is upstream among the AMPK and SIRT1 regulated by metformin 

Metformin-induced autophagy has been reported to be regulated by AMPK and sirtuin 1 

(SIRT1), which is an NAD+-dependent deacetylase. However, whether the metformin-

induced SIRT1 activated TFEB and the upstream among AMPK and SIRT1 by metformin is 

unknown.  

We fist investigated that metformin increased SIRT1 expression. The induction of SIRT1 was 

increased by metformin (Figure 16A and B). We founded that treatment of EX527, SIRT1 

inhibitor, significantly reduced the nuclear translocation of TFEB by metformin treatment 

(Figure 15A). To confirm the role of the SIRT1 on TTP-induced Rheb decrease by metformin, 

we pretreated AML12 cells with 10 �M EX527, for 30 min, followed by treatment 2 mM 

metformin for 6 h. (Figure 15B). EX527-treated AML12 cells did not exhibit the inhibition of 

Rheb by metformin treatment (Figure 15B). These results indicated that SIRT1 is also 

important role in metformin-induced TTP, followed by the nuclear translocation of TFEB. 

We next investigated to the upstream among AMPK and SIRT1 by metformin. While SIRT1 

inhibited by AMPK inhibition, the inhibition of SIRT1 did not affect AMPK activation 

(Figure 15C-F). These results indicated that AMPK is upstream among the AMPK and SIRT1 

by metformin treatment. 

 

 

 

 

 

 



 

Figure 15. AMPK is upstream among the AMPK and SIRT1 regulated by metformin 

(A, B, E and F) AML12 cells were pretreated with EX527 (20 μM) for 30 min, and then 

treated with metformin for 6 h. (C and D) AML12 cells were pretreated with compound C (10 

μM) for 30 min, and then treated with metformin for 6 h. (A) The nuclear translocation of 

TFEB were measured by western blot in nuclear and cytosolic fraction. (B, C and E) The 

RNA expression of TTP, Rheb and SIRT1 measured by RT-PCR. (D and F) The protein 

expression of p-AMPK and SIRT1 analyzed by western blot. 

 

 



 

Figure 16. Metformin induces SIRT1 expression in AML12 cells 

(A and B) AML12 cells were treated with metformin (1, 2, 4 and 8 mM) for 6 h. The protein 

and RNA expression of SIRT1 analyzed by western blot and RT-PCR, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TTP is required for the metformin-induced lipophagy in hepatocyte 

To confirm the relation of TTP in metformin-induced reduction of lipid, we treated with 

Ttp+/+and Ttp-/- primary hepatocyte with 2 mM metformin for 12 h, followed by treatment 

200 �M oleic acid (OA) for 18 h. consistent with figure 7, the pretreatment with 2 mM 

metformin significantly attenuated OA-induced lipid accumulation in Ttp+/+ primary 

hepatocyte. In Ttp-/- primary hepatocyte, metformin-induced effect of lipid clearance was not 

detected in Ttp-/- primary hepatocyte (Figure 17A). To investigate the relation of TTP in 

metformin-induced autophagy, we treated Ttp+/+and Ttp-/- primary hepatocyte with 2 mM 

metformin. In both Ttp+/+and Ttp-/- primary hepatocyte, LC3 I conversion form LC 3 II were 

significantly increased by metformin treatment. However, in Ttp+/+ primary hepatocyte, 

treatment with metformin significantly increased degradation of p62. Ttp-/- primary 

hepatocyte did not show the degradation of p62 by metformin treatment (Figure 17B). Also, 

treatment with metformin significantly increased expression of lysosomal genes in Ttp+/+ 

primary hepatocyte. However, Ttp-/- primary hepatocyte did not show the increase of 

lysosomal genes by metformin treatment (Figure 17C). These results indicate that TTP is 

required for the active autophagic flux by metformin-induced TTP. Next, we assessed the 

lipophagy by metformin in Ttp+/+and Ttp-/- primary hepatocyte. Metformin increased co-

localization of lipid with LC3 in Ttp+/+ primary hepatocyte. However, Ttp-/- primary 

hepatocyte did not show the co-localization of lipid with LC3 by metformin treatment (Figure 

17D). These results indicated that TTP plays an important role in metformin-induced 

lipophagy in hepatocyte. 

 

 



 

Figure 17. TTP is required for the metformin-induced lipophagy in hepatocyte 

(A) Ttp+/+and Ttp-/- primary hepatocytes were exposed to 200 μM sodium oleate for 18 h after 

pretreatment with or without 2 mM metformin for 12 h, followed by stained with BODIPY. 

(B and C) Ttp+/+and Ttp-/- primary hepatocytes were treated with metformin for 6 h. The 

protein expression of LC3, LAMP1 and p62 were measured by western blot. The RNA 

expression of lysosomal geneses analyzed by qRT-PCR. (D) Ttp+/+and Ttp-/- primary 

hepatocytes were transfected with pmRFP-LC3 and then treated with metformin and OA. Co-

localization of LC3 with lipid was analyzed by BODIPY (green). Data were presented as 

mean±SD (n=3). **, P<0.01; ***, P<0.001; NS, statistically not significant. 

 

 



Metformin induces lipid clearance through TTP-induced TFEB 

The recent report has indicated that transcription factor EB (TFEB) was found to enhanced 

lipid clearance through increasing of autophagy and lysosomal biogenesis. To evaluate 

whether the metformin effects was mediated by the TFEB expression, AML12 cells were 

transfected with scramble RNA (scRNA) and siRNA against TFEB (siTFEB) for 36 h, and 

then pretreated with metformin. We observed that TFEB significantly reduced both mRNA 

and protein levels in siTFEB transfected cells (Figure 18A and B). We investigated that the 

transfection of siTFEB notably decreased the autophagy initiation, lysosomal biogenesis and 

lipid clearance by metformin treatment (Figure 18C- E). These results indicated that TFEB is 

critical role in metformin-induced autophagy initiation and lysosomal biogenesis, followed 

by lipid clearance. 

 

 



 

Figure 18. Metformin induces lipid clearance through TTP-induced TFEB 

(A and B) AML12 cells were transfected with scRNA or siRNA against TFEB, and the 

protein and mRNA expression of TFEB were measured by western blot and qRT-PCR, 

respectively. (C) After transfection, AML12 cells were pretreated with metformin and then 

exposed to OA. Lipid accumulation analyzed by BODIPY staining. (D and E) Transfected-

AML12 cells were treated with metformin for 6 h. (D) The protein expression of LC3, Atg7 

and LAMP1 were measured by western blot. (E) The RNA expression of lysosomal genes 

were measured by qRT-PCR. Data were presented as mean±SD (n=3). *, P<0.05; P<0.001; 

NS, statistically not significant. 

 

 

 



TTP deficiency abolished the therapeutic effects of metformin in diet-induced hepatic 

disease 

To confirm the role of the TTP on attenuating of liver disease by metformin in vivo, 

Ttp+/+and Ttp-/- mice were fed a normal chow diet (NCD) or high fat diet (HFD) for 4 weeks 

prior to oral administration of metformin (200 mg/kg) another for 4 weeks (Figure 7). Then, 

we analyzed the protective effect of metformin on HFD-fed liver disease. In liver tissues, we 

assessed the mRNA and protein expression of Rheb. We demonstrated that metformin 

significantly inhibits Rheb in HFD-fed Ttp+/+ liver tissues. Additionally, in our results, 

metformin showed the decreasing the TNF-��mRNA levels.�However, in Ttp-/- liver tissues, 

the inhibition of Rheb and inflammation by metformin was not detected in HFD group 

(Figure 19A). Then, we evaluated TTP level in liver tissues, and found that metformin 

significantly induced protein levels of TTP and compared with the administration of 

metformin in HFD-fed group, more expression of TTP was observed in HFD-fed alone 

(Figure 19A and B). Furthermore, autophagosomes and autolysosomes were determined in 

the liver tissue of each group using an electron microscope to support the evidence of 

autophagy induction. Metformin had a significantly increased number of autophagic vacuoles 

in HFD-fed group compared with HFD-fed alone in Ttp+/+ liver tissues. In Ttp-/- liver tissues, 

the induction of autophagy by metformin was not detected in HFD group (Figure 19B). These 

results indicated that TTP is critical role in metformin-induced therapeutic effects in high fat 

diet-induced hepatic disease. 

 

 



 

Figure 19. TTP deficiency abolished the therapeutic effects of metformin in diet-induced 

hepatic disease 

Ttp+/+and Ttp-/- mice were fed an NCD or HFD for 8 weeks. After 4 weeks, mice were given 

metformin (200 mg/kg, oral administration) for every day for 4 weeks. (A) The RNA 

expression of Rheb and TNF-��were analyzed by RT-PCR. (B) The protein expression of TTP, 

Rheb, LAMP1 and LC3 were measured by western blot. 

 

 

 

 

 

 

 

 



 

Figure 20. Scheme for the mechanisms of metformin in TTP-induced lipophagy. 

metformin induces TFEB nuclear translocation via mTORC1 signaling inhibition. Moreover, 

TTP is required for metformin-induced TFEB activation to promote lipophagy through Rheb 

degradation-induced mTORC1 inhibition. Regarding regulation of TTP by metformin, 

metformin activates AMPK and then activates SIRT1, thereby activating via deacetylation. 

Specifically, TTP plays an important role in metformin-induced attenuation of liver disease. 

 

 

 

 



II-V. DISCUSSION 

In the current study, we demonstrate that metformin induces TFEB nuclear translocation via 

mTORC1 signaling inhibition. Moreover, TTP is required for metformin-induced TFEB 

activation to promote lipophagy through Rheb degradation-induced mTORC1 inhibition in 

vitro. Regarding regulation of TTP by metformin, we show that metformin activates AMPK 

and then activates SIRT1, thereby activating via deacetylation (Figure 20). 

 Metformin is an anti-diabetic drug belonging to the biguanide class and inhibits complex I 

of the electron transport chain by sequentially lowering the cellular energy charge and then 

activating AMPK, which is serine-threonine protein kinase [4]. Also, it has been reported that 

metformin also induced SIRT1 [5]. However, there is a debate between AMPK and SIRT1 

which is upstream. In this study, we demonstrate that AMPK is upstream among AMPK and 

SIRT1 by metformin, using compound C, AMPK inhibitor, and EX527, SIRT1 inhibitor. 

 We previously found that metformin induced the expression of TTP. TTP is an ARE-

binding protein that promotes degradation of target genes such as pro-inflammatory cytokines, 

TNF-α, IL-3 and COX-2 [13-15]. It has been reported that activation of p53 induces TTP 

transcription and metformin can activate p53 in an AMPK-dependent status [18-20]. Our 

present results provide a new mechanism for regulation of TTP activity by metformin. SIRT1 

is an NAD+-dependent deacetylase and is known to regulate activity of target protein, 

including FOXO, PGC-1� and PPAR� by deacetylation. In this study, we indicate that 

metformin-induced SIRT1 binds to TTP resulted in activated TTP. Also, we previously found 

that TTP degraded Rheb. Rheb, a small GTPase, has been known to binds and activates 

mTORC1 in the TSC-independent manner [11]. Our finding that metformin-activated TTP 



degrades the Rheb to inhibit mTORC1, using mouse primary hepatocyte genetically-deficient 

in TTP. 

 It has been reported that TFEB regulated genes of autophagy and lysosomal biogenesis 

through activation of the CLEAR network and activated lipophagy [8]. Lysosome-localized 

mTORC1, which controls various cellular processes such as cell growth, metabolism and 

autophagy, inhibits the activation of TFEB by adjusting the phosphorylation of TFEB. In this 

study, we also found that metformin-induced mTORC1 inhibition by TTP is involved in the 

activation of TFEB. 

 It has been known that autophagy-mediated lipid mobilization, termed lipophagy and TFEB 

activated lipophagy. ATGL promote autophagy/lipophagy which plays an impotant role in 

lipid catabolism, in liver [21]. Metformin also induces lipophagy by FOXO1 in adipocyte 

[17]. When measured lipophagy, OA was used because of the more steatogenic and less 

apoptotic fatty acid than palmitic acid (PA) [22]. Our present results show that metformin 

induces lipophagy through TTP-induced TFEB. Also, metformin-induced lipophagy reduces 

lipid in TTP-dependent manner.  

 Regarding the effects of metformin on hepatic steatosis in mouse genetically-deficient in 

TTP, the present result has limitation. In vitro, although it was confirmed that the lipid 

accumulation by OA was reduced by metformin did not exhibit in the TTP deletion 

hepatocyte. In vivo, the lipid accumulation by HFD did not appear in the TTP deletion mouse, 

and it was confirmed that there was severe inflammation. Metformin effect on model using 

methionine choline deficient (MCD) diets that induce both inflammation and steatosis, 

NASH model, needs to be assessed in TTP-deleted mouse. 

In summary, our results demonstrate for the first time that metformin induces TFEB nuclear 



translocation via mTORC1 signaling inhibition. Moreover, TTP is required for metformin-

induced TFEB activation to promote lipophagy through Rheb degradation-induced mTORC1 

inhibition. Regarding regulation of TTP by metformin, metformin activates AMPK and then 

activates SIRT1, thereby activating via deacetylation. Specifically, TTP plays an important 

role in metformin-induced attenuation of liver disease. TTP loss abrogates the therapeutic 

effects of metformin. Overall, our data suggest that metformin induces TFEB nuclear 

translocation via mTORC1 signaling inhibition. Moreover, TTP is required for metformin-

induced TFEB activation to promote lipophagy and to attenuate high fat diet-induced liver 

disease. 
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III-I. ABSTRACT 

Immunometabolism, defined as the interaction of metabolic pathways with the immune 

system, influences the pathogenesis of metabolic diseases. Metformin and carbon monoxide 

(CO) are two pharmacological agents known to ameliorate metabolic disorders. There are 

notable similarities and differences in the reported effects of metformin and CO on 

immunometabolism. Metformin, an anti-diabetes drug, has positive effects on metabolism 

and can exert anti-inflammatory and anti-cancer effects via adenosine monophosphate-

activated protein kinase (AMPK)-dependent and AMPK-independent mechanisms. CO, an 

endogenous product of heme oxygenase-1 (HO-1), can exert anti-inflammatory and 

antioxidant effects at low concentration. CO can confer cytoprotection in metabolic disorders 

and cancer via selective activation of the protein kinase R-like endoplasmic reticulum (ER) 

kinase (PERK) pathway. Both metformin and CO can induce mitochondrial stress to produce 

a mild elevation of mitochondrial ROS (mtROS) by distinct mechanisms. Metformin inhibits 

complex I of the mitochondrial electron transport chain (ETC), while CO inhibits ETC 

complex IV.  Both metformin and CO can differentially induce several protein factors, 

including fibroblast growth factor 21 (FGF21) and sestrin2 (SESN2), which maintain 

metabolic homeostasis; nuclear factor erythroid 2-related factor 2 (Nrf2), a master regulator 

of the antioxidant response; and REDD1, which exhibits an anticancer effect. However, 

metformin and CO regulate these effects via different pathways. Metformin stimulates p53- 

and AMPK-dependent pathways whereas CO can selectively trigger the PERK-dependent 

signaling pathway. Although further studies are needed to identify the mechanistic differences 

between metformin and CO, pharmacological application of these agents may represent 

useful strategies to ameliorate metabolic diseases associated with altered immunometabolism. 



III-II. INTRODUCTION 

Cellular metabolism, which consists of the concerted actions of many thousands of genes, 

proteins, and metabolites, refers to the complex chemical reactions that occur in living cells. 

Generally, these reactions can be divided into those supporting catabolic metabolism or 

anabolic metabolism. Catabolic metabolism, which includes glucose transport, fatty acid �-

oxidation and other processes, converts complex molecules to simpler molecules. In contrast, 

anabolic metabolism, which includes lipogenesis, gluconeogenesis and other processes, 

converts simple precursor molecules into more complex biomolecules such as proteins and 

other polymers. The reactants and products of these chemical reactions are known as 

metabolites. An imbalance of metabolic functions is associated with the pathogenesis of 

metabolic diseases (Weyer et al., 1999; Bray, 2004; Bugianesi et al., 2010; Hanahan and 

Weinberg, 2011).  Metabolic diseases include cardiovascular disease (CVD), type 2 diabetes 

(DM2), stroke, chronic kidney disease (CKD) and cancer. These diseases are caused by 

complicated conditions such as insulin resistance, obesity, dyslipidemia, hypertension and 

hyperglycemia (Grundy et al., 2004; Alberti et al., 2009). The pathogenesis of metabolic 

disease is related to altered metabolism and immune responses, which can lead to activation 

and infiltration of immune cells into metabolic tissues, such as liver, adipose tissue and 

skeletal muscle; and chronic low-grade activation of inflammatory pathways in both stromal 

and immune components. These events may be followed by the activation of stress kinases, 

such as c-Jun N-terminal kinase (JNK); and the mammalian target of rapamycin complex 1 

(mTORC1), activation of which negatively affects the signaling of metabolic hormones such 

as insulin, leading to dysregulated glucose and lipid homeostasis (Boucher et al., 2014; 

Manieri and Sabio, 2015; Hotamisligil, 2017; Wu and Ballantyne, 2017). Altered cellular 



metabolism is a hallmark of cancer, and contributes to the conversion to malignancy and the 

initiation, growth and maintenance of tumors (Hanahan and Weinberg, 2011). Metabolites in 

tumors can have profound effects on both cancer cells and immune system cells. For example, 

adenosine is known to enhance tumor progression, whereas this compound inhibits pro-

inflammatory responses (Prado-Garcia and Sanchez-Garcia, 2017). 

Immunometabolism refers to an emerging research field at the interface of metabolism and 

the innate immune system (Mathis and Shoelson, 2011). In 1966, the first observation of 

immunometabolism was the infiltration of macrophages into adipose tissue in obese mice 

(Hausberger, 1966). Specifically, the term immunometabolism describes two major 

processes: (I) the progression of non-immune pathologies, such as obesity, can result in the 

mobilization of innate and adaptive immune systems; (II) secondly, the dysbalance of internal 

metabolites can influence the immune response of lymphocytes and other leukocytes. Thus, 

metabolism and immunity have been broadly linked throughout evolution (Schertzer and 

Steinberg, 2014; Hotamisligil, 2017). Many studies have implicated immunometabolism 

during the development of metabolic disease. For example, the conditioned medium from 

macrophages incubated with LPS can induce resistance to insulin-induced glucose uptake and 

lipoprotein lipase expression in adipocytes (Pekala et al., 1983). Adipose tissue-derived TNF-

��contributes to type 2 diabetes in obese mice (Uysal et al., 1997). In addition, various 

signaling pathways have been linked to glucose metabolism (Copps and White, 2012; 

Fullerton et al., 2013). Recently, it has been reported that adipose tissue-resident immune 

cells play an important role in tissue remodeling during weight gain and brown adipose tissue 

modulation (Lee et al., 2013; Wolf et al., 2017). Therefore, the relationship between 

metabolic diseases and the innate immune response is closely related, such that 



immunometabolism can be a therapeutic target for metabolic diseases. On the other hand, the 

behavior of leukocytes and lymphocytes can be regulated by metabolism. Changes in CD8+ 

and CD4+ T cell populations have been associated with diabetes. In diabetic patients, CD8+ T 

cells were associated with impaired glycemic control and lipidemia in Type 1 diabetes (Laban 

et al., 2018), and CD4+ T cells were associated with progression of subclinical inflammation 

in Type 2 diabetes (Kumar, 2018; Sheikh et al., 2018). In addition, B cells were associated 

with metabolic homeostasis. Specifically, B-1a lymphocytes can attenuate insulin resistance 

through IL-10 and IgM-dependent mechanisms (Shen et al., 2015). Furthermore, the 

polarization of macrophage is important for progression of obesity (Li et al., 2018). M1 

macrophages induce insulin resistance, whereas M2 macrophages protect against obesity-

induced insulin resistance (Chawla et al., 2011).  

Metformin has been commonly used to treat DM2 (Witters, 2001). Metformin enhances the 

insulin response and glucose transport through adenosine monophosphate-activated protein 

kinase (AMPK) activation (Shaw et al., 2005). Also, metformin inhibits fatty acid synthesis, 

and increases �-oxidation in an AMPK-dependent manner (Zhou et al., 2001). Beyond the 

modulation of glucose and lipid metabolism, metformin can exert anti-inflammatory 

functions (Caballero et al., 2004; Dandona et al., 2004; Kim et al., 2014). Metformin has 

been used to treat not only DM2 but also other metabolic diseases, such as CVD, non-

alcoholic fatty liver disease (NAFLD) and cancer, in both an AMPK-dependent and -

independent manner (Zakikhani et al., 2006; Gotlieb et al., 2008; Ben Sahra et al., 2011; Kim 

et al., 2013a; Griffin et al., 2017). Metformin, when administered at high doses (3000 

mg/day) for treatment, can cause side effects such as gastrointestinal disturbances (Siavash et 

al., 2017) and lactic acidosis (DeFronzo et al., 2016).  



Carbon monoxide (CO) is another molecule that can modulate metabolic responses. 

Endogenous CO is produced by the enzyme heme oxygenase-1 (HO-1) (Otterbein et al., 

2016). CO has anti-inflammatory and antioxidant effects (Kim et al., 2007; Jamal Uddin et 

al., 2016) and can confer cytoprotection in metabolic diseases via activation of the PERK 

pathway (Kim et al., 2017; Joe et al., 2018; Kim et al., 2018b). CO-releasing molecules 

(CORMs), can be used as an alternative and potentially safer substitute for inhalation of 

gaseous CO (Motterlini et al., 2002). Furthermore, CO can have a cytoprotective effect at low 

concentrations (Otterbein, Foresti et al., 2016) . Metformin and CO have been shown to 

attenuate progression of metabolic diseases, obesity, DM2 and cancer, by various molecular 

pathways.  

Therefore, further studies are needed to identify the differences between metformin and CO,

and to determine if CO, which has a therapeutic effect at low concentrations, can compensate 

for the disadvantages of metformin, which can also incur side effects at high doses. Both 

metformin and CO continue to show potential for therapeutic application in metabolic 

diseases associated with immunometabolism, though further studies are needed.  

 

 

 

 

 



III-III. ROLES OF METFORMIN IN IMMUNOMETABOLISM 

Metformin is known as metabolic drug that is extensively prescribed for DM2 due to its 

ability to enhance insulin sensitivity. Numerous studies have demonstrated that metformin 

regulates glucose and lipid metabolism (Cao et al., 2014; Zhou et al., 2016; Chen et al., 2017; 

Gopoju et al., 2018). Also, metformin has been shown to decrease various pro-inflammatory 

markers, including soluble intercellular adhesion molecule, vascular cell adhesion molecule 1, 

macrophage migration inhibitory factor and C-reactive protein (Caballero, Delgado et al., 

2004; Dandona, Aljada et al., 2004). Metformin also influences the behavior of immune cells 

in response to metabolic mediators. For example, metformin can enhance B cell responses 

through a reduction in B cell-intrinsic inflammation in individuals with obesity and type 2 

diabetes (Diaz et al., 2017). Metformin was also shown to regulate the immune response by 

alteration of macrophage polarization and T cell infiltration in a zebrafish model of NAFLD-

associated hepatocellular carcinoma (de Oliveira et al., 2019). Furthermore, it has been 

reported that metformin can exert anti-inflammatory effects, which are related to an alteration 

in macrophage polarization to the M2 phenotype through activation of AMPK in a HFD-

induced model of obesity, and in palmitate-stimulated macrophage in vitro (Jing et al., 2018). 

The intracellular target of metformin is the mitochondria, where metformin transiently inhib-

its complex I of the mitochondrial ETC, which results in a decline in energy charge. This 

inhibition of complex I induces a mild elevation in mitochondrial reactive oxygen species 

(mtROS) (Kim, Jeong et al., 2013a), a decrease in ATP production and an increase in AMP 

levels which drive the activation of AMPK (Zhou, Myers et al., 2001) (Figure 21). 

AMPK acts as an energy and nutrient sensor and coordinates an integrated signaling 

network that constitutes metabolic and growth pathways. Metformin-induced AMPK 



activation exhibits enhancement of glucose transport (Gunton et al., 2003) and inhibits 

gluconeogenic gene expression via the cAMP-response element-binding protein (CREB) and 

the CREB-regulated transcription coactivator 2 (CRTC2) (Lee et al., 2010) (Figure 1). 

AMPK increases the activity of the insulin receptor and insulin receptor substrate (IRS) by 

phosphorylation of these molecules, and then enhances the insulin response and glucose 

transport (Grisouard et al., 2010) (Figure 21). AMPK also inhibits fatty acid synthesis by 

reducing lipogenic gene expression through transcription factors such as sterol regulatory 

element binding protein-1c (SREBP-1c) carbohydrate-responsive element-binding protein 

(ChREBP); and enhances �-oxidation by regulating multiple enzymes involved in �-

oxidation (Zhou, Myers et al., 2001; Xu et al., 2013) (Figure 21). Metformin has positive 

effects on metabolism beyond glucose metabolism and also suppresses pro-inflammatory 

markers (Kim et al., 2018a). Metformin has been reported to suppress lipopolysaccharide 

(LPS)-stimulated inflammation via AMPK-activating transcription factor- 3 (ATF-3) (Kim, 

Kwak et al., 2014). Metformin has also been reported to reduce inflammation through p53-

coordinated sestrin2 (SESN2)-AMPK-mTOR signaling in mouse embryonic fibroblasts 

(Deng et al., 2016) (Figure 22). SESN2 is a target of the tumor suppressor gene p53, and 

negatively regulates mTOR signaling. Several studies have demonstrated that metformin 

activates nuclear factor erythroid 2-related factor 2 (Nrf2) in an AMPK-dependent manner, 

and thereby exerts antioxidant and anti-inflammatory effects under conditions of global 

cerebral ischemia (Ashabi et al., 2015) (Figure 22). Metformin can extend lifespan through 

activation of the liver kinase B (LKB)-AMPK-Nrf2 pathway in C. elegans (Onken and 

Driscoll, 2010). Thus, metformin prevents metabolic diseases through AMPK-induced 

cellular pathways. Metformin has been known to prevent metabolic diseases including 



diabetes and obesity, and also cancer, through AMPK activation. mTOR induces energy-

consuming cellular responses and controls cell growth. Activation of AMPK inhibits the 

mTOR pathway by phosphorylation of tuberous sclerosis complex (TSC), a tumor suppressor 

gene (Howell et al., 2017) (Figure 22). AMPK-dependent inhibition of mTOR induces anti-

proliferation and inhibits cell viability in several types of cancer (Zakikhani, Dowling et al., 

2006; Gotlieb, Saumet et al., 2008). Therefore, metformin also protects cancer cell 

proliferation and growth via the AMPK-mTOR pathway. 

Several findings support the notion of an AMPK-independent pathway in metabolic diseases. 

In this context, AMPK-independent effects of metformin have been described. Metformin has 

been shown to inhibit hepatic gluconeogenesis, which is mediated in an AMPK-independent 

manner via a decrease in hepatic energy state (Foretz et al., 2010). In addition, metformin 

provokes mild mtROS production through inhibition of complex I, and then induces 

fibroblast growth factor 21 (FGF21) through a mitochondrial stress-induced unfolded protein 

response (UPR) pathway, known as the endoplasmic reticulum (ER) stress-sensing pathway 

(Kim, Jeong et al., 2013a) (Figure 2). ROS have been reported to induce the PERK/ 

eukaryotic initiation factor-2 alpha (eIF2�	
�activation transcription factor-4 (ATF4) pathway, 

which is one of the three branches of the UPR (Liu et al., 2008). Also, it has been reported 

that metformin activates the PERK-eIF2�-ATF4 pathway but not the other branches of the 

UPR represented by activating transcription factor 6 (ATF6) and inositol-requiring 

transmembrane kinase/endonuclease 1���IRE1�) (Quentin et al., 2012). ATF4 prevents 

obesity and insulin resistance by upregulation of FGF21, an endocrine hormone that exerts 

effects of anti-obesity and anti-diabetes (Kim et al., 2013b). In cancer treatment, metformin 

exerts anti-cancer effects via an AMPK-independent pathway. Metformin, independent of 



AMPK, exhibits an anticancer effect through the p53-REDD1 (regulated in development and 

DNA damage responses-1) pathway in a prostate cancer cell line (Ben Sahra, Regazzetti et al., 

2011)(Figure 2). REDD1, known as RTP801, Dig2 and DDIT4, was identified as a hypoxia-

inducible factor (HIF)-1 target gene associated with the regulation of cell survival, and 

negatively regulates mTOR (Shoshani et al., 2002; Brugarolas et al., 2004). Therefore, 

REDD1 exhibits an anticancer effect, via inhibition of cell growth and cell cycle arrest, 

through mTOR inhibition. Furthermore, metformin has been shown to inhibit mTORC1, 

which is mediated in an AMPK-independent manner via Rag GTPase inhibition (Kalender et 

al., 2010) (Figure 22). In summary, the ability of metformin to prevent immune-metabolic 

diseases can be explained by both AMPK-dependent and AMPK-independent mechanisms.  



 

Figure 21. Metformin inhibits mitochondrial com-plex I and activates AMPK via decreasing 

ATP levels, thereby increasing glycolysis and lipolysis and inhibiting gluconeogenesis and 

lipogenesis. Metformin also increases glucose translocation and improves insulin sensitivity. 

See the text for more details. 

 

 

 

 

 

 



 

Figure 22. Metformin acts through both AMPK-dependent and AMPK-independent 

pathways to control the survival of cells andmetabolic homeostasis. See the text for more 

details. 

 

 

 

 

 

 



III-IV. ROLES OF CARBON MONOXIDE IN IMMUNOMETABOLISM 

Cells and tissues have been known to induce an adaptive response to stress (Otterbein et al., 

2003), which is responsible for defending against damage and preserving cellular 

homeostasis, and depends on the induction of several beneficial defense systems (Otterbein, 

Foresti et al., 2016). Among these, the stress protein HO-1 can defend against cellular 

damage by the catalysis of heme, a pro-oxidant molecule (Otterbein, Foresti et al., 2016). 

HO-1 can be induced by numerous agents, including CO, curcumin, resveratrol and 

flavonoids (Szabo et al., 2004; Chen et al., 2005; McNally et al., 2007; Yang et al., 2014) 

(Figure 23). The major function of HO-1 is to degrade heme which results in the generation 

of CO and biliverdin, and the release of iron (Otterbein, Soares et al., 2003). Many reports 

suggest that the reaction products of HO-1 (i.e., CO, biliverdin and iron) acting individually 

or in concert, can mediate its cytoprotective effects. In this section, the positive effects of CO 

are described, with respect to immune responses and metabolism. 

CO can exert cytoprotective and therapeutic effects in several disease models (Otterbein et 

al., 1999; Otterbein et al., 2000; Motterlini, Clark et al., 2002; Morse et al., 2003). Also, CO 

can have a cytoprotective effect at low concentrations (Otterbein, Foresti et al., 2016), but 

may be impractical for clinical use in the gaseous state (Ismailova et al., 2018). CO-releasing 

molecules (CORMs) may be used to exert similar effects as inhalation of gaseous CO in a 

controlled manner (Motterlini, Clark et al., 2002). CORM compounds, typically transition 

metal carbonyls that can release CO, include CORM-1, CORM-2, CORM-3 and CORM-A1 

(Motterlini, Clark et al., 2002; Foresti et al., 2004; Motterlini et al., 2005) (Figure 3). CORM-

1 [Mn2(CO)10] was the first of such compounds developed, and is restricted as a 

pharmacological agent because it is insoluble in aqueous media and requires photoactivation 



to release CO (Motterlini, Clark et al., 2002). CORM-2 [Ru(CO3Cl2)] is hydrophobic and can 

release CO from organic solvents (Motterlini, Clark et al., 2002). Further studies have 

identified water-soluble CORM-3 [Ru(CO)3Cl(glycinate)] and CORM-A1 [Na2H3BCO2]. 

These CORMs are known to release CO in aqueous media (Foresti, Hammad et al., 2004; 

Motterlini, Sawle et al., 2005). Therefore, these CORMs can potentially treat many disease 

models by cytoprotective action including antioxidant action. 

CO has been shown to suppresses the pro-inflammatory response, which is mediated by 

decreasing the production of pro-inflammatory cytokines, such as tumor necrosis factor-� 

(TNF-�	�and interleukin-1���IL-1�	, in the presence of LPS; and by promoting the 

production of the anti-inflammatory cytokine IL-10, both of which are mediated by activation 

of the p38 mitogen-activated protein kinase (MAPK) (Otterbein, Bach et al., 2000). 

Furthermore, CO can generate itaconate, which exerts immunosuppression and anti-microbial 

functions via induction of immune-regulator genes then inhibit pro-inflammatory responses 

(Jamal Uddin, Joe et al., 2016). CO has been shown to be protective in models of diet-

induced obesity, insulin resistance, NAFLD and cancer (Hosick et al., 2014; Kim, Joe et al., 

2017; Joe, Kim et al., 2018; Kim, Joe et al., 2018b). CO and CORM-2 were shown to 

suppress T cell proliferation through IL-2 production (Pae et al., 2004). CO derived from 

CORM-A1 inhibited T helper 17 differentiation, which is related to the immunomodulatory 

effect of CO (Takagi et al., 2018). In macrophage polarization, CORM-3 attenuated the 

expression of iNOS, a marker of M1-polarized macrophage; and upregulated the expression 

of CD206 and Ym-1 protein, markers of M2-polarized macrophages, in LPS and IL-4-

stimulated alveolar macrophages, respectively (Yamamoto-Oka et al., 2018). CO induces low 

levels of mtROS through blocking of mitochondrial ETC complex IV, and subsequently 



increased mtROS can activate the PERK/eIF2�/ATF4 signaling pathway (Zuckerbraun et al., 

2007; Liu, Wise et al., 2008; Otterbein, Foresti et al., 2016) (Figure 23). It also has been 

reported that CO can activate Nrf2, the master regulator of the antioxidant response, via 

PERK activation (Caballero, Delgado et al., 2004) (Figure 23). ATF4 upregulates several 

genes, FGF21, SESN2 and REDD1, through PERK pathway activation (Kim, Jeong et al., 

2013b; Kim, Joe et al., 2017; Joe, Kim et al., 2018; Kim, Joe et al., 2018b) (Figure 24). Under 

high fat diet conditions, CO can increase FGF21 expression by activating the PERK pathway 

in liver, resulting in metabolic homeostasis through lipolysis of white adipose tissues, 

conversion from white adipocyte to beige adipocyte, and alleviation of fatty liver (Joe, Kim et 

al., 2018) (Figure 24). Under methionine-choline deficient (MCD) diet conditions, CO has 

been shown to increase the expression of SESN2 through PERK activation, which activates 

AMPK which in turn inhibits mTOR signaling to induce autophagy, resulting in the 

amelioration of MCD-induced steatohepatitis (Kim, Joe et al., 2017) (Figure 24). CO induces 

REDD1 through PERK activation, and subsequently, REDD1 can inhibit cell cycle arrest, 

growth and metastasis of tumors by inducing mTOR inactivation and apoptosis (Kim, Joe et 

al., 2018b) (Figure 24). Therefore, CO has been shown to prevent diet-induced obesity, 

insulin resistance and NAFLD via FGF21 and SESN2; and to prevent tumor growth and 

metastasis via REDD1. Thus, CO-induced protective effects in metabolic diseases can occur 

in a PERK-dependent manner. 

 

 

 



 

Figure 23. Carbon monoxide inhibits mitochondrial complex IV and then activates PERK via 

increasing mitochondrial ROS. Activated PERK induces the Nrf2-HO-1 pathways. HO-1 is 

induced by the various stimulators such as CO, curcumin, resveratrol and flavonoids, thereby 

increasing endogenous CO production. And also, CO-releasing molecules (CORM-1, 2, 3, 

and A1) produce CO in cells. See the text for more details. 

 

 

 

 

 



 

 

Figure 24. Carbon monoxide controls metabolic homeostasis via the PERK-eIF2α-ATF4-

FGF21, SENS2, and REDD1 pathway. See the text for more details. 

 

 

 

 

 

 



III-V. SIMILARTIES OF METFORMIN AND CARBON MONOXIDE  

Metformin and CO generate ROS through blocking of mitochondria ETC. The generated-

ROS activate PERK/eIF2�
ATF4 signaling, one of the branches of the UPR, but not inositol-

requiring enzyme 1 ��(IRE1�) and activating transcription factor 6 (ATF6). Metformin and 

CO both increase the expression levels of FGF21, SESN2 and REDD1, and also activate Nrf2. 

Specifically, FGF21 was induced by metformin and CO via PERK-activated ATF4. Therefore, 

metformin and CO exert positive effects in metabolic diseases, such as obesity, insulin 

resistance, NAFLD and cancer, through the regulation of the metabolic homeostasis 

molecules, FGF21, SESN2, REDD1 and Nrf2 (Table 1). 

 

III-VI. DISTINCTIONS OF METFORMIN AND CARBON MONOXIDE  

Metformin induces ROS via inhibition of mitochondria ETC complex I. The elevation in 

ROS increases the level of AMP, leading to activation of AMPK. The increased AMPK 

activation enhances insulin sensitivity through improved glucose transport and activity of the 

insulin receptor and IRS, and regulates fatty acid synthesis and �-oxidation, and subsequently 

these responses exert effects on metabolic homeostasis. In contrast, CO can produce mtROS 

through blocking of mitochondrial ETC complex IV, leading to activation of PERK signaling 

by mtROS. CO reversed insulin resistance and obesity via the PERK/eIF2�/ATF4-induced 

FGF21. FGF21 enhanced by CO stimulated the exhibition of insulin sensitivity and the 

transition of brown adipose tissues (BAT) from white adipose tissues (WAT). Furthermore, 

CO induces SESN2 via ATF4 and attenuates MCD induced-hepatitis through SESN2-induced 

AMPK and autophagy. 



Metformin increases activity of Nrf2 in an AMPK-dependent manner and then exerts anti-

oxidant and anti-inflammatory effects. Also, metformin increases lifespan through AMPK-

activated Nrf2 signaling. While metformin activates Nrf2 via AMPK, CO enhances Nrf2 

nuclear translocation by PERK activation. Nrf2 in turn upregulates HO-1 and then exhibits 

therapeutic effects in vascular diseases. 

Metformin inhibits proliferation of cancer cells through AMPK-dependent mTOR inhibition 

and AMPK-independent transcriptional regulation of REDD1 through p53. In contrast, CO 

upregulates REDD1 via PERK-dependent ATF4 which inhibits the proliferation of cancer 

cells (Table 1). 

 

 

 

 

 

 

 

 

 

 



Table 1. Similarities and distinctions of metformin and carbon monoxide 

 

 

 

 

 

 

 

 

 



III-VII. CONCLUSION 

As we have discussed, both metformin and CO can attenuate metabolic diseases, such as 

obesity, type 2 diabetes (DM2), NAFLD and cancer through similar responses, involving 

induction of mild ROS-enhanced metabolic homeostasis molecules. While numerous studies 

have shown that metformin is associated with activation of AMPK and p53 in the induction 

of metabolic effector molecules, the effects of CO are related to the PERK-dependent ATF4 

pathway. However, more research is needed to understand the detailed pathways by which 

metformin and CO impact immunometabolism. 
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