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Abstract

Emphysema is characterized by degradation of lung alveoli that leads to poor airflow in lungs. 

Irreversible elastic fiber degradation by matrix metalloproteinases (MMPs) and reactive oxygen 

species (ROS) activity leads to loss of elasticity and drives the progression of this disease. We 

investigated if a polyphenol, pentagalloyl glucose (PGG) can increase elastin production in 

pulmonary fibroblasts. We also studied the effect of PGG treatment in reducing MMP activity and 

ROS levels in cells. We exposed rat pulmonary fibroblasts to two different types of inflammatory 

environments i.e., tumor necrosis factor-α (TNF-α) and cigarette smoke extract (CSE) to mimic 

the disease. Parameters like lysyl oxidase (LOX) and elastin gene expression, MMP-9 activity in 

the medium, lysyl oxidase (LOX) activity and ROS levels were studied to assess the effect of PGG 

on pulmonary fibroblasts. CSE inhibited lysyl oxidase (LOX) enzyme activity that resulted in a 

decreased elastin formation. Similarly, TNF-α treated cells showed less elastin in the cell layers. 

Both these agents caused increase in MMP activity and ROS levels in cells. However, when 

supplemented with PGG treatment along with these two inflammatory agents, we saw a significant 

increase in elastin deposition, reduction in both MMP activity and ROS levels. Thus PGG, which 

has anti-inflammatory, anti-oxidant properties coupled with its ability to aid in elastic fiber 

formation, can be a multifunctional drug to potentially arrest the progression of emphysema.
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Background

Emphysema, a subset of chronic obstructive pulmonary disease (COPD) is characterized by 

chronic inflammation, oxidative stress, elastin damage, and progressive alveolar destruction 

[1]. Improvement in lung function is not possible even after smoking cessation [2]. Cigarette 

smoke insult triggers the inflammatory response in lungs and over a period of time 

recruitment of inflammatory cells causes excessive release of enzyme mediators leading to a 

disruption of ECM balance in the lungs. Cigarette smoke also activates cellular apoptosis 

and inhibits alveolar elastin repair, which makes the emphysema condition irreversible [3–

5].

Elastic fibers provide elastic recoil to organs like the lungs. Loss of lung elasticity has been 

correlated to a loss of lung function in emphysema patients [6].. The inability of mature cells 

to regenerate elastin in large quantities has been attributed to the lack of reparative process 

[7]. Moreover, elastin degradation products (EDPs) act as chemo- attractants for monocytes 

and therefore EDPs further increase the inflammatory burden on lungs [8]. Inflammatory 

cells release matrix metalloproteinases (MMPs) that has been shown to cause protease-

antiprotease imbalance in emphysematous lungs. Many varieties of MMPs have now been 

shown to overexpress in emphysema; however, MMP 12 and MMP 9 are more pronounced 

[9–12]. Stopping elastin degradation has received little attention as a potential therapy for 

treatment of emphysema

Pentagalloyl glucose (PGG) is a derivative of tannic acid found in green tea, red wine, and 

nuts. We have previously shown from in vitro and in vivo experiments that PGG can 

preserve elastin, inhibit MMP activity, and help restore lost elastin in aneurysmal aorta o rats 

[13–15]. We hypothesize that PGG treatment, due to its anti-oxidant and anti- inflammatory 

properties combined with its affinity to bind to elastin, would stop the emphysema 

progression by inhibiting MMP activity and restoring elastin deposition [16, 17]. As a 

preliminary step, we investigated the effects of PGG on rat pulmonary fibroblasts cell 

cultures for inhibition of matrix metalloproteinases (MMPs) and reactive oxygen species 

(ROS) activity, elastin gene and protein expression, and elastin deposition under 

inflammatory conditions mimicking emphysema.

Methods (expanded methods are provided as a supplement)

Preparation of cigarette smoke extract (CSE)

Cigarette smoke extract was prepared using a custom designed instrument with slight 

modifications to the procedure described in literature [18].

Pulmonary fibroblast cell culture

Primary rat pulmonary fibroblasts (Cell Biologics Inc©, IL, USA) were grown in 

Dulbecco’s Modified Eagle Medium (DMEM), (ScienCell™, CA, USA) supplemented with 

10% fetal calf serum (FCS) (Sigma-Aldrich®, St. Louis, MO), 1% fibroblast growth 

substrate (FGS) (ScienCell™, CA, USA), and 1% Penicillin-Streptomycin. Cells from 

passages 2–6 only were used for all experiments. The cells were allowed to grow for one day 

in normal growth medium before the start of the treatments.
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To mimic inflammatory conditions in vitro, cells were treated with either tumor necrosis 

factor (TNF-α) (Peprotech Inc. ®, Rocky Hill, NJ) or Cigarette smoke extract (CSE). Cells 

were divided into six groups depending on the combination of substances they were treated 

with. The groups were: DMEM only (DMEM group), PGG (10 μg/mL) (PGG group), tumor 

necrosis factor (TNF-α) (50 ng/ml) (TNF-α group), TNF-α (50 ng/mL) + PGG (10 μg/mL) 

(TNF-α +PGG group), CSE (5% final concentration) (CSE group), and CSE (5%) + PGG 

(10 μg/mL) (CSE+PGG group). Cells were grown under these conditions for up to 21 days, 

and the medium was replenished twice every week. The cell cultures were analyzed at days 

7, 14 and 21 for cell viability, total protein, total elastin in matrix and medium, collagen in 

matrix and medium, MMP activity in the medium, and ROS activity in cells.

mRNA extraction and reverse transcriptase polymerase chain reaction (RT-PCR)

Cells grown in the aforementioned conditions were lysed at weeks 1 and 2, and mRNA was 

extracted using RNeasy RNA extraction kit (Qiagen, Valencia, CA) as per manufacturer’s 

protocol.

Quantitative PCR

The quantitative PCR (qPCR) was performed and analyzed using a Rotorgene qPCR 

machine (Qiagen, Valencia, CA) to measure the relative expression levels of Lysyl Oxidase 

(LOX), Lysyl Oxidase 1(LOXL1) and Elastin (ELN) genes with respect to Beta-2 

Microglobulin (B2MG). Description and primer sequences are included in the 

supplementary material.

Lysyl oxidase activity

Lysyl oxidase activity in the medium was measured using Amplite fluorimetric lysyl oxidase 

activity assay kit (AAT Bioquest, Sunnyvale, CA) according to manufacturer’s instructions.

Gelatin zymography and Reverse zymography

Active MMP activity was analyzed in the medium collected from cell cultures using gelatin 

zymography as described previously [19].

FASTIN assay

Total insoluble elastin deposited in the cell layers and soluble tropoelastin in the media were 

quantified using the Fastin™ Elastin assay kit (Biocolor, UK) according to the 

manufacturer’s protocol. Matrix elastin was normalized to total lysate protein released by 

the cells, which is assumed to be directly proportional to the total cell count, while the 

tropoelastin in medium was normalized to the total protein content in the medium.

Reactive oxygen species (ROS) analysis

ROS activity in pulmonary fibroblasts was analyzed under aforementioned growth 

conditions using CellRox® deep red reagent, as per the manufacturer’s protocol.
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Results

Initially we checked the cell numbers in different conditions using Picogreen dsDNA assay. 

Addition of TNF-α did not affect cell growth or viability (Supplementary Figure 1 A). 

However, cell numbers in CSE group remained significantly lower than DMEM group 

(Supplementary Figure 1B). PGG at the used concentration (10 μg/mL) did not show any 

toxicity to the cells.

Gene expression and activity of Lysyl Oxidase (LOX)

Quantitative PCR analysis of mRNA showed that expression of LOX and LOXL1 genes was 

upregulated in all of the groups as compared to the DMEM control group at week 1. The 

TNF-α+PGG group showed 6-fold upregulation of LOX expression. By week 2, the LOX 

expression returned to control levels (Figure 1 A–B). Treating cells with TNF-α did not 

seem to affect LOX activity in the medium. PGG addition slightly increased LOX protein 

activity levels at week 1 and 2 under TNF-α inflammatory condition (Figure 1C). CSE and 

CSE+PGG groups showed an increase in LOX and LOXL1 gene expression(~3–4 fold) 

during week 1. However, they returned to control levels by week 2 (Figure 1 D–E). Addition 

of CSE impeded LOX protein levels in the media despite increases seen in the mRNA level; 

however, addition of PGG to CSE restored LOX protein levels (Figure 1F).

Gene expression and deposition of elastin protein

Addition of TNF-α did not affect ELN gene expression. Addition of PGG in presence of 

TNF-α enhanced ELN gene expression by ~6-fold at week 1. (Figure 2A). The ELN gene 

levels were down by week 2. Elastin levels in the media was not altered by addition of TNF-

α by week 2 but it dropped by week 3. (Figure 2B). When matrix elastin was quantified, 

PGG addition showed increased deposition of insoluble matrix elastin at week 3; clearly 

suggesting that PGG binds to soluble elastin and coacervates it leading to the deposition of 

insoluble elastin. (Figure 2C).

Expression of elastin gene in CSE and CSE+PGG groups showed a significant increase (~ 

4–6 fold) after one week. These levels came back to normal (same as DMEM group) by 

week 2 (Figure 2D). Elastin protein levels in the media; however, were significantly lower 

CSE and CSE+PGG groups as compared to DMEM group at both 2 and 3 weeks (Figure 

2E). When matrix elastin was quantified, we observed a significant increase in cross-linked 

elastin deposition in the CSE+PGG group, suggesting that PGG mitigates the effects of CSE 

and helps elastin deposition similar to what was seen in TNF-α groups (Figure 2F).

Gelatin zymography and Reverse zymography for MMP and TIMP activities

Gelatin zymography from TNF-α group at week 1 and 2 time points showed substantial 

increase in MMP-9 activity as compared to control DMEM group, which was diminished 

when PGG was added (TNF-α+PGG) (Figure 3A). On the other hand, CSE addition did not 

affect MMPs but PGG further suppressed MMP activity in that group as well (Figure 3B). 

To test if PGG prevents MMP activity at the gene or protein level, zymography gels from 

TNF-α and CSE groups were incubated in development buffer along with PGG (20 μg/ml). 

It showed reduction in MMP-9 (92kDa) bands in TNFα group (data not shown) suggesting 
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that PGG decreases MMP activity at the protein level. TIMP activity analyzed by reverse 

zymography also showed that PGG treated cells have lower TIMP activity (Supplemental 

Figure 2) probably due to the reduction of MMPs seen in PGG groups.

ROS analysis

We observed a significant reduction in the ROS found in rat pulmonary fibroblasts in the 

TNF-α+PGG and CSE+PGG groups compared to the TNF-α and CSE groups. (Figure 4).

Discussion

Pulmonary fibroblasts are important in the pathology of COPD as they participate in ECM 

remodeling and are used as in vitro models to study the disease [20, 21]. Various agents have 

been used to mimic the inflammatory conditions that exist in COPD including TNF-α, but 

cigarette smoke extract use has emerged as a key model [22–24]. The main advantage of 

using CSE is that it correlates well to in vivo exposure. Components of cigarette smoke need 

to have solubility to pass through the mucus layer before reaching the epithelial cells of 

alveoli that remain distal to the airways. There are many different CSE preparations reported 

(type and number of cigarettes and different volumes), for both in vitro and in vivo purposes 

[3] [18, 25]. We used method from Baglole et al [18]. Lysyl oxidase family of enzymes are 

copper-dependent enzymes, which facilitate covalent crosslinking of elastin. Inhibition of 

LOX activity during postnatal lung growth has shown to result in irreversible structural 

changes [26]. LOXL1 has been shown to interact with fibulin-5, fibrillin, and with 

tropoelastin in ligand-binding assays [27]. Inactivation of LOX and LOXL1 individually 

leads to enlarged airspaces in the lung [28, 29]. CSE has been shown to inhibit cross-linking 

of tropoelastin molecules to form elastic fibers [30]. Li et al., suggest that LOX could be 

affected at many stages including mRNA expression [31]. We found an increase in LOX 

mRNA expression at week 1 when cells were treated with TNFα and CSE. Gao et al., have 

shown that LOX mRNA transcription can be perturbed using cigarette smoke condensate, 

but not extract, at a concentration of 80 μg/ml or more [32]. Interestingly we observed an 

increased LOX mRNA expression in cells treated with PGG, and its activity remained higher 

than respective non-PGG treated controls. However, the mechanisms of why PGG treatment 

increases LOX is unknown at this time. We have shown earlier that PGG binds to 

tropoelastin secreted by cells and coacervates it in the matrix [15]. This may have caused 

increased local concentration of elastin surrounding the cells and caused signaling to 

increase LOX production. However, this needs to be tested further.

We observed that CSE treatment caused an increase in elastin mRNA expression at week 1 

while TNF-α treatment did not. Kahari et al., and DiCamillo et al., report that TNF-α 
suppresses elastin mRNA production in fibroblasts and aortic smooth muscle cells [33] [34]. 

The increase in elastin due to CSE correlates well to increased elastin expression seen in 

COPD patients due to smoking [35, 36]. However, elastin protein in the medium was 

significantly lower than the control group. Cells supplemented with PGG showed more 

matrix elastin production compared to their respective controls (TNF-α+PGG> TNF-α, CSE

+PGG>CSE) suggesting that PGG allowed coacervation and deposition of elastin in the 

matrix. Precipitation of elastin with PGG has been shown in our previous studies by 
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measuring the kinetics of tropoelastin coacervation and maturation confirming that PGG 

binds to elastin and coacervates it [37]. Our results can be compared to that observed by 

Jimenez et al. for the effect of tannic acid and ellagic acid in dermal fibroblast cultures [38]. 

They have also observed lesser elastin degradation and more deposition of insoluble cross-

linked elastin when cells were treated with tannic acid. Elastin degradation by MMPs is an 

important step in the pathophysiological path of COPD. Elastin degradation results in elastin 

derived peptides (EDPs), which have been shown to be chemoattractants for monocytes. 

Sellami et al., have even shown that intra- tracheal injection of VGVAPG amino acid (one of 

the EDP sequences) causes emphysema in a murine model [39]. With gelatin zymography, 

we clearly show a decrease in MMP activity in the TNF-α +PGG and CSE+PGG groups 

compared to the TNF-α and CSE groups respectively. These results are in agreement with 

many other studies that reported decreased MMP activity after treatment with polyphenols 

[40, 41]. To further test if PGG mediated suppression of MMPs was at the protein level and 

not at the gene level, we incubated zymography gels in a solution containing 20 μg/mL 

PGG. Addition of PGG to the developing buffer caused suppression of MMP bands clearly 

suggesting that PGG inhibits MMP activity outside the cells. Lindner et al., have shown a 

spike in MMP-9 expression (90 fold) in human pulmonary fibroblasts after 24 hours of 

exposure to 10 ng/ml of TNF-α [42]. Ning et al., have observed that cigarette smoke 

stimulates MMP-2 activity in human fibroblast cultures [43]. However, we have only 

observed MMP-9 activity but not MMP-2 in zymography. We also saw decreased TIMP 

activity in the cultures which had PGG added to them. This TIMP activity is not affected by 

incubation of the gel in the development buffer containing PGG. We believe reduced TIMP 

levels seen in PGG groups is due to balance of MMPs and TIMPs. As MMPs were lower in 

PGG groups, it might have also reduced TIMP activity [44]. Seifart et al., also show that all-

trans retinoic acid (ATRA) treatment reduces MMP and therefore TIMP activity [45]. 

Inflammatory conditions are also known to increase reactive oxygen species in the local 

environment [46]. Oxidative stress is an important factor present in COPD, which is caused 

by cigarette smoking in patients [47]. The anti-oxidant properties of polyphenols have 

already been documented [16, 48]. We saw a clear eradication of the signal from the 

fluorescent ROS substrate in cells supplemented with PGG along with TNF-α or CSE 

treatment. It is also interesting to note that this oxidative stress could have caused increased 

elastin expression in CSE and TNF-α groups of our experiment, as observed by Deslee et 

al., [49]. We believe the anti-oxidant property of PGG might help in controlling oxidative 

stress in COPD and thereby controlling damage in lungs.

We also tested for collagen in cell cultures to investigate if PGG increases collagen 

deposition in the matrix (data provided in supplementary material; Figure 3). Finlay et al., 

[50] showed that collagen remodeling is a consistent feature of emphysematous lungs which 

was supported by Mosquero et al [51]. Increased collagen was seen as a process of repair by 

the lungs. We found that PGG treatment does not cause any extra collagen deposition either 

in soluble or insoluble forms and hence we believe PGG will not cause increased fibrosis, 

which could be detrimental to the lung function.
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Conclusion

In this paper, we show that PGG treatment leads to increased elastin production and 

deposition in rat pulmonary fibroblast cell cultures under simulated inflammatory conditions 

and at the same time, it suppresses MMP and ROS activity. Elastin damage has been shown 

to drive lung damage in COPD. Thus, stabilizing and regenerating elastin without altering 

collagen deposition can be a way to arrest the progression of this disease. Our data shows 

that PGG could be used as a multifunctional drug in the treatment of COPD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Emphysema, characterized by degradation of lung alveoli that leads to poor 

airflow in lungs, is a major cause of mortality and morbidity with no known 

treatments.

• We found that lung alveolar fibroblasts when treated with a polyphenol 

namely pentagalloyl glucose (PGG) leads to inhibition of MMP and ROS 

activity that is responsible for ECM degradation

• PGG also binds to tropoelastin molecules secreted by cells and increases 

matrix elastin production, thus may lead to increased alveolar compliance.
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Figure 1. 
Relative gene expression of lysyl oxidase (LOX and LOX1) gene (A–D). Lysyl Oxidase 

(LOX) protein activity in cell culture medium for all groups (E–F). Dashed lines represent 

levels in DMEM control group. # represents significantly different from DMEM group. 

(n=6)
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Figure 2. 
Relative gene expression of elastin (ELN) gene (A–B). Elastin quantified in cell culture 

medium for all groups (C–D). Matrix elastin quantified from cell layers for all groups (n=6) 

(E–F). Dashed lines represent levels in DMEM control group. # represents significantly 

different from DMEM group. (n=6)
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Figure 3. 
MMP-9 (92kDa) activity as visualized by gelatin gel zymography at 2 weeks for TNF-α 
groups (A) and CSE groups (B). PGG inhibits MMP activity, as shown by diminished band 

intensity. * represents significantly different (n=6).
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Figure 4. 
Reactive oxygen species (ROS) in rat lung fibroblasts was visualized using CellRox Deep 

red reagent. Yellow (A–C, for TNF-α and TNF-α+PGG groups) and red (B–D, for CSE and 

CSE+PGG groups) represents ROS and blue represents DAPI staining of nuclei. Significant 

inhibition of ROS could be seen in PGG treated groups. (n=3).
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Table 1

Primer sequences for LOX, LOXL1, ELN and B2MG genes

Gene Primer sequence Primer Length Amplicon size

Lysyl Oxidase-1 (LOXL1)

FWD 5′-CACTACACAGGTCGCTTC-3′ 17 137

REV 5′-AGGCGGCTATGCTTCTT-3′ 16

Lysyl Oxidase (LOX)

FWD 5′-TACCTGGTGCCTGAATCA-3′ 17 138

REV 5′-GTACTGCTTCATCCTTTGGG-3′ 19

Beta (β2) Microglobulin (B2MG)

FWD 5′-CGTGATCTTTCTGGTGCTTGTC-3′ 21 122

REV 5′-ACGTAGCAGTTGAGGAAGTTGG-3′ 21

Elastin (ELN)

FWD 5′-AAAGCAGCGAAGTATGCAGG-3′ 20 110

REV 5′-CCTGTAATGCCTCCAATCCC-3′ 20
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