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Abstract

Pirfenidone recently received FDA approval as one of the first two drugs designed to treat 

idiopathic pulmonary fibrosis. While the clinical data continues to support the efficacy of 

pirfenidone, the specific molecular mechanism of action of this drug has not been fully defined. 

From a chemical perspective the comparatively simple and lipophilic structure of pirfenidone 

combined with its administration at high doses, both experimentally and clinically, complicates 

some of the basic tenants of drug action and drug design. Our objective here was to identify a 

commercially available structural mimic of pirfenidone which retains key aspects of its physical 

chemical properties but does not display any of its antifibrotic effects. We tested these molecules 

using lung fibroblasts derived from patients with idiopathic pulmonary fibrosis and found 

phenylpyrrolidine based analogs of pirfenidone that were non-toxic and lacked antifibrotic activity 

even when applied at millimolar concentrations. Based on our findings, these molecules represent 

pharmacological tools for future studies delineating pirfenidone’s mechanism of action.
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1. INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic disease characteristically defined by 

excessive deposition of extracellular matrix and destruction of the lung’s normal 

architecture. Over time this progressive scarring and alteration in tissue leads to declining 

lung function and often death. Despite the scope and severity of the disease burden 

associated with IPF, it has only recently become the target of clinically approved 

therapeutics, with the approval of nintedanib and pirfenidone. Interest in the latter began 

with the finding that phenylamine derivative substituted pyridones produce analgesic 

properties (Scudi et al., 1960), leading to the synthesis of 5-Methyl-1-phenyl-2-(1H)-

pyridone (initially referred to as AMR-69, later referred to as pirfenidone) and description of 

its analgesic, antipyretic, and anti-inflammatory effects (Shreekrishna Manmohan Gadekar, 

1972). Decade’s later the antifibrotic properties of pirfenidone began to emerge (Iyer et al., 

1995; Kehrer and Margolin, 1997; Schelegle et al., 1997).

The molecular mechanism of action of pirfenidone is still not well defined. In pulmonary 

fibrosis, activated resident fibroblasts are thought to be the main cellular contributor to 

matrix deposition and scarring (Barkauskas and Noble, 2014). In an effort to identify the 

mechanism of action of pirfenidone, its in vitro antifibrotic efficacy was established in 

isolated fibroblasts (Conte et al., 2014; Hewitson et al., 2001; Lehtonen et al., 2016a). A 

major limitation of pirfenidone is the compound’s potency. In order to produce antifibrotic 

activity in vitro, concentrations between 1–5mM are required (Conte et al., 2014; Lehtonen 

et al., 2016b; Nakayama et al., 2008). Pirfenidone’s lack of potency, lipophilic nature, and 

minimal number of heteroatoms (Fig. 1) has led to debate about the potential for pirfenidone 

to bind to a selective target or pocket, and has stimulated an alternative hypothesis that 

pirfenidone simply works as a free radical scavenging antioxidant (Mitani et al., 2008; 

Salazar-Montes et al., 2008). Some very recent work has suggested pirfenidone is an 

inhibitor of the p38 mitogen-activated protein kinase (p38 MAPK) pathway (Li et al., 2016; 

Ma et al., 2014; Neri et al., 2016; Yin et al., 2016). A major barrier to further delineating 

pirfenidone’s mechanism of action is the absence of structurally similar compounds which 

lack antifibrotic efficacy. Inactive structural analogs are extremely valuable tools when 

attempting to further define the mechanism of action or molecular target of small molecules 

(Dancy et al., 2012; Fu et al., 2008; Lim et al., 2004).

We set out to identify a chemical mimic of pirfenidone which retains its low molecular 

weight and lipophilic nature but does not display any antifibrotic activity against pulmonary 

fibroblasts. Our criteria for an inactive mimic thus included commercial availability and non-

toxicity at the very high doses (millimolar) at which pirfenidone shows antifibrotic activity. 

For our initial testing we identified a diverse pilot set of compounds with physical chemical 

properties consistent with pirfenidone (To ease communication the compounds are 

abbreviated MC-2 through MC-7) (Fig. 1). We tested these compounds in primary human 

pulmonary fibroblasts obtained from patients with IPF. As a proof of concept demonstrating 

the utility of these compounds, we used the inactive analogs identified here to address the 

role of p38 MAPK in mediating antifibrotic effects of pirfenidone in cultured lung 

fibroblasts.
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2. MATERIALS AND METHODS

2.1. Compounds

Pirfenidone (PFD) (PubChem CID:40632) was purchased from Sigma Aldrich, St. Louis, 

MO. 4-amino-1-phenyl-1,2-dihydropyridin-2-one (MC-2) (PubChem CID:664174); 4,6-

dimethyl-1-phenyl-1,2-dihydropyridin-2-one (MC-3) (PubChem CID:N/A); 2-phenylphenol 

(MC-4) (PubChem CID: 24938931); 1-phenylpyrrolidin-2-one (MC-5) (PubChem CID: 

78375); 1-(3-methylphenyl)pyrrolidin-2-one (MC-6) (PubChem CID: 314213); and 1-(3,5-

dimethylphenyl)pyrrolidin-2-one (MC-7) (PubChem CID: 847897) were purchased from 

MolPort, Riga, Latvia. All compounds were dissolved in DMSO for a stock concentration of 

600mM. TPSA and cLogP were calculated using the OSIRIS Property Explorer available 

through the Organic Chemistry Portal: http://www.organic-chemistry.org/prog/peo/.

2.2. Cell Culture

Primary human lung fibroblasts (generously provided by Peter Bitterman and Craig Henke 

at the University of Minnesota) were isolated by explant culture from the lungs of subjects 

diagnosed with IPF who underwent lung transplantation, under a protocol approved by the 

University of Minnesota Institutional Review Board. Primary fibroblasts were maintained in 

EMEM (ATCC, Manassas, VA) containing 10% FBS, unless otherwise noted. All primary 

cell culture experiments were performed with cells at passage six or less.

2.3. Viability Assay

Lung fibroblasts were plated into 96-well plates in EMEM containing 10% FBS and allowed 

to attach for 6 h. Media was then exchanged with EMEM containing 0.1% FBS + the 

indicated compound concentration. All wells were treated with a final concentration of 0.5% 

DMSO (We have previously found these cells tolerate up to 1% DMSO without any effects 

on viability). After 24 h the cellular viability/toxicity was analyzed using the WST-1 reagent 

(Sigma Aldrich) following the manufacturer’s protocol. Results are expressed as the 

absorbance at 450nm relative to DMSO control.

2.4. Immuno-ECM Assay

Adapting from previously published methods (Jones et al., 2010; Vogel et al., 2014), lung 

fibroblasts were plated to confluence in clear-bottom 96-well plates in EMEM containing 

10% FBS and allowed to attach for 6 h. Media was then exchanged with EMEM containing 

0.1% FBS plus the indicated compound concentration. All wells were treated with a final 

concentration of 0.5% DMSO. After 72 h cells were fixed with 4% formalin, then treated 

with 0.25% Triton X-100 and blocked with Li-Cor Odyssey Blocking Buffer (Li-Cor 

Biosciences, Lincoln, NE) before overnight incubation in a polyclonal rabbit antibody for 

collagen I (Novus NB600-408) diluted 1:150 in blocking buffer. Wells where then incubated 

with IR-dye-conjugated secondary antibody (Li-Cor #926-32211) diluted 1:500. Plates were 

imaged via a Li-Cor OdysseyXL system with quantification performed via densitometry. 

Results are represented as collagen I signal intensity relative to DMSO control.
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2.5. qPCR Analysis

Cells were plated and treated as indicated prior to RNA isolation using RNeasy Plus Mini 

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Isolated RNA 

(250ng) was then used to synthesize cDNA using SuperScript VILO (Invitrogen, Carlsbad, 

CA). Quantitative PCR was performed using FastStart Essential DNA Green Master (Roche 

Applied Science, Penzberg, Germany) and analyzed using a LightCycler 96 (Roche Applied 

Science). Results are expressed as a fold change by ΔΔCt relative to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). Primers: GAPDH; F: 

GGAAGGGCTCATGACCACAG, R: ACAGTCTTCTGGGTGGCAGTG. ACTA2; F: 

GTGAAGAAGAGGACAGCACTG, R: CCCATTCCCACCATC ACC. COL1A1; F: 

AAGGGACACAGAGGTTTCAGTGG, R: CAGCACCAGTAGCACCATCATTTC. 

COL1A2; F: CTTGCAGTAACCTTATGCCTAGCA, 

R:CCCATCTAACCTCTCTACCCAGTCT

2.6. Western Blot Analysis

Cells were plated in EMEM containing 10% FBS and allowed to attach for 6 h. Cells were 

then starved for 24 h in EMEM containing 0.1% FBS prior to stimulation with 2ng/mL 

TGFβ with or without the indicated concentration of compound for 30 min. Total protein 

was isolated using RIPA buffer (Thermo Scientific, Rockford, IL) and quantified with a 

BCA protein assay kit (Thermo Scientific, Rockford, IL) according to manufacturer’s 

instructions. Membranes were probed for phospho-p38 (Cell Signaling, Danvers, MA 

#9211) and total p38 (Cell Signaling, Danvers, MA #9212) followed by IR conjugated 

secondary antibodies (Li-Cor Biosciences, Lincoln, NE). Bands were visualized and 

quantified using a Li-Cor OdysseyXL.

2.7. Statistical Analysis

Groups were compared by one-way ANOVA with Tukey’s multiple comparison’s test. All 

statistical tests were carried out using GraphPad Prism 6 with statistical significance defined 

as p < 0.05. Results are expressed throughout as the mean ± standard error of the mean 

(S.E.M.).

3. RESULTS

We began this campaign through molport.com searching for compounds which have a 

similarity of 0.65 or greater (Tanimoto metrics) to PFD. (Fig. 1). Compounds MC-2 and 

MC-3 retain the phenylpyridine core structure of PFD with moderate substitutions, and the 

phenylphenol, MC-4 and the phenylpyrrolidine MC-5 offer alternative backbones but retain 

the basic size and atom representation of PFD. Previous work has shown that pirfenidone 

can be given at millimolar concentrations in vitro without causing any cellular toxicity 

(Conte et al., 2014; Nakayama et al., 2008). To screen out any toxic compounds we treated 

IPF lung fibroblasts with 0.3 and 3.0mM concentrations of each compound for 24 h and then 

measured cellular viability with WST-1 reagent, a tetrazolium salt that is cleaved into a 

formazan dye in metabolically active, viable cells (Fig. 2A). Consistent with prior 

observations, PFD did not reduce cellular viability. However 3.0mM treatment with MC-2 
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and MC-4 was toxic to the cells. At 3.0mM MC-4 became insoluable and fell out of 

solution, likely due to the lipopholic nature of this compound (cLogP = 2.97).

In previous in vitro work (Conte et al., 2014) with pulmonary fibroblasts PFD has been 

shown to reduce gene expression of COL1A1 (which codes for collagen 1α1 protein, a 

major fibrillar collagen component in the extracellular matrix). To translate this readout into 

a higher-througput assay we measured collagen I protein levels using an in-cell Western blot 

technique. In this experiment we plated IPF lung fibroblasts at confluence in a 96-well plate 

and allowed them to synthesize and deposit matrix for 72 h in the presense of PFD, MC-3, 

MC-5 (non-toxic from Fig. 2A) or DMSO control. We then immunostained the whole well 

for collagen I protein and visualized and quantitatively analyzed using infrared-emitting 

secondary antibody. PFD reduced collagen protein levels at the higher concentration, and 

interestingly MC-3 appeared to perform as an active structural mimic of PFD, as it was both 

non-toxic to the fibroblasts and reproduced the antifibrotic phenotype of reducing collagen 

deposition. The phenylpyrrolidine-based backbone MC-5 appeared to be a good framework 

to move forward as an inactive structural mimic of pirfenidone based on the combination of 

low toxicity and absence of antifibrotic effect on collagen 1 expression.

Based on the results from Fig. 2 we identified a second round of commercially availible 

pirfenidone mimics based off of the phenylpyrrolidine backbone. Aside from the number of 

hydrogens; MC-5 and PFD only differed by two carbon atoms so we searched for 

phenylpyrridone anologs with aditional carbon substitutions. We also reasoned that 

inactivity would be associated with compounds which were substituted on the phenyl ring 

rather than the pyridine as in PFD. Methyl, MC-6 and dimethyl, MC-7 derivatives of PFD 

were thus obtained and tested in the same assays as in Fig. 2. Interstingly, the dimethyl 

substituted analog, MC-7 was toxic to the cells (and also reduced collagen deposition), 

whereas MC-6, with a single methyl substitution onto MC-5, was both non-toxic and 

inactive in the collagen deposition assay (Fig. 3).

For our final analysis testing MC-5 and MC-6 against pirfenidone we measured expression 

of three fibrosis-associated genes: ACTA2 (coding for α-smooth muscle actin, a hallmark of 

activated and contractile myofibroblasts), and COL1A1 and COL1A2 (both genes required 

for mature collagen I protein). IPF lung fibroblasts were treated for 48 h with compounds or 

DMSO control and gene expression was determined by qPCR relative to the housekeeping 

gene GAPDH. As predicted, pirfenidone reduced expression of all three profibrotic genes at 

the higher concetration; in contrast, MC-5 and MC-6 exhibited no effect in this highly 

sensitive assay (Fig. 4A).

In response to recent evidence suggesting p38 MAPK pathway inhibition is the mechanism 

of action of pirfenidone (Li et al., 2016; Ma et al., 2014; Neri et al., 2016), we stimulated 

IPF lung fibroblasts with TGFβ for 30 min in the presence of pirfenidone and our inactive 

mimics (Fig. 4B). TGFβ has been shown to induce p38 phosphorylation through multiple 

pathways (Yu et al., 2002; Zhang, 2009), and consistent with these prior publications we 

observed a 2-fold induction in phospho-p38 under these conditions. As previosuly reported, 

pirfenidone was able to significantly inhibit this TGFβ-induced p38 activation. However, 

while one of the inactive structural mimics, MC-5 showed no effect on inhibitng p38 
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phosphorylation, the other MC-6 did significantly inhibit p38 at a concentration which 

showed no antifibrotic activity (Fig. 3 and Fig. 4), consistent with pirfenidone acting through 

additional or alternative mechanisms beyond p38 in mediating its antifibrotic effects in 

fibroblasts.

4. DISCUSSION

Approved in 2014 for the treatment of idiopathic pulmonary fibrosis, pirfenidone became 

one of the first in a class of new “antifibrotic drugs” which will likely expand in the future. 

Multiple groups are currently attempting to understand the mechanism of action that leads to 

the antifibrotic efficacy of pirfenidone. One of the basic challenges in interpreting 

pirfenidone’s clinical efficacy is the dosage of the drug required to produce any biological 

activity. We set out to identify one or several structural mimics of pirfenidone that can be 

used as a negative control which accounts for the amount of lipophilic compound delivered 

to the cells. Taken together, our data demonstrate that phenylpyrrolidine backbones produce 

adequate structural mimics of pirfenidone. Our results are also consistent with the concept 

that pirfenidone binds its antifibrotic target(s) in a specific manner that is highly dependent 

on the 3-dimensional planar shape of pirfenidone or potentially the 5-methyl substitution on 

the pyridine ring, not present in MC-5 and MC-6. Interestingly, F-351, a hydroxyl 

substituted analog of pirfenidone, is currently in clinical trials for liver and kidney fibrosis 

(Nanthakumar et al., 2015). This modification results in more “drug like” physical chemical 

properties than pirfenidone and retains the antifibrotic nature of the drug.

MC-5 and MC-6 are available from molport.com (MolPort-001-012-470 and 

MolPort-001-028-037) through multiple venders for less than $10/mg, making them very 

affordable, and based on their structural similarity to pirfenidone (Fig. 1) and inactivity in 

cellular assays of fibrosis (Fig. 2–4), should be considered as potentially informative inactive 

structural mimics for pirfenidone. The use of phenotype-based assays in drug discovery is 

continuing to expand, leading to the identification of promising drug candidates with no 

known mechanism of action or molecular target (Etzion and Muslin, 2009; Lee and Berg, 

2013; Moffat et al., 2014). One of the common approaches to identifying or validating the 

molecular target of a small molecule is to design linkable chemical analogs to perform pull-

down assays followed by proteomics analysis (Leslie and Hergenrother, 2008). In these 

types of assays a pull-down experiment can be performed using both the active and inactive 

compounds. Inevitably, highly abundant or adherent proteins will be observed in both cases, 

and only by comparing which protein(s) are exclusively associated with the active molecule 

can specific targets be identified (Bell et al., 2013; Colca et al., 2003). Even with very potent 

drugs nonspecific binding is always a concern when interpreting the effects of adding a 

compound to a biological system. In the case of pirfenidone where millimolar concentrations 

are required, these concerns are amplified. In recent years the growth of biologics based 

therapeutics has created a new standard for preclinical drug discovery where the use of 

inactive control molecules is customary. Antibody based therapies are compared to an 

isotype control, siRNA treatments are compared with scrambled nontargeting sequences and 

peptides are compared to an inactive derivative sequence. Although less exciting in the short 

term, inactive analogs play an important role in small molecule based drug discovery.
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It is important to note that although we have shown MC-5 and MC-6 are inactive in fibrosis 

assays relative to pirfenidone, no small molecule is absolutely inactive. MC-5 and MC-6 are 

both in the PubChem database but only MC-5 has been tested in biological assays; 

reassuringly this compound showed no activity in these screens. The interesting results we 

observed in the p38 MAPK phosphorylation experiments serves as proof of concept of their 

utility, and suggest that further work is needed to define the role of p38 MAPK as a potential 

mechanism of action for pirfenidone antifibrotic effects in fibroblasts. The identification and 

characterization of these compounds should help facilitate further delineation of the 

molecular mechanism of action of pirfenidone, and ultimately lead to more potent and more 

efficacious antifibrotic drugs in the future.
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Fig. 1. 
Pirfenidone (PFD) and structural mimics: physical chemical properties. Molecular weight 

(Mol. Weight), calculated logarithm of the partition coefficient (cLogP), topological polar 

surface area (tPSA), and the non-carbon heteroatoms are compared. Based on the data 

presented here the compounds are color-coded to summarize whether they were antifibrotic 

(black), acutely toxic (red) or inactive structural mimics of pirfenidone (green).
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Fig. 2. 
Effects of high concentration pirfenidone and initial test compounds on cellular viability and 

collagen I protein deposition. A. Toxicity. Pulmonary fibroblasts derived from patients with 

IPF were treated for 24 h at 0.3 and 3.0mM to initially rule out any acutely toxic 

compounds. Data represent the mean (±S.E.M.) from three patient samples each run in 

duplicate (**** P < 0.0001 vs. DMSO control). B. Collagen I Deposition. One of the 

hallmarks of pulmonary fibrosis is activated fibroblasts which synthesize excessive 

extracellular matrix proteins; principally collagen I. Pulmonary fibroblasts derived from 

patients with IPF were treated for 72 h with PFD, MC-3, and MC-5 at 0.3 and 3.0mM to 

measure the effect on collagen deposition. Shown on the left is a representative image from 

one patient sample run in triplicate for each compound at 3.0mM. Data represent the mean 

(±S.E.M.) from three patient samples each run in triplicate (*** P < 0.001, **** P < 0.0001 
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vs. DMSO control). Pirfenidone was not acutely toxic to the cells but did reduce matrix 

deposition; in contrast MC-5 did not affect the cells in either assay.
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Fig. 3. 
Methyl substituted phenylpyrrolidines effect on cellular viability and collagen I protein 

deposition. A. Toxicity. Pulmonary fibroblasts derived from patients with IPF were treated 

for 24 h with MC-6 and MC-7 at 0.3 and 3.0mM to measure acute toxicity. Data represent 

the mean (±S.E.M.) from three patient samples each run in duplicate (**** P < 0.0001 vs. 

DMSO control). B. Collagen I Deposition. Pulmonary fibroblasts derived from patients with 

IPF were treated for 72 h with MC-6 and MC-7 at 0.3 and 3.0mM to measure the effect on 

collagen deposition. Shown on the left is a representative image from one patient sample run 

in triplicate for each compound at 3.0mM. Data represent the mean (±S.E.M.) from three 

patient samples each run in triplicate (**** P < 0.0001 vs. DMSO control). Similar to MC-5 

in Fig. 2, MC-6 is nontoxic and has no effect on collagen deposition.
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Fig. 4. 
Pirfenidone and phenylpyrrolidine mimics effects on profibrotic gene expression and 

inhibition of p38 phosphorylation. A. IPF lung fibroblasts were treated for 48 h with PFD, 

MC-5, and MC-6 at 0.3 and 3.0 mM, followed by RNA isolation and qPCR analysis. Data 

represent the mean (±S.E.M.) from three patient samples (* P < 0.05, ** P < 0.01 vs. DMSO 

control). The approved antifibrotic drug pirfenidone reduced expression of all three genes 

but the inactive structural mimics had no effect. B. IPF lung fibroblasts were starved for 24 h 

in media containing 0.1% FBS and then stimulated with 2ng/mL TGFβ +/− PFD, MC-5, 

and MC-6 for 30 min. A representative blot from a single patient sample is shown on the 

left, while the plot on the right represents the mean (±S.E.M.) from three patient samples 

each run in triplicate (#### P < 0.0001 vs. DMSO control –TGFβ, *** P < 0.001, **** P < 

0.0001 vs. DMSO control +TGFβ).
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