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A B S T R A C T   

Emphysema is a respiratory disease that causes the progressive loss of lung extracellular matrix (ECM) organi
sation, subsequently undermining lung integrity and reducing lung function. Fibroblasts must constantly repair 
damage to the lungs to preserve lung health, however, fibroblast ECM repair is reduced during emphysema, 
causing ECM damage to outweigh fibroblast ECM maintenance. Current treatments for emphysema fail to 
address the root causes of emphysematous progression, highlighting the need for novel methods of treating 
emphysema. Nitrofurantoin is a broad-spectrum antibiotic indicated for the treatment of urinary tract infections 
that also displays potential as a novel avenue of emphysema treatment. Nitrofurantoin is known to potentially 
cause fibrotic effects that could be repurposed to increase fibroblast repair and outweigh the progressive ECM 
damage of the emphysematous lung. Therefore, this study examined the effects of nitrofurantoin treatment on 
primary human lung fibroblasts derived from emphysema patients to determine if the drug holds potential as a 
novel treatment for emphysema. Nitrofurantoin was shown to stimulate migration and alter fibroblast 
morphology by increasing cell area and reducing roundness, suggesting that it could induce an ECM-repair 
primed phenotype in fibroblasts. Interestingly, nitrofurantoin treatment did not alter collagen-IV, perlecan, 
periostin or tenascin-C deposition, though fibronectin deposition was significantly upregulated at a higher 
dosage (20 μg/mL). This study highlighted the nitrofurantoin induced changes to fibroblast motility and 
morphology that facilitate ECM repair. Thus, nitrofurantoin induced pulmonary fibrosis could be caused by a 
change in cell phenotype that subsequently upregulates ECM repair, indicating its potential as a treatment for 
emphysema.   

1. Introduction 

Fibroblasts are cells that reside within the lung parenchyma and 
work to maintain the integrity of the extracellular matrix (ECM), a dy
namic network of fibrous proteins and proteoglycans that structurally 
supports cells and governs the mechanical properties of the lung, 
including stiffness and lung elasticity [1–5]. Fibroblasts work to repair 
damage to the lung caused by the introduction of irritants, by lung in
juries or by the gradual wear caused during the cyclic stretch of 
breathing [6,7]. Fibroblast ECM maintenance is of critical importance to 
lung health, as a shift in the lung mechanical environment can have 

wide-reaching effects on the behaviour of mechanosensitive cells pop
ulations, cells that detect mechanical forces and alter cellular behaviour 
in response. Fibroblasts, among many other lung cell populations, are 
known to be mechanosensitive and drastically alter their behaviour due 
to a change in substrate stiffness or other forces [8–12]. 

Emphysema is characterised by severe alterations to the lung envi
ronment reflected by the progressive destruction of the lung ECM and 
loss of alveolar walls [3,13–15]. The emphysematous lung is known to 
have decreased parenchymal stiffness and experience diminished stretch 
forces when breathing due to lung hyperinflation, the inability to fully 
retract the lung during exhalation. This pathological hyperinflation 
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causes reduced gas exchange and disrupts the stretch forces, therefore 
distorting crucial regulatory mechanical cues experienced by fibroblasts 
in the emphysematous lung [16]. Furthermore, fibroblasts rely upon the 
regulatory cues provided by fibroblast-ECM protein interactions to 
guide ECM repair, yet the altered composition of the emphysematous 
lung likewise disturbs this form of regulation. The insufficient ECM 
maintenance performed by emphysematous fibroblasts is likely a result 
of cellular dysregulation due to altered biomechanical cues, such as 
reduced stretch forces, decreased lung stiffness, and altered ECM 
composition [17,18]. Our recent study has suggested that the emphy
sematous lung environment may induce a fibroblast phenotype that is 
unsuited to ECM repair through pathological adaptation in lung fibro
blasts, disrupting the ability of emphysematous fibroblasts to correctly 
respond to lung regulatory cues. However, an increase in fibroblast ECM 
repair could reverse these pathological changes and may sufficiently 
increase fibroblast ECM deposition to halt emphysematous progression, 
restoring the regulatory cues of the healthy lung. 

The antibiotic nitrofurantoin is recommended as a first line therapy 
for urinary tract infections [19]; however, it has been known to poten
tially cause adverse effects such as pulmonary fibrosis [20,21]. Despite 
the adverse effects, nitrofurantoin is an approved therapy by the Food 
and Drug Administration FDA-(FDA Reference ID: 3368447). Raised 
lung ECM stiffness, due to nitrofurantoin-induced pulmonary fibrosis, 
could cause a further upregulation of fibroblast-mediated ECM main
tenance due to the mechanosensitivity of fibroblasts. Furthermore, this 
increased fibroblast ECM repair is more likely to create a recursive loop 
of rising ECM stiffness and rising fibroblast activity that may overcome 
the progressive ECM damage of emphysema. Stimulation of ECM 
deposition through fibrosis represents a novel avenue of treatment for 
emphysema that could potentially address a major underlying cause of 
emphysema, rather than merely addressing symptoms, as done by cur
rent steroid and anti-inflammatory treatments [22]. Therefore, the 
present study aims to explore the effect of nitrofurantoin on fibroblasts 
and determine if the treatment can improve the dysfunctional ECM 
repair of emphysematous fibroblasts. The viability and potential of 
nitrofurantoin as a treatment for emphysema was investigated by 
assessing nitrofurantoin cellular toxicity and the influence of the drug on 
emphysematous fibroblast dynamic cellular behaviour. A range of 
emphysematous fibroblast processes relating to ECM maintenance, 
including cytokine expression (IL-6 and IL-8), cellular motility, 
morphology, and ECM protein deposition were analysed to determine 
changes caused by nitrofurantoin treatment. 

2. Materials and methods 

2.1. Primary cell isolation 

Primary human lung fibroblasts (PHLF) were extracted from the 
explanted or resected lung parenchyma of emphysema patients 
following resection or lung transplantation. Written informed consent 
was obtained from each patient pre-operatively and the study was 
approved by a human research ethics committee (approval code #X14- 
0045). A segment of parenchymal tissue (1 cm3) was taken from the 
discarded lung of each patient and divided into small pieces (1 mm3). 
These smaller pieces of parenchymal tissue were washed with Hank’s 
buffered salt solution (HBSS) and a minimum of ten washed pieces of 
parenchymal tissue were seeded in 75 cm2 cell culture flasks (Corning 
Costar, Massachusetts, USA). The tissue segments were maintained in 
Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, Sydney, 
Australia) supplemented with 5 % FBS (v/v) (FBS; Invitrogen, Mel
bourne, Australia) and 1 % antibiotic antimycotic solution (Sigma- 
Aldrich) at 37 ◦C and 5 % CO2. After 2–4 weeks, the cells reached 
confluency and were identified as fibroblasts by observing the growth 
patterns and cellular morphology before being passaged. PHLF were 
then cultured in DMEM – low glucose (Sigma-Aldrich) supplemented 
with 10 % FBS (v/v; Invitrogen), 2 % (v/v) HEPES solution, 1 % (v/v) L- 

glutamine solution (Gibco, Invitrogen, Melbourne, Australia) and 1 % 
antibiotic antimycotic solution (v/v; Sigma-Aldrich). All experiments on 
PHLF were performed between passages 2 and 6. 

Additionally, PHLF were treated with the drug nitrofurantoin 
(Merck-Millipore, Massachusetts, USA) at 2, 10 or 20 μg/mL 24 h after 
seeding (standard treatment group) or 48 h after seeding (delayed 
treatment group). Pulmonary fibrosis is an uncommon adverse effect of 
nitrofurantoin treatment; therefore, a higher dose could be necessary to 
induce the desired fibroblast ECM deposition. Thus, 20 μg/mL was 
chosen as the maximum possible nitrofurantoin concentration (dose) 
that could induce ECM deposition without greatly reducing fibroblast 
viability (Fig. 2). Additionally, the concentrations 2 and 10 μg/mL were 
examined to provide an understanding of the effect of nitrofurantoin 
concentrations that did not negatively impact cell viability on fibroblasts 
and to determine if the impact of nitrofurantoin was dose dependent. 
Nitrofurantoin treatments were prepared by dissolving raw nitro
furantoin in DMSO then diluting to the desired concentration using cell 
culture media while ensuring that the final concentration of DMSO in 
solution was below 1 % (v/v). 

2.2. Cell culture 

The healthy human lung fibroblast cell line, WI-38 (Code: 90020107) 
were purchased from CellBank Australia (CBA, Westmead, NSW, 
Australia) and maintained in minimum essential medium eagle (MEME; 
Sigma-Aldritch) supplemented with 10 % (v/v) FBS (Invitrogen), and 1 
% (v/v) sodium pyruvate (Gibco). All experiments on WI-38 were per
formed between 22 and 40 population doublings. 

All cell culture was performed in 6, 48 or 96 well plates (Corning 
Costar) coated with collagen type-I from rat tail (10 μg/cm2; Sigma- 
Aldrich) and all cells were treated with 2 ng/mL of TNF-α (InVitro 
Technologies, Melbourne, Australia) or 2 ng/mL of TGF-β (BioLegend, 
California, USA). 

2.3. MTS assay 

Cell viability was assessed using an MTS assay (CellTitre 96® 
Aqueous One Solution Cell Proliferation Assay, Promega, Sydney, NSW, 
Australia), a colorimetric method that detects the reduction of 3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulphophenyl)–2H-tetrazolium inner salt (MTS) by mitochondrial de
hydrogenase in living cells. All MTS assays were conducted according to 
the manufacturer’s protocols. Fibroblasts were seeded at a density of 
4x103/cm2 in 96-well plates and subsequently treated with nitro
furantoin for 24 h post seeding. Nitrofurantoin treatments were pre
pared by first dissolving the drug in 100 % (v/v) DMSO and then serially 
diluting to the desired nitrofurantoin concentration (3.5 to 600 μg/mL) 
using whole cell culture media. The cells were treated with nitro
furantoin for 72 h then washed using PBS before MTS reagent was 
applied to each well for 2 h. The absorbance of each well was measured 
at 490 nm using a SpectraMax M5 spectrophotometer (Molecular De
vices LLC, San Jose, California) and compared against the absorbance 
value of cells treated with a vehicle control to determine the percentage 
cell viability of each treatment group. Nitrofurantoin treatments con
tained a maximum of 1 % DMSO to avoid DMSO cytotoxicity negatively 
impacting cell viability. A vehicle control was prepared alongside a 
control group to validate that DMSO did not cause cytotoxicity. A lower 
cell density was necessary for the MTS assay compared to the ELISA and 
ECM ELISA assays to ensure that the absorbance of each well remained 
within the range of detection. 

2.4. Live-cell microscopy 

A Nikon Eclipse Ti inverted microscope (Nikon, Tokyo, Japan) was 
used to acquire time-lapses of PHLF after treatment with nitrofurantoin. 
The microscope was equipped with an S Plan Fluor ELWD 10X Ph2 ADM 
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objective (Nikon, Tokyo, Japan), CoolSnap ES2 camera, CO2 controller 
and TCH 882-G-COM Controller (Clear State Solutions, Melbourne, 
Victoria, Australia). Cells were seeded in 48 well plates (Corning Costar) 
at a density of 3.5 × 103 cells/cm2 and treated with 2, 10 or 20 μg/mL of 
nitrofurantoin 24 h after seeding (standard treatment group) or 48 h 
after seeding (delayed treatment group). A time-lapse was captured 
through phase contrast microscopy by acquiring images in 15-minute 
intervals across a 24-hour time-period. Fibroblasts were incubated at 
37 ◦C and 5 % CO2 throughout the time-lapse acquisition. A deep 
learning model was trained using data gathered in these time-lapses to 
identify fibroblasts (Fig. 1) through the ‘human-in-the-loop’ training 
method using Cellpose [23,24], an open-source machine learning pro
gram. The resulting fibroblast detection model was then used with the 
ImageJ plugin, LIMTracker [25], to detect and track fibroblasts 
throughout the time-lapse then to generate data on cell morphology and 
migration. The fibroblast detection model was developed from 40 im
ages each containing approximately 20 regions of interest (ROIs; 800 
total). These ROIs were used to generate masks and then analysed using 
a batch size of 1 with 500 epochs to train the fibroblast detection model. 
A minimum of n > 50 cells were tracked for each treatment group with 
cells that were detected for less than 10 consecutive frames or cells that 
were less than below 1500 um2 being excluded from analysis to elimi
nate erroneous fibroblast detection. 

Fibroblast cell shape was analysed to determine roundness using the 
formula: 

R =
4 × Area

π × MajorAxis2  

This formula produces a number between 0 and 1, where 0 represents a 
highly non-circular shape and 1 represents a perfect circle. 

2.5. Assessment of cytokine concentrations using ELISA 

PHLF and WI-38 cells were seeded in 6-well plates (Corning Costar) 
at a density of 2.7 × 104 cells/cm2 and subsequently treated with 2, 10 
or 20 μg/mL of nitrofurantoin 24 h post seeding (termed as standard 
treatment group) or 48 h post seeding (delayed treatment group). Su
pernatant was collected from all treatment groups 96 h after seeding (72 
h or 48 h post treatment) and the concentrations of interleukin-6 (IL-6) 
and interleukin (IL-8) were determined using enzyme-linked immuno
sorbent assay (ELISA) kits (BD OptEIA, BD Biosciences, Franklin Lakes, 
New Jersey, USA) according to the manufacturer instructions. 

2.6. ECM ELISA 

PHLF and WI-38 cells were seeded in 96-well plates (Corning Costar) 
at a density of 2.7 x 104 cells/cm2 and then treated with 2, 10 or 20 µg/ 
mL of nitrofurantoin 24 h after seeding (standard treatment group) or 
48 h after seeding (delayed treatment group). The fibroblasts were 
washed with phosphate buffered saline (PBS) 96 h after seeding and 

Fig. 1. An image of WI-38 fibroblasts (A) before and (B) after the application of the fibroblast detection model.  

Fig. 2. Dose-response curves of (A) healthy (WI-38 cells) and (B) emphysematous primary fibroblasts after being treated with varying concentrations of nitro
furantoin for 72 h and examined by MTS assay. Absorbance values of untreated control cells were normalised to a 100 % value of fibroblast cell viability when treated 
with only a 1 % DMSO vehicle control. Dose-response curves were analysed by non-linear regression to fit a curve to the data and calculate the IC50 and IC80 of 
nitrofurantoin for healthy and emphysematous fibroblasts. (A) Nitrofurantoin was found to have an IC50 of 78.1 ± 1.7 μg/mL and an IC80 of 22.5 ± 3.0 μg/mL when 
applied to WI-38 fibroblasts. (B) Nitrofurantoin was found to have an IC50 of 64.8 ± 0.4 μg/mL and an IC80 of 19.6 ± 1.6 μg/mL when applied to primary 
emphysematous fibroblasts. Data is displayed as mean ± SEM, n = 3. 
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further treated with 16 mM NH4OH for 30 mins to remove all fibroblasts 
while preserving the adherent ECM produced by the fibroblasts. The 
decellularised ECM underwent further PBS washing and was blocked 
with 0.1 % bovine serum albumin (BSA; w/v; Sigma-Aldrich) to prevent 
non-specific binding. The blocked ECM was then treated with the 
following antibodies for 2 h: monoclonal mouse anti-collagen-IV pri
mary antibody (diluted 1:1000; Sigma-Aldrich), monoclonal mouse anti- 
fibronectin primary antibody (diluted 1:4000; Invitrogen), monoclonal 
mouse anti-periostin primary antibody (diluted 1:2000, BD Biosciences), 
monoclonal mouse anti-perlecan primary antibody (diluted 1:2000; 
Invitrogen), monoclonal mouse anti-tenascin-C (diluted 1:10000; 
Sigma-Aldrich) and mouse IgG isotype (diluted 1:1000, BD Biosciences). 
The ECM was then treated with an HRP-linked anti-mouse secondary 
antibody (diluted 1:2000; Cell Signaling Technology, Danvers, Massa
chusetts, USA) followed by TMB substrate (Thermofisher, Sydney, NSW, 
Australia). Additionally, ECM was treated with mouse IgG isotype to test 
for false positive results. Finally, 1 M H3PO4 was applied to each well to 
halt the reaction and the absorbance of each well was measured using a 
SpectraMax M2 plate reader (Molecular Devices) at 450 nm, with plate 
correction at 570 nm. Expression of each ECM protein (collagen-IV, 
fibronectin, periostin, perlecan and Tenascin-C) was determined by 
comparing absorbance of each treatment group against the untreated 
control group for each cell line. 

2.7. Statistical analysis 

All results are presented as the mean ± the standard error of the 
mean (SEM) of three biological replicates for WI-38 results and five 
biological replicates (n = 5) for PHLF results. Statistical significance was 
determined using the software GraphPad Prism (version 8.2.1, San 
Diego, California, USA) via one-way ANOVA with Tukey’s multiple 
comparison post-test or student’s unpaired t-test with a threshold of 
significance of p < 0.05. 

3. Results & discussion 

The drug nitrofurantoin could have potential as a novel avenue of 
treatment for emphysema by repurposing the drug’s pulmonary fibrosis 
adverse effect to counteract the loss of lung ECM during emphysematous 
progression. Nitrofurantoin was primarily chosen for this study due to its 
fibrotic adverse effect, however, the antibiotic nature of the drug could 
also assist in treating respiratory infections, a frequent yet serious 
complication of emphysema [13,26]. This study examined the effects of 
nitrofurantoin treatment on primary human lung fibroblasts derived 
from emphysema patients to determine the potential of this drug as a 
novel form of treatment for emphysema. Nitrofurantoin cellular toxicity 
and the influence of the drug on emphysematous fibroblast cellular 
processes relating to ECM maintenance, including cytokine expression 
(IL-6 and IL-8), cellular motility, morphology, and ECM protein depo
sition were investigated to determine any changes induced by 
nitrofurantoin. 

All fibroblasts in this study were seeded on cell culture plastic that 
had been coated with collagen-1 (10 μg/cm2; Sigma-Aldrich) to improve 
cell adherence and better replicate the ECM of the lung parenchyma 
[27]. Furthermore, fibroblasts were treated with both 2 ng/mL of TNF-α 
(InVitro Technologies) and 2 ng/mL of TGF-β (BioLegend) in all studies 
to stimulate ECM protein deposition and to simulate aspects of the 
emphysematous lung inflammatory environment [28–31]. A high 
seeding density was used in the ELISA and ECM ELISA assays to present 
sufficient ECM deposition to be within the range of analysis of ECM 
ELISA. 

3.1. Nitrofurantoin toxicity 

3.1.1. MTS assay 
The toxicity of nitrofurantoin on healthy and emphysematous 

fibroblasts was first assessed using an MTS assay (Fig. 2). Both healthy 
and emphysematous fibroblasts were treated with nitrofurantoin across 
a broad range of concentrations 24 h after seeding, and MTS reagent was 
added for a further 72 h to assess changes in cell viability 24 h post drug 
treatment. The vehicle control used in this experiment was not found to 
lower cell viability in comparison to untreated fibroblasts (data not 
shown). The range of concentrations examined by MTS was limited by 
the poor aqueous solubility of the drug (0.079 mg/mL at room tem
perature [32]). As a result, WI-38 fibroblasts were treated with nitro
furantoin concentrations ranging from 3.4 μg/mL to 300 μg/mL 
(Fig. 2A). Emphysematous fibroblasts were treated with nitrofurantoin 
concentrations ranging from 6.9 μg/mL to 600 μg/mL (Fig. 2B). The 
IC50 and IC80 were calculated by fitting a sigmoidal curve through non- 
linear regression. Nitrofurantoin was found to have an IC50 of 78.1 ±
2.9 μg/mL and an IC80 of 22.5 ± 5.2 μg/mL when applied to WI-38 
fibroblasts (Fig. 2A), and an IC50 of 64.8 ± 0.6 μg/mL and an IC80 of 
19.6 ± 2.3 μg/mL in case of primary emphysematous fibroblasts 
(Fig. 2B). These results are similar to previous research by Michiels et al, 
that determined the IC50 of WI-38 cells treated with nitrofurantoin to be 
12.1 μg/mL [33]. The difference in IC50 results is most likely due to 
differences in nitrofurantoin incubation time or WI-38 confluency as the 
Michiels et al. study measured cell viability after 5 days of nitrofurantoin 
exposure, whereas this study measured cell viability after only 3 days 
post treatment. 

Notably, the emphysematous fibroblast nitrofurantoin dos
e–response curve (Fig. 2B) had a lower Hill slope value (− 1.16 ± 0.1) 
than that of the healthy fibroblasts in (Fig. 2A; − 1.12 ± 0.1), yet cell 
viability of the diseased primary fibroblasts was reduced at lower 
nitrofurantoin concentrations than healthy fibroblasts. A significant 
difference in IC50 values was observed between WI-38 and emphyse
matous fibroblast cells (78.1 ± 1.7 μg/mL and 64.8 ± 0.4 μg/mL 
respectively, Table 1), suggesting that the PHLF were more sensitive to 
nitrofurantoin toxicity than the healthy fibroblasts, however, the abso
lute difference in IC50 of the healthy and PHLF cells remains similar. 
Furthermore, no significant differences in IC80 values were found be
tween WI-38 and emphysematous fibroblast cells (Table 1). The 3 con
centrations/doses chosen for this study, 2, 10 and 20 μg/mL, were 
selected based on the IC80 values of the two cell groups. Notably, 
nitrofurantoin cytotoxicity has previously been reduced through phar
maceutical formulation techniques such as spray drying [34] and would 
most likely also be reduced by nanoparticle-based formulations or 
polymeric drug delivery systems. 

3.1.2. ELISA 
The pro-inflammatory cytokine IL-6 and pleiotropic cytokine IL-8 

were quantified using ELISA to examine the cytokine release profile of 
nitrofurantoin treated fibroblasts, as both emphysema and drug induced 
pulmonary fibrosis are closely linked to inflammation and irritation 
within the lung [35]. These specific cytokines were chosen for analysis 
due to the central roles they play in the inflammatory response. IL-6 is 
primarily pro-inflammatory and highly important to biological pro
cesses related to emphysematous progression, such as chronic inflam
mation, wound healing, the initiation of inflammatory responses and 
immune recruitment [36–39]. Similarly, IL-8 is another major mediator 
of inflammatory responses and displays both pro and anti-inflammatory 
activity. Additionally, IL-8 is involved in the immune response by acting 

Table 1 
Comparison of IC50, IC80 and Hill slope values for the nitrofurantoin dos
e–response curves of healthy and emphysematous fibroblasts. (Unpaired Student 
t-test, Mean ± SEM, n = 3, * p < 0.05).   

Healthy (WI-38) Emphysematous Fibroblasts (PHLF) p value 

IC50 (μg/mL) 78.1 ± 1.7 64.8 ± 0.4  0.012* 
IC80 (μg/mL) 22.5 ± 3.0 19.6 ± 1.6  0.730 
Hill slope − 1.12 ± 0.1 − 1.16 ± 0.1  0.458  
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as a neutrophil chemotactic agent and encourages neutrophil infiltration 
[26,40,41]. IL-6 and IL-8 expression provides an understanding of the 
lung fibroblasts inflammatory response induced by nitrofurantoin 
treatment. Fibroblasts were treated with 2, 10 or 20 μg/mL of nitro
furantoin 24 h post seeding (described as immediate treatment), to 
simulate a preventative nitrofurantoin treatment. Alternatively, drug 
treatment occurred 48 h post seeding (described as delayed treatment) 
to simulate treating established emphysematous fibroblasts, such as 
what might be found in a more advanced case of emphysema. The su
pernatant of each treatment group was collected for analysis 3 days after 
nitrofurantoin application for the immediate treatment group (96 h after 
seeding) and 2 days after nitrofurantoin application for the delayed 
treatment group (96 h after seeding). This end point was chosen to allow 
cytokine expression (Fig. 3) and protein quantification by ECM ELISA 
(Fig. 7) to be measured at identical time points, as ECM ELISA requires a 
three-day incubation after treatment to detect a quantifiable difference 
in ECM protein abundance [34]. 

WI-38 (healthy) fibroblast IL-6 expression was not found to be 
significantly altered by the application of any nitrofurantoin concen
tration in the immediate or the delayed treatment groups. Mean IL-6 and 
IL-8 expression was not changed by nitrofurantoin treatment, and 
cytokine expression was found to be not statistically significant due to 
the wide variability in PHLF cytokine expression (Fig. 3). 

The changes in cytokine expression after nitrofurantoin treatment 
were found to be neither significant, nor dose dependent, showing that 
nitrofurantoin treatment does not provoke an inflammatory response in 
lung fibroblasts. 

3.2. Low concentration nitrofurantoin treatment increases fibroblast 
motility 

Emphysematous fibroblast chemokinesis was examined over a 24 h 
time-lapse to investigate if nitrofurantoin treatment influenced the 
cellular migration speed of healthy and diseased fibroblasts. Migration is 
crucial to fibroblast maintenance of the lung ECM as the cells must 
frequently travel to sites of parenchymal damage through chemotaxis to 
commence ECM repair and maintenance [27,30]. Notably, increased 
motility is a strong indication of fibroblast activation and therefore, 
upregulated ECM repair [42,43]. The migration speed (μm/min) and 
mean squared displacement (MSD; μm2) of both healthy and emphyse
matous fibroblasts were calculated from the tracked paths of individual 
fibroblasts over a 24 h time-lapse (Fig. 4). 

The mean migration speed of the WI-38 (healthy) fibroblasts was not 

found to be significantly different to that of the untreated primary 
emphysematous fibroblasts (Fig. 4A). However, emphysematous fibro
blasts treated with 2 μg/mL of nitrofurantoin (immediate treatment) 
displayed significantly increased migration speed compared to both WI- 
38 (2 μg/mL immediate treatment: 0.686 ± 0.02 μm/min vs. WI-38: 
0.617 ± 0.02 μm/min; p = 0.041) and control emphysematous fibro
blasts (0.613 ± 0.01 μm/min; p = 0.0014). This nitrofurantoin induced 
migration speed upregulation could suggest that the fibroblasts have 
entered an activated phenotype and are therefore primed to repair ECM 
damage. Although the (likely multifactorial [44]) molecular mecha
nisms used by nitrofurantoin to alter fibroblast activity remain poorly 
understood, nitrofurantoin treatment may activate signalling pathways 
that induce fibroblast activation, such as the TGF-β/SMAD or NF-κB 
pathways, thus stimulating ECM repair [45,46]. Notably, nitrofurantoin 
interacts with estrogen receptor α (ERα) [47], potentially stimulating 
oestrogen signalling pathway activity and thereby influencing the NF-κB 
pathway [48]. 

The mean migration speed of fibroblasts immediately treated with 
10 μg/mL of nitrofurantoin was not significantly different from the 
control group (0.661 ± 0.02 μm/min vs. 0.613 ± 0.01 μm/min; p =
0.242) nor from the speed of fibroblasts immediately treated with 2 μg/ 
mL (0.661 ± 0.02 μm/min vs. 0.686 ± 0.02 μm/min; p = 0.91). How
ever, the mean migration speed of fibroblasts immediately treated with 
20 μg/mL was significantly lower than that of the immediate 2 μg/mL 
treatment group (0.602 ± 0.02 μg/mL vs. 0.686 ± 0.02 μg/mL; p =
0.0009), indicating that the stimulatory effects of nitrofurantoin on 
fibroblast motility were not dose dependent. Furthermore, the mean 
squared displacement values calculated from the cell tracking (Fig. 4B) 
supports the findings of Fig. 4A, as the 2 μg/mL immediate nitro
furantoin treatment group was also found to have higher MSD compared 
to both the WI-38 fibroblasts and untreated emphysematous fibroblasts. 
Likewise, the MSD of the delayed nitrofurantoin treatment groups 
(Fig. 4C) supports the migration speed findings in Fig. 4A, as all delayed 
treatment groups displayed lower MSD than the healthy fibroblasts and 
untreated fibroblasts control group. 

The reduction in migration speed after the immediate 20 μg/mL 
nitrofurantoin treatment could be related to the toxicity of the drug, as 
the concentration is approaching the upper limit of the toxicity curve 
(Fig. 2B). The proximity of the PHLF nitrofurantoin IC80 (19.6 ± 1.6 μg/ 
mL) and the 20 μg/mL treatment groups concentration could indicate 
that the 20 μg/mL nitrofurantoin treatment caused reduced motility due 
to cellular stress. The toxicity of nitrofurantoin potentially reversed the 
upregulated migration seen in the 2 μg/mL treatment group and thus, 

Fig. 3. Changes in (A) IL-6 & (B) IL-8 production by primary emphysematous fibroblasts when seeded on a coating of collagen-1 and treated with TNF-α, TGF-β and 
left untreated (CTRL) or treated with varying concentrations of nitrofurantoin. Data is represented as % change in IL-6/IL-8 expression with 100 % being the average 
IL-6/IL-8 expression of untreated (control) primary emphysematous fibroblasts. Data is displayed as mean ± SEM, n = 5 for all treatment groups with each cell line 
represented as a point. Statistical analysis was determined by one-way ANOVA with Tukey’s multiple comparison post-test. 
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Fig. 4. Nitrofurantoin treatment raises the motility of primary emphysematous fibroblasts in a non-dose dependent manner. WI-38 and primary emphysematous cell 
lines were tracked over a 24 h period using phase-contrast microscopy after varying concentrations of nitrofurantoin treatment to examine changes in fibroblast 
motility. (A) Collated fibroblast migration speed (μm/min) is displayed as mean ± SEM (displayed as red bars), n > 50 for WI-38 cells and n > 250 for all primary 
cells (n > 50 from each cell line), (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was performed using one-way ANOVA with Tukey’s 
multiple comparison post-test. The mean squared displacement (μm2) of WI-38 and primary emphysematous cell lines was calculated from cell trajectories after a 24 
h time-lapse (1440 min). Data is displayed as mean ± SEM, n > 250 for all treatment groups excluding CTRL (WI-38 cells) which had n > 50. (B) MSD of WI-38 and 
primary emphysematous cell lines when treated with nitrofurantoin 24 h after seeding (immediate treatment). (C) MSD of WI-38 and primary emphysematous cell 
lines when treated with nitrofurantoin 48 h after seeding (delayed treatment). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Fibroblast displacement was raised after nitrofurantoin treatment. Windrose plots depicting the paths taken by emphysematous fibroblasts over a 24 h time- 
lapse normalised such that each path begins at the point (0,0 μm), n > 50. Fibroblasts were (A) left untreated, subjected to (B) 2 μg/mL, (C) 10 μg/mL, or (D) 20 μg/ 
mL of nitrofurantoin. Additionally, the fibroblasts were also examined after delayed treatment using (E) 2 μg/mL, (F) 20 μg/mL or (G) 20 μg/mL of nitrofurantoin. 
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may have caused the effect to not be dose dependent. This drug toxicity 
suppressing fibroblast migration speed effect is also present in the 10 μg/ 
mL treatment group, resulting in fibroblast migration speed that is 
neither significantly lower than the 2 μg/mL immediate treatment 
group, nor significantly higher than the untreated control group. 

The influence of nitrofurantoin treatment on fibroblast motility was 
far less pronounced in the delayed treatment groups, as none were found 
to be significantly different from either the healthy control or the un
treated emphysematous cells (Fig. 4A). The ineffectiveness of the 
delayed nitrofurantoin treatment could suggest that the influence of 
nitrofurantoin on cell motility had not yet taken effect. Notably, the 
delayed 20 μg/mL treatment group migration speed was significantly 
reduced compared to the 2 μg/mL immediate treatment group (0.590 ±
0.01 μm/min vs. 0.686 ± 0.02 μm/min; p < 0.0001). This significant 
decrease most likely suggests that although the migration speed of the 
delayed 2 μg/mL treatment group had not yet taken effect, the cyto
toxicity of the delayed 20 μg/mL treatment group had reduced fibroblast 
migration speed. The altered migration speed of nitrofurantoin treated 
fibroblasts indicates that nitrofurantoin was most effective after imme
diate treatment, promoting migration when applied to fibroblasts at 
relatively low doses such as 2 μg/mL and. The increased migration speed 
of nitrofurantoin treated fibroblasts allows for more efficient ECM repair 
and could be caused by triggering an activated phenotype in fibroblasts 
[30]. 

The tracked paths taken by emphysematous cells were normalised to 
(0,0 μm) to visually demonstrate the impact of nitrofurantoin treatment 
on fibroblast motility via Wind-Rose plots (Fig. 5). Fig. 5A demonstrates 
that the paths taken by untreated emphysematous fibroblast cell lines 
appear to cluster around the point of origin (0,0 μm), whereas Fig. 5B-D 
show that fibroblasts appear to migrate farther from the site of origin 

after nitrofurantoin treatment. The Wind-Rose plots displaying the 
migration of fibroblasts after delayed treatment display similar migra
tion to that of the untreated control cells (Fig. 5E, F). 

The increase in fibroblast migration after nitrofurantoin treatment 
could suggest that fibroblasts are activated to begin ECM repair after 2 
μg/mL nitrofurantoin treatment. Notably, fibroblasts that have entered a 
pro-ECM repair phenotype typically display alterations to their behav
iour beyond increased motility such as increased proliferation and shifts 
in cellular morphology, as fibroblasts’ actin cytoskeletons undergo 
conformational changes [43,49–51]. Cellular motility and morphology 
are closely linked as both are primarily governed by the actin cyto
skeleton through conformational shifts that facilitate fibroblast func
tions such as migration or ECM deposition [52]. 

3.3. Nitrofurantoin treatment alters fibroblast morphology by increasing 
cell area and lowering roundness 

The mean cell area (μm2) and roundness of WI-38 and PHLF over a 
24 h period was calculated to quantify changes in fibroblast morphology 
(Fig. 6A). The mean two-dimensional cell area of healthy fibroblasts was 
found to be significantly upregulated compared against untreated 
emphysematous cells (3590 ± 167.5 μm2 vs. 2926 ± 75.7 μm2; p =
0.0045), however, nitrofurantoin treatment was shown to significantly 
upregulate cell area in all treatment groups, excluding delayed 2 μg/mL 
treated fibroblasts (Fig. 6A). Fibroblast cell area did not respond to 
nitrofurantoin treatment in a dose dependent manner, as observed in the 
cell motility results (Fig. 5). However, unlike the non-dose dependent 
changes in migration speed, all fibroblasts displayed an approximately 
uniform increase in cell size (between 3518 ± 115.6 and 3863 ± 127.8 
μm2), except the delayed 2 μg/mL treated fibroblasts (3046 ± 89.7 

Fig. 6. Nitrofurantoin treatment alters fibroblast morphology by increasing cell area and decreasing roundness. Fibroblasts were tracked to determine the average 2- 
dimensional cell area and roundness of primary emphysematous fibroblasts over a 24 h time-lapse after nitrofurantoin treatment. (A) Mean cell area of fibroblasts 
was presented as mean ± SEM (displayed as red bars). (B) Mean roundness of fibroblasts was presented as mean ± SEM (displayed as red bars). n > 50 for WI-38 cells 
and n > 250 for all primary cells (n > 50 from each cell line), (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was performed using one- 
way ANOVA with Tukey’s multiple comparison post-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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μm2). Interestingly, the elevated cell size of nitrofurantoin treated 
emphysematous fibroblasts was comparable to the size of healthy cells, 
suggesting that the nitrofurantoin treatment could be correcting aspects 
of diseased fibroblast behaviour. The increase in cell size is potentially 
priming the diseased fibroblasts to behave similarly to healthy fibro
blasts, or alternatively, the drug may induce a proto-myofibroblastic or 
myofibroblastic phenotype that upregulates ECM protein deposition 
[49]. A study by Uhal et al. [53] that divided fibroblasts into a small, 
medium, and large populations based on cell size found that medium 
size fibroblasts had the greatest percentage of cells in the synthesis (S) 
and gap 2 (G2) phases of the cell cycle, where the cell prepares for 
mitosis, and therefore the greatest proliferation. Furthermore, only the 
large fibroblast population displayed α-smooth muscle actin (α-SMA), a 
marker of myofibroblast differentiation/fibroblast activation [53]. This 
study indicates that the nitrofurantoin induced upregulation in cell size 
likely encourages proliferative and activated fibroblast phenotypes by 
increasing the proportion of fibroblasts that possess ‘large’ or ‘medium’ 
phenotypes. Additionally, the results of Fig. 4A did not align with the 
changes in cell migration seen in Fig. 6A, as the 20 μg/mL treatments 
failed to increase migration speed yet displayed the same increase in cell 
size as immediate 2 μg/mL or 10 μg/mL nitrofurantoin treatment. 
Although the cause of this discrepancy remains unclear, the differential 
response is potentially linked to cell size. For example, increased 

migration speed due to nitrofurantoin may only occur after cell size has 
increased, therefore the higher toxicity of the 20 μg/mL immediate and 
delayed treatments may have caused the increase in migration speed to 
be slowed due to cell stress. Furthermore, the increased migration speed 
of the 20 μg/mL treatment groups may become more apparent if given a 
longer incubation time. 

Changes in fibroblast cell size due to nitrofurantoin treatment were 
mirrored in the fibroblast mean roundness (Fig. 6B) as WI-38 fibroblasts 
had significantly lower roundness when compared against untreated 
emphysematous fibroblasts (0.18 ± 0.004 vs. 0.22 ± 0.004; p <
0.0001). Furthermore, all fibroblasts treated with nitrofurantoin dis
played significantly lower roundness compared to untreated diseased 
cells. As with cell size (Fig. 6A), the decreased mean roundness of 
nitrofurantoin treated cells resulted in diseased cells of comparable 
morphology to healthy fibroblasts, in terms of roundness. Interestingly, 
the immediate treatment 2 μg/mL fibroblasts and delayed treatment 2 
μg/mL fibroblasts displayed a significant difference as the delayed 
treatment group displayed higher roundness than the standard treat
ment group (0.18 ± 0.003 vs. 0.20 ± 0.003; p = 0.042). This difference 
was likely due to the low dosage of the delayed 2 μg/mL treatment group 
requiring a longer incubation time to alter fibroblast roundness. As was 
observed in the motility and cell area results (Fig. 5A, 6A), no dose 
dependency was found in the mean roundness of nitrofurantoin treated 

Fig. 7. Nitrofurantoin treatment reduced the expression of tenascin-C, periostin and perlecan while raising fibronectin expression. The percentage change in 
deposition of the ECM proteins (A) collagen-4, (B) perlecan, (C) fibronectin, (D) tenascin-C, (E) periostin by primary emphysematous fibroblasts after nitrofurantoin 
treatment. Data is represented as % change in ECM protein expression where 100 % represents the average protein expression of untreated primary emphysematous 
fibroblasts. Data is displayed as mean ± SEM, n = 5 for all treatments with each cell line represented as a point, * Indicates a treatment group is significantly different 
from control (100 % ECM protein expression; * p < 0.05). Statistical analysis was determined by one-way ANOVA with Tukey’s multiple comparison post-test. 
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fibroblasts. A high roundness value alongside a lower cell area can be 
associated with a quiescent, deactivated fibroblast phenotype [54], 
therefore, the decreased roundness of fibroblasts after nitrofurantoin 
treatment supports the cell motility (Fig. 4A) results by further indi
cating that nitrofurantoin stimulates fibroblasts to enter an activated, 
potentially myofibroblastic phenotype. Notably, nitrofurantoin could 
exert a corrective effect on emphysematous fibroblasts morphology by 
restoring the cell size and roundness to that of a healthy fibroblast. 
Correcting fibroblast morphology indicates that the cellular cytoskel
eton has been altered, potentially facilitating ECM repair by improving 
the ECM homeostatic capability of the diseased cells after treatment. 
Together, the changes to both cell two-dimensional area and roundness 
support the notion that the nitrofurantoin could be inducing an acti
vated phenotype in emphysematous fibroblasts. 

3.4. Emphysematous fibroblast ECM protein deposition largely unaffected 
by nitrofurantoin treatment 

Relative ECM protein deposition was quantified using ECM ELISA 72 
h after immediate nitrofurantoin application and 48 h after delayed 
nitrofurantoin application to examine the effect of treatment on 
emphysematous fibroblast ECM protein deposition. Cells were seeded on 
a collagen-1 coating to improve cell adherence and to promote fibroblast 
function [55], and additionally, all fibroblasts were stimulated with 
both TNF-α and TGF-β at 2 ng/mL to further induce ECM deposition. All 
data is displayed as the relative percentage change in ECM protein 
deposition compared against the ECM protein deposition of untreated 
diseased fibroblasts. The ECM proteins collagen-IV, perlecan, tenascin- 
C, periostin and fibronectin were selected for analysis as they perform 
a range of functions withing the lung ECM. For example, collagen-IV and 
fibronectin act as structural proteins, perlecan and periostin act as sig
nalling proteins, whereas tenascin-C, fibronectin and periostin all in
fluence dynamic cellular activity, such as adhesion and proliferation 
[56–59]. 

Collagen-IV deposition was found to be unaffected by nitrofurantoin 
treatment regardless of treatment group, despite the extreme variability 
in collagen-IV expression for the immediate and delayed 20 μg/mL 
treatment groups (Fig. 7A). The wide range of collagen-IV expression 
from the two 20 μg/mL treatment groups is most likely caused by the 
inherent variability of primary cells. Furthermore, nitrofurantoin 
treatment did not cause a significant difference in collagen-IV treatment 
when compared against the collagen-IV expression of untreated cells. 
Perlecan expression remained consistent regardless of nitrofurantoin 
dosage or treatment method (Fig. 7B), except for immediate 20 μg/mL 
nitrofurantoin treatment inducing a reduction in perlecan expression 
compared to untreated fibroblasts, potentially due to the cytotoxicity of 
nitrofurantoin at a concentration of 20 μg/mL. However, the 20 μg/mL 
delayed treatment group did not significantly lower the emphysematous 
fibroblast perlecan expression. Likewise, nitrofurantoin produced a 
similar pattern of tenascin-C expression as the ECM protein expression 
was unchanged by all treatment groups, excluding immediate 20 μg/mL 
treatment which was shown to significantly lower tenascin-C expression 
(Fig. 7C). Periostin expression was again similar to that of tenascin-C 
and perlecan, as all 2 and 10 μg/mL nitrofurantoin treatment groups 
did not significantly alter periostin production. However, both imme
diate and delayed 20 μg/mL nitrofurantoin treatment groups signifi
cantly reduced periostin expression (Fig. 7D). 

Unlike other ECM proteins examined in this study, the expression of 
fibronectin was significantly increased by all delayed nitrofurantoin 
treatment groups and by the 20 μg/mL immediate treatment group 
(Fig. 7E). Fibronectin plays an essential role in wound repair and is a 
relatively ubiquitous protein throughout the body’s ECM [60,61]. 
Notably, lung fibronectin volume is known to increase during emphy
sema, however, this only occurs in the small airways of the lung, 
whereas the parenchyma and large airways do not display altered ECM 
composition in terms of fibronectin [62]. The increase in fibronectin 

deposition is highly important to ECM repair as fibronectin is linked to 
the expression of pro-fibrotic genes that could further support ECM 
repair activity in fibroblasts [63]. The increased production of fibro
nectin may indicate that nitrofurantoin indirectly causes pulmonary 
fibrosis through fibroblast-fibronectin interactions that alter fibroblast 
dynamic cellular activity by upregulating ECM repair. Nitrofurantoin 
treatment was only found to alter ECM protein expressions when treated 
with 20 μg/mL, except for fibronectin. 

The consistent pattern of significantly reductions in ECM protein 
deposition only after immediate or delayed 20 μg/mL nitrofurantoin 
treatment is most likely indicative of a reduction in ECM protein 
deposition due to cell stress caused by nitrofurantoin cytotoxicity. A 
reduction in cell viability due to the low nitrofurantoin IC80 of PHLF 
cells is more likely to have limited ECM protein production than a 
downregulation in ECM protein expression after nitrofurantoin treat
ment. Moreover, the unchanged collagen-IV, periostin, perlecan and 
tenascin-C expression raises further questions about the mechanism 
used by nitrofurantoin to cause lung fibrosis in patients, as fibroblasts in 
a fibrotic lung would be expected to have upregulated deposition of a 
range of ECM proteins. These ECM ELISA results differ from the 
migration and morphology findings (Figs. 4 and 6) that suggest nitro
furantoin treatment induces an activated fibroblast phenotype that 
consequently stimulates ECM repair; however, the ECM ELISA results 
did not show that nitrofurantoin treatment would alter ECM mainte
nance in the emphysematous lung. Nitrofurantoin induced lung fibrosis 
may require a longer nitrofurantoin incubation to be modelled, as lung 
fibrosis is typically found in patients that are taking the drug for 
extended periods of time as prophylactic [20,21]. Furthermore, nitro
furantoin induced pulmonary fibrosis may be the result of complex in
teractions between multiple lung cell populations, rather than just lung 
fibroblasts, and would therefore require more complex co-culture-based 
models of the lung to be replicated in vitro. Although the ECM ELISA 
performed for this study did not find an increase in collagen-IV, perle
can, periostin or tenascin-C production, nitrofurantoin may primarily 
upregulate the production of other ECM proteins such as fibronectin and 
others that were not examined in this study. Alternatively, nitro
furantoin could upregulate fibroblast organisation of the ECM by stim
ulating behaviours that raise ECM stiffness without altering ECM protein 
deposition, such as ECM protein crosslinking [64]. 

4. Conclusion 

The results suggest that nitrofurantoin holds promise as an innova
tive treatment for emphysema; however, its potential is impeded by 
associated toxicity. Additionally, the mechanism through which nitro
furantoin promotes extracellular matrix (ECM) production in fibroblasts 
remains unclear, posing limitations to its therapeutic viability. While 
nitrofurantoin did not demonstrate an increase in overall ECM deposi
tion (excluding fibronectin), it may enhance the organization of 
emphysematous ECM protein deposition by inducing an activated 
phenotype in lung fibroblasts. This activation could lead to improved 
ECM organization without necessarily upregulating ECM deposition, 
such as through ECM proteins cross-linking. The findings from this 
research indicate that low-dose nitrofurantoin could serve as a prom
ising treatment for emphysema, provided that the drug’s cytotoxic ef
fects are mitigated, potentially through the exploration of innovative 
pharmaceutical formulation strategies. Additional investigations are 
necessary to explore the impact of a wider spectrum of nitrofurantoin 
concentrations, duration and dosing schedule on both in vitro and in vivo 
models to better understand the impact of nitrofurantoin on fibroblast 
viability and motility. 
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