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Abstract

There have been no studies on the effects of polyhexamethylene guanidine phosphate

(PHMG) after a long period of exposure in the rodent model. We aimed to evaluate long-

term lung damage after PHMG exposure using conventional chest computed tomography

(CT) and histopathologic analysis in a rat model. A PHMG solution was intratracheally

administrated to 24 male rats. At 8, 26, and 52 weeks after PHMG instillation, conventional

chest CT was performed in all rats and both lungs were extracted for histopathologic evalua-

tion. At 52 weeks after PHMG instillation, four carcinomas had developed in three of the

eight rats (37.5%). Bronchiolo-alveolar hyperplasia and adenoma were found in rats at 8,

26, and 52 weeks post-instillation. The number of bronchiolo-alveolar hyperplasia signifi-

cantly increased over time (P-value for trend< 0.001). The severity of lung fibrosis and fibro-

sis scores significantly increased over time (P-values for trend = 0.002 and 0.023,

respectively). Conventional chest CT analysis showed that bronchiectasis and linear density

scores suggestive of fibrosis significantly increased over time (P-value for trend < 0.001).

Our study revealed that one instillation of PHMG in a rat model resulted in lung carcinomas

and progressive and irreversible fibrosis one year later based on conventional chest CT and

histopathologic analysis. PHMG may be a lung carcinogen in the rat model.
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Introduction

From 2006 to 2011, an epidemic of interstitial lung disease occurred in South Korea owing to

inhalation exposure to toxic chemicals in humidifier disinfectants (HD) [1–3]. Since their

commercial introduction, an estimated eight million people have been exposed to humidifier

disinfectant-chemicals that are added to humidifier water to prevent microorganism growth

[1]. The major component involved was polyhexamethylene guanidine phosphate (PHMG)

[1,2], well known to induce lung fibrosis and inflammation in the rodent model [4–9]. How-

ever, previous rodent model PHMG experiments were for less than 10 weeks after PHMG

exposure and the authors mainly focused on acute lung disease. There is no research on the

long-term effects of PHMG after exposure for more than 10 weeks in the rodent model.

Approximately 30% of Korean children were exposed to PHMG-containing humidifier disin-

fectants [2]. Given the age of these children, a follow-up period of at least one year is essential

to adequately assess the lung damage associated with PHMG use.

Chest computed tomography (CT) is the best method for creating cross-sectional images of

the chest and allows for examination of lung abnormalities. Chest CT can diagnose fibrosis or

bronchiectasis, dilatation of the bronchioles due to inflammatory airway disease or fibrosis

without histopathologic confirmation [10]. Additionally, chest CT is the imaging modality

most commonly used to diagnose lung cancer. There has been no research with conventional

chest CT to evaluate the lungs of experimental animals, and because micro-CT has been widely

used instead. In micro-CT, the scan time per animal is several minutes without respiratory gat-

ing, and with respiratory gating, it is usually longer [11]. However, conventional chest CT

using ventilator after intubation can obtain images in less than five seconds per animal and is

easier to manage than micro-CT, as the appropriate imaging conditions can be easily adjusted.

Based on these advantages, conventional chest CT images of many experimental animals can

be obtained quickly.

Therefore, the purpose of this study was to evaluate long-term lung damage after PHMG

exposure using conventional chest CT and histopathologic findings in the rat model.

Materials and methods

Animals

This study was approved by the Institutional Animal Care and Use Committee of the Korea

University Medical Center (Approval number: Korea-2019-0133). All experiments were per-

formed per the National Institutes of Health guide for the care and use of laboratory animals.

Nine-week-old male Sprague-Dawley rats (Raonbio, Yong-in, South Korea) were acclimated

for one week (two rats per cage). The conditions were as follows: temperature, 22–25˚C; rela-

tive humidity, 40–60%; and lighting condition, light 12 hours/dark 12 hours. Pelleted food

(Purina, Sung-nam, South Korea) and filtered tap water were given ad libitum. Each week dur-

ing the experiment, weight change, appearance (rough coat, abnormal posture, or enlarged

pupils), measurable clinical signs (cardiac and respiratory rates increased up to 50%, or

markedly reduced), unprovoked behavior (unsolicited vocalizations, self-mutilation, very rest-

less or immobile), and behavioral responses to external stimuli (violent reactions, or comatose)

in all rats were assessed by specialized facility staff. We considered euthanizing the animals if

they became debilitated, lost 20% of their body weight before the study, or if tumors interfered

with walking/eating/drinking (S1 Table). However, no rat was euthanized due to the above

criteria.
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Experimental design

A total of 33 rats were randomly divided into three experimental and three control groups. For

the experimental group, eight rats per group were allocated for eight weeks post-PHMG instil-

lation, 26 weeks post- PHMG instillation, or 52 weeks post- PHMG instillation. For the control

group, three rats per group were allocated for eight weeks post-normal saline instillation, 26

weeks post-normal saline instillation, or 52 weeks post-normal saline instillation. All rats were

anesthetized with 2% isofluorane in 70% N2O and 30% O2 for intratracheal instillation of

PHMG or normal saline. For the experimental group, a solution of PHMG (25% in water) was

diluted to 0.9 mg/kg with saline according to previous studies, which induced a moderate

degree of pulmonary fibrosis with minimal mortality [8,12,13]. Next, 50 uL of a PHMG solu-

tion was intratracheally administrated to each rat under a modified videoscope guide for intra-

tracheal instillation. For the control group, 50 uL of normal saline was intratracheally

administrated to each rat under a modified videoscope guide for intratracheal instillation. At

8, 26, or 52 weeks after PHMG or normal saline instillation, all rats underwent conventional

chest CT examination under anesthetic conditions with an intraperitoneal and intramuscular

injection of Alfaxan (30mg/kg) and Xylazine (10mg/kg), respectively. At the end of the proto-

col, rats were euthanized with CO2. Both lungs were then collected for histopathologic evalua-

tion. The body weights of both the experimental and control groups are compared in S2 Table.

The experimental design is summarized in Fig 1.

Histopathologic examination

The lungs were fixed in 10% neutral buffered formalin. From the fixed samples, 4-um-thick

paraffin sections were cut and hematoxylin and eosin and Masson’s trichrome staining were

performed. All lung tissue was made into a slide at 3 mm intervals. The presence and number

Fig 1. The experimental design. Conventional chest CT examination was conducted in all rats under anesthesia at 8,

26, or 52 weeks after instillation. Subsequently, the animals were sacrificed and both lungs were collected for

histopathologic evaluation.

https://doi.org/10.1371/journal.pone.0256756.g001
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of bronchoalveolar hyperplasia and tumors were evaluated in each group. The degree of lung

fibrosis was evaluated using two methods. First, we evaluated the extent (none, lesions involv-

ing <0–25%/<25–50%/>50% of the total lung areas) and severity (none/mild/moderate/

severe) of the fibrosis were evaluated. The fibrosis score was calculated by adding the extent

and severity. Second, a modified Ashcroft score was used to quantify fibrosis [14].

Immunohistochemical staining was used to evaluate TTF-1, p63, and CK7 expression. The

sections were deparaffinized in xylene and dehydrated in a graded ethanol series followed by

heat-induced epitope retrieval in a bond-epitope retrieval solution. Protein expression was

detected using a primary antibody against TTF-1 (monoclonal (clone: SPT24), 1:200, Novocas-

tra, UK), p63 (monoclonal [clone: DAK-p63], 1:100, Dako, Denmark), and CK7 (monoclonal

(clone: OV-TL 12/30), 1:500, Dako, Denmark). After incubation with a bond polymer refine

and 3,30-diaminobenzidine (DAB) detection kits, the slides were rinsed and counterstained

with Harris hematoxylin. Staining in the nucleus and not in the cytoplasm was considered a

positive result. All extracted lung specimens were evaluated by one pathologist with 20 years of

clinical experience in lung pathology (J.L.).

CT protocol

All CT images were scanned using a Philips IQon 128-slice dual-layer detector spectral CT

scanner (Philips Healthcare, Cleveland, OH, USA) with the subject in the supine position. All

images were obtained in a caudo-cranial direction from the lung base through the thoracic

inlet level during an inspiration breath-hold using a ventilator for small animals (VentElite,

Harvard Apparatus, MA, USA). CT scan parameters were as follows: kVp, 80; mA, 400; colli-

mation, 64 × 0.625 mm; slice thickness, 0.67 mm; beam width, 40 mm; pitch, 1.048; and rota-

tion time, 0.4 seconds.

CT evaluation

One board-certified radiologist with 11 years of thoracic imaging experience (C.K.), blinded to

the experimental time points, reviewed all CT images. CT findings including nodules, masses,

bronchiectasis, and linear densities, were evaluated. The goal of this study is to apply the results

to humans. Therefore, the analysis of CT findings was performed in the same way that radiolo-

gists analyze human CT findings. Therefore these CT findings followed or modified the glos-

sary of radiologic terms suggested by the Fleischner Society [10]. “Nodules” were defined as

rounded or irregular opacities, well or poorly defined, measuring equal to or less than 1 mm in

diameter. Well or poorly defined, rounded or irregular opacities of> 1 mm were defined as

“masses.” “Bronchiectasis” included bronchial dilatation with respect to the accompanying

pulmonary artery, with a lack of bronchial tapering. “Linear densities” were focal or multifocal

subsegmental atelectasis or fibrosis showing linear configuration, almost always extending to

the pleura. These CT findings were evaluated in four lobes of the right lung (the anterior, mid-

dle, posterior, and post-caval lobes) and three regions of the left lung (the upper, middle, and

lower regions) according to previous research [15,16], although the Nomina Anatomanica

Veterinaria divides the right lung into pars cranialis, pars caudalis, lobus medius, and lobus

accessories, and the left lung into a pars cranialis and a pars caudalis [17]. As bronchiectasis

and linear densities are CT findings indicative of fibrosis as in human CT, bronchiectasis and

linear densities scoring were calculated by summing the presence/absence of bronchiectasis or

linear densities for fibrosis analysis in each lobe or region. All CT findings were correlated

with histopathologic results in consensus with radiologists and pathologists.
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The volume of masses or nodules that proved lung malignancy was measured using com-

mercially available software (Aquarius iNtuition Edition, Terarecon, Foster City, CA, USA) for

nodule volumetry used in a previous study [18].

Statistical analysis

All statistical analysis was performed by a statistical specialist (J.C.). The chi-square test for

nominal variables and Kruskal–Wallis test for continuous variables were performed to deter-

mine differences between CT features and histopathologic findings among the groups. We

performed a chi-square trend analysis for nominal data and a Jonckheere-Terpstra test for

continuous data with Bonferroni corrections to reveal the chronologic changes of CT features

and histopathologic findings. All results were presented using descriptive statistics of propor-

tion or mean±standard deviation (SD). All statistical analyses were performed using SPSS Sta-

tistics 20 (SPSS, Chicago, IL, USA). All P-values < 0.05 were considered statistically

significant.

Results

Characteristics of lung tumors

A total of four lung carcinomas, including one squamous cell carcinoma, two adenocarcino-

mas, and one adenocarcinoma in situ, were found in three rats (3/8, 37.5%) 52 weeks after

PHMG exposure (Table 1). The size of these lung malignancies ranged from 2 to 7 mm. The

largest tumor was squamous cell carcinoma. The tumor cells of the squamous cell carcinoma

were positive for p63 but negative for TTF-1 and CK7 (Fig 2). In contrast, the tumor cells of

the adenocarcinoma and adenocarcinoma in situ were positive for TTF-1 and CK7 but nega-

tive for p63 (Fig 3).

In the conventional chest CT, all four lung carcinomas were found and correlated with his-

topathologic findings (Figs 4 and 5). Conventional CT findings of a squamous cell carcinoma

found in #1 rat were similar to lung cancer in humans, as they had spiculated borders and the

bubbly appearance believed to represent air bronchiolograms.

Incidence and number of lung tumors

Table 2 shows the incidence and number of bronchiolo-alveolar hyperplasia and tumors,

including bronchiolo-alveolar adenoma and carcinoma after PHMG exposure. Bronchiolo-

alveolar hyperplasia was found in seven rats (87.5%) at 8 weeks and in all rats (100%) at 26 and

52 weeks after PHMG exposure. The number of bronchiolo-alveolar hyperplasia significantly

increased over time after PHMG exposure (P-value for trend < 0.001) (Fig 6).

Bronchiolo-alveolar adenomas were found in rats at all weeks post-PHMG exposure (37.5%

at 8 weeks, 25% at 26 weeks, and 50% at 52 weeks), although there were no significant differ-

ences in incidence and numbers. Carcinomas were found only in rats at 52 weeks after PHMG

exposure, with significant differences in both incidence and numbers (all P< 0.05).

Table 1. The histopathologic characteristics of lung carcinomas 52 weeks after PHMG exposure.

Rat number Type of cancer Tumor volume Largest diameter Location

#1 Squamous cell carcinoma 0.079 mm3 7 mm Left lower region

#2 Adenocarcinoma 0.016 mm3 3 mm Left upper region

#2 Adenocarcinoma 0.010 mm3 2 mm Left lower region

#3 Adenocarcinoma in situ 0.010 mm3 2 mm Left middle region

https://doi.org/10.1371/journal.pone.0256756.t001
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Fig 2. The histopathologic finding (hematoylin and eosin stain, x 400) of squamous cell carcinoma from rat #1.

The squamous cell carcinoma tumor cells were positive for p63 and negative for TTF-1.

https://doi.org/10.1371/journal.pone.0256756.g002
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Fig 3. Histopathology (hematoylin and eosin stain, x 400) of adenocarcinoma. The adenocarcinoma tumor cells

were positive for TTF-1 and negative for p63.

https://doi.org/10.1371/journal.pone.0256756.g003
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In contrast, there were no bronchiolo-alveolar hyperplasia, adenomas, and carcinoma in

the control group.

Extent and severity of fibrosis

The extent and severity of fibrosis in the experimental and control groups are demonstrated in

Table 3 and S3 Table. All rats showed fibrosis in less than 25% of all lung fields at 8 and 26

weeks. At 52 weeks, 25% of the rats showed fibrosis at an extent of 25–50%, whereas 75% of

rats showed fibrosis in less than 25% of all lung fields. There was no difference in the extent of

pulmonary fibrosis over time.

Fig 4. Conventional chest CT images with axial and coronal reconstruction of squamous cell carcinoma from rat

#1 show a mass in the left lower region (upper panel, arrows). The nodule shows a spiculated border and bubbly

appearance. These CT findings are similar to lung cancer found in humans. The volume of this squamous cell

carcinoma in the 3D reconstructed image was 0.079 mm3, and the longest diameter was 7 mm (lower panel, arrow).

https://doi.org/10.1371/journal.pone.0256756.g004

Fig 5. Chest CT images with axial and coronal reconstruction of adenocarcinoma from rat #2 show a nodule in

the left upper region (arrow).

https://doi.org/10.1371/journal.pone.0256756.g005
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However, at 26 and 52 weeks post-PHMG exposure, 62.5% of rats showed severe fibrosis

and 37.5% showed a moderate degree of fibrosis. At 8 weeks, 50% of rats showed moderate

fibrosis and 50% showed mild fibrosis. The severity and fibrosis scores of the pulmonary fibro-

sis significantly increased over time (P-values for trend = 0.002 and 0.023, respectively). Ash-

croft scores also significantly increased over time (P-values for trend = 0.004). Fibrosis

progressed from the peribronchiolar area to the alveolar space and often accompanied by

inflammation. Destruction of the normal alveolar architecture was observed when severe

fibrosis occurred (Figs 7–10).

The fibrosis extent, fibrosis severity, fibrosis score, and Ashcroft score at 8, 26, and 52

weeks after PHMG exposure were significantly higher than those of the control group (all

P<0.05).

CT image analysis

Table 4 and S4 Table provide the CT image analysis results of the experimental and control

groups. All linear densities were correlated with lung fibrosis in histopathology. There were

significant differences in the presence of nodules, masses, and bronchiectasis at all lobes/

regions, and linear densities in the three lobes of the right lung (middle, posterior, and post-

caval lobes) and the three regions of the left lung (upper, middle, and lower regions) post-

PHMG exposure (all P< 0.05). The incidence of masses, bronchiectasis at all lobes/regions,

Table 2. The incidence and number of bronchiolo-alveolar hyperplasia and tumors after PHMG exposure.

8 weeks 26 weeks 52 weeks P-value P-value for trends

Bronchiolo-alveolar hyperplasia
Incidence 7 (87.5%) 8 (100%) 8 (100%) 0.352 0.221

Number of lesions per rat 8.50±8.64 18.71±16.03 54.36±17.20 < 0.001 < 0.001

Bronchiolo-alveolar adenoma
Incidence 3 (37.5%) 2 (25%) 4 (50%) 0.587 0.613

Number of lesions per rat 0.50±0.55 0.29±0.49 0.64±0.67 0.516 0.579

Carcinoma
Incidence 0 0 3 (37.5%) 0.032 0.026

Number of lesions per rat 0 0 0.36±0.67 0.038 0.204

https://doi.org/10.1371/journal.pone.0256756.t002

Fig 6. Gross pictures of extracted lungs at 8, 26, and 52 weeks-post PHMG exposure. Multiple yellowish nodules were

disseminated on the surface of both lungs 52 weeks-post PHMG exposure (arrows). These disseminated nodules were

bronchiolo-alveolar hyperplasia.

https://doi.org/10.1371/journal.pone.0256756.g006
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and linear densities at all lobes/regions significantly increased over time after PHMG exposure

(all P-values for trends < 0.05). Of the six masses found at 52 weeks, four were histopathologi-

cally confirmed lung carcinomas.

The bronchiectasis score was significantly different among the rats at 8-, 26-, and 52-weeks

post-PHMG exposure (0.50±0.76, 2.38±1.77, and 6.25±1.39, respectively; P< 0.001). The

bronchiectasis score at 52 weeks was significantly higher than at 8 and 26 weeks (all P < 0.05).

The bronchiectasis score significantly increased over time (P-value for trends < 0.001). The

linear densities score was significantly different at 8, 26, and 52 weeks post-PHMG exposure

(1.38±1.51, 2.63±1.85, and 6.88±0.35, respectively; P = 0.002), and the linear densities score at

52 weeks was significantly higher than the scores at 8 and 26 weeks (all P< 0.05). The linear

densities score significantly increased over time (P-value for trends < 0.001) (Fig 11).

Table 3. The extent and severity of fibrosis after PHMG exposure.

8 weeks 26 weeks 52 weeks P-value P-value for trends

Fibrosis extent

None 0 0 0 0.113 0.077

<25% 8 (100%) 8 (100%) 6 (75%)

25–50% 0 0 2 (25%)

>50% 0 0 0

Fibrosis severity

None 0 0 0 0.010 0.002

Mild 4 (50%) 0 0

Moderate 4 (50%) 3 (37.5%) 3 (37.5%)

Severe 0 5 (62.5%) 5 (62.5%)

Fibrosis score 2.50±0.54 3.63±0.52� 3.88±0.84� 0.002 0.023

Ashcroft score 2.83±0.41 3.71±0.76� 4.00±0.58� 0.011 0.004

�P < 0.05 with a comparison over eight weeks.

https://doi.org/10.1371/journal.pone.0256756.t003

Fig 7. No fibrosis in control lungs at 8 weeks after normal saline instillation (Ashcroft score 0) (Masson’s

trichrome (MT) stain, x100).

https://doi.org/10.1371/journal.pone.0256756.g007
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Discussion

This study revealed that a single instillation of PHMG resulted in lung carcinomas and many

foci of bronchiolo-alveolar hyperplasia/adenomas one-year post-exposure in a rat model.

Additionally, it showed increased severity of lung fibrosis over time and persistent fibrosis one

year after a single exposure to PHMG. These results were supported by conventional chest CT

and histopathologic analysis. It is well-established that PHMG induces lung inflammation and

fibrosis in the rodent model [4–9]. However, this is the first study showing that PHMG causes

lung cancer in a rodent model.

In previous research, bronchiolar-alveolar adenomas were developed 8 weeks after PHMG

exposure. This study also revealed several up-regulated genes associated with lung cancer such

Fig 8. The histologic findings of lung fibrosis at 8 weeks after PHMG exposure. Contiguous interstitial thickening

of alveolar septa is shown (Ashcroft score 3) (MT stain, x200).

https://doi.org/10.1371/journal.pone.0256756.g008

Fig 9. The histologic findings of lung fibrosis at 26 weeks after PHMG exposure. Fibrotic mass-like lesion of

alveolar septa is shown (Ashcroft score 4) (MT stain, x200).

https://doi.org/10.1371/journal.pone.0256756.g009
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as TOP2A and MKI67, and with tumor metastasis such as CDH11 and CD44 [12]. Bronchio-

lar-alveolar proliferative lesions apparently represent a spectrum that progresses from hyper-

plasia to adenoma to carcinoma in rodents. It has been argued that all of those lesions should

be designated as carcinomas even in the earliest lesions and that bronchiolo-alveolar

Fig 10. The histologic findings of lung fibrosis at 52 weeks after PHMG exposure. Increased fibrosis with definitive

damage to lung structure and formation of fibrous bands are shown (Ashcroft score 5) (MT stain, x100).

https://doi.org/10.1371/journal.pone.0256756.g010

Table 4. Conventional chest CT image analysis 8, 26, and 52 weeks after PHMG exposure.

8 weeks 26 weeks 52 weeks P-value P-value for trends

Nodules 8 (100%) 5 (62.5%) 8 (100%) 0.032 > 0.999

Masses 0 2 (25%) 6 (75%) 0.005 0.038

Bronchiectasis 3 (37.5%) 6 (75%) 8 (100%) 0.022 0.007

Right, anterior lobe 3 (37.5%) 5 (62.5%) 8 (100%) 0.002 0.009

Right, middle lobe 0 1 (12.5%) 6 (75%) 0.002 0.001

Right, posterior lobe 0 3 (37.5%) 7 (87.5%) 0.002 0.001

Post-caval lobe 1 (12.5%) 3 (37.5%) 8 (100%) 0.002 0.001

Left, upper region 0 2 (25%) 8 (100%) < 0.001 < 0.001

Left, middle region 0 3 (37.5%) 6 (75%) 0.008 0.002

Left, lower region 0 2 (25%) 7 (87.5%) 0.001 <0.001

Bronchiectasis score 0.50±0.76 2.38±1.77 6.25±1.39�† < 0.001 < 0.001

Linear densities 4 (50%) 6 (75%) 8 (100%) 0.069 0.024

Right, anterior lobe 4 (50%) 5 (62.5%) 8 (100%) 0.073 0.031

Right, middle lobe 0 0 7 (87.5%) < 0.001 < 0.001

Right, posterior lobe 2 (25%) 5 (62.5%) 8 (100%) 0.008 0.002

Post-caval lobe 0 3 (37.5%) 8 (100%) < 0.001 < 0.001

Left, upper region 2 (25%) 2 (25%) 8 (100%) 0.002 0.003

Left, middle region 0 3 (37.5%) 8 (100%) < 0.001 < 0.001

Left, lower region 3 (37.5%) 3 (37.5%) 8 (100%) 0.014 0.013

Linear densities score 1.38±1.51 2.63±1.85 6.88±0.35�† 0.002 < 0.001

�P < 0.05 with a comparison of eight weeks.
†P < 0.05 with a comparison of 26 weeks.

https://doi.org/10.1371/journal.pone.0256756.t004
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neoplasms are generally considered malignant in humans [19]. Based on these results, the

researchers suggested future study on malignant tumor development extend beyond 8 weeks

post PHMG exposure. Our experiment is a long-term follow-up study of PHMG exposure. As

a result, carcinomas were found in 37.5% (3/8 rats) of the rats one year after PHMG instilla-

tion., The number of bronchiolo-alveolar hyperplasia significantly increased over time after

PHMG exposure in our experiment. Based on previous study results, genetic alterations due to

PHMG exposure may provoke lung injury by attenuating the normal recovery mechanism of

the lung, resulting in carcinogenesis.

We suggest that the tobacco-specific carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-

1-butanone (NNK) has a similar model to PHMG, effectively inducing various lung cancers in

the rodent model. Cancer began to develop after 34 weeks in mice treated with NNK, and

more than half of the tumors that occurred after 54 weeks were carcinomas [20,21]. There are

two major similarities between NKK and PHMG. First, a bronchiolo-alveolar hyperplasia!

adenoma! carcinoma sequence was shown, and the timeline of cancer development was sim-

ilar. Second, PHMG promoted DNA damage and cell cycle arrest through the ROS/ATM/p53

pathway in lung epithelial cells [22]. Our results suggest that PHMG may be a lung carcinogen,

like NNK.

With CT analysis, we demonstrated that nodules and masses were significantly increased

after PHMG exposure. Nodules and masses differ in size, with nodules existing at diameters of

less than 1 mm and masses existing at diameters of more than 1 mm. In our study, four of the

six masses found at 52 weeks were histopathologically confirmed lung carcinomas. Since all

four lung carcinomas found in histopathologic analysis were 2 mm or more, the possibility of

lung carcinoma is high in cases of lesions with a mass of 1 mm or more on chest CT in the rat

model. In addition, CT findings of the squamous cell carcinoma were similar to lung cancer

found in humans, which showed marginal spiculation and a bubbly appearance. Marginal

spiculation is associated with malignancy, and several studies have confirmed marginal spicu-

lation as a risk factor for cancer in human [23,24]. The bubbly appearance represents air

bronchiolograms is also a morphologic characteristic of lung cancer on chest CT [25,26]. In

humans, if a nodule shows marginal spiculation or bubbly appearance, invasive management

Fig 11. Representative CT images of bronchiectasis (yellow arrows) and linear densities (red arrows) correlated

with lung fibrosis at 8, 26, and 52 weeks after PHMG exposure.

https://doi.org/10.1371/journal.pone.0256756.g011
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such as tissue sampling is strongly recommended [27]. Therefore, we have shown that the

occurrence of lung tumor in the rat lung model can be evaluated by conventional chest CT.

In a recent report, four patients developed lung cancers, among 113 patients with HD-

related injuries (3.5%) [28]. However, the lung cancer that developed in these patients had no

association with HD-related injury due to insufficient research results and a lack of medical

plausibility. As the causes of lung cancer are very diverse, it is not easy to elucidate a causal

relationship. In addition, since the development of lung cancer in the rodent model takes at

least one year or more, a long observation period may be needed to detect lung cancer develop-

ment. To our knowledge, this study is the first to reveal that PHMG may be a carcinogen in a

rodent model. It supports the fact that lung cancer may occur in those with an HD-related

lung injury.

We presented persistent fibrosis and increased severity of lung fibrosis one year after a sin-

gle exposure to PHMG. In our experiment, the fibrosis of the lung did not disappear after one

year in the rats administered PHMG, but instead became more severe. This suggests that long-

term follow-up after PHMG is important because lung fibrosis caused by PHMG may be

maintained for a long period. Fibrosis induced by PHMG differed from the bleomycin (BLM)

rodent model usually used as a general lung fibrosis model. Previous research revealed that

lung injuries induced by a single instillation of PHMG were sustained for more than four

weeks, whereas lung injuries induced by a single instillation of BLM were not [7]. Several stud-

ies also reported the fibrotic lesions resolved after three to four weeks post-bleomycin [29,30].

The authors suggested that persistent fibrosis four weeks after a single instillation of PHMG

might be possible due to continuous infiltration of macrophages caused by PHMG which may

play a crucial role in the development of fibrosis [7]. PHMG increased the expression of

fibrotic mediators and α-smooth muscle actin and induced epithelial-mesenchymal transition

(EMT). In addition, pulmonary fibrosis-related micro RNAs (miRNAs) and EMT-related

miRNAs were regulated by PHMG [31]. Several miRNAs associated with EMT have been

identified in bleomycin-induced pulmonary fibrosis [31]. However, the cellular responses of

epithelial cells against PHMG and bleomycin were not different in terms of the epithelial func-

tion associated with pulmonary fibrosis. Therefore, future investigation is needed to find the

genes, miRNAs, and cytokines related to persistent lung fibrosis by PHMG.

We also provided fibrosis scoring results using conventional chest CT to evaluate lung

fibrosis, including bronchiectasis and linear densities. Bronchiectasis is difficult to evaluate

histopathologically but can be easily evaluated by CT. Conventional chest CT provides an

overview of all lung parenchyma and facilitates a gross assessment of the overall lung pathol-

ogy. While some parts of the lungs not provided as slides may be excluded from histopatho-

logic analysis, they can be included in the CT evaluation, which allows for a better evaluation

of the extent of fibrosis. In our study results, bronchiectasis and linear density scores suggestive

of fibrosis increased over time and were significantly higher at one year compared with at 8

and 26 weeks post-PHMG exposure.

Several studies have reported lung fibrosis in a mouse model using micro-CT [32,33]. How-

ever, previous studies using a mouse model quantitively assessed fibrosis as lung density on

micro-CT. This study assessed lung fibrosis both quantitively and qualitatively using a rat

model under the guidance of a radiology expert using conventional chest CT. The qualitatively

assessed lung fibrosis was also well correlated with histopathologic results.

There have been several studies for spontaneous neoplasms in aged SD rats. At 52 weeks,

no tumors were found in male SD rats [34]. In another study, at 92 weeks, only one alveolar/

bronchiolar carcinoma among 120 male SD rats (0.8%) was found [35]. In addition, at two

years of observation, two bronchiolar alveolar adenomas (0.15%) and three bronchiolar alveo-

lar carcinomas (0.22%) were detected among 1,340 SD rats [36]. Therefore, it is appropriate to
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use SD rats in a research setting, as there has been no report of lung-related tumor occurrence

at 52 weeks, and the spontaneous lung tumor incidence rate is less than 1% even after 52 weeks

of follow-up.

There were some limitations to this study. First, there has been no study on the precise

molecular mechanism of PHMG-induced lung carcinogenesis. As the primary goal of this

study was histopathologic and CT analysis after PHMG instillation, future research can focus

on the molecular mechanisms. Second, in this experiment, the concentration and frequency of

PHMG administration and cancer incidence were not studied.

Conclusions

This study found that only one PHMG instillation resulted in lung cancer and irreversible

fibrosis after one year, as determined by conventional chest CT and histopathologic analysis in

a rat model. One year after PHMG instillation, three out of eight rats developed four carcino-

mas. These results suggest that PHMG may be a lung carcinogen in the rat model.
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14. Hübner R-H, Gitter W, Eddine El Mokhtari N, Mathiak M, Both M, Bolte H, et al. Standardized quantifica-

tion of pulmonary fibrosis in histological samples. Biotechniques. 2008; 44(4):507–17. https://doi.org/

10.2144/000112729 PMID: 18476815

PLOS ONE Evaluation of the long-term effect of PHMG in a rat lung model

PLOS ONE | https://doi.org/10.1371/journal.pone.0256756 September 7, 2021 16 / 18

https://doi.org/10.2131/jts.41.711
http://www.ncbi.nlm.nih.gov/pubmed/27853099
http://www.ncbi.nlm.nih.gov/pubmed/28189074
http://www.ncbi.nlm.nih.gov/pubmed/29026061
http://www.ncbi.nlm.nih.gov/pubmed/25221883
https://doi.org/10.1007/s00204-015-1486-9
http://www.ncbi.nlm.nih.gov/pubmed/25716161
http://www.ncbi.nlm.nih.gov/pubmed/27989595
http://www.ncbi.nlm.nih.gov/pubmed/29175452
http://www.ncbi.nlm.nih.gov/pubmed/29476863
https://doi.org/10.1007/s11306-019-1574-6
http://www.ncbi.nlm.nih.gov/pubmed/31422500
https://doi.org/10.1148/radiol.2462070712
https://doi.org/10.1148/radiol.2462070712
http://www.ncbi.nlm.nih.gov/pubmed/18195376
http://www.ncbi.nlm.nih.gov/pubmed/21176193
http://www.ncbi.nlm.nih.gov/pubmed/24769016
https://doi.org/10.2144/000112729
https://doi.org/10.2144/000112729
http://www.ncbi.nlm.nih.gov/pubmed/18476815
https://doi.org/10.1371/journal.pone.0256756


15. Maynard RL, Downes N. Anatomy and Histology of the Laboratory Rat in Toxicology and Biomedical

Research. London: Elsevier; 2019.

16. Sato S, Bartolak-Suki E, Parameswaran H, Hamakawa H, Suki B. Scale dependence of structure-func-

tion relationship in the emphysematous mouse lung. Front Physiol. 2015; 6:146. https://doi.org/10.

3389/fphys.2015.00146 PMID: 26029115.

17. Nomina anatomica veterinaria. 6th ed: World Association of Veterinary Anatomists (W.A.V.A.) 2017.

18. Kim SK, Kim C, Lee KY, Cha J, Lim HJ, Kang EY, et al. Accuracy of Model-Based Iterative Reconstruc-

tion for CT Volumetry of Part-Solid Nodules and Solid Nodules in Comparison with Filtered Back Projec-

tion and Hybrid Iterative Reconstruction at Various Dose Settings: An Anthropomorphic Chest Phantom

Study. Korean journal of radiology. 2019; 20(7):1195–206. Epub 2019/07/05. PMID: 31270983.

19. Miller GF. Bronchiolar-alveolar adenoma in a rhesus monkey (Macaca mulatta). Veterinary pathology.

1994; 31(3):388–90. Epub 1994/05/01. https://doi.org/10.1177/030098589403100316 PMID: 8053138.

20. Zheng HC, Takano Y. NNK-Induced Lung Tumors: A Review of Animal Model. J Oncol. 2011;

2011:635379. https://doi.org/10.1155/2011/635379 PMID: 21559252.

21. Ge GZ, Xu TR, Chen C. Tobacco carcinogen NNK-induced lung cancer animal models and associated

carcinogenic mechanisms. Acta Biochim Biophys Sin (Shanghai). 2015; 47(7):477–87. PMID:

26040315.

22. Park JS, Park YJ, Kim HR, Chung KH. Polyhexamethylene guanidine phosphate-induced ROS-medi-

ated DNA damage caused cell cycle arrest and apoptosis in lung epithelial cells. The Journal of toxico-

logical sciences. 2019; 44(6):415–24. Epub 2019/06/07. https://doi.org/10.2131/jts.44.415 PMID:

31168028.

23. Xu DM, van der Zaag-Loonen HJ, Oudkerk M, Wang Y, Vliegenthart R, Scholten ET, et al. Smooth or

attached solid indeterminate nodules detected at baseline CT screening in the NELSON study: cancer

risk during 1 year of follow-up. Radiology. 2009; 250(1):264–72. Epub 2008/11/06. https://doi.org/10.

1148/radiol.2493070847 PMID: 18984780.

24. McWilliams A, Tammemagi MC, Mayo JR, Roberts H, Liu G, Soghrati K, et al. Probability of cancer in

pulmonary nodules detected on first screening CT. The New England journal of medicine. 2013; 369

(10):910–9. Epub 2013/09/06. https://doi.org/10.1056/NEJMoa1214726 PMID: 24004118.

25. Zwirewich C, Vedal S, Miller R, Müller N. Solitary pulmonary nodule: high-resolution CT and radiologic-

pathologic correlation. Radiology. 1991; 179(2):469–76. https://doi.org/10.1148/radiology.179.2.

2014294 PMID: 2014294

26. Gould MK, Donington J, Lynch WR, Mazzone PJ, Midthun DE, Naidich DP, et al. Evaluation of individu-

als with pulmonary nodules: When is it lung cancer?: Diagnosis and management of lung cancer: Amer-

ican College of Chest Physicians evidence-based clinical practice guidelines. Chest. 2013; 143(5):

e93S–e120S. PMID: 23649456

27. MacMahon H, Naidich DP, Goo JM, Lee KS, Leung ANC, Mayo JR, et al. Guidelines for Management

of Incidental Pulmonary Nodules Detected on CT Images: From the Fleischner Society 2017. Radiol-

ogy. 2017; 284(1):228–43. Epub 2017/02/28. https://doi.org/10.1148/radiol.2017161659 PMID:

28240562.

28. Kim H-C, Kim H, Mun E-C, Lee Y, Park S. Need for individual-based evaluation to determine the associ-

ation between humidifier disinfectants and health injuries. Annals of Occupational and Environmental

Medicine. 2021; 33.

29. Lawson WE, Polosukhin VV, Stathopoulos GT, Zoia O, Han W, Lane KB, et al. Increased and pro-

longed pulmonary fibrosis in surfactant protein C-deficient mice following intratracheal bleomycin. 2005;

167(5):1267–77.

30. Moore BB, Hogaboam CM. Murine models of pulmonary fibrosis. American journal of physiology Lung

cellular and molecular physiology. 2008; 294(2):L152–60. Epub 2007/11/13. https://doi.org/10.1152/

ajplung.00313.2007 PMID: 17993587.

31. Kim HR, Shin DY, Chung KH. A review of current studies on cellular and molecular mechanisms under-

lying pulmonary fibrosis induced by chemicals. Environmental health and toxicology. 2018; 33(3):

e2018014–0. Epub 2018/10/06. PMID: 30286590.

32. Ruscitti F, Ravanetti F, Bertani V, Ragionieri L, Mecozzi L, Sverzellati N, et al. Quantification of lung

fibrosis in IPF-like mouse model and pharmacological response to treatment by micro-computed tomog-

raphy. Frontiers in Pharmacology. 2020; 11:1117. https://doi.org/10.3389/fphar.2020.01117 PMID:

32792953

33. Mecozzi L, Mambrini M, Ruscitti F, Ferrini E, Ciccimarra R, Ravanetti F, et al. In-vivo lung fibrosis stag-

ing in a bleomycin-mouse model: a new micro-CT guided densitometric approach. Scientific reports.

2020; 10(1):1–12.

PLOS ONE Evaluation of the long-term effect of PHMG in a rat lung model

PLOS ONE | https://doi.org/10.1371/journal.pone.0256756 September 7, 2021 17 / 18

https://doi.org/10.3389/fphys.2015.00146
https://doi.org/10.3389/fphys.2015.00146
http://www.ncbi.nlm.nih.gov/pubmed/26029115
http://www.ncbi.nlm.nih.gov/pubmed/31270983
https://doi.org/10.1177/030098589403100316
http://www.ncbi.nlm.nih.gov/pubmed/8053138
https://doi.org/10.1155/2011/635379
http://www.ncbi.nlm.nih.gov/pubmed/21559252
http://www.ncbi.nlm.nih.gov/pubmed/26040315
https://doi.org/10.2131/jts.44.415
http://www.ncbi.nlm.nih.gov/pubmed/31168028
https://doi.org/10.1148/radiol.2493070847
https://doi.org/10.1148/radiol.2493070847
http://www.ncbi.nlm.nih.gov/pubmed/18984780
https://doi.org/10.1056/NEJMoa1214726
http://www.ncbi.nlm.nih.gov/pubmed/24004118
https://doi.org/10.1148/radiology.179.2.2014294
https://doi.org/10.1148/radiology.179.2.2014294
http://www.ncbi.nlm.nih.gov/pubmed/2014294
http://www.ncbi.nlm.nih.gov/pubmed/23649456
https://doi.org/10.1148/radiol.2017161659
http://www.ncbi.nlm.nih.gov/pubmed/28240562
https://doi.org/10.1152/ajplung.00313.2007
https://doi.org/10.1152/ajplung.00313.2007
http://www.ncbi.nlm.nih.gov/pubmed/17993587
http://www.ncbi.nlm.nih.gov/pubmed/30286590
https://doi.org/10.3389/fphar.2020.01117
http://www.ncbi.nlm.nih.gov/pubmed/32792953
https://doi.org/10.1371/journal.pone.0256756


34. Prejean J, Peckham J, Casey A, Griswold D, Weisburger E, Weisburger J. Spontaneous tumors in

Sprague-Dawley rats and Swiss mice. Cancer research. 1973; 33(11):2768–73. PMID: 4748432

35. Nakazawa M, Tawaratani T, Uchimoto H, KAWAMINAMI A, UEDA M, UEDA A, et al. Spontaneous neo-

plastic lesions in aged Sprague-Dawley rats. Experimental animals. 2001; 50(2):99–103. https://doi.

org/10.1538/expanim.50.99 PMID: 11381627

36. Chandra M, Riley MG, Johnson DE. Spontaneous neoplasms in aged Sprague-Dawley rats. Archives

of toxicology. 1992; 66(7):496–502. https://doi.org/10.1007/BF01970675 PMID: 1444814

PLOS ONE Evaluation of the long-term effect of PHMG in a rat lung model

PLOS ONE | https://doi.org/10.1371/journal.pone.0256756 September 7, 2021 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/4748432
https://doi.org/10.1538/expanim.50.99
https://doi.org/10.1538/expanim.50.99
http://www.ncbi.nlm.nih.gov/pubmed/11381627
https://doi.org/10.1007/BF01970675
http://www.ncbi.nlm.nih.gov/pubmed/1444814
https://doi.org/10.1371/journal.pone.0256756

