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Abstract

Background Pirfenidone (PFD) is widely used in patients with idiopathic pulmonary fibrosis (IPF) and its
adverse effects, such as nausea and photosensitivity, are well known. Many patients with IPF have reduced
doses or even cessation of PFD because of its side-effects. No solutions have been found for these side-
effects because the current mechanistic insights are insufficient.

Methods Using the results of real-world data analysis from the US Food and Drug Administration Adverse
Events Reporting System, we hypothesised that PFD-related symptoms may be similar to pellagra. Reverse
translational experiments using female BALB/c mice were performed to validate and estimate this
hypothesis. Niacin and its metabolite responses were compared between patients with IPF treated with
PFD and those treated without PFD.

Results The pellagra hypothesis was translated from real-world data analysis. Pharmacological and
comprehensive genetic investigations showed that PFD caused pellagra-related nausea and photosensitivity
in a mouse model, which may have been mediated by the actions of nicotinamide N-methyltransferase
(NNMT). Higher NNMT substrate responses were observed in urine from patients and mice with PFD than
in those without PFD.

Conclusions PFD may cause pellagra or pellagra-like symptoms such as photosensitivity. Further studies
are required to investigate whether niacin prevents pellagra-like symptoms caused by PFD in patients
with IPF.

Introduction

The efficacy and safety of pirfenidone (PFD) have been determined by phase III clinical trials of Japanese
patients with idiopathic pulmonary fibrosis (IPF) [1-4]. Some adverse effects, such as photosensitivity,
gastrointestinal events (nausea and vomiting), fatigue, decreased appetite and diarrhoea, were observed in
these trials. However, the cause of these adverse effects is unknown. We hypothesise that a relatively large
amount of PFD acts as a modulator in the metabolic flow of tryptophan—niacin and causes pellagra-like
symptoms because the structure of PFD resembles that of niacin and its metabolites. An interesting
approach to attenuate adverse effects is the use of a respirable powder formulation of PFD, which is used
to lower the dose [5]. Pellagra is defined as severe niacin deficiency characterised by the “three or four
Ds” of dermatitis, diarrhoea and dementia or, if left untreated, death [6—8]. Deficient intake of niacin or
tryptophan from dietary sources (primary pellagra) and defective use of these nutrients (secondary
pellagra) are thought to be types of this disease [9]. Occasionally, secondary pellagra caused by isoniazid
(INH), which is an anti-tuberculosis drug used globally, causes pellagra-related photosensitivity and nausea
[6-11].
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Various real-world data-based methods have attracted attention in pharmacovigilance and epidemiological
studies, and these were developed to translate real-world data to a hypothesis, such as unexpected associations
between drugs and adverse effects. In these fields, sequence symmetry analysis and disproportionality analysis
are widely used because of their moderate sensitivity and high specificity [12]. These methodologies enable
detection of unknown signals caused by available medicines. In accordance with this concept (figure 1), some
investigators have successfully found drug “A” that may mitigate the risk of adverse effects associated with
the use of drug “A” via the analysis of real-world data from the US Food and Drug Administration Adverse
Events Reporting System (FAERS). This is the largest worldwide database of self-reports of adverse drug
events. FAERS is freely available to the public and is considered to be a drug-induced symptom database of
humans, containing many cases of polypharmacy [13-16]. FAERS enabled us to find confounding factors as
drug “A” which may affect the occurrence of PFD-induced symptoms.

In this study, using real-world data analysis, we hypothesised that some side-effects caused by PFD are
similar to those caused by pellagra. We also carried out reverse translational research using the proper
mouse models [11, 17, 18] to test this hypothesis.

Methods

Real-world data analysis

Briefly, the adverse event risk was evaluated by calculating the reported odds ratios with 95% confidence
intervals in accordance with previously described methods (see supplementary material) [13—15].

Experimental animals and designs

Briefly, data from experiments are reported in accordance with the Animal Research: Reporting of In Vivo
Experiments guidelines [19]. Nausea was evaluated quantitatively by pica behaviour in accordance with
previous studies (see supplementary material) [11, 18].

Liquid chromatography-mass spectrometry

Ear levels of prostaglandin E2 (PGE2), epoxyeicosatrienoic acids (EETs) and dihydroxyeicosatrienoic
acids (DHETS) were investigated in accordance with previous studies [20-22]. Urine levels of niacin and
its metabolites were investigated in accordance with a previous study [11].

Subjects and sample collection

Urine from patients diagnosed with idiopathic interstitial pneumonia at Sapporo Medical University
Hospital (Sapporo, Japan) (table 1) and control subjects at the Shionogi and Okayama Biobank were used
to analyse niacin and its metabolites.

Pirfenidone Pirfenidone Drug “A”

Drug target Drug target
aym wyn

Beneficial Adverse Beneficial Adverse
effect effect effect effect
P P’

Comparison of both frequencies
of registered adverse effect

Drug target Drug target
ay wy»

FIGURE 1 Concept of the real-world data analysis. The analytical concept to discover drug “A” is shown. The
frequency of registered adverse effects in patients with pirfenidone (PFD) was compared with that in patients
with PFD treated with drug “A”. When P>P’ was observed, drug “A” played a role in the development of
adverse effects caused by PFD. A total of 11428031 reports from the US Food and Drug Administration
Adverse Events Reporting System (FAERS) (from Quarter 1 2004 to Quarter 4 2019) were analysed. After
identification of the name, 3568 types of medicines were investigated. The frequencies (%) of patients with and
without PFD who suffered from photosensitivity were compared. Unknown drug-drug interactions against
photosensitivity caused by PFD (figure 2a and b) and nausea caused by PFD or nintedanib (figure 2c and d)
were evaluated in accordance with the Methods.
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TABLE 1 Baseline characteristics of the study subjects

Without pirfenidone With pirfenidone p-value
Subjects 10 10
Age (years) 72 (67-85) 75.5 (67-88) 0.1527
Male/female 8/2 8/2
BMI (kg:m™2) 26.2 (25.2-27.6) 24.0 (21.6-25.8) 0.1926
Brinkman index 800 (75-1743) 900 (39.8-1490) 0.6855
VC (L) 2.31 (2.07-3.09) 2.61 (2.19-2.91) 0.588
VC (% pred) 76.2 (68.3-92.2) 80.9 (70.7-92.5) 0.4608
FVC (L) 2.26 (1.97-3.08) 2.64 (2.16-2.84) 0.5236
FEV, (L) 1.93 (1.72-2.46) 2.34 (1.82-2.52) 0.3674
FEV; (% pred) 84.1 (77.2-89.3) 85.8 (79.0-91.8) 0.7371
Dico (mLmin~?! 12.9 (10.8-14.8) 10.2 (9.3-13.3) 0.3838
Dyco (% pred) 59.8 (53.5-71.3) 43.6 (36.0-55.3) 0.0369
Pao, (mmHg) 89.1 (81.6-93.4) 82.7 (77.6-88.3) 0.2635
Paco, (mmHg) 38 9 (36.8-41.4) 40.5 (39.4-43.7) 0.1267
Spo,min Of BMWT (%) 92 (87.5-94) 90 (87.5-95.3) 0.861
6MWD (m) 430 (320-453) 430 (358-485) 0.6767
SP-A (ng-mL_l) 88.1 (46.6-111.7) 70.7 (45.3-114.5) 0.8306
SP-D (ng-mL_l) 323 (192.23-355.8) 204.5 (114-314.5) 0.2347
KL-6 (U-mL™?%) 1100 (621.8-2218.8) 1185 (803.8-1690) 0.3867
LDH (IU-L_l) 255.5 (224.8-312) 245 (223.3-300.3) 0.8981

Data are presented as n or median (interquartile range), unless otherwise stated. BMI: body mass index: VC:
vital capacity; FVC: forced vital capacity; FEV;: forced expiratory volume in 1s; D co: diffusing capacity of the
lung for carbon monoxide; P,o,: arterial oxygen tension; P,co,: arterial carbon dioxide tension; Spo,: oxygen
saturation measured by pulse oximetry; 6MWT: 6-min walk test; 6MWD: 6-min walk distance; SP-A: surfactant
protein A; SP-D: surfactant protein D; KL-6: Krebs von den Lungen-6; LDH: lactate dehydrogenase.

This retrospective study was approved by the hospital’s ethics committee (approval 322-51) and the
Shionogi ethics committee (approval 2020-082-02).

Gene expression profiles of the mouse liver
Gene expression levels in the liver were analysed in accordance with a previous study [18].

Statistical analysis
See supplementary material.

Results

Real-world data analysis

Although pellagra causes photosensitivity and nausea, and PFD is a putative cause of both phenotypes in
patients with IPF, whether adverse effects caused by PFD are directly related to pellagra remains unclear.
However, the following results support our pellagra hypothesis.

Using real-world data analysis, PFD appeared to cause photosensitivity compared with more than 3500
types of registered medicines. In detail, there were 14411 registrations for photosensitivity from these
medicines without PFD and 619 from PFD. The percentage frequency of photosensitivity in patients
without PFD was 0.13% and that in patients with PFD was 3.38% (OR 26.0, 95% CI 25.5-30.0), which
was a significant increase (figure 2a). Real-world data enabled us to identify putative drug “A”, namely
niacin or a certain type of vitamin (figure 2b). When niacin and PFD were used together, the percentage
frequency was 0% (0/33). When a multivitamin and PFD were used together, the percentage frequency
was 1.74% (8/460). A significant decrease in the number of registrations of this side-effect was not
observed in patients cotreated with niacin or a multivitamin with PFD compared with those treated with
PFD alone. However, there was a tendency of a decrease in these combination groups. Furthermore, in
real-world data analysis, PFD and nintedanib, which are anti-fibrotic agents used for patients with IPF,
appeared to cause gastrointestinal events, such as nausea, fatigue, decreased appetite and diarrhoea. In
detail, there were 1806392 registrations for these gastrointestinal events from medicines without PFD,
11 156 from PFD and 9528 from nintedanib. The percentage frequency of these events in patients without
PFD was 8.0% and that in patients with PFD was 42.4% (OR 8.5, 95% CI 8.2-8.7), which was a
significant increase (figure 2c). The percentage frequency of these events in patients without nintedanib
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FIGURE 2 Results of the real-world data analysis. The reported proportions of photosensitivity were compared between a) patients who used
pirfenidone (PFD) and/or niacin and b) those who used PFD and/or a multivitamin preparation including niacin. Gastrointestinal events, such as
nausea, fatigue, decreased appetite and diarrhoea, were compared between c) patients who used PFD and/or niacin and d) those who used
nintedanib and/or niacin. *: significant difference (p<0.05); *: no significant difference, but there was a tendency; ns: nonsignificant.

was 8.0% and that in patients with nintedanib was 73.2% (OR 31.4, 95% CI 30.0-32.8), which was a
significant increase (figure 2d). Real-world data then enabled us to identify putative drug “A”, namely
niacin (figure 2c). The percentage frequency was 25.9% (15/58) (OR 0.5, 95% CI 0.3-0.9) when niacin
and PFD were used together, which was a significant decrease (figure 2c). When niacin and nintedanib
were used together, the percentage frequency was 72.0% (18/23) (OR 1.3, 95% CI 0.5-3.6), which was a
significant decrease (figure 2d).

Photosensitivity caused by PFD

In accordance with the procedure (supplementary figure S1la), no dermal response, such as oedema (ear
swelling) and erythema, to PFD was observed in mice fed a normal or low-niacin diet compared with
those without PFD treatment (figure 3a and b). Although the incidence of erythema in patients with IPF
using PFD has been reported to be 5% (www.info.pmda.go.jp/go/pack/3999025F1021_1_09), no type of
erythema was observed in our experiments. However, some dermal response to ultraviolet (UV) was
observed in mice fed a normal or low-niacin diet with PFD (figure 3c and d). As shown in figure 3d,
significant ear swelling (oedema) was observed in mice fed the low-niacin diet with PFD 3 mg per mouse
compared with those treated with PFD 0 or 1 mg per mouse and those fed the normal diet. Significant
erythema was observed in mice fed the low-niacin diet with PFD (1 or 3 mg per mouse) compared with
those fed the normal diet and those treated without PFD (figure 3d). Our results indicated that niacin status
played a major role in the development of PFD-related photosensitivity, which appeared similar to
pellagra. We also analysed skin levels of arachidonic acid metabolites by liquid chromatography-mass
spectrometry (LC/MS)-based methods to evaluate this dermal response. This analysis was performed
because certain types of oxidised fatty acids may be major players in the development of pellagra-related
photosensitivity. A higher PGE2 response to UV irradiation was not observed in mice fed the low-niacin
diet with PFD (3 mg per mouse) compared with those without irradiation (figure 3e and supplementary
table S1), even though PGE2 has been recognised to play a major role in the development of this type of
photosensitivity. However, a higher 18-hydroxyeicosatetraenoic acid (HETE), 11,12-DHET and
14,15-DHET response to UV was observed in mice fed the low-niacin diet with PFD 3 mg per mouse than
in those treated with PFD 0 or 1 mg per mouse or those fed the normal diet (figure 3e and supplementary
table S1). Interestingly, high DHET levels are thought to be an indicator of inflammation [23].

Nausea caused by PFD

Body weight in mice was significantly increased from day 3 compared with day 1 (figure 4a) and,
unexpectedly, there was no difference in body weight loss (or gain) among the groups (figure 4b).
However, body weight in mice fed the low-niacin diet with PFD (3 mg per mouse) at day 13 was
significantly lower than that in those fed the normal diet with PFD (3 mg per mouse) and those treated
with vehicle (figure 4a). In accordance with the procedure of the mouse experiment (supplementary figure
S1b) and previous studies [6, 18, 24-26], we analysed pica behaviour using faeces to assess nausea
quantitatively. Pica was observed in mice fed the low-niacin diet with PFD (3 mg per mouse) as faecal
whitening from day 15 (figure 4c). Paper strips stained with carminic acid were then used to collect
coloured faeces from mice with nausea at days 5 and 6 onwards after the first PFD administration to also
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FIGURE 3 Pellagra-related photosensitivity caused by pirfenidone (PFD). Histological and clinical features of mice treated with or without PFD at
day 16 are shown. a, c) Histological and clinical features of mice a) without or c) with ultraviolet (UV) irradiation at day 16. b) No dermal response,
such as oedema (ear swelling) and erythema, was observed in mice fed the normal diet with PFD. d) Some dermal responses, such as oedema (ear
swelling) and erythema, to UV irradiation were observed in mice fed the normal diet with PFD or the low-niacin diet with PFD. p-values are
indicated. e) Skin levels of arachidonic acid (AA) metabolites were analysed by liquid chromatography-mass spectrometry-based methods in mice
fed the normal diet (N) or the low-niacin diet (L) with 0 (vehicle), 1 or 3 mg PFD per mouse without UV irradiation (UV-) or with UV irradiation (UV+).
Vertical bars indicate the percentage change in each metabolite versus the average of mice fed the normal diet with vehicle without UV irradiation
(NO UV-). The results of the statistical analysis are shown in supplementary table S1. Multiple comparisons were carried out by two-way ANOVA
(Tukey-Kramer post hoc test). : we focused on 18-hydroxyeicosatetraenoic acid (18-HETE), 11,12-dihydroxyeicosatrienoic acid (11,12-DHET) and
14,15-DHET. PG: prostaglandin; EET: epoxyeicosatrienoic acid. Data represent meantse (n=5). Statistical analysis was carried out as described in the
supplementary material. The experiments were repeated twice.

assess nausea quantitatively. Faeces from each mouse (n=4) were analysed and prominent behaviour was
only seen in mice fed the low-niacin diet with PFD (figure 4d). The nausea score was significantly higher
in mice fed the low-niacin diet with PFD 3 mg per mouse than in those treated with vehicle or PFD 1 mg
per mouse and with those fed the normal diet at days 15 and 16 (figure 4e). Furthermore, this score was
significantly higher in mice fed the low-niacin diet with PFD 1 mg per mouse than in those treated with
vehicle or fed the normal diet at day 16.
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FIGURE 4 Pellagra-related nausea caused by pirfenidone (PFD) (3 mg per mouse). a) Growth curves (body weight % change) in mice fed the
normal diet with PFD or the low-niacin diet with PFD (n=5 in each group). b) Each comparison was carried out between both groups. AUC: area
under the curve. c¢) The effect of pica on the shape of faeces from day 10 to 15 (D10-D15) was evaluated in mice treated with PFD kept under the
low-niacin diet. Some faeces are indicated and pica began at 5 days onward after the first administration. d) Mice were kept under paper strips
stained with carminic acid and coloured faeces were used to evaluate the severity of nausea. Some faeces from mice (n=4) at days 5 and 6
onwards are shown, and nausea severity (nausea score) was evaluated quantitatively using the coloured faeces (n=5). €) Multiple comparisons were
carried out by two-way ANOVA (Tukey-Kramer post hoc test). Data are presented as meanztse (n=>5). Statistical analysis was carried out as described
in the supplementary material. The experiments were repeated twice.
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Gene expression profiles

In accordance with the procedure of the mouse experiment (supplementary figure S1B), harvested liver
samples from each group, i.e. normal diet with vehicle, normal diet with PFD (3 mg per mouse),
low-niacin diet with vehicle and low-niacin diet with PFD (3 mg per mouse) groups, were used to
validate pica behaviour. To evaluate genes that fluctuate before the appearance of pica, liver samples
were harvested from mice at day 13 just before the beginning of pica. A cluster dendrogram shows the
hierarchical relationships among the mouse groups (figure 5a). We found that the normal diet with
vehicle or PFD groups were the most similar. Similar to the low-niacin diet with vehicle and the normal
diet with vehicle or PFD groups, we also found that the low-niacin diet with PFD group was far from the
other groups. These results suggested that a certain type of synergic effect of both treatments was
observed. A volcano plot was used to identify changes in large datasets between the mouse groups and
plot significance versus fold change on the y- and x-axes, respectively (figure 5b). All genes were sorted
in accordance with the significance of the p-values and the top 50 genes are shown in supplementary
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FIGURE 5 Mouse liver gene expression profiles. a) A cluster dendrogram from gene analysis was prepared to
confirm genetic similarity among mice fed the low-niacin diet with vehicle or pirfenidone (PFD) (3 mg per
mouse) and mice fed the normal diet with vehicle or PFD. b) Volcano plots between mice fed the normal diet
with vehicle and those treated with PFD, mice fed the low-niacin diet with vehicle and those treated with PFD,
mice fed the normal diet with vehicle and those fed the low-niacin diet, and mice fed the normal diet with
PFD and those fed the low-niacin diet. Each dot represents one gene. Red dots indicate genes with significantly
increased or decreased expression between the comparisons.
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tables S2-S5 (supplementary table S2 was presented in our previous study [18]). All listed genes are
shown in table 2. When the gene profile of the liver in mice fed the normal diet with vehicle was
compared with that of mice treated with PFD or fed the low-niacin diet, nicotinamide
N-methyltransferase (NNMT) was extracted. A high NNMT response to the low-niacin diet or PFD was
observed. When the profile in mice fed the normal diet with PFD was compared with that in mice fed
the low-niacin diet or in those fed the low-niacin diet with vehicle or PFD, higher liver levels of
nausea-related gene expression were extracted [27].

Urine levels of metabolites as a biomarker of pellagra

Urine levels of niacin metabolites are thought to be diagnostic markers for pellagra [28]. Therefore, the
tryptophan—nicotinamide pathway and related metabolites were analysed (supplementary figure S2). We
performed targeted metabolomics in accordance with previous studies [6, 18] in urine from mice to
investigate whether PFD-related photosensitivity is similar to pellagra. Urine levels of nicotinamide (NAM)
in mice fed the normal diet with PFD 3 mg per mouse were significantly higher than those in mice fed the
normal diet treated with vehicle or PFD 1 mg per mouse at days 15 and 16 (figure 6a and b). Furthermore,
urine levels of NAM in mice fed the low-niacin diet with PFD 3 mg per mouse were significantly higher
than those in mice fed the low-niacin diet treated with vehicle or PFD 1 mg per mouse at day 16. Urine
levels of S-adenosylmethionine (SAM) in patients with IPF treated with PFD tended to be higher than
those in patients with IPF treated without PFD (p=0.07) (figure 6c), although the variation was larger
compared with that seen in mice. Interestingly, both metabolites (NAM and SAM) are substrates of
NNMT. These results suggest that PFD promotes pellagra-like symptoms via niacin deficiency.

TABLE 2 Main data from comprehensive genetic analysis

Comparison Gene Log, (fold change) p-value Ranking”
Normal/vehicle versus normal/PFD Nnmt 2.67 0.00000 27
Normal/vehicle versus low-niacin/vehicle Nnmt 1.87 0.00005 32
Normal/PFD versus low-niacin/PFD Neatl 1.99 0.00000 4
Cyp7al —-1.99 0.00000 5
Socs2 1.63 0.00002 7
Idi1 —1.58 0.00003 8
Sult2al 141 0.00008 12
Slc25a30 1.44 0.00012 15
Hgf —-1.28 0.00093 27
Erbb4 -1.51 0.00212 37
Fdps —-1.01 0.00427 49
Low-niacin/vehicle versus low-niacin/PFD Alas1 3.82 0.00000 3
Lpinl 3.40 0.00000 4
Mt2 3.26 0.00000 6
Dbp 3.47 0.00000 8
Chka —3.48 0.00000 13
Efnal -3.40 0.00000 15
Por 2.52 0.00000 17
Socs2 2.68 0.00000 19
Perl 2.64 0.00000 21
Fkbp5 2.36 0.00000 23
Fmo3 2.21 0.00000 26
Prfkfb3 2.55 0.00000 27
Arntl -3.24 0.00000 29
Cebpb 2.25 0.00000 32
Thrsp 2.01 0.00000 35
Weel 2.43 0.00000 39
St3gal5 1.90 0.00000 40
Gadd45g 2.26 0.00000 42
Fmo5 1.85 0.00000 43
Angptl4 1.91 0.00000 45
Stbd1 1.72 0.00001 50

#: each gene was sorted by the p-value and the top 50 genes were ranked (supplementary tables S2-S5); the
main genes of interest are listed here, ranked within each comparison. PFD: pirfenidone.
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FIGURE 6 Urine levels of niacin and its metabolites. The value (%) of each metabolite, based on metabolite/
creatinine (Cre) ratios, was measured in mice fed the normal diet with pirfenidone (PFD) or low-niacin diet with
PFD: a) day 15 and b) day 16. NO: normal diet with vehicle. c) The value (%) of each metabolite was measured
in idiopathic pulmonary fibrosis patients (n=10 in each group). XA: xanthurenic acid; KA: kynurenic acid;
NAM: nicotinamide; MNA:  N-methylnicotinamide; 2-Py:  N'-methyl-2-pyridone-3-carboxamide;  4-Py:
N'-methyl-4-pyridone-3-carboxamide; NNO: nicotinamide-N-oxide; SAM: S-adenosylmethionine; Kyn: kynurenic
acid; Trp: tryptophan; SAH: S-adenosylhomocysteine. Comparisons were carried out by one- or two-way ANOVA
(Mann-Whitney test or Tukey-Kramer post hoc test). Data are presented as meanzse. Statistical analysis was
carried out as described in the supplementary material. The mouse experiments were repeated twice.

Discussion

Although pellagra causes photosensitivity and nausea [6-9], and PFD is a putative cause of these
symptoms [6-9], whether certain types of PFD-related symptoms are directly related to pellagra is unclear.
In this study, the results of real-world data analysis support our hypothesis that PFD causes pellagra-like
phenotypes. Importantly, the results from the pharmacological studies also indicated that photosensitivity
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and nausea caused by PFD were similar to pellagra. Furthermore, high responses of NNMT substrates,
such as NAM or SAM, to PFD were observed in urine from humans and mice. Although the types of
these substrates were different between the species, we believe that PDF inhibited this enzymatic activity.
This possibility is supported by our finding that higher levels of gene expression were seen in mice treated
with PFD than in those treated with vehicle. These results indicate the homology and similarity of
PFD-related symptoms with a certain type of pellagra that was caused by compromising the pathway
involved in niacin metabolism [9].

Pellagra is caused by malnutrition and has two types. One type may result from an insufficient intake of
dietary niacin or tryptophan (primary pellagra) and the other results from insufficient use of niacin or
tryptophan (secondary pellagra) [9]. Interestingly, patients with IPF are thought to be malnourished [29],
which might be partially true because almost all patients with IPF are older. Indeed, urine levels of niacin
metabolites, such as N-methylnicotinamide and S-adenosylhomocysteine, which are metabolites of NNMT,
were significantly different between older subjects and younger subjects (supplementary figure S3).
However, urine levels of NNMT substrates, such as NAM and SAM, were not different between the
groups (supplementary figure S3). Furthermore, these metabolites were not changed in older mice
compared with younger mice (supplementary figure S4). In accordance with these results, a low-niacin diet
was used to mimic the niacin status of older people. Another reason for using a low-niacin diet is that a
niacin-deficient diet causes body weight loss in rats and severe pathological conditions such as pellagra
[30, 31]. To prevent these severe phenotypes in our model, we used a low-niacin diet, but not a niacin-free
diet. We found that the low-niacin diet did not cause body weight loss or pellagra in mice. This finding
suggested that the low levels of niacin provided by this modified diet were sufficient to prevent the
appearance of pellagra symptoms in this mouse model.

Using the established mouse model of pre-pellagra [18], we found that PFD caused pellagra-related
photosensitivity and we analysed skin arachidonic acid metabolite levels by LC/MS-based methods to
evaluate this dermal response. A higher PGE2 response to UV irradiation was not observed in mice fed the
low-niacin diet with PFD compared with those without irradiation. This finding is inconsistent with
previous findings that PGE2 plays a major role in the development of this type of photosensitivity [18, 22].
This discrepancy between studies might be partially due to the fact that the dermal response to UV
irradiation in a previous animal model was more obvious [18] compared with that in our model or due to a
difference in mouse strains. We did not use the black strain used in these previous studies, in accordance
with another previous study [17], because quantitative observation of erythema is too difficult. We used
white mice, such as BALB/c, to investigate erythema. A higher 18-HETE, 11,12-DHET and 14,15-DHET
response to UV was observed in mice fed the low-niacin diet with PFD than in those treated with vehicle
or fed the normal diet. Interestingly, higher DHET levels are thought to be a biomarker of inflammation
[23]. PFD has an antagonistic effect on transient receptor potential cation channel subfamily V member 4
(TRPV4) [32] and EET is thought to be an endogenous ligand of TRPV4 [33]. In contrast to our
expectations, no significant quantitative changes in EETs were observed in mice treated with PFD
compared with those treated without PFD. PGE2 may be important in the development of pellagra-related
dermatitis [17]. A high PGE2 response to pellagra-related symptoms was not observed in our mice model
(figure 3e). Modulation of niacin metabolism induces the modulation of fatty acid metabolism independent
of pellagra [18]. These results suggest that high PGE2 metabolism is not a cause of PFD-induced adverse
effects, but is caused by a defect in niacin metabolism.

Using an in vivo murine nausea model [6, 18], we found that PFD caused pellagra-related nausea. When
we compared INH and PFD as causes of pellagra-related nausea, some phenotypes induced by both
compounds appeared to be different from each other [6, 11]. A higher SAM or NAM response was
observed in urine from mice treated with PFD than in those treated with vehicle, but a response to INH
was not observed [6, 11, 18]. However, there were significantly lower kynurenic acid and xanthurenic acid
responses in urine from mice treated with INH than in those treated with vehicle, but a response to PFD
was not observed. At least under our experimental conditions, there was an earlier onset of pica behaviour
after the beginning of the experiments in the INH group than in the PFD group. Furthermore, pellagra
caused by PFD was milder than that caused by INH. We could not continue pharmacological experiments
to cause pellagra using INH for >6 days because mice would have died. However, death of mice was not
observed in the experiments using PFD [6, 11, 18]. Although there is currently no detailed molecular
mechanism that can explain these differences between PFD and INH, the points of competition in niacin
metabolism differ between these two drugs. INH responds to vitamin B6, while PFD appears to respond to
more downstream metabolites. Whether the differences between ordinal and PFD-related pellagra are
qualitative or quantitative is unknown. However, we defined PFD-induced pellagra as mild [11, 18], which
is thought to be a cause of the lack of dementia in PFD-induced pellagra. Despite these differences, no
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pellagra-related behaviour was identified in either group treated with PFD and INH under proper
niacin-containing feeding conditions, and we believe that both groups met the conditions of pellagra [6-9].

The onset mechanism of the side-effects has not been fully determined and many patients with IPF have
reduced doses or even cessation of PFD because of these side-effects [34]. When considering the quality
of life (QoL) of patients, clarifying the mechanism and preventing side-effects are important. The analysis
of real-world data in this study showed that PFD and nintedanib had common side-effects, but their
responsiveness to niacin was significantly different. Studies have shown that patients with IPF are poorly
nourished [29]. Therefore, we conclude that nutritional improvement, including niacin status, may be
important to maintain the QoL of these patients. Accordingly, we believe that new putative methodologies
need to be developed to prevent such effects and maintain the QoL of patients. We have discussed the
utility of niacin from the viewpoint of maintaining the patient’s QoL using PFD. However, whether niacin
inhibits the efficacy of PFD needs to be determined. Animal experiments have shown that niacin
suppresses bleomycin-induced lung fibrosis [35]. Interestingly, niacin has an inhibitory effect on TRPV4
[36] and plays a major role in the development of pulmonary fibrosis [34]. Furthermore, an inhibitory
effect of PFD on TRPV4 may contribute to its therapeutic effects [32], and if a combination therapy of
PFD and niacin can be developed, a synergistic therapeutic effect may be expected.

These results suggest that PFD causes pellagra-like symptoms, such as INH [4, 6], because niacin status
appears to be critical for the development of nausea and photosensitivity. Patients with IPF are thought to
suffer from malnutrition [29], but individual data on niacin status had not been obtained until this study. The
details of IPF from a nutritional viewpoint need to be determined. Another aspect that needs to be determined
is whether drug “A” unexpectedly lowers the incidence of drug-induced adverse effects. Drug “A” could be a
practical remedy for adverse effects in humans, which would enable repositioning of an approved drug “A” to
lower the pharmacological risk. Finally, further studies are required to investigate whether niacin prevents
adverse effects in patients with IPF who receive PFD and its mechanisms should be clarified.

Provenance: Submitted article, peer reviewed.

Acknowledgements: We thank Mitchell Arico from Edanz (https://jp.edanz.com/ac) for editing a draft of this
manuscript and C. Nekomoto from Shionogi & Co., Ltd for scientific assistance regarding photosensitivity.

Author contributions: Conceptualisation: K. Kuronuma, T. Yoshioka, S. Kaneko and H. Chiba; funding acquisition:
T. Yoshioka, K. Kuronuma, S. Kenko and H. Chiba; investigation: H. Yamamoto, T. Kuroita, N. Susai and T. Yoshioka;
project administration: T. Yoshioka, S. Kaneko and H. Chiba; writing/original draft preparation: H. Yamamoto,
S. Natsumi and T. Yoshioka; review and editing: N. Susai, T. Yoshioka, K. Kuronuma, S. Kaneko and H. Chiba.

Conflict of interest: T. Kuroita, N. Susai and T. Yoshioka are employees of Shionogi & Co., Ltd. The other authors
declare no competing interests.

Support statement: This study was supported by joint research funding from Shionogi & Co., Ltd. Funding
information for this article has been deposited with the Crossref Funder Registry.

References

1 Cottin V, Koschel D, Glinther A, et al. Long-term safety of pirfenidone: results of the prospective,
observational PASSPORT study. ERJ Open Res 2018; 4: 00084-2018.

2 Ogura T, Azuma A, Inoue Y, et al. All-case post-marketing surveillance of 1371 patients treated with
pirfenidone for idiopathic pulmonary fibrosis. Respir Investig 2015; 53: 232-241.

3 Lancaster L, Albera C, Bradford WZ, et al. Safety of pirfenidone in patients with idiopathic pulmonary fibrosis:
integrated analysis of cumulative data from 5 clinical trials. BMJ Open Respir Res 2016; 3: €000105.

4 Taniguchi H, Ebina M, Kondoh Y, et al. Pirfenidone in idiopathic pulmonary fibrosis. Eur Respir J 2010; 35: 821-829.

5 Seto Y, Suzuki G, Aoki A, et al. Novel approach for attenuation of pirfenidone-induced digestive symptoms: a
respirable powder formulation of pirfenidone. Ther Deliv 2021; 12: 515-522.

6 Wan P, Moat S, Anstey A. Pellagra: a review with emphasis on photosensitivity. Br J Dermatol 2011; 164:
1188-1200.

7 Brown TM. Pellagra: an old enemy of timeless importance. Psychosomatics 2010; 51: 93-97.

8 Hegyi J, Schwartz RA, Hegyi V. Pellagra: dermatitis, dementia, and diarrhea. Int J Dermatol 2004; 43: 1-5.

9 Prabhu D, Dawe RS, Mponda K. Pellagra a review exploring causes and mechanisms, including
isoniazid-induced pellagra. Photodermatol Photoimmunol Photomed 2021; 37: 99-104.

10  Forget EJ, Menzies D. Adverse reactions to first-line antituberculosis drugs. Expert Opin Drug Saf 2006; 5: 231-249.

https://doi.org/10.1183/23120541.00245-2022 11


https://jp.edanz.com/ac
https://jp.edanz.com/ac
https://www.crossref.org/services/funder-registry/

ERJ OPEN RESEARCH

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

ORIGINAL RESEARCH ARTICLE | K. KURONUMA ET AL.

Susai N, Kuroita T, Ishikawa T, et al. Effect of niacin supplementation on nausea-like behaviour in an
isoniazid-induced mouse model of pellagra. Br J Nutr 2021; 127: 961-971.

Hosomi K, Fujimoto M, Ushio K, et al. An integrative approach using real-world data to identify alternative
therapeutic uses of existing drugs. PLoS One 2018; 13: e0204648.

Nagashima T, Shirakawa H, Nakagawa T, et al. Prevention of antipsychotic-induced hyperglycaemia by
vitamin D: a data mining prediction followed by experimental exploration of the molecular mechanism. Sci
Rep 2016; 6: 26375.

Zhao S, Nishimura T, Chen Y, et al. Systems pharmacology of adverse event mitigation by drug combinations.
Sci Transl Med 2013; 5: 206ra140.

Kaneko S, Nagashima T. Drug repositioning and target finding based on clinical evidence. Biol Pharm Bull
2020; 43: 362-365.

Siswanto S, Yamamoto H, Furuta H, et al. Drug repurposing prediction and validation from clinical big data
for the effective treatment of interstitial lung disease. Front Pharmacol 2021; 12: 635293.

Sugita K, lkenouchi-Sugita A, Nakayama Y, et al. Prostaglandin E, is critical for the development of
niacin-deficiency-induced photosensitivity via ROS production. Sci Rep 2013; 3: 2973.

Susai N, Kuroita T, Kuronuma K, et al. Analysis of the gut microbiome to validate a mouse model of pellagra.
Biosci Microbiota Food Health 2022; 41: 73-82.

Kilkenny C, Browne WJ, Cuthill IC, et al. Improving bioscience research reporting: the ARRIVE guidelines for
reporting animal research. PLoS Biol 2010; 8: €1000412.

Sanaki T, Kasai-Yamamoto E, Yoshioka T, et al. Direct involvement of arachidonic acid in the development of
ear edema via TRPV3. J Oleo Sci 2017; 66: 591-599.

Wakabayashi M, Yoshioka T, Higashino K, et al. Decreases in 15-lipoxygenase metabolites in Olmsted
syndrome model rats. J Dermatol Sci 2017; 85: 186-196.

Kabashima K, Nagamachi M, Honda T, et al. Prostaglandin E2 is required for ultraviolet B-induced skin
inflammation via EP2 and EP4 receptors. Lab Invest 2007; 87: 49-55.

Yang T, Peng R, Guo Y, et al. The role of 14,15-dihydroxyeicosatrienoic acid levels in inflammation and its
relationship to lipoproteins. Lipids Health Dis 2013; 12: 151.

Yamamoto K, Nakai M, Nohara K, et al. The anti-cancer drug-induced pica in rats is related to their clinical
emetogenic potential. Eur J Pharmacol 2007; 554: 34-39.

Takeda N, Hasegawa S, Morita M, et al. Pica in rats is analogous to emesis: an animal model in emesis
research. Pharmacol Biochem Behav 1993; 45: 817-821.

Yamamoto K, Yamatodani A. [Animal model for the study of emesis using rats and mice]. Nihon Yakurigaku
Zasshi 2008; 132: 83-88.

Rouillard AD, Gundersen GW, Fernandez NF, et al. The harmonizome: a collection of processed datasets
gathered to serve and mine knowledge about genes and proteins. Database 2016; 2016: baw100.

Prinsloo JG, Du Plessis JP, Kruger H, et al. Protein nutrition status in childhood pellagra. Evaluation of
nicotinic acid status and creatinine excretion. Am J Clin Nutr 1968; 21: 98-106.

Faverio P, Bocchino M, Caminati A, et al. Nutrition in patients with idiopathic pulmonary fibrosis: critical
issues analysis and future research directions. Nutrients 2020; 12: 1131.

Rawling JM, Jackson TM, Driscoll ER, et al. Dietary niacin deficiency lowers tissue poly(ADP-ribose) and NAD*
concentrations in Fischer-344 rats. J Nutr 1994; 124: 1597-1603.

Shibata K. True niacin deficiency in quinolinic acid phosphoribosyltransferase (QPRT) knockout mice. J Nutr
Sci Vitaminol 2015; 61: Suppl., S145-S147.

Kuronuma K, Wakabayashi M, Yoshioka T, et al. Role of transient receptor potential vanilloid 4 in therapeutic
anti-fibrotic effects of pirfenidone. Am J Physiol Lung Cell Mol Physiol 2022; 323: L193-L205.

Vriens J, Owsianik G, Fisslthaler B, et al. Modulation of the Ca®? permeable cation channel TRPV4 by
cytochrome P450 epoxygenases in vascular endothelium. Circ Res 2005; 97: 908-915.

Dhooria S, Agarwal R, Sehgal IS, et al. A real-world study of the dosing and tolerability of pirfenidone and its
effect on survival in idiopathic pulmonary fibrosis. Sarcoidosis Vasc Diffuse Lung Dis 2020; 37: 148-157.

Nagai A, Matsumiya H, Hayashi M, et al. Effects of nicotinamide and niacin on bleomycin-induced acute injury
and subsequent fibrosis in hamster lungs. Exp Lung Res 1994; 20: 263-281.

Ma L, Lee BH, Clifton H, et al. Nicotinic acid is a common regulator of heat-sensing TRPV1-4 ion channels. Sci
Rep 2015; 5: 8906.

https://doi.org/10.1183/23120541.00245-2022 12



	Analysis of real-world data and a mouse model indicates that pirfenidone causes pellagra
	Abstract
	Introduction
	Methods
	Real-world data analysis
	Experimental animals and designs
	Liquid chromatography-mass spectrometry
	Subjects and sample collection
	Gene expression profiles of the mouse liver
	Statistical analysis

	Results
	Real-world data analysis
	Photosensitivity caused by PFD
	Nausea caused by PFD
	Gene expression profiles
	Urine levels of metabolites as a biomarker of pellagra

	Discussion
	References


